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Preface On June 9, 1999, the New York Times published a lengthy obituary for Anne Miller. Ms. Miller, who was 90 when she died, was not a celebrity or a high-profile politician. Her claim to fame was that, at the age of 33, she had been one of the first people to be given the new and largely untested antibiotic penicillin. The transformation in her condition, which occurred within days, from a young woman slipping into death to a woman who could sit up in bed, eat meals, and chat with visitors was a stunning demonstration of what was to become commonplace in a new era of medicine. Such seemingly miraculous cures soon led physicians and the public to call antibiotics “miracle drugs.” Since then, antibiotics have not only saved people with pneumonia and other dreaded diseases, such as tuberculosis, but also have become the foundation on which much of modern medicine rests. Antibiotics make routine surgery feasible. They protect cancer patients whose chemotherapy had rendered them temporarily susceptible to a variety of infections. They even cure diseases like ulcers that had been considered uncurable chronic conditions. In recent years, antibiotic use has been extended to agriculture, where it plays an important role in preventing infections and in promoting animal growth. The success of antibiotics in so many areas has, ironically, led antibiotics to become an endangered category of drugs. Bacteria have once again demonstrated their enormous genetic flexibility by becoming resistant to one antibiotic after another. At first, bacterial resistance to antibiotics, such as penicillin, did not seem very alarming because new antibiotics were regularly being discovered and introduced into clinical use. In the 1970s, however, a scant two decades after the introduction of the first antibiotics, the number of new antibiotics entering the pipeline from laboratory to clinic began to decrease. Antibiotic discovery and development are expensive, especially considering the speed with which bacterial resistance can arise. And they are becoming more and more difficult to discover and develop. These factors have led pharmaceutical companies to be less and less interested in antibiotic production. One company after another has shut down or cut back on its antibiotic discovery program. Finally, the medical community has begun to take antibiotic-resistant bacteria seriously. The public has also become alarmed. This alarm is reflected in the number of articles in the popular press anguishing about the new “superbugs.” Agricultural use of antibiotics has been called into question as a possible threat to human health. There is also the potential fallout if antibiotics were to be “lost.” Medical researchers have failed to cure many diseases, and the public accepts these failures with grumbling stoicism. But what if overuse of antibiotics caused physicians to lose a cure, an event that would be a first in history? How would this affect public confidence in the medical community?
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This book explores many of the aspects of the growing problem posed by antibiotic-resistant bacteria. What is unique about this book is that it is a blend of the purely scientific and the practical, an approach that is essential because antibiotic resistance is a social and economic problem as well as a scientific problem. Chapter 1 explores the history of antibiotics and how bacteria became resistant to them. Understanding the forces leading to the overuse and abuse of antibiotics that have sped the appearance of ever more resistant bacteria is important because it impresses on people the need for rapid and effective future action. The speed with which resistance has arisen is something that everyone needs to appreciate. Chapter 2 discusses the ecology of antibiotic resistance genes. In recent years, scientists have realized that there is more to the epidemiology of resistance than the transmission of resistant strains of bacteria. Resistance genes are also moving from one bacterium to another, across species and genus lines. Bacteria do not have to spend years mutating their way to resistance; they can become resistant within hours by obtaining genes from other bacteria. Also clear from this chapter, however, is how primitive and inadequate our understanding of resistance ecology still is. Chapters 3 through 14 describe the means by which bacteria become resistant to antibiotics, methods of detecting resistance genes, and the latest findings on resistance or susceptibility specific to particular groups of bacteria. The bacteria that cause human and animal disease exhibit a staggering diversity. There is no one answer to the question of how bacteria become resistant to antibiotics. Understanding resistance mechanisms is the foundation for more rational design of new antibiotics that are themselves resistant to resistance mechanisms. A complementary approach, exemplified by combination of a compound that inhibits bacterial β-lactamases with a β-lactam antibiotic, offers great promise. More such successes are needed. To take such an approach, however, is necessary to understand the mechanisms of resistance at a very basic level. Even in the case of the β-lactamase inhibitors, variations in the mechanisms of resistance have foiled this approach in some bacteria that do not use β-lactamases as a resistance mechanism. These chapters pull together all of the information on resistance mechanisms in different groups of bacteria in a way that should help future efforts to develop such combination therapies. Chapters 15 and 16 examine the public health aspects of the resistance problem. Science alone is not going to solve the resistance problem. Communicating scientific advances and new understandings of forces that promote the rapid development of resistance is essential if the public is to join in the effort to slow the increase in bacterial resistance to antibiotics. Taking antibiotics is a personal matter for most people, a decision made by them and their physicians. As long as antibiotic use remains a personal matter and is not put in the context of public welfare, it is unlikely that progress will be made toward saving antibiotics. Chapter 17 addresses the problem of finding and developing new antibiotics. This chapter is written by an “insider,” a scientist who runs an antibiotic discovery program and thus knows the industry side of the problem. Since the resistance genie is out of the bottle and it will not be easy to put him back in, the continued discovery of new antibiotics is going to be a critical part of the effort to combat resistant bacterial strains. This effort is a critical legacy that we owe our children, who are the ones most likely to bear the consequences of the crisis we have precipitated.
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This book is one-stop shopping for anyone interested in all of the facets of bacterial resistance to antibiotics. The breadth of the topics covered reflects the input of a diversity of editors, some of whom have spent their careers in the ivory tower of academic research, some who have had an interest in the public health issues involving the resistance problem, and some who have had direct experience with antibiotic discovery and development. The book represents a unique contribution to the continuing discussion of the best ways to respond to the challenge posed by resistant bacteria. Victory in this battle is not going to be easy. After all, our bacterial adversaries have had a 3-billion-year evolutionary head start. Their diversity and ability to respond to adversity are amazing and frightening. Disseminating information and thus stimulating more scientists to become part of the solution to the problem of resistant bacteria is our best strategy for victory. Richard G. Wax Kim Lewis Abigail A. Salyers Harry Taber
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Almost as soon as it was known that microorganisms could be killed by certain substances, it was recognized that some microbes could survive normally lethal doses and were described as “drug-fast” (German: -fest = -proof, as in feuerfest = fire-proof; hence “drug-proof,” in common usage by at least 1913). These early studies [1–3] conceived of microbial resistance in terms of “adaptation” to the toxic agents. By 1907, Ehrlich [4] more clearly focused on the concept of resistant organisms in his discussion of the development of resistance of Trypanosoma brucei to p-roseaniline, and in 1911 Morgenroth and Kaufmann [5] reported that pneumococci could develop resistance to ethylhydrocupreine. For every new agent that killed or inhibited microorganisms, resistance became an interest as well. While we think of antibiotic resistance as a phenomenon of recent concern, the basic conceptions of the problems, the controversies, and even the fundamental mechanisms were well developed in the early decades of the twentieth century. These principles were, of course, elaborated in terms of resistance to anti-microbial toxins, such as the arsenicals, dyes, such as trypan red, and disinfectants, such as acid, phenols, and the like. However, by the time the first antibiotics were employed in the 1940s and resistance was first observed, the framework for understanding this phenomenon was already in place. 1



9190_C001.indd 1



10/26/2007 7:28:15 PM



2



Bacterial Resistance to Antimicrobials



DRUG-FASTNESS Drug-fastness became a topic of importance as microbiologists sought understanding of the growth, metabolism, and pathogenicity of bacteria, protozoa, and fungi. In 1913, Paul Ehrlich clearly described the basic mechanisms of drug action on microbes [6]: “parasites are only killed by those materials to which they have a certain relationship, by means of which they are fixed by them.” He went on to describe specific drug binding (fixation) to specific organisms and elaborated “The principle of fixation in chemotherapy.” Once this principle was accepted, one could investigate how drugs are fixed by microbes, what kinds of cross-sensitivities existed, and what happened when organisms became resistant to chemotherapeutic agents. Ehrlich noted that both trypanosomes and spirochaetes, his favorite experimental organisms, exhibited different chemoreceptors that were specific for drugs of a given chemical class. Thus, there seemed to be a chemoreceptor for arsenic compounds (arsenious acid, arsanilic acid, and arsenophenylglycine) that differed from the receptor for azo-dyes (trypan red and trypan blue) as well as from the receptor for certain basic triphenylmethane dyes, such as fuchsin and methyl violet. Drug-fastness, therefore, was readily explained as “a reduction of their (the chemoreceptors) affinity for certain chemical groupings connected with the remedy (the drug), which can only be regarded as purely chemical” [6]. Clearly, Ehrlich’s approach was an outgrowth of his earlier work on histological staining and dye chemistry and reflected his strong chemical thinking. Already in 1913, the problem of clinical drug resistance was confronting the physician and microbiologist. Ehrlich discussed the problem of “relapsing crops” of parasites as a result of the parasites’ biological properties. His views were mildly selectionist, but he also held the common view that microbes had great adaptive power and that the few that managed to escape destruction by drugs (or immune serum) could subsequently change into new varieties that were drug-fast or serum-proof. One corollary of the specific chemoreceptor hypothesis was that combined chemotherapy was best carried out with agents that attack entirely different chemoreceptors of the microbes. Ehrlich, who frequently resorted to military metaphors, wrote: “It is clear that in this manner a simultaneous and varied attack is directed at the parasites, in accordance with the military maxim: ‘March apart but fight combined’ ” [6]. He also allowed for the possibility of drug synergism so that in favorable cases the effects of the drugs may be multiplied rather than simply additive. From the earliest days of chemotherapy, it appears that multiple drug therapy with agents with different mechanisms was seen as a way to circumvent the problem of “relapsing crops” or emergence of resistant organisms. Ehrlich, too, realized the relationship between evolution of resistant variants and the dose of the agent used to treat the infection. Clinical practice often used remedies in increasing dosages, perhaps a therapeutic principle derived from empirical treatment practice of long tradition. He noted that these were precisely the conditions likely to lead to emergence of drug-fast organisms and developed the idea of “therapia sterilisans magna” (total sterilization) in which he advocated the maximum microbicidal dose that was non-toxic to the host [7]. Indeed, by 1916, there was
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experimental confirmation in controlled in vitro laboratory studies that gradual increases in drug concentration would lead to outgrowth of resistant spirochetes, while exposure to initial high concentrations of antitreponemal agents (arsenicals, mercuric, and iodide compounds) would not [7].



DISINFECTION Often early research on antimicrobial agents was directed to problems of “disinfection” and related matters of public health, and the origins and properties of resistant organisms became of concern in the “fight against germs” [8]. Protocols for inducing drug-resistance in vivo were elaborated, and the relevance of in vitro resistance to “natural” in vivo resistance was debated in the literature of the 1930s and 1940s. One interesting aspect, now forgotten, was the widespread belief in bacterial life cycles as an explanation for the changing properties of bacterial cultures under what we would now call “selection.” This theory of bacterial life cycles [9–11], called “cyclogeny,” held that bacteria had definite phases of growth, and that properties of bacteria, such as shape, nutritional requirements, pathogenicity, antigenic reactivities, and chemical resistances, were variable properties of the organism that simply reflected the growth phase of the culture. This cyclogenic variation revived an old nineteenth century controversy in bacteriology, namely that of Koch’s monomorphism versus Cohn’s polymorphism. Ferdinand Cohn believed that bacterial forms were highly variable so that one “species” of bacteria could exist in many shapes and with many different properties, while Robert Koch held that specific bacterial “species” had unique morphologies and properties that were unchanging. This debate, of course, had far-reaching implications both for problems of bacterial classification and for understanding variation and mutation of bacterial characteristics.



MICROBIAL METABOLISM AND ADAPTATION The basic issue, as we would see it today, that faced microbiologists in the early days of antimicrobial research is one of “adaptation versus mutation.” It was passionately debated and contested by leading microbiologists from the mid-1930s until the early 1960s. Even those who viewed most microbial resistance as some sort of heritable change, or mutation, were divided on the basic problem of whether the mutations arose in response to the agent, or occurred spontaneously and were simply observed after selection against the sensitive organisms. This problem was unresolved until the 1940s and 1950s, but has returned in a new form recently, as will be discussed subsequently. As early as the 1920s, the ability of bacterial cells to undergo infrequent abrupt and permanent changes in characteristics was interpreted as a manifestation of the phenomenon of mutation as had been described in higher organisms [12]. The relation of these mutations to the growth conditions where they could be observed, was, however, unclear. In the 1930s, this question was confronted directly by I.M. Lewis [13], who studied the mutation of a lactose-negative strain of “Bacillus coli mutabile” (Escherichia coli) to lactose-utilizing proficiency. Lewis laboriously isolated colonies and found that even in the absence of growth in lactose, the ability to ferment this
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sugar arose spontaneously in about one cell in 105. This work was the beginning of a long line of investigations that quite conclusively showed that mutation is (almost always) independent of selection. The second kind of adaptation, that “due to chemical environment,” is of special historical interest. As early as 1900, Frédéric Dienert [14] found that yeast that were grown for some time in galactose-containing medium became adapted to this medium and would grow rapidly without a lag when subcultured into fresh galactose medium, but that this “adaptation” was lost after a period of growth in glucosecontaining medium. By 1930, Hennig Karström in Helsinki had found several instances of such adaptation [15]. For example, he found that a strain of Bacillus aerogenes could grow on (“ferment” to use the older term) xylose if “adapted” to do so, but that this strain could ferment glucose “constitutively” without the need for adaptation. When he examined the enzyme content of these adapted and unadapted cells, he found that there were some enzymes that were “constitutive” and some that were “adaptive.” Thus, the metabolic properties of the culture mirrored the intracellular chemistry. By experiments in which the medium was changed in various ways, Karström and others showed that metabolic adaptation could sometimes take place even without measurable increase in cell numbers in the culture. Marjory Stephenson, a leading mid-twentieth century bacterial physiologist, described these variations in her influential book, Bacterial Metabolism [16], as “Adaptation by Natural Selection” and “Adaptation due to Chemical Environment.” The former included the phenomenon that is now termed mutation. Between 1931 and the start of World War II, Stephenson and her students, John Yudkin and Ernest Gale, investigated bacterial metabolic variation in detail, often exploiting the lactose-fermenting system in enteric bacteria to study it. The mechanism of chemical adaptation, however, eluded them. The final paragraph of her monograph expressed her belief in the importance of the study of bacterial metabolism: “It (the bacterial cell) is immensely tolerant of experimental meddling and offers material for the study of processes of growth, variation and development of enzymes without parallel in any other biological material” [16]. In 1934, another research group on “bacterial chemistry” consisting of Paul Fildes and B.C.J.G. Knight was established at Middlesex Hospital in London [17]. Fildes and Knight investigated bacterial nutrition and established vitamin B1 (thiamine) as a growth factor for Staphylococcus aureus. Their work on bacterial growth factors suggested a unity of metabolic biochemistry at the cellular level, and they investigated the variations in growth factor requirements. One recurrent theme in their early work was the finding that they could “train” bacteria to grow on media deficient in some essential metabolite. For example, they could train Bact. typhosum (modern name Salmonella typhi) to grow on medium without tryptophan or without indole. Fildes noted that “during this time little attention was given to the mechanism of the training process, but it was certainly supposed that the enzyme make-up of the bacteria became altered as a result of a stimulus produced by the deficiency of the metabolite” [18]. By the mid-1940s, however, Fildes and his colleagues undertook a study of the mechanism of this ubiquitous “training.” Was it another example of enzyme adaptation or was it something else? Using only simple growth curves, viable colony counts
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on agar plates, and ingenious experimental designs, they concluded “that ‘training’ bacteria to dispense with certain nutritive substances normally essential may be looked upon as a cumbersome method for selecting genetic mutants” [18]. Little by little, the underlying mechanisms of the different kinds of biochemical variations seen in bacteria were becoming clear, and little by little, genetics was joining biochemistry as a powerful approach to study bacterial physiology. This understanding, of course, was central to discovering the underlying mechanisms involved in the variation of microbial behavior related to drug resistance. This approach, however, was not uncontested and matters were not so easily settled as Arthur Koch pointed out in an important review of the field in 1981 [19]. A more extreme view of cellular metabolism was proposed by Cyril Hinshelwood, a Nobel Prize winner, no less, who argued that all variations in cellular functions, such as enzyme inductions, changes in nutritional requirements, and drug resistances, were but readjustments of complex multiple equilibria of chemical reactions already active in the cell [20].



ADAPTATION OR MUTATION? With the discovery and development of antibiotics and their medical applications, drug resistance took on new relevance and new approaches became possible. No sooner were new antibiotics announced than reports of drug resistance appeared: sulfonamide resistance in 1939 [21], penicillin resistance in 1941 [22], and streptomycin resistance in 1946 [23], to cite a few early reports in the widely read literature. Research on resistance focused on three major problems: (i) cross-resistance to other agents, that is, was resistance to one agent accompanied by resistance to another agent? (ii) distribution of resistance in nature, that is, what was the prevalence of resistance in naturally occurring strains of the same organism from different sources? (iii) induction of resistance, that is, what regimens of drug exposure led to the induction or selection of resistant organisms? While many practically useful results came from such research, two lines of investigation emerged that were later to prove scientifically interesting. Rare nutritional markers were somewhat limited and such mutations often resulted in loss of function, usually recessive traits that were difficult to manipulate experimentally. Drug resistance, on the other hand, provided a potent experimental tool to microbiologists who were studying bacterial genes and mutations because it allowed the analysis of events that took place at extremely low frequencies. For example, in 1936, Lewis [13] tested for preexisting, spontaneous mutations to lactose utilization in a previously lactose-negative strain of E. coli, but his results gave only indirect evidence for the random, spontaneous nature of bacterial mutation (as did the statistical approach of Luria and Delbrück in 1943 [24]). However, Lederberg and Lederberg [25] were able to use both streptomycin resistance and their newly devised replica plating technique to provide direct and convincing evidence to support the belief that mutations to drug resistance occurred even in the absence of the selective agent. Not only did such work on drug resistance clarify the nature of microbe–drug interactions, but it provided a much-needed tool to the nascent field of microbial genetics [26].
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Just as Paul Ehrlich’s 1913 summary of the principles of chemotherapy provided a window on early understanding of drug resistance, we can find a similar succinct presentation of the mid-twentieth century state of the field in a review by Bernard Davis in 1952 [27]. By this time, genetics of microbes had replaced microbial biochemistry as the fashionable mode of explanation for bacterial drug resistance. Although bacteria did not have a cytologically visible nucleus with stainable chromosomes, it was recognized that they had “nucleoid bodies” and that the material in this structure appeared to behave in a way similar to the chromosomes of higher organisms. Davis boldly (for the time) asserted that bacteria have nuclei, and that “within these nuclei are chromosomes that appear to undergo mitosis.” He went even further to note that “some bacterial strains can inherit features (including acquired drug resistance) from two different parents, as in the sexual process of higher organisms.” Thus, by the mid-twentieth century, bacteria had become “real” cells, with conventional genetic properties. If bacteria were like higher organisms, and since “almost all the inherited properties of animals or plants are transmitted by their genes,” it was only logical, Davis argued, to consider genetic mutations as the basis for inherited drug resistance. Davis, however, gave a fair consideration to the possible neo-Lamarckian hypothesis that single-cell organisms, where there is no separation between somatic and germ cells, might behave differently from higher sexually dimorphic organisms. To his mind, however, the recent work in microbial genetics by Luria and Delbrück [24], by Lederberg and Lederberg [25], and by Newcombe [28], settled the matter: the mutations to drug resistance were already present, having originated by some “spontaneous” process, and were simply selected by the application of the drug. A very important clinical correlate of this new understanding of the nature of bacterial drug resistance was its application to combination chemotherapy. Since it became clear that mutations to resistance to different agents were independent events, the concept of multiple drug therapy, initially envisioned by Ehrlich [6], was refined and made precise. It was realized that adequate dosages and lengths of treatment were necessary if the emergence of resistant organisms was to be avoided [27,29].



DRUG DEPENDENCE The second observation of basic significance was the odd phenomenon of drug dependence, which was first noted for streptomycin in 1947 by Miller and Bohnhoff [30]. This finding seemed to be restricted to streptomycin, but was extensively investigated at the time, and was thought to offer clues to the problems of antibiotic resistance in general. Later, however, this puzzling finding would be fundamental to understanding the functioning of the ribosome, and rather specific to the mode of action of streptomycin. The history of this aspect of drug resistance emphasizes our inability to predict the future course of research and our failure to identify, beforehand, just where the likely advances will take us.



MULTIPLE DRUG RESISTANCE AND CROSS RESISTANCE In the 1950s, in the era of many new antibiotics and the emphasis on surveys of both cross resistance and distributions of resistance in natural microbial populations,
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especially in Japan, it was recognized that many strains with multiple drug resistances were emerging. The appearance of such multiple drug resistance could not be adequately explained on the basis of random, independent mutational events. Also, the patterns of resistance were complex and did not fit a simple mutational model. For example, resistance to chloramphenicol was rarely, if ever, observed alone, but it was common in multiply-resistant strains. Careful epidemiological and bacteriological studies of drug-resistant strains in Japan led Akiba et al. [31] and Ochiai et al. [32] to suggest that multiple drug resistance may be transmissible both in vivo and in vitro between bacterial strains by so-called resistance transfer factors (RTFs) [33]. Genetic analysis of this phenomenon showed that the genes for these antibiotic resistance properties resided on the bacterial genome, yet were transmissible between strains albeit at low frequency. Further study showed that the transfer of these genes was mediated by a conjugal plasmid and that the resistance genes could associate with the conjugal plasmid; it was suggested that the resistance gene could be horizontally transmitted to other strains in a fashion similar to that for the integrative recombination for the temperate phage lambda [34]. It soon became clear, however, that the F-episome/F-lac system in E. coli was a better analogous genetic system. In some cases, the resistance genes and the transfer genes could be separated both genetically and physically [35]. Because of the promiscuous nature of the RTF, once a gene for drug resistance evolves, it can rapidly spread to other organisms. Additionally, because the R-factor plasmids replicate to high copy number, probably as a way to provide high levels of the drug-resistant protein, these plasmids have become the molecule of choice for molecular cloning technology. With the better understanding of the genetics of drug resistance and the classification of the types of resistance, the biochemical bases for resistance were elucidated. Knowledge of the mechanism of action of an agent led to understanding of possible mechanisms of resistance. The specific role of penicillin in blocking cell wall biosynthesis, coupled with the knowledge of the structures of bacterial cell walls, could explain the sensitivity of Gram-positive organisms and the resistance of Gram-negative organisms to this antibiotic. Likewise, understanding of its metabolic fate led to the finding that penicillin was often inactivated by degradation by β-lactamase, which provides one mechanism of bacterial drug resistance. Detailed biochemical studies of the actions of antimicrobials have led to the understanding of the many ways in which microbes evolve to become resistant to such agents.



NEWLY FOUND MODES OF RESISTANCE Not all voices for the adaptation hypothesis of drug resistance were drowned by the din of the genetic and conjugal mechanists. In the 1970s, mainly through the work of Samson and Cairns [36] and their colleagues, a variant of the adaptative model was revived and new mechanisms for bacterial drug resistance were discovered. Cairns and his colleagues observed that in accord with some of the older work, indeed, bacteria could be “trained” to resist certain agents by prior exposure to small, sublethal concentrations of the agent. They found that alkylating agents could induce the expression of specific genes whose products react with the alkylators, thus acting as a sink for further alkylating damage and rendering the cell hyper-resistant. While this
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phenomenon seems to represent a specialized pathway for dealing with alkylation damages, it suggests that a century after its first observation, microbial drug resistance is still a fruitful and surprising area of research.
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The movement of antibiotic resistance genes, as opposed to the movement of resistant bacterial strains, has become an issue of interest in connection with clinical and agricultural antibiotic use patterns. Evidence to date suggests that extensive DNA transfer is occurring in natural settings, such as the human intestine. This transfer activity, especially transfers that cross genus lines, is probably being mediated mainly by conjugative transfer of plasmids and conjugative transposons. Natural transformation and phage transduction probably contribute mainly to transfers within species or groups of closely related species, but the extent of this contribution is not clear. A considerable amount of information is available about the mechanisms of resistance gene transfer. The goal of future work on resistance ecology will focus on new approaches to detecting gene transfer events in nature and incorporating this information into a framework that explains and predicts the effects of human antibiotic use patterns on resistance development.



INTRODUCTION For many years, surveillance systems designed to monitor patterns of bacterial resistance to antibiotics focused exclusively on antibiotic-resistant strains of bacteria. Moreover, of necessity, these surveillance efforts had to focus on a limited number of clinically important bacterial species such as Staphylococcus aureus [1–4] and Salmonella spp. [5]. A limitation of this approach is not just that it can monitor only a limited number of species but also that it does not take into account the dynamic nature of the bacterial genome. In theory, DNA is constantly flowing into and out of 11
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bacterial cells located in a natural setting. Thus, the pattern of resistance gene distribution could be as important, if not more so, than the distribution of resistant strains of a particular species. This is especially true if resistance genes from one species can move to another species. Even if a newly acquired resistance gene is not expressed initially in a bacterial host, selective pressures imposed by the widespread clinical and agricultural use of antibiotics could select for promoter or codon usage mutations that allow the resistance gene to be expressed [6,7]. The importance of understanding the flow of resistance genes became particularly evident in discussions of possible impacts of agricultural use of antibiotics. In this case, initial attention focused on Salmonella and Campylobacter spp., types of bacteria that could cause human disease. Attention soon expanded, however, to include a broader question. Was it possible that even non-pathogenic bacteria, moving through the food supply from farm to the consumer, could transfer resistance genes to human intestinal bacteria [8–10]? Since human intestinal bacteria are a common cause of post-surgical infections [11,12], increased resistance due to acquisition of genes from swallowed bacteria passing through the intestinal tract could indeed have a direct impact on human health [13,14]. Assertions such as this prompted an old idea, called the “reservoir hypothesis” to resurface [15–17]. The reservoir hypothesis as it applies to human colonic bacteria is illustrated in Figure 2.1, but similar sorts of gene flows could occur almost anywhere in nature. According to the reservoir hypothesis, commensal bacteria in the colon, including those that could act as opportunistic pathogens and those that were truly non-pathogenic, exchange DNA with one another. They can also acquire DNA from or donate DNA to swallowed bacteria that cannot colonize the human colon, but spend enough time in the colon for DNA transfer to occur [18,19].



FIGURE 2.1 The reservoir hypothesis. Bacteria in the human colon serve as “reservoirs” for resistance genes that can be acquired from ingested bacteria.
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But how likely are such exchanges to occur, especially broad host range transfers between members of different species and genera? This is the type of transfer that could be most problematic because it would allow resistance genes to move into bacteria capable of causing human disease. In trying to answer this question, attention has focused on conjugative gene transfer because this is the type of transfer known to be capable of crossing genus and phylum lines [20]. Initially, however, the focus was somewhat larger because early studies sought examples in which the same gene, with “same” defined as DNA sequence identity of more than 95%, was found in two very distantly related species of bacteria. That is, the only criterion was evidence that some sort of DNA transfer had occurred, without specifying the mechanism. The 95% cutoff was arbitrary but was motivated by the need to eliminate the possibility of convergent evolution. In convergent evolution, the same amino acid sequence might arise by selection from two different genes. Since two genes can differ by as much as 20% at the DNA sequence level and still have the same amino acid sequence, the requirement for 95% or higher DNA sequence identity seemed to be a good way to restrict attention to recent horizontal transfers of resistance genes. In fact, the cutoff could have been 98%, because it proved all too easy to find resistance genes in different genera and species that were 98% to 100% identical at the DNA sequence level. Some examples are shown in Figure 2.2, where the resistance gene designation is shown inside the oval at the center and the names of Gram-positive and Gram-negative bacterial species found to have that gene are shown on either side of the oval. What is striking about this figure is that not only has the same gene been found in widely divergent species, but also in species commonly found in different locations. That is, the same genes were found not only in human colonic bacteria, but also in bacteria from other sites, such as soil, the intestinal tracts of



FIGURE 2.2 Example of genes with more than 95% sequence identity that have been found in distantly related bacteria from different sites.
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non-human animals, and the human mouth. Most of these genes are genes that confer resistance to tetracycline (tetM, tetQ) or to macrolides (ermB, ermF, ermG). The tetracycline resistance genes are not the ones that encode efflux pumps, but encode a cytoplasmic protein that protects the bacterial ribosome from tetracycline. Why these two types of genes seem to be the ones most commonly found in different species and genera is not clear but could have something to do with the fact that they have a cytoplasmic location and thus do not need to be coupled with the proton motive force in membranes or to be secreted through the cytoplasmic membrane, requiring localization functions that could be species-specific. A striking feature of all of the genes shown in Figure 2.2 is that they have been found almost exclusively on a type of integrated conjugative element called a conjugative transposon (CTn). CTns normally reside in the chromosome, but can excise to form a non-replicating circular intermediate, which transfers similarly to a plasmid. That is, there is a single stranded nick in the circular form, followed by transfer of a single strand of the DNA through a multi-protein complex that joins the cytoplasms of the donor and recipient. Once in the recipient, the circular copy of the CTn becomes double stranded and integrates into the recipient chromosome. Presumably the copy of the CTn in the donor has the same fate. Even if the copy of the CTn in the donor is sometimes lost, this affects only a small fraction of donor cells and the outcome of the process is a net increase in the number of bacteria carrying the CTn, especially if there is antibiotic selection for resistant cells. CTns were first discovered in the Gram-positive bacteria and in the Bacteroides group of Gram-negative bacteria, but now that their existence is known, scientists are discovering CTns in other types of Gram-negative bacteria, such as Vibrio cholerae, Salmonella spp., and Rhizobium spp. [21–23]. There is no consistent nomenclature for this type of integrated transmissible element. They have also been called integrating, conjugative elements (ICE) elements and constins as well as CTns [24,25]. These alternative terms have the advantage that they avoid the word “transposon.” Calling the CTns “transposons” is misleading, because their excision and integration is quite different from that of transposons, such as Tn5 and Tn10. In fact, the enzyme that catalyzes the integration reaction, the CTn integrase, has most often proved to be a member of the tyrosine recombinase family, a family associated with many lambdoid phages. In some ways, the CTns resemble “phage” that travel from cell to cell through a multi-protein “capsid,” similarly to the fusigenic viruses of mammalian cells. We will use the nomenclature CTn, because for better or worse, this nomenclature has been the one most commonly used in the literature. Just as there are mobilizable plasmids that are transferred with the help of selftransmissible plasmids, there are also mobilizable transposons (MTns). The first of these to be discovered was NBU1, an MTn that is mobilized by a Bacteroides CTn, CTnDOT [26]. CTns can also mobilize plasmids [27,28].



MOVEMENT OF CTNS BETWEEN SPECIES OF HUMAN COLONIC BACTEROIDES SPP. Figure 2.1 posits that gene transfer events occur between different species of colonic bacteria. What is the evidence that such transfers can occur and that if they do occur,
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they are common? A first attempt to answer this question was made in a 2001 publication by Shoemaker et al. [29]. In this study, two sets of human colonic Bacteroides strains were screened. One set had been isolated prior to 1970 and was obtained from the culture collection of the now defunct Virginia Polytechnic Institute Anaerobe Laboratory (Blacksburg, Virginia, U.S.A.). The second set included isolates obtained after 1990. The two sets of strains were further divided into clinical and community isolates. The community isolates were derived from healthy people. The clinical isolates were obtained from patients with Bacteroides infections. The reason for looking at these two groups separately was that if the reservoir hypothesis is correct, both sets should follow the same pattern of gene acquisition, rather than clinical isolates exhibiting a different ecology as might be expected if events happened primarily in a clinical setting. The patterns of antibiotic resistance genes seen in the clinical and community isolates were indeed similar. A striking difference was apparent, however, when the pre-1970 and post-1990 strains were compared. The older strains had a much lower rate of carriage of tetQ and the erm genes than the strains isolated after 1990. So, something had happened in the two-decade period that separated the two sets of strains, a period characterized by extensive use of antibiotics, such as tetracycline and the macrolides [30]. It is also surprising how high the carriage rate was in the isolates obtained prior to 1970, before the onset of intensive use of antibiotics in the treatment of human disease. This type of anomaly has been seen in other cases, such as detection of antibiotic-resistant bacteria in “pristine” environments [31,32]. This raises the question of whether antibiotics are the only force selecting for antibioticresistant bacteria, a still-unanswered question to which we will return at the end of this chapter. The high number of strains in the post-1990 period that carry tetQ, even in the community isolates obtained from people who were not taking antibiotics, indicates that once acquired, tetQ is maintained very stably. Since, as already indicated, tetQ is found almost exclusively on a type of CTn exemplified by CTnDOT, a human Bacteroides CTn, this indicates that the CTn itself is also maintained very stably. It is interesting to note another characteristic of CTnDOT: its excision and transfer are stimulated 100- to 1000-fold by exposure of the bacteria to tetracycline [33–35]. Tetracycline is used not only to treat acute human infections, but also in dermatology and agriculture. In the treatment of acne, tetracycline is administered orally in relatively low doses over a period that can extend from months to years [36,37]. In agriculture, tetracycline has been used to stimulate growth of some animals [38]. Thus, long dosage regimens for tetracycline have been widespread and could have been responsible for the increased carriage of tetQ between 1970 and 1990. The tetQ gene is not the only gene whose carriage has increased over the past few decades. Carriage of some of the erm genes, principally ermB, ermF, and ermG, increased dramatically between the pre-1970 and post-1990 period. A particularly interesting aspect of this increase in carriage by human colonic Bacteroides strains is that ermB and ermG were previously thought to be “Gram-positive” resistance genes, because they were found primarily in Gram-positive bacteria. These genes seem to have entered Bacteroides spp. only very recently [29]. Could they be coming in from Gram-positive bacteria? The largest population of bacteria in the human
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colon is that of the Gram-positive anaerobes, a little studied and poorly understood group of bacteria [39,40]. Similarly, Gram-positive bacteria are the predominant population of bacteria in the human mouth and in the intestines of farm animals [41,42].



CHARTING THE MOVEMENT OF RESISTANCE GENES INTO BACTEROIDES SPP. Given that the ermB and ermG genes had been found previously exclusively in the Gram-positive bacteria, is it possible that these genes were obtained from Grampositive bacteria? Recently, it became possible to ask this question, because a CTn that carries ermB, CTnBST, was found in Bacteroides spp: It has been sequenced. The results of this analysis are both revealing and confusing [43]. We had hoped that the answer would be a simple one, that is, that a single CTn of Gram-positive origin would be revealed as having moved into Bacteroides. What we found was that the ermB gene was carried on a segment of DNA that is at least 7 kbp in size, and has integrated into a CTn that has been found previously in Bacteroides fragilis. The CTn is now clearly a chimera of Gram-positive and Bacteroides-like DNA. The Bacteroides-like DNA may not be from Bacteroides after all, however, because the percentage G+C content of the CTn outside the ermB region is higher than the percentage G+C content of Bacteroides spp. The chimeric nature of CTns and plasmids is becoming an old story. Recently, tetM, a Gram-positive tetracycline resistance gene, has been found in Escherichia coli [44]. Whether this gene is on a transmissible element remains to be seen. In the Gram-positive bacteria, tetM is usually found on CTns. Some of the same resistance genes seen in human oral and colonic bacteria are also found in animal feces. The ermB and tetQ genes are examples of this. The tetQ gene was reported in a bacterium isolated from the rumen of cattle in the 1990s. This gene was not on a CTn but on a plasmid. Nonetheless, its DNA sequence was more than 95% identical to the sequences of the tetQ genes we were finding in human colonic bacteria [10]. More recently, the ermB gene has been found in isolates, mostly Gram positive, from a below-barn pig manure collection tank. The overwhelming majority of reports of antibiotic resistance genes in bacteria isolated from animals and humans have focused on such foodborne pathogens as Salmonella and Campylobacter. Since these pathogens can colonize humans as well as animals, it is perhaps not surprising that they would move as resistant strains between human and animal reservoirs. More surprising is the apparent movement of genes, such as tetQ and ermB between members of the normal microflora of humans and animals, populations of bacteria that differ in species composition [10,29]. In these cases, it is almost certainly the genes that are moving rather than just the bacterial strains.



THE TRICLOSAN QUANDRY A cause for concern is the widespread use of antimicrobial agents in products ranging from soaps to cutting boards. The story of triclosan is a good example of marketing gone wild. Triclosan is an antibacterial compound that has been added for years to plastic products to maintain the integrity of the products. One day, some marketing genius realized that by adding the label “antibacterial” to the product, the product
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suddenly gained added value in the public eye. Soon, triclosan was being added to soaps, toothpaste, and mouthwash, among other products. Initially, triclosan was thought to be a disinfectant, but it has since been found to have a specific mode of action. It inhibits fatty acid biosynthesis. In 1998, Stuart Levy and co-workers first showed that E. coli strains resistant to triclosan could be isolated and that these strains had a specific defect in fatty acid synthesis [45]. Since then, many studies of the mechanism of triclosan action have been published, but the question that is still hanging fire is the question of how widespread triclosan use might affect the distribution of antibiotic-resistant strains. Fortunately, obtaining approval to use other antibacterial compounds in personal products is not easy, so there may be time to evaluate the impact of triclosan before decisions on newer antibacterials are made. How best to evaluate the impact of triclosan? The most obvious approach is to assess the ease with which triclosan-resistant mutants are selected, but this is not the critical question. The critical question is whether triclosan use could cross-select for strains resistant to other antibiotics. This question remains to be answered. Whatever the impact of triclosan use on antibiotic resistance patterns, the sudden popularity of “antibacterial” products is a cautionary tale. Public health officials were unprepared for the sudden advent of such products, and it remains unclear what the appropriate response to such changes in public consumption patterns is and how best the implications of such usage changes can be evaluated for safety.



THE ECOLOGY OF THE FUTURE Although the ecology of antibiotic resistance genes is still a relatively new area, some problems and challenges are evident. First, very few systematic studies of the distribution and movement of resistance genes in nature have been done. Comparisons of the incidence of resistant strains in farms that do or do not use antibiotics are misleading if variables such as the proximity of water supplies that might be contaminated with antibiotics or the movement of wild birds and rodents between the farms are not taken into account. The finding of significant concentrations of antibiotics in some water sources has demonstrated what should have been obvious all along: antibiotics do not necessarily stay in the location where they are used. Antibiotics used in the hospital or in agriculture can appear later in water released from sewage treatment plants [46,47]. Or water recovered from animal manure and used to irrigate vegetable crops can spread antibiotics to locations where antibiotics are not being used intentionally [48–50]. An unanswered question is how widely distributed antibiotic resistance genes are in nature outside the human body. Our finding that even in strains isolated from humans prior to 1970, the tetQ gene was already present in nearly one-third of Bacteroides strains is perplexing since tetracycline use only became widespread in the 1960s and 1970s. Is it possible that there are non-antibiotic selections for antibiotic-resistant strains? Production of antibiotics by antibiotic-producing bacteria is very low in natural settings, but plant compounds that mimic antibiotics may be more abundant. Also, it is important to keep in mind that resistance genes are often linked on the same element. Integrons are an excellent example of this phenomenon. If a set of genes in an operon includes, for example, a cadmium resistance gene as
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well as several antibiotic resistance genes, cadmium may select for maintenance of the antibiotic resistance genes. In the case of the Bacteroides CTns in our studies of human colonic bacteria, the CTnDOT type element contained both a tetracycline resistance gene, tetQ, and a macrolide resistance gene, ermF, so that selection for either resistance gene tends to select for maintenance of the other type [51,52]. Relatively few studies have been done to evaluate the distribution of antibiotic resistance patterns in environmental bacteria, especially bacteria in sites outside of farms or areas of human settlement. It would be informative to conduct a study similar to those often done by marine microbiologists, in which sites around the perimeter of an island that differ in the amount of human pollution are sampled and evaluated. Unfortunately, none of the major funding agencies regards this type of survey as part of its mission. Thus, the question of whether there is such a thing as a truly pristine site, free of antibiotic-resistant bacteria, remains unanswered. Also, surprisingly, the question of the extent to which animal or human pollution affects the incidence of antibiotic resistance genes is also unanswered. Clearly, systematic surveys of antibiotic resistance gene distribution are needed, and ideally surveys should be guided by the principles developed by environmental microbiologists who have had long experience in ecology. An interesting approach to this type of analysis has been taken by Randall Singer and his associates. The approach is called landscape ecology [53]. It is a form of mathematical modeling that assesses correlations between antibiotic use patterns and the incidence of resistant strains. Proving association is not the same as proving cause and effect, but the fact that scientists are beginning to explore mathematical modeling of resistance patterns as a means of seeking possible cause-and-effect connections is encouraging.
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The majority of attention on antibiotic resistance mechanisms has been justifiably focused on those factors that are highly transmissible among species and that lead to high levels of resistance to a specific class of antibiotics. Less is known about the ability of bacteria to alter their susceptibility to noxious agents by modulating their own intrinsic physiological systems. In this chapter, we describe two of the better-studied examples of this latter situation, both of which occur in Gramnegative species. In the first example, the mar/sox regulatory network found in Escherichia coli is described. This system acts to modulate factors that limit the accumulation of a wide range of noxious agents, including several clinically important antibiotics. As such, we discuss a network of sensory and regulatory factors that operate to control the expression of genes whose products either actively extrude antibiotics or enhance the effectiveness of external permeability barriers. Because Chapter 4 specifically addresses efflux pumps, our discussion focuses on the structure and function of the marRAB and soxRS regulatory loci. We review evidence describing the high degree of molecular redundancy shared by these two regulatory systems, leading toward the concept that these are two semi-independent sensory systems that control a nearly identical set of target genes, although in quantitatively different ways. These differences may reflect the distinct types of signals that are sensed by the two systems, such that a protective response to inducers of one (e.g., superoxide generating compounds for soxRS) may require a slightly different gene expression pattern than would the response to inducers of the second (phenolic agents and antibiotics for marRAB). In the second example, we describe the regulatory mechanisms controlling the aac(2′)-Ia gene in Providencia stuartii. The aac(2′)-Ia gene is a member of a growing family of chromosomally encoded aminoglycoside acetyltransferases that are intrinsic to certain bacterial species. Although the role of these acetyltransferases is largely unknown, the AAC(2′)-Ia enzyme in P. stuartii functions as a peptidoglycan O-acetyltransferase. Given the possibility of diverse functions for these enzymes, we anticipate that the regulation of these genes will involve distinct mechanisms. However, the information on aac(2′)-Ia expression that has been compiled to date may serve as a useful preliminary model for other systems.



INTRODUCTION Microorganisms live in intimate proximity to their environment. For free-living species, this situation equates to the constant threat of exposure to a wide variety of potentially toxic agents produced either deliberately (e.g., by other organisms for defense against microbial encroachment) or as a consequence of normal organic turnover. Similarly, commensal and pathogenic organisms must protect themselves from both specific and non-specific agents elicited by the host. Not surprisingly, then, unicellular species have evolved an elaborate array of defenses designed to reduce or prevent the accumulation of unwanted toxic substances. There is, for example, a remarkable inventory of efflux systems that can be identified in the genomes of almost all bacteria. The mechanisms by which efflux pumps operate are discussed in Chapter 4 of this volume.
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With such a genetic investment in defense systems, it also makes sense that these organisms would possess similarly intricate regulatory mechanisms, which allow them to control the deployment of these systems. In this chapter, we highlight our understanding of a few of the better-characterized regulatory systems, including global resistance systems and intrinsic modifying enzymes. Although the systems described in this chapter have been studied primarily in E. coli and P. stuartii, it is reasonable to expect that these systems will serve as formal paradigms for as yet undiscovered control networks in other bacterial species.



GLOBAL REGULATORS OF ANTIBIOTIC RESISTANCE IN ESCHERICHIA COLI THE MAR REGULATORY LOCUS Undoubtedly, the best-characterized global antibiotic resistance regulatory system is the mar (multiple antibiotic resistance) system in E. coli. An excellent review of the molecular genetics of this system has been published [1]. Much of the detailed work described in that review is only summarized here, and the reader is encouraged to look to that source for additional detailed information. The mar locus was first described in 1983 in the pioneering studies of George and Levy. As a component of an ongoing effort to understand the mechanisms contributing to tetracycline resistance, these investigators identified a locus on the E. coli chromosome that was associated with the frequent emergence of low-level resistant strains [2]. Moreover, it was shown that these tetracycline-resistant (tetr) strains had also acquired a concomitant resistance to other structurally unrelated antibiotics including chloramphenicol, rifampicin, and fluoroquinolones [2]; mechanistically this phenotype was associated with reduced accumulation and efflux of the affected agents [2–4]. The substrate spectrum for this system was later expanded to include certain organic solvents and disinfectants [5,6]. A Tn5 insertion at the 34 min region of the chromosome reversed the resistance phenotype for all of these agents, and identified the genetic locus, which was designated as mar [7]. DNA sequence analysis of cloned genetic segments that could complement the Mar phenotype associated with either the Tn5 insertion or a larger chromosomal deletion encompassing this region revealed a three-gene regulatory operon, designated marRAB [8–11]. The Tn5 insertion originally isolated by George and Levy was located in the second gene, marA. Overexpression of this gene by itself was shown to be sufficient to confer the Mar phenotype in all cell types, including strains deleted for this region of the chromosome [12]. The deduced protein product of this gene, MarA, is related by amino acid sequence similarity to a family of transcriptional activators, the prototype for which is the AraC regulator that controls genes involved in the metabolism of arabinose [13]. This observation suggested that the Mar phenotype resulting from a mutation at the mar locus was likely due to an indirect mechanism, with MarA serving to control the expression of genes located elsewhere on the chromosome. It is presumably these target genes that are the more direct effectors of antibiotic resistance. If overexpression of marA is sufficient to confer a Mar phenotype, then the mar locus must be capable of controlling the expression of marA. This proved to be the
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case, and the first gene in the operon, marR, was determined to play a critical role in this process [9]. Unlike MarA, the MarR protein, at the time of its sequencing, bore little similarity to any known genes. However, analysis of selected Mar isolates showed that the majority of these bore mutations in marR, and concomitantly exhibited elevated levels of the marRAB transcript [9,11,14]. Introduction of a wild type copy of marR in trans on a plasmid reversed the Mar phenotype, indicating that the marR mutations were recessive, and that this gene encoded a repressor of marRAB operon expression. Results of genetic experiments suggested that the target for MarR repression is the operator/promoter region of the marRAB operon, marOP, as one could titrate the repressing activity of MarR simply by introducing additional copies of marOP on a plasmid [9,14]. This finding was confirmed biochemically by showing that purified MarR protein bound specifically to marOP DNA sequences [15]. At roughly the same time as the original George and Levy experiments, it was noted that exposing E. coli cells to the weak aromatic acid salicylate (SAL) induced a condition of phenotypic antibiotic resistance subsequently referred to as Par [16]. Notably, SAL treatment conferred resistance to the same diverse group of antibiotics as was observed for the mar mutants. These findings converged mechanistically when it was found, through the use of a mar-lacZ fusion, that SAL treatment led to an induction of marRAB expression [17]. Importantly, this was the first observation that connected the mar regulatory locus with extracellular stimuli. Deletion of the marRAB operon led to a greatly reduced responsiveness to SAL as an inducer of antibiotic resistance, and to a hypersensitivity to many of the same agents that were affected by the original mar mutants [11,12,17]. The extent to which this hypersensitivity was observed depended on the specific E. coli strain background in use [8,10,11]. The crystal structure of the MarR repressor has been determined at 2.3 Å of resolution by Alekshun and co-workers [18]. The structure reveals MarR as a dimer, with each subunit composed of six helical regions that mediate a protein–protein interface in each monomer. The DNA binding domain consisting of amino acids 61 to 121 adopts a winged helix fold from amino acids 55 to 100. The formation of the MarR crystal required the presence of SAL, a strong inducer that relieves MarRmediated repression of the Mar regulon. Based on electron density, there appear to be two SAL binding sites, both of which are positioned near the DNA binding helix. The location of these sites is consistent with the ability of SAL to alter the DNA binding properties of MarR by directly interacting with the repressor. These studies suggested that the following hierarchy could explain inducible antibiotic resistance mediated by the marRAB system. The mar locus is normally maintained in a quiescent state due to the autorepressor activity of the marR gene product. Exposure to a specific inducer such as SAL leads to the binding of the inducer by MarR, antagonizing its ability to mediate transcriptional repression of the marRAB operon. This results in an increase in transcription of the marRAB genes, leading to an increase in the abundance of the products of these genes in the cell. MarA, the proximal activator of target genes involved in the antibiotic resistance response, thus becomes available in sufficient quantities to diffuse to other sites on the chromosome and activate its target genes. A more detailed discussion of the targets and inducers in the mar regulatory network is provided below.
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THE SOXRS SYSTEM Exposure of E. coli cells to various redox cycling agents, such as paraquat, leads to the induction of a number of genes that collectively constitute the superoxide stress response [19]. Constitutive mutants have been selected in which the expression of these target genes is elevated in the absence of any inducing agent. Such regulatory mutants typically map to the soxR locus, located at 92 min on the E. coli chromosome [20]. Notably, these constitutive regulatory mutants also exhibit a concomitant antibiotic resistance phenotype, which is remarkably similar to that observed with mar strains. In addition, one such regulatory mutant with a very similar phenotype, known as soxQ1, mapped to the marA locus [21]. Molecular dissection of the soxR locus revealed two divergently transcribed regulatory genes, soxR and soxS. The constitutive sox mutants mapped to soxR and have been referred to as soxR(Con) alleles, to distinguish them from non-functional mutants. Gene expression studies showed that the expression of soxR is unaffected by either superoxide generating agents or the constitutively activating mutations [22,23]. In contrast, expression of soxS is induced by redox cycling agents, such as menadione or paraquat, as well as by soxR(Con) mutants, and an intact soxR gene is required for induction of soxS expression as well as that of superoxide stress response target genes [22,23]. Similar to findings described above for marA, overexpression of soxS was shown to be sufficient to activate the expression of superoxide stress response target genes as well as confer the antibiotic resistance phenotype [22,23]. These findings, combined with the recognition that the SoxR protein contains iron– sulfur clusters in its C-terminal region that are characteristic of those involved with redox reactions, suggested that SoxR activity (and not expression) may be modulated in response to superoxide radicals, and led to a better molecular understanding of the two-stage model for control of this regulon [24,25]. In this model, exposure to agents or conditions leading to an accumulation of superoxide radicals results in the conversion of inactive SoxR to an activated form. Activated SoxR then induces the transcription of the adjacent soxS gene, whose product stimulates the expression of the unlinked regulon genes, the products of which presumably engender resistance to superoxide radical-generating agents and Mar-type antibiotics. Constitutive soxR mutants appear to be permanently in an activated conformation, which may explain why in these strains regulon genes are expressed even in the absence of a small molecule activator. Additional observations tied the soxRS regulon to the mar system. Along with the observations that soxR(Con) mutants have a Mar phenotype, and that the soxQ1 mutant mapped near marA, another mutant that was initially selected based on its strong Mar phenotype was found to map to the soxR locus [26]. Reconciliation of these genetic observations began when it was recognized that MarA and SoxS, the proximal activators in these regulatory systems, are closely related members of the AraC family of transcription factors [13]. Thus, overexpression of either soxS or marA leads to a Mar phenotype as well as induction of the superoxide stress response target genes. However, these regulators do not behave in completely redundant ways, as there appear to be quantitative differences in the effects of these activators on the different target genes that have been studied to date. For example, marA overexpression
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tends to produce a greater level of antibiotic resistance and a smaller induction of superoxide stress response target genes, such as nfo (encodes endonuclease IV), than does soxS [21,26]. Studies of clinical isolates have verified the role of soxRS in resistance. In E. coli, fluoroquinolone-resistant clinical isolates exhibited mutations in soxR and soxS that resulted in higher levels of soxS expression and activation of downstream genes required for resistance [27–29]. In Salmonella enterica (serovar typhimurium), a quinolone-resistant isolate arose during treatment that contained a single point mutation in soxR. This substitution rendered SoxR constitutively active and increased expression of SoxS-dependent genes [30].



ROB—A THIRD REGULATOR? E. coli contains another gene whose product exhibits significant amino acid sequence similarity to MarA and SoxS. This protein, known as Rob, was first identified as a factor that binds to the chromosomal origin of replication [31]. It is larger than either MarA or SoxS, and appears to contain an additional domain not found in the other two proteins. It is also different in that it is constitutively expressed at high levels, increasing in concentration as cells transition from logarithmic to stationary phase. Although higher-level induction of recombinant Rob accumulation has been shown to confer a Mar phenotype, and purified Rob protein has been shown to bind to MarA/SoxS target promoters in vitro [32,33], a physiological role for this protein in antibiotic resistance has yet to be demonstrated. In addition, mutants affecting intrinsic antibiotic resistance have yet to be linked to the rob gene. For these reasons, this interesting and mysterious protein will not be described further here.



A SINGLE REGULON WITH TWO ACTIVATORS As has been proposed recently, it now seems reasonable to consider the existence of a single stress response regulon that is controlled by multiple related regulators [34]. This could be called the mar regulon, as has been proposed, or be referred to by a more general descriptor to reflect the distinct stresses that led to its activation. Regardless, the important consequence from the perspective of this review is that intrinsic antibiotic resistance is affected. We shall now consider more distal and proximal components of this pathway.



REGULON TARGETS AND ANTIBIOTIC RESISTANCE Recent work has led to a greater understanding of the target binding site in MarA and SoxS responsive promoters [34–36]. Work with MarA has suggested that this activator interacts with target promoters as a monomeric protein, and that it can bind in either of two orientations to effect transcription. However, the orientation of the binding site in a given promoter must be as it originally exists in that element; inverting it leads to a loss of MarA responsiveness. In addition, distinct spacing rules appear to exist regarding the distance between the “marbox” and the binding sites for RNA polymerase (RNAP), depending on whether the marbox is present in the ⫹ or ⫺ orientation. Marboxes that are located on the opposite strand from that of the
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RNAP binding sites (⫺35 and ⫺10 sequences) are positioned further upstream than are those that are found on the same strand as the RNP binding site [34,37,38]. It has been proposed that these positions and orientations allow MarA to interact productively with RNAP in either orientation. Marboxes that have been found upstream from a number of target promoters in E. coli have been aligned to generate a consensus binding site [34]. Despite significant experimental work, this consensus remains quite degenerate. From the crystal structure studies of MarA, it has been proposed that MarA interacts with specific promoter elements by way of an interaction of complementary shapes that are held together by Van der Waals forces [39]. Whether the interaction of MarA with a marbox results in activation or repression of transcription appears to be related to the relative position and orientation of the marbox within a promoter element [40]. By inference, it seems reasonable to expect that many of the mechanistic observations made for MarA will also be applicable to SoxS. This is supported by biochemical studies conducted with this latter protein, and its interaction with known target genes [35,36,38,41]. Thus, several of the genes containing marbox elements in their promoters have been implicated by both genetic and biochemical methods as specific targets for MarA and/or SoxS control. Because of the focus of this volume, those key target genes implicated in antibiotic resistance are discussed in further detail here. micF One of the earliest physiological observations associated with the Mar phenotype was a down regulation of the major outer membrane porin OmpF [42]; this effect has also been observed following SAL treatment [43]. This porin forms a large outer membrane channel through which low-molecular-weight, water-soluble compounds can diffuse. Thus, a reduction in the abundance of this channel in mar mutants fits well with the reduced antibiotic accumulation phenotype observed with these strains. Studies of OmpF regulation revealed that one form of negative control involved a post-transcriptional repression mechanism mediated by the anti-sense RNA micF [44,45]. Experiments with micF-lacZ fusions as well as micF deletions demonstrated that mar mutants have elevated levels of micF expression, and that mar-mediated down regulation of OmpF requires an intact micF gene [12,46]. However, using strains deleted for the ompF gene, it was also shown that a simple loss of OmpF from the outer membrane was not sufficient to confer a Mar phenotype [12]. Thus, additional marA targets appeared to be required for a full Mar phenotype. acrAB and tolC Accumulating experimental evidence on the structure and function of efflux pumps in Gram-negative organisms [47] suggested that one of these export systems might play a role in mar-mediated antibiotic resistance. Subsequent genetic studies then showed that the multidrug efflux pump encoded by the acrAB genes is required for the Mar phenotype, as a deletion of acrAB completely eliminated the Mar phenotype associated with mar mutants [48]. Subsequently, it was noted that the promoter for the acrAB operon, as well as that of the tolC gene, whose product forms the outer
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membrane channel component of the AcrAB pump, contains a marbox element [34,49], which is bound by both MarA and SoxS in vitro. This strongly suggests that the products of acrAB and tolC, which act in concert to increase antibiotic efflux, are both controlled by MarA. marRAB The promoter for the marRAB operon also contains a marbox element and is subject to autoactivation [50]. This observation helped rationalize earlier studies, which showed that high-level expression of either soxS or marA led to increased marRAB operon expression. The marbox in the marRAB promoter region is one of the most MarA-responsive elements studied to date [34]. Moreover, marRAB operon expression is subject to both transcriptional and translational regulation [51]. As mentioned above, the SoxS protein is expected to bind to virtually the same set of target gene promoters as MarA. This has been largely substantiated experimentally, and in many cases a SoxS interaction was demonstrated first [41]. If this is true, then the explanation for the different effects of marA versus soxS induction on multiple antibiotic resistance, or the superoxide stress response, must lie in the quantitative ways in which these two regulators interact with their target promoters. This hypothesis is supported by recent evidence [52]. The marbox elements in different regulon promoters respond differently to MarA or SoxS induction. This difference was shown to be due to specific nucleotide sequence differences among the various marbox elements, and it was possible to vary the responsiveness of a promoter to MarA compared with SoxS by changing the sequence of a specific marbox [52]. These findings may also provide an explanation for a perplexing observation associated with certain bases in the proposed consensus sequences. Some of the invariant positions in the consensus have nonetheless been shown to be dispensable for MarA responsiveness. While one can consider it reasonable to propose that MarA and SoxS control an almost identical set of target genes (although in quantitatively different ways), it seems possible that these positions may be more important for SoxS binding than they are for MarA.



MECHANISMS OF REGULON INDUCTION AND PHYSIOLOGICAL ROLES While much work has focused on the mechanisms by which MarA and SoxS interact with regulon target promoters, early studies were actually driven by physiological observations that gave insights into regulon induction. For the mar system, this work centered on the phenolic compound salicylate and its ability to stimulate marRAB expression [17]. As mentioned earlier, marRAB induction involves antagonism of the MarR repressor, apparently by a direct interaction with SAL [15,18]. The poor solubility of MarR in a purified form along with the relatively weak affinity of SAL for MarR has made biochemical characterization of this interaction difficult. In contrast, soxRS induction by superoxide inducing agents is somewhat better understood. Genetic and biochemical experiments demonstrated that superoxide radicals activate soxS transcription via their effects on SoxR [24,25]. As stated earlier, SoxR activation involves a cluster of iron–sulfur centers near the 3′ end of the protein, suggesting that a direct activation mechanism may be involved.
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Studies of global regulation in E. coli using microarrays or macroarrays have revealed that MarA controls the expression of at least 60 genes [53] and SoxS controls at least 95 genes [54]. Array analysis of gene expression has confirmed common targets of both MarA and SoxS, such as zwf (encodes glucose 6-phosphate dehydrogenase), fumC (fumarase), acrA, inaA (pH-inducible protein involved in stress response), and sodA (superoxide dismutase) and also identified acnA (aconitase), ribA (GTP cyclohydrolase) and nfsA (nitroreductase) as new targets for both activators [53,54]. Additional genes activated by both paraquat (SoxS inducer) and sodium salicylate (MarA inducer) include: artP (arginine transport protein, ATP-binding), cysK (cysteine synthase A), dps (DNA protection protein induced during starvation), deoB (phosphopentomutase), and b1452 of unknown function [54]. Studies by Martin and Rosner indicate that the total number of genes directly activated by MarA and SoxS is less than 40 [55]. While MarA and SoxS affect the expression of what appears to be a common regulon, their impact on the expression of individual target genes is clearly not identical [56]. In a potentially intriguing connection, the mar and sox regulatory system may be linked at the sensory level, much in the same way that they share target genes. In a series of preliminary studies, a collection of naturally occurring, plant-derived phenolic compounds were tested for their ability to induce either marA or soxS expression [57]. It was noted that certain naphthoquinones that were known to induce soxS expression were also effective inducers of marA transcription [17,58]. These observations led to the proposal that compounds of this sort may be the true inducers (and substrates?) [59], or may be related to the inducers of a progenitor stress response system that has subsequently duplicated and diverged into the present-day mar/sox system. This proposal is supported by the finding that MarR is related at the amino acid sequence level to regulatory proteins found in other bacterial species that are known to respond to phenolic compounds [60]. For example, the HpcR repressor that controls the expression of genes involved in the catabolism of homoprotocatechuate (HPC), a plant-derived phenolic compound, is found in free-living E. coli C strains and is a member of the MarR family. HpcR-mediated repression of the hpc gene cluster is antagonized by HPC. Again, structural studies describing the specific interactions between MarR and the inducers that it binds will lead to a better understanding of the kinds of compounds that induce the mar system and will help shed light on this question. The highly overlapping mar and sox systems represent intrinsic, inducible stress response networks in E. coli and other enteric species [1,61]. The complexity of this regulatory network suggests that more significantly diverged microbes may have also evolved their own strategies to counter these same environmental challenges, even if they lack recognizable mar and sox homologs. mar mutants have been identified among clinical antibiotic-resistant isolates of E. coli [62], and a Mar phenotype has been observed among several other Gram-negative quinolone-resistant strains, typically contributing a two- to four-fold decrease in the susceptibility of these isolates [63]. It is also possible that mar mutations may emerge as a consequence of agricultural usage of antibiotics whose activity is affected by the mar system, as this locus is also present in the notoriously pathogenic E. coli strain O157:H7 [64]. Observations of this sort raise the possibility that the role of mar-type mechanisms
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is substantially under-appreciated in considerations of the factors affecting both intrinsic and acquired antibiotic resistance. Thus, the identification and characterization of these systems can only help us in our efforts to predict, avoid, and counteract antibiotic resistance.



ADDITIONAL MAR-LIKE SYSTEMS INVOLVING SMALL ARAC/XYLS-LIKE ACTIVATORS In Klebsiella pneumoniae, overexpression of the ramA gene encoding a transcriptional activator related to MarA/SoxS/Rob activators confers multiple antibiotic resistance [65]. Moreover, introduction of ramA on a multi-copy plasmid into E. coli also conferred multiple antibiotic resistance. In both K. pneumoniae and E. coli, RamA overexpression was associated with reduced expression of the OmpF porin. Studies have also suggested that RamA plays a significant role in clinical resistance to fluoroquinolones, where resistant isolates exhibited ramA overexpression [66]. In Ram overexpressing isolates, the AcrAB proteins were also overexpressed. More recent studies further support the role of RamA in AcrAB expression where a tigecycline-resistant isolate overexpressed both ramA and acrAB [67]. Moreover, an IS903 insertion in ramA reversed the overexpression of acrAB [67]. Recent work has also shown that TetD, which is encoded by the transposon Tn10, can also activate the expression of a subset of genes controlled by MarA and SoxS, thereby conferring a Mar phenotype. As TetD exhibits 43% amino acid sequence identity with SoxS and MarA, it has been proposed that this protein represents an additional member of the MarA/SoxS/Rob family [68].



INTRINSIC ACETYLTRANSFERASES IN BACTERIA While the previous section describes a mechanism by which certain Gram-negative bacteria can alter their permeability barriers to afford antibiotic resistance, a different approach involving antibiotic inactivation will now be presented. In this case, antibiotic resistance is restricted to a particular chemical class of agents, the aminoglycosides, but with apparent broad specificity among constituent components of this group. Because of the regulatory nature of many of the mutations described below, it is appropriate to consider this an additional example of intrinsic global resistance. Aminoglycoside resistance in bacteria is primarily mediated by the presence of plasmid-encoded modifying enzymes [69]. These enzymes modify the aminoglycosides by acetylation, phosphorylation, or adenylylation [69]. In addition to these plasmid-encoded enzymes, an expanding list of chromosomally encoded aminoglycoside acetyltransferases has been identified. For each of these enzymes, the corresponding gene appears to be intrinsic to the bacterial species in which it is found [70,71]. Therefore, it is possible that these intrinsic acetyltransferases act as housekeeping enzymes involved in the acetylation of cellular substrates. Since these enzymes also acetylate aminoglycosides, there may be structural similarities between aminoglycosides with the cellular substrates for these enzymes. The AAC(2′)-Ia enzyme in P. stuartii has a role in peptidoglycan acetylation (see below) and the AAC(2′)-Id
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enzyme in Mycobacterium smegmatis has a role in lysozyme resistance indicating a possible function related to the cell wall [72]. Recently, the AAC(6′)-Iy enzyme has been identified in Salmonella enterica subsp. enterica serotype Enteritidis [73]. The potential function of this enzyme may be related to sugar metabolism. Additional chromosomal acetyltransferase genes that have been identified in other bacteria include aac(6′)-Ic in Serratia marcescens [74], aac(6′)-Ig in Acinetobacter haemolyticus [75], aac(6′)-Ij in Acinetobacter sp. 13 [76], and aac(6′)-Ik in Acinetobacter sp. 6 [77]. However, the regulatory mechanisms controlling their expression have yet to be identified and these genes will not be discussed further.



AAC(2’)-IA IN PROVIDENCIA STUARTII PHYSIOLOGICAL FUNCTIONS Early studies on mutants that overexpressed the AAC(2′)-Ia enzyme indicated that they possessed altered cell morphology, forming small rounded cells. To further address the role of AAC(2′)-Ia, a null allele was created by introducing a frameshift mutation into the aac(2′)-Ia coding region by allelic replacement [78]. The loss of aac(2)-Ia resulted in cells with a slightly elongated phenotype [78]. Furthermore, the staining properties of aac(2′)-Ia mutant cells with uranyl acetate was altered, relative to wild-type cells. The basis for this phenotype is unknown; however, it suggests changes in the surface properties of cells. These data suggested a possible role for AAC(2′)-Ia that is related to the cell envelope. Work done by Payie and Clarke has revealed that AAC(2′)-Ia functions as a peptidoglycan O-acetyltransferase [79]. The O-acetylation of peptidoglycan is a modification that regulates the activity of autolytic enzymes involved in peptidoglycan breakdown and turnover [80,81]. The altered cell morphology seen in cells with changes in aac(2′)-Ia expression may be due to the changes in the activity of autolytic enzymes. The AAC(2′)-Ia enzyme is capable of obtaining acetate from peptidoglycan, N-acetylglucosamine, and acetylcoenzymeA [79]. Interestingly, the AAC(2′)-Ia enzyme is released by osmotic shock and may be located in the periplasm. Since acetyl-CoA is not located within the periplasm, the use of this substrate as a source of acetate would require a mechanism for transfer into the periplasm. The mechanism for such a transfer is unknown in P. stuartii.



GENETIC REGULATION Studies on the regulation of aac(2′)-Ia have been conducted using lacZ reporter gene fusions to the aac(2′)-Ia promoter region. Early studies demonstrated that aac(2′)-Ia transcription was not inducible by sub-inhibitory amounts of aminoglycoside antibiotics [82]. Using these fusions, two approaches have been used to identify gene products that act in trans to regulate aac(2′)-Ia. The first approach involved selecting spontaneous gentamicin resistant mutants of a P. stuartii strain harboring an aac(2′)lacZ fusion on a low-copy plasmid. One mechanism for the increased gentamicin resistance of these mutants would be increased expression of the chromosomal aac(2′)-Ia gene. During these isolations, the predominant class of mutants were
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darker blue in the presence of X-gal indicating increased transcription from the aac(2′)-Ia promoter region on the plasmid. A second approach to identify regulatory mutants involved isolating transposon insertions (mini-Tn5Cm) that activated the aac(2′)-lacZ fusion. Insertions that resulted in aac(2′)-lacZ activation were then tested for increased expression of the chromosomal aac(2′)-Ia gene. Using both of these strategies, genes designated aar (aminoglycoside acetyltransferase regulator) have been identified. The surprising number of regulatory genes that have been identified suggests the importance of modifying aac(2′)-Ia expression in response to various environmental conditions. This would allow cells to fine-tune the levels of peptidoglycan acetylation and regulate autolysis. The aar genes are grouped into two classes. The first class of genes act phenotypically as negative regulatory genes since loss of function mutations increase aac(2′)-Ia expression. The second class of regulatory genes are those that act in a positive manner and are required for normal levels of aac(2′)-Ia expression.



NEGATIVE REGULATORS aarA The aarA gene encodes a very hydrophobic polypeptide of 31.1 kDa in size [83]. The AarA protein contains at least two possible transmembrane domains, suggesting that it is an integral membrane protein. The AarA protein has been shown to be a member of the Rhomboid family of intramembrane serine proteases that are widely distributed in prokaryotes and eukaryotes [84,85]. The AarA protein is required for the production or activity of an extracellular pheromone signal, AR-factor, that acts to reduce aac(2′)-Ia expression. The aarA gene was identified as a mini-Tn5Cm insertion that increased gentamicin resistance levels eight-fold above wild-type. The aarA mutants increase aac(2′)-Ia transcription 3- to 10-fold depending on the growth phase of cells. Null mutations in aarA are highly pleiotropic and additional phenotypes include loss of production of a diffusible yellow pigment and a cell chaining phenotype that is most prominent in cells at mid-log phase. aarB The aarB3 mutation originally designated aar3 [82] results in a 10- to 12-fold increase in aac(2′)-Ia transcription. In the aarB3 background, the levels of aminoglycoside resistance are increased 128-fold above wild-type, suggesting that this mutation further increases aminoglycoside resistance in a manner independent of aac(2′)-Ia expression. The aarB3 also results in altered cell morphology and a slow growth phenotype. The identity of the aarB gene has not been determined. aarC The aarC gene encodes a homolog of gcpE, a protein widely distributed in bacteria and required for isoprenoid biosynthesis. A missense allele, aarC1, resulted in a number of pleiotropic phenotypes including slow growth, altered cell morphology, and increased aac(2′)-Ia expression at high cell density [86]. The biochemical function of AarC remains to be determined.
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aarD The aarD was identified by a mini-Tn5Cm insertion that resulted in a five-fold activation of an aac(2′)-lacZ fusion and a three-fold increase in the levels of aac(2′)-Ia mRNA accumulation [87]. In addition, a 32-fold increase in aminoglycoside resistance was observed in aarD mutants, relative to wild-type P. stuartii. The aarD locus encodes two polypeptides that are homologs of the E. coli CydD and CydC proteins [87–89]. The CydD and CydC proteins act in a heterodimeric ABC transporter complex required for formation of a functional cytochrome d oxidase complex [90–93]. P. stuartii aarD mutants exhibit phenotypic characteristics consistent with a defect in the cytochrome d oxidase including hyper-susceptibility to the respiratory inhibitors Zn2+ and toluidine blue [87]. The increased aac(2′)-Ia expression observed in the aarD1 background contributes minimally to the overall increase in gentamicin resistance since introduction of the aarD1 mutation into an aac(2′)-Ia mutant strain also results in a 32-fold increase in gentamicin resistance. Previous studies have demonstrated that uptake of aminoglycosides is dependent on the presence of a functional electron transport system [94–96]. Since electron transport is defective in the aarD1 background [87], it is probable that a decrease in aminoglycoside uptake accounts for the high level of resistance observed in aarD mutants. However, the mechanism that contributes to increased aac(2′)-Ia transcription is unknown. A direct role for aarD in the regulation of aac(2′)-Ia is unlikely, since ABC transporters are not known to function as transcriptional regulators [97]. A regulatory protein may couple changes in the redox state of the membrane to aac(2′)-Ia expression (see below) [98]. Mutations in aarD are predicted to alter the redox state of the membrane and thus indirectly affect aac(2′)-Ia expression. aarG The aarG gene encodes a protein with similarity to sensor kinases of the twocomponent family with the strongest identity to PhoQ (57%). Immediately upstream of aarG is an open reading frame designated aarR, which encoded a protein with 75% amino acid identity to PhoP, a response regulator [99,100]. The regulatory phenotypes associated with the aarG1 mutation may result from a failure to phosphorylate the putative response regulator AarR, which functions as a repressor of aarP, and possibly aac(2′)-Ia. A recessive mutation (aarG1) results in an 18-fold increase in the expression of β-galactosidase from an aac(2′)-lacZ fusion [99]. Direct measurements of RNA from the chromosomal copy of aac(2′)-Ia have confirmed this increase occurs at the level of RNA accumulation. Taken together, these results demonstrate that loss of aarG results in increased aac(2′)-Ia transcription. The aarG1 allele also results in enhanced expression of aarP, encoding a transcriptional activator of aac(2′)-Ia (see below) [101]. Genetic experiments have shown that in an aarG1, aarP double mutant, the expression of aac(2′)-Ia is significantly reduced over that seen in the aarG1 background. However, the levels of aac(2′)-Ia in this double mutant are still significantly higher than in a strain with only an aarP mutation. Therefore, the aarG1 mutation increases aac(2′)-Ia expression by both aarP-dependent and -independent mechanisms.
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The aarG1 allele confers a Mar phenotype to P. stuartii, resulting in increased resistance to tetracycline, chloramphenicol, and fluoroquinolones. This Mar phenotype in the aarG1 background is partially due to overexpression of aarP, which is known to confer a Mar phenotype in both P. stuartii and E. coli (see below). However, an aarP-independent mechanism also accounts for increased levels of intrinsic resistance in the aarG1 background. This mechanism could involve increased expression of a second activator with a target specificity similar to that of AarP.



POSITIVE REGULATORS OF AAC(2’)-IA aarE The aarE gene is ubiA, which encodes an octaprenyltransferase required for the second step of ubiquinone biosynthesis [102]. Although the aarE mutations increase aminoglycoside resistance, accumulation of aac(2′)-Ia mRNA is significantly reduced in the aarE1 background. The loss of ubiquinone function is predicted to decrease the uptake of aminoglycosides, which accounts for the high-level aminoglycoside resistance. The decreased aac(2′)-Ia mRNA accumulation may reflect a requirement for ubiquinone, either directly or indirectly in a regulatory process involved in aac(2′)-Ia mRNA expression. aarF The aarF locus of P. stuartii acts as a positive regulator of aac(2′)-Ia expression with the level of aac(2′)-Ia mRNA decreased in an aarF null mutant [98]. Despite the lack of aac(2′)-Ia expression, aarF null mutants exhibit a 256-fold increase in gentamicin resistance over the wild-type strain. P. stuartii aarF null mutants also exhibit severe growth defects under aerobic growth conditions and have been found to lack detectable quantities of the respiratory cofactor ubiquinone. The aarF gene is the ubiB homolog of P. stuartii, and heterologous complementation studies demonstrated that these genes were functionally equivalent [103]. The high-level gentamicin resistance observed in the aarF(ubiB) mutants is likely associated with decreased accumulation of the drug resulting from the absence of aerobic electron transport. It seems unlikely that aarF is directly involved in the regulation of aac(2′)-Ia. It has been proposed that a reduced form of ubiquinone acts as an effector molecule in an uncharacterized regulatory pathway that activates the expression of aac(2′)-Ia [98]. In ubiquinone-deficient aarF mutant strains, this regulatory cascade would be disrupted, resulting in decreased aac(2′)-Ia expression (see below). aarP The aarP gene was originally isolated from a multi-copy library of P. stuartii chromosomal DNA based on the ability to activate aac(2′)-Ia expression in trans [101]. The presence of aarP in multiple copies led to an eight-fold increase in aac(2′)-Ia mRNA accumulation. Studies utilizing an aac(2′)-lacZ transcriptional fusion demonstrate that this increase results from an activation of aac(2′)-Ia transcription. Chromosomal disruption of the aarP locus resulted in a five-fold reduction in aac(2′)-Ia mRNA levels and eliminated the induction of aac(2′)-Ia
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expression normally observed during logarithmic growth [101]. Expression of aarP has been shown to be increased in the aarB, aarC, and aarG mutants, demonstrating that aarP contributes to the overexpression of aac(2′)-Ia in these mutant backgrounds [82,86,99]. The aarP gene encodes a 16 kDa protein that contains a putative DNA binding helix-turn-helix motif and belongs to the AraC/XylS family of transcriptional activators [101,104]. The AarP protein exhibits extensive homology with the E. coli MarA and SoxS proteins that were discussed above. AarP exhibits high homology to MarA and SoxS in the helix-turn-helix domain and was found to activate targets of both MarA and SoxS in vivo [101]. The purified AarP protein binds to a wild-type aac(2′)-Ia promoter fragment in electrophoretic mobility shift assays [105]. Expression of aarP appears to be governed by a mechanism that differs from those controlling MarA and SoxS expression. Unlike the MarA and SoxS proteins, which are located in operons containing a gene that regulates their expression, the aarP message appears to be monocistronic. Expression of aarP is not elevated in the presence of SAL, a potent inducer of MarA. Recent studies of aarP expression have revealed that the AarP message accumulates as cell density increases [106]. At least three aar genes (aarB, aarC, and aarG) are involved in aarP regulation [82,86,99]. In addition, we have recently identified a role for the stationary phase starvation protein SspA as an activator of aarP [106]. The SspA protein is a global regulator that is proposed to interact with RNA polymerase during starvation and redirect new gene expression [107,108].



ROLE OF QUORUM SENSING IN AAC(2’)-IA REGULATION The regulation of aac(2′)-Ia expression is mediated by cell-to-cell signaling [109]. The accumulation of aac(2′)-Ia mRNA exhibits two levels of growth phase dependent expression. First, as cells approach mid-log phase, a significant increase is observed relative to cells at early-log phase. This increase at mid-log phase is the result of increased aarP expression. Second, as cells approach stationary phase, the levels of aac(2′)-Ia mRNA are decreased to levels that are at least 20-fold lower than those at mid-log phase. This decrease at high density is mediated by the accumulation of an extracellular factor (AR-factor) [109]. The growth of P. stuartii cells in spent (conditioned) media from stationary phase cultures resulted in the premature repression of aac(2′)-Ia in cells at mid-log phase. The ability to produce AR-factor is dependent on the AarA protein described previously. In summary, the large number of genes that influence aac(2′)-Ia regulation suggest that the expression of aac(2′)-Ia and the subsequent O-acetylation of peptidoglycan must be tightly controlled in P. stuartii. The AAC(2′)-Ia enzyme represents a minor O-acetyltransferase in P. stuartii [78]. The physiological function of AAC(2′)-Ia may be to “fine-tune” the levels of peptidoglycan O-acetylation in response to different environmental conditions or phases of growth. For example, in cells at mid-log phase, there is a burst of aac(2′)-Ia expression that may be required for peptidoglycan turnover in rapidly growing cells. As cells increase in density and approach stationary phase, the accumulation of AR-factor leads to decreased aac(2′)-Ia expression at stationary phase. This may reflect a requirement for lower peptidoglycan turnover at stationary phase. The additional levels of aac(2′)-Ia regulation,
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namely, the role of ubiquinone and/or electron transport, are understood in less detail. The simplest model, proposed earlier, is that aac(2′)-Ia expression is also coupled to electron transport via regulatory protein(s) that sense the redox status of the cell. The AarG/AarR two-component system may have a role in this process. At the present time, interplay among the aar genes, electron transport, and quorum sensing in controlling aac(2′)-Ia expression is being investigated. The mechanisms identified may serve as a model for the regulation of other chromosomally encoded acetyltransferases. In addition, the identification of physiological roles for the other intrinsic acetyltransferases will allow us to better predict how the modification of intrinsic genes can lead to antibiotic resistance.



CONCLUDING REMARKS While the mar/sox and aac(2′)-Ia systems differ significantly at both the genetic and physiological levels, there are important similarities worth noting. As global, intrinsic resistance systems, they both contain regulatory components as key factors controlling the expression of resistance determinants. In the case of MarA/SoxS and AarP, the products of key regulatory genes are remarkably conserved. In addition, there is a common element of environmental sensing that is shared by these two systems. These observations support the notion that the resistance phenotypes observed for specific regulatory mutants are physiologically relevant, because they result from changes in the activity of factors that control the expression of otherwise normal effector genes. As the best-studied examples of global resistance systems, the mar/sox and aac(2′)-Ia networks provide models for how subtle yet effective pathways affecting antibiotic resistance may lie buried within the complex genomes of many microorganisms. It is interesting to note that the kinds of antibiotics affected by the two systems are almost entirely complementary: aminoglycosides are among the only kinds of agents that are not impacted by the mar/sox pathway. Perhaps the aac(2′)-Ia system evolved divergently to address this gap? Regardless, these pathways provide paradigms that should assist future investigators in the characterization of other global systems that affect antibiotic susceptibility.



REFERENCES 1. Alekshun MN, Levy SB. Regulation of chromosomally mediated multiple antibiotic resistance: the mar regulon. Antimicrob Agents Chemother 1997; 41:2067–2075. 2. George AM, Levy SB. Amplifiable resistance to tetracycline, chloramphenicol and other antibiotics in Escherichia coli: involvement of a non-plasmid-determined efflux of tetracycline. J Bacteriol 1983; 155:531–540. 3. Cohen SP, McMurry LM, Hooper DC, Wolfson JS, Levy SB. Cross-resistance to fluoroquinolones in multiple-antibiotic-resistant (Mar) Escherichia coli selected by tetracycline or chloramphenicol: decreased drug accumulation associated with membrane changes in addition to OmpF reduction. Antimicrob Agents Chemother 1989; 33:1318–1325. 4. McMurry LM, George AM, Levy SB. Active efflux of chloramphenicol in susceptible Escherichia coli strains and in multiple-antibiotic-resistant (Mar) mutants. Antimicrob Agents Chemother 1994; 38:542–546. 5. White DG, Goldman JD, Demple B, Levy SB. Role of the acrAB locus in organic solvent tolerance mediated by expression of marA, soxS, or robA in Escherichia coli. J Bacteriol 1997; 179:6122–6126.



9190_C003.indd 38



10/26/2007 2:40:43 PM



Global Response Systems That Confer Resistance



39



6. Moken MC, McMurry LM, Levy, SB. Selection of multiple-antibiotic-resistant (Mar) mutants of Escherichia coli by using the disinfectant pine oil: roles of the mar and acrAB loci. Antimicrob Agents Chemother 1997; 41:2770–2772. 7. George AM, Levy SB. Gene in the major cotransduction gap of the Escherichia coli K-12 linkage map required for the expression of chromosomal resistance to tetracycline and other antibiotics. J Bacteriol 1983; 155:541–548. 8. Hächler H, Cohen SP, Levy SB. marA, regulated locus which controls expression of chromosomal multiple antibiotic resistance in Escherichia coli. J Bacteriol 1991; 173:5532–5538. 9. Cohen SP, Hächler H, Levy SB. Genetic and functional analysis of the multiple antibiotic resistance (mar) locus in Escherichia coli. J Bacteriol 1993; 175:1484–1492. 10. Sulavik MC, Gambino LF, Miller PF. Analysis of the genetic requirements for inducible multiple-antibiotic resistance associated with the mar locus in Escherichia coli. J Bacteriol 1994; 176:7754–7756. 11. Martin RG, Nyantakyi PS, Rosner JL. Regulation of the multiple antibiotic resistance (mar) regulon by marORA operator sequences in Escherichia coli. J Bacteriol 1995; 177:4176–4178. 12. Gambino L, Gracheck SJ, Miller PF. Overexpression of the MarA positive regulator is sufficient to confer multiple antibiotic resistance in Escherichia coli. J Bacteriol 1993; 175:2888–2894. 13. Gallegos MT, Schleif R, Bairoch A, Hofmann K, Ramos JL. AraC/XylS family of transcriptional regulators. Mol Microbiol 1997; 61:393–410. 14. Ariza RR, Cohen SP, Bachhawat N, Levy SB, Demple B. Repressor mutations in the marRAB operon that activate oxidative stress genes and multiple antibiotic resistance in Escherichia coli. J Bacteriol 1994; 176:143–148. 15. Martin R, Rosner JL. Binding of purified multiple antibiotic-resistance repressor protein (MarR) to mar operator sequences. Proc Natl Acad Sci USA 1995; 92:5456–5460. 16. Rosner JL. Nonheritable resistance to chloramphenicol and other antibiotics induced by salicylates and other chemotactic repellants in Eshcerichia coli. Proc Natl Acad Sci USA 1985; 82:8771–8774. 17. Cohen SP, Levy SB, Foulds J, Rosner JL. Salicylate induction of antibiotic resistance in Escherichia coli: activation of the mar operon and a mar-independent pathway. J Bacteriol 1993; 175:7856–7862. 18. Alekshun MN, Levy SB, Mealy TR, Seaton BA, Head JF. The crystal structure of MarR, a regulator of multiple antibiotic resistance, at 2.3A resolution. Nat Struct Biol 2001; 8:710–714. 19. Demple B. Regulation of bacterial oxidative stress genes. Ann Rev Genet 1991; 25:315–337. 20. Wu J, Weiss B. Two divergently transcribed genes, soxR and soxS, control a superoxide response regulon of Escherichia coli. J Bacteriol 1991; 173:2864–2871. 21. Greenberg JT, Monach P, Chou JH, Josephy PD, Demple B. Positive control of a global antioxidant defense regulon activated by superoxide-generating agents in Escherichia coli. Proc Natl Acad Sci USA 1990; 87:6181–6185. 22. Nunoshiba T, Hidalgo E, Amabile-Cuevas CF, Demple B. Two-stage control of an oxidative stress regulon: the Escherichia coli SoxR protein triggers redox-inducible expression of the soxS gene. J Bacteriol 1992; 174:6054–6060. 23. Wu J, Weiss B. Two-stage induction of the soxRS (superoxide response) regulon of Escherichia coli. J Bacteriol 1992; 174:3915–3920. 24. Hidalgo E, Demple B. An iron-sulphur center essential for transcriptional activation by the redox-sensing SoxR protein. EMBO J 1994; 13:138–146. 25. Wu J, Dunham WR, Weiss B. Overproduction and physical characterization of SoxR, a [2Fe-2S] protein that governs an oxidative response regulon in Escherichia coli. J Biol Chem 1995; 270:10323–10327.



9190_C003.indd 39



10/26/2007 2:40:44 PM



40



Bacterial Resistance to Antimicrobials



26. Miller PF, Gambino LF, Sulavik MC, Gracheck SJ. Genetic relationship between soxRS and mar loci in promoting multiple antibiotic resistance in Escherichia coli. Antimicrob Agents Chemother 1994; 38:1773–1779. 27. Webber MA, Piddock LJV. Absence of mutations in marRAB or soxRS in acrB overexpressing fluoroquinolone resistant clinical and veterinary isolates of Escherichia coli. Antimicrob Agents Chemother 2001; 45:1550–1552. 28. Oethinger MO, Podglajen I, Kern WV, Levy SB. Overexpression of the marA or soxS rgulatory gene in clinical topoisomerase mutants of Escherichia coli. Antimicrob Agents Chemother 1998; 42:2089–2094. 29. Koutsolioutsou A, Pena-Llopis S, Demple B. Constitutive soxR mutations contribute to multiple antibiotic resistance in clinical Escherichia coli isolates. Antimicrob Agents Chemother 2005; 49:2746–2752. 30. Koutsolioutsou A, Martins EA, White DG, Levy SB, Demple B. A soxRS-constitutive mutation contributing to antibiotic resistance in a clinical isolate of Salmonella enterica (serovar typhimurium). Antimicrob Agents Chemother 2001; 45:38–43. 31. Skarstad K, Thony B, Hwang DS, Kornberg A. A novel binding protein of the origin of the Escherichia coli chromosome. J Biol Chem 1993; 268:5365–5370. 32. Ariza RR, Li Z, Ringstad N, Demple B. Activation of multiple antibiotic resistance and binding of stress-inducible promoters by Escherichia coli Rob protein. J Bacteriol 1995; 177:1655–1661. 33. Nakajima H, Kobayashi K, Kobayashi M, Asako H, Aono R. Overexpression of the robA gene increases organic solvent tolerance and multiple antibiotic and heavy metal ion resistance in Escherichia coli. Appl Environ Microbiol 1995; 61:2303–2307. 34. Martin RG, Gillette WK, Rhee S, Rosner JL. Structural requirements for marbox function in transcriptional activation of mar/sox/rob regulon promoters in Escherichia coli: sequence, orientation and spatial relationship to the core promoter. Mol Microbiol 1999; 34:431–441. 35. Li Z, Demple B. Sequence specificity for DNA binding by Escherichia coli SoxS and Rob proteins. Mol Microbiol 1996; 20:937–945. 36. Fawcett WP, Wolf RE Jr. Purification of a MalE-SoxS fusion protein and identification of the control sites of Escherichia coli superoxide-inducible genes. Mol Microbiol 1994; 14:669–679. 37. Jair K-W, Martin RG, Rosner JL, Fujita N, Ishihama A, Wolf RE Jr. Purification and regulatory properties of MarA protein, a transcriptional activator of Escherichia coli multiple antibiotic and superoxide resistance promoters. J Bacteriol 1995; 177: 7100–7104. 38. Jair K-W, Fawcett WP, Fujita N, Ishihama A, Wolf RE Jr. Ambidextrous transcriptional activation by SoxS: requirement for the C-terminal domain of the RNA polymerase alpha subunit in a subset of Escherichia coli superoxide-inducible genes. Mol Microbiol 1996; 19:307–317. 39. Rhee SR, Martin RG, Rosner JL, Davies DR. A novel DNA-binding motif in MarA: the first structure for an AraC family transcriptional activator. Proc Natl Acad Sci USA 1998; 95:10413–10418. 40. Schneiders T, Barbosa TM, McMurry LM, Levy SB. The Escherichia coli transcriptional regulator MarA directly represses transcription of purA and hdeA. J Biol Chem 2004; 279:9037–9042. 41. Li Z, Demple B. SoxS, an activator of superoxide stress genes in Escherichia coli. Purification and interaction with DNA. J Biol Chem 1994; 269:18371–18377. 42. Cohen SP, McMurry LM, Levy SB. marA locus causes decreased expression of OmpF porin in multiple-antibiotic-resistant (Mar) mutants of Escherichia coli. J Bacteriol 1988; 170:5416–5422. 43. Rosner JL, Chai T-J, Foulds J. Regulation of OmpF porin expression by salicylate in Escherichia coli. J Bacteriol 1991; 173:5631–5638.



9190_C003.indd 40



10/26/2007 2:40:44 PM



Global Response Systems That Confer Resistance



41



44. Mizuno T, Chou M-Y, Inouye M. A unique mechanism regulating gene expression: translational inhibition by a complementary RNA transcript (micRNA). Proc Natl Acad Sci USA 1984; 81:1966–1970. 45. Anderson J, Delihas N. micF RNA binds to the 5′ end of ompF mRNA and to a protein from Escherichia coli. Biochemistry 1990; 29:9249–9256. 46. Chou JH, Greenberg JT, Demple B. Posttranscriptional repression of Escherichia coli OmpF protein in response to redox stress: positive control of the micF antisense RNA by the soxRS locus. J Bacteriol 1993; 175:1026–1031. 47. Nikaido H. Prevention of drug access to bacterial targets: permeability barriers and active efflux. Science 1994; 264:382–388. 48. Ma D, Cook DN, Alberti M, Pon NG, Nikaido H, Hearst JE. Genes of acrA and acrB encode a stress-induced efflux system of Escherichia coli. Mol Microbiol 1995; 16:45–55. 49. Aono R, Tsukagoshi N, Yamamoto M. Involvement of outer membrane protein TolC, a possible member of the mar-sox regulon, in maintenance and improvement of organic solvent tolerance of Escherichia coli K-12. J Bacteriol 1998; 180:938–944. 50. Martin RG, Jair K-W, Wolf RE Jr, Rosner JL. Autoactivation of the marRAB multiple antibiotic resistance operon by the MarA transcriptional activator in Escherichia coli. J Bacteriol 1996; 178:2216–2223. 51. Martin RG, Rosner JL. Transcriptional and translational regulation of the marRAB multiple antibiotic resistance operon in Escherichia coli. Mol Microbiol 2004; 53:183–191. 52. Martin RG, Gillette WK, Rosner JL. Promoter discrimination by the related transcriptional activators MarA and SoxS: differntial regulation by differential binding. Mol Microbiol 2000; 35:623–634. 53. Barbosa TM, Levy SB. Differential expression of over 60 chromosomal genes in Escherichia coli by constitutive expression of MarA. J Bacteriol 2000; 182:3467–3474. 54. Pomposiello PJ, Bennik MH, Demple B. Genome-wide transcriptional profiling of the Escherichia coli responses to superoxide stress and sodium salicylate. J Bacteriol 2001; 183:3890–3902. 55. Martin RG, Rosner JL. Genomics of the marA/soxS/rob regulon of Escherichia coli: identification of directly activated promoters by application of molecular genetics and informatics to microarray data. Mol Microbiol 2002; 44:1611–1624. 56. Barbosa TM, Levy SB. Activation of the Escherichia coli nfnB gene by MarA through a highly divergent marbox in a class II promoter. Mol Microbiol 2002; 45:191–202. 57. Miller PF, Sulavik M, Gambino L, Dazer M. Roles of the marRAB and soxRS regulators in protecting Escherichia coli from plant-derived phenolic agents. 96th General Meeting of the American Society for Microbiology, New Orleans, LA, May 19–23, 1996. 58. Seoane A, Levy SB. Characterization of MarR, the repressor of the multiple antibiotic resistance (mar) operon in Escherichia coli. J Bacteriol 1995; 177:3414–3419. 59. Miller PF, Sulavik MC. Overlaps and parallels in the regulation of intrinsic multipleantibiotic resistance in Escherichia coli. Mol Microbiol 1996; 21:441–448. 60. Sulavik MC, Gambino LF, Miller PF. The MarR repressor of the multiple antibiotic resistance (mar) operon in Escherichia coli: prototypic member of a family of bacterial regulatory proteins involved in sensing phenolic compounds. Mol Medicine 1995; 1:436–446. 61. Cohen SP, Yan W, Levy SB. A multidrug resistance regulatory chromosomal locus is widespread among enteric bacteria. J Infect Dis 1993; 168:484–488. 62. Maneewannakul K, Levy SB. Identification of mar mutants among quinolone-resistant clinical isolates of Escherichia coli. Antimicrob Agents Chemother 1996; 40:1695–1698. 63. Hooper DC, Wolfson JS. Bacterial resistance to the quinolone antimicrobial agents. Am J Med 1989; 87:17S–23S.



9190_C003.indd 41



10/26/2007 2:40:44 PM



42



Bacterial Resistance to Antimicrobials



64. Golding SS, Matthews KR. Intrinsic mechanism decreases susceptibility of Escherichia coli O157:H7 to multiple antibiotics. J Food Protection 2004; 67:34–39. 65. George AM, Hall RM, Stokes HW. Multidrug resistance in Klebsiella pneumoniae: a novel gene, ramA, confers a multidrug resistance phenotype in Escherichia coli. Microbiology 1995; 141:1909–1920. 66. Schneiders T, Amyes SGB, Levy SB. Role of AcrR and RamA in fluoroquinolone resistance in clinical Klebsiella pneumoniae isolates from Singapore. Antimicrob Agents Chemother 2003; 47:2831–2837. 67. Ruzin A, Visalli MA, Keeney D, Bradford PA. Influence of transcriptional activator RamA on expression of multidrug efflux pump AcrAB and tigecycline susceptibility in Klebsiella pneumoniae. Antimicrob Agents Chemother 2005; 49:1017–1022. 68. Griffith KL, Becker SM, Wolf RE Jr. Characterization of TetD as a transcriptional activator of a subset of genes of the Escherichia coli SoxS/MarA/Rob regulon. Mol Microbiol 2005; 56:1103–1117. 69. Shaw KJ, Rather PN, Hare RS, Miller GH. Molecular genetics of aminoglycoside resistance genes and familial relationships of the aminoglycoside-modifying enzymes. Microbiol Rev 1993; 57:138–163. 70. Rather PN. Origins of the aminoglycoside modifying enzymes. Drug Res Updates 1998; 5:285–291. 71. Rather PN, Macinga DR. The chromosomal 2′-N-acetyltransferase of Providencia stuartii: physiological functions and genetic regulation. Front Biosci 1999; 4:132–140. 72. Ansa JA, Pérez E, Pelicic V, Berthet F-X, Gicquel B, Martin C. Aminoglycoside 2′-N-acetyltransferase genes are universally present in mycobacteria: characterization of the aac(2′)-Ic from Mycobacterium tuberculosis and the aac(2′)-Id gene from Mycobacterium smegmatis. Mol Microbiol 1997; 24:431–441. 73. Magnet S, Courvalin P, Lambert T. Activation of the cryptic aac(6′)-Iy aminoglycoside resistance gene of Salmonella by a chromosomal deletion generating a transcriptional fusion. J Bacteriol 1999; 181:6650–6655. 74. Champion HM, Bennett PM, Lewis DA, Reeves DS. Cloning and characterization of an AAC(6′) gene from Serratia marcescens. J Antimicrob Chemother 1988; 22:587–596. 75. Lambert T, Gerbaud G, Galimand M, Courvalin P. Characterization of Acinetobacter haemolyticus aac(6′)-Ig gene encoding an aminoglycoside 6′-N-acetyltransferase which modifies amikacin. Antimicrob Agents Chemother 1993; 37:2093–2100. 76. Lambert T, Gerbaud G, Courvalin P. Characterization of the chromosomal aac(6′)-Ij gene of Acinetobacter sp. 13 and the aac(6′)-Ih plasmid gene of Acinetobacter baumannii. Antimicrob Agents Chemother 1998; 42:2759–2761. 77. Rudant E, Bourlioux P, Courvalin P, Lambert T. Characterization of the aac(6′)-Ik gene of Acinetobacter sp. 6. FEMS Microbiol Letters 1994; 124:49–54. 78. Payie KG, Rather PN, Clarke AJ. Contribution of gentamicin 2′-N-acetyltransferase to the O-acetylation of peptidoglycan in Providencia stuartii. J Bacteriol 1995; 177:4303–4310. 79. Payie KG, Clarke AJ. Characterization of gentamicin 2′-N-acetyltransferase from Providencia stuartii: its use of peptidoglycan metabolites for acetylation of both aminoglycosides and peptidoglycan. J Bacteriol 1997; 179:4106–4114. 80. Clarke AJ, Dupont C. O-acetylated peptidoglycan: its occurrence, pathobiological significance, and biosynthesis. Can J Microbiol 1992; 38:85–91. 81. Clarke AJ. Extent of peptidoglycan O-acetylation in the tribe Proteeae. J Bacteriol 1993; 175:4550–4553. 82. Rather PN, Orosz E, Shaw KJ, Hare R, Miller GH. Characterization and transcriptional regulation of the 2′-N-acetyltransferase gene from Providencia stuartii. J Bacteriol 1993; 175:6492–6498.



9190_C003.indd 42



10/26/2007 2:40:44 PM



Global Response Systems That Confer Resistance



43



83. Rather PN, Orosz E. Characterization of aarA, a pleiotrophic negative regulator of the 2′-N-acetyltransferase in Providencia stuartii. J Bacteriol 1994; 176:5140–5144. 84. Gallio M, Sturgill G, Rather PN, Kylsten P. A common mechanism for extracellular signaling in eukaryotes and prokaryotes. Proc Natl Acad Sci USA 2002; 99:12208–12213. 85. Urban S, Lee JR, Freeman M. Drosophilia Rhomboid-1 defines a family of putative intramembrane serine protease. Cell 2001; 107:173–182. 86. Rather PN, Solinsky K, Paradise MR, Parojcic MM. aarC, an essential gene involved in density dependent regulation of the 2′-N-acetyltransferase in Providencia stuartii. J Bacteriol 1996; 179:2267–2273. 87. Macinga DR, Rather PN. aarD, a Providencia stuartii homologue of cydD: role in 2′-N-acetyltransferase expression, cell morphology and growth in the presence of an extracellular factor. Mol Microbiol 1996; 19:511–520. 88. Delaney JM, Wall D, Georgopoulos C. Molecular characterization of the Escherichia coli htrD gene: cloning, sequence, regulation and involvement with cytochrome d oxidase. J Bacteriol 1993; 175:166–175. 89. Poole RK, Hatch L, Cleeter MW, Gibson JF, Cox GB, Wu G. Cytochrome bd biosynthesis in Escherichia coli: the sequences of the cydC and cydD genes suggest that they encode the components of an ABC membrane transporter. Mol Microbiol 1993; 10:421–430. 90. Bebbington KJ, Williams HD. Investigation of the role of the cydD gene product in the production of a functional cytochrome d oxidase. FEMS Microbiol Lett 1993; 112:19–24. 91. Poole RK, Gibson F, Wu G. The cydD gene product, component of a heterodimeric ABC transporter, is required for assembly of periplasmic cytochrome c and of cytochrome bd in Escherichia coli. FEMS Microbiol Lett 1994; 117:217–224. 92. Poole RK, Williams HD, Downie JA, Gibson F. Mutations affecting the cytochrome d-containing oxidase complex of Escherichia coli K-12: identification and mapping of a fourth locus, cydD. J Gen Microbiol 1989; 135:1865–1874. 93. Georgiou CD, Fang H, Gennis RB. Identification of the cydC locus required for expression of the functional form of the cytochrome d terminal oxidase complex in Escherichia coli. J Bacteriol 1987; 169:2107–2112. 94. Taber HW, Mueller JP, Miller PF, Arrow AS. Bacterial uptake of aminoglycoside antibiotics. Microbiol Rev 1987; 51:439–457. 95. Bryan LE, Kwan S. Roles of ribosomal binding, membrane potential, and electron transport in bacterial uptake of streptomycin and gentamicin. Antimicrob Agents Chemother 1983; 23:835–845. 96. Bryan LE, van den Elzen HM. Effects of membrane energy mutations and cations on streptomycin and gentamicin accumulation by bacteria: a model for entry of streptomycin and gentamicin in susceptible and resistant bacteria. Antimicrob Agents Chemother 1977; 12:163–177. 97. Faith MJ, Kolter R. ABC transporters: bacterial exporters. Microbiol Rev 1993; 57:995–1017. 98. Macinga DR, Cook GM, Poole RK, Rather PN. Identification and characterization of aarF, a locus required for production of ubiquinone in Providencia stuartii and Escherichia coli and for expression of 2′-N-acetyltransferase in P. stuartii. J Bacteriol 1998; 180:128–135. 99. Rather PN, Paradise MR, Parojcic MM, Patel S. A regulatory cascade involving aarG, a putative sensor kinase, controls the expression of the 2′-N-acetyltransferase and an intrinsic multiple antibiotic resistance (Mar) response in Providencia stuartii. Mol Microbiol 1998; 28:1345–1353. 100. Groisman EA, Heffron F, Solomon F. Molecular genetic analysis of the Escherichia coli phoP locus. J Bacteriol 1992; 174:486–491.



9190_C003.indd 43



10/26/2007 2:40:45 PM



44



Bacterial Resistance to Antimicrobials



101. Macinga DR, Parjocic MM, Rather PN. Identification and analysis of aarP, a transcriptional activator of the 2′-N-acetyltransferase in Providencia stuartii. J Bacteriol 1995; 177:3407–3413. 102. Paradise MR, Cook G, Poole RK, Rather PN. aarE, a homolog of ubiA, is required for transcription of the aac(2′)-Ia gene in Providencia stuartii. Antimicrob Agents Chemother 1998; 42:959–962. 103. Poon WW, Davis DE, Huan HT, Jonassen T, Rather PN, Clarke CF. Identification of the ubiB gene involved in ubiquinone biosynthesis: the aarF gene in P. stuartii and yigR in E. coli correspond to ubiB. J Bacteriol 2000; 182:5139–5146. 104. Ramos JL, Rojo F, Zhou L, Timmis KN. A family of positive regulators related to the Pseudomonas putida TOL plasmid XylS and the Escherichia coli AraC activators. Nucl Acids Res 1990; 18:2149–2152. 105. Macinga DR, Paradise MR, Parojcic MM, Rather PN. Activation of the 2′-Nacetyltransferase gene (aac(2′)-Ia) in Providencia stuartii by an interaction of AarP with the promoter region. Antimicrob Agents Chemother 1999; 43:1769–1772. 106. Ding X, Rather PN. Unpublished data. 107. Williams MD, Ouyang TX, Flickinger MC. Starvation-induced expression of SspA and SspB: the effects of a null mutation in sspA on Escherichia coli protein synthesis and survival during growth and prolonged starvation. Mol Microbiol 1994; 11:1029–1043. 108. Williams MD, Ouyang TX, Flickinger MC. Glutathione S-transferase-sspA fusion binds to E. coli RNA polymerase and complements delta sspA mutation allowing phage P1 replication. Biochem Biophys Res Comm 1994; 201:123–127. 109. Rather PN, Paradise MR, Parojcic MM. An extracellular factor regulating expression of the chromosomal aminoglycoside 2′-N-acetyltransferase in Providencia stuartii. Antimicrob Agents Chemother 1997; 41:1749–1754.



9190_C003.indd 44



10/26/2007 2:40:45 PM



4



Multidrug Efﬂux Pumps: Structure, Mechanism, and Inhibition Olga Lomovskaya, Helen I. Zgurskaya, Keith A. Bostian, and Kim Lewis



CONTENTS MDRs in Clinically Relevant Drug Resistance .................................................... Antiinfective Drug Discovery and Efflux Pump Inhibitors ................................. Perspectives for Developing MDR Inhibitors ....................................................... Natural MDR Inhibitors ....................................................................................... Concluding Remarks ............................................................................................ References .............................................................................................................



46 53 56 59 61 61



The world of antibiotic drug discovery and development is driven by the necessity to overcome antibiotic resistance in common Gram-positive and Gram-negative pathogens. However, the lack of Gram-negative activity among both recently approved antibiotics and compounds in the developmental pipeline is a general trend. It is despite the fact that the plethora of covered drug targets is well conserved in both Gram-positive and Gram-negative bacteria. Multidrug resistance (MDR) efflux pumps play a prominent and proven role in Gram-negative intrinsic resistance. Moreover, these pumps also play a significant role in acquired clinical resistance. Together, these considerations make efflux pumps attractive targets for inhibition in that the resultant efflux pump inhibitor (EPI)/antibiotic combination drug should exhibit increased potency, enhanced spectrum of activity, and reduced propensity for acquired resistance. To date, at least one class of broad-spectrum EPI has been extensively characterized. While these efforts indicated a significant potential for developing small molecule inhibitors against efflux pumps, they did not result in a clinically useful compound. Stemming from the continued clinical pressure for novel approaches to combat drug resistant bacterial infections, second-generation programs have been initiated and show early promise to significantly improve the clinical usefulness of currently available and future antibiotics against otherwise recalcitrant Gram-negative infections. It is also apparent that some changes in regulatory 45
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decision-making regarding resistance would be very helpful in order to facilitate approval of agents aiming to reverse resistance and prevent its further development.



MDRs IN CLINICALLY RELEVANT DRUG RESISTANCE Five families of bacterial drug efflux pumps have been identified to date [1]. However, it is mostly members of a single resistance/nodulation/division super family (RND) found in Gram-negative species that are implicated in clinically relevant resistance. In this section, we will review the structure and mechanism of RND MDRs. Efflux is most effective when working in cooperation with other resistance mechanisms. Reduced uptake across the outer membrane of Gram-negative bacteria, which is a significant permeability barrier for both hydrophilic and hydrophobic compounds, constitutes such a mechanism [2,3]. To take advantage of the reduced uptake, some Gram-negative MDR pumps extrude their substrates across the whole cellular envelope directly into the medium, performing trans-envelope transport [4]. The RND MDRs [5] possess an astonishing breadth of substrate specificity, and in this respect surpass even the notorious ABC transporters, such as P-glycoprotein (P-gp), that are major hurdles for the effectiveness of anti-cancer therapy [6]. RND pumps can recognize and extrude positive-, negative-, or neutral-charged molecules, substances as hydrophobic as organic solvents and lipids, and compounds as hydrophilic as aminoglycoside antibiotics. They are a ubiquitous family whose members are distributed across various kingdoms. Several representatives of the RNDpermease superfamily are encoded in the human genome, though the similarity to bacterial RNDs is negligible (16% identity). Examples of human RNDs include the Niemann-Pick disease, type C1 (NPC1) protein, localized in lysosomal membranes and apparently involved in intracellular cholesterol transport [7], and the homolog of Drosophila morphogen receptor Patched, thought to be crucial in the suppression of basal cell carcinoma [5,8]. Given the low similarity between the bacterial and human RNDs, the identification of highly selective inhibitors of bacterial pumps devoid of mechanism-based mammalian toxicity appears feasible. The past few years have seen the publication of an extraordinary amount of structural information on bacterial RND transporters. Several high-resolution structures of the AcrB efflux pump from Escherichia coli, with and without cocrystallized substrates, as well as several mutant AcrBs, have recently emerged from several laboratories across the world [9–14]. As discussed below, RND transporters from Gram-negative bacteria function as a complex with two other types of proteins, and X-ray structures of these have also become available [15–19]. Only the structure of the tripartite complex itself is lacking. The input from this detailed structural information should dramatically facilitate discovery of inhibitors of RND transporters to improve efficacy of antibiotics against problematic bacteria that are the cause of many life-threatening infections. In this review, we will summarize the recent advances on structure and function of RND transporters. It is important to emphasize that much research has also been devoted to understanding the complex regulation of efflux gene expression, which is usually governed by local and global regulatory mechanisms. To learn more about this topic, the reader is referred to several excellent reviews [20–23].
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In addition, more and more information is becoming available regarding the significance of RND transporters in bacterial pathogenesis. Many transporters have been demonstrated to be essential for cellular invasion and resistance to natural host substances, such as bile salts and specialized host-defense molecules [24]. Some RND transporters from Pseudomonas aeruginosa (and other relevant pathogens) are involved in controlling the balance of quorum signal molecules important for cellto-cell communication, and apparently for the establishment of persisting infections [25,26]. Interestingly, the Gram-positive organism Mycobacterium tuberculosis contains four RND transporters involved in controlling virulence [27]. A comprehensive review regarding this emerging “physiological” role of RND transporters has recently been published [24]. To perform trans-envelope efflux the inner membrane RND transporter works together with accessory proteins: a periplasmic protein belonging to the Membrane Fusion Protein (MFP) family, and the outer membrane channel, a member of the Outer Membrane Factor (OMF) family. RND pumps and accessory proteins form large multi-protein assemblies that traverse both the inner and outer membranes of Gram-negative bacteria [4,28,29]. All components are absolutely essential for transport. Working together as a well-coordinated team, they achieve the direct extrusion of substrates across the whole cell envelope and into the medium. This is where another aspect of teamwork is evident. The integrity of the outer membrane is absolutely critical. When it is compromised no resistance is seen, even in the presence of fully functional RND-containing complexes [30]. One might infer that these MDR transporters are in fact rather sluggish machines, relying heavily for their effectiveness upon restricted diffusion of effluxed compounds back into the bacterial cell, but no reliable kinetic measurements exist for RND transporters to argue this point. An alternative explanation is that the outer membrane is simply the only barrier across, which substrates are transported, and that RND transporters, unlike all other known drug pumps, are capable of capturing their substrates in the periplasmic space rather than in the membrane or from the cytoplasm. X-ray crystallography illuminates these points. High-resolution structures of all components of the efflux complex are now available. A steady stream of structural information, starting with the OMF TolC [18] protein from E. coli in 2000 and continuing to the present day, has produced a series of remarkable discoveries [9,11,12]. The best-studied AcrB transporter from E. coli serves as a prototype for all members of the RND family. AcrB is a protein of ca. 1100 amino acid residues that contains a transmembrane domain (TMD), consisting of 12 TM segments, and an unusually large periplasmic domain. Importantly, structural data have established that AcrB functions as a trimer (Figures 4.1 through 4.3). Inside the membrane, monomers of AcrB, which we will refer to as protomers, have very limited contact with one another [10]. In the periplasm, by contrast, they assemble into an intricate “mushroom-like” structure that protrudes about 70 Å from the membrane. The periplasmic portion of the AcrB trimer can be further sub-divided into the porter and the TolC docking domains. In the porter domain, neighboring protomers form three large vestibules that are wide open to the periplasm. These vestibules lead to a spacious central cavity.
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FIGURE 4.1 Structure of AcrA (PBD code 2f1m), AcrB (PBD code 1ek9), and TolC (PBD code 2dhh) proteins from E. coli. The figure shows a monomer of AcrA and trimers of AcrB and TolC. All proteins are shown to scale.



The structural features of the accessory proteins are consistent with their role in extending drug efflux across the outer membrane. The 3D structures of three OMFs, TolC, OprM, and VceC from E. coli, P. aeruginosa, and Vibrio cholerae, respectively, have been solved recently [15,18,31]. Despite very little sequence similarity, they are structurally conserved. Like AcrB, they form stable trimers organized into two-barrel structures. A 12-stranded β-barrel 40 Å long inserts into the outer membrane to form an open pore 30 Å in diameter. An unusual α-helical barrel 100 Å in length protrudes deep into the periplasm, where it reaches the TolC docking domain of AcrB. The lower half of this barrel is bounded by an equatorial domain of mixed α/β-structure. The tip of the periplasmic end of the channel is closed in an iris-like manner by interacting loops of α-helices. Biochemical and genetic data demonstrate that MFPs interact with both the RND pump and the OM channel [32,33]. It is therefore proposed that the MFP stabilizes weak RND–OMF interactions and promotes and maintains the tripartite complex. Recently determined structures of MexA and AcrA, from P. aeruginosa and E. coli, respectively [16,17,19], are consistent with such a function. These MFPs appear to a have modular structure, with a long β-barrel domain connected to a lipoyl domain that in turn is attached to a long periplasmic α-helical hairpin. By forcing E. coli TolC to make a functional complex with the MexAB-translocase from P. aeruginosa (which otherwise is non-functional), it was established that key interactions between the MFP and OMF are located in the equatorial domain and in the vicinity of the coiled coils of the TolC entrance [34]. In addition, the MFP appears
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FIGURE 4.2 Fitted model of the E. coli AcrAB-TolC tripartite efflux complex. Most of the AcrA trimers are removed by cross-section. There is significant evidence that the “crater” in the fully assembled pump is connected to TolC, either directly or via an adaptor composed of AcrA subunits. The tubular TolC structure serves as an “exhaust pipe” that penetrates the outer membrane, providing the exit route for the substrate efflux into the external medium. The opening indicated by the white color in the AcrB-trimer leads to the periplasmic space.



to possess significant conformational flexibility [35], which might be important to ensure the most advantageous interaction with TolC. In modeling an “open state” of the TolC entrance, there appears to be a perfect fit with the funnel-like opening of the TolC docking domain of AcrB [36]. The possibility exists that the MFP plays an active role in the opening of the TolC channel during drug transport. It is also possible that the “open state” is the result of the AcrB–TolC interaction, and that the role of the MFP is to keep both proteins in this fixed state. The oligomeric state of MFPs still remains controversial. Soluble forms of AcrA and MexA have been found to be monomeric in vitro, but cross-linking of AcrA in vivo suggests that the MFP works as a trimer with its two other partners [37,38]. While many details remain to be clarified, the emerging architecture of the trimeric complex provides a structural basis for understanding trans-envelope efflux. A substrate enters the tripartite transporter through the appropriate inter-envelope “substrate gate” and exits into the extracellular space through the “exhaust pipe” of TolC. The possibility of periplasmic capture first arose based on genetic and biochemical experiments [39–42] and was subsequently reinforced with the advent of the highresolution structures of protein–ligand co-crystals. Interestingly, co-crystals revealed several possible drug interacting sites. In the first report, several unrelated drugs were detected in the central cavity on the membrane–periplasm interface, prompting a model in which drugs first intercalate
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into the phospholipid bilayer and then diffuse laterally into the central cavity of AcrB [14,43]. Drugs observed in this site are in the vicinity of a few aromatic residues that appear to interact with them through hydrophobic and stacking interactions. However, the observed ligand/protein interactions appeared weak and are insufficient to explain substrate specificity. In fact, the few amino-acid residue side-chains observed to be interacting with the ligands are highly conserved across various efflux pump proteins of broadly varying substrate recognition. Mutational analyses of AcrB and the related EmhB from Pseudomonas fluorescens nevertheless show that amino acid residues in the central cavity do have an impact on transportermediated antibiotic resistance [13,44]. In the next structure of the same protein, an additional drug binding pocket was detected in a prominent cleft on the surface of the periplasmic domain. This site might be fully exposed to the periplasm, with easy access for drug binding. The problem with this site is that it is not clear where the drug can go from there. Mutations altering several amino acids within this site were also reported to impact RNDrelated antibiotic resistance [13,41,45]. One intriguing possibility is that this site might play a role in regulation of the activity of the transporter by its substrates, rather than mediating the actual transport process directly. Finally, a third structure revealed yet another, non-overlapping, multidrug binding pocket, located deep inside the periplasmic domain [9]. This voluminous pocket is extremely rich in aromatic amino acid residues capable of hydrophobic and stacking interactions. There are also a few polar residues that can form hydrogen bonds. Interestingly, the co-crystallized substrates doxorubicin and minocycline were found to be interacting with different sets of amino acid residues. This finding fits very well with the rapidly emerging paradigm of a versatile multi-specific recognition pocket, which was originally proposed based on the results obtained with soluble multidrug binding regulatory proteins, such as BmrR [46,47], QacR [48,49], and PXR [50]. These studies demonstrated (i) that different substrates can use different residues to bind in the same pocket; (ii) that the same substrates can assume multiple positions in the pocket; (iii) that two substrates can be bound simultaneously; and (iv) that this binding can give rise to negative or positive cooperativity. Numerous studies on human MDR ABC transporter P-gp, though not at the structural level, illustrate such versatility through the concept of the “induced best fit,” by which a substrate can provoke rearrangements in the pocket during binding [51,52]. The first high-resolution structure of the MDR ABC transporter, Sav1866 from Staphylococcus, has also been determined [53]. Though the crystals lack substrate, the location of the binding pocket can be easily identified based on a variety of biochemical, mutagenesis, and cross-linking experimental data [54,55], collected over many years of research on ABC transporters. The large chamber within the membrane that is formed by two TMDs opening to the extracellular milieu may also be accessible from the lipid phase at the interfaces between the two TMDs [56], constituting a drug binding pocket for the MDR ABC transporters. The TM domains of P-gp do not contain any charged residues. Thus, ligand/protein interactions may be based solely on H-bonding, hydrophobic, and stacking interactions. The architecture of this binding pocket is very different from the one observed for AcrB. However, multidrug binding appears to follow the same rules.
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In addition, this structure provides important details on the mechanism of ATPdriven ABC-mediated efflux, which has been proposed to occur using an “alternating access and release” mechanism. In essence, high affinity substrate binding induces high affinity ATP binding, which in turn induces substrate release, ATP hydrolysis, and subsequent release of ADP to re-set the system. To return to the RND transporters: as implied earlier, a substrate can reach the binding pocket through the uptake channel. The main entrance to the channel is about 15 Å above the plane of the membrane. It is easily accessible from the periplasmic space via the “vestibules” leading to the central cavity. It seems possible that the role of the weak binding observed previously in the central cavity [43] might be to slow down the lateral diffusion of substrates in the vicinity of the entrance to the uptake channel. Two recent studies, published side by side, provide further exciting and unexpected insights into possible transport mechanisms by RND transporters [9,11]. The first X-ray structure of the RND pump AcrB was presented as a perfectly symmetric trimer [10]. It gave rise to the so-called “elevator mechanism” [43] of transport, wherein it was proposed that substrates accumulating in the central cavity are actively transported into the upper portal space via a channel that opens along the central axis of the structure. However, in this model, a very significant conformational change associated with channel opening would have to be coupled with proton transport via the TMD in order to accommodate the passage of substrates. The two new structures of AcrB trimers, while symmetric overall, show each protomer in a distinct conformation [9,11]. Although only one of these “new generation” structures contains co-crystallized substrates [9] the conformations of protomers in both are strikingly similar. This argues that substrate is not needed to induce asymmetry. In the periplasmic portion, the main differences between the old and new structures are in the substrate binding pocket. First, the substrate is present in only one of the protomers, dubbed the “binding” protomer (B). The spacious drug binding pocket (described earlier) is open to the periplasm and expands far into the porter domain, almost reaching the TolC-docking funnel. The exit from the pocket into the funnel is blocked by the inclined α-helix of the central pore from the adjacent protomer. The binding pocket of this second protomer, called the “extrusion” protomer (E), is closed to the periplasm, significantly reduced in size, and opened toward the funnel. The binding cavity of the third “access” protomer (A) is largely inaccessible from either the periplasm or the exit funnel. Based on this asymmetric structure, a new mechanism of drug transport has been proposed. This “alternate occupancy” model implies that each protomer cycles through three consecutive conformations, named after F1F0-ATPase as loose (L), tight (T), and open (O), corresponding to three phases of efflux [11]. This cycling is sequential, rather than synchronous, such that at any given time each protomer exists in a different phase. Several sequences for a transport process can be envisioned. In one model [9,11], the first is the L-phase (corresponding to A-protomer), where the substrate gains limited access to the uptake channel. During the second T-phase (corresponding to B-protomer), the uptake channel expands and the substrate enters the voluminous
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binding pocket. In the last O-phase (corresponding to the E-protomer), the binding pocket disconnects from the periplasm and shrinks in size. The drug is pushed out of the binding pocket (presumably concomitant with the α-helical exit opening) into the funnel, where it can diffuse into the TolC channel. At the same time, one adjacent protomer receives another substrate molecule in the binding pocket, while the third protomer returns to the substrate accepting state. It should be noted that the role of the L-phase, where the cavity is largely disconnected from either the periplasm or the funnel, is somewhat unclear. Rather than being the first, substrate accepting phase, it may actually be the second. Transport might be initiated by binding into the expanded pocket after entering through the open uptake channel (as in Figure 4.3). After a conformation change, the cavity may be closed off from the periplasm, entering the L-phase. One may hypothesize that the substrate can then be trapped, but unbound in the cavity before the transition to the funnel-open state, when it is released. The volume of the closed cavity is estimated at ~1200 Å3, sufficient to accommodate substrates over 1000 Da MW.



FIGURE 4.3 Structure of AcrB based on the asymmetric crystal. Lateral view of the crosssection of the AcrB/substrate complex X-ray structure. Bound substrate (aquamarine spacefilling model) can be observed in the cavity near the end of the deep gorge. The gorge has an opening to the periplasm on the right. The corresponding cavity is empty and opens to the crater-like structure at the top.
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Finally, another possibility is that this is in fact the third and truly ligand-free phase following drug binding and drug release. Based on the obvious analogy, AcrB has been nicknamed a peristaltic pump [11]. Perhaps a more poetic comparison would be with the three-step rotation of the Vienna waltz. During the “dance,” each protomer of AcrB functionally rotates through three different positions. This model of RND-mediated efflux is also somewhat reminiscent of an exit through “revolving doors.” Regardless of the sequence of events that produce efflux of the substrate against the concentration gradient, the affinity of the substrate to the periplasmaccessible conformation of the pump subunit cavity is expected to be higher than the affinity to the funnel-opened conformation. The transition of the ligand-bound protomer from a high-affinity to low-affinity state should require energy input, which is evidently provided by the coupled proton transport in the TMDs. While the details of the mechanism remain to be clarified, existing studies provide some initial clues. Mutagenesis data indicate that AcrB has four electrostatically interactive residues that constitute the putative proton relay pathway, located in TM4, TM10, and TM11 [57,58]. In the binding and access protomers, Lys 940 of TM10 and Asp407 and Asp408 of TM4 are coordinated by salt bridges. However, in the extrusion protomer, Lys940 is turned toward Thr978 and the salt bridges are absent. This is turn causes twisting of TM4 and TM10. Without additional data, it is impossible to say whether or not these subtle changes in TMDs are sufficient to produce the large conformational changes in the porter domain, resulting in ultimate efflux. However, what is absolutely clear is that the residues involved in proton and substrate translocation are, as expected, far apart. Understanding the mechanism of transport and identification of the multidrug binding pockets will help in the design of new clinically relevant approaches to inhibit drug efflux.



ANTIINFECTIVE DRUG DISCOVERY AND EFFLUX PUMP INHIBITORS Approaches to combating drug efflux offer new opportunities to combat antibiotic resistance development across the spectrum of drugs in development and in clinical use. The first category includes antibiotics approved by the FDA from 1998 to 2005, including rifapentine, quinupristin/dalfoprystin, moxifloxacin, gatifloxacin, linezolid, ceftidoren, ertapenem, gemifloxacin, daptomycin, telithromycin, and tigecycline [59,60]. The second category are antibiotics currently in clinical trials, such as doripenem in phase III trials, ceftobiprole, dalbavancin, telavancin, ramaplanin, sitafloxacin, and garenofloxacin, as well as more phase I and phase II fluoroquinolones and β-lactams, and the macrolide EP-420, the oxazolidinone ranbenzolid, the dihydrofolate reductase inhibitor iclaprim, the peptide deformilase inhibitor LMB-415, and the tetracycline analog PTK 0796 [61]. Finally, the third category consists of compounds at various stages of preclinical development, including more β-lactams, fluoroquinolones, oxazolidinones, and ketolides [62] as
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well as new analogs in the less prevalent rifamycin [63] and lincosamide [64] classes. This category also contains several compounds with novel modes of action, such as the dual GyrB/ParE inhibitor VX-692 [65] and the FabI inhibitor API-1401 [66]. Until recent termination or suspension [67,68], this category included many more compounds with novel modes of actions—compounds targeting DNA polymerase, DNA ligase, tRNA synthases, enzymes essential in cell division, as well as various essential metabolic and unexploited cell wall synthesis enzymes [69,70]. Compounds from all three categories have one thing in common. Almost all have poor activity against P. aeruginosa and other recalcitrant Gram-negative bacteria (such as Acinetobacter spp., Stenotrophomonas maltophilia, and Burkholderia cepacia). In fact, most of them lack appropriate activity against any Gram-negative bacteria at all [71]. Only tigecycline, the most recently approved antibiotic [72,73], has potent in vitro activity against Acinetobacter spp. and S. maltophilia, but not P. aeruginosa or Proteus and only the carbapenem doripenem is active against P. aeruginosa [74,75] (but not the strains producing metallo-β-lactamases. In this respect, it is not different from the currently approved anti-pseudomonal carbapenems imipenem and meropenem). This general trend in the lack of Gram-negative activity among both recently approved antibiotics and compounds in the developmental pipeline is rather remarkable considering the plethora of drug targets covered, both old and new, and the fact that most of the compounds have the potential to be truly broad spectrum, since they inhibit the activity of “genomically correct” targets that are well conserved in both Gram-positive and Gram-negative bacteria. Efflux-mediated intrinsic and acquired resistance is well documented even for the limited number of antibiotics (fluoroquinolones, β-lactams, and aminoglycosides), which are available for the treatment of P. aeruginosa and similar recalcitrant Gram-negative bacteria [76,77]. An alternative and potentially more elegant approach is to identify and develop compounds, which avoid efflux pumps altogether rather than to resort to combination therapy with EPIs. Indeed, there are several examples where this approach has been perfectly successful for Gram-positive bacteria. In the first example, the newer fluoroquinolones, levofloxacin, moxifloxacin, gemifloxacin, gatifloxacin, and garenofloxacin are not affected by the MDR pumps NorA and PmrA, in Staphylococcus aureus or Streptococcus pneumoniae, respectively [78–83]. It is believed they are sufficiently hydrophobic, so that their rapid passive uptake overwhelms active efflux from the cell. Sparfloxacin has been shown to non-competitively inhibit the NorA transporter, which may be the reason why susceptibility to sparfloxacin is not affected by the NorA pump [84]. In the case of tetracycline derivatives tigecycline [85,86] and PTK 0796 [87], the mechanism of resistance to efflux is due to the lack of recognition by the tetracycline-specific transporters (TetA-D and TetK, M). Note, however, that the “out-foxed” efflux pumps mentioned above are either antibiotic specific or are MDR transporters from Gram-positive bacteria. The same antibiotics are still effectively extruded by MDR transporters from Gram-negative bacteria. In the late 1990s, Microcide and Daiichi Pharmaceuticals undertook a comprehensive program to search for and develop EPIs for Gram-negative bacteria. The specific goal of their collaborative program was to potentiate the activity of levofloxacin, a substrate for multiple homologous tripartite MDR pumps belonging
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to the RND family of transporters. Four of these tripartite pumps in P. aeruginosa (MexAB-OprM, MexCD-OprJ, MexEF-OprN, and MexXY-OprM) are capable of conferring clinical resistance to this antibiotic [76]. High-throughput screening identified an inhibitor, MC-207,110, capable of reducing Mex-mediated efflux resistance to fluoroquinolones in P. aeruginosa [88]. This compound effectively inhibits all four clinically relevant P. aeruginosa pumps as well as similar RND pumps from other Gram-negative bacteria. Based on the broad spectrum of pump inhibition in various Gram-negative bacteria, compounds in this drug class are considered broadspectrum EPIs. Interestingly, not all antibiotic substrates for a given pump are potentiated by MC-207,110. The degree of pump inhibition is dependent on the nature of the substrate. For example, MC-207,110 potentiates fluoroquinolones, macrolides/ ketolides, oxazolidinones, chloramphenicol, and rifampicin, but not β-lactams or aminoglycosides. Mechanism of action studies indicated that MC-207,110 itself is a substrate of efflux pumps [89]. The assumption is that different antibiotics have non-identical binding pockets within the transporter protein and that MC-207,110 works by competing with antibiotics for binding in the substrate pocket specific to the potentiated antibiotic, but not to the binding site for the non-potentiated antibiotics, explaining the substrate-dependent inhibition. This may also explain why attempts to isolate target-based mutations conferring resistance to MC-207,110 (making the efflux pump non-susceptible to inhibition) were unsuccessful (Lomovskaya, unpublished results). Most likely, such mutations would render the pump incapable of interacting with other substrates and hence be observed as inactive. This being the case, specific targeting of the pump substrate-binding site may be a viable future strategy to design alternative or improved EPIs. It also became clear during the course of the program that in any empiric search for EPIs it is very important to identify and use specific partner antibiotics. MC-207,110 decreased intrinsic resistance to levofloxacin about eight-fold in wild-type strains of P. aeruginosa, while efflux pump over-expressing strains susceptibility may be increased up to 64-fold. This same degree of potentiation is observed irrespective of the presence of target-based mutations in DNA gyrase. Recent clinical isolates of P. aeruginosa with a wide range of resistant phenotypes also showed increased susceptibility to levofloxacin in the presence of MC-207,110. Remarkably, both the MIC50 and the MIC90 were decreased to the same extent, 16-fold by MC-207,110, providing additional evidence that the potentiating effect is not dependent on the absolute level of resistance, but solely on the level of efflux pump expression. In the presence of the inhibitor, both MIC50 and MIC90 were below the susceptibility barrier for levofloxacin. Of particular importance is the observation that the selection frequency for fluoroquinolone-resistant bacteria was also dramatically decreased in the presence of MC-207,110. The appearance of both efflux-mediated and target-based mutations is minimized. This is presumably because the inhibitor decreases MexAB-OprMmediated intrinsic resistance to the level at which a single target-based mutation does not confer enough resistance to emerge under selection conditions [88]. Suppression of resistance development was also demonstrated in vivo using later stage compounds, in the neutropenic mouse thigh model of P. aeruginosa infection [90,91]. The attractiveness of MC-207,110 as a lead was based on its broad-spectrum efflux pump inhibitory activity. Such broad-spectrum activity is absolutely needed in
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order to have a clinically significant impact on fluoroquinolones, which are extruded by multiple efflux pumps. However, broad-spectrum EPI activity is not always essential. For example, resistance to aminoglycosides is conferred by a single pump, MexXY-OprM [92], while it is mainly MexAB-OprM, which confers resistance to β-lactams in P. aeruginosa [93,94]. EPIs with high selectivity toward MexAB-OprM were also identified in the Microcide-Daiichi collaboration [95–98]. One such series of compounds, the pyridopyrimidines, unlike MC-207,110, inhibit the efflux of all substrates of the MexABOprM pump, including β-lactams and fluoroquinolones, with little effect on the other Mex systems. In later studies, mutagen-induced mutations conferring resistance to potentiation by these compounds were identified in the MexB gene [Lomovskaya, unpublished results]. Of note is that these mutations were not cross resistant to MC207,110, confirming the differences in modes of action of these two types of EPIs. Resistance studies demonstrated that while mutants with simultaneous resistance to β-lactams and fluoroquinolones due to overexpression of MexAB-OprM could be easily isolated, no such mutants were selected in the presence of MexAB-OprMselective EPIs [Lomovskaya, unpublished results]. These studies demonstrated that multiple inhibitors of a single pump could be identified. They also validated the belief that inhibition of efflux pumps is a viable strategy to reversing antibiotic resistance and blocking its development [99–102]. Extensive efforts have been made to improve the potency and the absorption, distribution, metabolism, excretion, and toxicity (ADMET) profile of this compound series [91,90,103,104]. It has two basic moieties that were shown to be essential for activity. Unfortunately, the same moieties were found to be associated with unfavorable pharmacokinetic and toxicological profiles, and development of this lead series was suspended. While downgraded at least temporarily from drug candidate status, these compounds are widely used as a research tool, owing to broad-spectrum EPI activity, to evaluate the contribution of efflux pumps to antibiotic resistance in clinical isolates of P. aeruginosa and other Gram-negative bacteria [105–113]. Several other structural classes of inhibitors of the RND transporters are described in the literature, though none has been reported to have EPI activity against efflux pumps from P. aeruginosa. In a high-throughput screening assay for potentiators of novobiocin, scientists at Pharmacia, now Pfizer, identified 3-arylpiperidines as inhibitors of the AcrAB-TolC pump from E. coli [114]. In a report from University Hospital in Freiburg, Germany, selected arylpiperazines have been shown to inhibit the same transporter and to potentiate activity of its multiple antibiotic substrates [115]. Several laboratories in France undertook systematic efforts to identify and characterize various alkoxy- and alkylaminoquinolines as EPIs showing significant activity against laboratory and clinical strains of Enterobacter aerogenes and Klebsiella pneumoniae [116–119]. To the authors’ knowledge, no large-scale development programs have been initiated based on these compounds.



PERSPECTIVES FOR DEVELOPING MDR INHIBITORS It is also desirable that the antibiotic and the EPI should not engage in drug–drug interactions. In this respect, some lessons may be learned from the clinical experience
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with inhibitors of P-gp and other ABC-transporters as reversing agents for combination with anticancer drugs. The search for such compounds started in the mid-1970s, almost concomitant with the discovery of P-gp [120–125]. Several P-gp inhibitors have since failed in clinical trials. Perhaps the main reason for this is that P-gp and some other ABC-transporters have a distinct physiological function in the human body: they protect various cells from endogenous toxic metabolites and xenobiotics, as well as the cytotoxic anticancer drugs themselves. In addition, they participate in drug disposition. As a result, in the presence of P-pg inhibitors exposure to the co-administered cytotoxic drug in normal cells increased, resulting in toxicity. Several more potent and selective agents are undergoing clinical development at the present time. It is expected that the introduction of inhibitors of bacterial RND transporters as antiinfective agents to the clinic might be more expeditious than for MDR-reversing agents for cancer therapy since no close human homologs exist and therefore no target-based toxicity is expected. In addition, based on the emerging significance of RND transporters in bacterial pathogenesis one can imagine EPIs as stand-alone, anti-virulence agents. Importantly, an EPI interacting with the RND transporter in the binding site may have different modes of inhibition. They might compete directly for binding with other substrates, but they might also facilitate such binding due to positive cooperativity and thereby prevent dissociation of substrates from the pump. In addition, based on the structure of AcrB, two of the three different conformations of the binding pocket offer the potential for inhibition without requiring that the drug reach the cytoplasm. The T-phase (or B-protomer) conformer might be accessed from the periplasm, and the O-phase (or E-protomer) from the TolCdocking funnel. These two conformations might be targeted independently. Efflux inhibitors might also act at sites distinct from those involved in substrate binding, but whose disruption impacts overall pump activity. Such allosteric inhibitors would be expected to inhibit efflux of all substrates and therefore potentiate the activity of multiple antibiotics. A series of structurally diverse inhibitors with high selectivity toward the MexAB-OprM efflux pump from P. aeruginosa have been identified [95–98,126,127] and shown to negatively impact the export of all MexABOprM antimicrobial substrates equally [95]. It was hypothesized that these EPIs bind not to substrate-binding sites on the pump but rather to site(s) that modulate pump activity (i.e., modulation sites). Several alkoxy- and alkylaminoquinoline EPIs (Figure 4.4) showing activity against clinical strains of E. aerogenes have been reported [107,116,119,128] that potentiate the activities of all antimicrobials tested equally, consistent with action at a modulation site of an RND-type efflux system. At the present time, it is unclear whether or not the RND transporters do, in fact, have a “dedicated” modulation site, but the empirical observation of a link between the ability to potentiate multiple substrates (“modulator mode”) and high selectivity toward specific RND transporters is suggestive of such a feature. Other possibilities for interfering with efflux include targeting the assembly of the pump components and blocking the TolC-like tunnel. At the present time, these are purely hypothetical; there are no reports of molecules with such activity yet. An alternative approach is to screen libraries of known drugs. The identification of a novel mode of action in an approved drug could significantly shorten the
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FIGURE 4.4 Various inhibitors of RND transporters. (a) Broad-spectrum efflux pump inhibitors (EPIs) with activity against multiple RND pumps, including those in P. aeruginosa. These inhibitors are themselves substrates of efflux pumps and most probably interact with the transporter via a substrate-binding pocket. (b) Narrow-spectrum EPIs with selective activity against the MexAB-OprM complex from P. aeruginosa. These inhibitors might interact with the transporter at the allosteric “modulator” site. (c) EPIs with activity against transporters from various species of Enterobacteriacea. Their mode of action is mostly uncharacterized. (d) Dual action antiinfectives with NorA pump blocker linked to anti-bacterial agent.
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development pathway and mitigate the risks inherent in an new chemical entity (NCE). However, for such a proposition to be practical, the EPI activity needs to be much higher in potency compared to the original pharmacological activity. An interesting possibility would be to discover an EPI mode of action against RND transporters in compounds that themselves are antiinfective agents, but are used for a different indication. One such compound, MP-601,205 [129], was identified by scientists at Mpex Pharmaceuticals. This compound entered phase I clinical trials in cystic fibrosis patients, but the program is currently on hold due to concerns around drug tolerability. Recently several efficient pharmaco-informatic methods have been reported for the identification of new inhibitors of P-gp [122]. Leads were discovered by ligandbased virtual screening of large, commercially available libraries of compounds. These approaches are based on machine learning algorithms and require a relatively large number of known inhibitors to be used as a training set. In the case of P-gp, many structurally unrelated compounds are available for this purpose. It is expected that as a greater number of more diverse bacterial EPIs are identified through “wet” screening, the more feasible alternative screening methods, including various virtual screening protocols, will become. Finally, based on the characteristics of the binding sites of RND pumps, another approach might be the synthesis of flexible molecules carrying multiple aromatic moieties that could bind with high affinity into recognition cavities by inducing the best fit in the binding pocket. A complementary approach might be the synthesis of inhibitor dimers [130] and substrate-inhibitor hybrids, discussed below.



NATURAL MDR INHIBITORS Attempts to find potent, non-toxic, broad-spectrum antibiotics from plants, and more specifically from medicinal plants, have failed, even though large-scale screens have been undertaken by both the pharmaceutical and the biotech industries [Merck, Lynn Silver, personal communication; Emergent BioSolutions Inc, Joanna Clancy, personal communication; Phytera; Shaman]. One conclusion from the failure to identify potent broad-spectrum antibacterial compounds in plants is that plants utilize a different chemical strategy for the control of microbial infections. For example, plant antibacterials may act in combinations and have little efficacy on their own. This idea has been tested in one of our laboratories (K.L.) using the plant alkaloid berberine. Berberine is widespread in nature and is present in common Barberry (Berberis) plants and is the principal component of the medicinal plant golden seal (Hydrastis canadensis). Berberine is a hydrophobic cation that increases membrane permeability and intercalates into DNA [131]. Moreover, its positive charge leads to its active accumulation in bacterial cells [132]. Nevertheless, in spite of its apparently excellent properties, berberine is ineffective as an antibacterial because it is readily extruded by pathogen-encoded MDR pumps [133]. Hydrophobic cations such as berberine are actually the preferred substrates of all classes of MDRs [133,134]. Reasoning that plants would benefit from blocking this efflux, an MDR inhibitor, 5′-methoxyhydnocarpin (MHC) (Figure 4.4) was isolated from berberis plants. MHC blocks major facilitator (MF) pumps of Gram-positive bacteria, which are drug/proton antiporters
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and have an especially strong bias toward cationic substrates. A combination of MHC and berberine produced a potent antibacterial [135]. The finding of MHC in berberis plants provided support for the hypothesis that in general, plant antibacterial compounds are individually relatively weak, but function in synergy. This led to a broader question—are plant antibacterials generally limited in their efficacy by MDR efflux? Testing a random collection of compounds against a panel of bacterial pathogens showed that disabling MDRs by mutation and/ or addition of synthetic MDR inhibitors improved antibacterial activity in all cases tested, and for some compounds quite dramatically [136]. For example, rhein, the principal antibacterial from rhubarb, was potentiated 100- to 2000-fold (depending on the bacterial species) by disabling MDRs. Comparable potentiation was observed with plumbagin, resveratrol, gossypol, and coumestrol. The extent of potentiation was the largest in the case of Gram-negative bacteria. For example, rhein had no activity against E. coli at the limit of solubility (500 μg/mL), whereas disabling MDRs produced an MIC of 0.25 μg/mL. In principle, MDR efflux could be countered by simply increasing the concentration of the antibacterial above the saturation of the pumps. This is indeed how commercial antibiotics are empirically dosed. It is possible that plants may also produce antimicrobials in high concentrations for the same reason, but as the above example shows, this strategy would not work with rhein. So far, several types of plant-derived inhibitors such as MHC mentioned above have been reported [135,137–141], but all of them are inhibitors of MF MDRs of Gram-positive bacteria. Indeed, plants seem to do very well in protecting themselves against Gram-positive bacteria (reflected, perhaps, in the fact that essentially all agriculturally significant bacterial pathogens are Gram-negatives), in part due to multiple weak antibacterials and the presence of MF MDR inhibitors. But do plants make inhibitors that are effective against RND MDRs of Gram-negative species? This remains an intriguing open question. One of the possible approaches to EPI development is to physically combine an antibiotic with a pump inhibitor. This concept was tested by covalently linking berberine to INF55, an inhibitor of MF MDRs. The resulting hybrid SS14 showed excellent penetration into cells, and was superior to berberine and INF55 added together [142]. INF55 is a fairly toxic molecule, but unlike the inhibitor, the hybrid showed no toxicity in a Caenorhabditis elegans model of enterococcal infection, curing worms of the pathogen [143]. This is an example of making an agent less toxic as an indirect result of improving its efficacy, by changing it so greatly as to create a new molecule. The efficacy of the hybrid provides an important proof-of-principle for this approach, and opens the way for similar compounds aimed at bypassing RND efflux in Gram-negative species. A very different approach to bypassing MDR efflux has been examined in the design of “sterile surface” polymers. The rationale was to create a polymer of antimicrobial molecules long enough to enable penetration across the cell envelope. Polymers of hydrophobic cations, such as vinyl N-hexyl pyridinium and N-alkyl PEI attached covalently to the surface of materials, rapidly killed Gram-positive and Gram-negative bacteria [144,145]. As noted above, hydrophobic cations have the advantage of being actively accumulated in the cells of pathogens, but MDR efflux counters this ability. For example, benzalkonium chloride is a hydrophobic cation
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used widely as an antiseptic, and whose efficacy is limited by MDR efflux [132]. Importantly, antimicrobial activity of polymeric hydrophobic cations is not affected by MDR efflux [146]. Apparently, the pumps can extrude small molecules, but not large polymers. This enables creation of effective sterile surface materials that could prevent the spread of pathogens and serve to inhibit biofilm formation [147].



CONCLUDING REMARKS Where does industry stand with regard to developing EPIs? There is indisputably high awareness of the contribution of efflux to both intrinsic and acquired antibiotic resistance as well as practical attention given to the implications for antibiotic development. In fact, most researchers involved in antibacterial drug discovery and development routinely evaluate the impact of efflux pumps on their “favorite” compounds, using either strains lacking efflux pumps or broad-spectrum efflux inhibitors, such as MC-207110. Despite such appreciation, to our knowledge there is no industry-wide effort to discover and develop small molecule inhibitors of RND efflux pumps from Gram-negative bacteria to overcome resistance and improve clinical outcomes of antibiotic treatment of recalcitrant infections, such as those associated with conditions such as cystic fibrosis and nosocomial respiratory diseases.
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Aminoglycoside antibiotics are positively charged carbohydrate-containing molecules that find clinical use for the treatment of infections caused by both Gram-negative and Gram-positive bacteria. The first aminoglycosides were discovered over 60 years ago and several continue to find important clinical use including gentamicin, tobramycin, amikacin, netilmicin, and streptomycin. These antibiotics target the bacterial ribosome and interfere with protein translation. Unlike other antibiotics that block translation, most aminoglycosides are bactericidal, a highly desirable feature in an antiinfective chemotherapeutic agent. The bactericidal action of aminoglycosides is correlated with the propensity to cause misreading of the mRNA transcript resulting in the production of aberrant proteins. 71
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Resistance to the aminoglycosides can occur through decreased uptake of the drugs, aminoglycoside efflux, mutations in the rRNA and ribosomal protein, and methylation of rRNA. However, it is the presence and action of aminoglycosidemodifying enzymes that are the most relevant in the majority of resistant clinical isolates. Three distinct classes of modifying enzyme are known: the phosphotransferases (APHs), the adenylyltransferases (ANTs), and the acetyltransferases (AACs). The APHs and ANTs are ATP-dependent enzymes, while the AACs require acetyl coenzyme A (acetylCoA). Members of each of these classes of enzyme are known and prevalent in both Gram-positive and Gram-negative clinical isolates. Several dozen distinct enzymes have been identified and these are designated by the position on the molecule where modification occurs (given by a number in parentheses), the resistance profile, represented by a Roman numeral, and the specific gene, indicated by a lowercase letter, for example, AAC(6′)-Ia is an aminoglycoside acetyltransferase modifying position 6′. Research on aminoglycoside-modifying enzymes has greatly benefited from crystal structures of representative proteins from each class. Together with an increasing body of knowledge on the chemical mechanisms of modifying group transfer, and the molecular strategies for aminoglycoside substrate discrimination, the availability of 3D protein structural data is permitting detailed understanding of the basis for aminoglycoside antibiotic resistance and providing insight into the origins of aminoglycoside-modifying enzymes. For example, APHs have been shown to share structural similarities with protein Ser/Thr/Tyr kinases as well as the capacity to phosphorylate proteins and peptides themselves. AACs fall into a growing family of GNAT acyltransferases, which includes important protein acyltransferases, such as the histone acetyltransferases. Furthermore, ANTs are structurally similar to DNA polymerase β and share the same aspects of reaction chemistry. Knowledge of enzyme mechanism and structure is now fueling research into specific inhibitors of these enzymes and aminoglycoside molecules that are not substrates for them and recent results in this area are promising. Furthermore, understanding of enzyme mechanism and structure can be used in the design of efficient and specific APH, ANT, and AAC inhibitors. These could find clinical application in reversing the impact of aminoglycoside resistance enzymes through the potentiation of existing aminoglycosides, and possibly the re-introduction of antibiotics no longer in use as the result of the dissemination and impact of aminoglycosidemodifying enzymes.



INTRODUCTION AMINOGLYCOSIDE ANTIBIOTICS The aminoglycoside antibiotics are a diverse class of clinically important antimicrobial compounds that have proven to be instrumental in the treatment of infectious diseases since their discovery in the mid-1940s. The aminoglycosides find use in the treatment of infections, caused by both Gram-positive and Gram-negative bacteria [1] and, in addition, some protozoa. In general, they are bactericidal compounds, an important trait especially for treatment of infections in immunocompromised individuals. The aminoglycosides are natural products, derived from bacterial producers,
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though some clinically important compounds, such as amikacin and isepamicin are semisynthetic derivatives of natural products. All aminoglycosides contain an aminocyclitol nucleus (a six carbon ring substituted with alcohol and amino groups) and as such are more formally termed aminoglycoside-aminocyclitol antibiotics; however, the label “aminoglycosides” is generally accepted for the class. Aminoglycoside antibiotics can be ordered into two groups depending on whether they incorporate a 2-deoxystreptamine ring or not (Table 5.1 and Figure 5.1). Within the 2-deoxystreptamine group, the most clinically relevant antibiotics are substituted on the 2-deoxystreptamine ring at positions 4 and 6 or 4 and 5. Chemical diversity in the class arises from the variety of aminohexoses and/or pentoses that decorate the aminocyclitol ring. Additional variance in these antibiotics is derived from further substitution by amino (and non-amino)-hexoses, methylation, deoxygenation, and epimerization of various sites on the molecules (Figure 5.1). The result is a structurally rich and varied family of compounds, many of which find clinical use as antimicrobial agents. Numbering of the carbon centers, which is essential for deciphering the nomenclature of modifying enzymes, generally follows the rule that the aminocyclitol ring has no suffix while additional rings are labeled with a prime (′), double prime (″), and so on (Figure 5.1). The ubiquitous presence of amino groups confers an overall positive charge to these compounds at physiological pH, making them highly water soluble and poorly orally available.



MODE OF ACTION OF AMINOGLYCOSIDE ANTIBIOTICS: INTERACTION WITH THE BACTERIAL RIBOSOME The cationic nature of aminoglycosides provides the electronic basis for interaction with the 16S rRNA on the small (30S) ribosomal subunit. Specifically, aminoglycosides bind to the region on the ribosome termed the A-site, where the aminoacyltRNAs dock and where cognate codon–anticodon recognition occurs. The crystal structure of the aminoglycosides paromomycin [3], spectinomycin [3], hygromycin B



TABLE 5.1 Aminoglycoside Antibiotics 2-Deoxystreptamine Aminoglycosides 4,5-Disubstituted 2-Deoxystreptamine Kanamycin Amikacin Tobramycin Gentamicins Arbekacin Isepamicin Sisomicin Netlimicin
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Others Streptomycin Spectinomycin Fortimicin
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Structures and numbering of selected aminoglycoside antibiotics.



[4], and streptomycin [3] bound to the 30S subunit of Thermus thermophilus have been reported to approximately 3 Å resolution. These studies have been augmented by additional structural analysis using high-resolution NMR of complexes of aminoglycosides and A-site RNA-derived oligonucleotides [5–8]. In a parallel approach, the Westhof group has reported high-resolution (2.2 to 3.0 Å) X-ray structures of the 4,5-disubstituted 2-deoxystreptamine aminoglycoside antibiotics paromomycin, neomycin B, lividomycin A, and ribostamycin and the 4,6-disubstituted 2-deoxystreptamine
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aminoglycoside antibiotics tobramycin, geneticin, gentamicin C1a, and kanamycin A, along with 2-ring minimal unit neamine bound to oligonucleotides containing 16S rRNA A site sequences [9–12]. This work has shown that the 2-deoxystreptamine class of aminoglycosides bind similarly to the A site 16S rRNA. The 2-deoxystreptamine and the prime (′) ring linked to position 4 of the 2-deoxystreptamine form the active “warhead” of these antibiotics and participate in direct and indirect contacts with invariant bases and phosphates in 16S rRNA helix 44 (Figure 5.2). In particular, N1 and N3 of the 2-deoxystreptamine ring form universal contacts with A1493, G1494, and U1495. The prime (′) ring adopts a unique pucker and stacks against G1491. It also interacts with A1408 through the 6′-amino (or 6′-hydroxyl for paromomycin and lividomycin) group. Additional contacts to the rRNA are made via hydrogen bonds and van der Waals interactions between other hydroxyl and amino groups and sugars linked to the 2-deoxystreptamine, often through the intermediacy of water molecules. The resulting tight interaction of these aminoglycosides with the A site 16S rRNA is a bulging out of adenines 1492 and 1493 into the RNA-recognition area of the A site. Recent X-ray crystallographic studies along with several decades of biochemical research have demonstrated that the ribosome participates actively in codon–anticodon discrimination to ensure translation fidelity (reviewed in ref. [13]). A key element in this recognition is a movement of G530, A1492, and A1493 from a loop region in helix 44 of the 16S rRNA to permit an interaction with the helix formed when cognate codon–anticodon pairing occurs in the A site [14]. On the other hand, binding of non-cognate anticodons to mRNA-bound ribosomes does not result in this conformational change, strongly implicating it as a key element in maintaining translational fidelity. Binding of aminoglycosides displaces A1492 and A1493 into the A site into a conformation that enables interaction of these residues with even non-cognate codon–anticodon pairs. The result is impairment of proper codon–anticodon discrimination by the ribosome in the presence of aminoglycoside antibiotics. This remarkable structural insight into the molecular mechanism of action is completely consistent with the well-established observations that aminoglycoside antibiotics cause errors in translation and that this miscoding results in formation of aberrant proteins that contribute to cell death [15,16].



FIGURE 5.2 Conserved interactions of 2-deoxystreptamine antibiotics with the 16S rRNA.
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Structural studies of aminoglycoside-RNA interactions have also provided the means to evaluate the basis for the specificity of aminoglycosides for bacterial versus eukaryotic rRNA and it has been determined that the A1408 site is critical to this selectivity. In eukaryotes, this position is generally a G, and an A1408 to G mutation in Escherichia coli 16S rRNA confers resistance to most aminoglycosides in the mutant bacteria [17,18]. The sensitivity of some protozoa to 6′-hydroxyl-containing aminoglycosides, such as paromomycin, may reflect A C1409-G1491 base pair, which is not found in other eukaryotes, but is shared with prokaryotes [18]. The atomic resolution structures of ribosome-aminoglycoside complexes have served to rationalize decades-old literature in the field and enlighten the link between aminoglycoside antibiotic action with subversion of the genetic code. These efforts now permit for the first time structure-based drug design approaches to the development of new aminoglycosides (see Strategies to Circumvent AminoglycosideModifying Enzymes, below).



AMINOGLYCOSIDE UPTAKE Aminoglycoside antibiotics gain entry to the cell through a multi-phase process. The initial step is passive accumulation of the positively charged aminoglycosides at the negatively charged cell surface. The antibiotics then gain entry to the bacterial cytosol apparently by diffusion through the plasma membrane. This process is dependent on the electronic potential of the membrane and is thus energy dependent. Support for this model comes from experiments in which inhibitors of membrane potential (such as CCCP and CN−) prevent aminoglycoside entry (reviewed in ref. [19]). It is generally accepted that this mechanism of aminoglycoside uptake is ubiquitous and does not require a protein component, however, evidence for the participation of a specified protein component in aminoglycoside translocation into the cytosol has been reported (e.g., oligopeptide binding protein [20]).



MECHANISM OF BACTERICIDAL ACTION OF AMINOGLYCOSIDES While it is well established that aminoglycosides target the bacterial ribosome, this interaction in and of itself is not sufficient to explain the bactericidal action of these compounds. Other antibiotics that target the translation machinery, such as the tetracyclines and chloramphenicol are bacteristatic rather than bactericidal [21]. As described above, once inside the cell, the aminoglycoside antibiotics bind to the decoding A site region of the ribosomes and cause mistranslation in de novo protein synthesis, resulting in the production of aberrant proteins [15,22–25]. There has also been a long-standing observation that aminoglycosides cause membrane damage as evidenced by the loss of ions from the cell such as K+ [26–28]. It has since been demonstrated that the fate of some of these mistranslated proteins is interaction with the cell membrane, and that this interaction results in altered membrane permeability [29,30]. It has been proposed by Davis that aminoglycoside-mediated mistranslation followed by membrane damage caused by perturbation by the altered peptides may account for the breach of membrane integrity, which seems to be essential for the bactericidal activity of these antibiotics [16] (spectinomycin, a bacteristatic aminoglycoside, does not cause mistranslation [25] nor does it bind to the decoding A site
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of the ribosome [3]). Thus, aminoglycosides kill bacteria by pleotropic means involving ultimate loss of membrane integrity, however, interaction with the ribosome and mistranslation appears to be the primary and critical events.



AMINOGLYCOSIDE RESISTANCE Bacterial resistance to the aminoglycosides can occur through four general mechanisms: (i) altered uptake, (ii) antibiotic efflux, (iii) target modification, and (iv) chemical modification.



ALTERED UPTAKE Since uptake of aminoglycosides is an energy-requiring phenomenon, mutations that affect the membrane potential can confer aminoglycoside resistance [31,32]. Taber and Halfenger [33] isolated multiple aminoglycoside-resistant mutants of Bacillus subtilis that were deficient in aminoglycoside uptake and one of these was characterized as a menaquinone (a lipophilic quinone required for electron transport) auxotroph. Supplementation of the growth medium with shikimic acid (a menaquinone biosynthesis precursor) restored aminoglycoside sensitivity [34]. Similarly, quinone auxotrophs of Staphylococcus aureus have an aminoglycoside resistance phenotype that can be abolished by the addition of menaquinone precursors to the medium [35]. Furthermore, depletion or mutations in other electron transport components, including cytochrome aa3 [36] and the γ-subunit of the F1F0 ATPase [37], result in aminoglycoside resistance. While electron transport mutations can be readily isolated in the laboratory (and are not the result of exposure to aminoglycosides [33]), they appear to be infrequent sources of resistant organisms in the clinic, possibly because of the potential decreased viability of electron transport mutants in the host. Possible exceptions to this view are small colony variants of various pathogens, such as S. aureus. Many of these have reduced rates of aminoglycoside uptake and also have mutations in heme or menaquinone biosynthesis. More detailed discussion of this topic is found in Chapter 8 of this volume. It has been shown that E. coli that harbor structural or protein expression mutations in the oligopeptide binding protein OppA, which is involved in peptide transport across the membrane, show a kanamycin-resistant phenotype [20]. These mutants failed to take up [14C]-isepamicin, which suggests a possible role in aminoglycoside uptake for this protein.



AMINOGLYCOSIDE EFFLUX Efflux-mediated resistance to aminoglycoside antibiotics is an increasing clinical problem in a select group of organisms of the genera Acinetobacter [38], Pseudomonas [39], and Burkholderia [40]. Most of these efflux systems are members of the tripartite resistance-nodulation-division (RND) family of efflux proteins. In E. coli, Nikaido’s group has shown that AcrAD is a TolC-associated aminoglycoside efflux pump [41], capturing antibiotic in both the periplasm and the cytoplasm for
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export [42]. High-level aminoglycoside resistance in Burkholderia pseudomallei is mediated by the multidrug efflux systems AmrAB-OprA [40] and BpeAB-OprB [43]. It may be that high-level aminoglycoside resistance observed in other species of Burkholderia, such as Burkholderia cepacia, which is a significant pathogen in cystic fibrosis patients, will also be shown to be due to efflux. In Pseudomonas aeruginosa, the MexXY-OprM [44] and MexAB-OprM [39] systems are well documented to be aminoglycoside efflux systems [45]. In Stenotrophomonas maltophilia the SmeAB-SmeC [46] and in Acinetobacter baumanii the AdeAB-AdeC [38,47] systems have been associated with aminoglycoside efflux and resistance. The impact of efflux-mediated aminoglycoside resistance in important Gram-negative pathogens is therefore growing [48].



TARGET MODIFICATION Aminoglycoside resistance through target modification can occur through two mechanisms: (i) point mutation of rRNA or ribosomal proteins, or (ii) methylation of the 16S rRNA. The latter mechanism is found in actinomycete producers of aminoglycosides where it confers high-level resistance (minimal inhibitory concentration, MIC > 500 μg/mL), for example, Micromonospora purpurea (gentamicin producer) [49] and Streptomyces tenabrius (tobramycin producer) [50]. This mechanism has now emerged in some aminoglycoside-resistant clinical strains and threatens to become a more significant problem in the future [51–56]. Ribosomal point mutation is a clinically important mechanism of resistance in the slow-growing mycobacteria (see Chapter 13 in this volume, and review in [57]). Resistance to streptomycin can occur through point mutations in the ribosomal protein S12, RpsL [58,59] through an unknown process, though conformational change at the streptomycin binding site is a likely mechanism. Resistance can also result from mutations in the aminoglycoside target 16S rRNA (rrs gene) [58,60]. Isolates of Mycobacterium tuberculosis that display resistance to kanamycin and amikacin have mutations in A1400 [61]. This base is equivalent to A1408 of the E. coli 16S rRNA, which has been shown by structural studies (see Mode of Action of Aminoglycoside Antibiotics, above) and mutation analysis [62], to be important to aminoglycoside recognition.



MODIFICATION OF AMINOGLYCOSIDES Enzyme-catalyzed chemical modification of aminoglycosides remains the most relevant mechanism of resistance in the majority of clinical isolates. Chemical modification can occur through three general mechanisms: O-phosphorylation, O-adenylation, or N-acetylation. All three mechanisms are widespread through both Gram-negative and Gram-positive bacteria, but the latter appear to have a smaller repertoire of enzymes. Modification of key sites on the antibiotics blocks their ability to bind to the 16S rRNA in a productive fashion. It is not surprising therefore that the key important groups required for productive interaction of the antibiotics with the A site rRNA as revealed by X-ray structures (see Mode of Action of Aminoglycoside Antibiotics, above), such as N6′ and N3 are the sites of modification for some of the most effective aminoglycoside-modifying enzymes.
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The various aminoglycoside-modifying enzymes are classified by the chemistry of the modifying reaction (phosphoryl, adenyl, or acetyl transfer), their site of aminoglycoside modification (regiospecificity), and by the specific isozyme sequence. Shaw et al. proposed a unifying nomenclature for all aminoglycoside-modifying enzymes where the enzyme is described by type (APH [O-phosphotransferase], AAC [N-acetyltransferase], or ANT [O-adenyltransferase]), the regiospecificity of group transfer in parentheses, for example, (3′), (2″), and so on, followed by a Roman numeral indicating a distinct phenotype (these are assigned sequentially as discovered or cloned), and finally a letter indicating the specific gene [63]. For example, APH(3′)-Ia is a phosphotransferase that modifies aminoglycosides at position 3′ with a distinct resistance phenotype (in this case protection against kanamycin, gentamicin B, neomycin, paromomycin, ribostamycin, and lividomycin), and is the first gene cloned with this repertoire [64]; on the other hand, APH(3′)-Vc is also an aminoglycoside kinase with the same regiospecificity of phosphoryl transfer (3′-OH), but it has a different resistance phenotype (kanamycin, neomycin, paromomycin, and ribostamycin), and is the third gene cloned with these properties [65]. The list of these aminoglycoside-modifying genes continues to grow, but tables of genes, resistance phenotypes and original references can be found in several extensive reviews (e.g., [63,66]). A representative list of clinically relevant enzymes is found in Table 5.2. While genes encoding greater than 70 aminoglycoside-modifying enzymes have already been cloned and a number are being uncovered in whole genome sequencing projects, only a subset of these genes are of significant clinical relevance today given



TABLE 5.2 Representative Aminoglycoside-Modifying Enzymes Resistance Profile*



Enzyme



Bacterial Source



APH(3′)-Ia



Kan, Neo, Rib, Livid



Enterobacteriaceae



APH(3′)-IIIa



Kan, Amik, Isep, Neo, Rib, But, Livid



Enterococci, staphylococci



APH(3″)-Ib APH(6)-Id AAC(6′)-Ib



Strep



Enterobacteriaceae



Strep Kan, Tob, Amik, Neo



Enterobacteriaceae Enterobacteriaceae



Kan, Tob, Amik, Neo



Enterococcus faecium



ANT(2″)-Ia



Kan, Gent, Tob, Fort Kan, Gent, Tob



Enterobacteriaceae Enterobacteriaceae



ANT(4′)-Ia ANT(6)-Ia



Kan, Tob, Amik, Neo



Staphylococcus aureus



Strep



Enterococcus faecalis Enterococci, staphylococci



AAC(6′)-Ii AAC(3)-Ia



AAC(6′)-(APH2″) APH activity AAC activity



Kan, Gent, Amik, Isep, Neo, Rib, But, Livid Kan, Amik, Isep, Neo, Rib, But, Livid, Fort (Livid is a poor substrate)



*Abbreviations: Amik, amikacin; But, butirosin; Fort, fortimicin (astromycin); Gent, gentamicin C; Isep, isepamicin; Kan, kanamycin; Livid, lividomycin A; Neo, neomycin; Rib, ribostamycin.
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that usage of aminoglycosides is limited to only a few compounds (gentamicin, tobramycin, netilmicin, amikacin, and streptomycin in the United States [1]). For example, ANT(2″)-I, which confers resistance to gentamicin and tobramycin, is common in Enterobacteriaceae worldwide, but depending on aminoglycoside usage patterns, resistance to gentamicin by AAC(3)-II and AAC(3)-VI is also problematic [67–69]. Furthermore, combinations of resistance genes such as aac(6′)-I and aac(3)-II, which result in overall resistance to gentamicin, tobramycin, netilmicin, and amikacin, also are emerging in some countries [68]. In Gram-positive pathogens, such as S. aureus, resistance is less complex and the primary mechanism of gentamicin resistance (>90% of isolates) is a bifunctional enzyme with both aminoglycoside kinase and acetyltransferase activity, AAC(6′)-APH(2″) [69]. O-Phosphotransferases The aminoglycoside O-phosphotransferases, abbreviated APH, are a common resistance mechanism. These enzymes are ATP-dependent kinases of approximately 30 kDa, which generate a phosphorylated aminoglycoside and ADP as products. The most prevalent group of aminoglycoside kinases are the APH(3′)s, which confer resistance to kanamycin and neomycin by phosphorylation of the 3′-OH (Figure 5.3). Furthermore, some of these enzymes, for example, APH(3′)-Ia, APH(3′)-IIIa, can confer resistance to the 3-deoxy-aminoglycoside lividomycin A through phosphorylation of the secondary 5″-alcohol of the pentose ring and in fact this site can be phosphorylated in other 4,5-disubstituted aminoglycosides [70]. These enzymes are common in both Gram-negative and Gram-positive bacteria and were among the first aminoglycoside resistance elements identified in bacteria [71]. The prevalence of these resistance elements motivated the search for “resistance-proof” aminoglycosides and prompted the introduction of compounds that lacked the 3′-hydroxyl such as tobramycin. Since these enzymes do not confer resistance to other important 3′-deoxy-aminoglycosides, such as gentamicin Cs or isepamicin, the clinical impact of APH(3′)s is now low, although APH(3′)-IIIa does confer resistance to amikacin in Gram-positive cocci, and is thus relevant in this context. While APH(3′)s no longer are a grave threat to modern aminoglycoside therapy, they have found use as important molecular biological tools where they are frequently used as antibiotic resistance markers; for example, APH(3′)-IIa is the common source of the “neo cassette” found in many cloning plasmids and transposons. The APH(2″) kinases on the other hand, are important resistance elements in Gram-positive bacteria. The most relevant mechanism is the bifunctional AAC(6′)APH(2″) that is the primary mechanism of gentamicin C resistance in staphylococci



FIGURE 5.3 APH aminoglycoside-modifying reaction.
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and enterococci. The APH(2″) kinase activity is located to the C-terminus of the enzyme and can efficiently use gentamicin C1, gentamicin C1a, gentamicin C2, isepamicin, netilmicin, sisomicin, and amikacin (among others), as substrates [72– 74]. The site of 2″-phosphorylation has been confirmed by NMR studies [72], but is not confined to this hydroxyl, and the 3′, 5″, and 3′″ hydroxyls may also be phosphorylated on various aminoglycosides [73]. This enzyme activity is quite indiscriminant and is therefore a significant challenge for the design of new antibiotics. APH(2″) genes have also been cloned that are not fused to a 5′-aac(6′) gene in Enterococcus gallinarum [75] and Enterococcus casseliflavus [76], indicating that this enzyme activity is increasing in frequency. Other aminoglycoside kinases have been identified that modify streptomycin [APH(6), APH(3″)], spectinomycin [APH(9)], and hygromycin B [APH(4), APH(7″)]. With the exception of strA–strB genes found on Gram-negative R plasmids, such as RSF1010, which encode the streptomycin kinases APH(3″)-Ib and APH(6′)-Id, respectively, these kinases are not common mechanisms of clinical aminoglycoside resistance. The 3D structures of two aminoglycoside kinases have been reported, that of APH(3′)-IIIa from Gram-positive cocci [77] and APH(3′)-IIa, which is widely distributed in many bacteria [78]. These structures are highly similar, and since all aminoglycoside kinases share a significant degree of amino acid homology, especially in the active site region, it is likely that the salient issues of enzyme mechanism will be common among these enzymes, though the specific interactions with aminoglycosides substrates, which differ widely among enzymes, will be different. The structure of APH(3′)-IIIa bound with ADP is shown in Figure 5.4. The enzyme has two distinct domains: an N-terminal region consisting largely of β-strands and a C-terminal region that is rich in α-helices. The active site lies at the junction of these domains.



FIGURE 5.4 Structures of (a) APH(3′)-IIIa and (b) mouse protein kinase A (cAMP-dependent protein kinase, cAPK).
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The structure revealed two striking features. The first was that the aminoglycosidebinding site was rich in negatively charged amino acid residues. This observation is consistent with the capacity of the enzyme to bind a broad array of positively charged aminoglycosides, which based on mutagenesis and molecular modeling studies [79], are predicted to bind to the enzyme in a number of distinct conformations. The second important feature revealed by the 3D structure was the remarkable structural similarity between Ser/Thr/Tyr protein kinases and phosphatidylinositol kinases (Figure 5.4), despite the overall low amino acid homology (90°C) or hydroxide treatment. Frequently, the probe is not labeled, but the DNA sequence of interest in the microorganism is labeled in a PCR amplification. The probe is spotted unlabeled on a membrane often in the form of a line; this format is called a reverse line blot. Macroarrays have usually a limited number of DNA fragments on a solid phase, often a nylon membrane. In arrays, a color reaction generally is used to detect hybridization. Arrays may, in fact, be considered a variation of reverse line blot technology. A perfect match between probe and target gene sequence is not necessary to obtain hybridization. This has two important consequences. First, sequences with a less-than-perfect match also may hybridize, potentially yielding a false-positive result. Second, resistance genes with similar sequences that yield an identical or similar resistance phenotype may be detected with the same probe. In the latter case, the disadvantage is turned into an advantage, since detection can be simplified by the use of a single probe for multiple genes. The specificity of the hybridization can be influenced either by the temperature at which hybridization and subsequent removal of excess probe is carried out, or by the composition of the buffers used. Hybridization becomes more specific when more stringent conditions are used. This means that probe size and hybridization conditions should be tailored to the genetic mechanism responsible for the resistance to be determined. Heteroduplex formation is a tool that is frequently used to detect point mutations. In this method a hybrid DNA molecule is formed by the hybridization of a wild-type strand with a mutant strand. The mismatch at the position of the mutation influences the temperature or buffer conditions at which the heteroduplex melts to single-stranded molecules. Slab gels commonly have been used in a technique called denaturing gradient gel electrophoresis (DGGE) to detect heteroduplex formation. The amplification products migrate through a gradient of denaturants, and products with a mutation are discerned based on an altered melting temperature. Increasingly, however, capillary or HLPC-based methods are described.



POLYMERASE CHAIN REACTION PCR is nowadays an integral part of the molecular toolbox. Basically, a primer (an oligonucleotide) is annealed (hybridized) to the target DNA that is made singlestranded at 94°C (denaturation step). The oligonucleotide is used as an initiation point for a heat-stable DNA polymerase (hence the name primer). DNA polymerase extends the primer at a temperature that is usually approximately 72°C in a process
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called elongation. After these three steps (cycle 1) the procedure is repeated and the newly synthesized DNA strand also becomes a target. Each cycle results in a doubling of the number of strands in optimal conditions. Depending on the amount of input DNA, that is, the number of copies of the target sequence, the efficiency of amplification, and the detection method used, a detectable amount of DNA is produced in less than 3 h after 20 to 40 cycles. In cases where an extremely low number of copies of the target DNA is present, the PCR procedure can be repeated using the amplification product of the first PCR as a target. When a different set of primers is used, this process is called a nested PCR. A major drawback of this method is its extreme sensitivity and thereby susceptibility to contamination and thus false-positive results. Frequently, the detection of multiple genes is performed in a single PCR (multiplex PCR) by combining a number of primer sets. However, this is not completely straightforward. Usually, short sequences are more easily amplified than larger fragments; the copy number of the target also plays an important role. A resistance gene present on a plasmid, which has 20 copies per bacterial cell, may amplify more easily than a shorter sequence from a resistance gene present in a single copy on the chromosome of the same bacterial cell. Finally, the base pair composition of the sequence may play a role. Some sequences, for example, GC-rich tracts, are more difficult for DNA polymerase to synthesize than others and this may affect the efficiency of the reaction. The risk of false-negative results increases with an increasing number of primer sets. It is therefore extremely important to optimize these PCRs when new batches of primers are used, because of slight variations between batches. Even a change in thermocycler may affect the outcome. Although the PCR may yield a detectable fragment (and hence a positive result), the fragment identity should be confirmed. The length of the product may give some indication, but confirmation by a probe or sequencing is usually required, because non-specific products are regularly formed. A commonly used procedure is restriction enzyme analysis. Based on the known target sequence, the position of cuts made by different restriction enzymes can be predicted and thereby the size of the fragments to be expected. Sometimes, the presence or absence of a mutation may lead to the formation or disappearance of a restriction site and thereby different fragment lengths. This technique is known as restriction fragment length polymorphism (RFLP) analysis. A possible drawback is that not all relevant mutations may be covered by restriction enzymes because only a limited number of sequences are recognized by the available restriction enzymes. A number of variations on the theme of PCR have been developed. The most common is real-time PCR (rtPCR is to be distinguished from reverse-transcriptase PCR, RT-PCR, in which RNA is reverse transcribed into DNA before PCR amplification). In a rtPCR the amplification process can be monitored “live,” when either a fluorescent dye or a fluorescently labeled probe is added to the PCR reaction. The dye intercalates into newly formed DNA and fluoresces. The probe interacts with the newly formed product during the annealing step and is then able to fluoresce. Four types of probes can be used: 5′-nuclease (TaqMan) probes, molecular beacons, fluorescence resonance energy transfer (FRET) probes (Figure 9.2), or minor groove binding (MGB) probes. TaqMan probes are short oligonucleotides that
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(a)



(b)



(c)



FIGURE 9.2 Schematic presentation of three types of probe used in real-time PCR. Panel a: Taqman probe. The fluorescent dye (white) and the quencher (black) are close together on the probe and no light can be emitted. A DNA polymerase with 5′-exonuclease removes any DNA in front of it during strand synthesis and thereby releases the fluorescent dye. The dye can now be excited (long arrow) and emit light. Panel b: molecular beacon. The fluorescent dye (white) and the quencher (black) are close together when the probe is in the panhandle structure and no light can be emitted. When the probe hybridizes, the fluorescent dye and the quencher are separated and light emission can take place after excitation (long arrow). Panel c: FRET probe. An acceptor molecule (grey) for the excitation (long arrow) of the fluorescent dye (white) is required, but fluorescence can only occur when acceptor and dye are in close proximity, that is, during hybridization.



have a fluorescent dye at one end and a quenching molecule at the other end. As long as fluorescent dye and quencher are in close proximity, no light is emitted by the probe. If the probe anneals to single-stranded DNA of the newly formed product, the Taq polymerase will break down the probe during elongation and release the fluorescent dye, which then can emit light that is no longer quenched. Molecular beacons are oligonucleotides that also have a fluorescent dye at one end and a quencher at the other end, but these are attached to short inverted repeats, which allow a “panhandle” to form, which brings dye and quencher close together. When the probe hybridizes, the quencher and dye are separated sufficiently to allow light emission. FRET probes are composed of two oligonucleotides. The first has a light-absorbing molecule at its tail. The second oligonucleotide hybridizes directly behind the first and has the fluorescent dye at its head. Only when the fluorescent dye and the absorbing molecule are next to each other is light emitted. MGB probes can be considered a hybrid between beacons and Taqman probes. The probe is an approximately 15-nucleotide sequence to which fluorescent dye and quencher are attached. In addition, an organic molecule is attached that interacts with the so-called minor groove of the DNA helix. This stabilizes the binding between probe and target, allowing use of shorter probe sequences.
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After hybridization, the molecule is still not able to fluoresce; only after release of the fluorescent dye by the exonuclease activity of DNA polymerase during elongation is light emission possible. In rtPCR, fluorescence is measured during each cycle, and when a certain threshold is reached the PCR is considered positive. A probe can directly confirm the identity of the product formed; when fluorescent dyes are used, a melting curve is usually produced to confirm the identity of the product. By slowly increasing the temperature and measuring fluorescence, the temperature at which the amplification product melts can be determined and compared with the expected melting temperature. For an extensive review of rtPCR see Espy et al. [5]. For all PCRs, appropriate controls should be included. These controls include negative controls to check for contamination and positive controls for both sample preparation and amplification. Amplification controls are particularly important because many compounds can inhibit a PCR amplification. Inhibitory compounds (such as heme, bilirubin, and bile salts) are frequently present in clinical samples. False-positive results may be obtained due to the production of non-specific amplification products when PCR conditions are suboptimal. It is obvious that both falsepositive and false-negative results may have serious consequences for the treatment of patients. When the obstacles of designing an assay that detects all possible mechanisms are overcome another important potential problem should be considered: contamination of a sample by other samples or contamination by amplification products of previous assays. The strength of PCR, its ability to amplify minute amounts of DNA, is also its weakness. Two types of contamination should be discerned: a general contaminant and a sample contaminant. The first type of contaminant will generally affect every sample in an assay. It occurs when reagents, disposables, or the environment are contaminated, but also sample carry-over in pipetting robots. The second type of contaminant only affects a limited number of samples in an assay, for example, due to aerosols from other samples. The best approach is to prevent contamination because it can be extremely difficult to get rid of once introduced. To reduce the risk of contamination, an inventory of potential sources should be made because some may be quite unexpected. Particular attention should be paid to disposables and reagents; since it is known that many reagents, including high-quality water and Taq DNA polymerase preparations, may be contaminated with (bacterial) DNA. Another important source may be present in lytic enzyme preparations that are frequently used to isolate DNA. A completely unexpected source may arise from activities in the laboratory next door. In our laboratory, we had a major problem with a PCR protocol specific for TEMfamily β-lactamases, until we found out that colleagues in the laboratory next door were purifying large amounts of recombinant proteins from lysates that contained a high copy number vector (100–200 copies/cell) with an ampicillin resistance marker. The resistance marker was TEM-1 and it is the most common resistance marker used in cloning vectors. Opening tubes with high numbers of copies should also be performed carefully to avoid aerosol formation. A final point is waste disposal. This includes not only reaction tubes, but also other items such as electrophoresis buffer.
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Several protocols have been described for decontamination. Surface contaminations are best eliminated with a 0.4% solution of hypochlorite. A commonly used strategy to specifically destroy amplification products is the use of uracil-DNAglycosylase/dUTP (also known as the ung system). In this system, a nucleotide containing uracil instead of thymine is used. Before an amplification is initiated, the uracil-DNA-glycosylase specifically removes the uracil, which yields a non-functional template. Another important strategy to prevent contamination is the introduction of “no,” “low,” and “high” copy DNA work areas. In the “no” copy area, DNA free solutions and buffers are prepared as well as reaction mixtures without target DNA. In the “low” copy area, target DNA is prepared and added to the reaction mixture. In the “high” copy area, amplification and analysis take place. The “no” copy or clean areas should preferably have overpressure to keep contamination out, whereas “high” copy areas should have underpressure to keep DNA in. The workflow should be from “no” copy via “low” copy to “high” copy. Nobody should be allowed to go back from a higher copy level to a lower copy level. The same rule applies to equipment including racks. Although this may seem cumbersome, it will pay off. When a major contamination occurs involving a commercial assay, new primers and/or targets are not readily available. But also for in-house assays, it can be problematic to develop a new assay. For a more extensive review of prevention and destroy techniques see Borst et al. [6].



MICROARRAYS Microarrays are basically a form of hybridization, but on a large scale. Microarrays use either DNA fragments specific for the genes of interest or oligonucleotides, which are spotted on a solid phase, for example, glass. The (bacterial) DNA to be analyzed for specific genes is then labeled and hybridized with the sequences present on the solid phase. Usually fluorescent labels are used. Frequently, the array is not only hybridized with the labeled DNA of interest, but also with reference DNA that serves as a control for the quality of the spots. The reference DNA uses a label that fluoresces at a different wavelength and thus can be measured independently from the other label. The ratio between the two signals then defines the presence or absence of hybridization and thereby the presence or absence of a gene in the DNA of interest. Although this process seems straightforward, complications in interpretation may arise. As for normal hybridization the stringency of the hybridization conditions influence which variation in the sequence of the gene is considered either positive or negative. Mutations that do not influence resistance may yield a false-negative result, whereas the opposite may also occur. The copy number of the genes also influences the hybridization signal and may influence results. A variation on the theme is the use of oligonucleotides on a microarray to detect the presence of point mutations that result in a resistant phenotype. In this approach, wild-type and mutant-specific oligonucleotides are usually present.



DNA SEQUENCING DNA sequencing is still the gold standard for the detection of point mutations. Until recently, DNA sequencing has been based almost exclusively on the method developed
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by Sanger. In this method, a DNA polymerase elongates a primer, but modified nucleotides specifically block the elongation at either adenines, cytosines, guanines, or thymines. The exact position of termination of elongation for each base is random, but higher concentrations of the modified nucleotides yield shorter sequences. In the early days of sequencing, either the primer or one of the nucleotides was radioactive and a separate incubation was required for each of the four bases. After separation of the elongation products on a gel, an X-ray film was applied and the DNA sequence could be deduced from the resulting image. The use of fluorescently labeled primers made the cumbersome radioactive method less attractive, and an instrument capable of separating and detecting the fluorescent sequencing products became necessary. Besides doing away with radioactivity, the method had the additional advantages of being faster and more amenable to automation. The development of dye terminators, where adenine, cytosine, guanine, and thymine each has its own unique dye emitting light at a different wave length, made the use of single incubations possible, greatly improving efficiency. A new development is pyrosequencing (Biotage AB, Sweden). The nucleotides are added sequentially in this process. When the first of the four nucleotides is complementary to the template strand, DNA polymerase will incorporate it in the new strand. As a result, one molecule of pyrophosphate is released for each nucleotide molecule incorporated. The pyrophosphate is converted to ATP by sulfurylase. Luciferase uses the ATP as a substrate to generate light, which is detected by a sensitive camera system. The emission or absence of light after the addition of each nucleotide is converted into sequence by a computer program. Using this technique, 40 to 50 nucleotides per fragment can be read.



FINAL REMARKS ON TECHNOLOGY PRINCIPLES Since the discovery of the double helix structure of DNA, a variety of molecular methods have been developed to identify genetic mechanisms underlying phenotypes. Although the application of these methods seems straightforward (just select the right probe or primers) reality can be more complicated. Variation in patients, type of isolates, frequency of mutations, genes, available technical expertise, costs, and so forth, should be taken into consideration when designing or selecting a particular assay. Because of these variations, all assays should be validated for the situation in which they are used. A complication in the validation of new methods could be that the molecular method is better than the current gold standard. So, compared to the current gold standard, the new method may appear less sensitive or specific. This will require additional determinations to validate the new molecular assay before its implementation in routine diagnostics.



MYCOBACTERIUM TUBERCULOSIS INTRODUCTION Tuberculosis is one of the most common infections in many parts of the world, and the treatment of tuberculosis is difficult with only a limited number of antimicrobial agents that show activity against M. tuberculosis. This treatment is now under even
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more pressure with increasing rates of (multi)resistant isolates; therefore, detection of resistance is an important issue. The fact that mycobacteria are slow growing makes them the ideal target for molecular assays to detect resistance. Most often resistance is caused by the development and selection of mutations. A multitude of different assays have been developed and will be discussed. Mutations in rpoB are associated with resistance to rifampin, but specific mutations can also be linked to resistance to more novel rifampin analogs [7–9]. Mutations in the pncA gene are associated with resistance to pyrazinamide, but alternative mechanisms must exist because phenotypically resistant isolates without mutations, which produce an active pyrazinamidase, have been described [10]. Another complication in interpreting the results of different assays is the occurrence of mixed cultures [11].



PROBE-BASED TECHNOLOGY FOR THE DETECTION OF RESISTANCE IN MYCOBACTERIUM TUBERCULOSIS A large group of assays is based on the detection of mismatches between the (susceptible) wild-type sequence and the (resistant) mutant sequence. DGGE was used to scan 775 bp of rpoB containing relevant mutations. Five primer sets were used, but the primer pair covering the rifampin resistance-determining region (RRDR) detected mutations in 955 of the resistant isolates and in 2% of the susceptible isolates. Two additional areas with mutations were covered by two other sets. The last two primer sets identified two other relevant mutations elsewhere in the gene [12]. The same method has also been applied to the detection of mutations in the pncA gene responsible for pyrazinamide resistance. Five sets of primers were used to scan for mutations in a 600 bp region. The assays identified a mutated gene in 82 of 83 resistant isolates and in only 1 of 98 susceptible isolates [13]. Others have used a variant of DGGE, the single-strand conformation polymorphism (SSCP) analysis. The rpoB gene was used to detect both M. tuberculosis as well as mutations leading to rifampin resistance. The limited number of samples showed that PCR was able to detect M. tuberculosis more readily than ZiehlNeelsen-based microscopy in fine needle aspirates. Mutations in rpoB were also detected, but not validated further. One disadvantage of the procedure was that only 285 bp of the gene were interrogated for mutations [14]. The same limitation holds for another paper describing SSCP for mutation detection in rpoB, which also only analyses approximately 306 bp. The assays correctly identified the rifampin-resistant and susceptible isolates among a collection of more than 100 isolates. In addition, Mycobacterium avium and Mycobactrium terrae could be identified [15]. However, the study by Mani et al. [16] showed that PCR-DGGE or PCR-SSCP were inferior to DNA sequencing for detection of rpoB mutations. A variant of DGGE and SSCP is heteroduplex formation. One particular assay described the analysis of mutations in five different genes involved in resistance to different antibiotics in M. tuberculosis. The genes are rpoB, katG, pncA, rpsL, and embB. After amplification of a suitable DNA fragment, the denatured products were allowed to form duplexes with reference DNA molecules, and these were detected by HPLC [17]. Although this holds promise, only a small section of the rpoB gene was covered, and in addition, specialized equipment is needed. A comparable assay
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detected mutations in gyrA, but the study was confi ned to only 20 isolates [18]. In a variation on this approach, an assay has been developed that detects both pncA mutations and discriminates between M. tuberculosis and Mycobacterium bovis. This also required the use of a pncA probe specific for each species. The assay performed as expected on a limited number of isolates [19]. Cheng et al. [20] described a marriage between heteroduplex analysis and SSCP. Both methods are used to increase the reliability of detection of mutations. This was demonstrated with mutations in the gyrA gene. The profiles obtained for 138 isolates—including 32 with mutations in gyrA-correlated with in vitro susceptibility to different fluoroquinolones—and were confirmed by DNA sequencing. In a special form of this technique, heteroduplexes are formed between the (mutated) target DNA formed by a 305 bp RRDR rpoB amplification product and a special synthetically generated probe called the Universal Heteroduplex Generator (Genelab, Louisiana State University, Baton Rouge, LA) with deletions and substitutions for optimal detection of mutations in the RRDR. Actual detection is on a gel. The method correctly identified 90 of 97 rifampin-resistant isolates and all 21 susceptible isolates [21]. The method holds promise for the identification of mutations associated with resistance to more improved variants of rifampin. A follow-up with the same PCR and probe but modified with fluorogenic primers and adapted to capillary gel electrophoresis and fluorescence detection was developed. This allowed the detection time to be reduced by several hours, but discrimination was difficult, and the method required specialized equipment not routinely available in clinical microbiology laboratories. In a follow-up study, the system was evaluated on 1892 sputum samples from 394 patients. Compared to sputum smears the assay had a sensitivity and specificity of 99.8% and 82.9%, respectively, but when compared to IS6110 PCR this was 70.1% and 92.9%, respectively [22]. A different form of analysis for the formation of heteroduplex formation is by chemical cleavage when a mismatch is present. Analysis of the reaction products is by gel electrophoresis. This method is less attractive, because of the hazardous nature of the chemicals and the use of radioactivity for detection [23]. Another variant of heteroduplex detection of mutations uses RNA/RNA duplexes and is quite complex to perform, but needs only a PCR apparatus and gel electrophoresis equipment. Briefly, the RRDR is amplified with PCR, using primers with either the T7 or Sp6 bacteriophage promoter sequences attached. After amplification, T7 and Sp6 RNA polymerases are added and allowed to synthesize RNA initiating at the promoter sequences. The RNA is then allowed to form duplexes with reference RNA. At the position of mismatches the RNA is cleaved by RNase. The cleavage products can then be detected on a gel [24]. Reverse-line blot assays are among the most popular type of probe system used to detect antimicrobial resistance determining mutations among M. tuberculosis isolates. The one most commonly used is the INNO-LiPA (Innogenetics, Belgium). In this assay the gene region of interest is first amplified by nested PCR. The inner primers are biotinylated, yielding a labeled amplification product that is denatured and hybridized to oligonucleotide probes applied as a line on a membrane. After hybridization, a color reaction is performed. The hybridization is automated. The assay has a sample inhibition control.
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A meta-analysis evaluated 15 studies testing the INNO-LiPA Rif-TB. Eleven of these studies used clinical isolates, one used clinical specimens, and three studies used both. Twelve of the studies analyzing isolates demonstrated a sensitivity greater than 95% and a specificity of 100%. The four studies that analyzed clinical specimens had a sensitivity between 80% and 100% and a specificity of 100%. The authors concluded that the LiPA is highly sensitive and specific, but appears to have a lower sensitivity on clinical material. The authors concluded that more evidence is needed before LiPA can be used to detect MDR-TB among populations at risk in clinical practice [25]. Examples of studies and their main characteristics are provided in Table 9.1. These data indicate that the INNO-LiPA is comparable to classical methods to detect M. tuberculosis, but is not as effective as some of the best molecular assays available. At least one study [31] tried to extend the interpretation of the INNO-LiPA to multi-resistance in the M. tuberculosis isolates tested. However, this is not straightforward because it is dependent on the prevalence of rifampin monoresistance in the population tested. An additional disadvantage is that shifts in the resistance pattern are not recognized. In-house reverse-line blots for the detection of rifampin resistance based on amplification of the RRDR have also been developed. An example is the study by Morcillo et al. [32]. The RRDR was amplified with a biotinylated primer. The amplification products were subsequently hybridized with a set of 11 oligonucleotides on a membrane. More than 250 isolates were tested and 90 of the 97 resistant isolates were correctly identified, as were all susceptible isolates. The costs were substantially less than for commercial assays, but quality control is included in the commercial



TABLE 9.1 Characteristics of INNO-LiPA Rif.TB for the Detection Mutations Associated with Rifampin Resistance in Mycobacterium tuberculosis Samples Respiratory specimen Smear-positive Isolates Isolates Isolates Isolates Isolates



No. of Sensitivity Specificity Samples (%) (%) 60 281 70 52 41 411 128



100 100 95.3 100 56.1 98.5 97.3



100 96.9 100 92.0 — 100 100



Gold Standard DNA sequencing phenotype phenotype phenotype phenotype phenotype phenotype



Footnote Reference 1 2 — 3 4 — 5



26 27 28 29 30 31 11



1. One isolate was consistently resistant, but showed no signal in the INNO-LiPa and also showed no mutations after DNA sequencing. 2. 287 yielded amplification product and 281 of these were culture-positive; 12 amplification-negative samples were true negatives, 19 had a low bacterial load, and 32 showed inhibition. 3. The 2 false-positives showed mutations, but were phenotypically susceptible. 4. No sensitive isolates were tested. 5. The 3 isolates that were false-negative had mutations outside the RRDR of rpoB.
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assays and should also be applied to the in-house test. This requires validation when new batches of primers or oligonucleotides are used or new batches of membranes prepared. In an extension of the previous study, not only mutations in rpoB associated with rifampin resistance were detected, but also mutations in the promoter regions of inhA and aphC, rpsL, rrs, and embB. The first two genes determine resistance to isoniazid, the next two determine resistance to streptomycin, and the last one to ethambutol. Rifampin resistance was identified correctly in 132 of 155 isolates; ethambutol resistance was identified correctly in 28 of 55 isolates, isoniazid resistance in 16.9% and 13.2% of isolates for the promoter region of the inhA and aphC genes, respectively. Mutations at rrs513 and rpsLl88 were detected in 15.1% and 17.0% of the streptomycin-resistant isolates [33]. The authors show the applicability of the method to the detection of a larger collection of mutations covering a greater diversity of resistance genes important in resistance in M. tuberculosis. However, the assay will only be valuable when the assignment of the resistance or susceptibility is at least, and preferably better than, 98%. Another example of a commercial reverse line blot is the Genotype MTBDR (Hain Lifescience, Germany) for the detection of rifampin and isoniazid resistance. The test correctly identified rifampin resistance in 102 of 103 multidrug-resistant isolates, whereas mutations in katG were identified correctly in 91 isolates albeit with 2 isolates that were considered resistant because of absence of wild-type hybridization. However, 12 of the 103 isoniazid-resistant isolates apparently had mutations in other genes involved in resistance to isoniazid. All 40 susceptible isolates showed wild-type hybridization patterns [34]. The method of reverse-line blot has also been applied to DNA extracted from Ziehl-Neelsen slides with relatively good sensitivities, but a result was in large part dependent on sufficient bacteria on the slide. With one exception the identification of resistant and susceptible isolates was in accordance with susceptibility testing [35]. Oligonucleotide macroarrays are also a valuable format for the detection of rifampin and isoniazid resistance. One study used oligonucleotides that were directed against the RRDR of rpoB, katG, and mabA-inhA. The target DNA was amplified using biotinylated primers. Isolates with 38 different RRDR genotypes, four katG genotypes, and two mabA-inhA genotypes were correctly identified, except for one RRDR genotype, which had a nine base pair insertion. All wild-type sequences were also correctly identified [36]. PCR-ELISA starts with amplification using a digoxigenin-labeled primer and the subsequent capture of denatured amplification product utilizing five different biotinylated probes. The biotin-labeled probes are captured in streptavidin-coated wells and any product is detected with a horseradish peroxidase labeled anti-digoxigenin antibody. This method was utilized in a small study with 50 rifampin-resistant isolates and 30 AFB-positive sputum specimens, demonstrating the feasibility of the approach [37].



PCR-BASED METHODS FOR THE DETECTION OF ANTIBIOTIC RESISTANCE IN MYCOBACTERIUM TUBERCULOSIS A number of groups have developed PCRs in which one of the primers is either specific for the mutation or for the wild-type sequence. For elongation to occur, the
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3′-nucleotide, where DNA polymerase initiates elongation, has to match perfectly. PCRs based on this principle have been called multiplex allele-specific (MAS) PCR, amplification refractory mutations system (ARMS) PCR, or allele-specific depletory PCR. When a wild-type primer is used and the sequence has a mutation, no elongation occurs and no amplification product is formed. Although this is an ingenious method for the detection of mutations, the large number of amplifications becomes unwieldy when all mutations leading to resistance in M. tuberculosis need to be covered. Nevertheless, these types of tests have indeed been developed to cover mutations in all important resistance genes of M. tuberculosis [38–45]. Low-stringency single-specific-primer PCR has its own limitations. In this method [46], a specific PCR is first performed. The amplified product is used for a second PCR with only one of the two original primers, under low stringency conditions. The resulting products are analyzed on a polyacrylamide gel. This produces a fingerprint, which is dependent on the mutations in the target. The low stringency conditions may be difficult to reproduce exactly and random variations may lead to variations in the fingerprint. The method was only tested on 12 specimens and although the authors claim that it is highly sensitive and rapid, the method appears rather cumbersome with a high risk of contamination and difficulty in reproducing the fingerprints. At least two studies have demonstrated that PCR-RFLP methodology can be used to detect resistance mutations in M. tuberculosis [40,47]. It was successfully used for detection of the katG 315 mutation, the embB 306 and 497 mutations, and the iniA 501 mutation. A shortcoming of the technique is that not all mutations can be detected. Either no suitable restriction enzymes are available or a large number of restriction digests have to be performed and analyzed on agarose gels. Efficacy of pyrazinamide treatment is dependent on the M. tuberculosis enzyme pyrazinamidase that converts the prodrug to an active form. Measurement of enzyme activity is therefore an effective way to predict susceptibility. However, a large number of bacterial cells are required to obtain sufficient material for such measurements. To overcome this obstacle, a PCR was developed in which the forward primer has a T7 RNA polymerase promoter attached. The resulting amplification product has an active T7 RNA polymerase promoter. This promoter can be used to transcribe the gene after the addition of T7 RNA polymerase and other components. In a coupled system, the mRNA is translated to form pyrazinamidase, and the activity of the enzyme is subsequently determined. All 45 isolates including 30 resistant isolates gave the expected result, namely reduced activity for resistant isolates and normal activity for susceptible isolates [48]. Real-time PCR is a commonly used technique to detect mutations associated with isoniazid, rifampin, and ethambutol resistance in M. tuberculosis. The critical parameters of these studies are summarized in Table 9.2. An important conclusion from those studies is that rtPCR assays can readily reach sensitivities and specificities of 100%, when compared with DNA sequencing of the mutations that are targeted. However, the number of samples tested in most studies has been lower than desired. When compared to phenotypes the sensitivity may drop dramatically because not all relevant mutations are targeted by rtPCR assays. This can result in different sensitivities for the same assay depending on the specific mutations present
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katG, ahpC, kasA, inhA RRDR rpoB Ison Rif inhA inhA, katG RRDR rpoB katG katG RRDR rpoB katG RRDR rpoB RRDR rpoB RRDR rpoB RRDR rpoB katG RRDR rpoB embB katG, inhA rpoB katG, inhA RRDR rpoB



Gene Lysates Lysates Respiratory Respiratory Partially purified lysates Lysates Lysates ZN-positive sputa Lysates Lysates Lysates Lysates Lysates Lysates Partially purified lysate Lysates/sputa Lysates/sputa Lysates/sputa Lysates Lysates Sputa Sputa



Samples Beacons Beacon FRET FRET FRET FRET FRET MGB probes FRET FRET FRET FRET Beacons FRET Beacons MGB probes MGB probes MGB probes Beacons Beacons FRET FRET



Probe 149 149 37 37 35 73 73 40 56 56 33 33 148 119 243 45/27 45/27 45/27 196 196 205/108 205/108



85 98 100 100 100 100 100 70/82 100 100 100 100 96.9 92.7 100 100/100 100/100 100/100 100 100 53.8 100



Sensitivity (%) No. of Samples* 100 100 100 100 100 100 100 94/100 100 100 100 100 100 100 100 100/100 100/100 100/100 100 100 100 100



Specificity Phenotype Phenotype DNA sequencing DNA sequencing DNA sequencing DNA sequencing DNA sequencing DNA sequencing DNA sequencing DNA sequencing DNA sequencing DNA sequencing DNA sequencing Phenotype DNA sequencing DNA sequencing DNA sequencing DNA sequencing DNA sequencing DNA sequencing Phenotype Phenotype



Gold Standard — — 103 103 — — — 1/103 — — — — — — — — — — 10–100 fg 10–100 fg — —



a — — — — — — b — — — — c d e — — — f f g g



continued



49 49 50 50 51 52 52 53 54 54 55 55 56 57 58 59 59 59 60 60 61 61



Analytical Sensitivity (CFU) Footnote Reference



TABLE 9.2 Characteristics of Real-Time PCR Assays for the Detection Mutations Associated with Antibiotic Resistance in Mycobacterium tuberculosis
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Lysates Clinical samples Clinical samples



Samples FRET 5′-exonuclease 5′-exonuclease



Probe 150 224 224 76 76.6 88.8 100 100 100



Specificity Phenotype DNA sequencing DNA sequencing



Gold Standard



— 1.5 × 103 1.5 × 103



— h h



62 63 63



Analytical Sensitivity (CFU) Footnote Reference



a



Where two numbers are provided: no. of samples/no. of patients. Collections from Madrid and New York show difference in detection rate. bWith the wild-type probe 70% sensitivity and 82% specificity; with mutant probe 94% sensitivity and 100% specificity; analytical sensitivity 1 genome with purified DNA and 103 CFU/mL on sputa. cDiscrepancy for two isolates where genotype and phenotype did not match. d Three resistant isolates were missed on basis of DNA sequencing. e88.8% sensitivity and 99.4% on basis of phenotype. f82.7% sensitivity and 100% for isoniazid based on phenotype and 97.5% sensitivity and 100% specificity for rifampin based on phenotype; the analytical sensitivity is dependent on the probe used. g205 samples from 108 patients; auramine-positive sputa; with the inhA-specific amplification 200 of 205 samples positive and 198 of 205 samples with the katG-specific amplification, this corresponds to 100% and 98.1% of all patients. h224 samples of 181 patients; 76.6% sensitivity for inhA and 76.6% sensitivity for katG. Not all possible mutations were addressed in the assay.



*



katG, inhA, ahpC katG, inhA rpoB



Gene



Sensitivity (%) No. of Samples*



TABLE 9.2 (continued) Characteristics of Real-Time PCR Assays for the Detection Mutations Associated with Antibiotic Resistance in Mycobacterium tuberculosis
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in the population tested. This is demonstrated in the study by Piatek et al. [49] who showed different sensitivities when isolates from Madrid, Spain, or New York were tested. So, knowledge of the mutations present in the population to be tested is required to design an adequate test. PCR-DNA sequencing has been demonstrated by several groups and can be considered a straightforward PCR followed by DNA sequencing [64,65]. As with most PCRs the main problem is efficient extraction of M. tuberculosis DNA from the sample. Pyrosequencing, although relatively new, has already been applied to the detection of mutations in M. tuberculosis. It could be considered a type of SNP analysis. The gene region of interest is amplified by PCR and the amplification product sequenced using a reagent kit and pyrosequencing instrumentation. Mutations were detected in the katG and rpoB genes. In addition, discrimination between closely related species of the M. tuberculosis complex was possible [66]. The method promises to be relatively cheap and can be applied to high-throughput situations. Although pyrosequencing requires specialized equipment, it can be easily used for the detection of other mutations in any other gene as well without optimization of the detection step. The feasibility of this approach was also demonstrated by another group, who sequenced mutations in the rpoB, katG, and embB genes. The analytical sensitivity was approximately 45 fg. DNA and sequences were known within 2 h after amplification [67].



MICROARRAYS FOR THE DETECTION OF RESISTANCE IN MYCOBACTERIUM TUBERCULOSIS Both high- and low-density arrays have been used to detect resistance in M. tuberculosis. A demonstration of the feasibility of low-density microarrays to detect mutations in rpoB with fluorescently labeled DNA amplified from colonies used 53 rifampinresistant and 15 susceptible isolates. These were successfully tested using 50 different probes specific for the wild-type sequence of the RRDR. Results could be obtained within 1.5 h after amplification [68]. A small study with only 33 isolates showed the feasibility of the method to detect mutations in pncA associated with pyrazinamide resistance. The array utilized 79 overlapping oligonucleotide probes covering the gene [69]; another study showed similar results with 57 isolates [70]. The array is built from a set of oligonucleotide probes specific for the wild-type sequence and a set specific for the mutations. A similar approach has been used for the detection of mutations in rpoB. The results were generally consistent with sequencing data, but some discrepant results were obtained from mixed cultures [71]. This can be expected, as the ratio of different sequence variants may differ from culture to culture. In addition, the efficacy of binding to the probes may vary somewhat, leading to insufficient signal at low concentrations of the specific variant. A complex microarray has been devised by Mikhailovich et al. [72,73]. The oligonucleotides are not spotted directly onto a glass slide, but a polyacrylamide gel pad is generated on the slide. The slide is placed on a Peltier element (heating and cooling element) allowing temperature to be controlled. A nested PCR for rpoB RRDR with a fluorescent labeled primer in the second PCR and a discriminating set
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of oligonucleotide probes was developed. For each mutation, a matching probe was present. The labeled amplification product is transferred to the microarray and allowed to hybridize for 14 to 18 h. The use of the gel pads also allowed the use of PCR (or any other reaction) on the slide. The chip correctly identified all isolates with mutant rpoB genes using hybridization in one study and 95% of mutations in another [72,73]. In addition, a method based on ligation of two oligonucleotides was demonstrated. This assay utilized the fact that DNA ligase can only join two molecules when they are next to each other and that the ligation site is perfectly double-stranded. Therefore, only homoduplexes can be ligated and are detected [72].



STAPHYLOCOCCUS AUREUS THE PROBLEM OF MRSA In S. aureus, resistance to methicillin (and thereby by definition all β-lactam antibiotics) is dependent on the presence of the mecA gene, which encodes PBP2a, an alternative penicillin-binding protein that despite its name does not bind β-lactam antibiotics and is therefore insensitive to their action. However, not only S. aureus may harbor the mecA gene. It is also found among coagulase-negative staphylococci (CoNS), including S. epidermidis, which is normally a human commensal. Therefore, the detection of MRSA in non-sterile sites cannot be achieved by the simple detection of S. aureus and the mecA gene. To address the problem of mecA-positive CoNS, PCRs have been developed that show a link between the mecA gene and the S. aureus genome. These PCRs utilize sequences in the larger genetic elements in which mecA is present, the Staphylococcal Cassette Chromosome mec or SCCmec, and orfX sequences (into which SCCmec is integrated in the staphylococcal chromosome) unique for S. aureus. A problem with this approach is that a number of SCCmec variants are known and new ones are regularly discovered, and the sequence of these SCCmec types and variants show poor homology near the border with the orfX. A PCR using the other border between SCCmec and the staphylococcal chromosome is not possible, because both the SCCmec sequence at this end and the adjacent staphylococcal chromosome sequence are highly variable. Thus, it is very difficult to design primers that recognize all known and preferably also undiscovered SCCmec elements. This may result in false-negatives and the potential spread of a novel strain of MRSA. Another potential problem is the presence of SCCmec-like elements that either have lost the mecA gene or never possessed the mecA gene, but are recognized by the primers. These false-positive reactions may lead to less-than-optimal antibiotic therapy, because vancomycin is often the drug of choice when flucloxacillin cannot be used. Vancomycin is less effective than flucloxacillin and also has more side effects [74,75]. In addition, the patient may be kept in isolation to prevent further spread of the MRSA in the hospital. This is a costly and for the patient unpleasant procedure. Another issue is whether enrichment cultures are needed before the detection of MRSA in clinical specimens. This will depend in large part on the method chosen. Some methods are only suited for pure cultures and the issue is clear. However, some assays are capable of detecting MRSA present at levels of less than 10 CFU per specimen, and at times the molecular assay appears to be even more sensitive than
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culture. However, not all specimens will have loads this low and neither are all assays this sensitive. Culture will mean the loss of valuable time, but even the presence of a single CFU means the presence of resistant organisms that may become selected during antibiotic therapy. One of the safest approaches, if feasible, would be to directly perform a molecular assay, and culture additional or leftover material and check the next day for growth from specimens that were negative in the molecular assay. A large number of straightforward PCR assays for the detection of MRSA have been developed and a number of them have been published [76]. Also, multiplex PCRs for the simultaneous detection of MRSA and for example, mupirocin resistance or other resistance genes have been described, but these methods usually use agarose gel detection of the amplification product and are considered conventional PCRs [76–78]. A more advanced form is the color development–based PCR for the detection of mecA. In this PCR, one of the primers is biotinylated and the amplification product is subsequently captured by streptavidin bound in a well. The captured product is then hybridized with a horseradish peroxidase–labeled probe. When substrate is added the enzyme yields color [79]. Here we will discuss the more recent assays based on probe, rtPCR, and microarray technologies.



MRSA DETECTION BY PROBE-BASED METHODS A number of probe-based methods have been developed. Often these assays rely on a PCR step to obtain sufficient material and thereby analytical sensitivity, but not all assays that have probe-based technology as their main mechanism of recognizing particular sequences utilize PCR. The Velogene™ Rapid MRSA Identification Assay (ID Biomedical Corp., Canada) uses an isothermal cycling process. In this procedure, a biotin-DNA-RNA-DNA-fluorescein probe recognizes the mecA gene, and the hybrid target DNA-RNA probe is specifically recognized by RNase H. The probe is cleaved, allowing new probe to bind. The uncleaved probe is captured by streptavidin and detected with an enzyme-labeled antibody directed against fluorescein. When no color develops the sample contains mecA. The method yields good results, but is limited to isolates [80]. Another isothermal RNA amplification-based test with a color reaction detection system had an analytical sensitivity equivalent to only 4 × 106 to 2 × 107 CFU/mL of enrichment broth [81]. Unfortunately, this sensitivity is poor in comparison with many of the other methods, especially rtPCR-based methods. More conventional probe systems are also used. At least one such system is sold commercially and has been evaluated in the international literature. The EVIGENE MRSA Detection Kit (Statens Serum Institut, Denmark) can be used to detect MRSA in positive blood culture bottles. The system uses probes specific for nuc (encodes a DNA nuclease specific for S. aureus), mecA, and 16S rRNA genes. Hybridization, capture and color reaction are all performed in microwells. A result can be obtained within 7 h after the detection of a positive blood culture. A total of 200 blood bottles positive for Gram-positive cocci were evaluated. Eighteen bottles obtained from 12 patients hybridized with the nuc and mecA probes and 17 of these were also positive in a mecA and femB (involved in cell-wall synthesis in S. aureus) multiplex PCR. Although the remaining sample was negative in the multiplex PCR, it was MRSApositive in other assays. A few other discrepancies were also noted. Two samples were
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identified as methicillin-susceptible S. aureus (MSSA) based on a barely positive EVIGENE result, but this could not be confirmed by femB-specific PCR. One sample contained S. epidermidis and S. capitis, whereas the other only contained S. capitis. Twenty-five of the 200 bottles were negative with the staphylococcal-specific 16S RNA gene probe, which was confirmed in 14 cases, but 11 bottles yielded staphylococci upon culture. Although the authors found the kit user friendly, they did not express a clear opinion about the value of the kit [82]. From the data available, it can be concluded the MRSA were accurately detected, but the identification of staphylococci may be less accurate. Another risk may be the presence of mixed cultures, which can lead to false-positive results. A second study with the same kit using 242 CoNS yielded 237 valid tests in which all mecA-positive isolates were correctly identified. In a blood bottle procedure, 67 of 72 S. aureus isolates were correctly identified, and the presence or absence of mecA was correctly assigned in all cases. Eight of the CoNS containing samples yielded non-valid results, but the others were all correctly identified. The invalid results were the consequence of a positive control under the specified cut-off [83]. Another kit that utilizes hybridization is the GenoType Version 1, MRSA (Hain Lifescience GmbH, Germany). In this system, the mecA and a sequence specific for S. aureus is amplified and detected by reverse blotting. Testing showed that 138 MRSA were correctly identified, but five MRSA yielded ambiguous results and needed additional testing. The mecA probe also recognized, as expected, the mecA gene in CoNS [84]. In another test, the kit detected 12 out of 13 MRSA correctly. The analytical sensitivity using blood bottles was 104 CFU/mL [85]. This method is therefore not suitable for clinical samples.



REAL-TIME PCR DETECTION OF MRSA The rtPCR technology in its simplest form amplifies the mecA gene and a Staphylococcus-specific gene, in this case femA. Amplification is detected by the presence of CYBR Green, a dye that fluoresces when intercalated into DNA, and the identity of the amplification products is confirmed by their melting curves. A potential difficulty is the closeness of the melting curves of different staphylococci. Generally, it works quite well [86]. Another simple way to detect MRSA is the use of a selective broth, which allows growth of MRSA but not MSSA. After overnight culture, the nuc gene was detected. The positive predictive value was poor (31.8%), but the negative predictive value was high (99.6%). The assay’s role in routine diagnostics could be to reduce the workload by eliminating further processing of negative samples [87]. However, this assay has the danger that mecA-positive isolates expressing low levels of methicillin resistance, for example, due to poor induction of mecA in isolates containing an intact mecA regulatory region, are missed. The choice of a good selective medium may reduce that risk. This is not the only assay that does not make use of the full potential of rtPCR; additional assays have been described that have a rather poor analytical sensitivity. A method that also included automated DNA isolation required an input of 0.5 McFarland [88]. This is equivalent to approximately 1.5 × 108 CFU/mL, so the assay is not suited for direct assessment of clinical samples. However, assays that specifically detect MRSA in clinical samples with high analytical sensitivity have been described. Hagen et al.
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developed an assay using rtPCR and FRET technology. The PCR detected MRSA in mixed samples and was evaluated with approximately 250 isolates including CoNS. The assay had 98% sensitivity and 100% specificity. The method also showed positivity after overnight culture enrichment for 20 of 27 swabs culture-positive for MRSA among a total of 60 swabs. The analytical sensitivity was less than 10 CFU/swab [89]. Real-time PCR has also been used for the detection of Panton-Valentine leucocidin (PVL)-positive MRSA. PVL is encoded in some S. aureus strains, including some MRSA strains and especially community-associated MRSA strains. The presence of PVL is associated with invasive disease, in particular with necrotizing pneumonia, an often fatal disease usually found in teenagers and young adults [90]. With the increasing appearance of community-acquired MRSA, the number of potentially severe infections due to PVL-encoding strains could be increasing and early recognition becomes more important. The assay simultaneously detects the nuc, mecA, and the two PVL-encoding genes. An analysis of 1552 phenotypically resistant clinical isolates was performed and 103 isolates were used for validation with conventional PCR. This showed complete agreement. The utility of the multiplex assay was further established by concordance of the results of 98 PVL-positive isolates that were identified earlier in an rtPCR assay that only detected PVL. The specificity of the assays was stated as good [91]. The IDI-MRSA Test (Infectio Diagnostic Inc., Canada) is in principle able to identify MRSA in mixed cultures, which include mecA-positive CoNS. The test has an orfX-specific and a number of SCCmec-specific primers. The assay has an internal control and utilizes material directly from a swab. The assay can be performed in 1.5 h under optimal conditions. A first evaluation of isolates clearly proved the principle: 1636 of 1657 MRSA were identified correctly. Twenty-six of 569 MSSA were identified as MRSA. None of 62 non-staphylococcal species and 212 methicillin-resistant CoNS and 74 methicillin-susceptible CoNS was positive [92]. The discrepant results for the MRSA might be explained by sequence variants or novel types of SCCmec not covered by the primers in the test. The 26 incorrectly identified MSSA may at least partly be explained by the presence of SCC elements that lack mecA, but are recognized by one of the primers. The sensitivity was 91.75%, the specificity 93.5%, the positive predictive value 82.6%, and the negative predictive value 97.1% based on 288 patients [93]. It should be noted these values are dependent on the distribution of SCCmec types and variants. Consequently, these values may differ at different geographic locations, for example, countries with high- or lowendemic prevalence of MRSA or high- or low-endemic levels of communityassociated MRSA. Based on the first publication, in-house versions have been developed and at least one had been published and showed similar results when compared to the other assays [93]. A simplified version of the IDI MRSA Test was developed by Cuny and Witte. They used an orfX primer and a 16-mer primer that shows a maximum of two mismatches with different SCCmec types as defined by Hiramatsu [94]. One hundred MRSA representing different SCCmec types were detected. None of the 100 MSSA and the 130 CoNS, including 90 mecA-positive isolates, was positive in the PCR with the exception of a mecA-negative Staphylococcus delphini isolate which gave a weak band on agarose gel [95].
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A different approach to assess the presence of MRSA in samples with a mixed staphylococcal flora was chosen by Francois et al. [96]. They developed a quantitative PCR for the mecA gene, the femA gene of S. aureus and the femA gene of S. epidermidis, the CoNS most commonly present on humans. This allows the linkage of the mecA gene to either species except when the results indicate that the number of gene copies is approximately similar for all three genes. How often this is the case in practice remains to be seen. The assay uses 5′-exonuclease probe technology together with TaqMan instrumentation, which allows the simultaneous testing of 30 samples in less than 6 h. The assay reliably detected 5 CFU of MRSA even in the presence of a 1000-fold excess of MRSE and was linear over a 6-log range for up to 1 million copies. For optimal performance, the assay uses an immuno-capture procedure with a biotinylated anti-protein A antibody. S. aureus cells (only S. aureus carries protein A) that bind the antibody are recovered by paramagnetic beads with streptavidin, which recognizes the biotin. Evaluation of 48 clinical samples showed that the immuno-qPCR detected all 23 culture-positive samples, but 16 of the 25 samples considered negative by microbiological methods were also negative in the PCR. The others were positive in the PCR. The authors concluded that these are possibly false-positives in patients treated for MRSA carriership, suggesting that the PCR detects nonviable bacteria [96]. However, these patients relapsed within 2 weeks. So, one may argue that viable bacteria were present and certainly identification of these patients is clinically relevant both in terms of therapy as well as infection prevention.



MICROARRAYS FOR THE DETECTION OF MRSA The first attempts have been made to produce arrays for the simultaneous detection of several staphylococcal genes including resistance genes. In these arrays, multiple probes are spotted on a solid surface, in this case a membrane, which is hybridized with the DNA from the sample that has been labeled in a PCR reaction with biotin to allow a color reaction. Although microarrays hold great promise, the analytical sensitivity, which is on the order of 107 CFU, is still a major problem [97].



DETECTION OF OTHER RESISTANCE DETERMINANTS IN STAPHYLOCOCCUS AUREUS Besides flucloxacillin, other antibiotics play an important role in the treatment of S. aureus infections. These antibiotics include fluoroquinolones, aminoglycosides, macrolides, and glycopeptides. It is therefore not surprising that molecular assays have been devised to detect the genes or mutations responsible for some of these antibiotic resistances. Although the majority use conventional PCR, fluoroquinolone and erythromycin resistance have been detected with more advanced methods. Fluoroquinolone resistance in S. aureus is primarily mediated by mutations in codon 80 and 84 of grlA, encoding the A subunit of topoisomerase IV, but mutations in grlB encoding the B subunit of topoisomerase IV, and gyrA and gyrB encoding DNA gyrase can be involved as well. The mutations can be detected with rtPCR. One study described the application of rtPCR to the detection of mutations in gyrA. The analytical sensitivity of the test, utilizing molecular beacons as probes, was as few as 10 genome copies. The correlation between MIC and the rtPCR results was
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98.8% [98]. Another assay demonstrated the applicability of denaturing HLPC to detect mutations in all four genes involved in fluoroquinolone resistance [99]. Unfortunately, both tests did not involve clinical specimens or a large number of clinical isolates. A microarray has been employed to detect resistance to erythromycin. This microarray consisted of seven oligonucleotides to detect the seven most important genes involved. These genes (ermA, ermB, ermC, ereA, ereB, and msrA/B) were correctly identified [100]. It should be noted, however, that only 18 clinical isolates were tested. This makes a good assessment impossible.



HELICOBACTER PYLORI INTRODUCTION H. pylori is a human-specific pathogen associated with a variety of diseases including gastric and duodenal ulcers [101]. The antibiotics recommended for first-line treatment are clarithromycin and amoxicillin or metronidazole [102]. However, resistance against clarithromycin and metronidazole is increasing and probably leading to treatment failures [103]. Resistance to clarithromycin is the result of point mutations in the peptidyl-transferase region of the 23S ribosomal RNA (rRNA). These point mutations affect the binding of macrolides to the 23S rRNA. Three point mutations have been associated with resistance: A2142G, A2143G, and A2142C [104–107]. In addition, a T2183C mutation has been described, but its influence on the susceptibility to clarithromycin is unknown [108]. Several molecular techniques have been applied to the detection of these mutations. These include analysis of PCR products by restriction enzyme analysis, reverse-line blot assays, oligonucleotide ligation assays, fluorogenic probes, DNA enzyme immunoassay, and denaturing HPLC [106,109–113]. With increasing numbers of patients who fail clarithromycin treatment, other antibiotics such as tetracycline and fluoroquinolones are used, but resistance against these antibiotics also has been documented. High-level tetracycline resistance is caused by mutations at positions 926–928 in the 16S rRNA gene [114]. Resistance to fluoroquinolones is caused by mutations in the gene encoding the GyrA subunit of gyrase [115–117].



PROBE-BASED TECHNOLOGIES A number of assays have been developed that use the formation of heteroduplexes for the detection of mutations. The formation of such duplexes can be determined by a variety of techniques, including DGGE and solid phase enzyme color reaction schemes. A DGGE method was demonstrated for the detection of clarithromycin-resistant isolates in gastric biopsies. A total of 23 clarithromycin-susceptible and 19 resistant isolates was used to optimize the procedure, which identified heteroduplex and modified homoduplex molecules for the resistant isolates. The final evaluation was performed on 140 gastric biopsies. The 23S rRNA gene PCR proved to be less sensitive than histology-microscopy, but more sensitive than culture in the detection of H. pylori (49.3%, 53.6%, and 39.3%, respectively). The assay detected 25 biopsies
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with clarithromycin resistance out of a total of 69 PCR-positive biopsies. The mutations and wild-type sequences were confirmed by DNA sequencing. The T2183C mutation alone was also detected, but it yielded a distinct band and could thus easily be recognized. In addition, mixed infections, that is, the simultaneous presence of resistant and susceptible bacterial cells in the same sample, were detected [118]. Unfortunately, the PCR was not sensitive enough to obtain products from all histologymicroscopy and/or culture-positive biopsies and the procedure requires overnight electrophoresis. The preferential homoduplex formation assay (PFHA) is also a heteroduplex assay. In PFHA, a PCR is performed with one primer labeled with biotin and the other with dinitrophenol. After 23S rRNA amplification, the product is denatured and allowed to hybridize with unlabeled wild-type amplification product. The mixture is transferred to a microtiter plate coated with streptavidin, which binds biotin-labeled molecules. The unlabeled wild-type product preferentially recognizes wild-type biotin-labeled product from the sample. Because dinitrophenol is not present in this product, an alkaline phosphatase labeled antibody against it is not recognized and color cannot develop. The two strands from the amplification product from a mutated resistant isolate also preferentially recognize each other. Because this product contains dinitrophenol it is recognized by the antibody and color can develop. The analytical sensitivity was five organisms using purified DNA. Sensitivity of PCR on 254 gastric fluid samples was higher than for culture (95.7% vs. 89.0%). A total of 412 patients had positive samples in the PFHA. Seventy-five samples had isolates with mutations associated with clarithromycin resistance and half of these showed evidence for mixed infections. The mutations were confirmed by sequencing [119]. However, no details were given on the sequence of wild-type strains or the relationship with phenotypic resistance, leaving open the possibility of false-negative results with this assay. Gastric fluid samples proved to be more sensitive than biopsy samples with this assay. Furthermore, the PFHA method was more sensitive in the detection of mixed infections than was PCR-RFLP [119]. This method is significantly improved when compared to an older version by the same group. It has higher sensitivity, improved detection of mixed infections, and a higher throughput; however, at least theoretically, not only mixed infections can yield results indicating the simultaneous presence of susceptible and resistant isolates, but also mutations in only one of the two 23S rRNA genes yield a similar result. This phenomenon has indeed been demonstrated by Elviss et al. [120]. An assay using denaturing HPLC yielded comparable results. An analysis of 81 clinical isolates, including 51 clarithromycin-resistant isolates and 101 H. pyloripositive gastric biopsies, was performed. The analytical sensitivity with purified DNA was five organisms. No amplification of DNA from closely related species or other gastric flora was observed. All susceptible isolates yielded homoduplexes and resistant isolates yielded heteroduplexes. Sequencing confirmed the presence of the known mutations. In addition, the novel C2195T mutation was found. This mutation occurred in combination with one of the known mutations. Twenty-five of the gastric biopsies showed heteroduplexes including five culture-negative biopsies. DNA sequencing showed the presence of the expected mutations [108]. As shown by the results, new mutations in the amplified sequences can also be present. The significance
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for resistance is not clear. Fortunately, the mutation was detected, but when it occurs at the edges of a probe or outside the sequence probed, it may be missed. Another frequently used hybridization technique for the detection of mutations in H. pylori is fluorescence in situ hybridization (FISH). FISH is performed with mutation-specific probes on either fresh biopsies or formalin-fi xed paraffinembedded tissue. Published studies including a study of the commercially available SeaFAST H. pylori Combi-kit showed specificities between 94% and 100%, whereas sensitivity varied between 97% and 100%. Results are usually obtained in 3 hrs [121–124]. The assays also are able to detect mixed infections. In one of the studies, re-examination of a sample showed that less than 1% of the bacterial cells were resistant, and in another study 11 discrepant results were explained as mixed infections [122,123]. The tests could also be more sensitive in the detection of infection than other methods. The study with fresh biopsies from 83 infected children showed that hybridization detected 77 positive samples, versus 75 with culture and 71 with epsilometer testing. However, six isolates were FISH-negative, but positive with at least three other methods including histology and different urease breath tests [122]. In addition, inactive coccoid forms possibly capable of reversion to vegetative forms were detected in gastric tissue [121]. A PCR-Line Probe assay (LiPA) for the detection of clarithromycin-resistant H. pylori also has been developed. The assay was able to detect seven 23S rRNA mutations and for typing purposes four and three genotypes in the vacA s-region and m-region, respectively. In total, 299 isolates were tested including 130 resistant to clarithromycin by MIC-testing; 127 had mutations, whereas 167 of the 169 susceptible isolates were wild type [125].



PCR-BASED DETECTION OF MUTATIONS ASSOCIATED WITH ANTIBIOTIC RESISTANCE IN HELICOBACTER PYLORI The PCR-based methods for the detection of antibiotic resistance in H. pylori fall into two categories: PCR-RFLP and rtPCR. The drawback of PCR-RFLP was illustrated in one of the studies, which could only detect the A2143G mutation. Sensitivity using fecal samples was as good as or even slightly better than ELISA for H. pylori or culture of gastric biopsies. Samples that were both ELISA- and culture-negative were also PCR-negative [124]. Unfortunately, a nested PCR was required, increasing the workload and the risk of contamination. Another study included more mutations, but had only two samples with clarithromycin-resistant bacteria [126]. The mutations responsible for high-level tetracycline resistance in H. pylori could also easily be detected by PCR-RFLP [127]. However, PCR-RFLP failed to detect most mixed infections [128]. A study of 145 isolates combined several PCR-based techniques. The first method was called 3′-mismatched PCR (3M-PCR). In 3M-PCR, the last nucleotide of a primer does not match with either the wild type or mutant, preventing elongation by DNA polymerase in the PCR. The four reactions needed to detect the three mutations associated with clarithromycin resistance were combined in a single reaction. In addition, rtPCR (Table 9.3) and PCR-RFLP were performed. 3M-PCR proved the best to detect resistant isolates. The analytical sensitivity varied for the different
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mutations and the wild type. In the rtPCR, the analytical sensitivity was 102 to 104 CFU; for 3M-PCR, 102 CFU; and for PCR-RFLP, 5 × 103 to 1 × 104 CFU [120]. rtPCR is a tool that also has been used to detect resistance in H. pylori because it can rather easily detect a limited number of mutations. This makes rtPCR suited to detect resistance against clarithromycin, tetracycline, and fluoroquinolones in H. pylori, and a number of assays have been developed and tested. The data from these studies are summarized in Table 9.3. It can be concluded in general that rtPCR is both a specific and sensitive method to detect resistant H. pylori. However, the occurrence of mixed infections, particularly among patients who have failed initial therapy, is a point of concern. In particular, the presence of false-negatives is a problem because antibiotic treatment may lead to the quick selection of resistant bacteria; however, this is also a problem for the other techniques.



MICROARRAYS FOR THE DETECTION OF RESISTANCE IN HELICOBACTER PYLORI Xing et al. developed a rather complex microelectronic chip array for the detection of H. pylori and resistance to clarithromycin and tetracycline. Detailed description of the assay is beyond the scope of this chapter. Briefly, the target is amplified using biotinylated primers and the amplification product is immobilized and hybridized with a stabilizer and a fluorescent detection probe, followed by detection of fluorescence. The assay was specific for H. pylori. The analytical sensitivity was 1 × 108 CFU in stool [136]. Although this may be a promising approach, a number of remarks should be made. In the study resistance mutations were detected, but not evaluated on a sufficiently large set of clinical isolates or samples to draw a sound conclusion about its capability. Furthermore, it will require specialized equipment to perform the assays and the availability of a number of different assays and ease of operation may well decide its success. The advantage would be the combination of the detection of several mutations, but other array techniques hold similar promise.



FINAL REMARKS FOR THE DETECTION OF RESISTANCE IN HELICOBACTER PYLORI It should be noted that the interpretation of results obtained with different assays is influenced by the presence of mixed infections. Some studies used patients who failed therapy and especially these patient groups seem to have a higher number of mixed infections. Low numbers of resistant bacteria may be missed in some assays. This may influence the sensitivity and specificity of the test depending on the gold standard used, especially when the gold standard is more effective than the current gold standard. Nevertheless, it can be concluded that molecular assays are a valuable asset for the detection of resistance in this important pathogen.



NEISSERIA GONORRHOEA Neisseria gonorrhoea is a relatively difficult organism to culture, and antibiotic resistance, especially against fluoroquinolones, is becoming an increasing problem. It is therefore not surprising that a number of molecular tests have been developed to detect fluoroquinolone resistance in this organism. Resistance to fluoroquinolones is mediated by mutations in the gyrA and/or parC genes encoding subunits of gyrase
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Biopsy Stool Gastric tissue Biopsy Biopsy Isolate Biopsy Biopsy Isolates



Samples Melting curve Melting curve Two probes FRET FRET FRET FRET Melting curve FRET



Probe 45 45 151 200 65 118 20 154 35



100 98 100 98.4 100 100 100 100 100



Sensitivity (%) 98 98 100 94.1 98.2 100 100 100 100



Specificity (%) Phenotype Phenotype PCR-RFLP Phenotype Phenotype DNA sequence DNA sequence DNA sequence DNA sequence



Gold Standard 2 2 —* — 30 — — 10 —



Analytical Sensitivity (CFU)



a a b c d — — — —



Footnote



129 129 130 131 132 133 133 134 135



Reference



a



No analytical sensitivity given. Some resistant isolates missed due to mixed infections. Six resistant isolates only identified by PCR. bOnly mutations at position 2143 and 2144. Mixed infections were found. cSamples from patients with failed first eradication attempt. Multiple genotypes in 42 cases. In 5 cases phenotypically resistant cultures showed no mutations, 3 of which were confirmed by PCR-RFLP, whereas 4 phenotypically susceptible cultures showed mutations both by Real Time PCR and PCR-RFLP. dOnly one sample gave discrepant results. This was a mixed infection with a ratio of susceptible to resistant bacteria of 1 to 11.5. The assay could be used as a quantitative PCR with a linearity of 6-log starting at 300 CFU.



*



16S rRNA gyrA



23S rRNA 23S rRNA 23S rRNA 23S rRNA 23S rRNA 16S rRNA



Gene



No. of Samples



TABLE 9.3 Characteristics of Real-Time PCR Assays for the Detection of Mutations Associated with Antibiotic Resistance in Helicobacter pylori
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and topisomerase. In the A subunit of gyrase, the amino acid substitutions Ser91Tyr and Asp95Asn are involved, and in the ParC subunit of topoisomerase IV Asp86Asn, Ser87Ile, and Glu91Gly are associated with fluoroquinolone resistance [137,138]. A variety of molecular techniques have been used to detect the associated mutations. An rtPCR approach has been described that only focuses on gyrA mutations. The test employs FRET technology, had an analytical sensitivity of five genome copies per reaction, and the reaction can be performed in 1 h. The assay was tested on 55 isolates and 36 clinical urethral specimens without bacterial culture. The results were in complete accordance with DNA sequencing data [139]. A second rtPCR has a somewhat different protocol that includes the detection of mutations in parC. Its sensitivity was equal to that of the former method, but it uses 5′-exonuclease probes as its detection principle. The same amplification products were also used for direct sequencing with one of the amplification primers as sequencing primer. The results of both methods were in full agreement [140]. A third method relied on DNA sequencing of short sequences. Mutations in gyrA were reliably identified [141]. The two latter assays were not demonstrated directly on clinical specimens, making an adequate assessment of their true potential impossible. The gyrA mutations alone were also targeted by a mismatch amplification assay (MAMA). Only when the primer matches perfectly is an amplification product formed. A drawback is the time needed for the test because the analysis of the product is performed on agarose gel. Nevertheless, validation of the assay showed excellent results [142]. Denaturing HPLC has been used to detect mutations in both gyrA and parC. The results obtained with 81 isolates completely agreed with DNA sequencing results [143]. A commercial assay, the Bed-side ICAN NG-QR detection kit (Takara bio, Japan) basically also utilizes hybridization to detect mutations. The method is comparable to the Velogene kit for resistance determination in M. tuberculosis, except that a DNA-RNA probe is used instead of a DNA-RNA-DNA probe. The kit yielded a number of false-positive results when compared to MIC data [144]. It can therefore be concluded that the kit performed only reasonably and although the kit is called “Bed-side” unfortunately no data were provided to show this potential ability. Microarrays to detect mutations associated with fluoroquinolone resistance have been demonstrated. Two microarray approaches to detect mutations in both gyrA and parC have been described. One of the microarray methods used two different fluorescent labels: one to label the sample DNA and one to label a control. The procedure is a bit unusual in that an approximately 250 bp amplification product is used instead of the usual approximately 50 bp product. The shorter product allows easier detection of a mutation. Nevertheless, the results were completely concordant with DNA sequencing results [145]. Unfortunately, only isolates were tested. In a different microarray approach 87 clinical specimens were tested. The data obtained were completely compatible with sequence analysis, and an analytical sensitivity of five genome copies could be reached using purified DNA [146]. Both studies show the feasibility of designing suitable microarrays for the detection of fluoroquinolone resistance in N. gonorrhoea, but tests on clinical specimens are required to use the maximum potential of these tests. It can be concluded that a number of different approaches were shown to be feasible for the detection of fluoroquinolone resistance in N. gonorrhoea. Some of
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the studies show that analytical sensitivities of five gene copies can be reached, possibly providing sufficient sensitivity for direct detection of resistance in clinical specimens. This will allow the quick and accurate assessment of fluoroquinolone resistance in clinical specimens suspected of harboring this organism.



ENTEROBACTERIACEAE Enterobacteriaceae are one of the most important groups of pathogens causing a wide range of diseases. They form a large potential reservoir for resistance genes and their close relationship offers the potential for exchange of these resistance genes between different family members. This is exactly what has happened, and continues to occur. Many resistance genes are shared by different species of Enterobacteriaceae, but also a multitude of different resistance genes or variations on existing themes have developed. Examples of the first group are the aminoglycoside-modifying enzymes and the TEM ESBLs are an example of the second group. In addition to gene acquisition, resistance also can be caused by mutations, for example, fluoroquinolone resistance. Enterobacteriaceae are fast-growing organisms, and thus a quick resistance determination may be important in treating severe illness. Effective empiric treatment is still available, and several molecular methods have been developed that can offer the required speed for detection. In Enterobacteriaceae, fluoroquinolone resistance is an increasing problem. Resistance is mainly caused by mutations in the gyrA gene that encodes the A subunit of DNA gyrase, but mutations in gyrB, parC and parE, encoding the B subunit of DNA gyrase and the two subunits of DNA topoisomerase IV, respectively, can also contribute. Mutations in the gyrA gene are clustered in the quinolone resistance determining region (QRDR). Several tests have been described that detect fluoroquinolone resistance in Salmonella and Yersinia pestis. Y. pestis has received increased interest because of its potential in biological warfare or bioterrorism. An rtPCR using FRET technology with three probes (specific for Asp87Asn, Asp87Gly, Ser83Phe) was described for S. enterica serovar Typhimurium DT104 gyrA. A total of 92 isolates were evaluated and 86 showed expected mutations. Six isolates had a lower melting temperature indicating a mutation, and DNA sequencing showed that five isolates had a mutation different from those expected, but a sixth had no mutation in gyrA and its resistance was caused by an undetermined mechanism [147]. The reason for the lower melting temperature of these last isolates remained unexplained. A rtPCR for Y. pestis using FRET technology could detect 5 CFU in crude lysates [148]. In another variation, 5′-exonuclease detection technology was used instead of FRET. This method reached an analytical sensitivity of 1 CFU with partially purified lysates [149]. Therefore, both methods are rather comparable. However, the performance on clinical samples was not reported. Denaturing HPLC is another popular method to detect mutations associated with fluoroquinolone resistance in S. enterica and Y. pestis. Evaluation of the method for the detection of mutations in gyrA, gyrB, parC, and parE using standard HPLC equipment showed that the method correctly predicted the presence or absence of mutations for 50 Salmonella isolates when compared to conventional DNA sequencing [150]. A second group used a similar approach, but only investigated gyrA mutations.
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The method clearly identified the mutations and in addition detected more rare mutations. It was shown that an rtPCR method with mutation-specific probes required additional effort in case no match with one of the probes was found. The authors therefore concluded that denaturing HPLC is easier to perform when rare mutations are present in the population [151]. The same method has also been used to detect mutations in gyrA of Y. pestis. The method was shown to be satisfactory when tested on nearly 100 isolates and compared to conventional DNA sequencing [152]. Although tetracycline is an older antibiotic, there is still an interest in it. Furthermore, some of the genes conferring resistance to tetracycline are also responsible for resistance against newer tetracyclines including tigecycline [153]. The mechanisms of resistance are efflux, ribosomal protection, and modification of the antibiotic. A large number of different resistance genes encode these mechanisms. A number of molecular techniques have been developed to detect tetracycline resistance, but these are usually limited to a single gene thereby limiting their utility for diagnostic purposes. An example of single resistance determinant assays is an rtPCR assay for tetR of Tn10 [154]. β-Lactam antibiotics form an important class of antimicrobials to treat infections with Enterobacteriaceae. However, resistance to the older members of this class is widespread and is increasing against the newer members. The presence of β-lactamases is the most important mechanism of resistance. Sometimes the activity of these β-lactamases can be blocked by an inhibitor like clavulanic acid or tazobactam. However, β-lactamases that became inhibitor resistant have been described. It is therefore not surprising that molecular tests, such as SCCP, have been described to detect these β-lactamases [155]. These methods are principally of value as epidemiological tools. Trimethoprim is also a frequently used antibiotic to treat infections with Enterobacteriaceae and it is usually prescribed in combination with sulfamethoxazole. Resistance against trimethoprim is common, however, and can be mediated by at least a score of different genes. This makes these genes an important target for epidemiological studies and molecular tests are useful for this purpose. This led, for example, to the development of a PCR-RFLP to detect up to 16 different trimethoprim resistance encoding genes [156]. Probe-based assays have also been developed for epidemiological studies of multiple resistance determinants [157]. For the same purposes DNA microarrays are being developed. An example is a microarray that detects 25 virulence and 23 antibiotic resistance encoding genes in Salmonella and enterovirulent E. coli. The array used probes that were amplified by PCR [158]. The same method to generate probes for the microarray was also used in another study, in which a variety of resistance encoding genes were analyzed [159]. A final example of a microarray for epidemiological and surveillance purposes targeted Vibrio spp. It tested for a number of markers including resistance genes and was composed of long oligonucleotides [160]. In principle, the use of microarrays holds the possibility to check many resistanceencoding genes simultaneously, but much development has to be performed both in terms of number of genes and mutations covered, as well as costs, before they can compete with conventional phenotypic assays. rtPCR and techniques such as denaturing HPLC may have applications in some specialized niches in which resistance
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levels are high and speed is of importance, for example, in critically ill intensivecare patients.



CAMPYLOBACTER SPP. Campylobacter species are an important source of food-borne infections in humans. Fluoroquinolones and macrolides are commonly used antibiotics to treat these infections, but resistance is an increasing problem. Several molecular tests have been developed to detect resistance. rtPCR is a popular choice for the detection of fluoroquinolone resistance in Campylobacter. Fluoroquinolone resistance is associated with mutations in the gyrA gene. One rtPCR assay using FRET technology easily detected mutations at codon 86 in 36 Campylobacter coli isolates [161]. The same group demonstrated similar results for Campylobacter jejuni [162]. Another rtPCR also focused on codon 86 of C. jejuni and used TaqMan probes. The test had an excellent analytical sensitivity by detecting femtogram levels of target genomes. The test correctly predicted mutations, although confusion over one isolate remained [163]. Mutations in gyrA have also correctly been detected by PCR-SSCP in 162 C. jejuni isolates [164]. In C. coli the use of PCR-RFLP to detect the mutation at codon 86 was demonstrated [165]. An LiPA has been developed to detect both fluoroquinolone and macrolide resistance in C. jenjuni and C. coli. Macrolide resistance is caused by mutations in the 23S rRNA. The results from the LiPA agreed with the phenotypic resistance determinations for the 42 isolates tested [166]. Another group also tested the LiPA, but only on 25 isolates. Nevertheless, the results were satisfactory [167]. The MAMAPCR was also successfully applied to the detection of erythromycin resistance in both C. jejuni and C. coli [168].



PNEUMOCOCCI AND STREPTOCOCCI With increasing levels of penicillin and erythromycin resistance among pneumococci, fluoroquinolones have become more important for the treatment of patients, but resistance to this class of antibiotics has now been documented. To study the epidemiology of fluoroquinolone resistance, PCR assays have been developed to detect mutations in parC, parE, and gyrA associated with this resistance. One group developed a PCR-RFLP test and a second group developed a PCR-oligonucleotide assay [169,170]. The latter assay detected only a few of the mutations that may contribute to fluoroquinolone resistance. A PCR-reverse line blot was developed to detect multiple resistance genes in Streptococcus agalactiae, an important cause of neonatal and maternal sepsis. The assay involved the macrolide resistance genes ermA/TR, ermB, and mefA/E, the tetracycline resistance determinants tet(M) and tet(O), and the aminoglycoside resistance genes aph-A3 and aad-6. Testing of 512 isolates showed that the assay is well qualified for surveillance of antibiotic resistance among group B streptococci [171]. A rtPCR using FRET technology was developed for the surveillance of erm- and mef-encoded erythromycin resistance among β-hemolytic streptococci (group B, C and G streptococci) with the expected results [172]. However, it should be noted that
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to be useful for diagnostic purposes all resistance mechanisms need to be covered. The same argument is valid for most surveillance and epidemiological purposes.



OTHER BACTERIAL SPECIES For the surveillance and monitoring of antimicrobial therapy, the tetracycline resistance determinant tetQ was monitored along with Actinobacillus actinomycetemcomitans, Porphyromonas gingivalis, and Prevotella intermedia in dental plaque. For this purpose, a quantitative PCR with TaqMan probes was developed. The PCR was linear over a range of 10 to 107 copies for the tetQ gene and 102 to 107 for bacterial cells. The authors noted, however, that sampling is critical since it can heavily influence the outcome of the assay [173]. This example shows that molecular assays may also be useful in infections that are currently less well explored.



CONCLUDING REMARKS Molecular techniques offer the possibility for more timely antibiotic resistance profiles of both slow-growing microorganisms and microorganisms that are difficult to culture. For severe infections, molecular techniques may provide more rapid determination of resistance profiles. This becomes more important with increasing antibiotic resistance, which compromises adequate options for empiric therapy. Molecular techniques have been described for the detection of antibiotic resistance for a large number of resistance determinants and a wide range of bacterial species. The development of new molecular techniques always led to quick adaptation for the detection of antibiotic resistance. Despite the possibilities offered by molecular techniques, their use is frequently limited to a research setting and implementation in routine diagnostics can be problematic. There are a number of reasons for this: (1) The cost of molecular tests is (considerably) higher than that of phenotypic tests; (2) The number of commercially available tests is limited; (3) The design and validation of a new assay requires considerable technical and microbiologic expertise, especially when the molecular test appears to be more sensitive than the existing gold standard; and (4) Often organisms are multi-resistant and multiple genes or point mutations are involved. Therefore, commercial assays are limited to a number of niche markets such as M. tuberculosis, MRSA, and H. pylori. The drawbacks mentioned often limit the application of molecular techniques to epidemiological studies for one or a few genes. These are usually detected by a conventional PCR. Conventional PCR has come within the grasp of more and more laboratories. The technique is straightforward and simple, especially with the development of software programs that help design appropriate primers for any gene for which a sequence is known. This simplicity also represents a danger since the PCR protocol itself may lead to unexpected amplification products and contamination by other samples or previous amplification products. This requires rigorous laboratory procedures and quality control. Unfortunately, the required expertise is not present everywhere and even when present the molecular techniques may provide unexpected challenges. This is underscored by a study by
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Noordhoek et al. [174], who demonstrated that a considerable number of laboratories had difficulty in correctly identifying samples containing M. tuberculosis. More complicated techniques increase the risk for false-negative and false-positive results. However, new techniques may help reduce the risks by improved concepts and instrumentation. New techniques also offer possibilities for more effectively coping with large numbers of resistance determinants or point mutations. Advances in two areas— sequencing and microarrays—are potentially important in this respect. Pyrosequencing is likely to become an important tool for the detection of point mutations. Its ability to inexpensively sequence small (40–50 bp) stretches of DNA make it ideal to detect point mutations or single nucleotide polymorphisms (SNPs). Its impact on routine diagnostics is difficult to predict, but the technique has significant potential. Pyrosequencing will certainly become an important tool for research, not only for the detection of SNPs, but in conjunction with the new technology introduced by 454 Life Sciences (U.S.A.) for sequencing of large DNA fragments, such as resistance plasmids. Briefly, DNA is fragmented to random pieces of appropriate size and ligated with primers for amplification and sequencing. The fragments are made singlestranded and bound to microbeads in such a way that only one fragment per bead is obtained. The beads are emulsified in buffer oil. Each bead is encapsulated in its own buffer capsule. The buffer contains all ingredients for amplification, the products of which become bound to the beads. The beads are then prepared for pyrosequencing, which is performed in a massively parallel fashion. Up to 200,000 sequences are generated. Special computer software determines the fi nal sequence based on overlapping fragments. The other technique that has the potential to become more prominent is microarray technology. Microarrays offer the ability to interrogate thousands of genes simultaneously, but relatively large numbers of bacteria are required to obtain sufficient amounts of labeled DNA. Another issue is quality control, which becomes more complicated with increasing numbers of genes. Currently, rtPCR, reverse line blot, and heteroduplex analyses are the most important techniques for the detection of antibiotic resistance in routine settings. Most studies presented here to detect antibiotic resistance among multidrug-resistant isolates do not cover all possible mechanisms. When epidemiological studies show that certain mechanisms are either absent or have a very low prevalence, it may be a cost-effective approach to ignore rare mechanisms, although the risk exists that some of these mechanisms may become more important. The consequences of nondetection of resistant isolates are not certain, but it may be expected that these will replace other strains and become responsible for new outbreaks of (multi)resistant strains. It will therefore be necessary to design surveillance studies to capture resistance mechanisms not included on a routine basis. Molecular assays have a place in routine diagnosis of antibiotic resistance. In the future, with the development of new technologies and improvement of current technologies, the importance of molecular assays for routine detection of antibiotic resistance will only increase, although the implementation of these techniques may be slower than desirable.
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Streptococcus pneumoniae is still an important human bacterial pathogen. The past two decades have witnessed the global spread of resistance to major groups of antipneumococcal drugs and there are no countries free of multidrug-resistant strains. In this naturally transformable organism resistance to antibiotics can arise by both inter- and intra-species recombination events, enabling resistance acquired by horizontal gene transfer or from point mutation to spread throughout the population. However, there is also strong evidence for clonal expansion by the international spread of multidrug-resistant strains. Among such successful clones, the Spain23F-1, Spain6B-2, and Spain9V-3 in particular have reached the status of pandemic clones. All three have emerged as being penicillin-non-susceptible (PNSP) and often resistant to tetracyclines, macrolides, chloramphenicol, or co-trimoxazole. The presence 229
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of the most successful, the Spain23F-1 clone, and its other capsular variants, has been documented in 42 countries all over the world. The susceptibility-testing results survey done for this study showed that prevalence of PNSP was above 40% in 25 out of 96 countries and below 5% in only 8 of them. This chapter offers insight into the mechanisms of the antibiotic resistance acquisition in pneumococci, their evolution, and the epidemiology of multidrug-resistant strains.



INTRODUCTION Streptococcus pneumoniae (the Pneumococcus) is the causative agent of pneumonia, otitis media, meningitis, and bacteraemia, and a major cause of morbidity and mortality worldwide particularly among the young, elderly, and immunocompromised [1,2]. The past two decades have witnessed the acquisition and global spread of chromosomal and transposon-encoded resistance to the major groups of effective antibiotics [3–6]. There is therefore increasing pressure to develop novel therapeutic agents. However, in order to understand fully the spread of resistance, we need to look jointly at the mechanisms of resistance and the evolutionary processes involved in their acquisition and dissemination. For this, we also need a clear picture of the population structure of carried and invasive isolates of this naturally transformable organism. The past 60 years of selection by diverse antimicrobials has revealed an extensive range of resistance mechanisms, many of which are dealt with elsewhere in this volume. Therefore, in looking ahead to the selection of novel stable targets for chemotherapy or vaccination, we need to take account of the processes involved in the development of resistance during the past decades. The Pneumococcus and other naturally transformable organisms such as Neisseria spp. that evolve by intra- and inter-species recombination are perhaps among the most difficult to deal with. Many of their loci are effectively moving targets [7–9], not only transferring freely from one strain to another, but also able to evolve by acquiring highly divergent blocks of nucleotides from related species that will generate novel proteins with altered catalytic activities or different antigenic profiles [10–15]. The following gives some insight into the role of horizontal gene transfer in the evolution and epidemiology of antibiotic-resistant pneumococci.



EVOLUTION OF ANTIBIOTIC RESISTANCE β-LACTAM RESISTANCE AND CLINICAL CONSEQUENCES Since its detection in 1967, penicillin resistance in S. pneumoniae has become increasingly prevalent worldwide [16]. A S. pneumoniae isolate is considered to lack susceptibility when the minimal inhibitory concentration (MIC) of penicillin is greater than 0.06 mg/L [17] and is treated as a PNSP. Isolates for which penicillin MICs ranged from 0.12 to 1 mg/L fit the category of intermediate susceptibility and high-level resistance to penicillin, when the MIC is greater than 1 mg/L [17]. With few exceptions, infections caused by strains intermediately susceptible to penicillin can be successfully treated with other anti-pneumococcal β-lactams, such as amoxicillin or the broad-spectrum third generation cephalosporins, cefotaxime, and
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ceftriaxone [18,19]. However, highly penicillin-resistant isolates are invariably cross resistant to a range of β-lactam antibiotics including cefotaxime and ceftriaxone [20], posing reduced therapeutic options. In countries such as Spain, Hungary, and South Africa lack of susceptibility to penicillin among S. pneumoniae is not only found among a high proportion of all pneumococci isolated [21,22], but isolates possess levels of resistance to penicillin of 1 to 4 mg/L and occasionally up to 8 to 16 mg/L [23]. Recent clinical studies have shown that β-lactams are generally still useful for the treatment of pneumococcal infections that do not involve cerebrospinal fluid [24,25] as pneumococcal bacteremia caused by PNSP is not associated with increased morbidity or mortality [26]; and there is no poorer outcome for pneumococcal pneumonia caused by intermediately resistant strains, when patients were treated with amoxicillin [27]. It is less clear whether this is also the case for otitis media [28]. Nevertheless, β-lactam resistance is associated with increased costs of health care [29] and alternative therapy may well be necessary for organisms expressing high-level resistance [30]. The existence and spread of highly penicillin-resistant strains [31–34] is potentially a major concern as pneumococci of this phenotype are not only more difficult or inadequately treated with β-lactams, but also frequently non-susceptible to several other anti-pneumococcal drugs [35,36]. Role of Penicillin-Binding Proteins in β-Lactam Resistance Lack of susceptibility to penicillin in clinical isolates of S. pneumoniae is due to the presence of high-molecular-weight penicillin-binding proteins (PBPs) that have a greatly reduced affinity for the β-lactam antibiotics [23,37]. No other mechanisms of acquired resistance to β-lactams have been described in clinical isolates of pneumococci to date. Although there are numerous alterations to the genes encoding low affinity PBPs [38,39], several changes within the transpeptidase domain of different PBPs have been identified as important in resistance [40,41]. It would appear for PBP2X that resistance is due to amino acid substitutions within a buried cavity near the catalytic site, which contains a structural water molecule [42]. The examination of β-lactam-resistant laboratory mutants has shown that, in addition to PBPs, mutations in ciaR/H, cpoA, and murM/N genes could potentially influence resistance. Although currently these alternative determinants have not been found to be directly responsible for increased resistance among clinical isolates [43–45], the functional inactivation of murM/N genes has been shown to obliterate high-level penicillin resistance in clinical isolates [46]. MurM/N are involved in the sequential addition of Ala or Ser, and Ala, respectively, to the Lys residue, which is found on the pentapeptide branch of the carbohydrate backbone of peptidoglycan; however, the enzymology of these reactions has only just been characterized (Lloyd, dePascale, Bugg, Roper, and Dowson, unpublished data). The prevalence of side branches varies from strain to strain, and although reported to be associated with strains exhibiting high levels of penicillin resistance, high levels of branching are also found in the susceptible isolate R6 [47]. Interestingly R6 was originally selected for laboratory use because of its ability to be transformed to penicillin resistance at high frequency. The enzymological basis for these differences in crosslinking between strains and its possible role in high-level penicillin resistance are the subject of current study (Lloyd et al., unpublished data).
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The primary target of a β-lactam antibiotic is the essential PBP [48] with the highest affinity for that particular antibiotic, and for many clinically important β-lactams this is PBP2X [49]. However, the use of primary target in this context does not pre-suppose that this is the only killing target, but rather that which influences MIC due to the differential affinities of PBPs for different β-lactam antibiotics. For clinical isolates of S. pneumoniae challenged by different β-lactams, either as the result of treatment of a pneumococcal infection or during asymptomatic carriage, when a different organism is the desired target, there may be selection for the acquisition of different permutations of low affinity PBPs. High-level resistance to oxacillin requires low affinity forms of PBPs 2X and 2B [50], cephalosporin-resistant PBPs 2X and 1A [20,51], and penicillin-resistant PBPs 2X, 1A, and 2B [37]; in laboratoryderived mutants and recently in a clinical isolate PBP2A has also been implicated in resistance [52]. The inevitability of highly penicillin-resistant clinical isolates being cross-resistant to other groups of β-lactams now becomes obvious. Role of Oral Streptococci in the Formation of Mosaic pbp Genes Low affinity forms of PBP1A, PBP2B, and PBP2X have arisen initially by the horizontal transfer and recombination of homologous chromosomally encoded pbp genes from closely related species of streptococci. S. mitis and S. oralis have been identified as two of the species responsible for contributing genetic material for the formation of a low affinity PBP2B in many penicillin-resistant isolates of S. pneumoniae [40,53]. However, analysis of pbp genes from a diverse collection of resistant isolates has revealed that several additional, as yet unidentified species also have been involved in the evolution of these mosaic genes [40]. Recent analysis of the population structure of pneumococci and the closely related oral streptococci has revealed that isolates identified as S. mitis represent a highly divergent group of organisms. In addition, there is a previously unidentified group of organisms that lie between S. mitis and pneumococci [54]. These are being investigated as alternative DNA donors involved in the evolution of PBPs and a range of pneumococcal virulence determinants. Experimentally it has been shown that oral streptococci with MICs for penicillin as high as 64 mg/L can transform pneumococci to this level of resistance, although this requires the acquisition of altered forms of PBPs 2A and 1B from S. oralis together with 2X, 1A, and 2B [55,56]. Work examining the degree of sexual isolation between pneumococci and the related oral streptococci [57] has revealed, as found previously for Bacillus [58], a log linear relationship between nucleotide divergence and sexual isolation. Apart from the acquisition of novel PBPs by recombination, there is now also evidence that mosaic pbp genes have further evolved, by spontaneous mutation, altering levels of cross resistance to penicillin and cephalosporins, presumably in response to clinical exposure to these different classes of β-lactams [20].



DEVELOPMENT OF MULTIPLE ANTIBIOTIC RESISTANCE Resistance of pneumococci to tetracyclines [59–61], chloramphenicol [62], and macrolides [63,64] is due to acquisition of the highly mobile conjugative transposon Tn1545, or related transposons, which may carry one or more of these and other
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resistance determinants [65,66]. These transposons possess an integration/excision system, encoded by the genes int/xis, and terminally associated (host-derived) integration sequences [67]. Transfer of the transposon from the donor to the recipient chromosome involves excision of the element from the host chromosome, formation of a covalently closed circular intermediate, entry into the recipient cell, and subsequent integration into its chromosome [67]. The site of integration may be determined by DNA topology rather than sequence specificity. The stability of transposon-encoded resistance within pneumococci has not been determined. However, it is clear that members of some multiply-resistant pneumococcal clones do differ in their resistance profiles, that many more allelic variants of the tetracycline resistance gene (tetM) are found within pneumococci than previously described [59], and that different tetM alleles can be found among members of the same clonal group [68]. In general, the tetM positive isolates are resistant to all clinically available tetracyclines [69] except tigecycline [70]; however, isolates with MICs of tetracycline 2 to 4 mg/L (susceptible or intermediate-susceptible [17]), which gave positive hybridization signals with tetM probes, have been also described [71]. Apart from tetM, presence of two other tetracycline resistance determinants have been documented in S. pneumoniae, namely tetO, coding for ribosomal protection similar to TetM [72], and the tetK coded efflux mechanism [73]. Two mechanisms of resistance to macrolides have been described in pneumococci thus far. Active efflux due to the acquisition of the mefA gene was identified in isolates expressing a low-level resistance to erythromycin (MICs ranged from 1 to 32 mg/L). Such isolates were once treated as macrolide resistant, but susceptible to lincosamides and streptogramins (M phenotype) [74,75]. The second mechanism described is based on ribosomal protection due to acquisition of the ermB gene, where ermB positive isolates are resistant to macrolides, lincosamides, and streptogramins B (MLSB phenotype) [74,75] and exhibit high-level resistance to erythromycin (MICs above 32 mg/L) [71,76]. MLSB and M phenotypes were also described in ermB negative and mefE negative strains indicating the presence of novel genes or allelic variants of already identified genes [77]. Finally, the macrolide-streptograminresistant but lincosamide-susceptible S. pneumoniae (so-called MS phenotype) also has been described [77]. Pneumococcal resistance to trimethoprim and the sulfonamides, which inhibit bacterial purine synthesis, has also been identified [78–80]; however, this is clearly chromosomally encoded, and involves alterations to housekeeping sulA (dihydropteroate synthase) and dfr (dihydrofolate reductase) genes within the pneumococcal genome. Although point mutations and codon duplications are frequently associated with resistance there is also some evidence that inter-species recombination has played a role in the evolution of resistance [78]. A similar situation is found in the evolution of pneumococcal resistance to rifampicin, where there is evidence of resistance arising due to recombination rather than the more frequently occurring point mutations within the gene encoding the β subunit of RNA polymerase (rpoB) [81]. The use of fluoroquinolones in the treatment of pneumococcal infections has resulted in decreased susceptibility [82]. This appears to be due to target alterations in DNA gyrase (GyrA) and topoisomerase IV (ParC) [83–85] or to the action of an efflux pump encoded by pmrA [86,87]. Although alterations in GyrA and ParC
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appear to have evolved by point mutations in S. pneumoniae, it is clear that highlevel quinolone-resistant viridans streptococci also have evolved [88] and may, if resistance becomes prevalent, act as a source of resistance genes for pneumococci. Recent investigations do show evidence that interspecies recombination has also played a role in the evolution of fluoroquinolone resistance in clinical isolates of S. pneumoniae [89]. To date, there are no reports of vancomycin resistance in clinical isolates of S. pneumoniae; however, it has been shown that loss of function of the VncS histidine kinase of a two-component sensor-regulator system in laboratory strains of S. pneumoniae produced tolerance to vancomycin and other classes of antibiotic, indicating that this may be a precursor to the evolution of vancomycin resistance in the community [90].



EPIDEMIOLOGY OF S. PNEUMONIAE POPULATION STRUCTURE OF S. PNEUMONIAE Asymptomatic carriage of pneumococci in the throat or nasopharynx is widespread, with carriage rates being especially high in children [91–93]. There is also clear evidence of spread among families [94], and colonization by multiple pneumococcal capsular types has also been reported [91]. Some serotypes are particularly associated with disease in children [95] or adults [96]) and others with carriage [97] or HIV infection [98]. However, it is only just becoming apparent that among isolates associated with invasive disease there are important virulent pneumococcal clones that are responsible for many cases of disease around the world [8] and that these clones are also frequently carried asymptomatically [7]. There is clear evidence from population genetic analysis that the pneumococcal chromosome is at linkage equilibrium, that is, freely recombining, and that recombination by transformation and possibly transduction may introduce blocks of nucleotides from other S. pneumoniae strains or other species ranging in size from tens of base pairs [99] to tens of kilobase pairs [100,101]. This can result in alterations to single loci or whole operons. One therefore has to be careful in epidemiological analyses not to rely upon single markers in strain identification, especially if those markers are immunologically reactive and liable to change under the selective pressure of the human immune system. Capsular serotyping has been the cornerstone of pneumococcal epidemiology for many years. However, this is a fairly blunt instrument when trying to understand the movement and evolution of specific pneumococcal clones, especially now that serotype exchange among clones is well documented [100,102,103], and the current best estimate suggests that serotype exchange may occur among 4% to 6% of isolates [7]. Therefore, tracking the spread of prevalent susceptible or resistant clones requires the use of techniques, such as pulse field gel electrophoresis (PFGE) [104], restriction fragment end labelling (RFEL) with PBP genotyping [105] or the more recently developed multi-locus sequence typing (MLST) [8], or multi-locus restriction typing (MLRT) [7]. Clearly, transportability, access to reference strains, and composite databases are important for positive strain identification. A database also showing clonal variants is especially important for organisms, such as pneumococci, in which
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clones initially sufficiently stable to track do start to break down due to the ongoing process of recombination. Apart from tracking the clonal spread of organisms, it is also possible to examine the horizontal spread of resistance genes. This has been undertaken successfully for the dissemination of pbp genes by restriction fragment length polymorphism (RFLP) analysis of amplified pbp gene fragments [102,106], and using similar techniques for tetM [68,107].



INTERCONTINENTAL SPREAD OF RESISTANT CLONES Numerous multidrug-resistant pneumococcal clones have been identified [8], with at least five of these shown to be major pandemic clones (http://spneumoniae.mlst.net; http://www.sph.emory.edu/PMEN/pmen_ww_spread_clones.html). The oldest and most prevalent is pandemic or Spain23F-1. This clone has been reported in 42 countries (Figure 10.1) across all continents. Isolates of this clone are usually resistant to a wide range of anti-pneumococcal drugs, including tetracyclines, co-trimoxazole, chloramphenicol, and often macrolides. MICs for penicillin are generally 1 to 2 mg/L [108], but may reach 8 mg/L [109,110]. Originally of serotype 23F this clone has acquired at least eight distinct capsular type variants: 3 [111], 6B [109], 9V [108,111], 7 [112], 11 (http://spneumoniae.mlst.net), 14 [109,111,113–115], 19A (http:// spneumoniae.mlst.net), and 19F [102], with 19F being the most prevalent variant reported [71,108,111,113–118]. The early spread of the Spain23F-1 clone from Spain to the United Kingdom (Figure 10.1) was highly correlated to holidaymakers returning from Spain. Each year approximately 52 million people visit Spain as a holiday destination plus a large number of migrant workers. Together these most likely represent the predominant means by which clones originating in Spain have spread worldwide. It is not clear whether major international sporting events, such as the 1992 Barcelona Olympics, further contributed to this. However, there is clear evidence of other pathogens spreading during crowded international gatherings, such as the hajj in Mecca, which resulted in an outbreak of meningococcal disease, and measles at the International Special Olympic Games in the United States [119]. Given that the population of Barcelona is approximately 1.5 million and that the tickets sold for the 1992 Barcelona Olympic Games totalled three million (http://www.olympic. org/uk/organisation/facts/programme/ticketing_uk.asp), it would not be surprising that the close proximity of different nationalities at this event may well have played some role in the global transmission of the Spain23F-1 clone illustrated in Figure 10.1. Second in temporal sequence of isolation is the multidrug-resistant Spain6B-2 clone [116]. This clone spread across Western Europe at the end of the 1980s and the beginning of the 1990s [110,116,120,121], and is now present in North and South America [112,122–124], Asia [118,125], and Australia (http://spneumoniae.mlst.net). The third multidrug-resistant pandemic strain is the major penicillin-resistant Spain9V-3 clone. This strain was originally intermediately susceptible to penicillin and additionally resistant to co-trimoxazole; however, by the mid-1990s, members of this clone had acquired resistance to macrolides and chloramphenicol. It is now also clear that serotype 14 variants of this clone are widely distributed in France [110], Denmark, Spain, Uruguay [100], Poland [100,126], Portugal [127], the Netherlands
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FIGURE 10.1 International spread of pandemic multidrug-resistant Streptococcus pneumoniae clone Spain23F-1. Dots indicate the year of the strain appearance in a particular country (timeline at the top and the bottom of the graph). Asterisks indicate countries where single locus variants of the dominant Spain23F-1 type ST81 (but not ST81 itself) were identified by MLST. Squares show cumulative number of countries (right Y-axis) in which presence of the clone was reported up to the particular year. Countries in alphabetical order: Argentina [153], Australia (http://spneumoniae.mlst.net), Brazil [112], Bulgaria [76], Canada [154], Chile [155], Colombia [128], Croatia [117], Czech Republic (http://spneumoniae.mlst. net), Denmark (http://spneumoniae.mlst.net), Egypt (http://spneumoniae.mlst.net), Finland (http://spneumoniae.mlst.net), France [156], Germany [121], Greece [113], Hong Kong [115], Hungary [121], Iceland [157], Italy [71], Japan [158], Malaysia [158], Mexico [159], New Zealand [160], Norway (http://spneumoniae.mlst.net), Poland [126], Portugal [131], Singapore [158], Spain [116], Sri Lanka [161], Russia (http://spneumoniae.mlst.net), South Africa [116], South Korea [117], Sweden [162], Switzerland (http://spneumoniae.mlst.net), Taiwan [158], Thailand [132], Turkey [163], the Netherlands [164], Uruguay [165], United Kingdom [102], United States [4], and Vietnam [166].



[113], Mexico [109], and Colombia [128]. 23F variants of this clone have been described in Germany [121], and 11A in Israel [129]. Presence of the Spain 9V-3 has been reported on all continents except Australia (http://www.sph.emory.edu/PMEN/ pmen_ww_spread_clones.html). Intercontinental spread of at least two other clones indicate their pandemic potential, namely England14-9 [130] reported thus far in five European countries, the United States, Argentina, and Australia, and Taiwan19F-14 [118] reported in three
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Asian countries, South Africa, the United Kingdom, Greece, the United States, and Australia (http://www.sph.emory.edu/PMEN/pmen_ww_spread_clones.html). Despite the fact that there is some degree of similarity observed in resistance profiles of particular pandemic clones, different genes or even mechanisms of resistance might be responsible for similar phenotypes. For example, among the Spain23F-1 clone isolates collected in the United States in 1996 to 1997, both ermB and mefE genes coding for macrolide resistance were observed [114]. Isolates of MLSB and M phenotypes were observed among Taiwanese PNSP of the same clone isolated in 1996 to 1997 [118]. Moreover, early Bulgarian [76], Italian [71], and Portuguese [113,127,131] isolates of this pandemic clone were susceptible to macrolides. This might indicate that antibiotic resistance profiles vary in particular clones, rather than exhibiting an immutable pandemic pattern. Fluidity in resistance profile would enable strains to respond to local or national variations in prescribing policy. There are also several currently more geographically restricted national clones of multidrug-resistant pneumococci (http://www.sph.emory.edu/PMEN/pmen_ww_ spread_clones.html), most of them expressing intermediate susceptibility to penicillin [108,126–128,132]. One of the best described is the 19A Hungarian clone [121,133], which has been responsible for one of the highest frequencies of resistance to penicillin observed worldwide [134]. Perhaps surprisingly, the spread of this clone appears to have been restricted to the Czech Republic [133]. This was possibly due to the socio-economic situation in Europe prior to the end of the 1980s, when traveling and mass migration were restricted in former Eastern Bloc countries. Multidrug resistance in pneumococci is not only observed in PNSP. Penicillinsusceptible serotype 3 strains that are resistant to macrolides, lincosamides (MLSB phenotype) and tetracyclines have been isolated in South Africa [135], and penicillinsusceptible serogroup 6 strains resistant to macrolides and lincosamides, tetracyclines, co-trimoxazole, and chloramphenicol have been isolated in Greece [136]. Penicillin-susceptible, multiply-resistant serotype 5, 6, 11, and 23 strains have also been isolated in Colombia [137], Portugal [127], and Hong Kong [138].



PREVALENCE OF PNSP WORLDWIDE Lack of susceptibility to penicillin is the most often analyzed mechanism of resistance in pneumococci, and for this reason, it is an accepted marker of overall nonsusceptibility despite the fact that it is not always a dominating mechanism of resistance. Analysis of reports for which data for more than three different antimicrobial group drugs were available revealed that lack of susceptibility to penicillin was only the third most common mechanism of resistance, after lack of susceptibility to tetracycline or co-trimoxazole. A compilation of published data for the prevalence of PNSP in 96 countries is presented in Figure 10.2. A map for the year 1999 published in the first edition of this book [139] presents data collected mostly in the 1990s. The map for the year 2007 presents data published since then, with the exception of Bangladesh, Papua New Guinea, Pakistan, Serbia, and Zambia, for which no new reports were available. Surveys did not necessarily cover the same period. When more than one source of data was available for the particular country, the most recent or largest dataset is cited. Results for invasive pneumococcal diseases had priority over non-invasive and
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FIGURE 10.2 The worldwide prevalence of penicillin-nonsusceptible pneumococci (PNSP, penicillin MIC >0.1 mg/L). Countries shown in light gray represent those with 2000 μg/mL) from a highly susceptible parent strain lacking pbp5 (MIC, 0.06 μg/mL). Examination of the peptidoglycan produced demonstrated that the native d-Ala → d-Asp-l-Lys (or d-Asn-l-Lys) crosslinks, formed by dd-transpeptidases that are inhibited by penicillin, had been completely replaced in the mutant by l-Lys → d-Asp-l-Lys (or d-Asn-l-Lys) crosslinks formed by a penicillin-insensitive ld-transpeptidation reaction. Study of mutants derived by step-wise selection demonstrated that the native peptidoglycan was gradually replaced by the novel crosslinks [38]. The ldtranspeptidase could be detected in the parent as well as in the mutants; however, resistance was accompanied by the appearance of large amounts of the tetrapeptide precursors for the ld-transpeptidation. This suggested that a β-lactam-insensitive dd-carboxypeptidase that was not detectable in the parent determined the extent to which novel crosslinks were formed [38]. This enzyme would cleave the terminal d-Ala from the usual pentapeptide substrate for dd-transpeptidation, tipping the balance toward the penicillin-insensitive cell wall components. PBPs of the highly ampicillin-resistant mutant and their affinities for β-lactams were similar to those of the parent strain. Homologs of the ampicillin-insensitive ld-transpeptidase, designated Ldtfm, were detected in other Gram-positive species, including E. faecalis and Bacillus anthracis [39]. The crystal structure of a catalytically active fragment of this transpeptidase has been reported [40].
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β-Lactamase Production Investigators have long searched for β-lactamases as an explanation of the relative resistance of enterococci to penicillins. β-Lactamase-producing E. faecalis were first identified in the early 1980s in Texas and Pennsylvania [41,42] but are very rare. Isolates have also been characterized from elsewhere in the eastern United States, Argentina, and Lebanon [43,44]. A single isolate of a β-lactamase-producing E. faecium was detected in a medical center in Virginia where β-lactamase-producing E. faecalis were endemic [45]. More recently, a β-lactamase-producing E. faecalis isolate was recovered in Australia, [46] and β-lactamase-positive isolates of both E. faecalis and E. faecium were reported from a liver transplant center in China [47]. Exactly why β-lactamase-producing enterococci remain so uncommon is not clear because large outbreaks of colonization or infection or both have been reported [48,49]. These isolates cannot be detected reliably by susceptibility testing to penicillin or ampicillin. The level of β-lactamase produced is low, so that MICs determined under standard testing conditions will usually not exceed those of nonβ-lactamase-producing isolates. High inoculum testing can demonstrate a large increase in the MIC of these penicillins [42]; however, direct detection of the β-lactamase by nitrocefin hydrolysis is preferred. Initial studies with β-lactamase-producing enterococci showed that the β-lactamase gene, blaZ, was of staphylococcal origin, and typically on transferable plasmids that also encoded high-level gentamicin resistance [50–52]. Enterococci express the β-lactamase gene constitutively. This has been attributed for the most part to absence or alteration of the regulatory genes found in staphylococci. However, transfer of genes from a strain of E. faecalis that constitutively produced enzyme despite having intact regulatory genes, resulted in inducible expression of the enzyme in a staphylococcal recipient, suggesting that additional, unknown host factors influence β-lactamase production [52,53]. β-Lactamase genes have been located on the chromosome of several E. faecalis isolates [54]. Rice et al. [55] determined that blaZ was on an approximately 65-kb chromosomal composite element, Tn5385, containing transposons and insertion sequences (of both staphylococcal and enterococcal origins) and encoding resistance to erythromycin (ermAM), tetracyclines [tet(M)], mercury (merRAB), streptomycin (aadE), and gentamicin (aac6′-aph2″). The first reported β-lactamase-producing E. faecalis from Houston, as well as isolates from hospital outbreaks in Virginia and North Carolina, belong to a clonal cluster that also includes the first vancomycin-resistant E. faecalis detected in the United States, and a number of other highly pathogenic clinical isolates [56]. β-Lactamase-producing E. faecalis recovered in Connecticut and Argentina belong to an unrelated clonal group, while the lineage of strains from Boston and Lebanon appears unrelated to either [56].



GLYCOPEPTIDES The glycopeptides provide important alternatives to penicillins for patients intolerant of those agents or who have infections due to enterococci that are resistant to the penicillins. In the mid-1980s, reports of enterococci demonstrating resistance to
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vancomycin began to emerge, primarily as nosocomial pathogens. A decade later, more than 15% of U.S. nosocomial bloodstream isolates of enterococci were vancomycin resistant [57]. The National Nosocomial Infections Surveillance System reported that in 2003, 28.5% of enterococci recovered from infections in patients hospitalized in U.S. intensive care units were vancomycin resistant [6]. An independent surveillance project of hospital laboratories across the United States undertaken in 2004 reported that 72% of E. faecium isolates were by that time resistant to vancomycin [58]. Certain strains of VRE appear to be particularly well suited to persist within healthcare institution environments. In the mid-1990s, within months of its introduction into a Boston hospital from an affiliated medical center where it had been endemic, one clonal type of VRE became dominant over the dozen or so strains circulating at the time [59]. Multi-locus sequence typing studies have shown that vancomycin-resistant E. faecium belonging to a globally distributed clonal lineage (designated clonal complex-17) appear to be particularly well adapted to the hospital environment [60]. These organisms are characterized by ampicillin resistance and by the presence of a putative pathogenicity island. The appearance of VRE in hospitals has major repercussions on health care resources [61,62]. Environmental contamination of the hospital environment can be extensive. Some hospital rooms become so widely contaminated that extraordinary cleaning procedures (e.g., taking up to four hours) are necessary to decontaminate a vacated room successfully, in order to minimize the risk of VRE acquisition by subsequent occupants [63]. Some patients who acquire VRE may harbor these organisms in their gastrointestinal tracts for years [64]. Phenotypic Descriptions of Glycopeptide Resistance Classes Glycopeptide resistance in enterococci results from modification of peptidoglycan precursors, such that effective binding by the glycopeptide with resulting inhibition of cell wall synthesis is prevented. Following early reports describing VRE, phenotypic classification schemes were developed based on species identity and levels of resistance to vancomycin and teicoplanin [65]. The VANA phenotype described isolates with inducible, high-level (MIC typically greater than 64 μg/mL) resistance to vancomycin and resistance to teicoplanin. These were generally E. faecium or E. faecalis. The VANB designation was applied to strains of these species that were resistant to vancomycin, but susceptible to teicoplanin [65]. Although vancomycin MICs were generally lower than those of VANA strains, the range was broad (4 to >1000 μg/mL), sometimes overlapping the MIC range of susceptible isolates [66]. Limitations of phenotypic classification schemes soon became evident. For example, mutants derived from VANB enterococci were described that had become resistant to teicoplanin [67]. Such isolates thus resembled VANA strains. Enterococcus gallinarum and Enterococcus casseliflavus, which inherently display low-level resistance to vancomycin and remain susceptible to teicoplanin, comprised the VANC phenotype. Isolates of these species can, however, acquire additional vancomycin resistance genes, which result in phenotypes consistent with VANA or VANB [68–70].
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Genotypic Classification of Glycopeptide Resistance A concise description of vancomycin resistance mechanisms in enterococci and their genotypic classification is presented in a recent review by Courvalin [71]. Resistance Associated with the vanA Determinant Leclercq et al. [72,73] described the plasmid-borne resistance determinant Tn1546, responsible for vancomycin and teicoplanin resistance in an isolate of E. faecium. This transposon is capable of transfer from donor strains (of animal origin) to recipient strains of human origin in the intestines of human volunteers [74]. Resistance has now been shown to result from the cooperative effects of several enzymes mediated by genes carried on this transposon. The vanA gene encodes production of a ligase that results in the synthesis of d-alanine-d-lactate. As d-Ala-d-Lac becomes incorporated into peptidoglycan precursors in preference to d-Ala-d-Ala, the resulting pentadepsipeptide has 1000-fold lower binding affinity for vancomycin than does the usual peptidoglycan precursor terminating in d-Ala-d-Ala [75]. d-Lactate for this reaction is derived from pyruvate through the action of a dehydrogenase encoded by the vanH gene. The d,d-dipeptidase encoded by vanX reduces levels of d-alanined-alanine formed by the native enterococcal ligase. Transcription of the vanHAX operon is under control of a two-component regulatory system comprised of a histidine kinase sensor (VanS), which modulates phosphorylation of a transcriptional regulator (VanR); these are encoded by vanS and vanR genes of the transposon [75–81]. Cleavage of terminal d-alanine by a d,d-carboxypeptidase, VanY, further reduces the availability of glycopeptide-inhibitable pentapeptide target that might be formed and contributes to resistance [82]. Finally, the vanZ gene of Tn1546 can confer low-level resistance to teicoplanin, but mechanisms involved remain elusive [83]. The origins of these vancomycin resistance gene clusters are unknown [71]. They may have evolved from the self-protective mechanisms of glycopeptideproducing bacteria [84,85] or originated in other bacterial species. A gene cluster homologous with the vanA gene cluster (designated vanF and including vanH, X, Y, Z, R, and S homologs) has been found in Paenibacillus popilliae, a biopesticide used in the control of Japanese beetle larvae [86,87]. These genes have been detected in stored samples of these highly vancomycin-resistant organisms (MIC, >1000 μg/ mL) that antedate the clinical introduction of vancomycin. A sequence upstream of vanRF showed 95% identity with portions of the Tn1546 transposase [87]. Gene clusters with homology to VanA (or VanB) of enterococci have been discovered in other Paenibacillus spp. and in Rhodococcus spp. and other organisms [88,89]. Resistance Associated with the vanB Determinant The vanB gene cluster also results in production of peptidoglycan precursors terminating in d-alanine-d-lactate, to which vancomycin binds poorly. Three alleles of vanB have been described based on nucleotide sequences [90]. Genes homologous with vanH and vanX are designated vanHB and vanXB; vanYB is found in some isolates [71]. Unlike VanR–VanS, the VanRB–VanSB regulatory system is not inducible by teicoplanin [91]. However, mutations in the regulatory system can result in resistance to teicoplanin [92,93]. There are no genes homologous with vanZ, but another gene of unknown function, vanW, is present [91].
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Resistance determinants of the VanB type can be plasmid mediated, but have also been found on large, mobile chromosomal elements [55,94,95]. A 27-kb vanB transposon, Tn5382, has been found to be genetically linked to pbp5 in E. faecium [35]. The vanB and pbp5 genes, conferring vancomycin and penicillin resistance, were shown to be co-transferred from several VanB strains into recipients strains by conjugation [36]. Close linkage between Tn5382 and pbp5 was demonstrated in 30 of 32 vancomycin-resistant E. faecium from Taiwan. These strains were of diverse pulsed-field gel electrophoresis (PFGE) types [96]. Grayson’s group has detected VanB operons in several species of vancomycinresistant Gram-positive intestinal anaerobes, carried on elements similar to enterococcal transposons Tn5382 or Tn1549 [97,98]. Conjugal transfer of a vanB2 Tn1549-like element from Clostridium symbiosum into both E. faecium and E. faecalis could be demonstrated in the gastrointestinal tracts of gnotobiotic mice [99]. This work suggests the possible role of anaerobic gut flora as an additional reservoir of vancomycin resistance genes. Resistance Associated with the vanC Determinant Low-level resistance to vancomycin, with susceptibility to teicoplanin, results from the presence of VanC-type resistance determinants intrinsic to E. gallinarum (vanC-1) and E. casseliflavus (vanC-2)/Enterococcus flavescens (vanC-3) [100]. The mechanisms involved have recently been reviewed by Reynolds and Courvalin [101]. The VanC gene cluster differs from those of VanA and VanB in several respects. The altered target consists of peptidoglycan precursors terminating in d-alanine-d-serine (in contrast to d-alanine-d-lactate), which also demonstrates reduced binding affinity for vancomycin [102]. The cluster also contains a gene encoding a serine racemase, VanT, which ensures the availability of sufficient amounts of d-serine substrate for the VanC ligase [103]. E. gallinarum BM4174 contains not only the ligase encoded by vanC and a native d-Ala-d-Ala ligase, but also a second ligase with d-Ala-d-Ala activity, encoded by ddl2 present on the gene cluster; the role of this third ligase is uncertain [104]. Another difference between the VanC gene cluster and those of VanA and VanB is that the (VanX) d,d-dipeptidase and the (VanY) d,d-carboxypeptidase functions of the latter are assumed by a single protein, VanXYC, encoded by vanXYC [105]. Regulatory genes vanRC and vanSC are present. Resistance may be inducible or constitutive, the latter most likely resulting from amino acid substitutions in VanSC [106]. E. gallinarum or E. casseliflavus, species with intrinsic VanC resistance mechanisms, can also acquire vanA or vanB resistance genes [107–110]. If this occurs, higher levels of resistance to glycopeptides than is characteristic for VanC species is likely to be observed. E. gallinarum and E. casseliflavus/flavescens are less commonly recognized as human pathogens than are E. faecalis or E. faecium. Nevertheless, both groups are occasionally isolated from bloodstream infections, biliary tract sepsis, or infections associated with medical interventions [111–115]. vanD and beyond Additional gene clusters that confer glycopeptide resistance in enterococci have been discovered. A protocol to detect vanA-vanE and vanG ligase genes by
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multiplex PCR has been described [116]. The VanD cluster, like VanA and VanB, results in peptidoglycan precursors terminating in d-alanine-d-lactate and has been found in both E. faecalis and E. faecium [71]. Alleles of vanD have been described in clinical isolates [117]. Descriptions of early isolates of E. faecium reported MICs of vancomycin ≥64 μg/mL, and moderate resistance to teicoplanin (MICs, 4 μg/mL) [118,119]. E. faecalis strains more recently characterized were less resistant to vancomycin (MICs, 16 μg/mL) and were susceptible to teicoplanin [120]. vanD has also been found in a highly vancomycin-resistant isolate of E. gallinarum (MIC, 256 μg/mL) [121]. The VanD cluster contains genes vanHD, vanXD, and vanYD like those in VanAtype strains, but there is no gene homologous with vanZ [120]. The activity of VanXD is variable; however, d,d-dipeptidase activity appears to be of less importance here because several strains examined produced non-functional intrinsic ddl ligases. The observation that these strains grow in the absence of glycopeptide induction can be attributed to mutations, deletions or insertions in the vanSD gene of the VanSD-VanRD regulatory system, resulting in constitutive expression of resistance [120]. In contrast to the penicillin-insensitive d,d-carboxypeptidases of the VanA and VanB clusters, VanYD is a penicillin-inhibitable enzyme localized to the cell membrane (a PBP), saturated at penicillin concentrations 99% of the detectable peptidoglycan precursor. The authors found peptidoglycan crosslinks between l-Lys (the third amino acid attached to UDP-MurNAc) of one stem peptide and the d-iso-aspartyl or d-iso-asparaginyl side chain (attached to the l-Lys3) of another stem peptide, reflecting the activity of the glycopeptide-insensitive l,d-transpeptidation reaction [128].



RESISTANCE TO LIPOPEPTIDE ANTIBIOTICS In the United States, daptomycin was approved in 2003 for treatment of complicated skin and skin structure infections caused by a number of pathogens, including vancomycin-susceptible E. faecalis. The mechanisms of action of this cyclic lipopeptide antibiotic are not fully understood. However, the initial effects of daptomycin appear to result from its insertion into the bacterial cell membrane in a calcium-dependent process, formation of oligomers that disrupt membrane integrity, and subsequently depolarization of the bacterial cell [129]. From a large collection of clinical isolates, MIC90s of daptomycin against E. faecalis and E. faecium were 2 and 4 μg/mL, respectively [130]. Since the introduction of daptomycin into clinical practice, there have been isolated reports of clinical failure with off-label use of the drug. Some of the enterococci recovered in this setting demonstrated decreased susceptibility to daptomycin. For example, from one patient treated with daptomycin and amikacin for a bloodstream infection caused by a daptomycin-susceptible E. faecalis (MIC, 1 μg/mL), a nonsusceptible (MIC, 16 μg/mL) isolate was recovered that was indistinguishable from the initial strain by PFGE [131]. From another patient, a daptomycin non-susceptible E. faecium (MIC, ≥32 μg/mL) was recovered from blood cultures after treatment with daptomycin; the isolate was highly related by PFGE to an antecedent, susceptible urinary isolate (MIC, 2 μg/mL) [132]. Mechanisms of resistance to daptomycin have not yet been reported in enterococci. Studies in staphylococci suggest that mutations predicted to affect cell membrane composition, with the potential to influence activity of cationic antibiotics, are the first to appear in the step-wise selection of mutants with elevated daptomycin MICs [133].
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RESISTANCE TO AGENTS ACTING ON THE BACTERIAL RIBOSOME AMINOGLYCOSIDES As single agents, the aminoglycosides lack useful activity against enterococci. Nevertheless, they constitute a critical component of regimens designed to achieve the bactericidal action sought for treatment of enterococcal endocarditis [3]. Enterococci are typically tolerant of the bactericidal effects of cell wall-active agents, such as penicillins and glycopeptides [2]. As a result, administration of penicillin alone in earlier years produced only modest results in the treatment of enterococcal endocarditis [134]. The observation that empirical therapy with penicillin together with streptomycin resulted in surprisingly favorable results was subsequently validated by several clinical studies (later with gentamicin instead of streptomycin). As a result, combination regimens consisting of a cell wall-active agent and an aminoglycoside have now become standard for the treatment of enterococcal endocarditis [3]. Such combinations result in synergistic killing, which can be demonstrated by time-kill studies in vitro. Experiments carried out more than 35 years ago showed that the otherwise limited intracellular uptake of aminoglycosides by enterococci can be substantially enhanced in the presence of a cell wall-active agent, allowing the former to reach intracellular concentrations lethal to the bacterium [135]. Resistance to Synergistic Killing The synergistic bactericidal effect of penicillin-aminoglycoside combinations is dependent upon the ability of the latter to interact with the bacterial ribosome, perturbing its function. Resistance to the bactericidal action of the aminoglycosides can result from target insensitivity (streptomycin) or from the presence of enzymes that modify the drugs (streptomycin or 2-deoxystreptamine aminoglycosides). Such enzymes modify aminoglycosides by adenylylation, acetylation, or phosphorylation. Aminoglycoside-modifying enzymes have been the subject of a recent review [136]. Although streptomycin is uncommonly used for treatment of enterococcal infections today because the drug is not affected by mechanisms that inactivate gentamicin or other 2-deoxystreptamines, it is sometimes useful when there is resistance limited to the more commonly used agents. High-Level Resistance to Streptomycin Some enterococci were discovered to be so highly resistant to streptomycin (MICs, >2000 μg/mL) that even exposed to the drug in combination with penicillins, synergistic killing was not achievable. Laboratory mutants exhibiting high-level streptomycin resistance were shown to be resistant to synergistic killing even though uptake of streptomycin was enhanced in the presence of penicillin [135]. Ribosomal resistance to streptomycin explains resistance to synergism among some clinical isolates of E. faecalis. Ribosomal polypeptide synthesis by crude 30S extracts obtained from two such isolates was hardly affected by streptomycin at concentrations as high as 100 μg/mL; in contrast, concentrations as low as 1 μg/mL inhibited synthesis by ribosomes from a normally susceptible strain [137]. For six isolates of E. faecalis proven or suspected to be ribosomally resistant to the drug, streptomycin MICs were 128,000 μg/mL [137].
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The presence of aminoglycoside-modifying enzymes is, however, a more common mechanism of resistance to streptomycin. Expression of streptomycin adenylylating enzymes typically results in streptomycin MICs of 4000 to 16,000 μg/mL [137,138]. The gene aadE encodes the enzyme ANT(6)-I that confers resistance to streptomycin [139]. Another gene, aadA, that was previously recognized in S. aureus and E. coli and more recently confirmed in enterococci, encodes the enzyme ANT(3″)-Ia (alternatively called ANT(3″) [9]), which confers resistance to both streptomycin and spectinomycin [138,140]. An adenylylating enzyme with 80% amino acid identity to ANT(6)-I and 13.9% identity to ANT(3″)-Ia was encountered in an isolate of E. casseliflavus, and subsequently detected in E. faecium; this was identical to an enzyme previously reported in Lactococcus [141]. Enzymes That Modify 2-Deoxystreptamine Aminoglycosides Resistance to high levels of kanamycin (MICs, >2000 μg/mL) with loss of penicillin–kanamycin synergism was already common by the 1970s [142]. Resistance was caused by phosphorylation at the 3′-OH position of the aminoglycoside by the action of APH(3′)-IIIa [143]. Modification of amikacin by this enzyme has a curious result: the MIC is little affected (i.e., there is no high-level resistance), but any killing effect is lost; thus, amikacin may actually antagonize whatever killing may result from the penicillin alone [143,144]. Examination of more than 500 enterococcal isolates from patients at the Sapporo Medical University Hospital in Japan collected from 1997 to 2003 found aph(3′)-IIIa in approximately 50% of E. faecalis and 60% of E. faecium [145]. Tobramycin, which lacks the 3′-OH group, is not phosphorylated by the enzyme. Modification of kanamycin, tobramycin, and amikacin, with resistance to synergistic killing in the presence of a cell wall-active agent, can also arise from the action of a 4′,4″-nucleotidyltransferase, ANT(4′)-Ia [146]. Both aph(3′)-IIIa and ant(4′)-Ia can be found on transferable elements. Neither enzyme generated affects the potential synergistic activity of gentamicin. An aminoglycoside acetylating enzyme, AAC(6′)-Ii, is chromosomally determined and present in E. faecium uniquely, although produced in low concentration, which does not necessarily result in high-level resistance [142,147]. The enzyme modifies kanamycin and tobramycin; thus, E. faecium are considered resistant to synergism by combinations involving these aminoglycosides. Although amikacin contains a 6′-amino group that is in principle susceptible to modification, this group is protected by the molecule’s bulky 2-aminohydroxybutyryl moiety, and thus (in the absence of other enzymes) can participate in synergistic killing [142]. The C1 component of gentamicin is not acetylated by this enzyme; as a result, the clinical preparation of gentamicin retains the capacity for synergistic killing of E. faecium [147]. Other genes encoding aminoglycoside acetyltransferase activity have been encountered in E. hirae [designated aac(6′)-Iih] and in E. durans [designated aac(6′)-Iid]. At the amino acid level, these sequences shared 65% and 68% identity with AAC(6′)-Ii [148]. Like the latter, their presence precluded synergy between penicillin and kanamycin or tobramycin, but did not affect the synergistic activity of gentamicin. These genes were not detected in strains of E. faecalis or E. faecium examined. Because gentamicin resists inactivation by the aforementioned modifying enzymes, it remained for many years the aminoglycoside in widest use to achieve
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synergistic killing of enterococci, irrespective of species and enzyme complement. In 1979, however, Horodniceanu et al. [149] reported high-level gentamicin resistance in E. faecalis from France. Within a decade of this description, in some U.S. healthcare institutions more than 25% of isolates displayed high-level resistance [150]. High-level resistance to gentamicin was first observed in E. faecium in Boston in 1988 [151]; over the next two years, more than 60% of E. faecium isolates demonstrated this trait [26]. High-level gentamicin resistance resulted from a single enzyme with both 2″-phosphorylating and 6′-acetylating activities [152]. This broad-spectrum enzyme can modify all 2-deoxystreptamine aminoglycosides available in the United States [153]. The result is that none of these drugs serves as an effective component of regimens intended to achieve bactericidal synergism when the enzyme is produced. The bifunctional enzyme is encoded by a gene, designated aac(6′)-Ie-aph(2″)-Ia [140], which has now been found in several enterococcal species and in isolates recovered from human samples, animal sources, and from food [151,154,155]. The gene is transposon-encoded and has been demonstrated in chromosomal elements as well as on diverse plasmids [54,156–160]. Although the aac(6′)-Ie-aph(2″)-Ia gene is by far the most common determinant of high-level gentamicin resistance (defined by MIC > 500 μg/mL), other phosphotransferases have now been implicated in a smaller proportion of isolates [140]. The gene aph(2″)-Ib was detected in a strain of E. faecium resistant to high levels of gentamicin and to synergistic killing by ampicillin–gentamicin combinations [161]. The gene was present in 5% of 121 high-level gentamicin resistant enterococci from Detroit hospitals, but five of the six isolates were clonal. In nine E. faecium studied, aph(2″)-Ib was found in close proximity to an acetyltransferase, aac(6′)-Im [162]. Crude extracts prepared from E. coli into which this gene had been cloned revealed acetyltransferase activity against kanamycin, tobramycin, and amikacin, but not gentamicin [162]. The contribution of this enzyme to clinically important aminoglycoside resistance in enterococci is uncertain. APH(2″)-Ic was originally detected in E. gallinarum, but is also found in E. faecalis and E. faecium [155,163]. Although the presence of this enzyme negates ampicillin–gentamicin synergistic killing, gentamicin MICs may only reach 256 to 512 μg/mL, so resistance may escape detection by standard screening tests [163,164]. On the other hand, because amikacin retains synergistic potential against some isolates with this enzyme [164], isolates with faint growth in screening concentrations of gentamicin may be incorrectly assumed to possess aac(6′)-Ie-aph(2″)-Ia and to be resistant to synergy with all 2-deoxystreptamines, including amikacin [140]. APH(2″)-Id, initially observed in E. casseliflavus, produced high-level resistance to kanamycin, tobramycin, and gentamicin, but not to amikacin [165]. The aph(2″)-Id gene is also found in E. faecium [155]. Although synergistic killing by ampicillin plus amikacin was seen in the E. casseliflavus isolate, this was not the case for two E. faecium isolates [165]. Another phosphotransferase gene, aph(2″)-Ie, conferring high-level gentamicin resistance in E. faecium [145] and E. casseliflavus [141], has been reported from Japan and China, respectively. Vakulenko et al. [166] have described a multiplex PCR for the detection of six aminoglycoside-modifying enzyme genes from lysed colony suspensions of enterococci.



9190_C011.indd 267



10/31/2007 4:31:26 PM



268



Bacterial Resistance to Antimicrobials



Other Mechanisms of Resistance to Gentamicin Synergism Moellering et al. [167] reported resistance to penicillin–gentamicin bactericidal synergism for an isolate of E. faecalis that was relatively susceptible to gentamicin (MIC, 8 μg/mL) and which lacked detectable aminoglycoside-modifying enzymes. The patient from whom the isolate was recovered had relapsed after two courses of ampicillin plus gentamicin for treatment of enterococcal endocarditis, but was subsequently cured with a regimen of ampicillin plus tobramycin (MIC, 16 μg/mL). Time-kill studies in vitro confirmed bactericidal synergism for penicillin combined with tobramycin, but not gentamicin. Penicillin exposure enhanced the uptake of radiolabeled tobramycin, but not gentamicin. These results, together with the observation of unusually small colonies on agar, led the authors to consider a defect in aminoglycoside uptake specific to gentamicin [167]. Studies by Aslangul et al. [168,169] also point to the likelihood of impaired gentamicin uptake in E. faecalis passaged in vitro on gentamicin. They were able to select mutants with gentamicin MICs up to 400 μg/mL. For the most resistant mutant in the series, synergism could be shown between amoxicillin and gentamicin only with very high (i.e., not clinically achievable) concentrations of gentamicin, and the combination did not show an enhanced effect in an animal model. The authors excluded mutations affecting 16S rRNA or the ribosomal protein L6, and they excluded the presence of known modifying enzymes [168,169].



MACROLIDES, LINCOSAMIDES, AND STREPTOGRAMINS Macrolides Resistance to erythromycin and other macrolide antibiotics is very common among enterococci [170]. A survey of isolates collected at European university hospitals from 1997 to 1998 determined that only 14.8% of 403 E. faecalis and 6.6% of 86 E. faecium were susceptible to erythromycin [171]. A study by Jones et al. [172] of more than 1900 enterococcal isolates recovered from laboratories across the United States in 1992 found even lower rates of susceptibility, with only 2.9% of isolates susceptible to erythromycin. However, macrolide resistance is not intrinsic to the species. Atkinson et al. [173] examined 220 enterococcal isolates that had been collected in the Washington, D.C. area in 1953 to 1954. Only six of these organisms were resistant to erythromycin: three to this drug alone, and three to both erythromycin and clindamycin. The latter three isolates yielded DNA that hybridized with a probe for erm(AM), a gene of the erm class b family of ribosomal methylases [174]. The erm(B) genes are found on a common enterococcal transposon, Tn917, that has been detected in both plasmid and chromosomal locations [175–177]. Similar elements (Tn917-like) have been detected as components of large, transferable, chromosomal multidrug resistant elements in enterococci [55,178]. Using primers for erm(B), Portillo et al. [179] found evidence for this determinant in 39 of 40 enterococci from Spain with erythromycin MICs > 128 μg/mL; the one highly resistant isolate lacking erm(B) amplified with primers for the related gene, erm(A). Expression of erm genes in enterococci is inducible in some isolates. Alterations in the regulatory leader sequence have been found in other isolates with constitutive
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expression of the enzyme [180]. In one isolate of E. faecalis, a single amino acid change in the leader peptide of a ribosomal methylase gene led to the unusual situation that induction by the 16-membered macrolide tylosin was stronger than that by erythromycin [181]. In various Gram-positive bacteria, macrolide resistance (without resistance to lincosamides or to streptogramin A compounds) results from efflux mediated by mef genes [174]. Luna et al. [182] examined 32 erythromycin-resistant enterococcal isolates using DNA probes for mef and erm(B) genes. Nineteen percent were positive for erm(B) and 22% hybridized with mef; none was positive for both, and the remaining isolates hybridized with neither probe. As with S. pneumoniae carrying the mefE gene, levels of resistance to erythromycin were modest (MICs, ≤16 μg/mL) in the mef-positive enterococci. The authors also demonstrated conjugal transfer of mef genes into and from E. faecalis [182]. In 2000, Portillo et al. [179] reported the presence of the gene msr(C) in all 23 E. faecium isolates examined, and in no strains representing other species. Southern hybridizations localized the genes to the bacterial chromosome, not plasmids. Although detected by primers designed for the staphylococcal gene msr(A) associated with erythromycin resistance, the sequences of msr(C) and msr(A) shared only 62% identity at the DNA level. The msr(C) gene was present irrespective of erythromycin susceptibility (MICs, ≤0.125 to >128 μg/mL). Singh et al. [183] subsequently reported the complete sequence of msr(C), confirmed its presence in all 233 E. faecium isolates but in none of the other enterococcal species examined, and demonstrated that disruption of the gene resulted in modest increases in susceptibility to 14-, 15-, and 16-membered macrolides and to quinupristin, a streptogramin B antibiotic. Further support for a role of this gene in macrolide resistance comes from studies that showed that transfer of enterococcal msr(C) into an erythromycin-susceptible (MIC, 0.25 μg/mL) S. aureus substantially increased the level of erythromycin resistance in the recipient (MICs, 16 to 64 μg/mL). E. faecium isolates, mostly from animal sources or sewage, have now been reported that lack msr(C), suggesting that while the gene is widespread in the species, it is not essential [184]. A gene encoding an amino acid sequence with 40% identity to MsrC was found in E. faecalis V583; in a microarray system, gene expression was strongly up-regulated in cells grown in the presence of erythromycin [185]. The mechanism by which MsrC contributes to macrolide resistance has not yet been established. Although the staphylococcal MsrA belongs to a family of ABC (ATP-binding cassette) transporters, the protein has no transmembrane domains, so whether drug efflux is actually involved is unclear [186,187]. Lincosamides As a species, E. faecalis is resistant to the lincosamides [188]. Among 403 isolates of this species collected in Europe in the late 1990s, only 4.4% were susceptible to clindamycin [171]. In contrast, a substantial minority of E. faecium isolates are susceptible to this drug [171,188]. Ribosomal methylase (erm) genes are prevalent among enterococci (see Macrolides section) [189]; methylation of rRNA leads to resistance to macrolides, lincosamides, and streptogramin B drugs. Constitutive expression of the enzyme due to deletions or truncations in regulatory elements could result in lincosamide resistance [180].
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Singh et al. [190] provided an alternative explanation for the characteristic resistance of E. faecalis to both lincosamides and dalfopristin (a streptogramin A antibiotic). They detected the lsa gene in 180 of 180 isolates of E. faecalis examined, and not in any of the almost 200 isolates of other species tested. Presence of lsa was associated with resistance to clindamycin, even in erm(B)-negative E. faecalis isolates; disruption of the lsa gene resulted in susceptibility to clindamycin and dalfopristin. Two clinical isolates of E. faecalis that were susceptible to clindamycin and dalfopristin were shown to have mutations that introduced stop codons into the gene sequence [191]. The predicted amino acid sequence of Lsa was similar to those of ABC transporter proteins [190]; however, the putative Lsa protein lacks evidence of transmembrane domains, and thus it is not clear that resistance is due to efflux or perhaps to other mechanisms [186]. Enzymatic modification of lincosamides as a mechanism of resistance has also been described. Bozdogan et al. [192] discovered a 3-lincosamide O-nucleotidyltransferase, which adenylates the 3-hydroxyl groups of lincomycin and clindamycin. The gene, linB, encoding production of this enzyme was detected in all 14 E. faecium strains that (among 110 isolates tested) inactivated clindamycin by Gots’ test. Streptogramins Quinupristin–dalfopristin is a combination drug consisting of semi-synthetic derivatives of natural antibiotics of the streptogramin B and streptogramin A classes, respectively. It has been approved to treat infections due to E. faecium [193]; however, isolates of E. faecalis are almost universally resistant to the drug [194]. As mentioned previously (see the section Lincosamides), the product of the lsa gene found in the latter species confers resistance to streptogramin A antibiotics [190]. Dina et al. [191] described two urine isolates of E. faecalis that were uncharacteristically susceptible to clindamycin, dalfopristin, and to quinupristin–dalfopristin. The gene sequence of lsa contained mutations that generated premature stop codons in both strains. The streptogramin A component is susceptible to inactivation by acetyltransferases, mediated by genes vat(D) (previously satA) and vat(E) (previously satG) found in enterococci from human, animal, food, or sewage sources [195–200]. Other mechanisms of dalfopristin resistance have been described in staphylococci, but not yet in enterococci. These include vga(A) and vga(B), which mediate resistance to streptogramin A compounds by putative ATP-binding cassette efflux mechanisms [201,202]. VgaA belongs to the same sub-family of ABC systems as MsrA [187]. The rRNA methyltransferase encoded by cfr results in methylation of 23S rRNA at position A2503 in the peptidyltransferase center of the ribosome, conferring resistance to chloramphenicol, lincosamides, pleuromutilins, oxazolidinones, and streptogramin A compounds in staphylococci [203]. The expression of erm(B) genes with resulting methylation of the ribosomal target confers resistance to the streptogramin B class, in addition to macrolides and lincosamides. The gene vgb, encoding a streptogramin B hydrolyzing enzyme, has been found in enterococci [204]. One isolate of E. faecium that was resistant to both vancomycin and quinupristin–dalfopristin was studied intensively. The organism contained the genes vanA, vat(D), erm(B), and vgb [205,206]. The first three of these resistance traits were co-transferred on a single plasmid.
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The two components of quinupristin–dalfopristin interact synergistically [207]. In E. faecium, resistance to quinupristin alone abolishes bactericidal activity of the drug; inhibitory activity is maintained unless the organism is resistant to dalfopristin as well as to quinupristin [208]. In pneumococci and S. aureus, mutations affecting ribosomal proteins can confer resistance to quinupristin–dalfopristin [209,210].



CHLORAMPHENICOL Although chloramphenicol is not widely used in the United States, the drug is active in vitro against many isolates of multiply drug-resistant VRE [7], and it has been employed with some success to treat enterococcal bloodstream infections and meningitis [211–215]. Susceptibility of enterococci to chloramphenicol varies by geographic region. Of more than 1000 enterococal isolates collected in the year 2000 in North America, 87% were susceptible to chloramphenicol; the same year, approximately 70% of enterococci from Europe and Latin America were susceptible [216]. A Philadelphia group noted an increase in the proportion of VRE resistant to chloramphenicol in the decade of the 1990s, from 0% to 12% [217]. Prior chloramphenicol use and prior fluoroquinolone use were risk factors for bloodstream infection with a chloramphenicol-resistant VRE. Chloramphenicol is inactivated by chloramphenicol acetyltransferases, which can be inducible, and encoded by genes on conjugative or non-conjugative resistance plasmids or on the chromosome of enterococci [177,218,219]. Lynch et al. [220] provided evidence for energy-driven efflux of chloramphenicol in E. faecalis and E. faecium, even for strains with MICs in the susceptible range.



TETRACYCLINES Resistance to tetracycline is common among enterococci. Examination of more than 3000 isolates collected between 2000 and 2004 revealed that only 38.4% were susceptible to tetracycline [221]. Resistance is most commonly associated with tet(M), usually found on the conjugative transposon, Tn916 [222,223]. By a ribosomal protection mechanism, Tet(M) confers resistance to both tetracycline and to minocycline. Tn916-like structures have been found on large chromosomal elements of E. faecium, capable of co-transferring several antibiotic resistance traits, including vancomycin and ampicillin resistance [35]. The ribosomal protection mechanism genes tet(O) and tet(S) have also been found in enterococci, but appear to be rare [224,225]. The tet(S) gene has been found on a chromosomally situated conjugative transposon in E. faecium [226]. Another mechanism of tetracycline resistance in enterococci is drug efflux [227]. Most commonly, efflux is mediated by the tet(L) gene, although tet(K) has been found [225,228]. Combinations of efflux genes with one or more ribosomal protection genes [e.g., tet(L) + tet(M) + tet(O)] have also been documented [225]. In contrast to tetracycline and minocycline, tigecycline, which is a member of the glycylcycline class, is not significantly affected by ribosomal protection or by tetracycline efflux mechanisms; it thus inhibits enterococci resistant to the earlier compounds [229]. In the collection of more than 3000 enterococcal isolates mentioned above, approximately 93% were susceptible to tigecycline [221]. Mechanisms
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accounting for the apparently reduced susceptibility of the remaining 7% of isolates have not yet been reported.



OXAZOLIDINONES Currently, only one member of this antimicrobial class, linezolid, is approved for clinical use. It is often employed for treatment of infections due to hospital-associated strains of VRE, which are typically resistant to penicillins as well as to glycopeptides. Large surveillance studies document that resistance to linezolid among enterococci is rare [58,230–233]. Nevertheless, resistance has emerged among clinical isolates, and nosocomial transmission has been well described [234–239]. This topic has been reviewed by Meka and Gold [240]. Prystowsky et al. [241] studied linezolid-resistant enterococci selected in vitro during serial passage on the antimicrobial. Resistance was selected in five of five isolates of E. faecalis, with MICs rising from 1 μg/mL to 128 μg/mL. For E. faecium, the MIC rose from 1 μg/mL to 16 μg/mL in one of five strains and from 1 μg/ mL to 8 μg/mL in two others. In the gene for 23S rRNA in the E. faecalis mutant, a G → U transversion at bp 2576 was documented, and in the most resistant E. faecium mutant a G → A transition at bp 2505 was seen. Both of these mutations are in domain V of the ribosomal peptidyltransferase center. Among clinical isolates of linezolid-resistant E. faecium, however, the point mutation at bp 2576 is the one that has been observed [236,242–247]. Enterococci contain multiple copies of 23S rRNA genes, and examination of clinical isolates of E. faecalis with varying degrees of resistance to linezolid has demonstrated a rough correlation between the proportion of copies bearing a G2576T mutation and the level of oxazolidinone resistance [243]. Rather than representing independent mutational events, the presence of multiple copies of the mutant gene is thought to result from gene conversion, that is, the exchange of mutated copies for wild-type copies under selective antimicrobial pressure. To test this hypothesis, Lobritz et al. [248] attempted to select linezolid-resistant mutants from a strain of E. faecalis and from a related, recombination-defective strain. From the recombinationproficient strain, mutants were easily derived with four of four copies of the 23S rRNA gene demonstrating a point mutation at bp 2576. The resulting linezolid MIC of the mutants was 128 μg/mL. From the recombination-defective strain, growth was achieved only on linezolid concentrations of 8 μg/mL or less. A point mutation, G2505A, was present in only one copy of the 23S rRNA gene, indicating that in this setting of defective recombination, the mutated copy could not serve as a template to increase the proportion of resistant copies by gene conversion. Woodford et al. [249] used real-time PCR to detect an enterococcal strain that was susceptible to linezolid (MIC, 4 μg/mL), but nevertheless contained a G2576T polymorphism. His group subsequently confirmed that result by pyrosequencing, showing that one to two mutant copies were present in this linezolid-susceptible isolate of E. faecium [250]. The significance of this observation is that the presence of a single mutant 23S rRNA gene copy may escape detection, because the isolate remains susceptible; however, the organism retains a template for recombination that could result in a higher proportion of mutant copies and clinical resistance upon exposure to the drug.
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RESISTANCE TO FLUOROQUINOLONES A surveillance study carried out shortly after the introduction of ciprofloxacin revealed that approximately 88% of E. faecalis and 50% of E. faecium were susceptible to the fluoroquinolone at concentrations ≤1 μg/mL [251]. By the year 2000, only 39% of more than 1000 isolates from North America were susceptible at this concentration [216]. Gatifloxacin was somewhat more active, with 51% of strains in that collection susceptible to the drug. In a collection of more than 3000 isolates recovered between 2000 and 2004, only 50.8% were susceptible to levofloxacin [221]. Clearly, resistance to fluoroquinolone antimicrobials is widespread in the genus Enterococcus. Although additional mechanisms of fluoroquinolone resistance have been described in Gram-negative bacteria, in enterococci resistance is caused by mutations in genes encoding the topoisomerase target proteins, by drug efflux, or by the combination of these mechanisms. Mutations affecting parC, encoding a subunit of topoisomerase IV, and gyrA, encoding the A subunit of DNA gyrase, are the ones most commonly associated with resistance to this class [252–256]. These mutations are not random, but tend to cluster in certain areas of the genes, referred to as quinolone resistance determining regions. The most resistant isolates typically have one or more mutations affecting genes for both the topoisomerase IV and DNA gyrase enzymes [255,256]. Lynch et al. [220] demonstrated active efflux of norfloxacin from both E. faecalis and E. faecium. An enterococcal efflux pump encoded by a homolog of the staphylococcal norA gene, designated emeA, was identified in E. faecalis [257]. Deletion of emeA resulted in an approximately two-fold increase in susceptibility to norfloxacin and ciprofloxacin, among other substances. Genes from E. faecalis, designated efrAB, encode an ABC efflux pump, the presence of which results in about a fourfold increase in MICs of norfloxacin and ciprofloxacin when expressed in E. coli [258]. It is likely that both target mutations and one or more drug efflux pumps contribute to the ultimate level of fluoroquinolone resistance in any one enterococcal isolate [259,260].



CONCLUSIONS As the preceding discussion illustrates, enterococci have amply demonstrated a remarkable repertoire of resistance mechanisms offering protection against new and old antimicrobial agents alike. Davis et al. [261], comparing sequences from the E. faecalis V583 genome with amino acid sequences of known multidrug resistance transporters, identified 34 candidate genes for multidrug efflux pumps, 23 of which belonged to the ABC family of transporters. Another analysis of the same genome by Paulsen et al. [262] concluded that more than a quarter of the genetic complement represents mobile or exogenous DNA, including three plasmids, and a variety of transposons, phage genes, and integrated plasmids. From such observations, one might reasonably conclude that there may be endless possibilities for enterococci to develop mechanisms ensuring survival under the most hostile conditions, including antimicrobial therapy. At the same time, study of antimicrobial resistance in enterococci continues to reveal previously unknown and most intriguing mechanisms of
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resistance, which will very likely give rise over time to new drug targets and insightful approaches for treating patients suffering from infections due to these organisms.
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Before the advent of antibiotic therapy, invasive staphylococcal infection was often fatal. The bacterium Staphylococcus aureus has since demonstrated a remarkable ability to adapt to antibiotic pressure. Methicillin-resistant strains of S. aureus, termed MRSA, are those strains that have acquired the ability to grow in the presence of methylpenicillins and derivatives, including methicillin, oxacillin, and nafcillin. This methicillin resistance is mediated by the acquisition and expression of an altered penicillin-binding protein, PBP2a (PBP2′), which exhibits a decreased affinity for β-lactam antibiotics [1,2]. Penicillin-binding proteins (PBPs) are essential enzymes that catalyze transpeptidation crosslinking of peptidoglycan in the bacterial cell wall and are the targets of the antibiotic methicillin in sensitive strains of S. aureus. Inhibition of this reaction with methicillin results in the arrest of cell wall biosynthesis, 291
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triggering death of the organism through induction of the autolytic response [3]. MRSA possess a 21- to 67-kb DNA sequence that encodes, among other things, PBP2a and genes for regulation of its expression. Methicillin-susceptible strains are inhibited by oxacillin at concentrations of 4 μg/mL or methicillin at 8 μg/mL. In contrast, MRSA grow in the presence of 16 μg/mL to over 2000 μg/mL of methicillin.



INTRODUCTION Staphylococci cause a variety of infections, ranging from skin and soft-tissue infections to bloodstream infections and endocarditis, and the pathogenesis of these infections is well described [4–6]. The purpose of this chapter is to review the present and future challenge to health care specifically posed by methicillin-resistant strains of S. aureus. In particular, the subjects of this chapter are the origins and nature of methicillin resistance, its epidemiology among nosocomial and community-acquired strains, and the consequences of this resistance in limiting therapeutic options and its impact on health care costs. Methicillin resistance in S. aureus was initially detected in Europe in the 1960s shortly after the introduction of methicillin. Today, MRSA are present in the hospitals of most countries and are often resistant to several antibiotics. Clinical infections are most common in patients in hospital intensive care units, nursing homes, and other chronic care facilities; however, MRSA are emerging as an important communityacquired pathogen as well. Currently, most MRSA are susceptible to the glycopeptides, such as vancomycin and teicoplanin; however, as resistance to these agents increases, some staphylococcal infections could be untreatable.



EMERGENCE OF MRSA Since the introduction of antibiotics into clinical use in the mid-1940s, microorganisms have shown a remarkable ability to protect themselves by developing and acquiring antibiotic resistance. By 1942, penicillin resistance was reported in S. aureus after only months of limited clinical trials [5]. By 1953, as use of penicillin became more widespread, 64% to 80% of S. aureus isolates were resistant to penicillin, with development of resistance to tetracycline, erythromycin, and other classes of antibiotics beginning to emerge [5]. By 1960, despite using aggressive infection control measures, antibiotic-resistant staphylococci had become the most common cause of hospital-acquired infection worldwide [5,7]. Still, penicillin-resistant S. aureus was largely a nosocomial problem until the 1970s, when it became apparent that penicillin resistance was prevalent among community-acquired isolates as well. By this time, the rates of penicillin resistant S. aureus were about the same for both hospital and community-acquired isolates [8]. Methicillin, a β-lactam effective against penicillin-resistant S. aureus strains, became widely available in 1960. Like the development of penicillin resistance, within a year of its introduction, MRSA were reported in the United Kingdom [9,10]. Sporadic reports of clinical isolates of MRSA were soon observed in the United States [11], with the first well-documented outbreak in the United States in 1968 [12]. These MRSA were resistant to the entire class of β-lactams.
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MOLECULAR BASIS FOR METHICILLIN RESISTANCE The early introduction of β-lactam antibiotics quickly selected for the outgrowth of S. aureus strains possessing, or having acquired, the ability to express β-lactamases, achieving a resistance rate of 75% as early as 1952 [13]. The outgrowth of β-lactamaseproducing S. aureus prompted the commercial development of β-lactamase-resistant derivatives of penicillin, such as methicillin, oxacillin, and nafcillin, which possess an acyl side chain that prevents hydrolysis of the β-lactam ring. The narrow-spectrum staphylococcal β-lactamases exhibit little activity against these semisynthetic penicillins [14].



MECHANISMS OF RESISTANCE TO METHICILLIN Under new selective pressure, S. aureus developed multiple mechanisms of resistance to modified penicillins, including methicillin. Although methicillin is resistant to hydrolysis by small quantities of staphylococcal β-lactamase, strains of S. aureus have been isolated that are capable of producing increased levels of β-lactamase [15]. These hyper-producers resist methicillin through limited hydrolysis of the antibiotic, resulting in a phenotype that, with respect to methicillin, is intermediate between susceptible and resistant [15]. Methicillin resistance in S. aureus is achieved primarily by the acquisition of an altered PBP, PBP2a (also known as PBP′), which confers resistance to all β-lactams and their derivatives. S. aureus natively expresses four other PBPs, designated PBP1, 2, 3, and 4, that are all sensitive to β-lactam antibiotics [16]. The β-lactam antibiotics serve as substrate analogs that covalently bind PBPs, inactivating them at concentrations close to the MIC. PBPs are essential proteins that are anchored to the cytoplasmic membrane and, under normal circumstances, catalyze the transpeptidation reaction that crosslinks bacterial cell wall peptidoglycan. Inhibition of this reaction by the binding of a β-lactam is lethal [14]. Low-level resistance to β-lactam antibiotics has been observed to result from a decrease in the binding affinities of PBPs for penicillins, an increase in the production of PBPs, or both [16,17]. However, the most prevalent means for achieving methicillin resistance is the acquisition of an element termed the staphylococcal cassette chromosome mec (SCCmec) [18] containing the mecA gene encoding PBP2a.



SCCMEC SCCmec DNA is a large, 21- to 67-kb, unique class of mobile genetic element always located at a fixed site in the S. aureus chromosome near the origin of replication (Figure 12.1) [14,19,20]. Unlike conjugative transposons, SCCmec does not contain the tra gene complex. SCCmec contains mecA, the structural gene for PBP2a and regulatory elements, mecI and mecRl, which control mecA transcription. Downstream from mecA is a variable segment of DNA that ends with an insertion-like element, IS431 [21], that serves as a target for homologous recombination for other resistance determinants flanked by similar IS elements [4,22]. Therefore, mecA and its associated DNA act as a trap for integration of other determinants, including genes for resistance to fluoroquinolones, aminoglycosides, tetracyclines, macrolides,
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FIGURE 12.1 Organization of the SCCmec region of DNA and chromosomal location. SCCmec DNA is 21–67 kb containing the PBP2a structural gene, mecA and its upstream regulatory elements, mecI-mecR1 and the ccr complex. The regulatory genes are divergently transcribed from mecA as indicated by the arrows. Further upstream from mecA is Tn554 and downstream from mecA is a variable region ending with IS431. (Adapted from Chambers HF, J Infect Dis 179, 1999; Hiramatsu K, Microbiol Immunol 39, 1995; Katayama Y, Ito T, Hiramatsu K, Antimicrob Agents Chemother 44, 2000.)



and trimethoprim-sulfamethoxazole [14]. In addition, the transposon Tn554 containing ermA, the gene encoding for inducible erythromycin resistance, is located upstream from mecA in over 90% of MRSA [23]. Two genes have been identified for mobilization of SCCmec, ccrA and B (cassette chromosome recombinase genes A and B), which encode DNA recombinases of the invertase/resolvase family [18,20]. These two genes catalyze the precise integration of SSCmec into the chromosome in the correct orientation and its precise excision from the chromosome. Several types of SCCmec elements have now been described [18,24–28] and a typing system has been proposed, which classifies variations of SCCmec into five types (I to V) based on the mec DNA structure and the ccrA and B genes [20,24]. Types I, II, and III compose the majority of nosocomial strains of MRSA, whereas types IV and V are found in community-acquired MRSA [20,24]. Interestingly, SCCmec type V was found to contain a single new site-specific recombinase gene (ccrC), which carries out both integration and excision.
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mecA Greater than 90% of MRSA harbor mecA [16]. The mecA gene is inducible and encodes the high-molecular-weight, 78-kD PBP2a polypeptide. It occurs in both MRSA and methicillin-resistant coagulase-negative staphylococci, and is highly conserved [29–32]. Analysis of the nucleotide sequence of mecA and its operator region revealed that sequences contained within the 5′ end were similar to sequences within the β-lactamase gene, blaZ, of S. aureus. The remainder of the structural gene exhibits sequence similarity to the PBP2 and PBP3 genes of Escherichia coli [16,33]. PBP2a The native PBPs in S. aureus, PBP1, 2, 3, and 4 are essential for cell growth and survival of susceptible strains. These PBPs have a high affinity for most β-lactam antibiotics, which bind to the transpeptidase domain preventing crosslinking and new septum initiation [34–36]. PBP2a binds β-lactams with much lower affinity, allowing the organisms to grow in drug concentrations that would otherwise inactivate native PBP and inhibit growth. Initially, PBP2a was thought to substitute for the essential functions of the native PBPs at lethal concentrations of antibiotics [1,14] since it includes both transpeptidase (TPase) and what appeared to be transglycolase (TGase) domains [4,37]. However, while native PBPs produce highly cross-linked peptidoglycan, PBP2a appears to be limited in activity to linking two monomers, and is incapable of generating highly cross-linked oligomers that are typical products of the normal cell wall synthetic machinery [38]. Further, Pinho et al. [37,39] have shown that the concerted action of both PBP2a and native PBP2 is essential for optimal methicillin resistance even when the TPase domain of PBP2 is fully acylated. They found that when the structural gene for PBP2 was inactivated in a highly methicillin-resistant strain, there was a several-fold reduction in the methicillin MIC (from 800 μg/mL to 12 μg/mL) [37]. Additionally, they were able to show that the TGase domain of native PBP2 was insensitive to the presence of β-lactam antibiotics and functions in the presence of β-lactams for cell wall synthesis [37]. Therefore, high-level resistance to methicillin requires the TPase domain of PBP2a in concert with the penicillin-insensitive TGase domain of native PBP2 [39]. Regulation of mecA Expression of PBP2a is controlled by two sets of regulator genes. The first set, which includes mecR1 and mecI, is located within the mec DNA immediately upstream of mecA and is divergently transcribed from mecA [14]. The second set of regulators that affect mecA expression, blaR1 and blaI, are chomosomally encoded and also serve to regulate blaZ, the staphylococcal penicillinase gene [4,40,41]. Strains that contain functional mecR1-mecI regulatory elements are strongly repressed and produce PBP2a only after induction [4,42]. MecI and BlaI are repressor proteins and both can repress mecA and blaZ [43,44]. Repression by BlaI is weaker than by MecI, and as a result, some PBP2a is produced in uninduced strains. Induction of BlaI-repressed mecA by methicillin is as rapid as
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induction of BlaI-repressed β-lactamase synthesis [4,42]. In contrast, MecI is a strong repressor of mecA and leads to an extremely slow induction of PBP2a. As a result, methicillin resistance is established slowly and may only appear after 48 h on methicillin-containing plates, making these strains appear initially falsely susceptible at 24 h [4,42,45]. The MecR1 and BlaR1 proteins are sensor-transducer molecules that are specific for their corresponding repressors, MecI and BlaI, respectively, and cannot substitute for each other in the presence of β-lactam antibiotics [14]. Like BlaRl, MecRl is a transmembrane protein consisting of an extracellular sensor domain and an intracellular metalloprotease domain [46,47]. Although mecA is present in all MRSA, there is considerable variation in the presence of the other genes [48]. mecR1-mecI is present in 60% to 95% of mecApositive S. aureus [49–51]. Because mecI is such a strong repressor, it has been concluded that phenotypically resistant mecA-positive S. aureus strains either do not possess mecI, or have mutations within mecI, which prevent it from functioning [16,49,50,52]; or that they have mutations within the mecA promoter region corresponding to a presumptive operator of mecA, the binding site of the repressor protein [16,50]. Inactivation of mecI, by either deletion or mutation, is an essential step in the production of PBP2a and expression of methicillin resistance [53,54]. Two point mutations are frequently detected in the mecI gene: a substitution transition at nucleotide position 202 (C to T) or a transversion at position 260 (T to A), either of which generates an in-frame stop codon in the middle of the mecI gene [16,49,50,52]. In these strains, a functional repressor protein is not produced, resulting in maximal expression of methicillin resistance [50]. Point mutations in the operator region of the mecA promoter that result in derepression have also been identified [16,33]. A small number of S. aureus strains have been isolated that carry intact mecI and mecRl, together with mecA, and these strains have been termed pre-MRSA, as typified by prototype S. aureus strain N315 [16,50,52]. Pre-MRSA are phenotypically susceptible to methicillin as routinely assayed [45,49,50]. In these strains, the expression of methicillin resistance is fully repressed by mecI and is not induced by the presence of methicillin. However, when grown on selective media, resistant cells arise at a high frequency (10 −5 to 10 −6) resulting from point mutations in the mecI gene [49,50], circumventing the mecI-mediated repression of mecA. In the absence of both the blaR1-blaI and mecR1-mecI regulatory elements, PBP2a is produced constitutively but this does not always correlate with high-level resistance [4,44], leading to the conclusion that other genes also contribute to resistance.



CHROMOSOMAL ELEMENTS AFFECTING METHICILLIN RESISTANCE LEVELS The observation that PBP2a levels do not correlate directly with resistance levels [4,44,55] led to the search for other factors that influence expression of methicillin resistance. Transposon-mediated insertional inactivation of chromosomal genes identified several that affected methicillin resistance [55–58]. It is now appreciated that methicillin resistance in S. aureus is complex and involves auxiliary genes (aux genes) or fem genes (factors essential for the expression of methicillin resistance) [59,60]. The fem genes are primarily housekeeping genes, located throughout the
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staphylococcal genome and are essential for maximum resistance [4,58,61,62]. Over 20 fem genes have been identified (Table 12.1) [4,14,54,63–65]. The fem genes occur in both MRSA and methicillin-susceptible S. aureus (MSSA), and many encode or regulate the activity of enzymes catalyzing reactions at different stages in peptidoglycan biosynthesis or turnover. However, none has been shown to affect PBP2a expression [44]. Inactivation of fem genes, especially those genes involved in cell wall precursor formation, leads to a reduction in methicillin resistance. The function of many fem gene encoded proteins is still unknown. The fem genes with the most influence on resistance are fmhB, femA, and femB, which lead to formation of the pentaglycine bridge that crosslinks staphylococcal peptidoglycan (Figure 12.2) [4,14,47,66,67]. FmhB is responsible for incorporation of the first glycyl residue of the pentaglycine bridge. FemA and FemB are responsible for the addition of residues 2–3 and 4–5, respectively, into the bridge [4,14,68]. The pentaglycine bridge has been shown to be essential for PBP2a-mediated resistance, and shortening its length leads to hypersusceptibility to β-lactams as well as other classes of antibiotics [14,44]. Inactivation of fmhB is lethal [67]. Disruption of femC reduces the basal level of methicillin resistance in MRSA, but still allows formation of a highly resistant subpopulation [4,14]. Mutation in femC results in a metabolic block in glutamine production. This block affects peptidoglycan composition by reducing the amidation of isoglutamate in the peptidoglycan stem pentapeptide, resulting in a reduction in the extent of crosslinking in the peptidoglycan. Addition of glutamine to the culture medium restores both isoglutamate amidation and methicillin resistance [4,14]. femD catalyzes the conversion of glucosamine-6-phosphate to glucosamine-1phosphate, a reaction key to peptidoglycan precursor formation [69]. Inhibition of FemD leads to a reduction in methicillin resistance [70,71]. It has been observed that in cultures of both femC mutants and femD mutants, spontaneous methicillin-resistant suppressor mutants can be found that render cells highly resistant to methicillin [71].



TABLE 12.1 Partial List of Chromosomal Factors Affecting Methicillin Resistance Gene fmhB femA femB femC femD femF lytH
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Function Addition of 1st glycine to the peptidoglycan pentaglycine bridge Addition of 2nd and 3rd glycine to the peptidoglycan pentaglycine bridge Addition of 4th and 5th glycine to the peptidoglycan pentaglycine bridge Glutamine synthase repressor Phosphoglucosamine mutase crucial for precursor formation Catalyzes incorporation of lysine into peptidoglycan stem Autolytic enzyme



Effect on Methicillin Resistance Inactivation is lethal Mutants are methicillin susceptible Inactivation reduces methicillin resistance Inactivation reduces methicillin resistance Inactivation reduces methicillin resistance Inactivation reduces methicillin resistance Inactivation increases methicillin resistance
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FIGURE 12.2 Schematic of the peptidoglycan precursor of S. aureus showing Fem factors that affect its formation.



It is evident from the growing list of auxiliary factors involved in methicillin resistance that disruption of peptidoglycan or membrane biosynthesis has the potential to reduce the optimal function of PBP2a. Methicillin resistance in S. aureus involves the concerted actions of mecRl, mecI, and mecA genes together with many metabolic functions of the organism [4].



HETEROGENEOUS METHICILLIN RESISTANCE An interesting characteristic of methicillin resistance in S. aureus is the phenomenon known as heteroresistance, in which subpopulations of cells (10 −8 to 10 −4) in a methicillin-resistant strain, all producing PBP2a, vary markedly in the phenotypic expression of resistance. That is, in clinical isolates of MRSA where the majority of the population is relatively susceptible to β-lactam antibiotics, a small proportion of cells express resistance to high levels of methicillin [61,69]. Although all the cells in an MRSA population have the potential to express resistance to methicillin, the population does not behave in a homogeneous manner [72–74]. The proportion of cells expressing higher resistance levels is strain specific and a reproducible property [75]. The level of resistance in heterogeneous MRSA does not correlate to the quantity of PBP2a present [62,69,76]. In some strains, the highly resistant subpopulation will maintain the high level of resistance among descendants of this subpopulation [77]. Among other isolates, however, the highly resistant subclones return to their original resistance upon re-growth from a single colony in drug-free medium [4,77]. Strains consistently producing populations of high-level resistant cells are termed homogeneous expression strains. Even though the subpopulation of highly resistant MRSA within a heterogeneous strain occurs at a low frequency, it can overgrow a culture under conditions of antibiotic pressure [75]. The practical implication is that every MRSA strain, irrespective of whether expression is heterogeneous or homogeneous, may lead to treatment failure in vivo [75].
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This phenomenon of heterogeneous resistance makes it necessary for clinical laboratories to use special methods to ensure detection of MRSA. While the genetic cause of heterogeneous resistance is poorly understood, it can be overcome by lower incubation temperatures (30°C to 35°C) and the incorporation of higher salt concentrations (2% to 4% NaCl) in the medium, which are conditions that favor enhanced expression of resistance [72,78].



ORIGINS OF METHICILLIN RESISTANCE Nucleotide sequencing revealed that the mecA gene is composed of separate domains exhibiting sequence similarity to two distinct genes: the 5′ region of the mecA gene is similar to the penicillinase gene (blaZ) of S. aureus, and the rest of the gene is related to E. coli PBP2 and PBP3 [16,33]. Several theories on the origins of this gene have been proposed that: (i) mecA emerged by homologous recombination between PBP and a β-lactamase gene in an unknown organism [16,33]; or (ii) mecA originated in a coagulase-negative staphylococcal species, perhaps a close evolutionary relative of S. sciuri [14,48]. When bacterial isolates belonging to over 15 species of staphylococci were examined for reactivity with a DNA probe internal to the mecA of an MRSA strain, only one species, S. sciuri was invariantly positive for all isolates [79]. However, the mecA homolog in S. sciuri appears to be silent, as S. sciuri isolates express no detectable resistance to either methicillin or penicillin [79,80]. It has been suggested that the mecA homolog is native in this bacterium, where it performs some physiological function, such as cell wall biosynthesis [79]. The product of S. sciuri mecA possesses a putative transglycosylase (TGase) domain with an N-terminal membrane anchor sequence and a putative transpeptidase (TPase) domain, similar to other high-molecular-weight PBPs. The mecA of S. sciuri exhibits an overall inferred amino acid sequence similarity of 88% and identity of 80% when compared to mecA of the MRSA [79]. The S. sciuri mecA homolog is by far the most closely related of known genes to mecA of MRSA, and it appears certain that both genes share a common evolutionary ancestry, with intermediates most likely occurring elsewhere within the genus [79]. Additional evidence for an evolutionary link was demonstrated when S. sciuri mutants, selected for by increasing the concentration of methicillin, were shown to have increased rates of transcription of the S. sciuri mecA homolog due to a point mutation in the promoter region [81]. Additionally, when this mutated gene was introduced into methicillin-susceptible strains of S. aureus, it conferred resistance [81]. Within S. aureus, two theories prevail as to the origin of mecA and methicillin resistance. The earliest MRSA isolates may have descended from a single methicillinresistant clone [82] and then entered other phylogenetic lineages of S. aureus. Alternately, the mec determinant was acquired from a source outside of the species at different times by different strains [4]. Clonal analysis of MRSA [1,83] and of mec determinants stemming from Staphylococcus spp. other than S. aureus (mainly from S. haemolyticus and S. epidermidis) support the view that the mec determinant was disseminated by horizontal transfer, with coagulase-negative staphylococci possibly serving as the intermediary of the mec determinant for S. aureus [4,48]. Whereas β-lactamases were rapidly and widely disseminated and are now present in about
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80% of all staphylococci, the mec determinant is still largely restricted to discrete clonal lineages, and seems to favor clonal over horizontal spread [4]. Using DNA microarray analysis, MRSA strains were shown to fall into five distinct chromosomal genotypic groups that are highly divergent relative to one another [84], concluding that MRSA strains have arisen multiple independent times by lateral transfer of the mec element into methicillin-susceptible precursors [84].



EPIDEMIOLOGY OF MRSA The anterior nares are a natural human reservoir for S. aureus where it can be isolated from 10% to 40% of healthy adults [5,85]. From the nares, spread to the skin (especially eczematous lesions) and then to surgical wounds, foreign bodies (e.g., indwelling devices), burns, and the upper respiratory tract [72,85,86] is common, with the hands being the major mode of transmission [85,87]. That a common cause of frequently severe infections is carried asymptomatically by a large proportion of the population in an accessible site, such as the anterior nares, challenges paradigms of what constitutes a pathogen. Between 20% and 35% of the population are persistent S. aureus carriers, and 30% to 70% are intermittent carriers [88,89]. Identification of carriers is an important key to containment, because strains associated with nasal colonization have been observed to account for 40% to 100% of staphylococcal sepsis, and surgical infection is 2 to 17 times more common among carriers than non-carriers [88].



NOSOCOMIAL INFECTIONS S. aureus is now the leading cause of nosocomial pneumonia and surgical site infections [90], and is the second leading cause of nosocomial bloodstream infections behind coagulase-negative staphylococci [90,91]. Infections and outbreaks are common throughout the world in nursing homes [92,93] and among outpatient populations [72,94], in addition to those reported in hospitals [85,86]. Infection with MRSA is especially prominent in intensive care units (ICUs) [85]. MRSA is introduced into an institution primarily by admission of an infected or colonized patient who serves as a reservoir [72,95,96]. Less frequently, MRSA can be introduced by colonized or infected health care workers who disseminate the organism directly to patients [72,97]. The principal mode of transmission of MRSA within the hospital is via transiently colonized hands of health care workers, who acquire the organism after close contact with colonized patients, contaminated equipment, or their own flora [72,85,86,96,98,99]. More rarely, patients can acquire MRSA via airborne transmission, as has been observed in burn units [72,85,98,100–102]. Several risk factors for the acquisition of MRSA have been identified. These include prior hospitalization, admission to an intensive care unit (ICU) or burn unit, invasive procedures, skin lesions, age, and previous antimicrobial treatment [103–107]. Current guidelines for MRSA control in hospitals focus on measures to limit MRSA cross contamination and colonization [103]. These guidelines include measures such as hand washing, the identification of human reservoirs, decontamination of the environment, patient isolation, and notification of known carriers when a patient is transferred to another institution [103]. Despite these procedures, MRSA continues to spread in most institutions, and has become endemic rather than epidemic [53].
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Currently, approximately two million hospitalizations annually result in nosocomial infection [91]. Surveillance databases, such as The Surveillance Network (TSN), electronically collect and compile data daily from more than 300 clinical laboratories across the United States, identify potential laboratory testing errors, and detect emergence of resistance profiles and mechanisms that pose a public health threat (e.g., vancomycin-resistant staphylococci) [108–110]. In 1991, using data from the National Nosocomial Infections Surveillance (NNIS) system, it was noted that the percentage of MRSA was greatest from hospitals reporting from the southeastern region of the United States [111]. Using data collected from 1998 through 1999 by TSN U.S.A. (Eurofin Medinet, Herndon, Virginia, U.S.A.), this trend continued with the Southeast reporting 45.5% of S. aureus isolates to be MRSA compared to a national average of 35.7%. Data collected from TSN from 1998 through 2005 report all regions except New England above 50%, with the Southeast still reporting the highest rates of MRSA, and within this region Kentucky, Tennessee, Alabama, and Mississippi reporting 63% in both inpatient and outpatient populations. These most recent data also show that multidrug resistance rates remain highest among nosocomial strains as compared to community-acquired strains. It should also be noted that in this study of 14,635 MRSA strains, no resistance to vancomycin was noted and only three strains (0.02%) were resistant to linezolid. So, while there have been reports of resistance to these three agents [110,112,113], it seems for now to be extremely rare. Today, S. aureus is still the most common bacterial species isolated from inpatient specimens and the second most common from outpatient specimens (18.7% and 14.7%, respectively) [110]. The MRSA problem arose initially in large tertiary care hospitals [86,114] with patients in burn [83,98,115,116], postoperative [83,95,98], and ICU [95,96]. Increased risk of MRSA infection was associated with use of multiple broad-spectrum antibiotics [5,83,95,96,117], indwelling devices [95,117], ventilatory support [95], severity of underlying disease [83,5,97,117], and length of hospital stay [83,97,117]. Between 1975 and 1996, the NNIS system reported the percentage of MRSA among nosocomial isolates in the United States had increased from 2.4% to 35% of staphylococcal isolates [111,118]. Rates of MRSA have continued to rise. In 2005, the TSN reported MRSA rates were 55% for ICU patients and 59.2% for non-ICU patients [110]. Nosocomial MRSA tend to possess one of three types of SCCmecA: I, II, and III. Types II and III code not only for methicillin resistance, but also resistance to multiple non-β-lactam antibiotics [20,24].



COMMUNITY-ACQUIRED MRSA Based on experience studying penicillin resistance patterns in S. aureus, it is not surprising that the epidemiology of MRSA has shifted from that of an almost exclusively nosocomial problem to now being transmitted within the community with increasing frequency [119–121]. Community-acquired MRSA was first described during the 1980–1981 outbreak of MRSA infections in Detroit [120,122], where approximately two-thirds of the patients affected were injection drug users. Consequently, early studies on community-acquired MRSA in the United States described mainly infections in intravenous drug abusers [123,124] and individuals with recognized predisposing risk factors such as persistent carriage, recent hospital stay (within the last 12 months), serious underlying diseases, previous antibiotic therapy,
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or residence in a long-term care facility [5,119]. By the mid-1990s, communityacquired MRSA infections were beginning to be described in individuals without these identifiable risk factors [120]. While it remained difficult to distinguish between nosocomial and community-acquired MRSA infections, certain trends were beginning to emerge. It was observed that community-acquired MRSA strains tended to remain susceptible to most classes of antibiotics including clindamycin, macrolides, fluoroquinolones, trimethoprim-sulfamethoxazole, and aminoglycosides, resistant only to the β-lactams, in contrast to the multidrug-resistant pattern of nosocomial strains [120]. This more restricted set of antibiotic resistances was also observed in studies of community-acquired MRSA strains among intravenous drug abusers compared with nosocomially acquired MRSA isolates [120,125,126]. Hospital surveys in the United States and Canada documented a substantial proportion of MRSA infection identified on admission to the hospital [104,119,127] revealing that community MRSA infection was more common than expected, and that the majority of isolates represented distinct strains rather than recent descendants of a single strain [119]. Additionally, while previous reports of community-acquired MRSA infections were generally limited to infections among intravenous drug users and individuals with health care associated risk factors [72,123,124,127], these studies revealed cases of MRSA colonization and infection acquired in the community by individuals lacking those predisposing factors. By the late 1990s, clinicians also observed that the community-acquired MRSA strains had a predilection for skin and soft tissue infection [128]. In 2002, a novel SCC type (type IV, described above) was isolated from a community-acquired strain [27] and has been found to be present in 89% of community-acquired isolates [20,129]. This genetic element carries only the mecA resistance gene, consistent with the finding that community-acquired strains tend to be susceptible to non-β-lactam antibiotics. In addition, community-acquired MRSA were associated with exotoxin genes, including the Panton-Valentine leukocidin (PVL) [129]. PVL is a two-component staphylococcal membrane toxin that targets leukocytes, and is found in about 2% of all S. aureus clinical isolates, including both MRSA and MSSA [130]. Contact between PVL and human neutrophils, monocytes, macrophages, or erythrocytes, results in pore formation and cell lysis through osmotic rupture [130]. Isolates containing the PVL genes are often associated with recurrent and often severe primary skin infections and severe necrotizing pneumonia [131,132].



COST ATTRIBUTABLE TO MRSA Over nearly five decades, methicillin resistance has represented a major therapeutic, management, and epidemiological problem throughout the world [83,133]. MRSA colonization and infection has been shown to increase morbidity, length of hospital stay, and hospital cost. Nosocomial bloodstream infection with MRSA was found to prolong hospitalization an average of eight days over similar infections caused by MSSA, resulting in an approximately three-fold increase in direct costs [134]. Studies have shown that treating an MRSA infection can cost 6% to 10% more than treating a methicillin-sensitive infection [91]. This difference does not reflect greater virulence of MRSA; rather, it reflects the increased cost of vancomycin treatment, longer
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hospital stay, and the cost of patient isolation and infection-control measures. In addition to increasing costs, the mortality rate attributable to MRSA infections has been observed in some studies to be more than 2.5 times higher than that attributable to MSSA infections (21% vs. 8%) [91]. Although it should be noted that some of the death rate difference may be related to the underlying condition of patients who become infected with MRSA, such as older patients and patients previously exposed to antibiotics, as well as the lack of effectiveness of vancomycin to cure MRSA [91].



EXPECTATIONS FOR THE FUTURE Currently, more than 95% of patients with S. aureus infections worldwide do not respond to first-line antibiotics, such as penicillin or ampicillin [91,135]. Moreover, MRSA are increasingly found in the community, including individuals who have never been hospitalized [103,104,136]. Many multidrug-resistant MRSA strains are presently only susceptible to a single class of clinically available bactericidal antibiotic, the glycopeptides (vancomycin and teicoplanin), and the widespread acquisition of the vanA or vanB determinants from enterococci would be a potential public health disaster. Currently, intravenous vancomycin is the standard antibiotic for empirical therapy. But as more vancomycin-intermediate resistant strains of S. aureus are isolated, this line of therapy may be compromised. Linezolid, from the new class of antibiotics, oxazolidinones, is available for intravenous and oral administration, but costs $100 to $1000 more per treatment course, which may limit its use [137]. Several studies suggest that reduction of antibiotic use within the hospital could decrease nosocomial acquisition of multi-resistant bacteria [85,138–140], and scheduled rotation of antibiotic use has also been suggested [85,141]. In addition to prudent use of antibiotics, strict compliance with infection control policies can aid in the reduction of nosocomial spread of multidrug-resistant MRSA. This may, however, be harder to effect than decreasing antibiotic use, since studies have shown that compliance with simple hand washing in ICUs varies from only 20 to 40% [85,142–145]. Characterization of the interactions between PBP2a and β-lactams may elucidate the basis for the extremely low affinity for β-lactam antibiotics and contribute to the rationale to design better PBP2a inhibitors, leading to more effective antibacterial agents for MRSA and other bacteria [146]. PBP2a has already been utilized as a screening target for discovery of new β-lactam antibiotics with enhanced affinity and improved activity against MRSA [146,147]. There is an obvious need for more effective antibiotic therapy for infections with MRSA. Reports describing treatment failure of vancomycin for multidrug-resistant MRSA infections have raised concern for the emergence of strains of MRSA for which there will be no effective, affordable therapy. However, new therapeutic agents alone will not provide a long-term solution, and our attention to prevention must remain constant. Strict adherence to hospital infection-control practices, as well as appropriate use of antibiotics and improved surveillance systems to track the emergence of resistance patterns, are of primary importance as we look to the future usefulness of antibiotic therapy against this extremely adaptive organism.
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INTRODUCTION Tuberculosis is the leading cause of death from a curable infectious disease and there were an estimated 8.9 million new cases of tuberculosis in 2004 [1]. Tackling the global burden of tuberculosis is a major public health challenge that has become more daunting with the realization that strains of multiply drug-resistant Mycobacterium tuberculosis (MDR-TB) are increasing rapidly. Between 2000 and 2004, global estimates of MDR-TB incidence increased from 270,000 to over 400,000 new cases annually [2]. These strains are difficult to cure because they usually require two years of therapy with costly and poorly tolerated regimens usually comprising a minimum of five drugs. The ultimate control of MDR-TB will require multiple interventions, but a complete understanding of the mechanisms of drug resistance in M. tuberculosis is essential for devising rapid diagnostics and developing new drugs. In this chapter, we review what is currently known about the genetics of resistance to the most important antimycobacterial drugs.



DEVELOPMENT OF TUBERCULOSIS CHEMOTHERAPY The problem of resistance to antimycobacterial drugs is an old one. Within a decade of the development of the first effective agents against tuberculosis, drug resistance had been described and treatment strategies devised to prevent it. The first two drugs to enter formal clinical trials were developed in the early 1940s: streptomycin (SM), isolated from Streptomyces griseus [3], and para-aminosalicylic (PAS) acid [4], a synthetic derivative of salicylic acid. These compounds were rapidly shown to be effective in animal models and early reports of their clinical use suggested they were effective against human tuberculosis [4,5]. However, it was soon noted that patients with advanced forms of disease had less chance of responding, and that early response to treatment in others was rapidly followed by deterioration and the emergence of drug-resistant strains. For example, in 1947, the MRC trial of SM versus bed rest for patients with pulmonary tuberculosis showed that after six months therapy, there was reduced mortality and clinical improvement in the SM treated group [6]. Unfortunately, 35 of the 41 SM-treated patients were found to be excreting drug-resistant bacilli, and after five years of follow-up, the mortality in the streptomycin group was only slightly better than in the controls (53% vs. 63%) [7]. The priority of investigators then switched rapidly to investigating ways of preventing the emergence of resistance. It was soon shown that by combining SM with PAS the emergence of resistance to SM could be reduced from 70% to 9% [8]. The discovery of a new more potent antimycobacterial agent, isoniazid (INH) [9], soon followed, and regimens combining this agent with SM and PAS were also found to be highly effective at preventing the emergence of drug resistance [10]. Thus, in the space of little more than a decade, the first principle of modern tuberculosis chemotherapy had been established, namely the necessity of combination drug therapy to combat the emergence of resistance. The biological basis of the need for combination therapy is thought to be due to the heavy pulmonary bacillary burden that exists prior to therapy, sufficiently large to contain spontaneous mutants resistant to a single anti-tuberculosis drug, which will be rapidly selected for if treatment commences with only a single agent. Canetti
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quantified the number of bacteria found in surgically resected cavities from patients failing to respond to therapy, and found this to be at least 108 [11]. Subsequent estimates of the spontaneous mutation rates for drug resistance to an individual drug have been of the order of one in 106 for INH and SM [12,13]. Once the principle of combination therapy had been established, the research agenda switched to defining the minimal duration of therapy [14]. Combinations of INH, SM, and PAS required up to 18 months to obtain adequate results [14]. However, the observation that pyrazinamide (PZA) [15] and the newer agent rifampin (RMP) [16] were uniquely capable of sterilizing organs in animal models of tuberculosis, led to trials of shorter courses of therapy. In a series of painstaking and meticulous studies carried out through the 1970s [14], it was established that treatment regimens that contained either PZA or RMP could be reduced to six months (short course therapy) with cure rates (defined as patients free of tuberculosis after two years of follow-up) in excess of 95%. This is the basis for the standard six-month course of treatment for tuberculosis, which involves an initial intensive treatment for two months with INH, RMP, PZA, and ethambutol (EMB) followed by a continuation phase of four months of RMP and INH.



DRUG-RESISTANT TUBERCULOSIS DEFINITION Drug resistance is classified into two types: primary drug resistance occurs in individuals who are infected de novo with a drug-resistant strain and secondary (acquired) resistance, which arises in an individual initially infected with a drug-sensitive strain, from which resistant mutants emerge as a result of inadequate therapy. MDRTB is defined as resistance to at least RMP and INH. There is a certain redundancy built into the standard six-month regimen, which ensures it will be effective in individuals infected with tuberculosis resistant to a single drug, and probably to two drugs except for the combination of RMP and INH resistance [17]. This is the basis for the definition of MDR-TB, as individuals infected with INH/RMP-resistant strains will not respond to short-course therapy and will develop resistance to the accompanying drugs PZA and EMB. Treatment of MDR-TB is complex and requires two years of therapy with a combination of four or five second-line drugs, including a fluoroquinolone and one of three injectable agents: kanamycin, amikacin, or capreomycin. Recent reports have described the emergence of M. tuberculosis strains resistant to multiple second-line drugs, which represent a major public health threat as they are potentially untreatable [18,19]. A new category has therefore been proposed, extensively drug-resistant tuberculosis (XDR-TB) defined as MDR (resistance to least INH and RMP) in combination with resistance to fluoroquinolones and at least one of the second-line injectable agents.



EPIDEMIOLOGY Until the 1980s, MDR-TB was not perceived as a threat to tuberculosis control, and surveys from this period suggested that MDR strains were rare [20], and tended to occur only in the context of multiple courses of inadequate treatment. However, a
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new phenomenon appeared in the form of micro-epidemics of MDR-TB, described in health care settings in the United States [21–24], but also documented elsewhere [25–27]. These were the result of infectious cases excreting and transmitting MDR strains of tuberculosis to numerous contacts, and occurred particularly among groups of HIV-infected individuals. Population-based molecular epidemiology confirmed the ongoing transmission of MDR-TB within communities and also highlighted the potential of individual strains of drug-resistant M. tuberculosis to rapidly spread through vulnerable populations [28]. 22% of all MDR-TB strains isolated in New York in one year represented a single clone (strain W) [29], which has also been identified in Europe and Africa as well as throughout the United States [30], revealing the potential for global dissemination of drug-resistant strains. Attempts to ascertain the current global burden of drug-resistant tuberculosis are limited by incomplete data from many countries. Drug susceptibility testing requires significant laboratory infrastructure, which is not present in many endemic countries. Data are available from a WHO survey conducted in 77 settings between 1999 and 2002, which detected resistant M. tuberculosis strains at 74 sites [31]. Prevalence of MDR in new cases of tuberculosis ranged from 0% in eight countries to exceptionally high levels in most of the former Soviet republics (9.3% in Latvia to 14.2% in Kazakhstan). China and Ecuador were other countries with high prevalences of MDR. However, most of these surveys were conducted at a limited number of centers and the distribution of resistant strains is likely to be highly heterogeneous within a population and may change rapidly. For example, the WHO survey reported an MDR prevalence of 50 μg mL −1) had a chromosomal deletion spanning the katG gene, and that transformation of these strains with katG could restore their INH sensitivity [80]. Further characterization of katG has demonstrated that it encodes a dimeric, heme-containing enzyme with catalase and peroxidase activity, in keeping with its structural similarity to other eubacterial hydroperoxidase 1 (HPI) enzymes [81–83]. Confirmation that INH is a prodrug requiring activation by KatG was provided by demonstrating that InhA (a target for INH discussed below) is only rapidly inactivated by INH in the presence of KatG [82]. A mechanism for the oxidation of INH to its bioactive form has also been proposed, in which the drug is converted into a number of highly reactive species capable of either oxidizing or acylating macromolecules [84,85].
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A plethora of studies characterized M. tuberculosis strains from diverse geographic locations and have shown the majority of clinical isolates resistant to INH have alterations in their katG gene [86–88]. While large scale deletions of katG have been detected infrequently, missense mutations and small intragenic deletions are the commonest genetic modification associated with INH resistance. A large number of these mutations have been described, though the serine to threonine mutation at codon 315 is the commonest. The possible explanation for the apparent bias in selection by INH for this mutation over other resistance-conferring mutations in katG has been provided by several studies, which have characterized the enzymatic properties of a recombinant KatG protein harboring a Ser315Thr mutation [89–91]. In contrast to other INH resistance-conferring mutations, such as the Thr275Pro mutation, which results in concomitant loss of peroxidatic activity and capacity to activate INH, the Ser315Thr mutation results in an enzyme unable to activate INH, leaving at least 50% of its peroxidase and catalase activities intact. Catalase and peroxidase activities are important for protecting M. tuberculosis against reactive oxygen species encountered within macrophages [92], and are essential for a fully virulent phenotype. Strains with reduced or absent activities are less virulent when assayed in animal models [92–94], and more susceptible to H2O2 intracellularly [95]. A direct comparison of the pathogenicity of isogenic strains harboring either the Ser315Thr substitution or other katG mutations has also been made, and only the 315 mutant retained near normal virulence in mice [96]. Recently, INH-resistant strains of M. tuberculosis with the Ser315Thr substitution have been shown to be more transmissible than strains with other katG mutations [86]. It is unfortunate for the control of MDR-TB that M. tuberculosis can so successfully balance the competing demands of resistance to oxidative stress and resistance to INH. The recent elucidation of the crystal structure of KatGs from M. tuberculosis [84] and two other organisms [97,98] has provided insights into how the S315T substitution could lead to loss of activation of INH but retention of catalase-peroxidase activity. In one model, Ser-315 is located at the periphery of the INH binding pocket, where a threonine substitution would increase the steric bulk at this position, leading to reduced affinity for the drug without fully blocking access to the substrate binding site [84,85]. Drug Targets InhA Population genetics of INH-resistant clinical isolates have consistently found that a significant proportion of strains possess a wild-type katG gene, demonstrating that there are mechanisms of resistance independent of KatG-mediated INH activation. This suggested that the intracellular targets of activated INH might be involved in mediating resistance. By expressing genomic libraries from two INH-resistant strains of mycobacteria isolated in vitro in the fast-growing M. smegmatis, it was possible to identify a two-gene operon with homology to proteins involved in fatty acid biosynthesis that could confer INH resistance [99]. Characterization of this operon revealed that only the second gene inhA was required for resistance [100], and sequence analysis of the inhA gene from the resistant strains revealed a serine to
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alanine substitution at position 94 relative to the wild-type gene. Transfer of this mutation to M. tuberculosis results in INH resistance [101]. Biochemical studies revealed that inhA codes for a fatty acid enoyl-acyl carrier protein reductase, which is part of a type II dissociated fatty acid biosynthesis pathway (FASII). inhA enzymic activity is nicotinamide adenine dinucleotide (NADH) dependent, and reduces the double bond at position two of a growing fatty acid chain linked to an acyl carrier protein ACP, an activity common to all known fatty acid biosynthetic pathways. InhA has a marked preference for long-chain substrates (which are the precursors of very long alpha-branched fatty acids (C40 to C60) known as mycolic acids, a major structural element of the mycobacterial cell wall [102]. Structural analysis of the InhA protein has characterized the nature of the interaction between INH and InhA [103]. The observation that InhA inhibition by INH requires the presence of NADH and that the Ser94Ala mutant protein has a lower affinity for NADH and requires higher concentrations of this cofactor before inhibition occurs, suggested that INH may interact with NADH rather than directly with InhA. This was elegantly demonstrated by co-crystallization of InhA with NADH and INH since the structure showed the activated form of INH covalently linked to NADH within the active site of the enzyme [104]. The INH-NAD adduct has been purified and shown to be a tight-binding inhibitor of InhA [105]. The exact mode of interaction of adduct and enzyme has not been defined, but it is now thought that the adduct is formed in solution before binding to InhA [105, 106]. This model is consistent with the observation that NADH dehydrogenase defects in M. smegmatis, leading to a higher than normal NADH/NAD+ ratio are associated with a degree of INH resistance [107]. More recently, M. bovis BCG ndh (encoding a type II NADH dehydrogenase) mutants have been characterized and found to have aberrant NADH/NAD+ ratios and reduced INH susceptibility as well [108]. The unraveling of the interactions of INH and InhA has helped spawn the development of new classes of InhA inhibitors with promising activity against M. tuberculosis and other organisms [109–111]. This is a good example of how understanding the mechanisms of resistance can assist in rational drug design. Since the original description of the Ser94Ala mutation, other InhA gene substitutions have been identified through sequence analysis of INH-resistant clinical isolates [88], confirming that InhA substitutions could also be selected for in vivo. Interestingly, the affinity of the INH-NAD adduct for InhA appears not to be affected by some of the InhA mutations described in INH-resistant clinical isolates, suggesting the mechanism of inhibition by the adduct may be through disruption of InhA interaction with other components of the FAS II pathway [105]. Mutations in the promoter region for inhA expression have also been described in INH-resistant clinical isolates, and several of these have been shown, using a gene fusion reporter construct, to confer expression levels from four- to eight-fold greater than wild-type sequences [112], thus demonstrating that up-regulation of inhA is also a resistance mechanism. Population-based surveys have found that inhA promoter mutations are the second most frequent INH resistance mutation after the Ser315Thr mutation in KatG, and structural mutations in InhA are rare [86–88].
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KasA A second successful approach used to determine the targets of activated INH has been to examine the early adaptive response of M. tuberculosis following a challenge with INH. By examining two-dimensional gel electrophoretic protein profiles after treatment with INH, Mdluli [113] and others identified two up-regulated proteins: an acyl carrier protein (AcpM) and a covalent complex of AcpM and KasA (β-ketoacyl-ACP synthase). Labeling after treatment with [14C] INH indicated covalent attachment of INH to this protein complex. These two proteins form part of the FAS type II system. Sequencing of kasA in clinical isolates identified several mutations restricted to INH-resistant strains, but these were rare and often occurred in tandem with other INH resistance-conferring mutations [114,115]. These two studies suggest that kasA mutations are not clinically important, and recent functional studies have suggested KasA may only have a more peripheral role in INH action and resistance than originally proposed [101,116,117]. Other INH Resistance Mechanisms The research focus on InhA as the principal target for INH has distracted researchers from investigating more thoroughly the drug’s interactions with other intracellular processes. INH is oxidized to a number of highly reactive species capable of either oxidizing or acylating macromolecules [84,85], and can be expected to damage multiple cellular structures. Similar to the interaction with InhA, INH has also been shown to form an INH-NADP adduct that inhibits the M. tuberculosis dihydrofolate reductase (DHFR), an enzyme essential for nucleic acid synthesis. It is not yet clear whether there is a resistance mechanism to counter this inhibition, but the expression of M. tuberculosis DHFR in M. smegmatis can protect against growth inhibition caused by INH [118]. Using affinity chromatography, the same group was able to demonstrate high-affinity binding of the INH-NAD/NADP adducts to 16 other proteins in addition to InhA and DHFR, broadening the range of putative INH targets still further. One approach to identifying resistance genes has been to study the transcriptional response to a drug challenge. Using this approach, Alland and coworkers identified a three-gene operon iniABC (for INH inducible), which is up-regulated following treatment of M. tuberculosis with INH and EMB [119,120]. Overexpression of one of these genes, iniA, in M. bovis BCG resulted in increased survival following an INH challenge, and a M. tuberculosis strain containing an iniA deletion showed increased susceptibility to INH. The INH-resistant phenotype was abolished by the pump inhibitor reserpine suggesting iniA could be involved in transport, compatible with its multimeric pore-like secondary structure. However, studies with radio-labeled drug did not show an effect on intracellular INH levels, indicating its mode of action was not through antibiotic efflux. There is more evidence that one of the resistance-nodulation-cell division (RND) family of transporters encoded in the genome of M. tuberculosis, mmpL7, is involved directly in INH efflux, as its heterologous expression in M. smegmatis is reported to cause INH resistance [44,120].
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Compensatory Mutations Studies using model systems have shown that, although there is a range, most resistance-conferring mutations convey some cost to bacteria in terms of their fitness [122]. However, in some cases, these costs can at least be partially ameliorated by secondary or compensatory mutations that restore levels of fitness toward those of sensitive strains [123–125]. Given the diverse mechanisms of resistance in M. tuberculosis, it is likely that compensatory mutations will be important in maintaining the fitness of MDR and XDR strains. The only compensatory mutations described in M. tuberculosis are mutations in the ahpC promoter region of M. tuberculosis. Initial interest in this gene derived from the observation that an oxyR null mutant of E. coli (the wild type of this organism is highly resistant to INH) was susceptible to INH [126] due to down-regulation of ahpC-ahpF. This led to characterization of the oxyR-ahpC locus from different mycobacterial species [127–129]. Members of the M. tuberculosis complex were found to possess an oxyR pseudogene in conjunction with a functional but feebly expressed ahpC gene. This led to speculation that the INH susceptibility of M. tuberculosis was due to low levels of ahpC. However, the overexpression of ahpC in M. tuberculosis did not markedly affect INH sensitivity, but it did confer resistance to hydrogen and cumene peroxide [128,129]. Subsequent analysis of INHresistant isolates identified mutations in the upstream region of ahpC, which were associated with enhanced promoter activity and up-regulation of aphC [128]. These mutations occur almost exclusively in conjunction with katG deficiency [86] and probably enable strains to compensate for the additional oxidative stress imposed by loss of catalase [93,128,130,131]. There is now evidence that compensatory mutations may also be important in restoring the fitness of RMP-resistant strains, although the mutations have yet to be identified [132].



PYRAZINAMIDE The introduction to the anti-tuberculous pharmacopeia of the nicotinamide analog, PZA, had far-reaching consequences, since it enabled the duration of treatment to be shortened from more than a year to six months. Used during the initial intensive phase of short course chemotherapy, PZA, which is more potent at acidic pH, is believed to be particularly active on intracellular M. tuberculosis. For instance, the MIC of the drug for a strain grown in vitro at pH 7 is >250 μg/mL, but can be reduced to 15 μg/mL by lowering the pH to 5. It was initially thought that this potentiation effect could be explained by tubercle bacilli residing in acidified phagosomes that concentrated the drug [133]. However, it was subsequently shown that the pH within these vesicles was neutral [134]. Considerable insight into PZA uptake and resistance mechanisms was provided recently by Zhang et al. in an elegant series of publications addressing the issues of the remarkable specificity of the drug for M. tuberculosis and its relationship with a broad-spectrum amidase [135–141]. PZA resistance has long been associated with the loss of activity of pyrazinamidase (PZase), a cytosolic enzyme of 186 amino acids that hydrolyses both PZA and nicotinamide, and which may play a role in pyridine nucleotide metabolism. In a seminal study, Scorpio and Zhang cloned the pncA gene encoding PZase from
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M. tuberculosis and demonstrated restoration of drug susceptibility upon its expression in the naturally resistant organism BCG [137]. On further examination, pncA mutations that lowered or abolished PZase activity were found in PZA-resistant isolates of M. tuberculosis and also in M. bovis and BCG [136]. Subsequently, other workers surveyed their strain collections for altered pncA genes and found a nearperfect association between the presence of mutant alleles and PZA resistance [138, 142–144]. Indeed, detection of resistance by molecular techniques is now preferable to susceptibility testing by microbiological methods, as these are notoriously errorprone due to the pH effects discussed above. Although many mycobacteria contain pncA genes and elicit PZase, PZA is most active against M. tuberculosis, and its close relatives M. africanum and M. microti. The natural PZA resistance of M. bovis, the other member of the M. tuberculosis complex, and its descendants stems from the amino acid substitution His57Asp in the PncA protein. The M. tuberculosis PZase shows 69.9% and 67.7% identity to those of Mycobacterium kansasii and M. avium, respectively, and 35.5% identity with the nicotinamidase of E. coli. Both of these mycobacterial PZases restored drug susceptibility to levels similar to those conferred by the M. tuberculosis enzyme when expressed in a resistant host, such as BCG, although the M. tuberculosis protein probably has higher nicotinamidase and PZase activities [139,140]. Nevertheless, both M. kansasii and M. avium are naturally resistant to the drug and the likely reason for this will be explained below. M. smegmatis also produces a highly active PZase, PzaA, with an apparent molecular weight of 50 kDa. It is quite distinct from the other enzymes, yet hydrolyzes both PZA and nicotinamide. PzaA probably corresponds to a broad-spectrum amidase capable of hydrolyzing a wide range of substrates [145]. Furthermore, M. smegmatis also contains a PncA homolog (Y. Zhang, personal communication). The potential contribution of other amidases to PZA and nicotinamide metabolism has been recognized and discussed by others [146]. The mutations present in pncA from a large number of drug-resistant isolates of M. tuberculosis are known. The majority of these (69%) correspond to missense mutations, although frameshifts, insertions, deletions, and nonsense mutations (31%) also occur [138,142–144]. The higher frequency of missense mutants suggests that the corresponding proteins may retain some residual activity that could confer a competitive advantage. It is of some interest to examine the distribution of the amino acid substitutions resulting from missense mutations. These occur throughout the PncA protein, but are generally located in positions that are conserved in all four enzymes. This suggests that these amino acid residues play critical roles in substrate binding and catalysis, but confirmation by biochemical characterization of welldefined PZase variants is now required. The toxicity of PZA results from its conversion to pyrazinoic acid [147] and the PZase enzyme from resistant organisms, such as BCG, is unable to catalyze this reaction, which occurs at alkaline, neutral, and acidic pH. However, pyrazinoic acid only accumulates in susceptible tubercle bacilli when the external pH is acidic. In naturally resistant mycobacteria such as M. smegmatis or Mycobacterium vaccae, efficient conversion of PZA occurs, but pyrazinoic acid is rapidly excreted by a highly active efflux system that can be inhibited by reserpine or valinomycin [141].
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M. tuberculosis also appears to have a pyrazinoic acid efflux system, but as this is many orders of magnitude less efficient, copious amounts of the acid build up in the cytoplasm. The natural PZA resistance of M. kansasii is attributable to the much lower activity of its PZase rather than to efflux mechanisms, since the introduction of the M. avium gene into M. kansasii results in highly increased PZA susceptibility and pH-dependent pyrazinoic acid accumulation [140]. By contrast, in M. avium, which shows lower levels of PZA resistance than M. kansasii, an efflux mechanism has been reported whose efficiency is intermediate between those of M. smegmatis and M. tuberculosis [140]. Prior to its interaction with PZase, PZA must cross the cell wall and enter the cytoplasm. Daffé et al. demonstrated that the radiolabeled drug diffused passively through the outer envelope of M. tuberculosis and was then actively transported by an ATP-dependent uptake system. This transporter, which was inhibited by arsenate (albeit at very high concentrations), appears to transport nicotinamide [146]. Similar transport systems were also detected in M. avium and M. kansasii, but not in M. bovis BCG. The latter observation was also made by Zhang et al., who found that the drug did not accumulate in PZA-resistant strains belonging to the M. tuberculosis complex [141]. However, upon introduction of a functional pncA gene, PZA uptake and pyrazinoic acid production were restored. This could suggest that the transport system is only expressed when PZase is present. Similar observations regarding nicotinamide uptake and the presence of nicotinamidase have been made in E. coli mutants lacking the amidase, and might reflect the existence of regulatory pathways for pyridine nucleotide metabolism [148]. Alternatively, it is conceivable that PZA also diffuses across the cytoplasmic membrane of mycobacteria in a passive manner and is then converted to pyrazinoic acid by PZase, which is trapped in the cell at low pH in M. tuberculosis but excreted by the naturally resistant species. The inhibition of PZA uptake observed in the presence of nicotinamide may simply reflect the fact that as nicotinamide is the preferred substrate, PZase hydrolyses the drug at much lower levels. To summarize, three components appear to be involved in mediating PZA susceptibility in pathogenic mycobacteria: the putative uptake system, PZase, and an efflux pump. The relative contributions of these three factors determine the level of drug susceptibility. Clinically relevant mutations have been described in the M. tuberculosis complex that result in loss of PZase activity and concomitantly the absence of pyrazinoic acid. To date, no genes or mutations affecting the PZA transporter (if this exists) or the efflux system have been reported in tubercle bacilli. Overexpression of the putative efflux system would lead to increased excretion of pyrazinoic acid. Such mutants might exist and could explain the resistance observed in a small number of clinical isolates with wild-type pncA genes. Since pyrazinoic acid is the active agent, it was logical to test this compound directly, but its bactericidal activity for tubercle bacilli in infected mice was found to be much lower than that of the acid generated endogenously from PZA [147]. To identify the target for the bioactive form of PZA, attempts were made at isolating laboratory mutants of M. tuberculosis that show increased resistance to pyrazinoic acid. These have been repeatedly unsuccessful [136]. Moreover, in well-characterized clinical isolates that display reproducible PZA resistance most strains harbored
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defective pncA genes [136]. These observations suggest that the drug target must be an essential enzyme and current thinking is centered on fatty acid synthase I.



ETHAMBUTOL Since its introduction in the early 1960s, EMB was thought to act on the mycobacterial envelope, as treatment perturbed the biogenesis of several cell wall components. Through biochemical studies, performed mainly with M. smegmatis, it was found that the primary site of action was arabinan synthesis [149] which, in turn, impacts on arabinogalactan and lipoarabinomannan production [150]. It is now clear from work with EMB-resistant mutants and molecular genetics that the main drug target is the arabinosyltransferase(s) involved in the polymerization of arabinan. Using complementary approaches with M. tuberculosis [151] and M. avium [152], these enzymes were shown to be encoded by linked genes that have evolved by a gene duplication mechanism, controlled by the regulatory gene embR. In M. avium, embR is transcribed divergently from the adjacent embAB genes, whereas in M. tuberculosis, the embCAB operon is situated 1.87 Mb distal to embR. embR regulation is dependent on phosphorylation by PknH [152]. The arabinosyltransferases are membrane-bound enzymes [152] with 12 predicted membrane-spanning segments and a large extracytoplasmic domain at the COOH-terminus. Missense mutations located in a tetrapeptide at positions 303 to 306 of a putative cytoplasmic loop of EmbB have been shown to be responsible for acquired drug resistance in the majority of clinical isolates of M. tuberculosis and in laboratory mutants of M. smegmatis [154–156]. Mutations affecting Met306 are predominant, and replacement by Leu or Val is associated with higher resistance levels (40 μg/mL) than the substitution Met306Ile [156]. High-level resistance has also been described for M. tuberculosis strains harboring embB genes with Thr630Ile or Phe330Val mutations although causality has not yet been demonstrated. The natural Emb resistance of a variety of non-tuberculous mycobacteria, such as M. leprae, M. fortuitum, and Mycobacterium abscessus, results from the presence of one or more alterations to the otherwise well-conserved motif at positions 303 to 306 [157]. Yet again, as in the case of INH and PZA, serendipity has played a major role in the susceptibility of the tubercle bacillus to a frontline drug. In roughly 70% of EMB-resistant clinical isolates of M. tuberculosis, drug resistance can be explained by alterations to embB. However, nothing is known of the mechanism operational in the remaining 30% and these generally display lower levels of resistance (15 μg/mL) [156]. Telenti has proposed that high-level resistance results from a stepwise mutational process in M. smegmatis although other workers provide evidence in favor of a single event [154]. There is a clear indication from heterologous expression of emb genes in this host that increased gene dosage confers higher resistance levels [151] and it is conceivable that unlinked mutations leading to overexpression of the M. tuberculosis embCAB operon may occur in clinical isolates displaying low-level EMB resistance. A strong candidate locus is embR, which is required for transcription of the operon [152] although increased efflux of the drug cannot be excluded.
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FLUOROQUINOLONES The discovery that the broad-spectrum bacteriocidal activity of fluoroquinolones extended to mycobacteria led to their rapid clinical deployment [158,159]. They have now been used extensively and have established themselves as a key element of therapy for cases of MDR-TB [160,161]. Their tolerability and oral route of administration make them particularly useful drugs. Most clinical experience has been with ofloxacin and ciprofloxacin, but recently newer fluoroquinolones with lower MICs have become available, of which moxifloxacin and gatifloxacin are currently the most promising. Moxifloxacin has been the most extensively studied in animal models of tuberculosis therapy, and in combination with PZA and RMP has been shown to sterilize mouse lungs more rapidly than conventional anti-tuberculosis regimens [162,163]. This has raised the possibility that including a potent fluoroquinolone in first-line treatment could shorten the duration of therapy from six months, and phase III clinical trials are under way to investigate this possibility. Fluoroquinolones target bacterial topoisomerases, so it was expected that mutations in DNA gyrase, a type II DNA topoisomerase, would be the principal mechanism of resistance, as a type IV topoisomerase was not identified in the genome of M. tuberculosis [164]. DNA gyrase is made up of two A and two B subunits encoded by gyrA and gyrB, and catalyses negative supercoiling of DNA [165]. Sequencing of the equivalent of the E. coli quinolone resistance-determining region (QRDR) of gyrA [166] in fluoroquinolone-resistant clinical isolates showed that a number of distinct amino acid substitutions are associated with resistance and those at codon 94 and 90 occur most frequently [167–170]. Recently, functional analysis of mutant gyrase complexes has shown that fluoroquinolone inhibition of DNA supercoiling is reduced by the missense mutations Ala90Val, Ala94Gly, and Ala94His [171,172], with larger effects seen with a double mutant. This mirrors the observation that double gyrA mutations in clinical isolates are associated with the highest MICs. This study also characterized a gyrB mutant confirming that substitutions at this site, which are only rarely encountered clinically [171,173], can also cause resistance. There are other pathways to resistance independent of the mutations in the QRDR of gyrA and gyrB, as fluoroquinolone-resistant clinical isolates that are wild type at these loci have been identified [170,171,174]. Attention has focused on characterizing the active efflux systems of M. tuberculosis because of their proven role in conferring fluoroquinolone resistance in other organisms. M. tuberculosis possesses representatives of all of the main classes of efflux systems [44,175], and members of the ATP-binding cassette (ABC) superfamily and the MFS have been shown to transport fluoroquinolones in mycobacteria [176,177]. LfrA, an MFS member identified in the non-pathogenic M. smegmatis, can extrude quinolones [178, 179]. However, none of these transporters has yet been implicated in clinical resistance. Recently, work has suggested that efflux pumps and structural changes to DNA gyrase may not be the only ways M. tuberculosis handles the toxicity of fluoroquinolones. Using a genetic screen for fluoroquinolone resistance, Takiff and colleagues were able to identify a gene, mfpA, that resulted in low-level resistance when overexpressed in M. smegmatis [180]. M. tuberculosis contains a 183-amino acid homolog of mfpA that encodes a member of the pentapeptide repeat family of proteins [181] in
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which every fifth residue is a leucine or phenylalanine. Structural characterization found that MfpA forms a rod-shaped dimer similar electrostatically and in size to B-form DNA, suggesting the binding and inhibition of DNA gyrase by MfpA was through DNA mimicry [182]. This would also explain how up-regulation of MfpA can block the bacteriocidal activity of fluoroquinolones, which is dependent on binding irreversibly to the gyrase-DNA complex.



NEW DRUGS The scale of the global tuberculosis problem and the continuing expansion of drugresistant strains of M. tuberculosis have finally galvanized the search for new antituberculosis drugs. These drug discovery efforts have already produced several new compounds that have entered clinical trials. However, even though these agents have novel modes of action, they are not immune from drug resistance. R207910 is a diarylquinoline (DARC) with potent antimycobacterial activity that was identified by screening prototypes of different chemical series for growth inhibition of M. smegmatis [183]. It has a low MIC against M. tuberculosis, is active against MDR strains including DNA gyrase mutants, and in combination with selected first-line tuberculosis drugs can sterilize lungs of M. tuberculosis-infected mice more rapidly that standard regimens, making it an agent with the potential to shorten the duration of chemotherapy [184–185]. Its mode of action and resistanceconferring mutations were ingeniously elucidated by comparing the near-complete genome sequences of R207910-resistant M. tuberculosis and M. smegmatis strains selected in vitro with their wild-type progenitors. This approach identified singlepoint mutations in atpE, which encodes part of the F0 subunit of ATP synthase. The mutations Asp32Val in M. smegmatis and Ala63Pro in M. tuberculosis were both located in the membrane-spanning domain of the protein and could confer resistance to R207910 when transformed on appropriate constructs into wild-type organisms. Further work has established that the region involved in resistance is conserved across a wide range of mycobacteria except for M. xenopi, which unlike most mycobacteria, is naturally resistant to R207910 and has a Met63 genotype rather than the highly conserved Ala63 [186]. The observation that nitroimidazoles, such as metronidazole, have some antimycobacterial toxicity, prompted researchers to identify related compounds with enhanced bacteriocidal activity against M. tuberculosis. Two of these compounds, OPC-67683 (a nitro-dihydro-imidazole) [187] and PA-824 (a nitroimidazole-oxazine), [188] have already advanced into clinical trials. To date, only the resistance mechanisms of PA-824 have been studied extensively. The intracellular targets have not yet been identified, but PA-824 inhibits protein and cell wall synthesis after reductive activation, which requires a F420-dependent glucose-6-phosphate dehydrogenase (FGD1) encoded by Rv0407. Therefore, it was not surprising that mutations in FGD1 and the genes required for synthesis of cofactor F420 (fbiA, fbiB, and fbiC) result in resistance to PA-824 [189,190]. However, a proportion of PA-824-resistant strains can produce FGD1 and F420 but are still unable to activate the drug. Barry and colleagues sequenced the genome of these strains and identified mutations in an additional gene (Rv3547), which they propose encodes an essential part of the F420 dependent nitroreductase [191]. The involvement of at least five genes in PA-824
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activation means that the in vitro selection rate for resistant mutants is relatively high [191], and it will be important to determine if resistance to PA-824 emerges rapidly during therapy.



CONCLUSIONS The impact of genomics on mycobacteriology has been immense, and has been driven by an expanding catalog of complete genome sequences of M. tuberculosis strains and closely related members of the M. tuberculosis complex [192]. In addition to providing a fast-track method of determining resistance mutations to new drugs [183] genomics has also confirmed a clonal population structure for M. tuberculosis [193] and the infrequency of recombination [194,195]. Unlike other human pathogens in which the horizontal acquisition of genetic material has been instrumental in the dissemination of resistance, M. tuberculosis lacks plasmids and other mobile genetic elements that can transfer resistance genes and all resistance mechanisms described in this chapter are chromosomally encoded. Despite this, M. tuberculosis has proved remarkably adept at developing resistance to all antimycobacterial drugs, even though their targets are diverse. A key objective of future drug development will therefore be the discovery of agents with higher genetic barriers to resistance, which will come from an enhanced knowledge of drug resistance mechanisms.
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Enterobacteria cause a variety of nosocomial and community-acquired (including foodborne) infections and include some of the most deadly pathogens. As a result, their resistance to antibiotics has profound clinical implications. The major antibiotic classes currently in use for enterobacterial infections are the β-lactams, quinolones, aminoglycosides, tetracyclines, and sulfonamides. Resistance to β-lactams is relatively common and involves mainly serine β-lactamases: inducible, typically chromosomal (class C) as well as constitutive, typically plasmid-mediated, extended spectrum (classes A and D). There have been recent reports of class B metallo-β-lactamases in Klebsiella. Integron-borne β-lactamases (classes A, B, and D) occur in Enterobacteria species together with non-β-lactam resistance genes, giving rise to multidrug-resistant bacteria. They pose a threat, particularly in the hospital environment, as non-β-lactam agents may select potent β-lactamases through integronmediated resistance. Resistance to quinolones is associated with changes in the target DNA gyrase (chromosome encoded) or target protection by the proteins QnrA, QnrB, and QnrS (plasmid encoded) and affects quinolones in use as well as in clinical development. Reduced accumulation in the cell, due to active efflux through 343
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the cytoplasmic membrane and decreased influx through the outer membrane, may facilitate the emergence of quinolone resistance. Resistance to aminoglycosides is predominantly due to enzymatic inactivation in the periplasmic space, the exact nature of the modification depending on the particular aminoglycoside. The major mechanism for tetracycline resistance involves an active efflux system; ribosomal protection is not a clinically important mechanism in Enterobacteria. Sulfonamide resistance is due to an additional, plasmid-mediated, sulfonamide-resistant, dihydropteroate synthase target. Overall, the biggest clinical concern is multidrug resistance, particularly the ongoing erosion of the effectiveness of β-lactams and quinolones, two bactericidal and generally safe antibacterial classes.



INTRODUCTION The family Enterobacteriaceae is the widest and most heterogeneous group of medically important Gram-negative bacteria [1]. It includes many species found in the gastrointestinal tract of humans and animals, as well in soil, water, and plants. About one-third of the 30 genera known contain human pathogens, causing a variety of diseases ranging from mild intestinal infections to urinary tract infections, nosocomial respiratory tract infections, wound infections, and septic shock (Table 14.1). Individual species have been associated with specific epidemics that continue to the present: infamously Yersinia pestis [2], responsible for plague (the Black Death of the Middle Ages) and currently considered a potential bioterrorism (category A) agent [3–6]; more modestly Escherichia coli O157:H7, responsible for 70,000 cases of infection and 60 deaths in the United States yearly (http://www.cdc.gov/ncidod/ dbmd/diseaseinfo/escherichiacoli_g.htm) [7]). The pathogenicity of Enterobacteria is associated with clusters of genes (plasmid- or chromosomal-borne) that play critical roles in bacterial colonization and virulence [8–13]. Pathogenic strains often live in a sea of avirulent strains that colonize people and animals; the latter strains represent a reservoir of resistance genes and of potential hosts for the mobile genetic elements that encode virulence factors. Antibiotic resistance is a direct consequence of antibiotic use both in humans and in animals [14–16]. For example, quinolone resistance in Salmonella, a food-borne pathogen causing perhaps a million cases of—mostly self-limited—infection and a thousand deaths in the United States yearly, almost certainly originated from animals [17–21]. The over-reliance on antibiotics, and insufficient application of infection control measures and improved hygiene, has eroded the effectiveness of older, inexpensive agents and threatens the efficacy of recently introduced ones [22]. Antibiotic resistance is commonly detected by susceptibility testing, which describes the resistance phenotype of an organism and has practical implications for patient treatment. For epidemiological/surveillance purposes, strain typing is often performed by serologic methods or, more precisely, by pulsed-field gel electrophoresis (PFGE) of digested DNA [23–24]. Resistance is further characterized by biochemical and molecular biology techniques. The former include function assays; the latter DNA restriction analysis, DNA probes, and nucleic acid amplification by the polymerase chain reaction (PCR) [25]. Plasmid DNAs can be isolated and analyzed by digestion with restriction endonucleases to estimate size and type; DNA
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TABLE 14.1 Pathogenic Enterobacteria and the Diseases They Produce Genus Citrobacter Enterobacter Escherichia Klebsiella Morganella Proteus Providencia Salmonella



Serratia Shigellad



Yersinia



Species



Infection/Disease



Comments



freundii aerogenes cloacae coli oxytoca pneumoniae morganii mirabilis vulgaris rettgeri stuartii enteritidis typhi typhimurium marcescens dysenteriae flexneri sonnei enterocolitica pseudotuberculosis pestis



UT , RT, wound, blood UT, RT, wound, blood UT, RT, wound, blood b c GIT , UT , RT, wound, blood UT, RT, wound, blood UT, RT, wound, blood UT, RT, wound, blood UT, RT, wound, blood UT, RT, wound, blood UT, wound, pneumonia, blood UT, wound, pneumonia, blood GIT GIT, typhoid fever GIT UTI, wound, pneumonia, blood GIT (shigellosis) GIT (shigellosis) GIT (shigellosis) GIT GIT Lymph nodes (bubonic plague)



Nosocomial Nosocomial Nosocomial Food-borne, nosocomial Nosocomial Nosocomial Nosocomial Nosocomial Nosocomial Nosocomial Nosocomial Food-borne Food-borne Food-borne Nosocomial Food-borne Food-borne Food-borne Food/water-borne Zoonotic, food-borne Zoonotic (rodents/fleas)



a



a



Abbreviations: GIT, gastrointestinal tract, UT, urinary tract, RT, respiratory tract. Most common cause of UT infection. cInfections caused by particular virulent E. coli (EC) strains: enterotoxigenic (ETEC), diarrhea; enteropathogenic (EPEC), infantile diarrhea; enteroinvasive (EIEC), dysentery; enterohemorrhagic (EHEC), such as serotype O157:H7, hemorrhagic colitis. dIn the U.S., Shigella sonnei (group D Shigella), accounts for over two-thirds of the shigellosis, while Shigella flexneri (group B Shigella), accounts for most of the rest. Shigella dysenteriae type 1 is found in the developing world, where it causes deadly epidemics. b



of fragments can be sequenced to identify specific resistance genes [26–28]. Resistance mechanisms may operate synergistically—for example, transport-associated resistance and antibiotic inactivation—and the contribution of each to the overall resistance may be difficult to assess [29–30].



RESISTANCE MECHANISMS IN ENTEROBACTERIA GENETIC MECHANISMS Resistance in Enterobacteria can result from gene mutations or transfer of resistance determinants (R-determinants) between strains or species. Clinically, gene transfer is the most common mechanism of transferring resistance [31–32]. R-determinants
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are typically on plasmids, but may also be part of mobile genetic elements (transposons, integrons, and gene cassettes), which can move between plasmids or chromosomes in the same species or to a new species [33–37]. Plasmids (4 to 400 kb) are self-replicating, extrachromosomal elements that contain genes for resistance, virulence, and other functions and are dispensable under certain conditions. Some larger plasmids are conjugative (R-plasmids) and can transfer between organisms, spreading resistance genes. For example, conjugative plasmids were responsible for the spread of sulfonamide resistance to Shigella dysenteriae in the 1950s. Resistance genes can thus disseminate independently of the host organism (horizontal transfer) in addition to disseminating along with the host (clonal spread). Transposons (2 to 20 kb) are mobile genetic elements that contain insertion sequences (0.2 to 6 kb) and one or more resistance genes. They are not capable of autonomous self-replication, but can move (transpose) from one site on the chromosome to another site on the same or different chromosome or plasmid and replicate along with it. Transposition is made possible by short inverted repeats of DNA. Integrons are mobile genetic elements of specific structure that consist of two conserved segments flanking a central region in which resistance gene cassettes are inserted [32–34]. On the 5′-conserved segment is an int gene that encodes a site-specific recombinase capable of capturing DNA, including resistance genes. Although the probability of capture of a resistance gene is low, it can confer a selective advantage to its host. Adjacent to it are a suitably oriented promoter for expression of the cassette genes and the receptor site for the gene cassettes (attl site). On the 3′-conserved segment, which is of variable length, is typically the sul1 gene that encodes a sulfonamideresistant dihydropteroate synthase [36]. Additional resistance genes can also be present, their distance from the promoter determining their level of expression. Alarmingly, as resistance genes are inserted into mobile genetic elements, they sometimes link with other resistance genes in resistance clusters, whose transfer can then result in simultaneous acquisition of resistance to several unrelated drugs (multidrug resistance) [32–33,35,37–38].



BIOCHEMICAL MECHANISMS Biochemical mechanisms of antibiotic resistance include altered transport (influx or efflux) and thereby reduced intracellular accumulation [30] (see Chapter 8, this volume); enzymatic inactivation (hydrolysis or derivatization); altered or additional resistant target; bypassed target; and compensatory changes downstream of target. Table 14.2 summarizes resistance mechanisms for specific antibacterial classes used against Enterobacteria.



RESISTANCE TO MAJOR ANTIBIOTIC CLASSES IN ENTEROBACTERIA β-LACTAMS β-Lactam antibiotics constitute the most enduring and widely used class of antibacterials, encompassing a large number of mostly semisynthetic compounds.



9190_C014.indd 346



10/26/2007 3:35:13 PM



347



Antibiotic Resistance in Enterobacteria



TABLE 14.2 Biochemical Resistance Mechanisms in Enterobacteria Antibiotic Class



New/Altered Enzyme Protein/Gene



Gene Location



Comments



References



Antibiotic Inactivation Hydrolysis β-Lactams



Modification Aminoglycosides Chloramphenicol



β-Lactamase



Ch, P



N-Acetyltransferase, O-adenylyltransferase, O-phosphotransferase O-Acetyltransferase



Ch, P



Most common resistance mechanism



44–46, 56–58



104–105 111, 116 153



Altered/Additional Target Decreased binding Quinolones



DNA gyrase, topoIV



Ch, P



Quinolones



Target protection (qnrA, qnrB, qnrS)



P



Aminoglycosides Tetracyclines Sulfonamides Trimethoprim



RNA, ribosomal protein S12 Ribosomal protection(tetM, O) Dihydropteroate synthetase Dihydrofolate reductase (DHFR)



P P



Most common 95–97 resistance mechanism Associated with 80–92 multidrug resistance 104–105 124–125 36, 145 145, 150



Trimethoprim



DHFR (type IV)



Overproduced Target P



145, 150



Decreased Intracellular Accumulation Decreased uptake β-Lactams Quinolones Aminoglycosides Increased efflux β-Lactams Quinolones Tetracyclines



Porins Porins Altered active transport



Ch Ch



78, 82 95, 98 122



AcrAB-TolC AcrAB-TolC, EmrAB tet A,B,C,D,E,K,L (I)



Ch Ch Ch, P



163–164 95, 98 133



Most common resistance mechanism



Abbreviations: Ch, Chromosomal; I, inducible; P, plasmid-mediated; R, resistance.



The clinically useful β-lactams are divided on the basis of structure into penams, penems and cephems (Figure 14.1) [39]. Their targets are peptidoglycan transpeptidases, cell wall synthesizing enzymes located on the outer face of the cytoplasmic membrane [40]. These enzymes are ubiquitous in bacteria and are commonly detected by their ability to bind covalently and specifically penicillin and other βlactam antibiotics (hence the name, penicillin-binding proteins [PBPs]). Not all PBPs are peptidoglycan transpeptidases, or essential; in Enterobacteria, only three of the eight PBPs are essential.
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FIGURE 14.1



Bacterial Resistance to Antimicrobials



Structures of antibiotic classes used against Enterobacteria.



Clinically, the most important mechanism of resistance in Enterobacteria is hydrolysis by β-lactamases, common bacterial enzymes related to the cell wall targets [41]. β-lactamases are divided into four groups based on amino acid sequence homology (Ambler classification) [42–43], though other classification schemes also exist [44]. In Enterobacteria, all four classes are represented (Table 14.3), but classes
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TABLE 14.3 Common β-Lactamases in Enterobacteria Original Host



Enzyme



Substrate Profile



Inhibitor Profile



Comments



Class A: Serine Enzymes (~30 kDa), Mostly Plasmid-Mediated, Constitutively Expressed, ca. 250 TEM-1 E. coli pen/ceph clox/clav/sulb/taz Most common type TEM-2 E. coli pen/ceph clox/clav/sulb/taz Differs from TEM-1 by one amino acid TEM-3 to K. pneumoniae pen/ceph clox/clav/sulb/taz ESBL variants of TEM-1, TEM-70 in nosocomial outbreaks (see www.lahey.org/ lcinternet/studies/ webt.htm) SHV-1 K. pneumoniae pen/ceph clav/sulb/taz a.k.a. PIT-2; ESBL, often chromosomal; 24 variants to-date (www.lahey.org/ lcinternet/studies/webt. htm) CTX-M E. coli pen/ceph Plasmid, extended spectrum K-1 K. oxytoca ceph Chromosomal, extended spectrum IMP-1



VIM-1



AmpC P99 MIR-1 CMY-1 to CMY-5 OXA-1



Class B: Metalloenzymes (~22 kDa), Mostly Chromosomal, ca. 30 Stenotrophomonas pen/ceph/cpen Uncommon; reported maltophilia in S. marcescens, S. flexneri (integron-borne) pen/ceph/cpen Uncommon, reported in E. cloacae, K. pneumoniae (integron-borne) Class C: Serine Enzymes (~40 kDa), Mostly Chromosomal, Inducible, ca. 30 E. coli ceph taz E. cloacae ceph taz K. pneumoniae ceph Plasmid-mediated K. pneumoniae ceph Plasmid-mediated



E. coli



Class D: Serine Enzymes (~12 kDa), Plasmid Mediated, ca. 15 pen/ceph Related, less common enzymes: OXA-3 to OXA-7



Abbreviations: ceph, cephems, clav; clavulanic acid; clox, cloxacillin; cpen, carbapenem; ESBL, extended spectrum β-lactamases; pen, penams; taz, tazobactam.



A and C are of the greatest clinical significance [45–48]. Both penams and cephems are affected, though rarely penems. Surprisingly, Y. pestis appears to have decreased susceptibility to penems, but not to penams or cephems [49–50]. In class A β-lactamases, the most important enzymes are TEM-1, SHV-1, CTX-M. TEM-1, which originated in E. coli, is now very common in Klebsiella and other
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Enterobacteria, while SHV-1 is commonly found in Klebsiella pneumoniae and can be plasmid mediated or chromosomal [51–54]. CTX-M enzymes were first recognized in 1986 in Japan, in 1989 in Argentina, and thereafter worldwide [55–56]. Of great clinical concern is the emergence of extended-spectrum variants of TEM, SHV, and CTXM enzymes in the 1980s that continues to the present [57–64]. To date, over 250 variants of these enzymes have been identified (http://www.lahey.org/Studies). These extended-spectrum β-lactamases (ESBLs) are particularly problematic because they can hydrolyze oxyimino β-lactams (cefotaxime, ceftriaxone, and ceftazidime) and can easily spread to other species. They are generally sensitive to inhibition by clavulanic acid, though resistant variants have been reported [60–62]. Clinical isolates that produce ESBLs are frequently associated with nosocomial outbreaks [63–65]. Class D and class B [57–58] enzymes, though uncommon, are also ESBLs. Many clinical laboratories lack the necessary technology, and thus ESBL detection in the clinical microbiology laboratory is often problematic. For example, in a survey by Tenover et al. [65], the percentage of labs in Connecticut that failed to detect resistance in the ESBL- or ampC-producing isolates ranged from 24% to 32%. A 1998 survey of 369 microbiology labs participating in the CDC Emerging Infections Network found that only 32% tested for ESBL producers, and of that subset, only 17% used adequate methods to confirm ESBL presence [66]. Ambler class C β-lactamases are produced by most Enterobacteria, but are particularly important in clinical isolates of Enterobacter cloacae and Enterobacter aerogenes, Citrobacter freundii, and Serratia marcescens [67–71]. They hydrolyze both penicillins and cephalosporins, including cephamycins, such as cefoxitin, and are resistant to clavulanic acid. They are normally inducible, regulation of expression being linked to the cell wall synthesis and recycling [72–73]. Relatively recent developments are the evolution and spread of class A enzymes, the mobilization of class C enzymes MIR-1, CMY, MOX into plasmids and the expansion of the activity spectrum to include carbapenems, cephamycins, and oxyiminocephalosporins. A major factor contributing to β-lactam resistance is decreased outer-membrane permeability [74–82]. Because they live in the gut, Enterobacteria have developed a particularly “finicky” outer membrane. This is a protein-rich, asymmetric lipid bilayer that contains lipopolysaccharide in the outer leaflet and envelops the peptidoglycan. It functions as a molecular sieve, with water-filled channels (pores) formed by 35 to 40 kDa protein trimers (porins). It is through these channels that non-specific transport of small hydrophilic molecules, such as β-lactams, occurs. There are at least two porin species in E. coli, OmpC and OmpF, which form channels of 11 and 12 A diameter, respectively, with an exclusion limit of 600 to 800 Da. Other Enterobacteria also have two to three porins, homologous to those of E. coli [78–79]. Porin-deficient mutants of Enterobacteria have reduced β-lactam susceptibility relative to isogenic wild-type strains [80–82]. A key aspect to the susceptibility of Enterobacteria to β-lactams is the interplay of outer-membrane permeability, affinity/turnover for β-lactamases in the periplasmic space, and affinity for target PBPs. Although β-lactamases constitute the major form of β-lactam resistance in Enterobacteria, it is the combined presence of β-lactamases and reduced outer membrane permeability that affects resistance. This
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cooperative action effectively reduces the concentration of β-lactams in the periplasm. Decreased target affinity has not been reported in clinical isolates of Enterobacteria, perhaps because of the fitness cost it entails [83].



QUINOLONES Quinolones are broad-spectrum, bactericidal antibiotics whose potent activity, including activity even against intracellular pathogens, and ease of administration (oral and parenteral) have firmly established them both in the hospital and the community (see Chapter 7, this volume). Quinolones enter bacterial cells through the porins in the outer membrane and by diffusion through the cytoplasmic membrane [84,85]. They then complex immediately, selectively, and reversibly with DNA gyrase and the related topoisomerase IV, bacterial enzymes essential for transcription, replication, and chromosome decatenation. They trap a covalent enzyme-DNA complex (cleavable complex), in which the enzyme has broken the phosphodiester backbone of the DNA, and thereby inhibit the subsequent religation of DNA [86–87]. The result is inhibition of supercoiling (DNA gyrase), chromosome decatenation (topoisomerase IV) and, most importantly, the induction of DNA lesions, which trigger the SOS response and ultimately lead to cell death. With the exception of Qnr proteins, which are plasmid mediated [88–92], quinolone resistance is exclusively chromosomal, spreading with the resistant organism. The Qnr proteins are capable of protecting DNA gyrase from quinolones and have homologs in water-dwelling bacteria. They seem to have been in circulation for some time, having achieved global distribution in a variety of plasmid environments and bacterial genera [90]. Though qnr genes provide low-level quinolone resistance, they facilitate the emergence of higher-level, clinical resistance. Of further concern is the rapid, horizontal spread of the qnr genes and their co-selection with other resistance elements. AAC(6´)-Ib-cr, a variant aminoglycoside acetyltransferase capable of modifying ciprofloxacin and modestly reducing its activity, seems to have emerged more recently [93], but might be even more prevalent than the Qnr proteins. The most common mechanism of high-level, clinical resistance in Enterobacteria is associated with mutations in gyrA, which encodes subunit A of DNA gyrase [94–96]. Resistance mutations tend to cluster between residues 67 and 106 (quinolone resistance-determining region [QRDR]) [96]. Mutations in parC, which encodes the homologous subunit A of topoisomerase IV, are also associated with resistance [97]. Reduced accumulation in the cell, due to active efflux through the cytoplasmic membrane combined with decreased influx through the outer membrane, appears to cause only low levels of resistance, but can facilitate the emergence of fluoroquinoloneresistant strains [98–102]. Clinical resistance is not yet very common in Enterobacteria [102], despite the widespread use of quinolones and the emergence of plasmid-associated quinolone resistance. The only exception is the foodborne pathogen Salmonella, where resistance in some specific phage types has been found in Europe, most likely due to the extensive use of quinolones in food animals [103]. Nevertheless, because resistance affects not only quinolones in use, but also in clinical development and—in the case of qnrassociated resistance—is linked to other resistance genes, it is a cause for concern.
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AMINOGLYCOSIDES Aminoglycosides are bactericidal, broad-spectrum antibiotics discovered in the 1940s (see Chapter 5, this volume). They are still widely used (gentamicin and amikacin), usually in combination with β-lactam agents, against problem pathogens despite their ototoxicity and nephrotoxicity (104). Structurally, aminoglycosides are polycationic amino sugars, the amino groups being protonated in biological media. A number of subclasses have been identified and semisynthetic derivatives less prone to enzymatic inactivation have been developed [105–106]. The mechanism of aminoglycoside action involves binding to the A site of the 16S ribosomal RNA and thereby inhibition of protein synthesis [107–108], after entering through the outer membrane via a porin-independent, “self-promoted” pathway and through the cytoplasmic membrane via an energy-dependent pathway [109–111]. Clinically, the most significant mechanism of aminoglycoside resistance is enzymatic modification [112], the exact profile depending on the aminoglycoside being used [113–114]. The modifying enzymes, N-acetyltransferases, O-phosphoryltransferases, and O-adenyltransferases, have broad substrate specificity and can catalyze more than one reaction [115–119]. Their origin is diverse [120]. Impaired uptake may also contribute to resistance [121–123].



TETRACYCLINES Tetracyclines are broad-spectrum, bacteriostatic agents that also act by inhibiting protein synthesis [124–125]. They bind reversibly to a single, high-affinity site on the 30S ribosomal subunit and disrupt the codon–anticodon interaction between aminoacyl-tRNA and mRNA, thereby inhibiting the binding of aminoacyl-tRNA to the acceptor site on the ribosome. Their selective antibacterial toxicity may be due, at least in part, to selective, concentrative uptake by bacteria [126–127]. The major mechanism for tetracycline resistance involves an inducible active efflux system, whereby the intracellular concentration of these compounds is reduced [128–132]. Several genes encoding for components of this system (tetA-E in Gramnegative bacteria) [133–136], located mostly on plasmids, have been identified. Different tetracyclines are not equally recognized by transport proteins; for example, TetA does not recognize minocycline and doxycycline. Ribosomal protection by a soluble, usually plasmid-encoded, 72-kDa protein homologous to the elongation factor G that is involved in protein synthesis [137–138], is not a significant resistance mechanism in Enterobacteria. A notable development in the field was the discovery of glycylcyclines, minocycline derivatives, one of which, tigecycline (formerly known as GAR 936), has received FDA approval and is now available as Tygacil® [139–143]. Tigecycline is active against most tetracycline-resistant strains. Another recent development is the potentiation of the antibacterial activity of tetracyclines by inhibitors of Tet efflux proteins [144].



ANTIFOLATES: SULFONAMIDES AND TRIMETHOPRIM Sulfonamides, the oldest, totally synthetic antibacterial agents, are competitive inhibitors of dihydropteroate synthetase by virtue of their active (sulfone) form being
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a structural analog of the p-aminobenzoic acid substrate. Clinically, the most common and important mechanism of resistance to these bacteriostatic agents is altered, usually plasmid-mediated, target enzyme [36,145]. Two distinct types of altered dihydropteroate synthetase have been characterized in Gram-negative bacteria, I and II, encoded by sulI and sulII, respectively [146–148]. They have reduced binding to inhibitors, but—remarkably—retain normal binding to the p-aminobenzoic acid substrate. The sulI gene is often located in transposons related to Tn21 or on large R-plasmids with a resistance region similar to Tn21 [36,148]. The sulII gene is carried mainly on small non-conjugative plasmids. Trimethoprim, also totally synthetic and commonly used in combination with sulfonamides, is a bactericidal agent. It is a selective, potent, competitive inhibitor of the bacterial dihydrofolate reductase (DHFR). The resulting tetrahydrofolate depletion affects methyl transfer reactions, particularly the one involved in thymine biosynthesis, thereby causing thymineless death. The most common mechanism of trimethoprim resistance is altered, usually plasmid-mediated, target enzyme [149–151]. Mutant forms of the normal, chromosomal DHFR are far less common in clinical isolates. Seven major types of plasmid-encoded, trimethoprim-resistant DHFRs (I to VII) have been found in Gram-negative bacteria. They share variable homology with each other and with the normal, chromosomal enzyme, suggesting both divergent and convergent evolution.



CHLORAMPHENICOL Chloramphenicol, still an important bacteriostatic agent, owes its selective antibacterial activity to inhibition of the peptidyltransferase reaction of protein syntesis via binding to the 50S ribosomal subunit. The major mechanism of clinical resistance to chloramphenicol is its inactivation by acetylation [152]. Three genetically distinct groups of chloramphenicol acetyltransferases have been found so far, some inducible and others constitutive, but all sharing sequence homology [153]. As previously stated, multidrug-resistant S. typhimurium (DT104), which represent approximately 10% of the Salmonella isolates in the United States, is resistant to chloramphenicol [154].



CONCLUSIONS AND FUTURE DIRECTIONS Enterobacteria cause a variety of nosocomial and community-acquired (including foodborne) infections and thus their resistance to antibiotics has profound clinical implications. Of the five major antibiotic classes currently used for enterobacterial infections (β-lactams, quinolones, aminoglycosides, tetracyclines, and sulfonamides), quinolones (ciprofloxacin) and β-lactams (amoxicillin/clavulanic acid combination and third-generation cephalosporins) are the least affected by resistance. The biggest threat for the future is the gradual erosion of the effectiveness of these two bactericidal and generally safe antibacterial classes [155,156]. The fact that enterobacterial infections are treatable with existing antibiotics has kept them out of the limelight. Enterobacter and Klebsiella, though often resistant to several antibiotics, are simply not in the Pseudomonas/Acinetobacter/Enterococcus resistance league. Neither are as spectacularly invasive as some Streptococcus
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strains, yet they are very common pathogens and their emerging resistance in institutional settings should be a cause for concern [157–161]. Since the first edition of this book was written, several new antibacterials have entered the clinic. Unfortunately, all but one (tigecycline) target mostly Gram-positive bacteria, which are admittedly easier to kill since they lack an outer membrane, a cell structure particularly effective in restricting entry of antibiotics in Enterobacteria. Resistance to β-lactams has alarmingly increased in Klebsiella and plasmid-mediated quinolone resistance appears to be more and more common. The plea mentioned in the first edition of this book has therefore assumed new urgency. Drug development is a long, tortuous process; we need to be more proactive and start targeting Enterobacteria now, with new agents that do not cross-react with existing ones. The possibility of covering also Pseudomonas and Acinetobacter would be an added bonus. In this context, it would be valuable to draw on the recent advances in our understanding of efflux mechanisms [162–164], with the goal of perhaps avoiding them rather than targeting them. The hydra-like nature of transport proteins, whereby suppression of one unmasks another, argues for caution. Nevertheless, recent work has shown that it is possible to potentiate antibacterial activity by inhibiting drug efflux [165–166], just as earlier work had shown that it was possible to potentiate antibacterial action by promoting drug influx through the outer membrane [167].
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Bacterial resistance to antimicrobial agents is a global problem, affecting both industrialized and resource-poor countries. Such resistance increases the difficulty of treating both community- and hospital-acquired infections, with a resulting effect on morbidity, mortality, and economic cost. There is a limited group of infections 363
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responsible for the main burden of antimicrobial resistance, including acute respiratory infections, diarrheal disease, sexually transmitted infections, tuberculosis (TB), and health care–related (nosocomial) infections. There are limited data to show the direct effect of antimicrobial resistance on patient outcome, particularly in community-acquired infections, but hospital studies have shown definite increases in morbidity and length of stay resulting from multiplyresistant pathogens, such as methicillin-resistant Staphylococcus aureus (MRSA). Containing antimicrobial resistance requires improved strategies of antimicrobial use, particularly better control of prescribing, public health strategies to reduce the spread of antimicrobial-resistant communicable disease, and improved laboratory monitoring and epidemiological surveillance of resistant bacteria.



INTRODUCTION Infections and infectious diseases continue to be major causes of morbidity and mortality, particularly in resource-poor and tropical countries. The availability of effective antimicrobial agents was one of the health inputs, along with immunizations and improved public health, that would have contributed to the World Health Organization aim of “Health for All by 2000.” The global occurrence and spread of antimicrobial resistance has been one of the major factors in that goal not being achieved. On a worldwide scale, community acquired infections, notably acute respiratory disease, gastrointestinal infections, sexually transmitted diseases, and tuberculosis, together are responsible for the burden of bacterial infection–related morbidity and mortality. In industrialized countries, while community-acquired infections continue to be of importance, health care–associated (nosocomial) infections have become of major concern. Most nosocomial infections are caused by bacteria resistant to multiple antibiotics, with some, such as vancomycin-resistant enterococci, multiply-resistant Gram-negative bacteria, and MRSA, leaving few options available for treatment. It is now evident from the limited studies available that multiply-resistant nosocomial pathogens are also present in hospitals in low-income countries. Whether community or hospital acquired, some resistant bacteria have evolved locally, whereas for others, there is evidence for the international spread of specific clones. This chapter describes the global occurrence of resistant bacteria, their impact on clinical outcomes and health care systems, the factors contributing to the emergence and spread of resistance, and strategies that need to be implemented to contain the spread of antimicrobial resistance.



GLOBAL PATTERNS OF RESISTANCE IN MAJOR BACTERIAL PATHOGENS ACUTE RESPIRATORY INFECTIONS In both industrialized and less-developed countries, acute respiratory infections continue to be a major cause of morbidity, and particularly among children in lowincome countries, a cause of mortality. Streptococcus pneumoniae and Haemophilus influenzae are by far the two most important pathogens. While penicillin was formerly the drug of choice for S. pneumoniae, intermediate (MIC 0.12 to 1.0 mg/L) and high
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level (MIC > 1 mg/L) resistance to penicillin occurs globally. In Europe and North America, reported rates of high-level resistance range from 10% to 30% [1–3]. Penicillin resistance is of greater concern in low-income countries, where alternative antimicrobials may not be available or are too expensive for poorer communities who may have to pay for medication. Penicillin resistance has now been described in many African countries in addition to South Africa, where resistance was first reported. Studies have shown penicillin resistance (either intermediate or high-level) rates of 45% in Kenya [4], 24% in Côte d’Ivoire [5], and 14% in Zambia [6]. Pneumococcal infection is a particular problem in HIV-infected patients, a study among HIV-infected adults in Kenya showed 77% resistance to penicillin [7]. Penicillin resistance has also been described from most countries in Asia. In a surveillance study of isolates from 11 Asian countries, the ANSORP (Asian Network for Surveillance of Resistant Pathogens) Study [8], 23% of pneumococci showed intermediate resistance and 30% high-level resistance. The highest resistance rates were in Vietnam (72%) and Korea (75%). Studies from China and India showed 45% and 34%, respectively, of pneumococcal isolates to be resistant. Resistance of pneumococci to macrolides, particularly erythromycin, and to cotrimoxazole, the two other antimicrobials widely recommended for treatment of acute respiratory infections, have also been widely reported [9]. For erythromycin, resistance rates of 78%, 37%, and 92% have been reported in China, India, and Vietnam, respectively [8]. Of considerable concern in developing countries is resistance to cotrimoxazole, which is widely recommended for the symptomatic treatment of acute respiratory infections. Resistance rates of 81% in India, 94% in Kenya, and 12% in Zambia have been reported [4,6,10]. H. influenzae is the second most common cause of acute respiratory infections in the developing world, and may also cause more severe sepsis, including meningitis. Although less frequently isolated in routine laboratory investigations, more detailed prevalence studies have confirmed its importance. Resistance to ampicillin, cotrimoxazole, and chloramphenicol, the principal antimicrobials considered for treatment, have been reported, although there are less extensive data than for pneumococci. In India, a study has shown 23% resistant to ampicillin and 67% resistant to cotrimoxazole [11]. In Kenya, in a pediatric population, the resistance rates of H. influenzae to amoxycillin, chloramphenicol, and cotrimoxazole were 66%, 66%, and 38%, respectively [12], and in Bangladesh comparable figures were 32%, 21%, and 49% [13]. In a global study (the SENTRY Surveillance Program), country combined resistance prevalence to ampicillin was 29% in North America, 16% in Latin America, and 16% in Europe. Resistance rates for cotrimoxazole were 24%, 40%, and 24% [14]. With the increasing use of immunization against H. influenzae b (Hib), the occurrence of invasive Haemophilus disease has fallen in most industrialized countries but remains widespread in low-income regions.



DIARRHEAL DISEASES Shigella Infections Of the four species and many serotypes of Shigella, Shigella dysenteriae 1 is responsible for the most severe morbidity in many parts of the world, where
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inadequate water and sanitation lead to both local outbreaks and occasionally widespread epidemics. Multiple, transferable antimicrobial resistance was described in Shigella in the 1950s, and since then there has been a wide distribution of resistant strains and the development of resistance to an increasing number of antimicrobial agents. Combined resistance to ampicillin, tetracycline, chloramphenicol, and cotrimoxazole has been widely described [15], and resistance to nalidixic acid, the recent preferred treatment of choice, has become increasingly common. Resistance to nalidixic acid is associated with reduced sensitivity to ciprofloxacin and other fluoroquinolones, leaving few treatment options, particularly in low-income countries. Nalidixic acid strains were first reported in Bangladesh [16] and in 1994 in central Africa [17]. Multiple resistance was described in outbreaks in eastern India in 2002 and 2003, resistant to most available oral antimicrobials and with reduced sensitivity to ciprofloxacin [18]. Ciprofloxacin-resistant strains have also been described in Bangladesh and Nepal [19]. Cholera Both endemic and epidemic cholera caused by Vibrio cholerae 01 and 0139 continue to occur in many resource-poor countries, particularly where public health infrastructure is limited, and where population displacement and refugee exodus occur. While the mainstay of cholera management is timely and effective rehydration, appropriate antimicrobial management can reduce the period of Vibrio excretion, and the risk of symptomatic disease in household contacts. Despite its widespread use, tetracycline resistance was not reported until 1977 in an outbreak in Tanzania [20]. Since that time, there has been a varying development of resistance in different locations. Outbreaks in different parts of Africa have consistently demonstrated resistance to tetracycline and chloramphenicol [21,22]. Studies in India in both serotypes 01 and 0139 have generally shown a low level of antimicrobial resistance [23,24]. In Southeast Asia, resistance to tetracycline has been demonstrated in outbreaks in Laos [25] and Thailand [26], with variable resistance in Vietnam [27]. Typhoid and Other Salmonella Infections Multiple antimicrobial resistance (ampicillin, teracycline, and chloramphenicol) in typhoid was described in an increasing number of countries in the 1990s. Initially, such multiply-resistant strains remained susceptible to fluoroquinolones, which became the preferred treatment. There are now increasing reports of strains with reduced sensitivity to fluoroquinolones including ciprofloxacin (MICs 0.25 to 0.5 mg/L). Such strains have been demonstrated in east Africa [28], the Indian subcontinent [29], and Southeast Asia [30]. Strains with reduced fluoroquinolone sensitivity present difficulties in treatment, requiring either longer courses of fluoroquinolone treatment, or alternative, more expensive, and often less available antimicrobials. Non-typhi Salmonella infections, in addition to causing food-borne gastroenteritis in industrialized countries, have recently been shown to be an important cause of
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bacteraemia in Africa, particularly in pediatric patients and patients with HIV [31]. Many strains are multiply-resistant, possibly acquiring resistant determinants from bacteria forming part of the bowel flora. The use of antimicrobials in animal husbandry may be an important contribution to resistance in food-associated Salmonellae. Mutiple resistance has been widely documented in Salmonella typhimurium and could be a source of resistance in other strains in humans [32].



SEXUALLY TRANSMITTED INFECTIONS While HIV infection (and its resistance to anti-retroviral therapy) is beyond the scope of this chapter, its association with other sexually transmitted infections is a major public health problem. If bacterial sexually transmitted infections are inadequately treated because of antimicrobial resistance, HIV infections will be more easily transmitted. The treatment of uncomplicated gonorrhea infections has progressed through various stages as resistance to different antimicrobials has occurred. Resistance to penicillin, resulting from penicillinase production (PPNG), has reached over 80% in many countries in South and Southeast Asia and the western Pacific as shown through surveillance by the WHO GASP (Gonococcal Antimicrobial Susceptibility Program) [33]. Many of these resistant strains have subsequently spread to Europe and the Americas. Similar figures of penicillin resistance have been reported from different countries in Africa, 85% in a study in Ethiopia [34], 89% in Rwanda [35], and 98% in Nigeria [36]. Tetracycline became an alternative to penicillin, but rapid development of resistance led to the recommendation of ciprofloxacin for the syndromic management of gonococcal infections. Since its introduction, there has been a rapid rise and spread of resistance. The GASP program showed ciprofloxacin resistance rates varying from 10% to 100% in countries of South and Southeast Asia. In a study from Australia [37], 23% of 3640 isolates were ciprofloxacin resistant, and in a study from Sweden, the prevalence of ciprofloxacin resistance was over 50% [38]. Currently there are few reports of ciprofloxacin resistance in Africa, but this may be due to lack of laboratory facilities and under-reporting.



TUBERCULOSIS The introduction of directly observed therapy (DOTS) has had a major impact in many parts of the world on controlling both the spread of tuberculosis and the development of resistant strains. However, in some areas where there is a large background of tuberculosis infection in the community, and particularly in populations where HIV infection is endemic, multidrug-resistant tuberculosis continues to be a problem. New molecular techniques have assisted in describing the epidemiology of multi-resistant strains [39–42]. There are many endemic areas where laboratory facilities, particularly at the periphery, may be unable to perform culture and sensitivity testing, and hence the prevalence of drug resistance is unknown. MDR TB is a major burden on poor communities where limited availability and high cost of second-line therapy may limit treatment options.
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ANTIBIOTIC RESISTANCE IN HEALTH CARE–ASSOCIATED (NOSOCOMIAL) INFECTIONS It is in health care–associated infections that the most complex problems of antimicrobial resistance now occur in industrialized countries. The major infections are ventilator-associated pneumonia, intravascular line-related infections, surgical site infections, and urinary tract infections related to indwelling catheters. Important resistant bacteria include MRSA, vancomycin-resistant enterococci (VRE) and multiply-resistant Gram-negative bacteria, particularly Enterobacteriaceae, Pseudomonas spp., and Acinetobacter spp., with varying resistance to aminoglycosides, carbapenems, other β-lactam antibiotics, and cephalosporins. In European studies, the percentage of S. aureus bacteremias due to MRSA have been shown to be 35% to 45% [43,44]. In a study of 200 intensive care units in Europe [45], S. aureus, Pseudomonas, and E. coli were the major causes of sepsis, with a high proportion of resistant isolates. Patients infected or colonized with multiply-resistant nosocomial bacteria may be responsible for spread into the community and subsequent widespread geographic spread. A study from Canada [46] described an outbreak of MRSA in a tertiary care hospital in British Columbia introduced by a patient who had been hospitalized in India. Although there is less information on health care–associated infections in low-income countries, limited studies confirm that they are a global problem [47]. Several studies in Africa have reported MRSA infections including Côte d’Ivoire [48], Nigeria [49], and Sudan [50]. Vancomycin intermediate S. aureus has been reported from South Africa [51].



THE CLINICAL AND ECONOMIC IMPACT OF ANTIMICROBIAL RESISTANCE While there are extensive data on the prevalence of antimicrobial-resistant bacteria, there are limited systematic data on how such resistance influences disease outcome. This is particularly the case for community-acquired infections in resource poor countries, where in terms of total populations affected, the greatest burden occurs. There are many unanswered questions. Do children with pneumonia caused by cotrimoxazole resistant S. pneumoniae die? Do they survive but with increased morbidity after so many days of treatment? Do they seek hospital admission and receive treatment with, for example, a third-generation cephalosporin? Is poor outcome not due to antimicrobial resistance, but rather to malnutrition, undiagnosed HIV, or other, unrelated infection? In the majority of cases there will be no pathogen isolated, and no sensitivity known, and so such questions are impossible to answer. However, despite the constraints in research in such situations, it is essential that attempts are made to begin to answer these questions. One strategy to reduce the impact of infections caused by potentially resistant pathogens in resource-poor countries is the Integrated Management of Childhood Ilnessess (IMCI) initiative, where syndromic management is based on anticipated sensitivity patterns [52]. An important negative effect on the lack of information on antimicrobial sensitivity is the over-use of broad-spectrum antimicrobials in the “hope” they will cover whatever resistant organisms may occur.
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The most rigorous information on the clinical and economic impact of infections caused by resistant bacteria come from hospital studies in industrialized countries [53]. Several studies have shown increased lengths of stay and increased costs in patients with MRSA infections [54,55]. Multi-resistant organisms, including MRSA, have also been shown to be associated with higher mortality [56]. In addition to the increased morbidity in the index patient, patients infected with resistant organisms will be infected longer and are more likely to transmit infection to others.



LABORATORY AND EPIDEMIOLOGICAL ISSUES IN RELATION TO RESISTANCE DETERMINATION AND SURVEILLANCE While industrialized countries have competent laboratory facilities for culture and sensitivity testing of bacterial pathogens, many use different methodologies for sensitivity testing, and comparisons between hospitals and between countries need to be interpreted cautiously. It would be preferable if all countries adopted one standard, preferably the Clinical and Laboratory Standards Institute (CLSI) standards, which are most widely used. The problem is a different order of magnitude in developing countries, where apart from central or university hospitals, many hospitals do not have laboratories that can perform bacterial culture and sensitivity testing, and, where they do exist, limited quality control and availability of reagents may result in data of limited accuracy. There have been a number of initiatives to set up standardized surveillance systems to provide updated resistance information and to compare rates between different locations [57]. Notably among these are the SENTRY Antimicrobial Surveillance Program [58], the Meropenem Yearly Susceptibility Test Information Collection (MYSTIC) project [59], and the Alexander International Multicentre Longitudinal Surveillance study of antimicrobial susceptibility among respiratory pathogens [60]. More comprehensive projects include the International Network for the Study and Prevention of Emerging Antimicrobial Resistance (INSPEAR) from the Centers for Disease Control and Prevention (CDC) [61] and the World Health Organization Network for Antimicrobial Resistance Surveillance (WHO NET), a surveillance project set up by WHO to improve country-level surveillance programs, with easy-to-use software [62]. While each of these programs provides valuable data on resistance prevalence, it is important that they are linked into programs to plan antimicrobial guidelines and prescribing.



FACTORS CONTRIBUTING TO THE EMERGENCE AND SPREAD OF ANTIMICROBIAL RESISTANCE The emergence and spread of antimicrobial resistance is dependent on both biological and behavioral/political factors. The ability of bacteria to become resistant to antimicrobials by mutation or the acquisition of resistance genes by plasmid or other transfer are described in other chapters of this book. The selection of resistant strains is maintained by antibiotic pressure, and inappropriate antimicrobial prescribing and use are major factors that contribute to this.
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Suboptimal use of antimicrobials is a particular problem in low-income countries, where there is often a lack of laboratory data to guide prescribing, and where antimicrobials are often “prescribed” by non-medical practitioners or are freely available in markets [63]. In such situations, subtherapeutic doses are often taken, increasing the risk of selecting resistant strains. Resistant strains once evolved may spread between patients in the community, in health care settings, and globally by the increase in international travel and migration. Transfer of resistant strains in the community is particularly a problem in areas characterized inadequate water and sanitation facilities. Enteric carriage of resistant organisms has been shown to contaminate water storage vessels, with subsequent transfer to other family members, including children, who may have had little exposure to antibiotics [64]. In hospitals, the use of multiple antimicrobial agents, patients susceptible to complex infections because of the advanced medical procedures undertaken, and the spread between patients of inherently resistant nosocomial bacteria, all contribute to a major problem of difficult-to-treat infections.



STRATEGIES FOR THE CONTAINMENT OF THE GLOBAL OCCURRENCE AND SPREAD OF RESISTANCE IMPROVED STRATEGIES FOR ANTIMICROBIAL USE In many developing countries, non-medical practitioners, while they may be responsible for inappropriate antimicrobial use, do play an important role in the health care system, where qualified staff are limited particularly in remote areas. Thus education of these practitioners in appropriate prescribing is an important strategy, encouraging standardized treatment regimes for the syndromic management of infections [65]. While it is difficult to demonstrate a containment of resistance by such strategies, evidence from the DOTS TB control strategy is that there is a lower development of resistant TB. At the national level, control of antimicrobials available in the country, with registration and control of manufacture, should limit the range of antimicrobials available to the prescriber. In industrialized countries where generally antimicrobials are only available through medical prescription, antimicrobial use is more controlled. However, in hospital practice, where the greatest intensity of antimicrobial use occurs, antibiotic guidelines are often not followed, despite the input of pharmacists and microbiologists. Where strict antibiotic policies have been followed, there is evidence that the occurrence of resistant nosocomial infections is reduced [66]. Failure to adhere to antimicrobial policies may lead to multiply-resistant bacteria, and overuse of inappropriate antibiotics may alter the normal flora of the bowel. This may in turn lead to overgrowth by bacteria, such as Clostridium difficile, a cause of antibioticrelated colitis.



PUBLIC HEALTH STRATEGIES Public health interventions can contribute to reducing the occurrence and spread of resistant infections in both industrialized and low-income countries.
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Immunization programs for S. pneumoniae and H. influenzae would greatly reduce the burden of these causes of acute respiratory infections, and hence the problem of treating resistant strains. There is a need for effective and low-cost vaccines against diarrheal diseases, particularly Shigella, cholera, and typhoid, where few oral antimicrobials are currently effective. Improved water supply and sanitation in resource-poor countries will reduce the spread of both resistant enteric pathogens and non-pathogenic but resistant enteric bacteria that may act as a reservoir of transferable antimicrobial resistance. Health education can play a major role in people’s understanding of infection and the importance of using antibiotics appropriately [67]. Such programs can include both formal teaching situations and the wider use of publicly available media.



CONTROL OF HEALTH CARE–ASSOCIATED INFECTIONS In industrialized countries, the greatest problem of antimicrobial resistance is in nosocomial pathogens, particularly MRSA, VRE, and multiply-resistant Gramnegative bacteria. Controlling the development and spread of these pathogens is a priority if the specter of untreatable infections is to be avoided. New, comprehensive strategies, such as the Saving Lives campaign in the United Kingdom [68] and the Making Hospitals Safer initiative supported by the World Health Organization [69], are aimed at reducing health care–associated infections. The programs include an emphasis on hygiene and hand washing to reduce the path of transmission between patients and health care workers. The WHO program is not restricted to industrialized countries, and should be a catalyst to initiate nosocomial infection control in low-income countries.



IMPROVED LABORATORY MONITORING AND EPIDEMIOLOGICAL SURVEILLANCE OF RESISTANT BACTERIA Timely and accurate information on the prevalence of antimicrobial resistance is essential for planning resistance containment programs and rational antimicrobial policies. In resource-poor countries, the development of functioning laboratories at central and district level is a priority. There have been numerous attempts to do this in particular countries, but an internationally supported program is required to build sustainable and quality-controlled laboratory networks. Resistance/susceptibility data should form the basis of informing clinicians of results relevant to individual patients, provide local resistance data to form a “community antibiogram” [70], and link in to national and international surveillance systems.



DEVELOPMENT OF NEW ANTIMICROBIAL AGENTS While the priority strategy at all levels must be to contain antimicrobial resistance using the strategies described above, the development of new antimicrobial agents is also a priority in the treatment of multiply-resistant infections [71]. New understanding of bacterial genomics and molecular biology techniques provide an understanding of new, selective, targets for antimicrobial action [72]. Such techniques may also provide agents that can combat bacterial resistance strategies.
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CONCLUSION The control of the emergence and spread of antimicrobial resistance is a public health priority on a global scale. Failure to do so will have a major and continuing impact on the morbidity and mortality caused by infection, and be an economic burden in both industrialized and low-income countries. A major collaborative effort will be required by national governments and their health ministries, by pharmaceutical companies, and international agencies if containment of antimicrobial resistance is to be achieved [73].
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In 1998, the Centers for Disease Control and Prevention issued a report, Preventing Emerging Infectious Diseases, which outlined a plan designed to address key emerging infectious disease issues [1]. Antimicrobial resistance was seen as one of the major infectious disease issues facing the world as we entered the new millennium. In 2003, an Institute of Medicine report entitled Microbial Threats to Health reiterated this issue [2]. In this chapter, we review some of the approaches that have been taken to combat antimicrobial resistance in outpatient and inpatient settings. 377
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In the outpatient setting, we focus on issues related to pneumococcal resistance and the role that inappropriate use of antimicrobials has played in promoting the development of resistant bacteria in the community. We address the importance of surveillance and epidemiologic investigation in measuring the magnitude of the resistance and for assessing the impact of interventions designed to reduce resistance and to promote judicious use of antibiotics. Two interventions we address are vaccination and educational campaigns. In the inpatient setting, we address the unique nature of the hospital environment, which makes this aspect of health care delivery a focus for the emergence and spread of many antimicrobial-resistant pathogens. We review surveillance data that have shown increasing rates of resistance for most pathogens associated with nosocomial infections. We also describe many opportunities to prevent the emergence and spread of these resistant pathogens through a systematic review of surveillance data on antimicrobial resistance and antimicrobial prescribing and improved use of established infection-control measures.



EMERGENCE OF DRUG RESISTANCE IN THE COMMUNITY The appearance of bacterial strains that are increasingly resistant to antimicrobial agents is a significant problem facing all sectors of the health care community. The relationship between the development of resistance and the use of antibiotics has been shown in both community and hospital settings [3,4]. The emergence of drugresistant Streptococcus pneumoniae (DRSP) in the United States in the early 1990s serves as a good case study of antimicrobial resistance in the community. In the United States, S. pneumoniae is an important cause of communityacquired infections, such as pneumonia and otitis media, and serious invasive infections, such as meningitis and bacteremia. The precise incidence of non-invasive infections is difficult to ascertain because of the lack of routine diagnostic testing. In recent years, the incidence of invasive disease has been on the decline because of the use of the pneumococcal conjugate vaccine [5,6]. Numerous studies have documented the association between recent antibiotic use and both carriage of and invasive disease caused by DRSP [7]. In one study, children who were recently given an antibiotic were two to seven times more likely colonized with DRSP than were children who did not have recent antibiotic use [7]. In addition, children with invasive disease caused by DRSP were significantly more likely to report recent antibiotic use than were children with invasive disease due to drug susceptible pneumococci. S. pneumoniae is not the only community-acquired organism where antibiotic use and emergence of drug resistance are linked. In Finland from 1988 to 1990, there was an 8% increase in erythromycin resistance among group A Streptococcus (GAS) isolates, although the rates declined shortly after [8]. In the United States, high-level macrolide resistance among GAS pharyngeal isolates has been documented. The prevalence is estimated to be 5% [9]. The widespread use of antimicrobial agents, whether used appropriately or inappropriately, has led to the emergence of resistant organisms. If antibiotics were used exclusively for conditions for which they are known to be clinically effective, this increased risk would be viewed as one of the necessary but unavoidable
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consequences of therapy. However, this is not the case. In an analysis of data from the National Ambulatory Medical Care Survey, McCaig and Hughes documented that over 30% of all antibiotics are prescribed for colds, upper respiratory infections (URI), and bronchitis [10]. These conditions are largely viral in etiology and would not be expected to improve with antibiotic therapy [11]. An analysis of the same data by Gonzales et al. demonstrated that antibiotics were prescribed to 51% of adults with colds, 52% with URIs, and 66% with bronchitis [11]. In children, antibiotics were prescribed to 44% with colds, 46% with URIs, and 75% with bronchitis [12]. These are all conditions for which prescribing could be reduced or eliminated without adversely affecting patient care. Physicians prescribe unnecessary antibiotics for many reasons; however, studies indicate that physicians believe they overprescribe because of patient/parent demand. Focus groups conducted with pediatricians and family practitioners in Atlanta identified parental expectations for antibiotics as the primary reason for this inappropriate use [13]. In a national survey of pediatricians, 48% reported that parents pressure them to prescribe antibiotics [14]. Seventy-eight percent of surveyed pediatricians felt that the single most important thing that could be done to promote judicious antibiotic use would be to educate parents about the proper indications for antibiotic use. This is supported by a study addressing the relationship between parental expectations and pediatrician antimicrobial prescribing. Physician perception of parental expectation was the only significant predictor of prescribing for conditions of viral origin [15]. When pediatricians believed that a parent wanted an antibiotic, they prescribed them in 62% of cases as compared with 7% of cases when they believed the parent did not want an antibiotic. Interestingly, there was no association between parents’ true expectations and physician prescribing. Hamm found very similar findings in a study of antibiotic prescribing for respiratory tract infections in adults [16]. Although prescribing was related to physician-perceived patient expectations, patient satisfaction was not related to receipt of an antibiotic. One could conclude from these studies that if physicians and parents were able to communicate more openly, inappropriate prescribing might be reduced. Although more difficult to document, it is likely that physicians’ lack of understanding of the wide variety of presentations and natural history of viral illnesses plays a role in overprescribing. For example, although green nasal discharge is normal in a child with a cold [17], many physicians use this finding as an indication for antibiotic prescribing [13]. This lack of understanding, combined with the diagnostic uncertainty inherent in most clinical encounters and the time pressures of outpatient practice, contributes to the problem of inappropriate antibiotic prescribing.



PUBLIC HEALTH RESPONSE TO EMERGENCE OF DRUG RESISTANCE IN THE COMMUNITY In 1994, in response to the increasing prevalence of DRSP, the Centers for Disease Control and Prevention (CDC) convened a working group of public health practitioners, clinical laboratorians, health care providers, and representatives of key professional societies. To minimize the impact of DRSP, the working group developed a strategy, which included three areas to be addressed in the public health response to
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antimicrobial resistance: (i) surveillance, (ii) epidemiologic investigation, and (iii) prevention and control strategies. The primary goals of establishing surveillance included monitoring the prevalence and the geographic distribution of DRSP and rapid recognition of new patterns of resistance. The primary goal of epidemiologic investigation was to use the surveillance infrastructure and data to perform special studies to help ascertain information such as the risk factors for DRSP. The goal of prevention and control of DRSP was to minimize complications and reduce the number of antimicrobialresistant infections. Nationwide surveillance data provide necessary information for fulfilling the objectives identified for prevention and control. Area-specific data can be used by clinicians to heighten their awareness and guide their selection of antimicrobial drugs for treatment of infections caused by resistant organisms.



SURVEILLANCE In response to DRSP, officials in some state health departments began conducting surveillance, and in 1994 the Council of State and Territorial Epidemiologists (CSTE) recommended that DRSP become one of the nationally notifiable diseases. In addition, the CDC began supporting active, population-based surveillance for invasive pneumococcal infections in selected areas. In 1995, the surveillance program was named Active Bacterial Core surveillance (ABCs) and is a core component of the CDC’s Emerging Infections Programs Network (EIP), which is a collaboration between the CDC, state health departments, and universities. ABCs is an active laboratory- and population-based surveillance system for invasive bacterial pathogens of public health importance [18]. For each case of invasive disease in the surveillance population, a case report with basic demographic information is completed and bacterial isolates are sent to CDC and other reference laboratories for additional laboratory evaluation. ABCs also provides an infrastructure for further public health research, including special studies aiming at identifying risk factors for disease, post-licensure evaluation of vaccine efficacy and monitoring effectiveness of prevention policies. ABCs was initially established in four states. It currently operates among 10 EIP sites across the United States, representing a population of over 38 million persons. (www.cdc.gov/abcs) The sites conducting S. pneumoniae surveillance include all counties in the states of Connecticut, Minnesota, and New Mexico, and multiple counties in California, Colorado, Georgia, Maryland, New York, Oregon, and Tennessee. Currently, ABCs conducts surveillance for six pathogens: group A and group B Streptococcus (GAS and GBS), Haemophilus influenzae, Neisseria meningitidis, S. pneumoniae, and methicillin-resistant Staphylococcus aureus (MRSA). The current population under surveillance for S. pneumoniae is 27,816,794. Antimicrobial susceptibility testing is performed on all S. pneumoniae isolates. Nonsusceptibility and resistance are defined by using Clinical Laboratory Standards Institute (formerly NCCLS) criteria [19]. Genotyping is performed on certain groups of S. pneumoniae isolates. Techniques include pulsed field gel electrophoresis, multilocus sequence typing, the penicillin-binding protein gene dhf specific restriction fragment length polymorphism/sequence analysis, and molecular analysis of
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resistance mechanisms. Antimicrobial susceptibility testing is performed on a subset of GAS isolates. Serotyping and genotyping techniques based on the M protein molecule and the emm gene encoding the molecule are performed on all GAS isolates. Opacity factor sequence typing is done on a subset of GAS isolates. Medical record review is performed by surveillance personnel. Data from case report forms, isolate forms, and special study forms are entered into a computerized database at each surveillance site. The data are transmitted to the CDC where they are verified and aggregated. Every month, summary tables and laboratory testing results are sent to the surveillance sites from the CDC. Public health officials can use this information to improve vaccination use, targeting areas most likely to benefit from intervention (e.g., regions with high levels of resistance to antimicrobial drugs or communities of persons at highest risk for infection), to promote the judicious use of antimicrobial agents in areas with high levels of antimicrobial resistance, and to publish national and regional trends in pneumococcal antimicrobial resistance [6,20,21].



EPIDEMIOLOGIC INVESTIGATIONS ABCs provides a framework for special epidemiologic investigations of DRSP to be performed. A study using DRSP population-based surveillance data for the eightcounty metropolitan Atlanta area in 1994 identified 27% and 24% of invasive S. pneumoniae isolates as penicillin nonsusceptible among children and adults, respectively. Higher proportions of whites than blacks had infections caused by penicillin-resistant or multidrug-resistant strains of S. pneumoniae. Higher proportions of white children less than six years of age had infections caused by penicillin-resistant, cefotaxime-resistant, or multidrug-resistant strains of S. pneumoniae than black children of the same age. Suburban residence was also associated with an increased risk of infections with an antimicrobial-resistant organism [22]. The high rate of antimicrobial-resistant infections found in adults suggested that antimicrobial resistance is not a problem limited to pediatric patients. Because of concern about antimicrobial-resistant infections in children, recommendations for empirical therapy for children with suspected life-threatening pneumococcal infections were developed [23]. The results of this study provided evidence for the necessity of recommendations for empirical therapy of pneumococcal infections in adults. A case-control study to identify risk factors for invasive pediatric pneumococcal disease was performed within the ABC surveillance sites. Along with risk factors identified for invasive pediatric pneumococcal disease, recent antimicrobial use was associated with increased risk for invasive infection with penicillin-resistant S. pneumoniae [24]. Two additional epidemiologic studies resulting from ABCs surveillance data looked at resistant S. pneumoniae. Surveillance data initially showed that disease caused by macrolide-resistant S. pneumoniae was a rapidly increasing problem in the 1990s [25]. A follow-up study showed a dramatic decline in macrolide resistance following the introduction of the pneumococcal conjugate vaccine in metropolitan Atlanta. The decrease was due to both direct and herd immunity effects of the vaccine to decrease infections [26]. In a more recent study of ABCs data, rates of
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resistant invasive disease caused by vaccine serotypes fell dramatically [27]. These results support the strategy of using vaccines to prevent resistant infections.



PREVENTION AND CONTROL VACCINATION The CDC is working with state health departments to promote the use of pneumococcal vaccines. Currently, there are two types of pneumococcal vaccines available for use, the 23-valent pneumococcal capsular polysaccharide vaccine and the 7-valent pneumococcal protein polysaccharide conjugate vaccine. The 23-valent pneumococcal vaccine contains 23 purified pneumococcal capsular polysaccharide antigens, which comprise at least 85% to 90% of the serotypes that cause invasive disease in the United States and include serotypes of drug-resistant strains that most frequently cause invasive disease [20,28]. This vaccine is not recommended for children under two years old because antibody response to most pneumococcal capsular types is generally poor or inconsistent in this age group [29]. In 1998, an estimated 3400 adults aged ≥65 years died as a result of invasive pneumococcal disease [20]. According to data from the National Health Interview Survey (NHIS), pneumococcal vaccination coverage increased by 32% (from 42.6% to 56.3%) among persons aged ≥65 years from 1997 to 2005, but coverage has remained nearly unchanged since 2002 (56.2%) (available at http://www.cdc. gov/nchs/about/major/nhis/released200609.htm#4). In 2004, the overall proportion of respondents of the Behavioral Risk Factor Surveillance System (BRFSS) surveys aged ≥65 years reporting ever having received pneumococcal vaccine was 63.4% (CI = 62.7% to 64.1%). Vaccination coverage ranged from 32.7% (Puerto Rico) to 71.6% (Montana), with a median of 64.6%. In 2005, the overall proportion of respondents aged ≥65 years reporting ever having received pneumococcal vaccine was 63.7% (CI = 63.1% to 64.4%). Vaccination coverage ranged from 28.3% (Puerto Rico) to 71.7% (North Dakota), with a median of 65.7% [30]. However, these vaccination rates are still far from the national health objective for year 2010, which is to achieve 90% coverage of non-institutionalized adults aged ≥65 years for pneumococcal vaccination (objective 14 to 29 available at http://www.health. gov/healthypeople) [31]. Underutilization of the 23-valent polysaccharide vaccine may be partly due to some ongoing controversy regarding vaccine efficacy, duration of protection, side effects, and adverse reactions. Nonetheless, pneumococcal polysaccharide vaccine has been shown to be effective against bacteremic disease caused by organisms whose serotypes are contained in the vaccine [32]. Effectiveness in case-control studies has ranged from 56% to 81%. Vaccine effectiveness of 65% to 84% has been demonstrated among immunocompetent persons aged 65 years or older and among persons with diabetes mellitus, coronary vascular disease, congestive heart failure, chronic obstructive pulmonary disease and anatomic asplenia [33–36]. In addition, a meta-analysis of nine randomized controlled trials concluded that pneumococcal vaccine is efficacious in reducing the frequency of bacteremic pneumococcal pneumonia among low-risk adults [29].
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FIGURE 16.1 Annual incidence (cases per 100,000 persons) of invasive disease caused by penicillin-susceptible (Pen S) and penicillin-nonsusceptible pneumococci (Pen NS) in children =65 yrs



FIGURE 16.2 Annual incidence (cases per 100,000 persons) of invasive disease caused by penicillin-nonsusceptible pneumococci in persons ≥2 years, 1996 to 2004. (From Kyaw, M.H., Lynfield, R., Schaffner, W., Craig, A.S., Hadler, J., Reingold, A., et al. N. Engl. J. Med., 354, 14, 2006. With permission.)



(iii) developing and implementing specific interventions, and (iv) assessing the impact on antibiotic use and physician–patient satisfaction. In 2003, the Campaign for Appropriate Antibiotic Use in the Community was expanded into a national media campaign to provide a coordinated message on appropriate antibiotic use and to create a foundation for local efforts across the country. The Campaign was renamed Get Smart: Know When Antibiotics Work. The appropriate use messages were disseminated via print, television, radio, and billboards. Educational materials and media toolkits were distributed to CDC-funded sites for use in conjunction with their local campaigns. A social ecological framework has been applied to the CDC’s educational campaign. This approach considers the contributions of individual influences and social-environmental influences on health behavior. The framework is useful to ensure efforts are targeted at all levels of influence. The factors of influence may be further divided into five levels: individual or interpersonal factors, groups or social networks, organizational factors, community factors, and public policy. The Campaign focuses its activities in the first three levels, attempting to change the behaviors of patients, consumers, and health care providers, to modify group norms, and to promote organizational adoption of policies and tools that support appropriate antibiotic use techniques and philosophies [41].



PARTNERSHIPS Over the last decade the CDC’s partnerships for the Campaign have included state and local health departments, federal agencies, managed care organizations, pharmacy benefits management companies, consumer advocacy groups, community organizations, pharmaceutical companies, health care purchasers, professional



9190_C016.indd 384



10/31/2007 4:40:42 PM



Public Health Responses to Antimicrobial Resistance



385



associations, and medical schools. The various partnerships the CDC has established help support programs and target a variety of audiences. The CDC funds state and local health departments for the development, implementation, and evaluation of local Campaigns to promote appropriate antibiotic use. The number of funded sites increased from 8 in 1998 to 30 in 2007. In 2004, a multicultural outreach program was also developed to create and distribute educational materials on appropriate antibiotic use to diverse audiences. In partnership with the Indian Health Service and various Latino organizations culturally appropriate educational materials have been designed, tested, and distributed for Native American and Spanish-speaking consumers.



EDUCATIONAL MATERIALS, GUIDELINES, CURRICULA Campaign activities over the last decade have included developing, distributing, and promoting the adoption of prescribing guidelines and educational materials for health care providers. One of the initial products of the CDC’s Campaign was the development and distribution of principles for appropriate antibiotic use for pediatric upper respiratory tract infections [42]. Developed in collaboration by the CDC, the American Academy of Pediatrics, and members of the American Academy of Family Physicians, these guidelines provide a definition of appropriate prescribing and have been distributed to numerous state and local health departments, health plans, and physician groups. The guidelines serve to change knowledge and attitudes of providers in ways that favor appropriate prescribing. Following the development of the pediatric principles, the CDC produced a series of health education materials for both parents and providers to promote appropriate antibiotic use. These include brochures, posters, question-and-answer fact sheets for parents on runny nose and otitis media, instructional or “detailing” sheets for small-group physician education modeled after materials used by the pharmaceutical industry, a day care letter, and a viral prescription pad. The prescription pad in particular has been extremely popular and useful as a communication tool. Health care providers can use this tool to recommend strategies for symptomatic relief of viral illnesses, thereby acknowledging the patient’s discomfort and suggesting solutions without prescribing an antibiotic unnecessarily. These health education materials, as well as the pediatric guidelines, are available at the CDC website— www.cdc.gov/getsmart—and may be downloaded and copied free of charge. Materials may be purchased in bulk from the Public Health Foundation—www.phf.org. Approximately 15 million prescriptions are written each year in the United States for acute otitis media (AOM). AOM has a high rate of spontaneous resolution without antibiotic treatment. Many studies have shown similar outcomes and complication rates in children with AOM who were not treated with antibiotics. As a result of this, the American Academy of Pediatrics issued guidelines in 2004 proposing an observation (or wait-and-see) option for children with AOM. This option refers to managing selected patients diagnosed with uncomplicated AOM with symptomatic relief only for up to 72 h [43]. The wait-and-see approach has been shown to reduce the unnecessary use of antibiotics in children with AOM [44]. In 2003, the CDC developed an appropriate antibiotic use curriculum for medical students in collaboration with Westat (Rockville, Maryland), the University
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of California, San Diego, and the American Association of Medical Colleges. The curriculum was pilot tested and distributed to 25 medical schools. It includes didactic lectures, small-group interactive sessions, and case studies. The American Association of Medical Colleges is leading the effort to distribute and promote to all U.S. medical schools in 2007. Two additional curricula are in development for residency programs. The first was modeled after the above medical school curriculum and is being developed for use at the Oregon Health Science Center for family practice and internal medicine residents. The second is being developed by the Children’s Hospital of Pittsburgh and is designed to improve pediatric residents’ proficiency in diagnosing acute otitis media. The curriculum uses video otoscopes and other innovative teaching methods.



INTERVENTIONS TO PROMOTE JUDICIOUS USE In June 1999, the CDC convened a panel of investigators to evaluate the impact of selected intervention studies designed to promote judicious antimicrobial use. The projects ranged from managed-care and community-level interventions to largescale, statewide interventions, all focusing on educating medical-care providers, parents, and patients about appropriate indications for, and use of, antibiotics [45,46]. Projects used a variety of strategies and materials to improve communication between physicians and patients and to promote the use of symptomatic therapy as an alternative to antibiotics. The panel reached a number of conclusions. First, interventions to promote judicious use of antibiotics may be effective in reducing inappropriate prescribing. Successful projects all combined physician and patient education, acknowledging the role that both groups play in the promotion of appropriate prescribing. Second, to be successful, projects must present their messages via multiple vehicles to make use of the variety of means by which people learn. Third, the problem of inappropriate prescribing is not uniform across the country. For instance, some investigators documented significant antibiotic overprescribing for the common cold, while other investigators found that this was rarely occurring. In sites where this was not occurring, physicians were often offended when told not to prescribe for this condition. Successful programs must tailor the prevention messages to local conditions. A few projects highlight these findings, as shown in Table 16.1. Gonzales et al. were able to reduce antibiotic prescribing for adults with bronchitis by 40% through an intervention targeting clinicians and patients in a managed-care setting [45]. This reduction was achieved without any increase in adverse events or decrease in patient satisfaction. This controlled intervention compared a full intervention that provided education to physicians and patients to either no intervention or an intervention directed only at physicians. These researchers demonstrated that an intervention directed solely at physicians was ineffective. Physicians will reduce their antibiotic prescribing only when they feel that their patients are receptive to this change. In Wisconsin, in addition to educating providers and patients, Belongia et al. conducted an education campaign in the community (i.e., child care providers, schools, parenting groups, etc.) [46]. There was a significant decline in the prescription rate, particularly for liquid prescriptions (i.e., those mainly prescribed for pediatric patients).
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