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Evolution of the cytoskeleton Harold P. Erickson



Summary The eukaryotic cytoskeleton appears to have evolved from ancestral precursors related to prokaryotic FtsZ and MreB. FtsZ and MreB show 40–50% sequence identity across different bacterial and archaeal species. Here I suggest that this represents the limit of divergence that is consistent with maintaining their functions for cytokinesis and cell shape. Previous analyses have noted that tubulin and actin are highly conserved across eukaryotic species, but so divergent from their prokaryotic relatives as to be hardly recognizable from sequence comparisons. One suggestion for this extreme divergence of tubulin and actin is that it occurred as they evolved very different functions from FtsZ and MreB. I will present new arguments favoring this suggestion, and speculate on pathways. Moreover, the extreme conservation of tubulin and actin across eukaryotic species is not due to an intrinsic lack of variability, but is attributed to their acquisition of elaborate mechanisms for assembly dynamics and their interactions with multiple motor and binding proteins. A new structure-based sequence alignment identifies amino acids that are conserved from FtsZ to tubulins. The highly conserved amino acids are not those forming the subunit core or protofilament interface, but those involved in binding and hydrolysis of GTP. BioEssays 29:668–677, 2007. ß 2007 Wiley Periodicals, Inc. Historical introduction



Discoveries of the prokaryotic cytoskeleton Before 1990, the cytoskeleton was thought to have evolved only in eukaryotes. Relatives or homologs of actin, tubulin or intermediate filaments were unknown in bacteria or archaea. There were sporadic reports of candidates for bacterial actin and tubulin in the 1970s and 1980s but, apart from some intriguing images of microtubules in certain bacteria,(1) these turned out to be wrong and/or were not followed up. The first suggestions of a bacterial homolog of tubulin appeared in 1992. Three groups independently discovered that the bacterial cell division protein FtsZ bound and hydrolyzed GTP, as does tubulin, and had a seven-amino-acid sequence, GGGTGTG, virtually identical to the ‘‘tubulin
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signature sequence’’.(2–4) Mukherjee and Lutkenhaus(37) then extended the sequence alignment to find a dozen additional amino acids that were completely conserved in FtsZ and in a, b and g tubulins. They also showed that FtsZ assembled in vitro into filamentous structures. Erickson et al.(5) found that FtsZ assembled into protofilaments that could adopt two conformations, straight and curved, similar to the straight protofilaments of the microtubule wall and the tubulin rings that peel away from microtubules during disassembly. Any question of homology was resolved when tubulin and FtsZ were found to have virtually identical structures at the level of protein folding.(6,7) If one looks for bacterial relatives of tubulin or actin using a simple computer search for sequence similarity, nothing will be found. In 1992 Bork et al.(8) used a sophisticated structurebased sequence alignment, and they discovered that bacteria did have genes related to actin. Actin is a member of a larger superfamily that includes sugar kinases, the chaperone hsp70, and the actin subfamily. These three subfamilies show no recognizable sequence identity to each other in normal pairwise alignments, but when the structures of hexokinase, hsp70 and actin were determined by X-ray crystallography, they were found to have virtually identical folding patterns. Structural biologists interpret this to mean that the three subfamilies evolved from a common protein ancestor.(9) Sugar kinases and hsp70 were already known to exist in both bacteria and eukaryotes because of their clear sequence similarity: the bacterial proteins are 50–60% identical to their eukaryotic homologs.(10) But the closest bacterial proteins to eukaryotic actin showed less than 15% identity,(8) which is too low for reliable identification. However, the more-sophisticated alignment of Bork et al.(8) found three bacterial proteins that appeared to be relatives of actin—FtsA, MreB and StbA (now called ParM). Remarkably, this pioneering study was not followed up for almost ten years. FtsA, a cell division protein known to colocalize with FtsZ in the cytokinetic ring, was the first to be explored. The group of Lo¨we determined the X-ray crystal structure of FtsA, which confirmed that it was in the actin superfamily(11) and, probably, most closely related to the actin subfamily, rather than sugar kinases or hsp70. The strongest evidence for its relation to actin is its ability to assemble into filaments. FtsA from Escherichia coli can form homodimers(12) and, in some circumstances, more extended filaments.(13) FtsA from Streptococcus pneumoniae can assemble in vitro into long spiral filaments.(14)
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In 2001 two laboratories provided definitive evidence that bacterial MreB assembles into cytoskeletal filaments that are clear analogs of eukaryotic actin. Jones, Carballido-Lo´pez and Errington(15) demonstrated the presence of helical filaments in B. subtilis at the level of light microscopy. van den Ent, Amos and Lo¨we(16) used electron microscopy and X-ray crystallography to demonstrate assembly of MreB into actin-like filaments. The third filament of the eukaryotic cytoskeleton, intermediate filaments, has at least one homolog in bacteria. The protein crescentin, whose sequence and domain structure are unmistakably those of an intermediate filament protein, is responsible for the crescent shape of Caulobacter crescentus.(17) In this case, however, the protein has been found only in this single species, and it seems likely that C. crescentus acquired it in a recent horizontal gene transfer from a eukaryote. Evolution of eukaryotes It is now widely agreed that bacteria, archaea and eukarya are three separate domains of life, but there is still much dispute over how they are related to each other in early evolution. It is clear that eukaryotes have many genes and important pathways closely related to archaea,(18) but it is still debated how and when eukaryotes separated from bacteria and archaea. One theory, which was originally proposed many years ago(19) and is seeing a rebirth from recent genomics analysis,(20,21) is that bacteria, archaea and eukarya separated very early from a common ancestor. The three lines evolved independently and, later in evolution, the eukaryotic line acquired mitochondria. The new evidence for the early emergence of a eukaryotic line is the identification of a group of proteins with no homologs in bacteria and archaea.(20,21) This hypothesis is, however, still controversial. Alternatively, a number of groups have proposed that early evolution involved only two lines, bacteria and archaea, and that the eukaryotic line began with the acquisition of a bacterial endosymbiont by an archaeon.(22) There are a number of variations of this theory.(23) A third proposal is that early evolution involved only one line, bacteria, and that archaea and eukarya separated from the bacterial line relatively recently.(24) These and other theories are discussed in the recent review of Embley and Martin.(23) In addition, I recommend Kurland et al.,(21) which is not included in the above review, and Cavalier-Smith(24) for lively presentation of their rather divergent views of the evolution of eukaryotes. Mitochondria are widely recognized as bacterial endosymbionts but, until recently, their capture was thought to be a late event in the evolution of eukaryotes. This idea was based on studies of several eukaryotes that appeared to have no mitochondria, and thus were thought to have come from a primitive eukaryote line before the acquisition of mitochondria. However, all of these organisms are now known to have



hydrogenosomes or mitosomes, organelles derived from mitochondria. There are currently no known eukaryotes that lack mitochondria or organelles derived from mitochondria. This has renewed the idea that the acquisition of the mitochondrion may have been a key and perhaps very early step in the evolution of eukaryotes. This new evidence and analysis are clearly argued by Embley and Martin.(23) In 1970 Roger Stanier(25) proposed ‘‘that the progressive structural evolution of the eukaryotic cell received its initial impetus from the acquisition of a novel cellular property, the capacity to perform endocytosis’’. He noted that this would provide ‘‘a new biological means for obtaining nutrients: predation on other cells’’. This would be especially important for the eukaryotic line, which relies (apart from mitochondria) on the inefficient glycolysis pathway for energy.(25) Phagocytosis would eventually provide the means for capturing the bacteria that became mitochondria and chloroplasts, which provided much more efficient energy supplies. The concept that acquisition of phagocytosis was the key step in the early evolution of eukaryotes is now a fundamental part of almost every modern treatment of evolution.(20,21,24,26,27) The enigma of the divergence of the bacterial and eukaryotic cytoskeletons R.F. Doolittle(28) pointed out an enigma about tubulin and FtsZ—tubulins are among the most slowly diverging proteins in eukaryotes, yet they are so divergent from their bacterial homolog FtsZ as to be practically unrecognizable. What is the reason for this extreme divergence from its precursors, and the virtual stasis across all eukaryotic species? D.M. Faguy and W.F. Doolittle(29) (a different Doolittle) addressed this conundrum from a different perspective. Bacterial FtsZs are 40–50% identical in sequence even across very divergent species. Archaeal FtsZs show a similar level of identity to each other and to bacterial FtsZs. (See Vaughan et al.(30) for an extensive analysis of the evolution of FtsZs and comments on the few exceptions to this conservation.) In contrast, b tubulins show 75–85% sequence identity across most animals, plants and fungi (with a few exceptions(31,32)). Why are tubulins so much more conserved than FtsZ across modern eukaryotic species, and so extremely divergent from their ancestral FtsZ? A similar situation exists for MreB and actin. Bacterial MreBs are generally about 40% identical in sequence even across diverse species, similar to FtsZ. Eukaryotic actins are even closer to each other in sequence than tubulins; actin from rabbit and yeast are 88% identical. Yet MreB and actin show less than 15% sequence identity to each other. R.F. Doolittle and A. York(10) highlighted the enigma by noting that hsp70 and sugar kinases, the other branches of the actin superfamily, show 50% sequence identity between eukaryotic and bacterial homologs. If hsp70 is so highly conserved from bacteria to eukaryotes, why have actin and MreB diverged so far apart in sequence?
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Both groups pointed out possible solutions to the enigma. Among them was that tubulin and actin have evolved into structures that perform very different functions from their precursors. hsp70 and sugar kinases are conserved between prokaryotes and eukaryotes because they have retained the same functions in both. In this essay, I will elaborate on this idea and speculate on the pathway for the evolution of tubulin and actin from FtsZ and MreB. Evolution of FtsZ and tubulins Davis(33) has suggested that FtsZ is a very ancient protein. He notes that arginine, lysine, phenylalanine, tyrosine and histidine are rare in FtsZ sequences, and tryptophan is almost non-existent. Davis argues that these amino acids were the last to be added to the genetic code, and suggests that FtsZ evolved as a functional protein before the genetic code was complete. This makes sense, because a mechanism for cell division would be needed in the earliest stage of development of a cellular life form. A division mechanism based on FtsZ was apparently quite successful, because FtsZ has been retained by almost every modern species of bacteria and archaea. FtsZ is missing from the bacterial species Ureaplasma urealyticum, the phylum Chlamydiae and Planctomycetes and the archaeal division Crenarchaeota. If FtsZ is truly an ancient protein, it is likely that these species originally had it, but lost it after developing an alternative (and still unknown) mechanism for division. It seems clear that FtsZ originated in the common ancestor (or whatever was the earliest cellular life form) and was passed to bacteria and euryarchaea, where it is used in almost all modern species. This makes it likely that FtsZ was also used for division in the earliest eukaryotic line, whatever its origin. Eukaryotes later evolved an actin-based machine for cytokinesis, and eukaryotic FtsZ underwent a drastic change as it evolved into tubulin. This will be discussed below, after a consideration of what is conserved between FtsZ and tubulins. Amino acids highly conserved from FtsZ to tubulin are those involved in GTP binding and hydrolysis In order to further study the evolution of tubulins from FtsZ, I have prepared a new sequence alignment, relying on recent structure-based pairwise alignments,(34–36) and have identified amino acids that are highly conserved in FtsZ and in a, b and g tubulins. This was originally done by Mukherjee and Lutkenhaus,(37) and the resulting sequence identities, although limited, provided the strongest early argument for homology of FtsZ and tubulin. While that alignment remains largely correct in identifying highly conserved amino acids, it is less accurate in non-conserved regions. At the time of this early attempt, there was no structural information for any of the proteins, but we now have atomic structures for a, b and g tubulins, and several FtsZs. The new sequence alignment is
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shown in Fig. 1, and the conserved amino acids are listed in Table 1. (A DNAstar or GCG pileup file of the alignment will be made available upon request). Fig. 2 shows the location of these conserved amino acids on the structure, and makes an important and novel point. The conserved amino acids are almost all clustered on the top or bottom surfaces. These surfaces form the interfaces that make the protofilament, which is common to FtsZ and tubulin.(38–40) I had initially concluded that these conserved amino acids were those making the interface contacts. However, this is not the case. Nogales et al(41) list more than 40 amino acids that make contacts across the interface of a and b tubulin (Table 2 of their paper), and only four of them are among the conserved amino acids in Table 1. More importantly, each of those four amino acids contacts the GTP molecule. This correlation can be extended as the primary basis for conservation. Almost all of the conserved amino acids (Table 1) directly contact the GTP molecule, either forming the GTP-binding pocket on the top, or the GTPcontacting synergy loop(34,42) on the bottom. Apart from D158 and two hydrophobic core amino acids (I13 and F99), the remaining conserved amino acids are close to the GTP and appear to be supporting the structure of the binding pocket or the synergy loop. D212 is completely conserved in FtsZ and is essential for GTP hydrolysis.(43,44) In a tubulin, which catalyzes the GTP of b tubulin below, there is a conservative change to E254, and this glutamate is also essential for catalysis. In b tubulin, which does not catalyze hydrolysis, this residue is K and, in g tubulin, which has low or negligible GTP hydrolysis,(35,45) it is G or S. D158 is a surface residue that is not important for protein folding and is not close to the protofilament interface. Its conservation in all FtsZs and tubulins is a mystery. Mutating it to alanine produced no obvious phenotype in E. coli FtsZ.(46) In yeast b tubulin, the double mutant E194A/D197A caused benomyl resistance but cells were viable.(47) In yeast a tubulin, a triple mutant containing these two plus H198A was recessive lethal, but it is not known which mutation caused the defect.(48) This conclusion that the amino acids involved in binding and hydrolysis of GTP are highly conserved is a new one for FtsZ and tubulin. However, the same conclusion has recently been drawn for MreB and actin. Amino acids involved in binding the ATP molecule are highly conserved, while those involved in filament contacts are not.(16) This leads to a somewhat remarkable generalization. Although previous studies have found that surface amino acids involved in protein–protein interfaces are more highly conserved than other surface amino acids,(49–51) it appears that over long periods of evolution, interfaces can be mutated at almost all contacting amino acids. Apparently a mutation in the interface can be compensated by a second mutation nearby. Something similar occurs for interior amino acids involved in folding the protein subunit, as these are also not conserved between tubulins and FtsZ.
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Figure 1. Structure-based sequence alignment of FtsZ, a, b and g tubulins. Amino acids judged to be highly conserved are indicated by grey shading, and are detailed in Table 1 and Fig. 2. The FtsZ sequences beyond G312 of the E. coli sequence are highly divergent even among FtsZs and show no relationship to tubulins.



What drives sequence divergence from FtsZ to tubulins? In the alignment in Fig. 1, the sequence identity between FtsZs and tubulins is less than 10%. FtsZ itself is much more highly conserved across even very diverse bacterial species. The



conserved core of E. coli FtsZ (which ignores the C-terminal tail beyond amino acid 312) shows 53% and 46% sequence identity to FtsZ from Bacillus subtilis and Mycoplasma pulmonis, and 46% identity to FtsZ1 of the archeon Halobacterium. These species are extremely divergent from each
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Table 1. Amino acids conserved in FtsZ and alpha, beta and gamma tubulins E. coli FtsZ aa I13 G19 G22 D45 A70 G77 F99 G105 G106 G107 T108 G109 T110 G111 P134 D158 N165 F182 N186 G204 N207 D209 F210 D212



pig a tub aa



Location and comments



C4 G10 G13 E71 A99 G106 F135 G142 G143 G144 T145 G146 S147 G148 P173 D199 N206 Y224 N228 G246 N249 D251 L252 E254



Core, buried Top; GTP Top Top; GTP (E in tubulins) Top; GTP Top Core, completely buried Top; GTP; A in g tub Top; GTP Top; GTP Top; GTP Top; GTP Top; S in all tubulins Top Top; GTP Left side Top; GTP Top; GTP; Y/F in tubulins Top; GTP; D in half of FtsZs Bottom; synergy/T7 Bottom; GTP-synergy/T7 Bottom; GTP-synergy/T7 Bottom; synergy/T7; L in all tubulins Bottom; GTP-synergy/T7; E in a, K in b, and G/S in g tubulin



These amino acids are highlighted in the sequence alignment of Fig. 1, and shown on the 3-D structure in Fig. 2. GTP indicates that this amino acid was identified as contacting the GTP (Fig. 3 in Lowe et al.(36); see Oliva et al.(40) for FtsZ A70). Each of these amino acids is highly conserved in FtsZ. Some tubulins show conservative or function disruption substitutions as noted in column 3.



Figure 2. The amino acids judged as highly conserved in Fig. 1 and Table 1 are shown in dark spacefilling on the structure of FtsZ from Pseudomonas aeruginosa(79) (PDB file 1OFU). GDP is white spacefill (mostly hidden). Several amino acids forming the GDP-binding pocket are indicated, but most are too close for separate identification. The figure was prepared with the program PyMol (DeLano Scientific LLC).
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other, so how do we explain the apparently high level of sequence conservation? I suggest that, after FtsZ arose in the common ancestor of bacteria and archaea, it evolved a mechanism that was quite efficient for cytokinesis. As FtsZ later evolved in the diverging species, it preserved this mechanism largely unchanged. (In this regard, it is noteworthy that FtsZ from B. subtilis and M. pulmonis can function for division in E. coli (52)). Apparently this core 45–55% sequence identity is sufficient to preserve the features needed for the cell division mechanism. I conclude further, as previously suggested,(10,28) that the extreme divergence of tubulins and FtsZ arose when a redundant FtsZ in early eukaryotes lost the constraints needed to do cell division and began evolving a completely different function, to form microtubules. The redundant FtsZ could have come from a gene duplication, or after actin replaced FtsZ for cytokinesis. While freed from its full role in cell division, the newly evolving FtsZ would preserve its ability to assemble into protofilaments. These protofilaments would have some rigidity, and this mechanical property might have been adopted to some role outside of the Z ring. Mechanical strength would be enhanced by lateral contacts that further assembled them into bundles or small sheets and, if these sheets adopted a curvature, their mechanical strength would be further
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increased. Eventually, closure into a cylindrical wall of 13 protofilaments would complete the design of the optimal rigid cytoskeletal filament, the microtubule. The acquisition of a completely new function, assembling a microtubule rather than carrying out cytokinesis, can explain the extreme sequence divergence between tubulin and its FtsZ ancestor. What can explain the extremely high level of conservation of a and b tubulins across diverse eukaryotes? This may be partly due to constraints in assembling the cylindrical microtubule, but it is probably due more to additional evolutionary constraints. The microtubule has mechanisms for nucleated assembly from the centrosome, and complex mechanisms producing dynamic instability. These must impose additional constraints. Finally, microtubules did not remain as passive mechanical struts, but became the tracks for motor molecules, kinesins and dyneins. The evolution of these motors is itself a fascinating story,(53,54) but my focus here is on the cytoskeleton. As motors developed the ability to bind and move along the microtubule surface, this must have involved co-evolution of the microtubule surface to facilitate these interactions. The evolution of motors and co-evolution of a and b tubulin must have occurred early in the eukaryotic lineage, since all eukaryotes have kinesins and dyneins. An important consideration is that most species have multiple different kinesins and dyneins, as well as non-motor microtubule-binding proteins. If the motors and binding proteins were the major constraining factor, one might expect that the outside surface of the microtubule would be the most highly conserved. To explore this, I identified 31 weakly conserved amino acids, as ones that were different in pig, yeast and arabidopsis alpha tubulins. Two of these non-conserved amino acids were on the front surface, three were on the back (the inside of the microtubule, with no known binding partners), nine were on the lateral surfaces, and the rest were buried. The conclusion is that the conservation extends over the entire molecule, not just the front surface. The overall mechanical properties, the complex mechanisms needed for dynamic assembly, and binding of motors have apparently been optimized over all surfaces and the core of the tubulin subunits. Lessons from bacterial tubulins and the extended tubulin superfamily One might wonder whether the high level of sequence conservation of a and b tubulin could be intrinsic to the tubulin structure itself. Two observations suggest that it is not. First, Jenkins et al.(55) discovered two genes in Prosthecobacter encoding proteins obviously related to a and b tubulins. Several arguments favor the hypothesis that these bacterial tubulins were acquired by horizontal gene transfer from a eukaryotic host.(56,57) Following this transfer, the tubulins would suddenly be removed from the presence of any of the eukaryotic motors and microtubule-binding proteins, and



would be free to rapidly diverge in the bacterial host. Indeed, the bacterial tubulins have lost the ability to make cylindrical microtubules, instead forming pairs and bundles of protofilaments.(56,57) It is still not known how these tubulins function in Prosthecobacter, but their continued expression implies that they are of some benefit to the host. BtubA and BtubB show 34 and 36% sequence identity to pig a and b tubulin, and 26 and 31% identity to g tubulin, suggesting a closer relationship to a and b tubulins. They show only 9% identity to FtsZ, similar to other tubulins. The 35% sequence identity shows how much tubulin can change when freed from its complex functions and accompanying interactions in eukaryotes. The second evidence of tubulin’s intrinsic ability to evolve is the existence of an extended superfamily of tubulins. In addition to a, b and g tubulins, d, e, z and h tubulins(58) have now been identified. These tubulins show only 22–30% identity to a tubulin.(35) g tubulin is involved in nucleation of microtubules (assembled from ab tubulin), and the other tubulins are involved in the structure of centrioles and cilia.(58) This 22–30% identity of the superfamily members shows that the early tubulin ancestor in the eukaryote line underwent gene duplication, and the redundant genes diverged extensively. Divergence became highly restricted again when each family member acquired its specialized functions. Finally, we should note the recently discovered genes on large plasmids of Bacillus species that show limited but convincing identity to FtsZ and tubulin.(59,60) These appear to function in plasmid partitioning by forming a cytoplasmic filament bundle that binds a plasmid at each end and pushes them to opposite poles. Additional distant relatives of FtsZ in archaea are discussed by Vaughan et al.(30) Evolution of MreB and actin Whereas FtsZ appears to be an ancient protein with no close relatives, MreB belongs to a superfamily with sugar kinases and chaperones as relatives. It seems likely that sugar kinases developed first. These metabolic enzymes would be important for life, whereas MreB functions to determine the rod shape, a function that is useful but not essential. If one of the sugar kinases evolved the ability to assemble into filaments this could lead to MreB. Certain structural details of MreB are close to actin, and differ from sugar kinases and hsp70.(16) Most importantly, MreB assembles into cytoskeletal filaments with a strong structural resemblance to actin.(16) Since MreB and actin are found widely in bacteria and eukaryotes, respectively, it is reasonable to conclude that this form of cytoskeletal filament originated in the common ancestor of each. MreB is found only sporadically in archaea. Roeben et al.(61) have argued that these archaeal MreBs likely came from horizontal gene transfers. In this case, MreB may have been lost from the archaeal line early in its development, and
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re-acquired sporadically by horizontal gene transfer. An archaeal MreB from Thermoplasma has structural characteristics very similar to bacterial MreBs,(61,62) but it constitutes only 0.04% of the total cell protein. Interestingly, Thermoplasma does have a robust cytoskeleton,(63) but this MreB appears to be too scarce to be its source. The Thermoplasm cytoskeleton may be formed by a novel protein. In addition to bacterial MreB, distant actin homologs are produced by some bacterial plasmids. ParM(64,65) and AlfA(66) assemble actin-like filaments (probably forming bi-polar filament bundles) that bind a plasmid at each end and push them to opposite poles, thus achieving efficient segregation of low-copy-number plasmids. ParM and AlfA are as distantly related to each other as they are to actin, FtsA and MreB.(66) It is interesting that some plasmids use actin homologs, and others use tubulin homologs, for this mitosis-like segregation.



interactions, actin has developed a complex dynamic assembly regulated by ATP hydrolysis, which is in turn regulated by binding proteins.(70) These complex assembly mechanisms, and perhaps related internal protein conformational changes,(71) would all contribute to the constraint on evolution of actin. As with tubulin, the high level of conservation of actin applies to this one member of the actin family. Eukaryotes have generated a family of ten actin-related proteins, which vary from 17% to 45% sequence identity to actin.(72,73) Arp2/3 functions in actin nucleation and formation of the branched actin network. Most of the other Arps function in the nucleus, in chromatin remodeling. The family of Arps demonstrates that the highly restricted evolution of actin across eukaryotic species is not intrinsic to actin itself, since early in evolution it was able to duplicate and evolve into this very divergent family.



Conservation of MreBs and the divergence of actin Bacterial MreBs are about 40% identical in sequence even across diverse species. This level of sequence conservation, which is similar to that of FtsZs, suggests that MreB is performing a similar function in the different species. In all cases examined, one common function is the maintenance of cell shape. In at least some species, MreB also plays a role in chromosome separation,(67,68) but this likely evolved later than the simpler mechanical function. As with FtsZ, I would suggest that the mechanical function of MreB for cell shape was optimized early, and that the 40% sequence identity represents the limit of the divergence that is consistent with maintaining this function in different species. How then did actins diverge so far in sequence from MreB? I think the answer is similar to the case of tubulin, in that an MreB in the eukaryotic line lost its original function and acquired new ones, resulting in extensive evolution. The novel functions would eventually lead to a contractile machine capable of carrying out cell division, various motile functions and phagocytosis. Primitive mechanisms related to these might have been achieved by MreB/actin acting alone as a filament, but the modern actin cytoskeleton involves a multitude of myosin motors and actin-binding proteins. The family of myosins now numbers at least 37 different varieties.(54) Although much of the elaboration of the myosin family occurred after the divergence of eukaryotic species, three myosin subfamilies are found in all eukaryotic divisions, implying a very early separation.(54) Eventually a large number of non-myosin actin-binding proteins arose. ‘‘Actin participates in more protein–protein interactions than any known protein.’’(69) As each of these myosin and actin-binding proteins evolved to optimize its interactions with actin, the actin would co-evolve and diverge from its original MreB-derived sequence. These multiple interactions would eventually constrain further divergence. Probably as important as the binding



Evolution of phagocytosis As noted above, developing a mechanism for phagocytosis has long been postulated as a key step in eukaryotic evolution.(20,21,24–27) Once this machinery was in place, the primitive eukaryote could become a predator with the ability to engulf bacteria and archaea. Much of this engulfment would have been for food, but eventually endosymbiosis would lead to mitochondria and chloroplasts. Two developments would be important to achieve phagocytosis. First, the organism would have to lose its rigid cell wall, leaving a flexible plasma membrane that could be modulated to project and surround prey. Some archaea and mollicutes have no cell wall and already meet this requirement. The neomuran hypothesis(74) postulates that this might have occurred in bacteria. Second, the organism would need a mechanism for projecting the membrane in a manner that could engulf prey. This would require a cytoskeleton that could produce localized forces. The eukaryotic actin cytoskeleton can generate force on the membrane by two mechanisms. The first mechanism is a protrusion force generated by the simple act of polymerization.(70) The second involves motor molecules to slide the actin filaments relative to each other or to a membrane. The polymerization-based membrane protrusion mechanism would have developed naturally as a result of actin assembly, while the addition of contractile mechanisms involved many steps to evolve the set of motor molecules and actin-binding proteins. Could the original phagocytotic mechanism have been based on simple polymerization-based membrane protrusion? Perhaps. Modern mollicutes such as Mycoplasma mobile exhibit a gliding motility on solid substrates, which is based on protrusion of the membrane at the leading edge followed by adhesion to the underlying substrate.(75) One might imagine this gliding cell encountering and sliding over a bit of bacterial debris on the substrate (I suggest debris as an
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early prey for phagocytosis, because it should be smaller than the gliding cell). If the protrusion force was relaxed or blocked at the site of the debris and maintained around it, a cup could be formed that partially engulfed the debris. If the protrusive forces could be somehow directed, the cup might be closed and the debris engulfed. So I think it is possible that a primitive phagocytosis mechanism could have been achieved by polymerization-based membrane protrusion. It should be noted that M. mobile does not have MreB, and the cytoskeletal elements or other mechanisms generating the protrusion forces are unknown. Similarly, the archeon T. acidophilum can form a robust cytoskeleton in vitro(63) that is probably not MreB. So we should keep in mind that a primitive phagocytic machine might have been made from a cytoskeletal system unrelated to MreB, and later replaced by the actin system. Modern eukaryotic cells use the actin-myosin contractile apparatus for several purposes. Phagocytosis and cytokinesis are two that probably evolved early, and either one could have come first. Each of these requires a contractile force on the membrane, and they differ primarily in the orientation of the contractile apparatus. If phagocytosis evolved first, it is easy to imagine this system being co-opted later for cytokinesis, at first assisting FtsZ and eventually replacing it entirely. However there is also reason to think that cytokinesis may have been the first to utilize the actin–myosin apparatus, with phagocytosis evolving later. This is addressed in the next section.



Some comments on cell size Bacteria are generally limited to a diameter of 1 mm. A major limitation on their size may be diffusion of metabolites from outside the cell to its surface. ‘‘A diffusion-limited bacterium could potentially increase its specific rate of metabolism fourfold if the cell diameter were only half as large.’’(76) There are some remarkable exceptions, and bacterial species with diameters of 100–200 mm and lengths of several hundred mm are known.(76) The largest ones are symbionts in the gut of certain animals, and they may solve the diffusion problem by inhabiting nutrient-rich environments. At one point, my colleagues and I were intrigued that these giant bacteria might provide opportunities to study giant Z rings. However, in at least two cases that have been studied, the bacteria cheat and deny us this opportunity. Metabacterium polyspora and Epulopiscium spp. do not divide by binary fission. Instead they form endospores, and they do this at the cell poles where the Z ring need be no more than 1 mm in diameter to pinch off the tiny endospores.(77,78) There is no known bacterial Z ring larger than about 1 mm diameter. Chloroplast Z rings can be much larger, but these organelles have additional mechanisms assisting division. This raises the possibility that the Z ring may not be able to



function for division beyond a 1 mm diameter. If so, this would be a serious limitation on the size of any cell using a Z ring for cytokinesis. The actin–myosin-based eukaryotic cytokinesis machine can function at much larger diameters. Thus replacing the Z ring with actin-based cytokinesis may have been a key step in permitting eukaryotic cells to achieve their much larger size. Phagocytosis itself may have evolved after cytokinesis by a rotation of the cytokinetic actin–myosin ring. It is hard to imagine the developing eukaryote as a phagocytic predator until it had acquired a size larger than its prey.



Conclusion The proteins FtsZ and MreB have been described as the ‘‘prokaryotic origins of the cytoskeleton’’. The term prokaryote is generally understood to comprise bacteria and archaea. I argue here that these cytoskeletal proteins probably evolved even earlier, in the common ancestor of bacteria, archaea and eukarya. FtsZ in particular is an ancient protein. FtsZ and MreB originally functioned for cytokinesis and cell shape, respectively, and they have maintained these functions across bacteria and archaea. The 40–50% sequence identity across different species represents the limit of divergence that is consistent with maintaining these functions. In eukarya, however, FtsZ and MreB lost their original functions and acquired new ones. Optimizing these new functions would require substantial co-evolution with motor molecules and binding proteins. Once tubulin and actin had optimized their assembly mechanisms and their interactions with multiple motors and binding proteins, their sequences were largely frozen as they spread in evolving eukaryotic species.
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