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Abstract Directed molecular evolution is a recursive process of controlled genetic diversiﬁcation and functional screening. The success of this approach is dependent on both the quality of the genetic diversity and the ability to accurately screen a large population of individual genetic variants for those having improved function. In this paper, the application of parallel capillary electrophoresis to rapidly quantitate lovastatin production levels by Aspergillus terreus mutants is described. A parallel 96 capillary instrument analyzed 900 samples in 8 h. with a 100 mM MES at pH 5.2 running buffer. In this manner, the fermentation broths of thousands of mutated strains were efﬁciently and inexpensively screened for increased lovastatin production. The ability to develop highthroughput methods to both separate and quantitate the components of complex mixtures greatly facilitates the ability to apply evolutionary engineering methods to complex biological systems. r 2004 Elsevier Inc. All rights reserved. Keywords: Parallel capillary electrophoresis; Aspergillus terreus; Strain improvement; Directed evolution



1. Introduction Lovastatin (shown as sodium salt in Fig. 3), a secondary metabolite produced through a complex biosynthetic pathway (Hutchinson et al., 2000) by the ﬁlamentous fungus Aspergillus terreus, is an inhibitor of HMG-CoA reductase, and has been shown to lower sterol biosynthesis in mammalian cell cultures and animals (Endo, 1985). It is currently one of the leading cholesterol-lowering drugs, as well as the precursor to another, simvastatin. Improvement in the production yield of lovastatin, elimination of unwanted co-metabolites, as well as maintenance of desired morphological traits have been goals of industrial strain improvement programs (Kumar et al., 2000). These efforts require generating genetically diverse populations of the target organism and subsequent screening for improved production. Generally, a successful strain improvement project requires the screening of thousands of fermentaE-mail address: [email protected] (J. Kittell). 1096-7176/$ - see front matter r 2004 Elsevier Inc. All rights reserved. doi:10.1016/j.ymben.2004.09.001



tion broths, which can be the most time and resource intensive step. Current methods for high-throughput quantitation of lovastatin produced by various mutants include a shake ﬂask method using high-performance liquid chromatography (HPLC) and an agar-plug bioassay (Vinci et al., 1991). Throughput of the ﬁrst method is 75 samples a week. The second method involves growing A. terreus on agar plugs, and placing disks with lovastatin extracts onto a plate containing Neurospora crassa. Disks with high amounts of lovastatin resulted in large clearing zones, due to inhibition of growth (Kumar et al., 2000). Although throughput is 300 samples/day, it is labor intensive, time consuming, and accurate quantitation would still require HPLC. Capillary electrophoresis (CE) has distinguished itself as a new separation technique with comparable run cycle times and selectivity to HPLC, as well as versatile UV and ﬂuorescent detectors, similar to current HPLC detection methods. CE offers some advantages as expensive chromatographic columns are unnecessary
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and solvent consumption is very low. Method development can be easier and faster than HPLC as there is no need to switch and equilibrate new columns. Sample introduction is simpliﬁed in CE instrumentation as the analyte is introduced into an open-ended capillary by electrokinetic or hydrodynamic injection (Altria, 1996). CE has been used to analyze a number of natural fungal products (Jorgensen et al., 2003; Makela et al., 2002; Mukherjee and Menge, 2000; Galkin et al., 1998; Schrickx et al., 1995). Another signiﬁcant advantage of capillary electrophoresis is the ability to arrange inexpensive capillaries in parallel arrays allowing multiple samples to be separated in one analytical run (Gong and Yeung, 1999). With 96 capillaries arranged in an 8  12 format, parallel CE can generate a nearly 100-fold improvement in sample throughput over HPLC. Samples can be introduced from a 96 -well plate format and injected simultaneously. Parallel capillary electrophoresis has already been used successfully for high sample throughput in the Human Genome Project (Collins et al., 1998). Recent work has demonstrated the potential uses of CE for high-throughput screening of enzyme activity (Ma et al., 2000), metabolites (Britz-Mckibbin and Nishioka, 2003), combinatorial syntheses (Zhang et al., 2000), proteomics (Kang et al., 2000), and enantioseparations (Zhong and Yeung, 2002). In this work, a commercially available 96 parallel capillary electrophoresis instrument equipped for UV absorbance detection was used to quantitate lovastatin production in a library of A. terreus mutants. The throughput capability of CE as well as the selectivity and low detection limits for the lovastatin chromophore make this technique especially suitable for screening a large number of fungal mutants. Due to the low cost per sample analysis and digital data output, CE promised to be an inexpensive and powerful highthroughput quantitation method. The CE method and results are compared to a lower-throughput HPLC method.



2.2. Extraction of lovastatin sodium salt from A. terreus culturse A. terreus liquid cultures were treated with 200 ml of 20 mM NaOH in 20% ethanol and incubated at 55 1C for 2 h in order to convert all lovastatin lactone to the sodium salt. The plates were then centrifuged at 4000 rpm to separate the mycelial fragments from the soluble extracts. The aqueous layer was ﬁltered through a Millipore ﬁlter plate into a new 96 well plate. 2.3. HPLC analysis of lovastatin All HPLC separations were carried out on a Zorbax Eclipse XDB-C18 column (4.6  150 mm2 in line with an 1100 HPLC System with UV Diode array detector (Agilent, Palo Alto, CA). Absorbance was measured at 238 nm. A total of 5 mL of sample supernatant was injected. The mobile phase consisted of a 1:1 mixture of 0.1% phosphoric acid and acetonitrile (ACN), and was run at a ﬂow rate of 1 ml/min. A 15 min gradient was run to a ﬁnal mobile phase concentration of 100% ACN. The mobile-phase was held constant at 100% ACN for 5 more minutes. Data acquisition was performed on an HP computer using Chemstation software (Rev. A.09.01, Agilent, Palo Alto, CA). 2.4. CE method development Various buffers and electrophoretic voltages were tested for selectivity of lovastatin using a Beckman PACE/MDQ (Beckman Coulter, Fullerton, CA. Fungal extracts spiked with lovastatin standard were analyzed for resolution of lovastatin from non-analyte peaks at various pHs of 50 mM phosphate buffer. A zwitterionic buffer (MES) was chosen based on its buffering capacity at the pH that resulted in base-line resolution of lovastatin and a moderate migration time (o20 min). 2.5. HTP CE analysis of lovastatin



2. Materials and methods 2.1. Fungal growth A. terreus ATCC20542 was obtained from the American-type culture collection. Mutants of this strain were derived through treatment with 1-methyl-3nitro-nitrosoguanidine (MNNG). Clonal spore preparations were used to inoculate 96 deep well fermentation plates containing 200 mL of production media (24 g/L peptonized milks, 2.5 g/L yeast extract, 100 g/L dextrose, 2.5 g/L PEG2000, 50 mM MOPS pH 7.4) Cultures were allowed to grow for 2 weeks, without shaking, at 30 1C.



CE separations were performed on a CEPro 9600 CE instrument (Combisep, Ames IA). Before sample injection, the capillaries were ﬂushed for 6 min with water at 20 psi and then 6 minutes with running buffer at 20 psi. The running buffer consisted of a solution of 100 mM MES (2-(N-Morpholine) ethanesulfonic acid) titrated to a pH of 5.2 with 10 N NaOH. 30 micro liter of sample extract was diluted with 20 ml of internal standard containing 2.5 mM p-aminocinnamic acid. Sample injection occurred at a vacuum pressure of 0.5 psi for 2 s and an electrophoretic voltage of 15 kV applied for 25 min. Capillary length was 55 cm, 33 cm to detection window. Capillaries were directly illuminated with a cadmium lamp with major band at 229 nm. An image of
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the capillaries was focused onto a CCD camera. (Gong and Yeung, 1999). Peak picking from the raw data was done with MCE Manager software (v. 3.15 Combisep, Ames IA) with a peak detection window of 6 s and a minimum peak height of 6. Peak tables were exported to Microsoft Excel and identiﬁcation of lovastatin was done with an in-house macro based upon migration time relative to internal standard. All peak areas were corrected for migration time and lovastatin peak areas were compared relative to internal standard peak areas. On each of the 12 sample plates, three wells contained an aliquot of a stock lovastatin standard prepared by dissolving pure lovastatin and p-aminocinnamic acid in water. The method standard deviations (sp) for the lovastatin standard and the wild type replicates were calculated using the following equation: vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ uPj nj u ¯ 2 j¼1 Si¼1 ðX ji  X j Þ   sp ¼ u ; (1) t SJj¼1 nj  J where n is the number of samples per plate, J the number of plates, and x the average for each plate. The relative standard deviation (RSD) of the lovastatin standard areas and migration times was calculating by averaging the RSD for each of the sample plates. Each plate’s RSD was calculated by dividing the method standard deviation (sp) by the average lovastatin standard relative peak area or migration time.



3. Results and discussion Initial experiments run on a single capillary CE instrument (Beckman PACE/MDQ), allowed rapid development of a lovastatin separation using both pure standards and A. terreus fermentation extracts. At pH 5.2, base-line separation was observed between lovastatin and other UV active compounds present in the extract. Peak selectivity was poor at pH above 6. A solution of MES was chosen as the run buffer because it is zwitterionic and has good buffering capacity at pH 5.2. Zwitterionic buffers at millimolar concentrations have low solution conductivities and as such, reduce the potential for signiﬁcant Joule heating in the capillaries. Joule heating can cause a loss of separation due to increased diffusion effects, boil off of buffer in the capillary, and ultimately capillary short circuit. The low conductivity of a 100 mM MES buffer proved effective for use with capillaries lacking external cooling, such as the CEPro 9600, as only 6 uA of current were produced in a single capillary. An internal standard was required to ensure precise quantitation and accurate identiﬁcation of the lovastatin peak. Injection volumes among capillaries in the array



55



will vary, presumably due to a drop in vacuum strength across the capillary array. Comparing analyte peak areas to an internal standard decreased error from 13.3% RSD to 10.4%. By calculating the RSD with a pooled standard deviation, rather than the standard deviation for each set of replicates, a more accurate and consistent measurement of the variation due to the instrument is achieved. Migration times in CE vary due to inconsistencies in electro-osmotic ﬂows between separate capillaries. The variations could be attributed to inconsistent ionization of acidic silanol groups inside the 96 different glass capillaries. By comparing migration times to that of an internal standard, the result was a more accurate identiﬁcation of analytes and a decrease in migration time error from 3.4% RSD to 1.5%. Para-aminocinnamic acid was chosen as the internal standard as it had a comparable extinction coefﬁcient to the analyte, solubility in the run buffer, a migration time close to but still base-line resolved from lovastatin, and base-line resolved from all other peaks in the sample (Fig. 1). Sample matrices with low conductivity relative to the run buffer are reported to improve both peak shape and sensitivity due to sample stacking effects. In this case, A. terreus cultures growth was optimized in a lowconcentration buffer (50 mM MOPS). Base hydrolysis was also optimized for low concentration of NaOH (20 mM). A typical capillary zone electrophoresis (CZE) method cannot separate neutral molecules from each other as the separation is based on the mass-to-charge (m=z) ratio of the molecule. The lovastatin molecule easily lactonizes under acidic conditions and was found to exist as both sodium salt and uncharged lactone in the cell extracts (Fig. 2). Base hydrolysis of the lactone in the extracts was necessary for accurate quantitation of lovastatin production by CE (Fig. 3). A simple addition of 20 mM NaOH to cell extracts was easily automated and in conjunction with ﬁltration, provided an efﬁcient and uncomplicated HTP method to yield lovastatin sodium salt, resulting in a negatively charged analyte in the aqueous samples. Relative lovastatin amounts were consistent between CE and HPLC (Fig 4). Different concentrations of lovastatin present in the mutant fermentation broths were consistently distinguished in the CE electropherograms (Fig. 5). One plate with 96 different mutants could be analyzed for differences in lovastatin production in just 50 min (Fig. 6). In a 40 h week, CE throughput approaches 3800 samples. In addition, the CE method provided a considerable savings in solvent consumption, using only 50 ml per 96 well plate vs. 2.5 L per plate for HPLC. In summary, quantitation of a commercially important natural product was achieved by parallel CE with comparable peak selectivity to HPLC. Capillary electrophoresis provided a large improvement in throughput
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Fig. 1. Electropherograms of (a) lovastatin with 2.5 mM internal standard, p-aminocinnamic acid; (b) fungal cell extract with 2.5 mM internal standard.



Fig. 2. HPLC chromatograms of (a) fungal cell extracts; (b) same extract after incubation with NaOH. Retention time of lovastatin acid: 6.7 min, of lactone: 9.3 min.



Fig. 3. Reaction of lovastatin in lactone form to produce soluble salt by hydrolysis with base.



over HPLC and other published methods for lovastatin quantitation as well as a signiﬁcant savings in solvent costs. Quantitative data from CE was consistent with HPLC measurements. For strain improvement, large numbers of mutants can be screened quickly using parallel CE instrumentation. Screening the same number of mutants by HPLC would take 50 times



as long. The disc growth method does not yield an easily deﬁned quantitation of lovastatin and data acquisition is not automatable, as clearing zone sizes must be identiﬁed and interpreted. Capillary electrophoresis provides a selective, inexpensive, and efﬁcient method for doing high-throughput separation and quantitation.
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Fig. 4. Concentration of lovastatin in different fungal cell extracts. HPLC data is in mM as determined by a calibration curve. CE data is peak area of lovastatin relative to internal standard peak area, both corrected for migration time.



Fig. 5. Twelve electropherograms from one plate of fungal cell extracts. Different levels of lovastatin (peak 1) are observed relative to the internal standard (peak 2), as well as mutants without detectable lovastatin production (caps 38, 40–42, 45, 48).



Fig. 6. Amount of lovastatin produced by mutated clones in one 96 well plate compared to lovastatin produced by wild-type strain (light bars). Average amount of lovastatin produced by wild-type strain is 1  . Best mutant clone produces 1.7  the amount of wild-type production.
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