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ABSTRACT: Benzoylformate decarboxylase (BFDC) and pyruvate decarboxylase (PDC) are both thiamin
diphosphate-dependent enzymes. The two share a common three-dimensional structure and catalyze a similar
chemical reaction, i.e., decarboxylation of 2-keto acids. However, they vary significantly in their substrate
utilization pattern. In particular, BFDC has extremely limited activity with pyruvate, while PDC has no
activity with benzoylformate. Here we report our progress, using a semirandom approach, toward converting
BFDC into an efficient pyruvate decarboxylase. From the structure of BFDC in complex with R-mandelate,
12 residues within a 5 A radius from the inhibitor molecule were selected and subjected individually to site-
saturation mutagenesis. Each variant was screened for its ability to decarboxylate five different substrates,
1.e., benzoylformate, 2-ketohexanoate, 2-ketopentanoate, 2-ketobutanoate, and pyruvate. The first round of
mutagenesis showed that changes in Thr377 and Ala460 resulted in an altered substrate spectrum which
included higher activity toward pyruvate. Two variants, T377L and A460Y, were selected as the starting point
of a second round of site-saturation mutagenesis. In both cases, the T377L-A460Y double mutant proved to
be the only new variant with significantly improved catalytic activity toward pyruvate. When compared to the
wild-type enzyme, based on k¢,/ K., values, the T377L-A460Y variant showed an 11000-fold improvement in
the ratio between pyruvate and benzoylformate utilization. This double mutant displays a K, value for
pyruvate of 2 mM as well as a k¢,/ K., value for pyruvate which is only 70-fold lower than that of Zymomonas
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mobilis PDC.

The ability to modify the substrate specificity of enzymes with
the ultimate aim of designing tailor-made products is an elusive
goal of protein science. Directed evolution strategies include both
random and targeted mutagenesis (/). In the presence of struc-
tural data, rational approaches are generally favored, site-direc-
ted mutagenesis being both relatively easy and inexpensive, and
in some cases, this targeted approach has been successful (2, 3). In
the absence of structural information, random methods have
been applied also with varying degrees of success (4, 5). In these
cases, the availability of a selection method is practically a
requirement due to the large number of variants generated.

Benzoylformate decarboxylase (BFDC', EC 4.1.1.7) from
Pseudomonas putida (PpBFDC) is a thiamin diphosphate
(ThDP)-dependent decarboxylase that catalyzes the formation
of benzaldehyde and carbon dioxide from benzoylformate
(Scheme 1). It is part of a pathway that allows bacteria to grow
using (R)-mandelate as the sole carbon source (6). PPBFDC has
been kinetically characterized by steady-state and stopped-flow
methods combined with site-directed mutagenesis (7, &). Its
crystal structure has also been solved, both alone and in complex
with inhibitors and covalently bound intermediates (7, 9, 10).
Pyruvate decarboxylase (PDC, EC 4.1.1.1) from Zymomonas
mobilis (ZmPDC) catalyzes the conversion of pyruvate to
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acetaldehyde and carbon dioxide (Scheme 1). It belongs to the
same family as BFDC and shares with it a common protein fold
and chemical mechanism (/7). Their substrate preferences, how-
ever, differ widely, and with the exception of the residues involved
in the binding of ThDP, there is no sequence conservation in the
active site (/2). In particular, BFDC lacks the two contiguous
histidine residues that are conserved among most ThDP-depen-
dent decarboxylases, including the various PDCs, as well as
indolepyruvate decarboxylase (IPDC), phenylpyruvate decar-
boxylase (PPDC), and the branched chain 2-keto acid decarbox-
ylase, KdcA. In BFDC, these two histidine residues are replaced
by two leucines. However, two histidines from different loops
come together to occupy similar spatial positions and, it was
presumed, to perform roles similar to those of PDC (9).

As part of our ongoing efforts to evolve the mandelamide/
mandelate pathway (6, 13) into a novel lactamide pathway
(12, 14), we are interested in determining the rules that govern
substrate specificity in ThDP-dependent decarboxylases. More
specifically, we want to convert BFDC into a PDC, which would
involve shifting the substrate preference from binding a phenyl
group to binding a methyl group.

Previously, we have shown that BFDC has very limited
activity with pyruvate, and PDC has no activity with benzoyl-
formate (/2). Initial attempts to exchange specificity in this family
of enzymes provided mixed results. Site-directed mutations based
on structural data were able to improve decarboxylation of
alternative substrates in ZmPDC (12), but attempts to use the
same approach to improve pyruvate usage in PpBFDC (/2) and
KdcA (15) were not particularly successful. Random methodo-
logies such as directed evolution using error-prone PCR and gene
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Scheme 1: Reaction Catalyzed by Benzoyformate Decarboxy-
lase (BFDC) and Pyruvate Decarboxylase (PDC)
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shuffling are common alternatives to rational approaches in
enzyme engineering (4). Semirandom methodologies have also
been employed to change substrate specificity. In those instances,
rational design and directed evolution were integrated by per-
forming saturation mutagenesis on active site residues identified
through X-ray crystallography (16, 17) or even molecular mod-
eling (18, 19). Unfortunately, the large number of variants
generated in these approaches and the low percentage of variants
that are potentially useful, makes a selection method almost a
necessity. Although less efficient than selection, a high through-
put approach can also be used to screen large numbers of variant
enzymes. Recently, we developed a microplate assay for BFDC
activity that permitted identification in crude cell extracts of
BFDC variants with k., values ranging over 3 orders of mag-
nitude (20). In this work, we have applied a semirandom
methodology to alter the substrate specificity of PpBFDC toward
small aliphatic 2-keto acids. A subset of BFDC residues was
rationally chosen on the basis of X-ray structures and subjected
to site-saturation mutagenesis. The microplate assay was ex-
tended to test activity in whole cell extracts with several 2-keto
acid substrates. Overall, this approach allowed us to generate
PpBFDC variants with improved binding and catalytic activity
toward pyruvate. Given that the assay can be used with a variety
of substrates, it has the potential to be used to examine changes in
substrate specificity in any member of this family of enzymes.

MATERIALS AND METHODS

Materials. Oligonucleotides were synthesized by IDT Tech-
nologies. NADH, HLADH, YADH, and 2-keto acids were
purchased from Sigma (St. Louis, MO). Dpnl was from New
England Biolabs, and Pfu polymerase was from Stratagene.
DNA sequencing was carried out at the University of Michigan
DNA sequencing core.

Generation of a Strain for Screening of Pyruvate Dec-
arboxylase Activity. The E. coli strain FMJ39, which lacks
lactate dehydrogenase activity (2/), was purchased from the
E. coli Genetic Resource Center at Yale University. Strain
FMJ39(DE3) was generated using a lysogenesis kit purchased
from Invitrogen. Both strains were grown at 37 °C in LB media
supplemented with 30 #g/mL streptomycin and stored at —80 °C
with 16% v/v glycerol.

Site-Saturation Mutagenesis. Site-saturation mutagenesis
was carried out with the QuikChange methodology and degen-
erate primers using pETBFDC-His as the parental plasmid as
previously described (20). For double mutants, the plasmid
containing the appropriate single mutation was used. The
purified mixture of plasmids was transformed into electrocom-
petent MegaX DH10B T1 cells (Invitrogen) using an Eppendorf
2510 micropulser, and plated on LB agar supplemented with
50 ug/mL kanamycin and 30 ug/mL streptomycin. Colonies
grown overnight were collected, resuspended in saline solution,
and subjected to plasmid DNA extraction. This mixed population
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of mutant plasmids was used for transformation of chemically
competent E. coli FMJ39(DE3) cells. Individual colonies ob-
tained in this manner were randomly selected and inoculated in
0.9 mL cultures of overnight express TB self-inducing media
(Novagen) in deep-well 96-well plates (Abgene). The inoculates
were covered with a gas permeable membrane (Abgene) and
grown for 16—20 h at 37 °C with 300 rpm agitation. Samples
from the cultures were mixed with glycerol (final concentration
16% v/v) and stored at —80 °C. The remainder of the FMJ39-
(DE3) cultures were lysed with the commercial reagent Fas-
tBreak (Novagen), in the presence of 0.1 units/mL DNase I and
lysozyme, and incubated for 30 min at room temperature with
300 rpm shaking. These whole cell lysates were utilized as the
enzyme source for screening of activity. Each plate consisted of
cultures from 88 randomly selected colonies and 8 controls.

Screening for Enzyme Activity. The screening assay is an
adaptation to the microplate reader format from the coupled
assay for 2-keto acid decarboxylase activity (22). The mixture
contained 0.28 mM NADH, 1 unit/mL of the appropriate
alcohol dehydrogenase, I mM MgSQOy, 0.5 mM ThDP, and
the requisite 2-keto acid in 100 mM potassium phosphate buffer
(pH 6.0), in a final volume of 200 L. The activity of each plate
of randomly selected colonies was assayed with five substrates:
1 mM benzoylformate (BF), 10 mM 2-ketohexanoate (2KH),
10 mM 2-ketopentanoate (2KP), 10 mM 2-ketobutyrate (2KB),
and 10 mM pyruvate (Pyr). The reaction mixture was placed in
an UV transparent 96-well microplate and allowed to equilibrate
at 30 °Cin a Biotek ELx808 IU plate reader. A background run
of 1 min at 340 nm was recorded. The reaction was then started
with the addition of 20 uL of the lysates, and the decrease in
absorbance at 340 nm was recorded for an additional minute.
Controls included TB overnight express and FMJ39(DE3) cells
harboring each of the expression vectors pET24a, pETBFDC-
His, pPETBFDCA4601, and pETBFDCF464I. The last two were
available from a previous study (12).

Enzyme Purification and Kinetic Characterization. After
analysis of activity data, selected glycerol stocks were grown in
5 mL cultures. Their plasmid DNA was extracted and sequenced
to identify the codon in the randomized position. The BFDC
gene in the colonies selected for protein expression and purifica-
tion was sequenced in its entirety to ensure that the only mutation
was in the desired codon. Following transformation into BL21-
(DE3)pLysS cells, protein expression and purification was con-
ducted as previously described (15). Homogeneous fractions were
pooled, concentrated, and their buffer exchanged for BFDC
storage buffer (100 mM potassium phosphate at pH 6.0, 0.5 mM
ThDP, 1 mM MgS0,, and 10% glycerol) before being kept at
=80 °C.

The activity assays with the purified enzymes have been
described elsewhere (22). The assay contained the appropriate
substrate, NADH, and HLADH (YADH was used when
pyruvate or 2-ketobutyrate were substrates) in 100 mM potas-
sium phosphate buffer (pH 6.0) with a final volume of | mL. The
reaction was carried out at 30 °C and was initiated by the addition
of the BFDC variant. Kinetic data were fit to the Michaelis—
Menten equation using SigmaPlot 9.0.1. Radar plots were
prepared using Excel 2007 (Microsoft).

Sequence Analysis and Figures. Sequence analysis was
initially performed using ClustalW and manually refined incor-
porating structural information in BioEdit. Figures were gener-
ated using Swiss-PdbViewer (23) and Pov-Ray (www.povray.
org).
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FiGURE 1: (A) Residues in the substrate binding site of BFDC identified as candidates for saturation mutagenesis. (B) Structural equivalents of
these residues in ZmPDC. Although ThDP has been omitted for clarity, the positions of the cofactors are superimposable in the two active sites.
The figure was prepared with Swiss-PdbViewer (http://www.expasy.org/spdbv/) using coordinates from PDB IMCZ (BFDC) and 1ZPD

(ZmPDC).

Table 1: Partial Alignment of PDCs and BFDCs*

Organism® Locus Sequence
Pse_pu AAC15502 107 EALLT 278 FRYHQY 375 ESTSTTA 397 FCA-AGGLG 458 YGALRWFA
Pse_st ABN80423 107 EALLT 278 FRYHQY 375 ESTSTTA 397 FCA-AGGLG 458 YGALRWFA

6 Pse_ae AAG08286 121 EAMLA 278 FRYHQF 375 ESTSTVI 397 FPA-AGGLG 458 YGALRWFA

=]

E Bra_ja BAC51681 121 DPFLA 288 FSYHVE 384 EAPGARS 406 TMD-SGGLG 467 YAALQDFA
Bur_ma EDP87859 121 EPFLA 288 FTYHIE 387 EAPSARP 409 TMD-SGGLG 470 YAALQDFA
Str_co CAB76356 107 EANLA 277 FRYHEH 374 ESTSTNA 396 FPA-AGGLG 457 YGALRWFG
Zym_mo AAV89984 111 VLHHA 287 FNDYST 387 ETGDSWE 408 YEMQOQWGHIG 470 YTIEVMIH
Ace_pa AAM21208 111 ILHHT 287 EFNDYST 383 ETGDSWE 403 LEMQWGHIG 465 YVIEIAIH
Zym_pa AAM49566 110 ILHHT 286 FNDYAT 382 ETGDSWE 403 LEMQWGHIG 464 YVIEIAIH

g Mic_ae BAG03497 111 LVHHS 285 FYDTTT 379 ETGTSYS 399 GQGSWMSIG 462 YTIERLIH
Sar_ve AAL18557 111 LLHHT 282 MSDMNL 377 DTGDAYY 402 GWAFYLSIG 464 YTIERVIQ
Sta_au CAI79816 111 YVHHS 282 LTDSAT 377 DQGTSFF 398 GQPLWGSIG 460 YTVERLIH
Myc_av AAS03100 120 ALHHS 293 FTDMVS 391 DQGTSFY 412 GQPLWGSIG 474 YTVERAIH

“The PpBFDC residues mutated in this study, and their counterparts in other BFDCs and PDCs, are in boldface.

4 Pse-pu, Pseudomonas putida; Pse_st,

Pseudomonas stutzeri; Pse_ae, Pseudomonas aeruginosa; Bra_ja, Bradyrhizobium japonicum; Bur_ma, Burkholderia mallei; Str_co, Streptomyces coelicolor;
Zym_mo, Zymomonas mobilis; Ace_pa, Acetobacter pasteurianus; Zym_pa, Zymobacter palmae; Mic_ae, Microcystis aeruginosa; Sar_ve, Sarcina ventriculi;

Sta_au, Staphylococcus aureus; Myc_av, Mycobacterium avium.

RESULTS

Selection of Residues for Mutagenesis. Using the structure
of BFDC bound to (R)-mandelate, a substrate analogue inhibitor
(PDB code IMCZ (7)), as a guide, we found 15 residues to be
located within 5 A of the inhibitor. These included Ser26 and
His70, which had been examined previously using saturation
mutagenesis (20), while preliminary attempts at mutation of
Gly25, a conserved residue, had resulted in inactive protein

(Yep, A., unpublished observations). For these reasons, the last
three residues were not studied in this work. The remaining 12
residues (Figure 1) were found to have a structural counterpart in
ZmPDC (PDB code 1ZPD (24)) and were considered to be viable
candidates for mutagenesis.

To expand the analysis, bacterial PDCs and BFDCs available
in databases were aligned separately using ClustalW. The two
alignments were combined using the information from the
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Table 2: Sequences of Primers Used in Saturation Mutagenesis®
primer sequence
L109X 5-GCGATGATTGGCGTTGAAGTCNNNCTGACCAACGTCGATGCC-3'
L110X 5'-GCGATGATTGGCGTTGAAGCTTTANNNACCAACGTCGATGCCGCC-3'
H281X 5-GGCGCTCCAGTGTTCCGTTACNNNCAATACGACCCAGTC-¥
T377X 5-GCGATTTACCTGAACGAGTCGNNNTCAACGACCGCCCAAATGTGG-3
T380X 5-CGAGTCGACTTCAACGNNNGCCCAAATGTGGCAGCGC-3
F397X 5'-CCCTGGTAGCTACTACNNNTGTGCAGCTGGCGGACTG-3'
C398X 5'-CCCTGGTAGCTACTACTTCNNNGCAGCTGGCGGACTG-3
G401X 5-GCTACTACTTCTGTGCAGCTNNNGGACTGGGCTTCGCCCTGCC-3
L403X 5-CTGTGCAGCTGGCGGANNNGGCTTCGCCCTGCCTGC-3'
A460X 5-CAACGGCACCTACGGTNNNTTGCGATGGTTTGCCGGCG-3'
L461X 5-CAACGGCACCTACGGTGCGNNNCGATGGTTTGCCGGCGTTC-3
F464X 5'-CGGTGCGTTGCGATGGNNNGCCGGCGTTCTCGAAGC-3

“N refers to an equal mixture of A, T, G, and C.

structural alignment of PpBFDC and ZmPDC coordinates.
Most of the sequences for these two enzymes available in
databases correspond to putative enzymes. The only bacterial
enzymes with proven 2-keto acid decarboxylase activity are
PDC from Zymomonas mobilis (25), Sarcina ventriculi (26), and
Acetobacter pasteurianus (27), and BFDC from Pseudomonas
putida (28), Pseudomonas aeruginosa (29), and Pseudomonas
stutzeri (30). This constraint clusters most of the enzymes of this
class in a narrow subset of bacteria, the proteobacteria. Table 1
shows a representative subset of these sequences. Of the residues
studied, seven were conserved among the BFDCs. Only Gly401 is
conserved between PpBFDC and ZmPDC but, whereas it seems
well conserved among BFDCs, it is not in PDC sequences. By
contrast, Gly389 is fully conserved in the PDCs, presumably to
accommodate a bulky aromatic substituent (Trp in ZmPDC) at
position 392. Given the lack of consensus and in keeping with the
less targeted approach, it was decided that all 12 residues should
be subjected to mutagenesis.

Site-Saturation Mutagenesis and Screening. Randomiza-
tion of the chosen positions was carried out as described in the
Materials and Methods section, using QuikChange PCR with
degenerate primers. The site-saturation mutagenesis protocol
and the library quality were validated in a previous study (20).
Initially, BL21(DE3) cells were chosen as the expression strain for
the screening assay. However, when whole cell extracts of
BL21(DE3) cells were assayed in the presence of NADH and
Pyr, there was sufficient NADH consumption to cause an
extremely elevated background, as measured by the decrease in
absorbance at 340 nm in the absence of added enzyme. To
overcome this, the strain FMJ39(DE3), which lacks lactate
dehydrogenase activity (21), was used. With this strain, the
background was significantly reduced and was comparable for
all substrates utilized.

In the initial round of site-saturation mutagenesis, the 12
libraries corresponding to individual positions were screened in
96-well plates. Details of the primers used in library construction
are provided in Table 2. At first, we attempted to assay with only
BF and Pyr, but the activity with the latter was too close to the
detection limit of the screening assay, and variants with improved
activity could easily be overlooked. Our previous report had
shown that a single mutation could improve BFDC activity
toward branched-chain and long chain aliphatic 2-keto acids (12).
It was thought that variants with improved activity toward Pyr
might also have a better activity toward larger aliphatic 2-keto
acids, such as 2KB, 2KP, and 2KH; therefore, these three
substrates were also added to the screening.

From the results of the first round, it became clear that the
substitutions affected some positions more than others. This is
exemplified by Figure 2, which shows plots for the activity of
individual colonies for three libraries, i.e., one plate per library
with BF as a substrate. It is clear that most substitutions in
position 464 do not dramatically alter the activity toward BF,
whereas substitution of Gly401 generates enzymes with greatly
reduced activity. However, position Ala460 seems to be some-
where in the middle, where some substitutions generate inactive
variants but many generate alternatives with varying degrees of
activity toward the natural substrate of BFDC.

As a way of simplifying the analysis, the activity data for the
five substrates were plotted in radar graphs. Activity data from
8 colonies (one column of wells in a 96-well plate) were plotted
in each radar graph, a total of 11 graphs per plate. For easy
comparison, the activity data from the control wild-type (wt)
colony from that plate were included in each plot. Figure 3 shows
a typical radar plot in which most colonies keep the same
substrate usage pattern as that containing the wt BFDC, albeit
with different levels of activity. However, colony D12 exhibits a
distinctively different pattern and was selected for further ana-
lysis. Radar plots allowed us to simultaneously assess the overall
activity of a mutant (distance to the center) and the substrate
utilization pattern (shape of the plot). The typical patterns found
were (a) similar to wt in shape and level of activity, (b) similar to
wt in shape with lower levels of activity, (c) different from wt in
shape but with very low levels of activity, and (d) different from
wt in shape and with significant activity. Radar plots coupled
with simple activity bar graphs like the ones shown in Figure 2
were used to identify colonies showing evidence of both changes
in the substrate usage pattern and an improvement in the use of
Pyr, or more generally, toward aliphatic 2-keto acids as sub-
strates.

Of the 12 positions randomized in the first round, 10 did not
contribute colonies with improved activity toward Pyr or other
aliphatic 2-keto acids. The remaining two, however, showed
significantly higher activity than wt activity toward Pyr for some
colonies. For example, when library A460X was assayed, several
colonies showed radar plots that significantly departed from the
shape of the wt plot, while maintaining considerable overall
decarboxylase activity. Sequencing of the plasmid DNA isolated
from these colonies showed that Ala460 had been replaced by one
of leucine, phenylalanine, or tyrosine. While different to that of
the wt enzyme, the radar plots of the A460L, A460F, and A460Y
variants were similar, and each still showed evidence of signifi-
cant decarboxylase activity. This is highlighted in Figures 4A and
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FIGURE 2: Activity plots of 88 colonies obtained from a library of site
saturation mutants of (A) Phe464, (B) Gly401, and (C) Ala460 as
described in Materials and Methods. The activity of whole cell
extracts was measured with 1 mM benzoylformate. In each case,
the first 8 bar comprise the following controls: FMJ39(DE3) contain-
ing pET24d (black), WT BFDC (blue), BFDC A4601 (green), and
BFDC F464I (orange).

B, which show radar plots obtained with crude extracts from
wt and A460Y colonies, respectively. Overall, this substitution
appears to lower the activity of the enzyme toward the natural
substrate BF and increase the activity toward the aliphatic
substrates.

Conversely, the radar plots obtained from colonies produced
with the T377X library were not so readily interpreted. When the
bar graphs of the colonies were analyzed, several colonies showed
an increase in activity toward Pyr while still maintaining high
activity toward BF. Surprisingly, this was accompanied by
significantly decreased activity toward larger aliphatic 2-keto
acids (2KH, 2KP, and 2KB). Sequencing showed that these
colonies contained the BFDC T377L mutation, and a typical
radar plot for this variant is provided in Figure 4C.

For a second round of site saturation mutagenesis, A460Y and
T377L were employed as the parental plasmids. Again, the
primers shown in Table 1 were used, with the exception of
G401X and L403X. The initial screening showed that mutations
in Gly401 (Figure 2) and Leud03 (data not shown) resulted in
enzyme variants with low levels of activity. The reduced activity
observed with variants of Leud03 is not surprising as it is the
bulky hydrophobic amino acid that helps keep the cofactor in
the V conformation necessary for the activity of BFDC and
other ThDP-dependent enzymes (3/). The controls included the
parental strain in each case, and although radar plots were
analyzed, in this round, the search was primarily focused on
variants that afforded improved decarboxylation of Pyr. For-
tunately, the activity data acquired in the second round of
mutagenesis were more consistent than data obtained in the
initial round because the starting activity toward Pyr of the
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screening assay. The axes represent activity of whole cell extracts
expressed in mAU/min. The scale is identical for each plot and ranges
from 0 to 1000 mAU/min. The activity data from each plate with each
of the five substrates analyzed were separated in groups of 8 colonies,
and each group was plotted in a separate radar plot together with the
wt control from the same plate (black). This allowed for the rapid
visual identification of colonies with a different pattern of substrate
utilization.

A BF B BF
Pyr 2KH Pyr@ﬂm
2KB 2KP 2KB 2KP
WT A460Y
(: BF [) BF
PW 2KH Pyr@zm
2KB 2KP B P
T377L A460Y-T377L

F1GURE 4: Radar plots showing the activity of single colonies in the
screening assay. The axes represent the activity of whole cell extracts
in mAU/min and are all in the same scale from 0 to 1200 mA U /min.
(A) wt BEDC; (B) A460Y; (C) T377L; (D) T377L-A460Y.

parental strains was well above that of the background. As it
happened, the only variant that significantly improved Pyr
decarboxylation was the double mutant T377L-A460Y, and
comfortingly, this variant was identified independently from
both parental plasmids. Other mutants were found with changed
patterns of substrate utilization as assessed in the radar plots, but
none of them had improved activity toward Pyr; therefore, they
were not selected for further examination at this time. The radar
plot from a colony with the T377L-A460Y mutations is shown in
Figure 4D.

Characterization of BFDC Variants. Plasmids carrying
the mutations A460Y, T377L, and T377L-A460Y were trans-
formed into BL21(DE3)pLysS cells and 2 L cultures were grown.
The mutant enzymes were purified to apparent homogeneity as
assessed by SDS—PAGE and their steady-state kinetics char-
acterized using the enzyme assay described under Materials and
Methods. The results are summarized in Table 3. The aliphatic
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Table 3: Steady-State Kinetic Characterization of BEDC Variants Showing Improved PDC Activity™

BFDC variant parameter BF 2KH 2KP 2KB Pyr
keat (571 32045 53403 11+1 441 -

wt Ky (mM) 0.27 4 0.02 4.140.1 6.0 £0.5 75406 -
kea/ Ky (mM ™51 1180 (1) 1.3(1) 1.8 (1) 0.5 (1) 0.012 (1)
keat 571 17403 44402 6.2+£0.2 6.0+ 0.4 14402

A460Y Ky (mM) 0.04 + 0.01 0.28 £ 0.05 0.28 £ 0.03 13402 2141
keat/Kn (mM 1571 43 (0.036) 16 (12) 22 (12) 4.6 (9) 0.065 (5)
keat 571 110+ 5 1.1+0.1 33+0.1 75403 20402

T377L Ky (mM) 0.45 4 0.05 13403 1.1+0.1 43404 48402
keat/ K (mM ™57 244 (0.2) 0.86 (0.6) 3(1.6) 1.7 (3) 0.42 (35)
keat 571 2542 1.240.1 0.81 4 0.05 58402 3.6+ 0.3

T377L-A460Y Ky (mM) 15402 0.15 £ 0.02 0.10 £ 0.01 0.42 £ 0.02 2.0+0.1
keat/Kin (mM 1571 16 (0.013) 8 (6) 8.1 (4.5) 14 (28) 1.8 (150)

“In parentheses is the -fold increase over wt BFDC for each substrate. ® Values are mean of 3 independent determinations + SE.

WT

A460Y

T377L
A460Y-T377L

4EmO00

Initial velocity (U min™ mg’™")

0 20 40 60 80 100
Pyruvate (mM)

FIGURE 5: Initial velocity as a function of Pyr concentration for
BFDC variants. The dotted line marks the Pyr concentration used
in the screening assay. Assays were carried out at 30 °C in 100 mM
potasium phosphate buffer at pH 6.0.

substrates, 2KH, 2KP, and 2KB, are turned over with similar
efficiency, albeit ca. 3 orders of magnitude lower than that for
BF. As reported previously, wt BFDC was found to decarbox-
ylate Pyr (12), but it could not be saturated with this substrate
(Figure 5). Consequently, it was necessary to study the activity
with Pyr under V/K conditions, and it was found that the ke, /Ky,
value for Pyr was nearly 5 orders of magnitude lower than that of
the BF (Table 3). Although the mutants all show a decrease in
their ability to decarboxylate BF, they still show sufficient activity
to allow easy kinetic analysis. By some measures, A460Y shows
the greatest changes with both the largest (~200-fold) decrease in
kea value and the only observed decrease in K, value for
benzoylformate. The variants all show an increase in binding
affinity for aliphatic substrates. The greatest improvement in
catalytic efficiency is provided by the double mutant, which
shows a 150-fold increase in k,/Ky, for pyruvate. This improve-
ment is clearly illustrated in Figure 5, which shows the depen-
dence of the reaction rate on Pyr concentration. The wt enzyme
shows a linear increase in rate for Pyr concentrations as high as
100 mM. By contrast, the three variants identified in this work
show Michaelis—Menten kinetics and reach saturation well
under 100 mM Pyr.

The radar plots in Figure 6 illustrate the pattern of substrate
utilization of purified wt BFDC and mutants. In this case, the

A B

Pyr

A460Y

A460Y-T377L

T377L

FIGURE 6: Radar plots showing different patterns of substrate utili-
zation for purified BFDC variants. The axes represent ke, /Ky
(mM ™" s71) and are all in the same logarithmic scale (0.01 to 10000),
with gridlines signaling increments of 1 order of magnitude.

axes represent the k.,/ K, value, but unlike the plots in Figures 3
and 4, a logarithmic scale was employed. While it is clear that wt
BFDC has its maximum efficiency toward BF, the k.,./ K., values
of the mutants appear much more evenly distributed between the
different substrates. The almost pentagonal shape of the graph
corresponding to variant A460Y-T377 conveys the fact that this
mutant uses all substrates with comparable efficiency.

DISCUSSION

Homologous enzymes, often grouped together in superfami-
lies, generally use the same protein scaffold and a chemical
mechanism that employs the same elementary chemical step (32).
As such, swapping of activities between superfamily members
presents a test case for engineering of active sites (33). Recent
reviews have documented many examples to show that new acti-
vities are readily accessible, often through a single mutation
(33, 34). Then again, this is not always true, as divergent evolution
can bring about the insertion and deletion of residues (35) that
necessitates a more aggressive approach to mutagenesis (36).

Structural (/1) and evolutionary (37) analysis suggest that the
ThDP-dependent family of enzymes has evolved from a single
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ancestor to carry out a diverse range of reactions including
decarboxylation of 2-keto acids and both formation and cleavage
of C—C bonds (38, 39). Recently, we were able to convert an
enzyme that breaks C—C bonds, benzaldehyde lyase, into a
competent BEDC using the simple substitution of a serine for an
alanine (40). However, efforts to convert BFDC into a benzalde-
hyde lyase were unsuccessful. We also attempted to combine
rational design, based on their X-ray structures, and site-directed
mutagenesis to re-engineer the active sites of the 2-keto acid
decarboxylases, BFDC, PDC, and KdcA so that they would
accept each other’s preferred substrate. With a couple of minor
exceptions, these attempts were largely unsuccessful (12, 15).
Clearly, a new line of attack was required, one that would likely
require changes in more than one residue and one that was
sufficiently flexible to cater for nonintuitive amino acid replace-
ments.

The specificity of an enzyme for its substrate in general is not
brought about by a single residue; rather, it is a collection of
residues, i.e., the active site. However, even though an X-ray
structure will identify those residues that make up the active site
and can suggest rational alternatives for individual amino acids,
the conformational flexibility of proteins ensures that the pre-
dicted changes do not always provide the expected results. If a
selection is available, it may be possible to randomize all of the
residues in the active site and evaluate the effects of those changes
simultaneously. If only a screen is available, the number of
variants that can be examined is reduced dramatically, but it
may still be possible to examine complex mixtures of variants.
Recently, we developed a screen for BFDC activity that, when
coupled with saturation mutagenesis, allowed us to identify
unexpected replacements for putative catalytic residues that were
inconsistent with their proposed role in BFDC catalysis (20). It
seemed reasonable to employ this approach in an attempt to re-
engineer the active site of BFDC to accept pyruvate as a
substrate. As a first step, the X-ray structure of BFDC bound
to R-mandelate, an analogue of benzoylformate (7), was used to
identify the primary shell of residues that were likely to interact
with the substrate. Fifteen residues were located with 5 A of the
inhibitor, and as described earlier, 12 were chosen for saturation
mutagenesis (Figure 1) and screening against benzoylformate
and pyruvate.

Screening against benzoylformate proceeded relatively smoothly,
and some typical results are shown in Figure 2. The activity bar
graphs provide a visual sign of the susceptibility of a position to
different replacements and provide an instant idea of how crucial
a residue is to the catalytic mechanism. Gly401 provides an
excellent example of a residue that did not tolerate substitution
(Figure 2), while to a lesser extent, Leud03 also fitted into this
category (data not shown). In this way saturation mutagenesis
can be more informative than site-directed mutagenesis and,
when coupled with sequencing, can detect nonintuitive replace-
ments for putative catalytic residues (20).

That said, the initial screening of these mutants highlighted
some difficulties in the coupled assay methodology. For example,
when Pyr was used as the substrate, there was a very high
background in the screening assay. This necessitated expression
of mutants in FMJ39(DE3), a strain lacking lactate dehydro-
genase (2/), a method that was subsequently adopted regardless
of substrate. Even then, wt BFDC had such low activity with
pyruvate that it bordered on the limits of detection. Thus,
identification of variants with moderate improvement in PDC
activity became problematic and especially susceptible to the
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vagaries of protein expression. This large differential between the
activity of BFDC with benzoylformate and its activity with
pyruvate presents a challenge in enzyme evolution (47). One line
of attack in such a case is to choose intermediate substrates that
represent smaller evolutionary hurdles but which are on the
pathway to the desired activity (42). It also has been suggested
that enzymes can acquire new activities via a generalist inter-
mediate which has broad specificity (43). To our minds, screening
for BFDC variants with the ability to decarboxylate aliphatic
substrates of various chain lengths seemed to encompass both of
these approaches. As a consequence, the screening assay was
modified to include the C4, C5, and C6 2-keto acids as well as
benzoylformate and pyruvate.

The next question that arose was how to simplify, in a
meaningful way, the data generated during mutagenesis and
screening. For each of the twelve libraries, 88 to 176 colonies were
screened, each with 5 substrates, i.e., between 5280 and 10,560
individual data points; therefore, this was an important con-
sideration. A radar plot is a graphical method of displaying data
in the form of a two-dimensional chart of three or more
quantitative variables represented on axes starting from the same
point. This kind of plot is commonly used by other disciplines to
display multivariate data but has not been as widely applied in
biomedical sciences. The use of radar plots is particularly
beneficial when variants with an altered pattern of substrate
utilization are sought. In our case, we plotted the activity data of
whole cell extracts with each substrate. This was done in groups
of 8 individual colonies together with the corresponding wt
control (Figure 3). This provided a visual means of identification
of colonies with properties different from those of the wt BFDC
both during the screen (Figures 3 and 4) and in the purified
BFDC variants (Figure 6).

The first round of screening showed that only two residues,
Thr377 and Ala460, provided colonies that had enhanced levels
of pyruvate decarboxylase activity. The A460Y variant, for exam-
ple, exhibited an increase in activity with each of the alternative
substrates but a decrease in activity with BF (Figures 4 and 6).
This result is in keeping with the predictions of improving activity
via a generalist intermediate (43), in this instance one with the
majority of its aliphatic decarboxylase activity similar to that
with the initial substrate. It was intriguing that much of the
improved activity was due to decreases in K., values rather than
increases in k¢, values (Table 3). At this time, we do not have an
explanation for this observation. Interestingly, the T377L variant
showed a 35-fold increase in k., /K, for Pyr. This was brought
about by improvements in K, and k,; values, but unlike A460Y,
this variant showed only marginal changes in activity with 2KH,
2KP, and 2KB and only a 5-fold decrease in k¢, /K, for BF. It
may well be argued that the T377L variant is also a generalist, but
in this instance, activity with aliphatic substrates is clustered
around that of the target substrate, Pyr. In a second round of
mutagenesis, further improvements were made in the utilization
of Pyr. In this round, the Thr377 and Ala460 variants were
independently used as templates, and we are pleased to report
that the variant with optimal PDC activity, T377L-A460Y, was
obtained from both templates.

When comparing BF and Pyr as substrates, this double mutant
exhibited an 11000-fold improvement in k., /K, ratio over the
wt enzyme, while still retaining significant BFDC activity (only a
13-fold reduction in k) (Table 3). The improvement is parti-
cularly evident in Figure 5, where the apparent affinity for Pyr
changed from kinetics that could not reach saturation to a K, value
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FiGuRre 7: Structures of PpBFDC (A) and ZmPDC (B) highlighting
the different lengths of the C-terminal region (red). ThDP and R-
mandelate in the PpBFDC structure and ThDP in the ZmPDC
structure are shown as stick figures and signal the location of the
active site.

of 2 mM, which is in the range of this family of enzymes (12).
Although the efficiency of T377L-A460Y as a PDC appears low
by contrast to BFDC, it should be noted that its k., value is only
30- to 50-fold lower and its K, value 1.8- to 6-fold higher than the
reported values for ZmPDC (12, 25, 44).

SUMMARY

When trying to convert BFDC into a PDC, we needed to ask,
in essence, two questions: which residues does one change, and
which is better, site-directed or saturation mutagenesis? Instinc-
tively, the answer to the first question is likely to be found in
structural and/or sequence homology and identification of con-
served residues. The 4 orders of magnitude change in specificity
for Pyr over BF shown by the T377L-A460Y variant confirms
(not surprisingly) that the structural homology approach pro-
vides a good starting point. However, our results also show that,
even if there is apparent sequence conservation, it does not follow
that it will be a useful guide to site-directed mutagenesis experi-
ments. Table 2 shows that Ala460, for example, is either Val or Ile
in PDCs, but neither the A460 V (as assessed by the screening
assay) nor the A4601 (/2) variants exhibit much improvement in
their use of Pyr. The improvement is certainly not as much as that
shown by the A460Y, A460F, and A460L variants. Thr377 is a
Gly in all PDC sequences we analyzed, but it was the T377L
variant that improved the use of Pyr. In the BFDCs, Leu461 and
Phe464 seem to be highly conserved, and their counterparts in
PDCs, Glu and Ile, respectively, are also conserved. Yet, we did
not find single mutants in these two residues that had much effect
on patterns of substrate usage. In fact, Phe464 mutagenesis stood
out in that most of the mutants retained remarkable levels of
activity with BF (Figure 3), but the one variant tested in detail,
F4641, showed greatly reduced activity with BF and essentially
no activity with Pyr (12). These data would certainly suggest that,
if a single residue is to be changed, saturation mutagenesis has a
significantly greater chance of success than does mutagenesis
based strictly on sequence homology.

Where to from here? Obviously, this variant provides a good
starting point. There is now sufficient activity with Pyr to simplify
the screen by using a colorimetric plate assay for PDC activ-
ity (45). This would permit the use of a higher throughput method
possibly employing 384-well plates and a robotic microplate
reader. This could be coupled to saturation mutagenesis of two or
more residues at once.

The final hurdle may well be the enzyme itself. At issue is the
fact that, in some respects, the active site of BFDC is quite
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different from other ThDP-dependent decarboxylases. PDC-like
enzymes all contain a HH motif, comprising two histidine resi-
dues located next to each other in the active site. In addition, they
have a C-terminal a-helix which, as exemplified by ZmPDC
(Figure 7), closes the active site cavity. The active site of BFDC
also contains two histidine residues, located in spatial positions
similar to those of the HH motif, but arising from different
monomers (9). However, BFDC does lack the C-terminal helix,
and this may be critical. In ZmPDC, the first turn of the helix
contains Trp535, which shapes the bottom of the active site
pocket and which has structural equivalents in all other crystal-
lized HH decarboxylases (15). This residue is one of the 25
C-terminal residues missing in BFDC, and if this o-helix were
to be removed, the substrate binding pocket of ZmPDC would
reach a volume similar to that of BFDC. In this study, we
have reduced the volume of the BFDC binding pocket consider-
ably, but in the long run, this structural difference may well
make it impossible to convert BFDC into a variant that decar-
boxylates pyruvate as efficiently as it now does its natural
substrate.

REFERENCES

1. Bloom, J. D., Meyer, M. M., Meinhold, P., Otey, C. R., MacMillan,
D.,and Arnold, F. H. (2005) Evolving strategies for enzyme engineer-
ing. Curr. Opin. Struct. Biol. 15, 447-452.

2. Yin, Y., and Kirsch, J. F. (2007) Identification of functional paralog shift
mutations: Conversion of Escherichia coli malate dehydrogenase to a
lactate dehydrogenase. Proc. Natl. Acad. Sci. U.S.A. 104, 17353-17357.

3. Wilks, H. M., Hart, K. W., Feeney, R., Dunn, C. R., Muirhead, H.,
Chia, W.N., Barstow, D. A., Atkinson, T., Clarke, A. R., and Holbrook,
J. 1. (1988) A specific, highly active malate dehydrogenase by redesign of
a lactate dehydrogenase framework. Science 242, 1541-1544.

4. Kaur, J., and Sharma, R. (2006) Directed evolution: an approach to
engineer enzymes. Crit. Rev. Biotechnol. 16, 165-199.

5. Williams, G. J., Zhang, C., and Thorson, J. S. (2007) Expanding the
promiscuity of a natural-product glycosyltransferase by directed
evolution. Nat. Chem. Biol. 3, 657-662.

6. Petsko, G. A., Kenyon, G. L., Gerlt, J. A., Ringe, D., and Kozarich,
J. W. (1993) On the origin of enzymatic species. Trends Biochem. Sci.
18, 372-376.

7. Polovnikova, E. S., McLeish, M. J., Sergienko, E. A., Burgner, J. T.,
Anderson, N. L., Bera, A. K., Jordan, F., Kenyon, G. L., and Hasson,
M. S. (2003) Structural and kinetic analysis of catalysis by a thiamin
diphosphate-dependent enzyme, benzoylformate decarboxylase. Bio-
chemistry 42, 1820-1830.

8. Sergienko, E. A., Wang, J., Polovnikova, L., Hasson, M. S., McLeish,
M. J., Kenyon, G. L., and Jordan, F. (2000) Spectroscopic detection
of transient thiamin diphosphate-bound intermediates on benzoyl-
formate decarboxylase. Biochemistry 39, 13862—13869.

9. Hasson, M. S., Muscate, A., McLeish, M. J., Polovnikova, L. S.,
Gerlt, J. A., Kenyon, G. L., Petsko, G. A., and Ringe, D. (1998) The
crystal structure of benzoylformate decarboxylase at 1.6 A resolution:
diversity of catalytic residues in thiamin diphosphate-dependent
enzymes. Biochemistry 37, 9918-9930.

10. Chakraborty, S., Nemeria, N. S., Balakrishnan, A., Brandt, G. S.,
Kneen, M. M., Yep, A., McLeish, M. J., Kenyon, G. L., Petsko, G. A.,
Ringe, D., and Jordan, F. (2009) Detection and time course of
formation of major thiamin diphosphate-bound covalent intermedi-
ates derived from a chromophoric substrate analogue on benzoylfor-
mate decarboxylase. Biochemistry 48, 981-994.

11. Duggleby, R. G. (2006) Domain relationships in thiamine dipho-
sphate-dependent enzymes. Acc. Chem. Res. 39, 550-557.

12. Siegert, P., McLeish, M. J., Baumann, M., Iding, H., Kneen, M. M.,
Kenyon, G. L., and Pohl, M. (2005) Exchanging the substrate
specificities of pyruvate decarboxylase from Zymomonas mobilis
and benzoylformate decarboxylase from Pseudomonas putida. Prot.
Eng. Des. Sel. 18, 345-357.

13. McLeish, M. J., Kneen, M. M., Gopalakrishna, K. N., Koo, C. W.,
Babbitt, P. C., Gerlt, J. A., and Kenyon, G. L. (2003) Identification
and characterization of a mandelamide hydrolase and an NAD(P)+-
dependent benzaldehyde dehydrogenase from Pseudomonas putida
ATCC 12633. J. Bacteriol. 185, 2451-2456.



Article

14.

15.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Wang, P. F., Yep, A., Kenyon, G. L., and McLeish, M. J. (2009)
Using directed evolution to probe the substrate specificity of mande-
lamide hydrolase. Prot. Eng. Des. Sel. 22, 103-110.

Yep, A., Kenyon, G. L., and McLeish, M. J. (2006) Determinants of
substrate specificity in KdcA, a thiamin diphosphate-dependent
decarboxylase. Bioorg. Chem. 34, 325-336.

. Geddie, M. L., and Matsumura, I. (2004) Rapid evolution of beta-

glucuronidase specificity by saturation mutagenesis of an active site
loop. J. Biol. Chem. 279, 26462-26468.

. Parikh, M. R., and Matsumura, I. (2005) Site-saturation mutagenesis

is more efficient than DNA shuffling for the directed evolution of
beta-fucosidase from beta-galactosidase. J. Mol. Biol. 352, 621-628.

. Chockalingam, K., Chen, Z. L., Katzenellenbogen, J. A., and Zhao,

H. M. (2005) Directed evolution of specific receptor-ligand pairs for
use in the creation of gene switches. Proc. Natl. Acad. Sci. U.S.A. 102,
5691-5696.

. Hayes, R. J., Bentzien, J., Ary, M. L., Hwang, M. Y., Jacinto, J. M.,

Vielmetter, J., Kundu, A., and Dahiyat, B. 1. (2002) Combining
computational and experimental screening for rapid optimization of
protein properties. Proc. Natl. Acad. Sci. U.S.A. 99, 15926-15931.
Yep, A., Kenyon, G. L., and McLeish, M. J. (2008) Saturation
mutagenesis of putative catalytic residues of benzoylformate decar-
boxylase provides a challenge to the accepted mechanism. Proc. Natl.
Acad. Sci. U.S.A. 105, 5733-5738.

Mat-Jan, F., Alam, K. Y., and Clark, D. P. (1989) Mutants of
Escherichia coli deficient in the fermentative lactate dehydrogenase.
J. Bacteriol. 171, 342-348.

Weiss, P. M., Garcia, G. A., Kenyon, G. L., Cleland, W. W., and
Cook, P. F. (1988) Kinetics and mechanism of benzoylformate
decarboxylase using '*C and solvent deuterium isotope effects on
benzoylformate and benzoylformate analogues. Biochemistry 27,
2197-2205.

Guex, N., and Peitsch, M. C. (1997) SWISS-MODEL and the Swiss-
PdbViewer: An environment for comparative protein modeling.
Electrophoresis 18, 2714-2723.

Dobritzsch, D., Konig, S., Schneider, G., and Lu, G. (1998) High
resolution crystal structure of pyruvate decarboxylase from Zymo-
monas mobilis. Implications for substrate activation in pyruvate
decarboxylases. J. Biol. Chem. 273, 20196-20204.

Neale, A. D., Scopes, R. K., Wettenhall, R. E., and Hoogenraad, N.J.
(1987) Pyruvate decarboxylase of Zymomonas mobilis: isolation,
properties, and genetic expression in Escherichia coli. J. Bacteriol.
169, 1024-1028.

Lowe, S. E., and Zeikus, J. G. (1992) Purification and characterization
of pyruvate decarboxylase from Sarcina ventriculi. J. Gen. Microbiol.
138, 803-807.

Chandra Raj, K., Ingram, L. O., and Maupin-Furlow, J. A. (2001)
Pyruvate decarboxylase: a key enzyme for the oxidative metabolism of
lactic acid by Acetobacter pasteurianus. Arch. Microbiol. 176,443-451.
Gunsalus, C. F., Stanier, R. Y., and Gunsalus, I. C. (1953) The enzymatic
conversion of mandelic acid to benzoic acid. III. Fractionation and
properties of the soluble enzymes. J. Bacteriol. 66, 548-553.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Biochemistry, Vol. 48, No. 35, 2009 8395

Rosenberg, S. L. (1971) Regulation of the mandelate pathway in
Pseudomonas aeruginosa. J. Bacteriol. 108, 1257-1269.

Sachuan, C., Rojanarata, T., Wiyakrutta, S., McLeish, M. J., and
Meevootisom, V. (2007) Isolation and characterization of a benzoyl-
formate decarboxylase and a NAD"/NADP*-dependent benzaldehyde
dehydrogenase involved in D-phenylglycine metabolism in Pseudomonas
stutzeri ST-201. Biochim. Biophys. Acta 1770, 1585-1592.

Guo, F., Zhang, D., Kahyaoglu, A., Farid, R. S., and Jordan, F.
(1998) Is a hydrophobic amino acid required to maintain the reactive
V conformation of thiamin at the active center of thiamin diphos-
phate-requiring enzymes? Experimental and computational studies of
isoleucine 415 of yeast pyruvate decarboxylase. Biochemistry 37,
13379-13391.

Glasner, M. E., Gerlt, J. A., and Babbitt, P. C. (2007) Mechanisms of
protein evolution and their application to protein engineering. Adv.
Enzymol. Relat. Areas Mol. Biol. 75, 193-239.

Toscano, M. D., Woycechowsky, K. J., and Hilvert, D. (2007)
Minimalist active-site redesign: teaching old enzymes new tricks.
Angew Chem., Int. Ed. 46, 3212-3236.

Gerlt, J. A., and Babbitt, P. C. (2009) Enzyme (re)design: lessons
from natural evolution and computation. Curr. Opin. Chem. Biol. 13,
10-18.

Tawfik, D. S. (2006) Loop grafting and the origins of enzyme species.
Science 311, 475-476.

Park, H. S., Nam, S. H., Lee, J. K., Yoon, C. N., Mannervik, B.,
Benkovic, S. J., and Kim, H. S. (2006) Design and evolution of new
catalytic activity with an existing protein scaffold. Science 311, 535~
538.

Costelloe, S. J., Ward, J. M., and Dalby, P. A. (2008) Evolutionary
analysis of the TPP-dependent enzyme family. J. Mol. Evol. 66, 36-49.
Sprenger, G. A., and Pohl, M. (1999) Synthetic potential of thiamin
diphosphate-dependent enzymes. J. Mol. Catal. B 6, 145-159.

Pohl, M., Sprenger, G. A., and Muller, M. (2004) A new perspective
on thiamine catalysis. Curr. Opin. Biotechnol. 15, 335-342.

Kneen, M. M., Pogozheva, I. D., Kenyon, G. L., and McLeish, M. J.
(2005) Exploring the active site of benzaldehyde lyase by modeling
and mutagenesis. Biochim. Biophys. Acta, Proteins Proteomics 1753,
263-271.

Tracewell, C. A., and Arnold, F. H. (2009) Directed enzyme evolu-
tion: climbing fitness peaks one amino acid at a time. Curr. Opin.
Chem. Biol. 13, 3-9.

Chen, Z., and Zhao, H. (2005) Rapid creation of a novel protein
function by in vitro coevolution. J. Mol. Biol. 348, 1273-1282.
Khersonsky, O., Roodveldt, C., and Tawfik, D. S. (2006) Enzyme
promiscuity: evolutionary and mechanistic aspects. Curr. Opin. Chem.
Biol. 10, 498-508.

Candy, J. M., and Duggleby, R. G. (1998) Structure and properties of
pyruvate decarboxylase and site-directed mutagenesis of the Zymo-
monas mobilis enzyme. Biochim. Biophys. Acta 1385, 323-338.
Conway, T., Sewell, G. W., Osman, Y. A., and Ingram, L. O. (1987)
Cloning and sequencing of the alcohol dehydrogenase II gene from
Zymomonas mobilis. J. Bacteriol. 169, 2591-2597.



