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Abstract

Dialkylglycine decarboxylase (DGD) is an unusual pyridoxal phosphate dependent enzyme that
catalyzes decarboxylation in the first and transamination in the second half-reaction of its ping-
pong catalytic cycle. Directed evolution was employed to alter the substrate specificity of DGD
from 2-aminoisobutyrate (AIB) to 1-aminocyclohexane-1-carboxylate (AC6C). Four rounds of
directed evolution led to the identification of several mutants, with clones in the final rounds
containing five persistent mutations. The best clones show ~2.5-fold decrease in Ky, and ~2-fold
increase in Kggt, giving a modest ~5-fold increase in catalytic efficiency for AC6C. Additional
rounds of directed evolution did not improve catalytic activity toward AC6C. Only one (S306F) of
the five persistent mutations is close to the active site. S306F was observed in all 33 clones except
one, and the mutation is shown to stabilize the enzyme toward denaturation. The other four
persistent mutations are near the surface of the enzyme. The S306F mutation and the distal
mutations all have significant effects on the kinetic parameters for AIB and AC6C. Molecular
dynamics simulations suggest that the mutations alter the conformational landscape of the enzyme,
favoring a more open active site conformation that facilitates the reactivity of the larger substrate.
We speculate that the small increases in kea/Kp for AC6C are due to two constraints. The first is
the mechanistic requirement for catalyzing oxidative decarboxylation via a concerted
decarboxylation/proton transfer transition state. The second is that DGD must catalyze
transamination at the same active site in the second half-reaction of the ping-pong catalytic cycle.
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1. Introduction

Dialkylglycine decarboxylase (DGD) is a pyridoxal phosphate (PLP) dependent enzyme,
first isolated from the soil bacterium Pseudomomas cepacia [1,2]. It catalyzes two different
reactions — decarboxylation-dependent transamination of 2-aminoisobutyrate (AIB; a-
methylalanine) to generate the pyridoxamine phosphate enzyme, followed by transamination
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of pyruvate to .-alanine to regenerate the PLP enzyme — at the same active site. In the first
half-reaction of the ping-pong kinetic mechanism (Scheme 1A), DGD catalyzes
decarboxylation of AIB to form CO5 and acetone with the amino group of AIB transferred
to the cofactor to form pyridoxamine phosphate. In the second half-reaction (Scheme 1B),
the amino group is transferred to an a-keto acid (pyruvate, the preferred in vitro substrate
and presumed in vivo substrate, is shown) to form an .-amino acid product and regenerate
the PLP cofactor.

It is fundamentally important to understand the mechanisms by which reaction and substrate
specificity are controlled by PLP-dependent enzymes, given their broad role in the nitrogen
metabolism of all organisms [3-9]. DGD is especially interesting in this context because of
its unusual dual (decarboxylation and transamination) reaction specificity. A functional
active site model for DGD was proposed by Toney et al. [10] based on the X-ray structure of
DGD and previous kinetic studies [11]. In this model (Fig. 1), the active site of DGD is
described by three binding subsites (A, B, and C), each of which differs in specificity and
function. The A subsite is the locus of bond making and breaking for both decarboxylation
and transamination. The B subsite is capable of binding both aliphatic groups (AIB in
decarboxylation), or carboxylate groups (pyruvate in transamination). The C subsite is
sterically restrictive, binding small alkyl groups. Catalytic efficiency decreases sharply as
larger side chains occupy the C subsite [11]. This steric restriction is thought to be
responsible for the poor efficiency of DGD with bulky substrates such as 1-amino-1-
cyclopentanecarboxylic acid (AC5C) and 1-amino-1-cyclohexanecarboxylic acid (AC6C)
(Fig. 2) [11]. The C subsite reduces the binding affinity for AC5C and AC6C and their
bound forms are thought to be misaligned for optimal catalysis thereby diminishing
favorable stereoelectronic effects (Fig. 1).

The primary means by which the PLP-enzymes control reaction specificity is
stereoelectronic [8,9,12]. Stereoelectronic effects are maximized when the labile bond is
parallel to the p orbitals of the conjugated 7 system (Schiff base and pyridine ring). This, in
turn, maximizes the rate of bond scission by stabilizing developing negative charge in the
transition state through delocalization into the conjugated = system of PLP. Evidence for
stereoelectronic effects controlling DGD catalysis includes kinetic studies with alternate
substrates [11], X-ray crystallography studies with phosphonate inhibitors [13], and studies
performed with DGD mutants [14,15].

Here, we report directed evolution of DGD substrate specificity to examine the ability of the
catalytically bifunctional active site to adapt to a new, larger substrate in the decarboxylation
half-reaction while maintaining specificity in the transamination half-reaction for pyruvate,
the presumed in vivo substrate. A synthetic gene optimized for Escherichia coli expression
was constructed. Error-prone PCR and gene shuffling mutagenesis techniques were
combined with a genetic selection to isolate DGD mutants with altered specificity for the
non-native substrate AC6C. Several mutants with increasing catalytic efficiency were
purified and analyzed kinetically. The best mutants isolated show a modest ~5-fold increase
in kea/ Ky for AC6C compared to the WT enzyme. This modest increase is interpreted as a
result of the requirement for a concerted decarboxylation/proton transfer transition state to
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enforce oxidative decarboxylation, and the requirement for maintaining high efficiency for
the small substrate pyruvate in the transamination half-reaction.

2. Materials and methods

2.1. Materials

Oligonucleotides were obtained from Invitrogen. The Pt-Taq polymerase was from
Invitrogen. A 2.5 mM dNTP PCR mix was from Applied Biosystems. PfuTurbo polymerase
and the E. coli BL21(DE3)-Gold cells were from Stratagene. The pProEX-HtaB plasmid
was from Life Technologies. The pBTac plasmid was from Professor John Keller
(Department of Chemistry, University of Alaska) [16]. DNA purification kits were from
QIAGEN. Centri-spin 20 size exclusion columns were from Princeton Separations. T4 DNA
ligase and all restriction endonucleases were from New England Biolabs. AIB, sodium
pyruvate and all antibiotics were from Sigma-Aldrich. AC6C and AC5C were from Acros.
NADPH was from Roche. All other media components were from Fisher Scientific. All
PCR was carried out using or an Applied Biosystems GeneAmp PCR System 2700
thermocycler. Bacterial transformations were carried out using a Bio-Rad Micropulser
electroporation apparatus.

2.2. Gene synthesis

The sequence of a synthetic dgdA gene, designated dgdAecx (“ecx” for E. coli expression),
was designed using only the preferred codon usage for strongly expressed E. coli genes [17].
The DGD amino acid sequence (taken from PDB entry 1DKA) was reverse translated into
the synthetic gene using a table of codons that contained a single entry for each amino acid
type. The entry for each was the most frequently employed codon in highly expressed E. coli
genes. The resulting synthetic DNA sequence was analyzed for restriction enzyme sites to
ensure that cut sites for BamHI and Spel (used for subsequent cloning steps) were absent.
Following the design of the dgdAecx gene, DNAWorks was used to generate the sequences
of the 54 oligonucleotides used for gene assembly [18]. The terminal primers contained
BamHI and Spel for cloning into pProEX-HtaB as follows (cut sites shown in bold; dgdAecx
start codon in italics): DGDecx.Fwdl, 5'-
TCAGGGCGCCATGGGATCCATGTCTCTGAACGA-3 and DGDecx.Revl, 5'-
GAAAGCGGCCGCGACTAGTTTACAGAGCACGT-3'.

The gene assembly of dgdAecx was based on previously reported gene assembly protocols
[19,20]. Oligonucleotides were dissolved in deionized water to a final concentration of 10
uM. A small volume (10 pL) of each oligonucleotide stock solution was combined to form a
single oligonucleotide mix. The volume of this mixture was adjusted to 666 L to give a
final concentration of 0.15 uM for each oligonucleotide. Ten microliters of the
oligonucleotide mix was used as template in a 50 uL. PCR with PfuTurbo polymerase and no
external primers. The assembly PCR parameters were as follows: 94 °C for 2 min, 25 cycles
of [94 °C for 45 s, 55 °C for 45 s, 72 °C for min], followed by 72 °C for 7 min and a hold at
4 °C. The assembled product was amplified by using 5 uL of the PCR assembly reaction as
template in a 100 uL PCR reaction with PfuTurbo polymerase, including 0.3 uM of each
terminal oligonucleotide as primers. The purified assembly product was digested with
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BamHI and Spel and ligated into the pProEX-HtaB plasmid and transformed into BL21-
Gold (DE3) cells via electroporation. Transformants were washed once with NH4Cl-free
M9-glucose medium, resuspended in NH,4Cl-free M9-glucose medium, and plated onto AIB
selection plates (NH4ClI-free M9 with 2% w/v glucose, 100 mM AIB, 12 pg/mL Tet, and 50
pg/mL Amp). After 3-5 days of incubation at 37 °C, colonies were isolated, and plasmid
DNA was purified, analyzed by restriction digestion and gel electrophoresis, and sequenced.
A plasmid containing an error-free dgdAecx gene was chosen for future work and designated
pEX-DGDecx.

2.3. Gene cloning and plasmid constructions

The dgdAecx gene was cloned into the pBTac plasmid to form the pBT-DGDecx construct.
PCR primers were used to add the EcoRI and HindlIl restriction sites, and the primer
sequences are as follows: DGDecx.5".EcoRI.pBT, 5'-
GGAAACAGAATTCTATGTCTCTGAACGACGACGC-3 and DGDecx.6’.HindlI1.pBT,
5-AAAACAGAAGCTTTTACAGAGCACGTTCGATAGCC-3'. The pBT-DGDecx
construct contains no leader sequence fused to the dgdAecx gene. Expression is initiated by
IPTG induction of a Tac promoter, and the primers were designed such that the resulting
MRNA transcript begins with the start codon of dgdAecx.

2.4. DGD evolution

Error-prone PCR (epPCR) was performed based upon the methods described previously
[21,22]. DNA shuffling was performed as described by Stemmer [23,24] and modified by
Lorimer and Pastan [25]. Library creation was performed, with minor modifications, as
described previously [26]. For the first round of evolution, the WT dgdAecx gene was
amplified by epPCR, followed by DNA shuffling to produce further combinations of
mutations. The shuffled fragments were ligated into pBTac and used to transform BL21-
Gold (DE3) cells via electroporation. Following a fifteen minute recovery period in SOC
medium (without shaking), the transformants were washed once with NH,4Cl-free M9-
glucose medium, resuspended in NH,4Cl-free M9-glucose medium, and plated onto A6C6
selection plates. The plates were incubated at 37 °C in loosely covered plastic boxes
containing a beaker of water to ensure plate hydration. The number of clones plated in
Round | was ~3 x 10°. These mutagenic procedures introduced 2—-10 point mutations (an
average of ~4) per round, as determined by DNA sequencing of randomly chosen clones.

The formulation of the selection plates was: NH4Cl-free M9-glucose, 20 or 1 mM AC6C, 12
pg/mL Tet, 50 pg/mL Amp, and 50 pM IPTG. After ~3 weeks of incubation, two colonies
were found on the plates. Both were streaked onto LB-Amp-Tet plates. Plasmid DNA was
purified from these colonies, sequenced, and used to transform fresh BL21-Gold (DE3) cells
to confirm the growth phenotype.

For the second round of evolution, a 1:1 mix of the two Round I plasmids were used as
template for epPCR. Round Il was performed in the same manner as Round I. The number
of clones plated onto AC6C selection plates was ~1.5 x 10°. After ~2 weeks of incubation at
37 °C, a single colony was found on the plates. The DNA from this colony was isolated,
sequenced, and used as the starting DNA for Round Il1. This clone contained the two Round
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I mutations (N96S and S306F) combined together as well as an additional mutation
(L221P).

For the third round of evolution, the Round I1 plasmid was amplified by epPCR, and
shuffled in a 1:1 ratio with WT dgdAecx amplified via epPCR. The shuffled fragments were
ligated into the pBTac plasmid to produce the Round I11 library. All other aspects of Round
I11 were identical to the first two rounds. The number of clones plated onto AC6C selection
plates was ~1.5 x 10°. After one week of incubation at 37 °C, numerous colonies were
observed growing on the AC6C selection plates. The largest fifteen colonies were harvested
and DNA from these colonies was isolated, sequenced, and used as the starting DNA for
Round IV.

Round IV evolution was carried out with non-mutagenic (high-fidelity) conditions to avoid
the incorporation of new mutations, as described previously [27]. Round 111 plasmids were
mixed in equal ratios, and this mix was used as a template for regular PCR. The resulting
fragments were shuffled in a 1:1 ratio with WT dgdAecx. All other aspects of Round IV
were identical to Round I11. The number of clones plated onto AC6C selection plates was
approximately 1.5 x 10°. After ~1 week of incubation at 37 °C, numerous colonies were
observed growing on the AC6C selection plates. The largest fifteen colonies were isolated
and DNA from these colonies was isolated and sequenced. Subsequent rounds of evolution
did not lead to faster growing colonies even though WT produces colonies after ~2 days on
AIB medium.

2.5. Mutant enzyme purification

Liquid cultures in TB medium were grown at 37 °C, with shaking, to an ODggpg = 0.5. The
cultures were cooled to ~33 °C and induced with a final concentration of 0.5 mM IPTG.
Following induction, the cultures were incubated with shaking at 33 °C for 8-10 h. The cells
were pelleted by centrifugation, resuspended in lysis buffer (20 mM TEA-HCI pH 7.8, 50
mM KCI, 20 pM PLP, 1 M ammonium sulfate) and frozen at =80 °C. The slurry was thawed
on ice and sonicated in the presence of 0.5 mg/mL lysozyme. The cell debris was removed
via centrifugation at 14,000 rpm (40 min; SS-34 rotor), and the supernatant was brought to
2.2 M of ammonium sulfate slowly over 30-60 min at 4 °C, followed by stirring for one
hour at 4 °C. The precipitated protein was collected via centrifugation. The protein pellet
was dissolved and dialyzed into loading buffer (20 mM TEA-HCI pH 7.8, 20 uM PLP). The
dialyzed solution was loaded onto a 50 mL Q Sepharose Fast Flow anion exchange column
(Pharmacia) and eluted with a 100-400 mM of KCL gradient in loading buffer. The purest
fractions, as judged by SDS-PAGE, were pooled and dialyzed into 50 mM of TEA-succinate
pH 7.8, 50 mM of dipotassium succinate, and 20 mM of PLP. Following dialysis the protein
solution was flash frozen and stored at —80 °C. Protein concentration was determined with
the DC (Lowry) protein assay kit from Bio-Rad with 1gG as a standard.

2.6. Kinetic analysis

The decarboxylation of AIB, AC6C, and AC5C was followed by coupling the reaction to 2-
OADH as described previously [11]. Briefly, the decrease in NADPH absorbance at 340 nm
that occurs when acetone (from AIB) is reduced to 2-propanol, cyclohexanone (from AC6C)
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is reduced to cyclohexanol, or cyclopentanone (from AC5C) is reduced to cyclopentanol
was monitored. Initial rates were measured over a range of substrate concentrations, and the
data were fitted to the Michaelis—Menten equation directly by nonlinear regression to obtain
values of ke and Ky All experiments were performed in 100 mM of TEA-succinate pH
7.4, 100 mM of dipotassium succinate, and 50 uM of PLP. Pyruvate (5 mM) was used as the
a-keto acid substrate when AIB was varied and AIB (100 mM) was used as the amino acid
substrate when pyruvate was varied. Experiments were performed at 25 °C.

The value of kq5/Kp for a half-reaction in a ping-pong kinetic mechanism is independent of
the other half-reaction [28]. Therefore, the values of kqq/Kp for the amino acid substrates
reported in Table 2 are for the decarboxylation half-reaction, independent of the properties
of the transamination half-reaction. This is similarly true for the transamination half-reaction
and the values of kgat/Kp for pyruvate.

Heat inactivation studies were performed by incubating enzyme stock solution at 55 °C in a
thermocycler, removing 10 pL of aliquots over time for use in initial rate assays (700 pL
total volume) at 25 °C. The incubation and reaction conditions were as described above for
initial rate assays.

2.7. Molecular dynamics simulations

Molecular dynamics simulations were carried out with YASARA version 13.9.8 [29-31].
The PDB entry 1D7V was used as the starting structure [32]. The five mutations found in
RIVc15 were introduced into both subunits of the dimer. In one active site, the external
aldimine intermediate formed between PLP and AIB was built using the existing PPL-AIB
inhibitor as a guide for placement. In the active site of the other subunit, the external
aldimine intermediate that formed between PLP and AC6C was built using the existing
PPL—AIB inhibitor as a guide. A box 100 x 75 x 75 A was used as the periodic simulation
cell. The AMBERO3 forcefield was used and the YASARA macro “md_run” was employed
to set up calculations by filling the cell with water, calculating pK, values and protonation
states at pH 7.4, adding ions, etc. The simulations were allowed to equilibrate for 500 ps at
50 °C and then slow cooled over the following 500 ps. Simulations were repeated five times
for the RIVc15 and WT that had been prepared identically [32].

3. Results and discussion

The genetic selection for improved activity toward AC6C is based on the inability of E. coli
cells to grow on 2,2-dialkylamino acids as the sole nitrogen source. The dgdA gene was
originally isolated from P. cepacia using such a selection [1,2]. We reasoned that a similar
selection could be utilized to evolve DGD to use other non-native substrates, thereby
allowing E. coli to grow on novel nitrogen sources. Previous work with DGD identified
substrates with which the enzyme exhibited lower activity due the presence of bulky side
chains [11]. Among these were AC5C and AC6C. AC5C was found to have an inhibitory
effect on E. coli growth on M9-glucose minimal media plates. Additionally, DGD has only
10-fold lower efficiency with AC5C compared to AIB, so AC5C was ruled out as a target
substrate for directed evolution. AC6C, on the other hand, is 200-fold less efficient than AlIB
as a substrate for DGD [11]. AC6C is also well tolerated by E. coli in plates, and is taken up
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by E. coli as shown by growth inhibition on AIB + AC6C M9-glucose minimal plates.
ACG6C was therefore chosen as the target substrate for DGD evolution. The
complementation-based selection using a randomly mutated DGD gene library was proved
effective for improving the activity of DGD toward this non-native amino acid.

A blend of epPCR and DNA shuffling was employed in Rounds I and Il to increase
combinations of mutations. Round 111 differed from the first two rounds in that additional
epPCR-mutagenized WT dgdAecx was introduced in the shuffling reaction along with
epPCR mutagenized positive clones from the previous round. Since Round 11 only resulted
in a single clone, the extra mutagenized dgdAecx was included to provide both extra
mutations and wild-type regions of the gene to allow the shuffling of the three mutations
within the clone. Round IV evolution was consisted of shuffling of the Round 111 clones
with WT dgdAecx in the shuffling reaction under non-mutagenic conditions. The latter
procedure was used to find the optimal combination of mutations that had been incorporated
in the first three rounds. The WT dgdAecx was introduced in the shuffling reaction to
facilitate concurrent backcrossing to remove non-essential mutations. For each round of
evolution, the incubation time allowed before colonies were picked and analyzed was
decreased to increase the stringency of the selection. Additional rounds of evolution based
on epPCR of RIVc15 did not produce clones with increased fitness as measured by faster
growth times on 20 mM of AC6C or growth on 1 mM of AC6C.

The DNA sequences of all 33 clones isolated across four rounds of directed evolution were
analyzed. The amino acid mutations in the isolates are presented in Table 1 along with the
corresponding WT amino acid residues. All 33 clones have between one and five mutations
representing 13 amino acid positions. The different combinations of these thirteen mutations
give rise to 20 different types of mutant proteins, five of which are observed more than once.
Of the individual mutations observed, six occur with high frequency throughout the four
rounds of evolution. The S306F mutation is the most common change observed, present in
32 of the 33 clones, and is present as the sole mutation in seven clones. The N96S mutation
is present in 16 clones, and is distributed more or less evenly throughout all four rounds of
directed evolution. The N203S, R85H, and N12D mutations, present in 15, 10, and eight
clones respectively, are concentrated in the later rounds of directed evolution. Finally, the
L221P mutation is present in 10 clones; it is, however, concentrated in the first three rounds
of evolution, and almost completely lost during Round 1V.

WT and six mutants that represent well the diversity of mutations present were purified and
their activities were measured (Table 2). The kinetic parameters were measured here for WT
agree with those reported previously [33]. All mutants exhibit a decrease in efficiency
(Keat/Km) for AIB of approximately 3—13-fold. The decrease is primarily due to lower Kgat
with AIB, rather than higher Ky. This is notable for clones Rlicl and RI11Ic6, both of which
have >10-fold decrease in k¢ compared to WT. The remaining four mutants show 3-4-fold
decreases in Kyt Previous substrate evolution work also reported losses in activity or
binding for the native substrate [34,35].

There is a 2-5-fold increase in Kea/Kp With AC6C for most mutants. The RIlIcl and RIlIc3
mutants both have lower k5 but also have decreased Ky, values, with a net increase in
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Kcat/ Kp- For example, the RIllcl mutant has ~2-fold decrease in K¢y but ~6-fold decrease in
Kwm, giving a 3-fold increase in kgat/Kp for RllIcl toward AC6C. Two mutants (RI11c12 and
RIVc15) exhibit both an increase in ke and a decrease in Ky, leading to ~3-fold increase in
Kcat/Km for RI11c12 and ~5-fold increase for RIVc15. The RIVc15 mutant also showed a 3-
fold increase in Keat/Kpn toward AC5C compared to WT DGD.

From the engineering point of view, one of the most interesting and most frustrating results
is that DGD activity toward AC6C could only be increased ~5-fold after multiple rounds of
directed evolution; the best mutants give colonies in 5 days on AC6C even though WT gives
colonies in 2 days when grown on AIB. Nevertheless, this was detectable in the selection as
a significant growth advantage, with the mutants allowing colony formation significantly
faster than WT on this substrate. Importantly, the mutants isolated were all re-transformed
into fresh E. coli cells and their growth phenotypes were confirmed, allowing us to exclude
the possibility that mutations in genes other than DGD provided the observed selective
advantage. No mutations in the 5 control elements of the expression vector were observed.
Additionally, the persistence of five DGD mutations through the mutagenesis and selection
rounds additionally indicates that the growth advantages observed are due to alterations in
the protein sequence of DGD. It is possible that a further increase in activity could be found
with much larger libraries that contain a greater number of mutations and/or different
combinations of mutations, but the enormous size of simple epPCR-based libraries impedes
fully exploring them in transformation-based selections. For example, a library containing
one mutation at each of the 433 residues in DGD, with all combinations of five mutations
per protein present in the library, has ~1011 members, while that with four mutations per
protein has ~10° members.

S306F is present in 32 of the 33 isolates, and is the only mutation in seven of these. Thus,
S306F provides a significant selective advantage for E. coli survival on AC6C as a sole
nitrogen source. The kinetic parameters of the S306F single mutant were measured (RIlIcl;
Tables 1 and 2). S306F has a 6-fold decrease in Ky, which for WT is known to be the true
substrate dissociation constant and therefore reflects binding affinity [16]. These
observations suggest that S306F is central to the evolution of DGD specificity for AC6C.
Table 1 also presents the results of an evolutionary trace analysis of DGD [36]. Ser306 is
relatively highly conserved in DGD, with an rvET score of 11 (on a scale of 1-88; lower is
more important) and a ranking at the 10th percentile of evolutionary importance. It is the
most conserved of all the mutations found, and has the largest effect on catalytic properties
and enzyme stability (see below).

The location of the S306F mutation within DGD is intriguing. The structure of DGD is
presented in Fig. 3 with positions labeled where mutations were observed. The active site of
DGD, showing the detailed location of S306 relative to the active site, is shown in Fig. 4A.
Ser306 is part of the monovalent cation binding site near the DGD active site. It does not
directly coordinate to either K* or Na* but its two neighboring residues, Val305 and
Asp307, do. Previously, we showed that smaller monovalent cations such as Li* and Na*
give a less active enzyme that has an altered C subsite structure, as shown in Fig. 4B [10,
33]. We speculate that the S306F mutation, which exchanges a small for a large side chain at
the monovalent cation binding site, also causes a substantial change in the positioning of the
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{3 strand containing the C subsite residues L299-T303, allowing AC6C to be better
accommodated in the active site.

N12D, R85H, N96S, and N203S are surface mutations observed with S306F in the most
common mutant isolated in Round 1V. All of these residues have relatively low evolutionary
importance as determined by the rvET scores (Table 1). Three of these, N12D, R85H, and
N96S, are positioned above the S306F mutation (Fig. 3). R85H and N96S are positioned at
either end of an a-helix above S306F. N12D is located in the N-terminal a-helix and is
within interaction distance of residue 85. The remaining surface mutation, N203S, is located
near the dimer—dimer interface, distant from both PLP and the other mutations.

The decrease in ket due to the S306F mutation (Table 2) is countered by the addition of the
surface mutations. When the S306F mutation is accompanied by two of these (N96S and
N203S; RI11c12) ke, doubles relative to the S306F single mutant, and surpasses that of WT.
This increase in K¢yt is accompanied by a 2-fold increase in Ky, which results in an
unchanged kca/Kp for N96S/N203S/S306F compared to the S306F single mutant. The
addition of the other two surface mutations (R1\VVc15) continues this trend. The N12D/R85H/
N96S/N203S/S306F mutant exhibits an even greater increase in kegt; it is 4-fold greater than
the S306F mutant and 2-fold greater than WT.

The hypothesis that the mutations alter the conformational landscape of DGD was addressed
using molecular dynamics simulations. Both WT and the RIVc15 mutant were simulated
with the AIB external aldimine intermediate in one active site and that of AC6C in the other;
there is no evidence of interaction between active sites in DGD. Fig. 5 presents the results of
these calculations. The structures were simulated at 50 °C for 500 ps and then slow cooled
over the following 500 ps. In all repetitions, the RIVc15 mutant led to an open conformation
in which the small N-terminal domain is rotated ~5° away from the active site compared to
WT. This movement opens the active site for the larger AC6C substrate and allows the
external aldimine intermediate to assume a position more conducive to catalysis, by analogy
to its similarity to AIB bound to WT. As observed previously in crystallographic studies, the
carboxylate of both AIB and AC6C prefers to interact with R406 at the B subsite as seen in
Fig. 5B [32]. We hypothesize that this preference for a more open conformation is the origin
of the observed increase in AC6C binding affinity by the directed evolution mutants. For
catalysis to occur, the carboxylate must be placed in the A subsite, which requires rotation
about the Ca-N bond of the external aldimine intermediate. This is discussed further in the
context of stereoelectronic effects below. (See Fig. 6.)

The effects of the mutations on the stability of DGD were estimated computationally. A
large number of methods are available and their performances have been reviewed recently
[37-39]. The available methods generally have mediocre performance when based on a
single structure, but performance improves substantially when ensembles of structures are
used instead to model the dynamic context of mutations [40,41]. The software to model
ensembles of structures was not available to us. Therefore, we modeled the context
dependence of calculated free energy changes using three structures: the X-ray crystal
structure of DGD (PDB ID 1DKA), the final simulated annealing structure of WT with AIB
and AC6C external aldimines, and the final simulated annealing structure of RIVc15 with
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AIB and AC6C external aldimines. The FoldX plugin for YASARA was employed with
FoldX version 3.0 beta 6, since this program generally performs as well or better than the
others [42]. The results are reported in Table 1.

The error in AAG calculations by FoldX has been estimated to be ~0.8 kcal/mol [39,43].
Therefore, values greater than this in magnitude are highlighted as a guide in Table 1. Of the
five mutations that persist in round four of the selection, two have statistically significant
predicted effects on the stability of WT DGD: N12D based on both the X-ray structure and
MD model, and S306F based on the X-ray structure. N12D is predicted to be destabilizing
for WT. Surprisingly given the large structural change in the side chain, S306F is predicted
to be stabilizing, which was confirmed experimentally (see below).

Reversions of the mutations were analyzed based on the RIVVc15 simulated annealing MD
structure. In principle, calculations on forward mutations with the WT MD model show how
a single mutation will alter the stability of the WT structure, while calculations on reverse
mutations with the RIVVc15 MD model show how removal of a single mutation alters the
stability of the mutant structure. There is a contextual difference, so the effect of a mutation
does not need to be identical in the two calculations. The S203N reversion is predicted to
stabilize the RIVc15 model while the F306S reversion is predicted to destabilize it. The
most significant prediction from these calculations is that changing the smaller serine at
position 306 into a larger phenylalanine generally stabilizes the enzyme and selectively
stabilizes the more open structure of the RIVc15 simulated annealing model. Offsetting the
effects of other destabilizing mutations may be a factor in the persistence of S306F in all
four rounds of directed evolution.

The sums of the effects of the five persistent mutations, either calculated individually then
added up or combined together as a single penta-mutant protein, were also calculated. The
effect of the mutations on DGD stability in the context of the WT MD model calculated
individually then summed up is + 1.8 kcal/mol (i.e., destabilization of the WT conformation;
+ 1.2 kcal/mol if only the statistically significant values are included). Comparatively, the
effect of the five reversion mutations in the context of the RIVc15 MD model calculated
individually then summed up is +0.9 kcal/mol (i.e., destabilization of the RIVV¢c15
conformation; also +1.2 kcal/mol if only the statistically significant values are included).
Simultaneous incorporation of the five persistent mutations into these MD models gives
FoldX calculated stability changes of +0.9 kcal/mol for the forward mutations (i.e.
destabilization of the more closed WT MD model) and +0.8 kcal/mol for the reversions (i.e.
destabilization of the more open RIVCc15 conformation). The overall predicted effect of the
five persistent mutations is selective stabilization of the more open RIVc15 conformation
over the more closed WT conformation by ~1.5 kcal/mol.

To provide experimental support for these calculations, the kinetics of activity loss of three
enzymes (WT, RIlIc1 which only has the S306F mutation, and RI1VVc15 which has the five
persistent mutations) was measured. The half-life of Rlllcl at 55 °C is ~4-fold longer than
WT at this temperature, while that for RIVc15 is ~30-fold shorter than WT. Thus, the S306F
mutation stabilizes the enzyme as predicted by FoldX, while the other four persistent
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mutations destabilize it. The positive effect the S306F mutation on both AC6C activity and
stability likely accounts for its nearly uniform presence in the clones isolated.

The observed changes in kgt can be rationalized within the model of stereoelectronic effects
for PLP enzymes proposed by Dunathan [12] and the DGD active site model proposed by
Toney et al. (Fig. 1) [10]. Catalytically optimal positioning of the carboxylate bond is
parallel to the -bond system, which corresponds to the carboxylate in the A subsite. Steric
clashes at the C subsite affect both the affinity of DGD for AC6C and the positioning of the
C,-carboxylate bond relative to the conjugated m-system of the external aldimine
intermediate. We speculate that the S306F is largely responsible for the increase in affinity
of DGD for AC6C (since Ky decreases ~5-fold and substrate binding to DGD has been
shown to be a rapid equilibrium process [16]) by altering the energetics of the domain
movement discussed above, concomitantly leading to a decrease in K, by altering the
equilibrium between the carboxylate being positioned at the A vs. the B subsite. The
addition of the surface mutations must modify, statically or dynamically, this equilibrium to
allow the Ca—CO5,™ bond to spend a greater fraction of time in the A subsite thereby
increasing kqqt through stereoelectronic optimization.

It is somewhat surprising that multiple rounds of directed evolution beyond those reported
here (even under more stringent conditions) were unable to produce colonies that grew
faster. We speculate that the constraints imposed by the requirement that DGD maintain
specificity for oxidative decarboxylation with concerted CO, loss and proton transfer to C4’
of PLP, instead of the usual Ca protonation catalyzed by most PLP dependent
decarboxylases. We have shown that in DGD the loss of CO, from Ca and proton transfer
from Lys272 to C4’ occurs in a concerted process that is sensitive to alteration in substrate
structure [16]. It might be that a limited set of mutations in DGD is compatible with
enforcing this concerted decarboxylation/proton transfer transition state with AC6C, which
produces the PMP enzyme form that donates the nitrogen to pyruvate to form -Ala. There is
also the constraint imposed by the second, transamination half-reaction; adaptation to a
larger decarboxylation substrate while maintaining activity with pyruvate (the presumed in
vivo substrate) may limit the extent of possible adaptation. The kqq/Ky values for the
mutants in Table 2 are all significantly larger than those for the AC6C, suggesting that this
constraint is not limiting in the present experiments. Another possibility is that a different
amino acid in vivo competes with AC6C and that the mutations observed here are a
compromise between minimizing this competition and maximizing activity with AC6C,
thereby maximizing the flux of amino groups from AC6C to .-Ala under the growth
conditions. Given the large number amines and amino acids in E. coli as potential
competitors, this possibility should not be excluded.

The results presented here reaffirm the power of directed evolution in finding less-than-
obvious mutations that increase enzyme fitness, and the difficulty of rational protein
engineering when mutations distal to the active site are important. In the case of DGD, it
would be impossible to predict rationally the mutations found here given that the obvious
substrate-contacting residues (e.g., Trp138, Met141, Tyr301) are not mutated in the isolated
clones. Other examples of distal mutations significantly affecting catalytic activity are found
in the literature. Schramm and coworkers have shown that distal mutations in purine
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nucleoside phosphorylase can have substantial effects on catalytic rates and transition state
structures [44-46]. In work from our laboratory, the Janus algorithm was used to predict
mutations in aspartate aminotransferase that convert it into a tyrosine aminotransferase, and
many of these were removed from the active site [47]. During the evolution of aspartate
aminotransferase substrate specificity to that of valine aminotransferase, Oue et al. found
that multiple mutations distant from the active site (>10 A) caused significant change in the
active site and substrate specificity [48]. Sacchi et al. found that a cluster of mutations on the
surface of D-amino acid oxidase were critical for evolution of substrate specificity [49].
Similar results have also been found by Iffland et al. with cytochrome c [50], Spiller et al.
with p-nitrobenzyl esterase [51]. These very interesting results point to a general and
important role for amino acids far removed from enzyme active site in catalytic activity that
remains an important, and poorly understood and unexplored area of enzymology.
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Trp138

Fig. 1.
Model of the DGD active site. The three subsites discussed in the text are labeled as A, B,

and C. The alignment of the Ca-CO,~ bond with the p orbitals of the conjugated w system
(Schiff base and pyridine ring) when it is in the A subsite stabilizes negative charge as it
develops on Ca in the transition state. This is the stereoelectronic effect referred to in the
text.
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Fig. 2.
DGD substrates. AIB is the natural substrate of DGD and AC6C was the target substrate
here.

Biochim Biophys Acta. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Taylor et al. Page 17

Fig. 3.
Stereoview of WT labeled at positions where mutations were observed. The residues for the

five persistent mutations are shown in ball and stick and labeled in red. Other mutations are
shown in stick and labeled in black. PLP is shown as a space-filling structure.
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Fig. 4.
(A) Location of the S306F mutation. PDB entry 1D7R is shown with 1-aminocyclopropane

carboxylate bound. Different subunits have carbons colored differently. S306, the bound K*
ion, and the 1-aminocyclopropane carboxylate adduct with PLP are shown in space-filling
representation. S306F is located at the potassium ion binding site, above the C subsite. (B)
Overlay of the 1-aminocyclopropane carboxylate structure (gray) which has K* bound, and
the Na* bound form of DGD. Note the large differences in structure found at the C subsite,
especially at L299 and Y301.
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Fig. 5.

Ogerlay of the structures of WT and the RIVc15 mutant resulting from simulated annealing
MD. Both structures contained the external aldimine intermediate of AIB in one active site
and that for AC6C in the other. (A) Cartoon view of the structures highlighting the
difference in the degree of small domain closure, which is observed in both subunits. The
WT structure is shown in mauve with the small domain highlighted in red. The RIVc15
mutant is shown in gray with the small domain highlighted in blue. (B) Active site view of
the AC6C external aldimine. The external aldimine positioning in the RIVc15 active site is
similar to that of AIB in the WT active site.
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Fig. 6.
The kinetics of activity loss for enzymes incubated at 55 °C. Data for WT, Rlllc1, and

RIVc15 are shown. Enzyme stock solutions were held at 55 °C and 10 pL aliquots were
removed and assayed for activity at 25 °C after various times of incubation.

Biochim Biophys Acta. Author manuscript; available in PMC 2016 February 01.



1duosnuely Joyny vd-HIN 1duosnuely Joyny vd-HIN

1duosnuely Joyny vd-HIN

Taylor et al.

A cor
2
be cor N N .
Ho-NH" 7#\7 +H N CVOZ Ho NH* +H" Ho_NH* +H0 H NHs* J
Y S SERTILUS L ) e
Py N T I ; H ‘
Y Py* Py Py Py
External
DGD-PLP AIB Aldimine Quinonoid Ketimine DGD-PMP  Acetone
B ~_COz H
HoN O oo L. o sw b oow
\ﬁH ] +HO Ho_NH" +H s +H R 2 <=<= H_NH" , —T~Co,
Py’ ~coy [“H Ho NHT H‘\f (. NH;"
Py e + Py
1 Py
Py
External
DGD-PMP  Pyruvate Ketimine Quinonoid Aldimine DGD-PLP L-Alanine

Scheme 1.

Half-reactions of the DGD catalyzed ping-pong mechanism.
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