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ABSTRACT. Dialkylglycine decarboxylase (DGD) is a pyridoxal phosphate dependent enzyme that catalyzes
both decarboxylation and transamination in its normal catalytic cycle. DGD uses stereoelectronic effects
to control its unusual reaction specificity. X-ray crystallographic structures of DGD suggest that Q52 is
important in maintaining the substrate carboxylate in a stereoelectronically activated position. Here, the
X-ray structures of the Q52A mutant and the wild type (WT) D&GBMP enzymes are presented, as is

the analysis of steady-state and half-reaction kinetics of three Q52 mutants (Q52A, Q52I, and Q52E). As
expected if stereoelectronic effects are important to catalysis, the steady-state rate of decarboxylation for
all three mutants has decreased significantly compared to that of WT. Q52A exhibibafold decrease

in keat relative to that of WT. The rate of the decarboxylation half-reaction decreas@sfold in Q52|
and~10*fold in Q52E compared to that of WT. Transamination half-reaction kinetics show that Q52A
and Q521 have greatly reduced rates compared to that of WT and are seriously impaired in pyridoxamine
phosphate (PMP) binding, witkpyp at least 56-100-fold greater than that of WT. The larger effect on

the rate ofL-alanine transamination than of pyruvate transamination in these mutants suggests that the
rate decrease is the result of selective destabilization of the PMP form of the enzyme in these mutants.
Q52E exhibits near-WT rates for transamination of both pyruvateLaaldnine. Substrate binding has

been greatly weakened in Q52E with apparent dissociation constants at least 100-fold greater than that of
WT. The rate of decarboxylation in Q52E allows the energetic contribution of stereoelectronic effects,
AGstereoelectronic 10 be estimated to be 7.3 kcal/mol for DGD.

Pyridoxal phosphate (PLPJlependent enzymes constitute Scheme 1

a large and well-characterized group of enzymes, catalyzing XCOZ_ o

many different types of chemistry at te, 8-, andy-carbons DGD-PLP + NHy DGD-PMP + ]|+ CO;
of amine and amino acid substrates. Despite the diversity of

chemistry catalyzed by PLP dependent enzymes as a group, Q Hi - NHL*
individual enzymes exhibit remarkably high reaction speci- DED-PMP + /u\coz' PEDFLE = (k)z' ’

ficities. In contrast, model studies show that PLP alone is

capable of nonenzymatically catalyzing multiple reaction gyerlap and resonance stabilization in the transition state,
types with a given substrate. For example, reaction of PLP therefore accelerating the rate of bond cleavage for the
with serine results in transaminatighielimination, and retro-  getivated bond compared to the other bonds o C
aldol cleavagel). As an explanation for the high enzymatic  Stereoelectronic effects have been investigated in simple
versus nonenzymatic specificity, it was proposed by Du- organic systems both experimentally and computationally
nathan g) that PLP dependent enzymes use stereoelectronic(3—7). However, there has been little direct experimental
effects to control reaction specificity. He proposed that the evidence for stereoelectronic effects in enzymatic systems.
scissile bond is aligned parallel to the p orbitals of the Examples include the observation that the-CHs bond of
extendedr system of the aldimine, providing maximal orbital  2-methylaspartate is aligned parallel to theystem in the
active site of aspartate aminotransfera8g the fact that

T Supported by Grant GM54779 from the National Institutes of a.rgmme Qecarboxylase IS sensitive to the.‘ .S'I.2e of the substrate
Health. side chain 9), and the observed specificity @f-proton

*To whom correspondence should be addressed. E-mail: exchange of amino acids in tryptophan syntha6).(
52?6'niversity of California. to employ ster_eoelectronic effects,_using kinefit)( X-ray

s University of Alaska. crystallographic 12), and computationalld methods.

l_dAbbrle%/iatrilonSIh ?GBMg.Z-di%kylgly§ig%h dec?]rthX)\//l\?Tse; _IFo’lLP. DGD is an unusual PLP dependent enzyme that catalyzes
pyridoxal B-phosphate; , pyridoxamin osphate; , wild- : iatian A ;
fype DGD: 2ADH, NADPH dependent secondary alcohol dehydro- decarboxylation and transamination in its normal catalytic
genase; AlB, 2-aminoisobutyrate; TEA, triethanolamine; MES, mor- Cycle (Scheme 1). A functional active site model based on
pholinoethanesulfonic acid. the unusual reaction specificity of DGD and stereoelectronic
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GIn52 concentrated to dryness. HPLC analysis showed no con-
tamination by PLP or other vitamingBlerivatives.
Preparation of Q52 MutantsThe pBTac (Boehringer
Mannheim) plasmid containing the Q52A DGD mutant was
employed. The Quikchange site-directed mutagenesis pro-
tocol (Stratagene) was used to introduce the desired muta-
tions. The Q521 mutation was introduced with the following
primer pair: 5-CAC GTC GGG GAT TAT GAG CGC GGT
GCT CGG CC-3and 3-GGC CGA GCA CCG CGC TCA

\ 5 TAA TCC CCG ACG TG-3 (with the converted codon
Asp243 \::939'215 underlined). The Q52E mutation was introduced with the
following primers: 5-CAC GTC GGG GGA GAT GAG
CGC GGT GCT CGG CC-“&and B-GGC CGA GCA CCG
Trp138 CGC TCATCT CCC CCG ACG TG-3with the converted
FiGURE 1: Active site model for DGD indicating the position of  codon underlined). Because of the high GC content of the
the binding subsites (AC). DGD gene, it was necessary to use 5% (v/v) DMSO in the

] o PCRs. After transformation int&scherichia coliJM109
cor_ltrol of react|on.speC|f|C|ty has been proposé_d) (and using standard procedures6y, the mutant plasmid was
validated (1). In this model, there are three subsites, the A ispjated using a commercial kit (Qiagen) and the full coding

position in which all bond breaking and making occur; the jncorporated.

B subsite, near R406 and S215, which can bind a carboxy-  Expression and Purification of Q52 MutantSor over-
late; and the C subsite, near M141 (Figure 1). On the basisegxpression, 750 mL of TB growth medium was inoculated
of X-ray crystallographic studies, Q52 has been proposed yith a 5 mL overnight culture and grown at 3T until the
to hydrogen bond with the substrate carboxylate, thereby op,,, reached 0.4. The cells were placed on ice for 20 min;
helping to keep it in the stereoelectronically activated A gypression was induced with IPTG at a final concentration
subsite 12); Q52 plays no other obvious role in catalysis. of 500,M, and cells were grown at 3% for 810 h. The
To the degree that stereoelectronic effects accelerate the ratgg||s were pelleted by centrifugation, resuspended in lysis
of decarboxylation in DGD, mutation of Q52 to amino acids - pyffer [20 mM TEA-HCI (pH 7.8), 50 mM KCI, 2@M PLP,
with side chains that no longer stabilize the carboxylate in 344 1 M ammonium sulfate], and stored overnight-&0
the A subsite or actively prevent binding of the carboxylate oc_The thawed cell suspension was sonicated and the cell
in this subsite is predicted to yield reduced rates of gepyis removed by centrifugation. The cell free extract was
decarboxylation. __brought to 2.2 M ammonium sulfate and stirred &Ctfor
Here, a series of Q52 mutants was made and characterizeq p The precipitated protein was removed by centrifugation,
to explore the role of this residue in catalysis, particularly anq the pellet was dissolved and dialyzed into 20 mM TEA-
with regard to stereoelectronic control of reaction specificity. Hc| (pH 7.8) and 20uM PLP. The protein solution was
Steady-state and half-reaction kinetics are presented forgaged onto a 50 mL Q-Sepharose Fast Flow column
Q52A, Q52I, and Q52E which demonstrate that Q52 plays (pharmacia) and eluted with a gradient of 100 to 400 mM
a major role in stabilizing the carboxylate in the A subsite kcj| in 20 mM TEA-HCI (pH 7.8). The fractions were
and that such positioning is necessary for efficient catalysis gnalyzed by SDSPAGE and those containing DGD pooled,
of decarboxylation. It is shown here that Q52 is important ¢oncentrated, and brouglat 1 M in KCI. This solution was
in selectively lowering the energy of the DGIPMP enzyme  |aded onto a 50 mL phenyl-Sepharose column (Pharmacia)
relative to that of the DGBPLP enzyme. A structural  and the protein eluted with a gradient ofd.@ M KCl in 20
rationale for this finding is proposed on the basis of X-ray 3\ TEA-HCI (pH 7.8). The purest fractions, as judged by
crystallographic structures of Q52A with PLP bound and WT sps-pAGE, were pooled, concentrated, and dialyzed into
with PMP bound. Finally, work with Q52E allows an 59 mM TEA-succinate (pH 7.8), 50 mM dipotassium
estimation of the energetic contribution of stereoelectronic g ccinate, and 20M PLP. The protein was aliquoted, flash-
effects to catalysis in DGD. frozen, and stored at80 °C. The protein concentration was
determined using both the extinction coefficient determined
EXPERIMENTAL PROCEDURES for DGD and the Lowry protein assay kit from Bio-Rad with
Materials. All commercial chemicals were purchased from 1gG as a standard.
Sigma. PMP was synthesized according to a literature Crystallization, X-ray Diffraction Data Collection, and
procedure 15). Briefly, 1 g of PLP waglissolved in 40 mL Structural Refinement of Q52Ahe initial trials to crystallize
of methanol, 6 mL of ammonium hydroxide added, and the Q52A were carried out via the hanging drop vapor diffusion
reaction mixture stirred for 60 min at room temperature. method using crystallization conditions similar to those used
Sodium borohydride (1.2 equiv) was added and the reactionto crystallize WT DGD {4). Drops of 1uL containing 20
mixture stirred at room temperature for 60 min. The methanol mg/mL protein, 5 mM potassium phosphate (pH 7.5), and
was removed by rotorary evaporation, and the product was20 uM PLP were mixed with JuL of a reservoir solution
redissolved in water. The mixture was acidified to pH 2.0 containing 15% PEG4000 (w/v), 15 mM MES-KOH (pH
with concentrated HCI, loaded onto Amberlite IRP-64 cation- 6.4), 75-200 mM sodium pyruvate, and 2eM PLP, and
exchange resin, and eluted with water. The fractions contain-equilibrated against 1 mL of this reservoir solution. However,
ing PMP, as determined by ninhydrin, were pooled and the protein precipitated under these conditions. Crystals were
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Table 1: Data Collection and Refinement Statistics
Q52A

DGD-PMP

unit cell dimensions

a=h,c(A) 150.04, 84.43 151.65, 85.04
o=}, y (deg) 90.0, 120.0 90.0, 120
space group P6422 P6,22
no. of monomers per asymmetric unit 1 1
resolution range (A) 50:62.90 50.6-2.00
Reyn? (%) 8.9(25.2) 7.2 (27.8)
om0 5.96 (2.0) 7.8 (2.0)
no. of reflections 178045 505410
redundancy 13.7 13.0
completeness (%) 99.9 98.8
Reacto” (%) 0.209 0.199
Reree” (%) 0.266 0.237
no. of protein atoms 3247 3247
no. of cofactor atoms 15 16
no. of water molecules 33 291
meanB factor (A2)
entire molecule 26.0 23.4
main chain 25.2 21.7
side chains 26.6 25.2
solvent 19.4 324
rmsd from ideality
bond distances (A) 0.007 0.016
bond angles (deg) 1.33 1.73

aRsym= Y Y jllj(hkl) — O(hkN VY ¥;l1(hKl)|, wherel; is the measured
intensity of reflectionj and s the mean intensity ovgmeflections.
b Riactor = 3 ||Fobdhkl)| — |FeadhKD)||/3 | FondhkI)|, whereFoss and Fearc
are observed and calculated structure factors, respectively.dutoff
was applied® Ryee is theR factor calculated with 5% of the data that
were not used for refinement.

obtained by utilizing WT DGD crystals as microsee)(

Fogle et al.

convert PLP to PMP in the enzyme active site. These crystals
were then soaked in a buffer containing 30% PEG4000, 15%
MES-KOH (pH 6.4), and 10 mM PMP for 2 h, and finally
soaked in a cryo-protecting solution containing 30% PEG4000,
15 mM MES-KOH (pH 6.4), 10 mM AIB, and 26% glycerol
for 1 day. The diffraction data for the DGEPMP enzyme
were collected and processed as described above for Q52A.
The WT DGD-K™ structure in which all ligands and waters
were deleted was used as a starting model for molecular
replacement. CNS and O were utilized to carry out the
structure refinement and model building. The data collection
and refinement statistics are given in Table 1. The BGD
PMP PDB entry is 1ZC9.

Steady-State AssayAIB decarboxylation was followed
by coupling acetone produced from oxidative decarboxyla-
tion of AIB to the ZADH reaction as previously described
(12). Loss of NADPH absorbance at 340 nm was followed
on a Kontron UVIKON 9420 apparatus. Reaction mixtures
contained 100 mM TEA-succinate (pH 7.8), 100 mM
dipotassium succinate, 1 unit/ml&ZDH, 300uM PLP, and
300u4M NADPH. AIB stock solutions were prepared in 20
mM TEA-succinate (pH 7.8), and the pH of the solution was
adjusted to 7.8. Sodium pyruvate was used ascth@to
acid. Initial rates were plotted versus substrate concentration
and fitted to the MichaelisMenten equation.

Steady-state transamination usinglanine ando-keto-
caproate was followed by coupling the formation of pyruvate
to alanine dehydrogenase. Alanine dehydrogenase shows no
significant activity witha-ketocaproate at the enzyme and
substrate concentrations that were used. The reaction was

These Q52A crystals microseeded with WT were then used monitored by the decrease in NADH absorbance at 380 nm
as microseeds for further crystallization. This eliminated WT where there is less interference from absorbance due to the
DGD contamination, and large crystals were obtained. a-keto acid. Reaction mixtures contained 50 mM TEA-
Crystals obtained in this way appeared in several hours atsuccinate (pH 7.8), 50 mM dipotassium succinate uR0
room temperature and grew to maximal sizes in a week. PLP, and 10 mM ammonium succinate-Alanine and
Before being mounted onto the X-ray diffractometer, the o-ketocaproate stock solutions were prepared in 20 mM
crystals were soaked in a stabilizing solution containing 30% TEA-succinate, and the pH was adjusted to 7.8. Initial rates

PEG4000, 15 mM MES-KOH (pH 6.4), and 20M PLP

were plotted versus substrate concentration and fitted to the

for 1 day and then soaked in a cryo-solution containing 30% Michaelis—-Menten equation.

PEG4000, 15 mM MES-KOH (pH 6.4), 20M PLP, and

Q52A Steady-State KineticShe steady-state kinetic

26% glycerol for 2 h. The diffraction data were collected at parameterskta, Kas, andKpyruvad Were determined using

100 K on a Bruker CCD detector using Cwkadiation.

the ZADH-coupled assay. Briefly, one substrate was held

Reflection intensities were integrated and merged using at a saturating concentration (AIB at 500 mM; pyruvate at 2
PROTEUM. The merged data were reduced to structure mM) while the other was variep p was determined by

factors using the combination of SCALEPACK2MTZ, CAD,

varying the PLP concentration from 0 to 4001 while

and TRUNCATE programs from the CCP4 program suite holding the AIB concentration at 500 mM and the pyruvate

(18). The WT DGD-K™ structure 14) in which the MES

concentration at 2 mM.

ligand, PLP cofactor, metal ions, and water molecules were  Spectral Kinetic Analysis of the Q52A AIB Decarboxyla-
removed was used as the search model for moleculartion Half-Reaction.The AIB decarboxylation half-reaction
replacement. CNS was used throughout for molecular was followed by rapidly mixing Q52APLP (20uM enzyme
replacement and structural refinement. Model building was in 50 mM TEA-succinate, 50 mM dipotassium succinate,

conducted with O. Refinement was monitored usiRige

and 10uM PLP) against an AIB solution prepared in the

calculated from 5% of the data. The data collection and same buffer in an Applied Photophysics SX.18MV-R
refinement statistics are given in Table 1. The coordinates stopped-flow spectrophotometer. Coenzyme spectral changes
for the Q52A structure have been deposited in the Proteinwere followed from 200 to 800 nm using a diode array

Data Bank as entry 1Z3Z.
Crystallization, X-ray Diffraction Data Collection, and
Structural Refinement of the WT DGIPMP EnzymeThe

crystals of the DGB-PMP enzyme were prepared by soaking

detector. The data from 300 to 600 nm were globally fit using
Specfit to a four-exponential model, which was the best fit
as judged by the residuals.

Spectral Kinetic Analysis of the Q52A and Qb2A\lanine

WT DGD—PLP crystals obtained as previously described Transamination Half-ReactiorCoenzyme spectral changes
(14) in a stabilizing buffer containing 30% PEG4000, 15 from 300 to 600 nm were followed using a Hewlett-Packard

mM MES-KOH (pH 6.4), and 1 mM AIB for 30 min to

8453 UV—vis spectrophotometer. Reactions were carried out
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in 50 mM TEA-succinate (pH 7.8), 50 mM dipotassium concentrations of PMP. The pyruvate solutions were prepared
succinate, 1uM PLP, 20 uM PLP-bound enzyme, and immediately before being used to prevent nonenzymatic
varying concentrations af-alanine. The spectral data were transamination.

globally fitted to an appropriate model using Specfit. For  Kpye for Q52E was estimated by incubating apoenzyme
Q52A, a one-exponential model was used; for Q52I, a two- with varying concentrations of PMP (from 21 to 6 mM)
exponential model fit the data best. In each case, the apparenin 50 mM TEA-succinate and 50 mM dipotassium succinate
rate constants were plotted versus substrate concentration anfbllowed by rapid stopped-flow mixing with 100 mM pyru-

fitted to eq 1. vate prepared in the same buffer. Data were collected be-
tween 375 and 600 nm and fitted to a two-exponential model.
— Knad AIB] + offset 1) Reactions with varying pyruvate concentrations were
bs Kapp T [AIB] performed with 2Q:M enzyme incubated with 50 mM TEA-

succinate (pH 7.8), 50 mM dipotassium succinate, and 1 mM
Spectral Kinetic Analysis of the Q52A and Q52| Pyate PMP (>10Kpwp).

Transamination Half-Reactiospoenzyme was prepared by ~ HPLC Detection of PMP Formation in the Q52E AIB
dialyzing the holoenzyme against 10 mM hydroxylamine, Decarboxylation Half-Reactiorfime points were taken from
and 100 mM TEA-succinate (pH 7.8), followed by extensive 3 reaction mixture containing 26M Q52E—PLP, 50 mM
dialySiS into 100 mM TEA-succinate (pH 78) The formation TEA_Succinate, 50 mM dipotassium Succinate’uxﬂ) PLP,
of the apoenzyme was confirmed by wavelength scansand 600 mM AIB. At appropriate times, ranging from 60 to
showing no coenzyme absorbance abov800 nm. The 7000 s, a 10@iL aliquot was removed and quenched with 2
protein concentration of the apoenzyme solution was deter- | of glacial acetic acid. The precipitated enzyme was
mined using a Bio-Rad Lowry protein concentration kit with  removed by centrifugation. PMP was identified using a
IgG as a standard. Apoenzyme was incubated with varying |iterature HPLC method1©) with some modifications on a
concentrations of PMP fdl h atroom temperature to ensure Supelco C18 HPLC column (Supelcosil LC-18). Briefly, a
binding of PMP to the enzyme had come to equilibrium. jinear gradient was run between buffer A and B over 10 min,
Incubation for longer periods showed no increase in activity. followed by 100% B for a further 5 min at flow rate of 0.7
After incubation, pyruvate was added to a final concentration m(/min. Buffer A consisted of 10% propanol (v/v), 0.09%
of 100 mM and the reaction followed at 410 nm. The rate acetic acid (v/v), and 4 mM heptanesulfonic acid. Buffer B

of nonenzymatic transamination between pyruvate and PMP consisted of 10% propanol (v/v) and 0.09% acetic acid (v/
under the same conditions was measured and subtracted frongy. PMP was monitored at 330 nm.

the rate of total transamination seen in the enzymatic sample.
The resulting data were fitted to a burst equation (eq 2). RESULTS

P=Al- efkburst) + kg ) X-ray Crystallographic Strctures of Q524°LP and wT
DGD—PMP. The refined Q52A-PLP structure contains a

Spectral Kinetic Analysis of the Q521 and Q52E AIB MES ligand at the active site, a potassium ion close to the
Decarboxylation Half-Reactiof€oenzyme spectral changes active site, and a sodium ion on the surface of the protein
were followed as in the-alanine transamination half-reaction that are all similar to those of WT DGD. Although the omit
of Q52A and Q52I. Reactions were carried out in 2@ electron de'n.sny map clearly indicates the existence ofawater
PLP-bound enzyme, 50 mM TEA-succinate, 50 mM dipo- Molecule filling the space created by the Q52A mutation
tassium succinate, and 201 PLP. The appropriate amount ~ (Figure 3B), the temperature factor of this water molecule
of a stock AIB solution (prepared in 20 mM TEA-succinate (43.9) is significantly higher than the average temperature
with the pH adjusted to 7.8) was added to initiate the reaction. factor of the peptide (25.8) or solvent molecules (19.4). The
The multiwavelength data fit best to a two-exponential model @52A mutation, which eliminates a hydrogen bond that
for both Q521 and Q52E. The apparent rate constants for Normally helps to hold Y301 in placd4), and the mobility
the Q52! data were fitted to eq 1. of the water molecule taking the place of the Q52 side chain

Spectral Kinetic Analysis of the Q52FEAlanine Tran-  |ead to a relatively high mobility of the Y301 side chain
samination Half-ReactiortheL-alanine transamination half- ~ (2verageB = 37). The superimposition of the Q52A dimer
reaction was followed by rapidly mixing Q528PLP (20 and WT dimer gives a pairwise rms deviation of 0.37 A with
4M enzyme in 50 mM TEA-succinate, 50 mM dipotassium NO significant differences other than the site of mutation.
succinate, and 1@M PLP) against an-alanine solution The overall structure of DGBPMP is very similar to that
prepared in the same buffer. Data were collected in the of DGD—PLP except for the different cofactor forms and
stopped-flow spectrophotometer as described above andhe absence of a MES ligand bound at the active site of
globally fitted to a two-exponential model. DGD—-PMP. To prevent steric clash with K272, PMP

Spectral Kinetic Analysis of the Q52E Pyaie Tran- reorients, tilting~16° forward with respect to the internal
samination Half-ReactionApo-Q52E was prepared as aldimine formed between PLP and K272 in DGBLP
described above. Q52BPMP was made by incubating 20  (Figure 2A). The amino group of PMP forms a strong
uM apo-Q52E with 50 mM TEA-succinate (pH 7.8), 50 mM hydrogen bond to the amino nitrogen of K272 and also shares
dipotassium succinate, and varying concentrations of PMP a hydrogen bond with a water molecule that fills the position
at room temperature for 1 h. Incubation for longer periods occupied by the MES ligand in DGBPLP (Figure 3A).
showed no increase in activity. Q52PMP was mixed Steady-State Kinetic§.he kinetic parameters for Q52A
against a pyruvate solution prepared in 50 mM TEA- and WT are given in Table 2. The Q52A mutant shows an
succinate, 50 mM dipotassium succinate, and varying 85-fold decrease ik relative to that of WT;Kag has
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Ficure 2: (A) Superimposition of the active sites of WT DGIPLP (yellow) and WT DGB-PMP (CPK). (B) Superimposition of the
active sites of WT DGDB-PLP (yellow) and Q52A DGBPLP (CPK). This figure was prepared with Swiss-Pdb Viewer and DS Viewer
Pro.

increased approximately 15-fold, alg,.wachas decreased Q521 shows a decrease in the rate of decarboxylation of
approximately 15-fold. Steady-state kinetics with the coupled ~10P-fold compared to that of WT. In addition, Michaelis
assay were too slow to measure with Q521 or Q52E. Thesecomplex formation and/or transimination appears to have
results demonstrate that Q52 is important to efficient catalysis been severely affected in the Q521 enzyme.
and that the enzyme is highly sensitive to changes at this The spectral changes seen in the AIB decarboxylation half-
position. reaction in Q52E fit well to a serial, two-step model. Global

AIB Decarboxylation Half-Reactioff.he AIB decarboxy- analysis of the absorbance changes yielded the absorption
lation half-reaction for Q52A was a complex multiexponen- spectra in Figure 5A for the initial, intermediate, and final
tial process (Figure 4A). As can be seen from the residuals species. The concentration dependence of the apparent rate
(inset of Figure 4A), a four-exponential model is not a constants is shown in the inset, and the kinetic parameters
significantly better fit than the three-exponential model, are given in Table 3. The first process corresponds to a
suggesting an even more complex mechanism. decrease in absorbance~a420 nm and a slight increase at

In Q52I, the spectral changes seen in the AIB decarboxy- ~330 nm. On the basis of the spectral changes alone, it is
lation half-reaction were well fitted by a serial, two-step not possible to assign unambiguously this process to a
model. Global analysis of the absorbance changes yieldsspecific chemical step. Thiey, is independent of substrate
absorption spectra for the initial, intermediate, and final concentration at the substrate concentrations that were used.
species for the mechanism, shown in Figure 4B. The It was not possible to use less than 300 mM AIB; at lower
concentration dependence of the apparent rate constants isoncentrations, the reaction was too slow to monitor. If the
shown in the inset. The half-reaction kinetic parameters are apparent rate constants are averaged, the maximal rate
given in Table 3. The shift from-410 to~420 nm seenin  constantk;) can be estimated to be (6450.8) x 10 3s™L.
the first process is consistent with external aldimine forma- The second process shows an absorbance decreag@t
tion (20). The linear dependence of the apparent rate nm and an increase at330 nm that corresponds to the
constants on substrate concentration, however, suggests thdbrmation of DGD-PMP. As observed in the first process,
this process is more likely to be the formation of the Kkypis independent of substrate concentration at the substrate
Michaelis complex. The second-order rate constant for this concentrations that were used. The maximal rate constant
process is 0.045- 0.003 M s L. The decrease in420 for decarboxylation is estimated to be £61) x 104 s
nm absorbance and the increase-BB80 nm absorbance seen from these data.
in the second process are expected for the conversion of The first process seen in Q52E AIB decarboxylation
DGD—PLP to DGD-PMP that occurs with oxidative de- cannot be unambiguously defined on the basis of the spectral
carboxylation. The apparent rate constants for this processchanges alone. It could represent reaction of a fast form of
exhibit a hyperbolic dependence on the substrate concentrathe enzyme to produce PMP or another process prior to
tion and were fitted to eq 1. This yieldedkgcarmoxylationOf decarboxylation. To determine whether the first process was
(6.1+ 0.4) x 10°° st and aKapp of 60 £ 10 mM. Thus, formation of PMP from a fast enzyme form, a time course
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Ficure 3: (A) Active site structure of Q52A. The electron density is contouredrafB) Active site structure of DGBPMP. The electron
density is contoured at 102 This figure was prepared with BOBSCRIPT.

Table 2: Steady-State Parameters for Q52A and WT BGD

Keat(s73) Kae (MM)  Kpyr(uM)  kealKag (M71s71)
Q52A  0.12(0.2) 30(6) 153 3.9(0.2)
WT>  104(0.2)  2.0(02) 200(2) 52(0.81C°

aErrors are given in parenthes@All WT data taken from re3.

for PMP formation was performed. The experimental data
are shown in Figure 5B along with the corresonding values
calculated fromk; and k, found spectrally. There is good

agreement between the experimental PMP concentrations an

the calculated ones assuming otdycorresponds to PMP
formation. The experimental data clearly do not agree with
the calculated PMP formation assuming bdth and k;

correspond to PMP formation. Thus, the first process is not

PMP formation from a fast form of the enzyme. The imine

nitrogen-protonated ketoenamine form of PLP absorbs at 420
nm, while the phenolic oxygen-protonated enolimine absorbs

at 330 nm R0); thus, the observed spectral changes are
consistent with a shift in the ratio of PLP tautomers. The
second process observed is PMP formation wHere=
Kaecarboxylaiion Thus, the rate of decarboxylation in Q52E is
decreased- 10*-fold relative to that in WT.

L-Alanine Transamination Half-Reactiohe L-alanine

6A), giving akmax of (2.544 0.03) x 1072 st and aKgpp Of
1.5+ 0.1 mM. The spectral changes associated with this
process suggest thiat.x corresponds to formation of PMP.
Assuming deprotonation is rate limitinkmax = Kaeprot
Comparison of this value to the WT value shows that the
rate ofL-alanine transamination has decreased approximately
8700-fold in Q52A.

In Q52I, the spectral changes observed in itkedanine
transamination half-reaction fit well to a serial, two-step

(rlnodel. The spectra of the initial, intermediate, and final

Species obtained from global analysis of the spectral changes
are shown in Figure 7A. The concentration dependences of
the observed rate constants for the two processes are shown
in the inset, and the kinetic parameters are given in Table 4.
In the first process, the-410 nm peak shifts t6-420 nm

and increases in intensity. Fitting gives a maximal rate
constant; of (3.284+ 0.02) x 1072 s7* and aKgpp 0f 50 +

13 mM. The observed spectral changes are consistent with
formation of the external aldimine. In the second process,
the ~420 nm peak decays and the magnitude of +830

nm peak increases which is indicative of PMP formation
resulting from transamination. Assuming that deprotonation
is rate-limiting, fitting gives &Kgeprot Of (3.0 = 0.6) x 1074

. . . . . — d - i
transamination half-reaction was a single-exponential processS = and aKapg'®® of 60 + 57 mM. The rate of -alanine

in Q52A. The decrease in absorbance-@20 nm and the
increase at~330 nm are expected for conversion of DGD
PLP to DGD-PMP. The apparent rate constants show a
hyperbolic dependence analanine concentration (Figure

transamination in Q521 is-70000-fold slower than that in
WT.

TheL-alanine transamination half-reaction in Q52E is not
affected to the degree seen in the Q52A and Q521 mutants.
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. FiIGure 5: (A) Absorbance spectra for the three species in a serial,
Ficure 4: (A) Plot of the absorbance at 330 nm vs time for the  ,y_step mechanism obtained from the analysis of multiwavelength
AIB decarboxylation half-reaction in Q52A, showing 20% of the  gata collected for the AIB decarboxylation half-reaction with Q52E.
data collected. The lines represent fits to a two- or three-exponential The jnset shows the concentration dependence of the rate constants
equation. The inset shows the residuals after fitting to a two- [Kapp1 (®) andkap,2 (O)]. Below 300 mM AIB the reaction was too
exponential (solid line), three-exponential (large dashed line), or gjow to characterize. Experimental conditions: ;20 enzyme, 50
four-exponential (small dashed line) model. Experimental condi- mn TEA-succinate, 50 mM dipotassium succinate, ang0PLP

tions: 20uM enzyme, 80 mM AIB, 50 mM TEA-succinate (pH 5t 25°C. (B) Time course for the formation of PMP in the AIB
7.8), 50 mM dipotassium succinate, and;2a PLP at 25°C. (B) decarboxylation half-reaction with Q52E, determined by HPLC
Absorbance spectra for the three species in a serial, two-stepgetection of PMP formation: experimental da#,(calculated PMP
mechanism obtained from the analysis of multiwavelength data fqrmation assuming onlk, corresponds to PMP formatioi®y,
pollected in the AIB decarquylation half-reaction for Q52I. The znd calculated PMP formation assumikgand k. correspond to

inset shows the concentration dependence of the observed ratg\p formation #). (It was assumed that 17% of the total enzyme
constants Kapp1 (@) and kappo (O)]. Experimental conditions: 20 s i the fast form and 83% in the slow form, based on the ampiitude
#M enzyme, 80 mM AIB, 50 mM TEA-succinate (pH 7.8), 50 MM of the observed absorbance change.) The inset shows an expanded
dipotassium succinate, and 20 PLP at 25°C. view to 0—6 min. Experimental conditions: 2@M enzyme, 600

mM AIB, 50 mM TEA-succinate, 50 mM dipotassium succinate,
Table 3: AIB Decarboxylation Half-Reaction Kinetic Parameters and 20uM PLP at 25°C.

kbimolecuar(M -1 571)b kl (571)c kdecarboxylatior(sil)
Q52I 0.045 (0.003) rfa 6.1 (0.4)x 1075 increases. The spectral changes associated with the second
Q52E nd 6.5(0.8)x 10°  6(1)x 10™* process are consistent with reprotonation of the quinonoid
WT n ng 24.5 (0.3 to form PMP and pyruvate. The apparent rate constants are

2The rate constants are the maximal values determined from the linearly dependent on substrate concentration up to 600 mM
global analysis of multiwavelength data. Errors are given in parentheses.| _g|anine, indicating that-alanine binding has been greatly

b Koimolecuar iS the second-order rate constant for Michaelis complex : : .
formation between Q52I-DGD and AlB, determined by spectral changes impaired in Q52E. The lower limits for the apparent rate

and the concentration dependence of the rate constentorresponds  constants are given in Table Koot > 20 S, Koot > 0.3

to a shift in the ratio of PLP tautomers, determined by spectral changesS ). In WT, the formation of the quinonoid intermediate in

and PMP quantitation using HPLENot applicable© Data taken from  the reaction with.-alanine occurs within the dead time of

ref 15. the stopped-flow instrument and the maximal rate constant
for the reprotonation of the quinonoid is 221 s (22). In

The spectral changes observed withlanine transamination  Q52E, there has been an at mestO-fold decrease in the

in Q52E fit well to a serial, two-step model. The spectra of rate of reprotonation relative to that of WT even at a

the initial, intermediate, and final species obtained from subsaturating concentration ofalanine.

global analysis are shown in Figure 8A, and the inset shows Pyruvate Transamination Half-ReactiorThe pyruvate

the concentration dependence of the apparent rate constantstansamination half-reaction in Q52A displays a burst of

In the first process, a peak 490 nm, characteristic of the  activity followed by a steady-state rate (Figure 6B). Equation

quinonoid intermediate2(l), develops while there is a slight 2 accounts well for the data. The reaction scheme proposed

decrease in absorbance~a420 nm. In the second process, to account for this result is given in Scheme 2. The observed

the ~490 nm peak decays and there is a decrease inburst is reaction between DGEPMP and pyruvate. Thus,

absorbance at-420 nm, while absorbance at330 nm Kourst IS the rate of transamination. Assuming that deproto-
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Ficure 7: (A) Absorbance spectra for the three species in a serial,

two-step mechanism obtained from the analysis of multiwavelength

data collected in the-alanine transamination half-reaction for Q52I.

The inset shows the concentration dependence of the observed rate

Time (sec)

Ficure 6: (A) Concentration dependence of the observed rate
constants forL-alanine transamination in Q52A obtained from
analysis of multiwavelength data, where the line represents the fit

to eq 1. Experimental conditions: 20M enzyme, 50 mM TEA- constants ®) and ku,,, (O)] fit to eq 1. Experimental
succinate (pH 7.8), 50 mM dipotassium succinate, andM®LP. conditions:l{apzpé);fM) enzymg?21(3 )r]nML-aIan?ne, 50 I?nM TEA-
(B) Absorbance trace at 410 nm for Q52A pyruvate transamination succinate (pH 7.8), 50 mM dipotassium succinate, and\®PLP
corrected for nonenzymatic transamination between PMP and at 25 °C. (B) Absbrbance trace at 410 nm for,Q52I pyruvate

gyr_LF\k/]at(_e, wrseLe the tlki]ne drepresdents the fit t%,t\;‘g burst e?ue;_tion (Bdiransamination corrected for nonenzymatic transamination between
)- The inset shows the dependencéy:on concentration. PMP and pyruvate, where the line represents the fit to the burst

Experimental conditions: 20M enzyme, 100 mM pyruvate, 20 e : ;
’ . - quation (eq 2). The inset shows the dependendg,@fon PMP
mM PMP, 50 mM TEA-succinate (pH 7.8), and 50 mM dipotassium concentration. Experimental conditions: 28 enzyme, 100 mM

succinate at 23C. pyruvate, 12 mM PMP, 50 mM TEA-succinate (pH 7.8), and 50
) o ) ) o mM dipotassium succinate at 2&.
nation at C4 of the ketimine intermediate is rate-limiting,

Kourst= Kaeprot The rate of the steady state could be determined |imit for the pyruvate transamination rate constant for Q52I
by either release of PLP from the enzyme or binding of PMP ' (k,,.), assuming deprotonation is rate-limiting, is greater
to the enzyme. The steady-stéta is linearly dependenton  than 0.01 st. As seen in Q52A, pyruvate transamination is
PMP concentration (data not shown), suggesting that PMPnot affected to the same degree as transamination of
binding is at least partially rate-limiting. The observed -alanine. The rate of pyruvate transamination in Q52 has
dependence df,urston PMP concentration (inset of Figure  decreased-7500-fold compared to that of WT, while the
6B) shows that even at 20 mM PMP, Q52A is not saturated rate forL-alanine transamination decrease@000-fold for
with cofactor. These data give the following lower limits: this mutant.

Kewp > 20 MM andksepro> 0.04 s TheKpypin Q52A is Although PMP binding and the rate of the pyruvate
af[ 'e?‘St 30-fold higher than that of WT’ 'r!d'ca“”g that PMP .5 nsamination half-reaction are greatly affected in Q52A and
binding has been strc_)ngl_y aﬁ_‘ected in this mutant. The rate 0521, Q52E has near-WT pyruvate transamination activity
of pyruvate transamination is less affected than that for 5n4 ppmPp binding, although substrate binding has been greatly
L-alanine; the extent of pyruvate transamination in QS2A ftected in this mutant. The spectral changes associated with
has decreased1900-fold relative to that of WT, while the o by ryyate transamination half-reaction fit well to a serial,
rate of theL-alanine transamination half-reaction has de- two-step model. Global analysis from 375 to 600 nm gives
creased 8700-fold in this mutant. spectra for the initial, intermediate, and final species (Figure
The behavior of the pyruvate transamination half-reaction 8B). The dependence of the apparent rate constants on
in Q52I is similar to that observed for Q52A. There is a pyruvate concentration is shown in the inset, and the lower
burst of activity followed by a steady-state rate (Figure 7B), limits for Keeprot@and koot are given in Table 4. As seen for
for which eq 2 accounts well. Q52I is not saturated with theL-alanine transamination half-reaction in Q52E, the first
PMP at 45 mM, as seen by the linear dependende,pf process is quinonoid formation with a characteristic peak
on PMP concentration (inset of Figure 7B). PMP binding developing at~490 nm. In the second process, thd90
has been greatly affected in this mutant as well, Kagp nm peak decays and the absorbance of+d20 nm peak
for Q521 is at least 75-fold larger than that of WT. The lower increases, which is consistent with reprotonation of the
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Table 4: Transamination Half-Reaction Kinetic Paraméters

L-alanine pyruvate
kEA KappEA kdeprol K':zxppdeprOI kprot Kap;P rot kdeprol KappdeprOI kprot Kap;P rot
s (mM) s (mMm) G (mm) (sH  (mM) (s  (mM)  kik
Q52A 2.54 (0.03)x 1073 1.5(0.1) >0.04 >16
Q521 3.28(0.02)x 102 50(13) 3.0(0.6)x 10* 60 (57) >0.0P >30
Q52E >20 >600 >0.3 >600 >30 >400 >12 >400
WT 23.6(0.7) 6.6(0.7) 75(2) 1.1(0.1) 3

aThe rate constants are the maximal values for éalanine and pyruvate, Q52Aalanine, and Q52l-alanine transamination. The values for
Q52E were determined at 600 mMalanine and 400 mM pyruvate and are lower limits. Kagrtvalues for pyruvate transamination in Q52A and
Q521 are lower limits determined at 20 and 45 mM PMP, respectikelyandKea refer to the rate constant and apparent dissociation constant for
the formation of the external aldimine, respectivéltyspror and Keeprot refer to the deprotonation of the external aldimine to form the quinonoid
intermediatekyro: andKpror refer to protonation of the quinonoid intermediate. Errors are given in parentfidsssassumed that the slowest step
in the transamination half-reaction is deprotonation of the external aldirhiD&ta taken from reB4.

Ao14 Scheme 2
012 % 2" . -] )cl)\ + DGD-PMP =———— DGD-PLP + H"",‘NHJ
o C g iﬁ} coy coy
g E A sl i me %LP
§ 008p N oh e ]
2 C \ 0 200 i w00 e o8] DGD
8 0.06 r [L-ala] mM ]
2 0.04 [ E to form the quinonoid intermediatétyro) IS greater than
TR . 30 s}, and the rate of reprotonation of the quinonoid to form
0.02 |{ ] PLP (o is greater than 12°3. Comparison oKyt in Q52E
N TR S O to the rate for the same process in WT shows that at most
300 350 400 450 500 550 600 Q52E shows an-6-fold decrease in the rate of the pyruvate
Wavelength (nm) transamination half-reaction compared to that of WT.
- Steady-State Transamination in Q52&eady-state tran-
B o :f*“w"—ijj . samination using-alanine andx-ketocaproateokc) (Figure
0035F © oo R 9) confirms that binding of-alanine and binding odi-keto
0.03 E /N Tp e t “%g acids have been affectegc > 450 mM) at 600 mM
3 £/ i t 3 L-alanine. The lower limit for the steady-state rate of
§ 0.025 E/ \ w ] transaminationk(,y) is greater than 5.5 102 s%, showing
o 002 \ Sy e E an at most-100-fold decrease in activity relative to that of
2 0015fF g |\ 3 WT.
0‘;3; & DISCUSSION
ofl T Dunathan 2) proposed that PLP dependent enzymes use
400 450 500 550 600 stereoelectronic effects to control reaction specificity. DGD
Wavelength (nm) provides an excellent system in which to study these effects

FIGURE 8: (A) Absorbance spectra for the three species in a serial, due to the differential binding requirements necessary for
two-step mechanism obtained from the analysis of multiwavelngth the unusual dual reaction specificity of the enzyme. As

data collected in the-alanine transamination half-reaction for ; indi
) ! revious work has shown, DGD has two carboxylate bindin
Q52E. The inset shows the concentration dependence of thep y 9

observed rate constantgafp: (@) and Kapp2 (O)]. Experimental

conditions: 20uM enzyme, 400 mMc-alanine, 50 mM TEA- 0008 prrrr e e
succinate, 50 mM dipotassium succinate, andu®D PLP at 25 0,005 F ]
°C. (B) Absorbance spectra for the three species in a serial, two- TR ]
step mechanism obtained from the analysis of multiwavelength data N . .
collected in the pyruvate transamination half-reaction for Q52E. N 0.004 E ]
The inset shows concentration dependence of the observed rate > C .
constants Kapp1 (@) and kapp2 (O)]. Experimental conditions: 10 3 0.003 . o * ]
uM enzyme, 1 mM PMP, 50 mM TEA-succinate, and 50 mM B F e .
dipotassium succinate at 2&. < 0002 | .

. . . 0.001 f ]
quinonoid to form PLP and-alanine. The spectral changes c ]
at ~330 nm cannot be monitored in this case, as free PMP O ]

0 100 200 300 400 500

absorbs in this range and obscures the expected decrease at
[a—ketocaproate] mM

330 nm that occurs due to conversion of DGBMP to

_ indi in FIGURE 9: Q52E saturation curve for steady-state transamination
DGD—PLP. Pyruvate binding has been greatly affected in ith L-alanine andx-ketocaproate. Experimental conditions: 500

Q52E; the apparent rate constants for both processes ar%'],vI L-alanine, 33M enzyme, 67«M PLP, 10 mM NH;*, and

linearly dependent on pyruvate concentration even up to 4002.8 units/mL Ala-DH at 25C. The reaction was monitored at 380
mM pyruvate. A lower limit for deprotonation of the ketimine  nm.
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ks Mutant
sites (L1). The A subsite (Figure 1) can bind a carboxylate
in a position that is stereoelectronically activated for decar-
boxylation. The B subsite can also bind a carboxylate, but
in this position, stereoelectronic effects (i.e., orbital overlap)
are not maximized. Therefore, one expects poor activation
toward decarboxylation from the B subsite.

Q52 is located in the stereoelectronically activated A
subsite, and it has been proposed, on the basis of X-ray,
crystallographic studies, to hydrogen bond with the substrate yestapilization of the PMP form of Q52A or Q52! and the effect
carboxylate, thereby helping to keep it in the A subslig; on the relative energies of the trasition states for WT and the Q52A
Q52 plays no other obvious role in catalysis. To the degree or Q521 mutant.
that stereoelectronic effects accelerate the rate of decarboxy-
lation in DGD, mutation of Q52 to amino acids with side Unexpectedly, the rate afalanine transamination in both
chains that no longer stabilize the carboxylate in the A subsite mutants has decreased significantly (Table 4). The decrease
(Q52A) or actively prevent binding of the carboxylate in this in the rate of both the AIB decarboxylation and thelanine
subsite (Q521 and Q52E) is predicted to reduce the rate oftransamination half-reactions suggests that the Q52A and
decarboxylation. In analogy to transamination in aspartate Q521 mutations have unforeseen pleiotropic effects. Since
aminotransferase, K272 is expected to be the critical generalQ52 plays no obvious catalytic role in transamination, one
base catalyst in the transamination half-reaction and Q52 possible explanation is that the Q52 residue may be structur-

WT

Relative AG

Reaction Coordinate
Ficure 10: Reaction coordinate diagram illustrating selective

plays no obvious role in this half-reactio®3). As a result,

ally important. However, it is unlikely that either Q52A or

the Q52 mutants are predicted by simple reasoning on theQ52I lacks activity due to major structural differences from

basis of the functional active site model to have near-WT
transamination activity.

Steady-State KineticThe steady-state studies (Table 2)
demonstrate the importance of Q52 to catalysis. In addition
to the decrease k.o and the increase iKas expected on

WT, since the X-ray crystallographic structure of Q52A is
essentially identical to that of WT except for the site of
mutation (Figure 2B).

Another explanation for the slowalanine transamination
observed in Q52A and Q52I is that the PMP form of the

the basis of the functional active site model, these studiesenzyme isselectiely destabilized in these mutants due to

find that the value foKyyvaein Q52A has decreased relative
to that of WT. The decrease in the apparent Michaelis
constant for pyruvate in Q52A is most likely not due to
differential binding in this mutant, since pyruvate binds with
the carboxylate in the B subsite, removed from the Q52A

the loss of an undetermined interaction between the side
chain amide of Q52 and PMP (Figure 10). If the energy of
DGD—PMP is higher in these mutants than in WT, while
the energy of DGB-PLP remains roughly unperturbed, one
predicts that the rate of reactions converting DGELP to

mutation. Instead, the observed decrease is likely a kinetic DGD—PMP (e.g., AIB decarboxylation andalanine tran-

effect. Michaelis constants for a ping-pong mechanism
(Scheme 3) are aggregates of microscopic rate consgMis (

_ Vilks + ko)

pyruvate
Kaks

K3k

K K; + Ky

whereV; =

samination) will be slowed selectively. The testable predic-
tion from this hypothesis is that, relative to-alanine
transamination, the rate of pyruvate transamination will be
increased in the mutants to a greater degree than in WT.
This prediction is borne out for Q52A and Q52| by studies
of the pyruvate transamination half-reaction (Table 4).

As can be seen from eq 3, the observed Michaelis constant Further support for the selective destabilization of the PMP

for pyruvate, Kpyruvate in Q52A may be lower than the WT
Koyruvate If the rate of decarboxylatiorks, is significantly
slower than the rate of transaminatidag, in Q52A. Thus,
the observed decreaselp,waeindirectly suggests that the

form in Q52A and Q52| comes from measurement of
dissociation constants for PMP and PLP in these mutants.
The larger increase ikpyp compared to that iKp pin Q52A
(Table 5) demonstrates that the energy of D&GEMP has

rate of decarboxylation has been affected to a greater degre&een increased selectively compared to that of B®DP.
than the rate of pyruvate transamination in Q52A, consistent These studies show that Q52 plays a role in selectively

with the prediction that Q52 is mechanistically more

important in the decarboxylation half-reaction.
Decarboxylation and Transamination Half-Reactions in

Q52A and Q52lAnalysis of the AIB decarboxylation half-

stabilizing DGD-PMP which was not apparent from the
X-ray crystallographic structured?, 14, 25).

Structural Origin of Weak PMP Binding in Q52A and
Q521. The Q52A-PLP structure is virtually identical to the

reactions in Q52A and Q521 show large decreases in the WT—PLP structure (Figure 2B). This is not unexpected given

rate of decarboxylation for Q52A and Q52| (Table 3),
supporting the prediction that stereoelectronic effects are
important to the catalysis of decarboxylation in DGD.

that Q52A binds PLP well; it is the PMP form of Q52A that
is unstable relative to WT. The Q524°MP structure would
likely identify the structural origin of the weak PMP binding
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Table 5: Dissociation Constants for Cofactor Binding

Keme (MM) Kpip (uM) i
Q52A >30° 15 (3y 10
Qs2l >50 nd -
Q52E 0.05 (0.0F) nd
WT 0.6 3.7 (0.3

aErrors are given in parenthesépyp values for Q52A and Q521
were taken from the dependencelgfs: on PMP concentration and
are a lower limit askpus: is linearly dependent on PMP at the
concentrations that were us€dp p was determined using the steady-
state assay described in Experimental Proceddiésyp for Q52E is
taken from the concentration dependence of the apparent rate constants
taken from the global analysis of pyruvate transamination at 100 mM Ficure 11: Model of the AIB external aldimine showing the angle
pyruvate.® Taken from ref34. f Not determined? Taken from ref33. between ther system of the PLP ring and the €CO,~ bond @).

in this mutant. However, the high dissociation constant for by experiment; the extent of decarboxylation in Q52E has
PMP in Q52A makes this structure inaccessible. TheeWT decreased approximately “fld relative to that in WT.
PMP structure was determined to provide some insight into Analysis of steady-state and half-reaction transamination in
the structural origin of weak PMP binding in Q52A and Q52E demonstrates that the mutant, although significantly
Q52l. This structure (Figure 3) indeed suggests the structuralaffected in substrate binding, is still catalytically competent
role Q52 may play in PMP binding, showing that Q52 (Table 4). The decrease seen in the rate of AIB decarboxy-
hydrogen bonds to a water molecule that shares a hydrogeriation is therefore specific to the decarboxylation half-
bond with the amino group of PMP. In the Q52A and Q521 reaction as expected if stereoelectronic effects play a
mutants, this water is unlikely to be present due to the loss significant role in the decarboxylation half-reaction.
of the Q52 hydrogen bond. Although it is surprising that an ~ Estimation of Stereoelectronic Effects in DGDhe
indirect hydrogen bonding interaction such as this would observed rate of decarboxylation in Q52E can be used to
have such a dramatic effect on the stability of the PMP form estimate the energetic contribution of stereoelectronic effects
of the Q52A and Q52| mutants, it is the only clear interaction to catalysis in DGD. To calculate the true contribution of
between Q52 and PMP and at least contributes to the relativestereoelectronic effects to catalysis, the rate of decarboxy-
instability of the PMP form of Q52A and Q52I. lation from the activated A subsite and the rate of decar-
Formation of the Michaelis Complex and Formation of boxylation from a nonactivated position are needed. The rate
the External Aldimine Are Affected in Q58oth decar- of decarboxylation in Q52EK{ecarboxylation= 6 x 1074 s71)
boxylation and. -alanine transamination half-reaction kinetics can be used as an estimate of the rate of decarboxylation
in Q521 show that this mutation has significantly affected from the nonactivated position by assuming that the Q52E
formation of the Michaelis complex and/or transimination mutation precludes carboxylate binding at the A subsite. The
(i.e., Schiff base interchange). The effect on Michaelis rate of decarboxylation from the activated A subsite can be
complex formation and/or transimination is initially surpris- estimated using the WT value for the AIB decarboxylation
ing considering that GABA-AT, an aminotransferase that is half-reaction and previous studies showing that approxi-
highly homologous to DGD, has an isoleucine residue in mately one-fifth of the substrate binds with the carboxylate
this position and is able to catalyze efficiently both formation in the A subsite 11), allowing the calculation of the rate of
of the Michaelis complex and formation of the external decarboxylation from the A subsité&ivaes= 125 s?).
aldimine @6). An overlay of DGD and the recently deter- Decarboxylation is a charge neutralization process, and
mined structure of. coli GABA-AT shows that although  gross changes in the electrostatic environment will cause the
the two enzymes are similar, thg, @toms of Q52 in DGD relative energies of the ground state and transition state to
and the corresponding 150 in GABA-AT are positioned shift, affecting the rate of reaction. Therefore, it is also
differently, ~2.3 A apart 26, 27). It is likely that this necessary to assume that the electrostatic environment of the
difference in positioning is responsible for differences seen A subsite in WT and that of the B subsite in Q52E are
in Michaelis complex formation observed in Q521 DGD and equivalent. This is a reasonable assumption; although not
GABA-AT. In addition, models show the Q521 mutation identical, the interactions of the carboxylate in the A and B
eliminates interactions between the side chain and Y301 andsubsite are grossly similar.
S80 which allows 152 to move into the active site pocket. ~ With these assumptions, the values fRicivated and
The greater proximity of the isoleucine side chain to the Knonactivaed@nd €q 4 give a value fohGgereoetectronic®f —7.3
internal aldimine may sterically prevent efficient formation kcal/mol.
of the Michaelis complex and/or transimination. The dramatic

effect of the Q521 mutation on Michaelis complex formation AG — _RTIn Kactivated 4)
underscores the importance of subtle positioning to binding stereoelectronic Knonactivate.
and catalysis in DGD and GABA-AT.

Decarboxylation and Transamination in Q5ZEhe Q52E This value is an estimate that does not take several factors

mutation was designed to eliminate binding of the substrate into account. Ideally, the calculation would account for the
carboxylate in the activated A subsite due to electrostatic angular dependence of orbital overlap betweentisgstem

repulsion between the carboxylate of the substrate and theand the scissile bond (Figure 11). If decarboxylation in WT
glutamate side chain, thereby inhibiting decarboxylation. As takes place from a position less than perfectly parallel to
observed with Q52A and Q52I, this prediction is borne out thes system of the aldimine, the WT rate of decarboxylation
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iS NOtKactivateabUt is instead cBY x Kagiivatea Wheref is the to the limitations inherent to the experimental system. PLP
angle between the scissile bond andthgystem 28). This dependent enzymes have additional means at their disposal
would make the value used here an underestimate of the ratdor maintaining reaction specificity, such as appropriate
of decarboxylation from the maximally activated position, placement of acigtbase catalysts in the active site. Even
and therefore of the total possible stereoelectronic activation.though PLP dependent enzymes use other means to control
Although both semiempirical calculations of decarboxylation reaction specificity, it is physiologically significant that

in DGD (13) and X-ray crystallographic studies with simple alignment of the external aldimine in the enzyme
aminophosphonate inhibitord2) suggest that decarboxy- active site accounts for an at least£6ld preference for
lation may not begin with the &-CO,™ bond aligned parallel  the cleavage of the activated bond.

to the & system of the aldimine, the contribution of the
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