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Abstract: The pyridoxal phosphate dependent alanine racemase catalyzes the interconversion of L- and
p-alanine. The latter is an essential component of peptidoglycan in cell walls of Gram-negative and -positive
bacteria, making alanine racemase an attractive target for antibacterials. Global analysis of protiated and
deuterated progress curves simultaneously enables determination of intrinsic kinetic and equilibrium isotope
effects for alanine racemase. The intrinsic primary kinetic isotope effects for Ca hydron abstraction are
1.57 £ 0.05 in the o — L direction and 1.66 + 0.09 in the L — b direction. Secondary kinetic isotope effects
were found for the external aldimine formation steps in both the L — b (1.13 + 0.05, forward; 0.90 + 0.03,
reverse) and o — L (1.13 + 0.06, forward; 0.89 + 0.03, reverse) directions. The secondary equilibrium
isotope effects calculated from these are 1.26 + 0.07 and 1.27 + 0.07 for the L — b and b — L directions,
respectively. These equilibrium isotope effects imply substantial ground-state destabilization of the C—H
bond via hyperconjugation with the conjugated Schiff base/pyridine ring = system. The magnitudes of the
intrinsic primary kinetic isotope effects, the lower boundary on the energy of the quinonoid intermediate,
and the protonation states of the active site catalytic acids/bases (K39-¢NH, and Y265-OH) suggest that
the pK; of the substrate Ca—H bond in the external aldimine lies between those of the two catalytic bases,
such that the proton abstraction transition state is early in the o — L direction and late in the L — p direction.

Introduction

Alanine racemase (AlaR; E.C. 5.1.1.1) catalyzes the stere-
oisomerization of alanine-Alanine is an essential component
of the peptide cross-links in the peptidoglycan layer of bacterial
cell walls in both Gram-negative and -positive speéi®ep-
tidoglycan cross-linking is essential to survigahaking AlaR
an attractive antibacterial target.

AlaR utilizes pyridoxal 5phosphate (PLP) as an essential
cofactor. It possesses a type Ill PLP fold and is a homodimer,
with each monomer composed of a classi barrel plus a
secondB-strand domain.

A wealth of mechanistic information is available for AIGR?

It employs a two-base mechani$if.Site-directed mutagenesis
studies have established that Y265 acts as a base in-the
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direction and an acid in the— L direction! while K39, which
forms the internal aldimine with the PLP cofactor, is a base in
the o — L direction and an acid in the — p direction (see
Figure 1)

Crystal structures of AlaR show a hydrogen bond between a
fully conserved arginine (R219 Bacillus stearothermophilgis
and the pyridine nitrogef’812 This interaction precludes
protonation of the pyridine nitrogen given th&pdifferences
between these functional groups, thereby preventing full imple-
mentation of the “electron sink” potential of the pyridine ring.
This suggests that if a carbanionic (“quinonoid”) intermediate
exists, it is not stabilized to the fullest possible extent. In fact,
no quinonoid intermediate is spectroscopically detectable with
wild-type B. stearothermophiluglaR ® but the R219E mutant
does show buildup of the quinonoid intermediate.

The absence of an observable quinonoid intermediate in wild-
type AlaR begged the question of whether stereoinversion occurs
through a concerted double proton transfer, avoiding this
intermediate. Therefore, a precise method for determining
multiple hydrogen kinetic isotope effects (KIEsbhat is a
modification of the equilibrium perturbatiéhand washoudt

(11) Watanabe, A.; Kurokawa, Y.; Yoshimura, T.; Esaki,JNBiochem1999
125, 987-990.
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Esaki, N.J. Biol. Chem2002 277, 19166-72.
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54,
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Figure 1. Mechanism of AlaR. The reaction shown is framalanine— L-alanine. Lys39 is covalently bound to the PLP cofactor (“internal aldimine”) and

is displaced via nucleophilic attack by thkeamino group ob-alanine to yield

L-Alanine External Aldimine

the “external aldimine”. Hydron abstraction by Lys39 produces a quinonoid

intermediate, which is reprotonated from the opposite face by Tyr265 to yield the external aldimirsanine. Re-formation of the internal aldimine
releases-alanine. The @ proton ofp-alanine (red) is transferred to Lys39 and the |@oton ofL-alanine (blue) is transferred to Tyr265. Both are irreversibly

washed out into the solvent.

techniques was developed to address this question. Its applicatwo secondary equilibrium isotope effects (EIEs). The primary
tion confirmed the stepwise nature of the mechanism. RecentKIEs occur in Gt proton abstraction, while the secondary effects

computational work from Gao’s group also confirmed the

are due to hyperconjugation of thea€H bond with the

existence of the quinonoid intermediate and its high energy conjugated Schiff base/pyridine rig system in the external

relative to the external aldimine intermediates®
Figure 1 summarizes the fate of the substrateh@dron in
AlaR. The hydron of the external aldimine ofalanine (red) is

aldimine intermediate.
Intrinsic KIEs are widely regarded as the best tool for probing
the structure of transition states of chemical react{8A%Their

abstracted by Lys39 and subsequently lost to solvent. The power and utility when coupled to computational chemistry has
quinonoid intermediate is reprotonated at the opposite face with been demonstrated by Schramm and co-workers in the develop-

a solvent-derived hydron from Tyr265 (blue), giving the external
aldimine of L-alanine. Schiff base interchange with Lys39
regenerates the internal aldimine and releasalanine with a
solvent-derived @ hydron.

Free energy profiles for AlaR at two pH values were recently

ment of tight-binding transition-state analogues to purine
nucleoside phosphorylase, for exam#fie?? This type of
application has been limited partly due to the experimental
difficulties in obtaining the required KIEs. Global analysis of
isotopic progress curves is an attractive alternative to classical

determined by global nonlinear least-squares analysis of race-KIE measurements for obtaining intrinsic KIEs for transition-

mization progress curveésising the program DynaFif. The

free energy profiles determined in that study were consistent

state analysis.
The introduction of isotopes significantly complicates global

with a number of experimental observations such as steady-analysis of progress curves. The coupled isotopic washout and
state kinetic parameters, viscosity effects, equilibrium overshootsracemization manifolds involved in the AlaR mechanism are

in D,O, and the lower energy boundary of the quinonoid
intermediate.
The more ambitious goal of this work is to apply global

shown in Scheme 1. The complete reaction scheme consists of
18 rate constants and allows for differences in the rate constants
for binding and release of the isotopic alanines. A simplified

analysis to isotopic progress curves. The resulting isotopic free version is shown in Scheme 2, which has 14 rate constants and

energy profiles could be used to determimgrinsic KIEs

does not allow for isotope effects on external aldimine forma-

directly, as opposed to calculating them using commitment tion. It is demonstrated here that the 18-parameter model gives

factors® The mechanism in Figure 1 allows for two primary

and four secondary KIEs. The latter can be used to calculate

(14) Bahnson, B. J.; Anderson, V. Biochemistry1991, 30, 5894-906.
(15) Major, D. T.; Gao, JJ. Am. Chem. So@006 128 16345-57.

(16) Major, D. T.; Nam, K.; Gao, . Am. Chem. So@006 128 8114-5.
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Scheme 1
18 Parameter Deuterium Washout Model
kig kg
['H}E + [H]-L == ['H-E-’H]-L <= ["H]-EQ
ks k7 * kg
kg kG k4 k2 1 1
['H}E + ['H}-L <= ['HJ-E-['H}-L <= ['H}-EQ === ['H}-E-['H]-D=== ['H]-E + [ H}-D
kg ks ks k
+ k13
ki kg ,
PH]-EQ == ['H]-E-[’H]-D=== ['H]-E + [‘H]}-D
ki ko
Scheme 2
14 Parameter Deuterium Washout Model
kg kg
['HME + PH-L === ['H]-E-[’H]}-L <= ["H]-EQ
ks ky7 + kg
kg ke ky ky 1 1
['H}-E + ['H-L == ['H}-E{'H]-L <= ['H}-EQ === ['H]-B-['H]-D=== ['H}-E + [H]-D
k; ks K K
+ k13
k12 kZ 1 2
[?H]-EQ == ['H]-E"H]-D=== ['H]-E + [‘H]-D
kyy K

a statistically significant better fit to the data. Thus, intrinsic in the previous study). Optimization of rate constakisks
secondary KIEs on external aldimine formation, and thereby following the previous procedures produced results very similar
secondary EIEs on this same step, are obtained. to those obtained in the previous study (Table S1 in the

Herein, equilibrium perturbation, isotopic washout, and Supporting Information). Here, the final free energy profile for
racemization progress curves are used to constrain the searchhe all-protiated systemk{ — kg) was constructed from rate
for rate constants that best describe the three manifolds ofconstants obtained from fitting the 18-parameter model to all
Scheme 1. The intrinsic primary KIEs, and secondary KIEs and available data (see below).
EIEs, obtained provide insight into the nature of proton  Optimization of Primary KIEs with the 14-Parameter
abstraction from @ for the two stereoisomers of the external Model. The rate constants from the all-protiated analysis were
aldimine intermediate. The results suggest that the-B pK, used as initial estimates for fitting isotopic progress curves to
in the external aldimine lies between the microscog yalues the 14-parameter model (Scheme 2). Fitting to a random
of the two catalytic bases and that labilization of this bond occurs selection of racemization and washout progress curves was
through both ground- and transition-state effects. employed. Tables S1S3 (Supporting Information) give rate
constants and primary KIEs and compare the intrinsic KIEs to
the corresponding values calculated using commitments to

Materials. p- and L-alanine were purchased from Aldrich (99% catalysis and experimental KIEs.
pure). Buffers were from FisheB. stearothermophiluf\laR was Optimization of Rate Constants in the 18- and 14-
prepared as described previoueuterated-alanine was purchased  pgrameter Models Unlike the 14-parameter model, the 18-
from CDN Isotopes (Quebec, Canada,; catalog number D-1274, 98 atomparar.neu_:‘r model allows for isotopic differences in the rate
%). Deuterated -alanine was purchased from Isotech, Inc. constants for external aldimine formation. The initial estimates

Progress CurvesA J_asco 720 circular dichroism spectrophotometer for the rate constants of the 18-parameter model were the fitted
was used for all experiments. The wavelength (215 nm) was selected . . L

values from the previous step (i.e., optimization of the 14-

so that the CD signal and PMT voltage were linear with amino acid t del). Additi I domizati f th ¢
concentration. Initiab- andL-alanine concentrations were varied from ~Parameter mode )- ionally, randomization o e rate

0.1 to 20 mM (0.0Ky to 10Ky). The buffer was 50 mM potassium ~ constants for external aldimine formation bi10% was
borate, pH 8.48, with 100 mM potassium chloride. The temperature Performed to allow for secondary KIEs. Again, random selection
was maintained at 25C with a circulating water bath. The enzyme  Of and fitting to racemization and washout progress curves was
concentration varied from 5 to 26 nM. employed.

Computational Procedures.See the Supporting Information. Figure 2A shows a representative fit (of 45 total). A similar
optimization (30 fits total) in which substrate binding and release
rate constants were randomized-b$0% was carried out using

All-Protiated Manifold ( ky — kg). The central manifold in the 14-parameter model. Table S2 shows that the primary KIEs
Schemes 1 and 2 consists of simple racemization of protiated(ks/ki; andks/kig) for the two sets of fits are similar, with the
substrates in water. This is the same system analyzed by Spied4-parameter model yielding somewhat larger primary KIEs.
et al® Here, a new set of progress curves for racemization of The important difference is the larger errors on the KIEs (due
protiated substrates in;® was acquired at pH 8.48 (vs pH 8.9  to errors onk;; andkje) in the 14-parameter model.

Experimental Section

Results

10680 J. AM. CHEM. SOC. = VOL. 129, NO. 35, 2007
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A . . : (Supporting Information) gives the fitted rate constants for the
14-parameter model using this procedure.

Final Refinement of the Rate Constants in the 18-
Parameter Model. Additional refinement was achieved by
randomizing all rate constants from the 18-parameter model fit
described above (i.e., “averaged” rate constant set, Table 1)
followed by refitting and averaging them over these fits.

Two approaches were taken. The first was fitting to a random
sample of progress curves as employed in the previous steps.
The second involved fitting the entire pool of progress curves
(racemizations, washouts, and equilibrium perturbations, 39
total, representative fit shown in Figure 2B). The latter method
was prohibited in the early phases of the refinement procedure
7 by poor initial estimates that resulted in lack of convergence
errors. Table 1 compares the results of the three procedures used
here to estimate the rate constants for the 18-parameter model.

Table 2 provides a comparison of the calculated intrinsic KIE
and mean square values for the two final refinement methods.
Both produce rate constants and KIEs that are similar. A notable
difference, however, is in the value of the intrinsic primary KIE
in thep — L (ka/ky1) direction, which is significantly larger when
all progress curves are included in each fit. Also, the large scatter
in secondary KIEs seen using random selection of progress
curves (Figure S1A,B, Supporting Information) is significantly
reduced when all progress curves are included in each fit (Figure
- S1C,D). The free energy profiles in Figure 3 were constructed
from the rate constants for the 18-parameter model refined by
including all progress curves in each fit.

Fitting the 18-parameter model to all progress curves
produced a lower mean square (1.49) than a similar fit to all
progress curves using the 14-parameter model (2.12). The
statistical significance of this difference was determined using
. an F-test. TheF-statistic £1.42, here) is the quotient of the
mean square values for the comprehensive fits to the 14- and
18-parameter models, respectively.

To estimate the number of “observations” that may be
i ascribed to any given progress curve, individual progress curves
o 2000 2000 3000 were fitted to a simple one-substrate, one-intermediate, one-

Time (S) produc_t reyersible racemi_zation mechanism. All four steady-
state kinetic parameters (i.e., forward and revéggeand Ky
Figure 2. Representative fits to the 18-parameter model. (A) Fit where \41,05) were well determined by these fits to single progress
two equilibrium perturbations and a random selection of two (pramd

oneL) racemization progress curves were employed. The entire analysis CUrves (see Sup.portlng |nf0rmat'0n Table S6). Therefore, each
contituted 45 such fits. (B) Fit where all available data (racemizations, progress curve is conservatively counted as four independent

washouts, and equilibrium perturbations) were employed. observations here. The degrees of freedom are calculated by
subtracting the number of parameters (i.e., 14 or 18) from the
number of observations. This gives 142 degrees of freedom for
. . the 14-parameter model (Scheme 2) and 138 degrees of freedom
for a normal secondary KIE on Schiff base formation for both ¢, iha 18-parameter model (Scheme 1). Phalue (probability
D-Ala (ki/ke) andL-Ala (ke/ki4). Plots of the mean square for &  hat additional parameters in the larger model are not warranted)
given fit versus the corresponding calculated secondary KIE 5 g 2. Thus, there is «98% chance that the secondary KIEs
for the forward reaction B Ala — ES forp-Ala — L-Ala and on Schiff base interchange reported here are statistically
the reverse reaction ES- E + Ala for p-Ala — L-Ala are significant.

presented in Figure S1A,B (see the Supporting Information), Secondary Equilibrium Isotope Effects from ab Initio
respectively. The lower boundary for the forward reactiorf (Sp cajculations. Supporting Information Table S5 compares
— sp-like, due to weakening of the &-H bond by hyper-  cajculated EIEs for two test cases where experimental secondary
conjugation) is a KIE of unity, which is the upper boundary E|Es are known and gives EIEs for three prototropic isomers
for the reverse reaction (sfike — sp’). The average values  of the PLP/alanine aldimine. The calculated EIEs-a80% of

for the secondary KIEs and their standard deviations are shownthe experimental values for the test cases. The results for the
in Table S2. Table 1 shows the fitted rate constants (“averaged”) three aldimine prototropic isomers confirm there is a secondary
for the 18-parameter model using this procedure. Table S4 EIE, but these are smaller than the experimental values found

o

CD (mdeg)

R
S

w

200

100

CD (mdeg)

g

-200

Strikingly, the 18-parameter model shows a strong preference
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Table 1. Rate Constants for the 18-Parameter Model

error optimized, error optimized, error
averaged? (%) averaged® (%) all data® (%)
ki (M~1s71) (2.3564 0.008) x 107 0.3 (2.374£0.08) x 107 3.4 (2.354 0.07) x 107 3.2
ko (s71) (3.439+ 0.007)x 10* 0.2 (3.444 0.09) x 10* 2.6 (3.484 0.08) x 10* 2.4
ks (s (2.41+£0.02)x 10° 0.8 (2.414+0.07)x 10° 2.9 (2.48+ 0.06) x 10° 25
ka(sh (5.844+0.1) x 1® 2.3 (5.894 0.19) x 10° 3.2 (5.824+0.17) x 10° 5.8
ks (s (2.494+0.1) x 1® 4.2 (2.49+ 0.07) x 10° 2.8 (2.534+ 0.06) x 10° 2.4
ks (s79) (1.56+ 0.02) x 10° 1.3 (1.5440.05) x 10° 3.2 (1.554+ 0.03) x 10° 1.7
k7 (s71) (4.0940.02) x 10¢ 0.5 (4.104£ 0.09) x 10* 2.2 (4.054 0.07) x 10¢ 1.8
ks (M~1s71) (1.8474 0.004)x 107 0.2 (1.867+ 0.05) x 107 29 (1.894 0.06) x 107 29
ko(M~1s7h) (2.2+0.2) x 107 9.1 (2.1£0.2) x 107 9.5 (2.084 0.07) x 107 3.7
kio(s™) (3.8+0.4) x 10 11 (4.0+0.5) x 10 114 (3.9+£ 0.09) x 10* 2.4
kia(s7h) (1.7£0.3) x 1¢° 18 (1.9+£0.3) x 10° 14.8 (1.6£ 0.04) x 10° 2.4
ki2 (s (2+6)x 1¢° 300 (2+9) x 1 450 (2.3£0.2) x 1 6.5
kes (s >10%0 >10t0 >10%0
kia(M~1s™1) (1.6240.08) x 107 5.0 (1.544 0.05) x 10’ 3.2 (1.674 0.05) x 107 3.0
kis(s™%) (4.7+£0.3)x 10 6.4 (4.9£0.1) x 10¢ 2.7 (4.5+0.1) x 10 2.7
kis(s™Y) (9+1) x 1 11 (9.4+0.7) x 12 7.4 (9.3 0.2) x 17 2.5
kiz(s™1) >100 >100 >100
ks (1) >1010 >1010 >1010

a Averaged from 45 independent fits. Progress curves were selected from a pool of 39 with the stipulation that each global fit contained one for each
and p-alanine (eitherH]Ala or [*H]Ala). A total of four data files were fitted (i.e., two perturbations and two progress curves). All rate constants were
adjustable parameters. Initial values for the rate constants were from optimization with the 14-parameter model, except that des&giptiad (lissociation
(K10, k15) rate constants for deuterated alanine were randomizelli®yo. ® Averaged from 20 independent fits. Rate constants from the “averaged” set were
randomized by 5% and refitted using random selection of four curves for fitting. The fitted rate constants and mean square values were averaged and the
standard deviation was determined for each rate constant. All rate constants were adjustable pafauetaged from 20 independent fits. Rate constants
from the “averaged” set were randomized by 5% and globally fitted to the complete set of data. All rate constants were adjustable parameters.

Table 2. |sotope Effects for the 18-Parameter Model 16
13.98+-0,01 13.46+/.0.01
two equilibrium perturbations plus all data \ /
two racemization progress curves®  simultaneously® 14 - 13.55+-001  F== _"_ 13.05+/0.02 T
/-
average mean square deviation ©.8.3 1.49+ 0.06 1169 /ao\i A r-_( g /11'56”'0‘02
primary KIE,p — L 1.254+0.19 1.57+0.05 12 F % 11.48+1.0.07
primary KIE,L — D 1.64+0.14 1.66+ 0.09 e 1161470 02"'7H
secondary KIEp — L (forward) 1.15+0.13 1.13+ 0.06 3 10 F° ' -
secondary KIEp — L (reverse) 0.86: 0.10 0.89+ 0.03 £
secondary KIE| — b (forward) 1.21+ 0.05 1.13+ 0.05 = 8 | .
secondary KIEL — D (reverse) 0.84: 0.03 0.90+ 0.03 8
Ki/Kp, D — L® 1.3440.22 1.27+0.07 x
Ku/Kp, L — D° 1.44+0.09 1.26+ 0.07 (U] 6T 7
< v

a Rate constants from the “averaged” set were randomized by 5% and 4r EQ(>4) T
20 sets refitted. All rate constants were adjustable paramétRate
constants from the “optimized, averaged” set were randomized by 5% and 2 F 0.38+-0.04 -
globally fitted to the complete set of data. All rate constants were adjustable 0234003 - & LJ

TpY >l E+L -~ E+D

parameterst The equilibrium constants are calculated as association R J EL™ 080003 \_ i
constants. 0 10.45+/-0.03 ED

Q 10 20 30 40

Reaction Coordinate
Figure 3. Free energy profiles from fits of the 18-parameter model to all
. . available data. The standard state is 1 mM alanine. The solid line is for
Discussion protiated substrates, while the dashed line is for deuterated substrates. The
. . . double arrow represents the region of uncertainty for the quinonoid
Refinement ProcessRecently, global analysis of racemiza-  intermediaté. Energy values and their errors are indicated for each state.
tion progress curves was shown to give all-protiated free energy
profiles for AlaR® In principle, progress curves for botho€ tion were employed as initial estimates for the 14-parameter
protiated and -deuterated alanine combined in a single globalmodel, the results of which were then employed as initial
analysis should have enough information to define the free estimates for the 18-parameter model.
energy profiles for both isotopes and thereby the intrinsic KIES.  Once rate constants that yielded simulated progress curves
However, the isotopic manifolds add a significant degree of close to the experimental data were obtained, final refinement
complexity to the simpler all-protiated system, necessitating the by rate constant randomization and refitting to all data sets
use of bootstrap methods to obtain convergent global fits.  simultaneously was possible. A similar refinement using the
Here, sets of progress curves fan-@rotiated and -deuterated  random sampling strategy employed in previous steps produced
L- and p-alanine were incrementally fitted to models of similar but less precise results.
increasing complexity. Initially, the all-protiated manifold was Reverse Protonation in AlaR Catalysis A large number
optimized, which gave rate constants very similar to those of enzymes employ a combination of general-acid/base catalysts
obtained previously from an independent set of progress curveswhere differently protonated forms of the enzyme occur at the
collected at a higher pH (8.9 previously vs 8.48 hérhlext, beginning and end of the reactiéhi-or a two-base mechanism,
the eight rate constants obtained from the all-protiated optimiza- such as that catalyzed by AlaR, there are four possible

here. The @—H/D bond was fixed parallel to the Schiff base
o bond in these calculations.

10682 J. AM. CHEM. SOC. = VOL. 129, NO. 35, 2007
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protonation states: 1 K39-NH3*/Y265-OH, @) K39-NHz*/ Scheme 3

Y265-07, (3) K39-NH,/Y265-0OH, and 4) K39-NH,/Y265-O". Case I: pKa of Ca is greater than Lys39 and Tyr265
Protonation state® and 3 both have the same number of
protons, but2 should predominate on the basis dfjvalues . Early Late
of ~7.4 assigned to Y265 anel10 assigned to K39. -

This is similar to the interconversion of 2-phosphglycerate > +Co + Tyr265-OH

C, H+B AN

/

(2-PGA) and phosphoenol pyruvate (PEP) catalyzed by enolase.g
Sims et aP disentangled the contributions of the four proto- LLJ
nation states (similar to the four shown above) of enolase. They._f_g
hypothesized that, even when the catalytically active protonation %

“:Cq + Lys39-NHyt ™

state is present in small quantities at the pH optimum, a catalytic S e
advantage is gained from a high general-bdsgtpat is closer e

to that of the carbon acid. Sims et al. referred to the active pSLTs.
protonation state of enolase in the PEP2PGA direction as
the “typical” one (analogous t8) since the K, values of the
general-acid/base catalysts favor it and to the less populated Distance

form (analogous t®) as the “reverse” protonation state since . .

the K, values of the general-acid/base catalysts disfavor it. A theoretical work on. enzyme-c?talyzed proton tunneling has
notable conclusion of Sims et al. was that the ratio of the typical elaborated on vibration-driven e?<treme tupnel|r¥§”?0 )

to the reverse protonation state is constant across the entire pH From recent QM/MM computational studies on AlaR, it was

range, although each species’ concentration changes with pH.C(_mCIUd(.ed _that quantum mechanical tunneling does not con-
) tribute significantly to the proton-transfer steps. That work also
For AlaR, only the macroscopid{ values are known, and

- . . does not support a nonlinear proton-transfer transition state as
itis not possible (as Slms etal. were able to do for_enolase) 10 the source of the smal primary KIEs observed here. Therefore,
calculate the concentration of the reverse protonation s&ite (g following discussion is conservatively based on the simple

that must be present to catalyze the~ L reaction. There can  \yestheimer model, which relates the magnitude of a KIE to
be large differences between the microscopic and macroscopicipe extent of hydron transfer in the transition state.

PKa values; thus, it is not unreasonable that K39 of AlaR has a  rransition-State Structures for Proton Transfers. The

microscopic Ka of 11 or higher. The likelihood of this is magnitude of the intrinsic primary hydrogen KiBg/k., and
bolstered by the close proximity of the side chain amino group ke/kie) can be related to the position of the proton in flight in a
of K39 to the carboxylate of the highly conserved D313. Lysine ¢|assical transition state via the Westheimer model in which a
pKa values in active sites of enzymes have been shown to bek|g is maximal whenApKa, between the proton donor and
perturbed by several units relative to that of the free amino acid acceptor is zero, with decreasing KIEs on either side of the
due to their proximity to other charged residé&%he proposal maximum25
that K39 has alg, similar to or higher than that of the substrate Dixon and Bruicé! analyzed the general-base-catalyzed
Cain the external aldimine intermediate is pertinent to the KIE racemization of aldimines formed from alanine and 3-hydroxy-
discussion that follows. pyridine-4-carboxyaldehyde and estimated the alaningK,
Magnitudes of Primary KIEs. The intrinsic primary hy- to range from~9 to 14, depending on the protonation state of
drogen KIEs determined in this study are small compared to the aldimine. Although the actuaKg of the aldimine @ proton
the semiclassical limit. One explanation for the small values is in the active site is unknown, it is reasonable to expect that the
that the transition states are very asymmetric. The KIEs active site environment is capable of lowering it relative to that
correspond to less than10% or greater than-90% hydron ~ in water by several units. The averag&pfor the three
transfer in the transition state in the Westheimer médel. Pprotonation states of the alanine/3-hydroxypyridine-4-carboxy-

Westheimer-Melander theor$26 predicts that the magnitude  aldehyde Schiff base in solution 811.5, and a mere 2 unit
of the intrinsic primary KIE varies with both the extent of decrease in this value at the active site could place the substrate

transfer in the transition state and the angle-¢A-B) of pKa between those of Y265 and K39. Therefore, three scenarios
transfer between the donor and acceptor. This has beenfor ApKa values between proton donors and acceptors in the
demonstrated in the sodium borohydride/deuteride reduction of aCtive site can reasonably be considered given the substantially
para-substituted benzyl chloridédwhere primary hydrogen ~ lower pKa of Y265 compared to K39.Schematic potential
KIEs as low 1.14 were determined to be due to nonlinear €N€rgy diagrams illustrate these (Scheme$p

transition states. A second explanation for the small primary ~ Each curve in Schemes-5 represents an idealized energy

KIEs is a large contribution of ground-state quantum mechanical Well for the transferred proton. In each case, the reactant is on
tunneling for both the H and D reactions. Experimental and the 1€ft (G proton plus either K39-Nkor Y265-07) and the
products (carbanion plus either K39-MHor Y265-OH) are

on the right. The crossover points between potential energy

(23) Sims, P. A,; Larsen, T. M.; Poyner, R. R.; Cleland, W. W.; Reed, G. H.
Biochemistry2003 42, 8298-306.

(24) Kenyon, G. L.; Gerlt, J. A.; Petsko, G. A.; Kozarich, J. YAtc. Chem. (28) Basran, J.; Sutcliffe, M. J.; Scrutton, N.Bochemistryl999 38, 3218~
Res.1995 28, 178-186. 22.
(25) Westheimer, F. HChem. Re. 1961, 1, 265. (29) Kohen, A.; Cannio, R.; Bartolucci, S.; Klinman, J. Nature 1999 399,
(26) Melander, Llsotope Effects on Reaction RgtB®land Press: New York, 496-9.
1960; p 24. (30) Scrutton, N. S.; Basran, J.; Sutcliffe, M.Bur. J. Biochem1999 264,
(27) Koerner, T.; Fang, Y.; Westaway, K. G. Am. Chem. So200Q 122 666—71.
7342-7350. (31) Dixon, J. E.; Bruice, T. CBiochemistryl973 12, 4762-6.
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Scheme 4 be late. If the pK, of the Gu proton were to lie slightly closer
Case II: pK, of C, is between Lys39 and Tyr265 to Y265 than to K39, for instance, if it had a value of
approximately 9 (and K39 and Y265 had microscopg palues
Early Late of ~11.5 and~7.4, respectively), then one would expect the
- ¢ > transition state in the — L direction to be late and the KIE
o “Ca+Ty2650H  [SpTs) somewhat smaller than in the— b direction. This is consistent
o Coli+:B n ! with the intrinsic KIEs and is depicted in Scheme 4 (case II).
L . L This likelihood highlights the importance of the reverse proto-
ﬁ :Cq +Lys39-NH; . . . . .
3 nation state for AlaR in the nonphysiologiaal— L reaction.
S The catalytically active reverse protonated form of the external
° o aldimine in thep — L direction is much higher in energy than
o D—>LTS. s carly the typically protonated form (see Figure S2 of the Supporting
DTS b Information), and the transition state from this high-energy
LR reverse protonated state would be early compared to that for
theL — b direction.

Distance One may also consider the formal possibility where tikg p
of Ca is lower than that of either K39 or Y265. Since one would

Scheme 5 not expect it to be much lower than th&pof Y265 in the
Case III: pK, of C, is equivalent to Lys39; The D313A Mutant external aldimine intermediate-7.4), the prediction of this case
is that the. — b KIE would be large, much larger than for the
Early Late T - . . Lo
« . D — L direction. This is not consistent with the intrinsic KIEs
= s Thaeson and therefore is discounted as a possibility.
Py . "1 ’ If case Il is correct and theky of Ca is between those of
LlCJ / “Co +Lys39-NH* K39 and Y265, then selectively lowering thEpof K39 would
= \ -------- - give a more symmetric transition state and a larger KIE in the
b= N D — L direction. This scenario is depicted in case Il (Scheme
L T =7 T 5). Such a mutant (D313A) has been analyzed in our laboratory
s POLTS s symmeticl (unpublished results). The carboxylic oxygen of D313 is 2.8 A
KIE . o> KE L p from thee-nitrogen of K39 and probably contributes to the high
pK, of K39 by electrostatically stabilizing the protonated form.
The mutant has an additional ionization at 3.3 (ascribed

to K39) in thekea: vs pH profiles that is not present in the wild
type, which has only a single ionization with &pof ~7.4.

. . . The D313A mutant also has a larg¥ isotope effect £ 3.5) at
curves approximate the location of the transition state for proton . . . ’
i P alkaline pH, with a K; of 9.1 4 0.2 in the pH vsPV profile.

transfer. The dotted line in the center of each scheme indicates_l_h " istent with prot If the hiah
the point of 50% proton transfer. ese results are consistent with proton removal from the high-

In case | (Scheme 3), th&gof the substrate & lies above energy EQuersc€Xxternal aldimine giving an early transition state

the K, values of both K39 and Y265. In this case, one would and th_e onv Ka Of Y265 giving a late transition state in the
expect the intrinsic KIE in the — L direction (where K39~ ° direction. . o o
acts as a general base) to be relatively large and larger than 1he global analysis performed in this study, which yields the
(i.e., the transition state more nearly symmetric) that inithe free energy profiles illustrated in Figure 3, does not distinguish
— p direction, since the\pK, between @ and K39 would be between different protonation states of the intermediates (i.e.,
smaller compared to thApKs between @ and the phenolic all possible protonation states are subsumed into a single
oxygen of Y265. This is not borne out here where the intrinsic species). A more complex and more realistic model would allow
KIE in the L — b direction is slightly larger than that in tie alanine to form external aldimines in all possible protonation
— L direction and both are small compared to the theoretical States, which can interconvert. ForAla, the reactive, high-
maximum of~7.25 energy protonation stat from which Gx proton abstraction

In case II, the K. of the G proton lies between those of the ~ Would actually take place, would be energetically separated from
two catalytic bases. One expects an early transition state forthe three other protonation states in such an analysis. Thus, the
proton abstraction in the — L direction (K39 (K, > Ca pK2) ED ground state in Figure 3 should be viewed as a weighted
and a late one in the — b (Y265 pKa < Co pKa) direction. average of the energies of the four possible protonation states.
This situation can potentially give a wide variation in the relative ~ Free energy calculations by Major and Gao predicKafpr
values of the intrinsic KIEs, depending on the relative magni- Coa—H in AlaR of 12.2'> They estimated that the enzyme active
tudes of theApK, values for @ and K39 vs Y265 and therefore ~ site contributes 6.6 kcal/mol to the acidification obx€H

the location of the proton in the transition states relative to the relative to an aqueous environméhthis Co—H pKa s higher
midpoint. than suggested by the current study, which would produce a

If the pKa of the G proton lies exactly between thekp transition state at the interface of cases | and Il discussed
values of the two catalytic bases, then one would expect the above.
two intrinsic KIEs to be the same, but the transition state in the  Secondary KIEs Schiff base formation is a multistep
D — L direction to beearly and that in the. — b direction to transimination process encompassing nucleophilic attack of the

Distance
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unprotonated substrate amino group on the protonated internalpyridine ring conjugatedr system. This ground-state destabi-
aldimine to give a geminal diamine, followed by proton transfer lization of the substrate is likely a major catalytic factor in
between geminal nitrogens, and finally collapse to the external AlaR (and other PLP enzymes) and is intimately linked to the
aldimine intermediate. This multistep process was modeled aslowering of the @—H pK, by the combination of the PLP
a single step in the present analysis. Therefore, the observatiorcoenzyme and the active site environment. Dunathan
of a significant KIE on the single rate constant used to describe pointed out years ago that such bond labilization could
the multistep Schiff base formation (and decomposition) processbe a major determinant of reaction specificity that is en-
indicates that the rate-limiting elementary step in this multistep forced simply by binding the substrate such that the appro-
process must be collapse of the geminal diamine to the externalpriate bond is parallel to the p orbitals of the conjugated
aldimine, since hyperconjugation of thex€H bond with the systems?
Schiff base is the most obvious source of a significant secondaryConCIusions
KIE in this process and only occurs at this last step. The large ) ) )
intrinsic secondary KIEs suggest that the-€H in both external Global analysis of AlaR isotopic progress curves allows
aldimines is close to perpendicular to the plane of the PLP ring, detérmination of intrinsic KIEs and EIEs from deuterated and
since hyperconjugation is maximal when the-€H bond is prptlated free energy profiles. The magnitudes of the intrinsic
parallel to the p orbitals of the conjugated Schiff base/pyridine Primary KIEs, the lower boundary on the energy of the
ring 7 system. qumo_nmd mtermeqllate_, and the obligate reverse protqnatlon
The secondary KIEs obtained in the present analysis (Table State in theo — L direction suggest that thekg of Coa—H in
2) are similar to values obtained for solvolytic reactions: +.15 the external aldimine lies between the microscopi€a p
1.2 in the sp— s direction and 0.830.87 in the sp— sp? values for the two cataly.tlc basgs, such that .the proton
direction, which give EIEs of-1.4 for a single deuteron in the ~ abstraction transition state is early in the— L direction and
isotopically sensitive positiof2 The existence of a secondary laté in theL — p direction. Remarkably, intrinsic secondary
EIE is also supported by calculated EIEs presented in Table KIES and EIEs are found in both the— p andp — L directions.
S5. The particular vibrational frequency calculation employed 'hese are ascribed to a weakening of the-@ bond in
appears to underestimate the secondary EIE by about 10%, orfh® external aldimine intermediate by hyperconjugation
the basis of test cases for which experimental secondary EIEsWith the conjugatedr system of the Schiff base/pyridine ring.
are available. A 10% correction would place these calculated  Supporting Information Available: Computational proce-
EIEs at ~1.14-1.17, close to the values presented in dures, Scheme S1, Tables-S36, and Figures S1 and S2. This
Table 2. material is available free of charge via the Internet at
The large EIEs are evidence for a decreased-8 bond http://pubs.acs.org.

order due to strong hyperconjugation with the Schiff base/
JA067643K

(32) Isaacs, N. SPhysical organic chemistry2nd ed.; Longman Scientific &
Technical: Burnt Mill, Harlow, Essex, England; Wiley & Sons: New York,  (33) Adams, E.; Mukherjee, K. L.; Dunathan, H. 8rch. Biochem. Biophys.
1995; p xxxiv, 877 pp. 1974 165, 126-32.
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