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Abstract: We report on a theoretical model for the complex of the enzyme alanine racemase with its natural
substratel(-alanine) and cofactor (pyridoxal-phosphate). Electrostatic potentials were calculated and ionization
states were predicted for all of the ionizable groups in alanine racemase. Some rather unusual charge states
were predicted for certain residues. Tyr26as an unusually low predictedpof 7.9 and at pH 7.0 has a
predicted average charge ©f0.37, meaning that 37% of the Tyr26&esidues in an ensemble of enzyme
molecules are in the phenolate form. At pH®, the majority of Tyr265side groups will be in the phenolate

form. This lends support to the experimental evidence that Tyi2@e catalytic base involved in the conversion

of L-alanine top-alanine. Residues Lys39 and Lys129 have predicted average charg@s9df and+0.14,
respectively, at pH 7.0. Lys39 is believed to be the catalytic base for the conversieslarfine to_-alanine,

and the present results show that, at least some of the time, it is in the unprotonated amine form and thus able
to act as a base. Cys31Which is located very close to the active site, has an unusually low prediktgaf p

5.8 and at pH 7.0 has a predicted average charge@¥2. The very low predicted charge for Lys129 is
consistent with experimental evidence that it is carbamylated, since an unprotonated amine group is available
to act as a Lewis base and form the carbamate with. ®@peating the g, calculations on the enzyme with
Lys129 in carbamylated form predicts trends similar to those of the uncarbamylated enzyme. It appears that
the enzyme has the ability to stabilize negative charge in the region of the active site. Implications for selective
inhibitor design are discussed.

Introduction R Q
H-C-C-0O
The bacterial enzyme alanine racemase catalyzes the inter- o Ho 11:
conversion ofL-alanine andp-alanine. The production of o S M o ¢’
p-alanine in this manner is a required step in bacterial cell wall | & [~ AN 08 -+ 11 L § o NN OH
construction. In addition, there is no known human alanine 3 X | A & o |
racemase, and thus alanine racemase represents an ideal targeto E», " Z+

for new antibiotic design. Inhibitors of alanine racemase, such I o m

as D-cyclosgrine, are of particular interest as.agents against,:igure 1. The reaction of pyridoxal phosphatg) vith an oa-amino

Mycobacterium tuberculosisHowever,p-cycloserine and most g (1) to form a Schiff basell ).

other known alanine racemase inhibitors are suicide inhibitors

that form a covalent adduct with the pyridoxdt@hosphate Schiff base remains bound in the protein but is not covalently

(PLP) cofactor or the protein. In addition, clinical application attached to the protein, it is called arternal aldimineWhen

of these inhibitors results in an array of serious side effects, PLP is covalently attached to a protein, generally by formation

especially neurological, presumably because these inhibitors areof a Schiff base with the-amino group of the side chain of a

not specific for alanine racemase but are specific for PLP. In lysine residue, this is called anternal aldimine

the present paper, we report on a theoretical model for alanine  The class of enzymes which utilize a vitamin B6 derivative

racemase complexed with its natural substrate and cofactor, anchs a cofactor is of particular interest because the Schiff base

we discuss the unique features of the interaction between thelll may proceed along many different possible reaction paths

substrate and the alanine racemase active-site region. toward completely different products, depending on which
Catalysis by alanine racemase depends on the cofactorenzyme serves as the catalyst. Enzymes in this class catalyze a

pyridoxal B-phosphate, a phosphorylated and oxidized form of diverse set of reactions that, in addition to racemization, include

vitamin B6. Pyridoxal phosphat¢)(combines with am-amino transamination, decarboxylation, and reactions of the amino acid

acid (I) to form a Schiff baselll ) as in Figure 1. When this  side chain. Itis of particular interest to understand the structural

and electronic features of the enzymes in this class that enable

T Northeastern University. . . -
 University of Houston. them to promote selectively one particular reaction.

8 University of California San Diego, and Howard Hughes Medical

Institute. Experimental Background

(1) Mandell, G. L.; Petri, W. A. Antimicrobial Agents. fhe Pharma- .
cological Basis of TherapeuticSth ed.; Hardman, J. G., Limbird, L. E., In 1997 Shaw, Petsko and Rirfgeeported the structure of
Eds.; McGraw-Hill: New York, 1996; p 1165. alanine racemase fromBacillus stearothermophilugo 1.9 A
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resolution. The structure is a dimer where the two chains have Theoretical Background
the same amino acid sequence and are structurally very similar
but not identical. Following ref 2, we shall designate the two
subunits as the unprimed and primed chains. Note that the
homodimer has two active sites which are both completed upon
dimer formation. Each active site is made up primarily of
residues from one chain (unprimed) but is completed by several
residues from the other chain (primed). In the reported structure
PLP forms an internal aldimine with the side chain of Lys39.
Upon introduction of free alanine into the active site, the
covalent attachment of the PLP to the side chain of Lys39 is
broken, and the PLP forms an external aldimine with the alanine.
Alanine undergoes enzyme-catalyzed racemization while co-
valently attached to the PLP. In other words, the reactive species
is the external aldimine, the Schiff base formed from PLP and
alanine. It is believed that the first step in the racemization
reaction is abstraction of the-hydrogen atom. Shaw et al.
suggest that the enzyme has two bases involved in this step
one for each enantiomérThe first of these bases is believed
to be Lys39 itself, the residue that forms the Schiff base linkage
with the PLP cofactor before the substrate binds. The authors
further suggest that the OH group of Tyr2@&om the other
monomer) is the second base. Tyr2é&s found to be part of

A number of theories concerning the mechanism of enzyme
action have been proposed. These include the effects of solvation
and desolvation in the region of the active %ifeand the
suggestion that electrostatic effects can play a major’rdfe.

Warshel 1113 has argued that enzymes function by solvent
substitution in the active site in the immediate region around
'the substrate and therefore lower the electrostatic energy
difference between ground and transition states.

Others suggest that low-barrier hydrogen bonds between the
substrate and multiple adjacent side groups in the active site
serve to activate the ground state or stabilize the transition state
and thus reduce the activation energy barfet’

To date there have been a few calculations reported on the
electronic structure of PLP Schiff bases. The electronic structure
at the AM1 level of some pyridoxal phosphate derivatives has
been reported by Nero et &b with a focus on the structures
believed to be the intermediates in transamination. In that paper,
the Schiff base was formed usiggaminobutyric acid (GABA)
instead of am-amino acid. Also, an OH group was used in
place of the phosphate. Calculations were performed on structure
[l and on the presumed transamination intermediates, namely
o a quinonoid structure and a ketimine structure. On the basis of
a hydrog(_en-bond_ed network consisting of Tyr26s166- thg atomic charges and HOMO and LUMO energies for the
Arg219-His200-His127-Glul61. structures at physiological pH, the authors conclude that the

Later, Stamper, Morollo, and Ringeeported the structure  An11 results predict labilization at the'¢arbon atom of the
of alanln_e racemase froBacillus stegrqthermophllusom- . pyridoxal moiety, rather than at thecarbon atom of the amino
plexed with an inhibitor, an external aldimine of PLP and alanine moiety. This prediction is contrary to observation for the
phosphonate. In this inhibitor, the carboxylate group of alanine .o <o mination reaction. However. this calculation was per-
is replaced by a phosphonate. These authors report that th%rmed for the free Schiff base and not for the enzyme-bound
Tyr2685 is in position to abstract the-hydrogen atom from Schiff base.
the L-alanine moiety of the external aldimine, while Lys39 is
in position to abstract the:-hydrogen atom from the corre-
spondingb-enantiomer. Thus, a two-base mechanism is sup-

(6) Dewar, M. J. S.; Storch, D. M. Alternative View of Enzyme

ported by this structure. . . . ReactionsProc. Natl. Acad. Sci U.S.A985 82, 2225-2229.
Very rec_ently, Wa_tanabe et |rep0rte_d on site-directed (7) Warshel, A.; Agvist, J.; Creighton, S. Enzymes Work by Solvation
mutagenesis studies in which the Tyr26&sidue was replaced,  Substitution Rather Than by Desolvatidtroc. Natl. Acad. Sci. U.S.A989

in that case by an amino acid which is completely unable (or 86, 5820-5824.

Lo . . 8) Vasilyev, V. V. Tetrahedral Intermediate Formation in the Acylation
significantly less able) to function as a base (phenylalanine, Stép) of Agelylcholinesterases: A Combined Quantum Chemi)c/al and

alanine, or serine). The mutant enzymes (Y265F, Y265A, and Molecular Mechanical Model. Mol. Struct. (THEOCHEM)L994 304,
Y265S) are poor catalysts for racemization. Rates for racem- 129-141.

At ; ; (9) Vernon, C. A. The Mechanisms of Hydrolysis of Glycosides and
ization of alanine are reported to decline by a factor of about their Relevance to Enzyme-Catalysed ReactiBnsc. R. Soc. London Ser.

104 These authors conclude that Tyr2@5the catalytic base g 1967 167 389-401.
for the conversion ofiL-alanine top-alanine. They further (10) Perutz, M. F. Electrostatic Effects in ProteiSgiencel 978 201,
conclude that Tyr265s the counterpart residue to Lys39, which  1187. . . . .
tal th y . £al .p t lani y (11) Warshel, A. Electrostatic Basis of Structafeunction Correlation
catalyzes the conversion ofalanine toL-alanine. . in ProteinsAcc. Chem, Red.981, 14, 284—290.
Alanine racemase has been shown to be bifunctional, in that  (12) Bajorath, J.; Kitson, D. H.; Fitzgerald, G.; Andzelm, J.; Kraut, J.;
at lower pH, transamination is also catalyzed. The optimum pH Hagler, A. T. Electron Redistribution on Binding of a Substrate to an

o Enzyme: Folate and Dihydrofolate ReductaBeoteins: Struct., Funct.,
for racemization was reported to be around 9-10, whereas theGenet_1991 9, 217-224.

rate of transamination is enhanced around pH 6. (13) Warshel, A.; Papazyan, A. Energy Considerations Show That Low-
In the present work, we construct a theoretical model for Barrier Hydrogen Bonds Do Not Offer a Catalytic Advantage Over Ordinary
interaction between alanine racemase, its substrate and cofactofYdrogen BondsProc. Natl. Acad. Sci. U.S.A.996 93, 13665-13670.

. ; . (14) Gerlt, J. A.; Gassman, G. P. An Explanation for Rapid Enzyme-
We examine how the Schiff base influences the enzyme and catalyzed Proton Abstraction from Carbon Acidsimportance of Late

More recently, higher-level ab initio calculations were
reported at electron-correlated levels for the Schiff base formed

how the enzyme influences the Schiff base. Transition States in Concerted MechanisthsAm. Chem. S0d.993 115,
11552-11568.
(2) Shaw, J. P.; Petsko, G. A.; Ringe, D. Determination of the Structure  (15) Kenyon, G. L.; Gerlt, J. A.; Petsko, G. A.; Kozarich, J. W. Mandelate
of Alanine Racemase froacillus stearothermophilust 1.9 A Resolution. Racemase: Structurd-unction Studies of a Pseudosymmetric EnzyAee.
Biochemistry1997 36, 1329-1342. Chem. Res1995 28, 178-186.

(3) Stamper, C. G. F.; Morollo, A. A.; and Ringe D. Reaction of Alanine (16) Shan, S. O.; Herschlag, D. Energetic Effects of Multiple Hydrogen
Racemase with 1-Aminoethylphosphonic Acid Forms a Stable External Bonds— Implications for Enzymatic Catalysis. Am. Chem. Sod.996
Aldimine. Biochemistry1998 37, 10438-10445. 118 5515-5518.

(4) Watanabe, A.; Yoshimura, T.; Mikami, B.;. and Esaki, N. Tyrosine (17) Shan, S. O.; Loh, S.; Herschlag, D. The Energetics of Hydrogen
265 of Alanine Racemase Serves as a Base Abstracting a-Hydrogen fromBonds in Model Systems Implications for Enzymatic CatalysiScience
L-Alanine: The Counterpart Residue to Lysine 39 Specifio{alanine. 1996 272, 97—101.

J. Biochem1999 126, 781—-786. (18) Nero, T. L.; Iskander, M. N.; Wong, M. G. Transamination of

(5) Kurokawa, Y.; Watanabe, A.; Yoshimura, T.; Esaki, N.; Soda, K. y-Aminobutyric Acid: A Semiempirical Molecular Orbital Study of the
Transamination as a Side Reaction Catalyzed by Alanine Racemase of Transaminase Mechanisrd. Chem. Soc., Perkin Trand993 2, 431-
Bacillus stearothermophilus). Biochem1998 124, 1163-1169. 436.
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Figure 2. The atom naming scheme for the Schiff basi )( or
aldimine, formed from the addition of alanine to pyridoxal phos-
phate ().

from pyridoxal phosphate and alanitfeThese authors address
how the pyridoxal functionality may facilitate enzyme-catalyzed
decarboxylation. It was also found that the Hartré®ck level

of theory overestimates the activation energy barrier, indicating
that electron correlation is important, particularly in the
characterization of the transition state.

Methods

First an ab initio calculation was performed at the HartrEBeck
level for the Schiff baselll ) formed from PLP and-alanine, using
the GAMESS packag®.A double< basis sét was used for the O, N,
C, and H atoms. The correlation consistent polarization valence triple-
(cc-pVTZ) basis set of Woon and Dunniigvas used for the P atom.
Full geometry optimization was performed. These calculations were

performed using parallel processors on a CRAY T3E supercomputer.

The atom numbering scheme for the Schiff base is shown in Figure
2. Partial atomic charges needed for molecular modeling force field
parameters for the Schiff basiél () were obtained based on théwdin
atomic charges from the ab initio calculation.

A model structure for the protein-bound Schiff base (external
aldimine) was made using the bond distances and the bond angles fro
the geometry optimization and the dihedral angles of the inhibitor
structure reported by Stamper efalVe refer to this structure as the
model protein-bound external aldimine (MPBEA).

Potentials were calculated and protonation states were predicted for

all of the titratible groups in alanine racemase, using th& p
proceduré®? implemented in the UHBD prografi.This calculation

(19) Bach, R. D.; Canepa, C.; Glukhovtsev, M. N. Influence of
Electrostatic Effects on Activation Barriers in Enzymatic Reactions:
Pyridoxal B-Phosphate-Dependent DecarboxylatiomeAmino Acids. J.

Am. Chem. Sod999 121, 6542-6555.

(20) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.;
Gordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A;;
Su, S. J.; Windus, T. L.; Dupuis, M.; Montgomery, J. A. General Atomic
and Molecular Electronic Structure Systedn.Comput. Cheml993 14,
1347-1363.

(21) Dunning, T. H., Jr. Gaussian Basis Functions for Use in Molecular
Calculations. I. Contraction of §9p) Atomic Basis Sets for the First Row
Atoms.J. Chem. Phys197Q 53, 2823-2833.

(22) Woon, D. E.; Dunning, T. H., Jr. Gaussian Basis Functions for Use
in Correlated Molecular Calculations. Ill. The Atoms Aluminum through
Argon. J. Chem. Phys1993 98, 1358-1371.

(23) Antosiewicz, J.; Briggs, J. M.; Elcock, A. H.; Gilson, M. K.;
McCammon, J. A. Computing the lonization States of Proteins with a
Detailed Charge Modell. Comput. Chenil996 17, 1633-1644.

(24) Briggs, J. M.; Antosiewicz, J. Simulation of pH-dependent Properties
of Proteins Using Mesoscopic Models. Reviews in Computational
Chemistry Lipkowitz, K. N., Boyd, D. B., Eds.; VCH: New York, 1999;
Vol. 13, Chapter 5, pp 249311.

(25) Madura, J. D.; Briggs, J. M.; Wade, R. C.; Davis, M. E.; Luty, B.
A.; llin, A.; Antosiewicz, J.; Gilson, M. K.; Bagheri, B.; Scott, L. R;;
McCammon, J. A. Electrostatics and Diffusion of Molecules in Solution:
Simulations with the University of Houston Brownian Dynamics Program.
Comput. Phys. Commut995 91, 57—95.

Ondrechen et al.

Table 1. Loéwdin Atomic Charges for the Schiff Base

atom charge atom charge atom charge atom charge
N1 -0.14 P -199 C4 -0.09 HA +0.14

H1 +0.28 OP1 -0.06 C4A +0.20 CB -0.29

Cc2 +0.03 OP2 -0.05 H4A +0.20 HB1 +0.14
C2A —-0.26 OP3 —-0.02 C5 —0.00 HB2 +0.12
H2A1 +0.15 C6 -—-0.05 C5A +0.09 HB3 +0.13
H2A2 +0.14 H6 +0.16 H5A1 +0.13 C +0.22
H2A3 +0.09 N —0.16 H5A2 +0.10 O —0.55

C3 +0.14 HN +0.34 OP4 +0.05 OXT -0.54
O3A —-057 CA -0.07

Table 2. Predicted Average Net Charge for Selected Residues of
Alanine Racemase

calculated charge at pH 7.0

residue AA MPBEA not bound MPBEA bound*
39 LYS 0.91 0.92
39 LYS 0.94 0.99
129 LYS 0.14 0.14
129 LYS 0.17 0.08
265 TYR —0.37 0.00
265 TYR —-0.37 —0.38
311 CYs —0.73 —0.07
311 CYs —0.72 —0.70

aMPBEA bound to unprimed (B) chain.

Table 3. Predicted Net Charge as a Function of pH for Selected
Residues of Alanine Racemase

calculated charge at pH

residue 5.0 6.0 7.0 8.0 9.0 10.0
TYR265 -0.19 -0.28 -0.38 -0.51 -0.66 -—0.77
Cvys311 -038 -054 -070 -0.83 -0.92 -0.96
LYS 39 0.98 0.96 0.92 0.81 0.68 0.56
LYS 129 0.58 0.35 0.14 0.06 0.03 0.02

was performed on the protein without the Schiff base and again on the
protein with the MPBEA present in the active site. The calculations
ere also performed on the protein with Lys129 in carbamylated f&rm.
arameters for carbamylated lysine (KCX) were based on an ab initio
calculation onN-methyl carbamate [CHNHCO,].2”

Results and Discussion

Table 1 gives the Lwdin charges obtained by the ab initio
calculation for the atoms of the Schiff base. These charges were
used for the molecular modeling force field parameters for the
Schiff base.

Upon calculation of the electrostatic potentials and prediction
of the charge states for the ionizable groups of alanine racemase,
some rather unusual charge states were found for certain
residues. Table 2 shows the calculated net average charge for
selected residues of the apoenzyme (the protein with no Schiff
base bound) and for the protein with the MPBEA present in
the active site of the unprimed chain. (For purposes of the
present calculation, the B chain is the unprimed chain, and the
A chain is the primed chain.) Table 3 shows the predicted net
average charge for some selected residues as a function of pH.
Results were obtained in the same fashion as for Table 2. The
pKJ's for the individual residues were calculated by interpola-
tion. Table 4 shows the predictedKgps for selected residues.

(26) Morollo, A. A.; Petsko, G. A.; Ringe, D. Structure of a Michaelis
Complex Analogue: Propionate Binds in the Substrate Carboxylate Site of
Alanine Racemasdiochemistry1999 38, 3293-3301.

(27) The following effective charge parameters were used for carbamy-
lated lysine (KCX): NZ—0.400; HZ1+0.250; CO+0.300; OC1-0.575;
0OC2-0.575. For the remaining atoms, the parameters used were the same
as for lysine.



Model for Enzyme Substrate Interaction J. Am. Chem. Soc., Vol. 123, No. 12, 2@883

Table 4. Predicted K, for Selected Residues of Alanine Racemase

residue AA predicted g,
129 LYS+ 5.3
180 TYR 10.1
182 TYR 10.7
201 CYS 8.4
265 TYR 7.9
311 CYS 8.6
311 CYS 5.8 Figure 3. A stereoview of the PLP and selected residues in the active
aNote: LYS+ denotes the conjugate acid of lysine. site of alanine racemase. Thaitrogen atoms of Lys39 and Lys129

are labeled NZ. The-hydrogen atom on alanine is labeled HA. Notice

All of the LYS residues, with the exception of Lys39 and ItS close proximity to the phenolic oxygen atom of Tyr26the sulfur
Lys129, are predicted to be fully protonated, or almost fully &tom of Cys311is labeled SG. Note its proximity to Tyr 268nd to
protonated, at neutral pH and all the way up to the pHLO the amino acid moiety of the PLP Schiff base.
range. Lys39 has a predicted average net charge of 0.92 at pHrable 5. Predicted Net Charges for Selected Residues for the
7.0 and of 0.68 at pH 9.0. Thus, some of the Lys39 residues in Uncarbamylated (Lys129) and Carbamylated (Kcx129) Enzyme at
an ensemble of alanine racemase protein molecules are unproPH 7.0 and pH 9.0
tonated in the #9 pH range and thus are able to act as a base. pH 7.0 pH 9.0

Another way to think of this is that the Lys39 has a shiftéd p residue with Lys129 with Kcx 129  with Lys129  with Kcx129
such that it is not protonated 100% of the time. This is consistent

with th_e earlier ass_ertio?ré that I__y339 serves as one of the ::ﬁgg ggf 8"378 (?.6768 g_'gg
bases in the catalytic racemization. Lys76 1.00 1.00 1.00 1.00
Even more unusual are the predicted charges for Lys129, Lys76 1.00 1.00 1.00 1.00
which are far less than the typical value1.00 at pH 7. There Lys140 1.00 1.00 0.99 0.99
is structural evidence that this residue is carbamylated in Lys140 1.00 1.00 0.99 0.99
nature?® The results of Table 2 are consistent with this 1Y'269 —0.37 —0.18 —0.65 —0.37
. S , , Tyr265  —0.37 -0.17 —0.68 -0.35
observation; a Lys129 residue is predicted to be most likely Tyr269 0.00 0.00 0.00 0.00
neutral at pH 7. Thus, itis able to act as a Lewis base and reacttyr269 0.00 0.00 0.00 0.00
with CO; to form the carbamate. Indeed, the conjugate acid of Tyr284 0.00 0.00 -0.01 -0.02
Lys129 has a very lowl,, predicted to be 5.3. Tyr284 —0.01 0.00 —0.02 —0.02
Of particular interest is Tyr265which is predicted to have Tyr3s4 —0.01 —0.01 —0.05 —0.08
significant negative charge at pH 7 and therefore is able to Tyf’?’sfl :8'% :g'gi :8'82 :8'32
function as a Brgnsted base. This is consistent with the structuralcys311 ~ —0.73 054 —0.92 ~086
data of refs 2 and 3, and with the kinetics and site-directed Cys315 0.00 0.00 —-0.02 —-0.02
mutagenesis results of ref 4. In nature, this enzyme is most likely Cys315 0.00 0.00 —0.03 —0.03
active at around pH 8. From Table 3, we see that for a pH greater €ys358 0.00 0.00 —0.03 —0.03
358 —0.01 0.00 —0.04 —0.05

than 8.0, the Tyr265residues are mostly negatively charged Cys35
and therefore available to serve as a Brgnsted base. Tyr180 and
Tyrl82 are listed in Table 4 as representative TYR residues. |t is also important to remember that Tyr268d Cys311
They have predicteda’s of 10.1 and 10.7, respectively, which  are actually part of the active site of the unprimed chain in the
are typical values for a TYR side chain. Tyr26bas an  dimer. These members of the primed chain are located near the
unusually low predicted i, of 7.9. dimer interface and serve as part of the active site of the other
Cys311is also likely to be ionized and could play a role in  chain. The external aldimine must be bound in the active site
2 shows a predicted net charge of abeil.7 for Cys31lat  charge states for adjacent residues Tyt26f Cys311 When
pH 7. According to ref 5, the optimum pH for racemization is - he external aldimine is in the primed chain, the predicted values
9-10. The results of Table 3 show that both Tyr2@®d {5 the average net charge for Tyr26fd Cys311lare more
Cys311 are well ionized in this pH range. Cys201 and Cys311 typical (close to zero). In the example shown in Table 2 the
are Ii.sted in Table 4 as representative .CYS resi.dues. They haveyciive site for the primed chain is unoccupied, and the active
predicted [Ka's of 8.4 and 8.6, respectively, which are typical  gjte for the unprimed chain contains the external aldimine. The
values for a CYS side chain. CYS 31as an unusually low  yreqicted net charges for Tyr265 and Cys311 are not unusual.

predicted K, of 5.8. . .
It is important to note that Tyr265and Cys31lare both . Since the expenmeptal structural ditauggest that Ly5129 .
located close to the amino acid moiety of the Schiff base, when is carbamylated and since the above results are consistent with
y this observation, the calculations of the potentials and the

the Schiff base is in its presumed reactive orientation. Figure 3 itrati ted for th ith Lvs129 |

shows a stereoview of the PLP and selected residues in the activéI ratjlon ?utrvgsf were_rregle a5e hor :}henzyrgg tW :j 3{8 h n

site of alanine racemase. The phenolic oxygen atom of Tyr265 carbamylated form. fable > Shows the predicted net charges
for selected residues of alanine racemase in both uncarbamylated

is abou 3 A away from theo-carbon atom of alanine. The sulfur

atom of Cys311(labeled as SG in Figure 3) is aldduA away (Lys129) and garbamylated (Kex129) form at pH .7'0 and pH

from the phenolic oxygen atom of Tyr26%G is also about 6 9.028 As one might expect, the presence of a negatively charged
carbamate in the active site has the effect of increasing (or

A away from theo-carbon atom of alanine. Both Tyr26&nd ) . . .
Cys311 have uncommonly negative charges. This suggests thatMaking less negative) the charge on adjacent residues. However,

the field of tthT prOte;n stabilizes nega_Fve charge. n .thIS regl_on (28) For the example shown in Table 5, no PLP is bound. The unprimed
of space. This could serve to stabilize an anionic reaction ang primed chains show slight differences because of their slight difference
intermediate during racemization. in structure.
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the unusual charge states reported above, although somewhat One of the most interesting features of the present results is
less pronounced, are still predicted even in the presence of thethat, while most of the ionizable residues have predicted charges
carbamate. about where one would expect them to be, many residues in
Table 5 shows that a small fraction of the Lys39 and LYys39 the region of the active site have predicted charges much lower
residues are predicted to be unprotonated at pH 7.0, although(or more negative) than expected. It appears that the enzyme
this fraction is smaller in the presence of carbamate. Lys76 andhas the ability to stabilize low charge in the region of the active
Lys140 are shown in Table 5 as more typical Lys residues. At sjte particularly in the area near the amino acid moiety of the
pH 9.0, the difference between Lys39 and the more typical Lys schiff base. It appears that the electric field of the protein matrix
residues is more pronounced, even in the presence of thejs gple to stabilize negative charge in the region of the active

carbamate. _ site. This may help to stabilize a carbanion intermediate and to
Table 5 also shows Tyr265 and Tyr2@6 be differentfrom er the activation energy for catalyzed racemization.

the more typical Tyr residues, 269, 284 and 354, although the Th . tal evid dth t it ¢
predicted charges for 265 are less negative in the presence of € expenmental evidence and he present results support a

carbamate. Likewise, Cys311 and Cys3shiow considerable two-base mechanism for the catalytic function of alanine

difference from the more typical Cys residues, 315 and 358. race_masg. We r_lote that Lys39 and Tyr2@$e both (_)nly
partially ionized in the pH range where the enzyme is most

Conclusions active for racemization. This means that they may be ampho-
teric; they can function as bases in the abstraction of the

in fact function as the catalytic base in the conversion of a-hydrogen atom and may also function as acids by donation

L-alanine tob-alanine. The predicted negative charge and the of a proton t(_) the intermediate, Fo f(_)rm the other (_anantiomer.
low pK, indicate that, for a substantial fraction of an ensemble ~ The experimental structure, kinetics, and site-directed mu-
of protein molecules, this side group is in the phenolate form tagenesis studies together with the present computational results
in the pH range where the enzyme is most active for racem- all paint a consistent picture about the mechanism of catalytic
ization (pH 7-9). function of alanine racemase. The phenolate side chain of

We also note that a small fraction of the Lys39 residues are Tyr265 adjacent to the alpha position of the substrate appears
not protonated in the pH range where the enzyme is most activeto be a unique feature of alanine racemase. Thus, if one wishes
for racemization. Thus, we predict that Lys39 is available, for to design a selective inhibitor for alanine racemase, strong
part of the time, as an unprotonated amine and therefore is ablecoupling to the phenolate ion of Tyr26S likely to be a useful
to serve as the catalytic base for the conversion-afanine to feature for selective binding.

L-alanine.
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The present results supply further evidence that Tyrd66s



