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A Side Reaction of Alanine Racemase: Transamination of Cyclogérine
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ABSTRACT: Alanine racemase (EC 5.1.1.1) catalyzes the interconversion of alanine enantiomers, and thus
represents the first committed step involved in bacterial cell wall biosynthesis. Cycloserine acts as a suicide
inhibitor of alanine racemase and as such, serves as an antimicrobial agent. The chemical means by which
cycloserine inhibits alanine racemase is unknown. Through spectroscopic assays, we show here evidence
of a pyridoxal derivative (arising from either isomer of cycloserine) saturated at thea@¥bn position.

We additionally report the- andp-cycloserine inactivated crystal structuresBaiftillus stearothermophilus

alanine racemase, which corroborates the spectroscopy via evidence of a 3-hydroxyisoxazole pyridoxamine
derivative. Upon the basis of the kinetic and structural properties of both-thed p-isomers of the
inhibitor, we propose a mechanism of alanine racemase inactivation by cycloserine. This pathway involves
an initial transamination step followed by tautomerization to form a stable aromatic adduct, a scheme
similar to that seen in cycloserine inactivation of aminotransferases.

The L-isomers of amino acids are commonly found in means for “steering” the chemistry down the racemization
nature and produced through a variety of biosynthetic path as opposed to one of many other possible PLP-catalyzed
pathways {). However, formation of their enantiomeric pathways 4, 5). In the racemase mechanism, Lys39 and
mates typically requires some form of chiral reduction (e.g., Tyr265 act as the conjugate acid/base pair.
p-amino acid aminotransferase-AT),! EC 2.6.1.21) or an Cycloserine (4-amino-3-isoxazolidinone) is a naturally
enzymatically catalyzed equilibration about thecarbon occurring inhibitor of PLP-dependent enzymes. In either the
between the two isomers. Alanine racemase catalyzes thenaturalp- or synthetia_-isomer form, cycloserine acts as an
latter, and in bacterial species generatedanine, a constitu-  essentially irreversible inhibitor of many PLP-dependent
ent of the peptide linker found in the peptidoglycan layer of enzymes, including alanine racema$e-8). More recent
the cell wall @, 2). studies using-aAT inactivated witlp-cycloserine (PDB ID

Alanine racemase utilizes pyridoxal-phosphate (PLP)  2DAA) suggest a mechanism of inactivation that results in
to carry out racemization. The reaction is initiated by Schiff aromatization of the parent compound (Schemed})This
base formation between substrate and cofactor (a commonmechanism requires an initial transamination step (proton
step among all PLP-dependent transformations), following transfer from the substrate C2 to cofactor )C#orming an
which the substratex-carbon can be deprotonated and exocyclic ketimine that is no longer conjugated with the
stabilized through electron delocalization via the electrophilic pyridine ring. This ketimine can then proceed through a
pyridinium nitrogen. The resulting carbanion can then second prototropic shift, forming a stable covalent adduct.
undergo one of a number of mechanistic fates including NMR and IR spectra indicate cycloserine exists in solution
racemization, transamination, and various elimination reac- primarily in the lactim form, which affords the second
tions @). In the case of alanine racemase, the presence oftautomerization by sufficiently decreasing theroton K,
two bases (Lys39 and Tyr28% on either side of the to allow for the required acidbase chemistry to occu®y
pyridinium ring in an antiparallel configuration suggests a  Reaction of dialkylglycine decarboxylase (EC 4.1.1.64)
with L- or p-cycloserine follows a different reaction pathway
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Scheme 1: Current Mechanism of Inactivation of
Aminotransferases by Cycloserihe
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nation followed by inactivation; if so, we have sought to
determine which residues act in this role, and how this may
explain the oft-observed difference in reactivity between
enantiomers&). We have shown through the combination
of X-ray crystallographic and spectroscopic methods that
alanine racemase is inactivated by cycloserine through a
mechanism of inactivation similar to that ofaAT, but
requires different mechanisms dependent upon the initial
stereochemistry of cycloserine. The studies also suggest a
role for the active site residue Tyr265 in controlling the
reactivity of the PLP cofactor in addition to acting as a
catalytic base.

MATERIALS AND METHODS

Materials. b-Cycloserine,p-alanine,L-alanine dehydro-
genase, and NADwere purchased from Sigma (St. Louis,
MO). CHES buffer and PEG 4K were purchased from Fluka
(St. Louis, MO).L-Cycloserine was purchased from Jannsen
Chemical.

a Also shown are approximate absorbance maxima of each species. . ificati h hillzgani
Proton transfers are drawn as concerted mechanisms for the sake of rotein Purification. B. stearothermophilesanine race-

brevity.

is facing solvent, and therefore the’ sharacter of the bound
substrate is preserved. In the case of thisomer, the

mase was prepared as described previous). (Purified
enzyme was run over a Bio-Gel P-6DG (Bio-Rad) column
(2 x 45 cm) using 100 mM Tris-HCI buffer (pH 8.5)
containing 0.01% 2-mercaptoethanol and A@ PLP as

o-proton is directed toward the active site lysine, the base eluent. Protein was concentrated using Amicon concentrators
responsible for the prototropic shift which results in the with a 10 kDa molecular mass cutoff.

exocyclic ketimine-thus resulting in shgeometry at the

Crystallization.Alanine racemase crystals (0:6 0.5 x

o-carbon of cycloserine. However, this ketimine does not 0.3 mm) were grown by the hanging drop method using

undergo the second prototropic shift observed wHAAT

to form an aromatic adduct.

purified enzyme concentrated to 22 mg/mL. The hanging
drop contained 1@L of the protein solution, 1@L of 23%

The cycloserine studies presented thus far require forms(w/v) PEG 4K, 200 mM sodium acetate, and 100 mM Tris

of PLP chemistry not typical of alanine racemase. However, (pH 8.5). Drops were equilibrated against 700of the PEG
studies by Kurokawa et al. have shown transamination is 4K solution. As described previously4, 15), the crystals
observed once in every 1@urnovers {1). Consequently,  have a distinct yellow color due to the presence of PLP in
inactivation of alanine racemase by cycloserine could proceedan aldimine linkage. Stock solutions of 100 miM and
via transamination as detailed above. The impressive parti-D-cycloserine were prepared using the same components in
tioning between racemization and transamination is a sug-the well solution. A 2uL volume of the hanging drop was
gested result of the antiparallel two base system. Addition- removed and replaced with the inhibitor solution every 20
ally, the presence of a putative low barrier hydrogen bond min for 4 h. The crystals lost the yellow color within the
between Arg219 and the pyridinium nitrogen of the PLP ring first 30 min of buffer exchanges.
may not only facilitate carbanion formation, but may Data Collection and Processinghe diffraction data were
somehow be linked to reaction specificity2( 13). collected at room temperature using Cux Kradiation
Studies ofB. stearothermophiluslanine racemase with ~ generated by an in-house Rigaku 300B rotating anode X-ray
several suicide substrates (includingand p-cycloserine) generator running at 40 kW 30 mA. The diffraction images
indicate a marked difference in inactivation rates between were recorded using an RAX18V image plate detector.
the two isomers upon incubation with the enzyr8p This All diffraction data were integrated, scaled, and merged using
finding may have some relationship to the one base inhibition the HKL software packagé 6). The crystals have symmetry
mechanism for dialkylglycine decarboxylase, in that alanine P2:2:2;, and contain one dimer per asymmetric unit. The
racemase may only be capable of inactivation through onedata processing results for both data sets are outlined in Table
of the two catalytic bases while the second follows a different 1.
pathway or is impeded in some fashion. The support for this ~ Structure Solution and Refinementrystals of both
hypothesis lies in the seemingly ubiquitous number of PLP- inhibitor—enzyme complexes were reasonably isomorphous
dependent enzymes that employ a one base mechanism twith the crystal used in the determination of the native
achieve transaminatio), Alternatively, the differences in  structure reported by Shaw et d5], and therefore the native
rates may be due to intrinsic differences in the two catalytic structure as a dimer was used as the starting model, with
bases in the case of alanine racemd&je ( the PLP cofactor, acetate and water molecules removed from
The goal of this study has been to determine the inactiva- the original coordinate file (PDB ID 1SFT). All refinement
tion mechanism of cycloserine as it pertainsBostearo- procedures were done using the software package QRS (
thermophilusalanine racemase. Specifically, our interest lies Model and refinement statistics are listed in Table 1.
in determining whether alanine racemase does indeed follow Application of phases calculated from the original coor-
the aforementioned inhibition scheme of initiating transami- dinates resulted in initial crystallographefactors of 0.31
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Ficure 1: Stereoview obra-weighted simulated annealing omit maps in which all atoms shown were omitted from the Fourier synthesis.
Maps are shown at 1.8 for the L-cycloserine adduct only, as tlecycloserine maps appear similar. This figure was generated with
POVScriptt (http://www.brandeis.edu/fenn/povscript) and rendered with POVRay (http://www.povray.org).

Table 1: Crystallographic Data and Model Statistics

L-cycloserine Dp-cycloserine

data collection

cofactor derivative in the active site. The electron density at
the active site was consistent with a planar cycloserine ring
(sp? hybridized G) and a sp hybridized C4 carbon on the

space group P2:2:2; P2,2:2, PLP cofactor (Figure 1). A model of the cofactor derivative
unit CE" 09,16 0650 was built using the program INSIGHT (Molecular Simula-
§§A§ 90 24 8994 tions, Inc.) and the coordinates were added to the protein
c(A) 85.26 85.17 model. Water molecules that were observed in the original
resolution range (A) 202.2 20-2.0 native structure (PDB ID 1SFT) and whose electron density
no. of observations 218570 315226 was observed at these positions in the current structures were
no. of unique reflections 39472 60403 .
Rumerg® (%) 8.4 75 added to the models. These new models were then subjected
completeness, overall (%) 90.8 91.8 to further rounds of positional refinement as well as overall
completeness, outer stfell 92.3 56.8 and individual B-factor refinement procedures.
refinement statistics .
resolution rangeff/o(F) > 0; A] 20—2.2 20-2.0 Additional water molecules were located and added to the
ngo' of E‘;“/ﬂ)eCtions 23(‘)%94 2‘177531 models using the WATERPICK procedure in the CNS
actor (70 . . . . L.
"¢ (for 2340 and 1907 reflections: %)  23.1 235 program package. Refinement and quel q_uallty statistics
no. of protein atoms 6059 6049 for the complex structures are summarized in Table 1. The
no. of cycloserine-PLP atoms 44 44 final models were analyzed using PROCHECK. For the
no. of water molecules 254 188 L-cycloserine inhibited structure, PROCHECK determined
RMSD from ideality 0 . .
bond lengths (A) 0.02 0.01 that 91.7% of all the residues were in the most favored
bond angles (deg) 2.5 2.1 regions on a Ramachandran plot, 7.8% of the residues were
improper angles (deg) 17 15 in additional allowed regions, and 0.4% of the residues were
dihedral angles (deg) 25.9 25.6

2Unique reflections wherel/g(l) > 0). ® Rnerge = Z|lobs — lavgl/
Slops ¢ Outer shells are 2.282.20 A, 1.97-1.90 A for L-cycloserine
and p-cycloserine, respectively.Racor = =||Fobd — |Feaid [/Z|Fobd»
whereFqps is the observed structure factor amplitude dhgl is the
calculated structure factor amplitudeSee Brungerb) for a descrip-

tion of Reee.

(Riree Of 0.31) and 0.28 Ryee Of 0.27) for ther- and

D-cycloserine complex structures, respectively. The starting 1
models were then subjected to rigid body refinement.
Reflections in the 264.0 A resolution range were used for
both theL-cycloserine (5368 reflections) amdcycloserine
(6349 reflections) complex structures. The rigid body refine-
ment procedure, where each monomer was treated individu-

ally, lowered the crystallographiR-factor to 0.27 Ryee 0.28)

in generously allowed regions. For thecycloserine inhibited
structure, PROCHECK determined that 92.2% of all the
residues were in the most favored regions of a Ramachandran
plot, 7.2% of the residues were in additional allowed regions,
and 0.6% of the residues were in generously allowed regions.
No residues were found in disallowed regions for either
structure.

A series of simulated annealing omit mag§)( in which

5 residue segments were systematically omitted throughout
the entire chain of each monomer, were calculated to find
large conformational changes or rearrangements in the overall
fold. No such rearrangements were found in the structures
and there is interpretable electron density for most of the
protein. However, there are some surface residues where the
electron density is poor or absent.

and 0.27 Ryee 0.26) for theL- and p-cycloserine complex
structures. Subsequent rounds of positional refinement were Enzyme Assay€Enzyme activity was followed in the
carried out on each structure. For theycloserine complex, D — L direction by monitoring the increase in NADH at 340
the final positional refinement procedure in the initial round nm in a coupled assay with-alanine dehydrogenasé)(
used all the reflections in the resolution range of-2@ A An extinction coefficient for NADH at 340 nm of 6220 M

(30 280 reflections). This round of refinement yielded an cm™ was assumed. All reactions were carried out atG7
R-factor of 0.25 and a fred®-factor of 0.27. Difference  The assays were performed using 1 mL of 100 mM CHES
electron density maps with coefficients 2s—Fcaic andFops— buffer (pH 9.1) containing 5 mM NAD, 3 units ofL-alanine
Feac (18, 19) were calculated at this stage in the refinement, dehydrogenase (1 unit convertsmol of L-alanine to
providing interpretable electron density for a covalent pyruvate and Nklper minute at pH 10 and 2%C) and 100
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mM p-alanine. The reaction was initiated by adding the kinetics of inactivation provide information about the ef-

desired amount of enzyme. ficiency of this process for either isomer. Taken together, a
UV—Vis Spectroscopysamples of purified alanine race- mechanism for the overall reaction can be proposed.
mase (1.27 mg/mL) at 25C in 100 mM Tris buffer (pH Cycloserine-Enzyme Complex Structure$o directly

8.5) containing 0.01% 2-mercaptoethanol were used in all observe the inactivated enzyme, we determined the crystal
spectroscopic assays. Inactivation reactions were initiatedstructures of the-cycloserine complex to 2.2 A resolution
through the addition of the desired amount of eitheor and thep-cycloserine complex to 2.0 A. The presence of
p-cycloserine. Absorbance changes at 420 nm were recordedhe cofactor derivative in the active site of either structure
every second for 3 min and plotted vs time. For each isomer, does not induce any conformational changes in the enzyme.
inactivation ratesk;) were determined from double reciprocal The rms deviations between the nativ&)(and the cyclo-

plots according to eq 1. serine-enzyme complex structures are 0.06 and 0.04 A (C
and 0.21 and 0.19 A (non-hydrogen atoms), for thand
K ky D-cycloserine structures, respectively. In each structure, the
E+1 —k_*f El—EX (1) electron density of the cofactor derivative is consistent with

a closed planar ring and a saturated €drbon (Figure 1).

In all experiments, [[}> E such that pseudo first-order Consequ_entl_y, the model was bu_ilt as a 3-hydroxyisoxazole
behavior was observed. Additionally, spectra of the samples, PMP derivative and the appropriate parameters were used
using a broad wavelength range (3850 nm), were for the refinement. . _ . _
recorded at 1-min intervals for 20 min upon incubation with  1he electron density for Tyr265 is partially disordered in
cycloserine using a Hewlett-Packard YVis diode array ~ the p-cycloserine-enzyme complex structure, making po-

spectrophotometer. All reactions were referenced against aSitioning of the residue difficult. The modeled position is
cell containing protein in the absence of inactivator. based on the density observed for the beta and gamma

carbons indicating the directionality of the ring. Disordered
density for Tyr265 has been observed before in both the
native (L5) and the propionate complet4) structures. In
addition, it appears from the electron density that the nearby
Cys311 samples multiple distinct conformations, which may
be contributing to the disorder of the tyrosine side chain. In
its current position, the phenolic oxygen of Tyr265 is
approximately 3.0 A from the Catom of the isoxazole ring,
3.2 A from the PMP nitrogen and 4.2 A from the'@arbon.

The cofactor derivative is held in the active site by a
enetwork of hydrogen bonds similar to those found in all the
structures reported for this enzyme (Figures 2 and 3). A
carboxylate binding motif has been observed in structures
of alanine racemase in complex with acetdt®) (propionate
(14), and both the.- andp-isomers of alanine phosphonate
(4, Stamper, unpublished results). This same binding motif
is observed in both cycloserin@nzyme complex structures
interacting with the hydroxy imine that forms part of the
hydroxyisoxazole ring. The hydroxyl moiety interacts with
Argl36, Tyr265, and an active site water molecule, while
the nitrogen interacts with the backbone amide of Met312
and the same active site water molecule.

Inactivation ofb-aAT with cycloserine produces the same
derivative of PLP as seen here with alanine racemase. The
formation of identical product complexes for alanine race-
RESULTS AND DISCUSSION mase andp-aAT provides evidence for a transimination

reaction inherent in PLP-catalyzed transaminase acti9jty (

Alanine racemase has adopted a structural configurationThis capability has been demonstrated previously using an
that allows for a highly specific reaction chemistri/1], indirect assay involving tritium release from'fH]PMP
leading to racemization over other transformations that canincubated with apo alanine racemas#, 21). In the specific
be catalyzed by PLP. Therefore, it seems unusual that acase of cycloserine, transimination must then be followed
transamination-based inactivator would have a reasonableby irreversible tautomerization of the ketimine to form a
effect on this racemase)( Also, the observation that the stable isoxazole (Scheme 1), as seen in the planarity of the
two isomers react at different rates implies a like conclusion cycloserine ring and Sghybdridization on C4(Figure 1).
to that of dialkylglycine decarboxylase; substrate chirality Also, the initial proton transfer from substratg t© cofactor
may dictate the pathway of inactivation. The mechanism of C4 occurs irrespective of initial inhibitor chirality, a
inactivation of alanine racemase byandp-cycloserine has ~ phenomenon not seen in dialkylglycine decarboxyld€. (
been studied both structurally and kinetically. The structures This suggests that either both Lys39 and Tyr265 are capable
provide the form of the inactivated protein, thereby defining of carrying out the aldimine to ketimine conversion, or that
the type of chemistry that must occur at the active site. The only one base is capable of the transimination reaction and

Time Dependent Inactation. Inactivation of alanine
racemase by- or p-cycloserine was determined by incubat-
ing the enzyme (696 nM) with varying concentrations of
either enantiomer of cycloserine. The inactivation reaction
was quenched by diluting the enzysiahibitor mixture 100-
fold into ice-cold 100 mM Tris buffer (pH 8.5) containing
0.01% 2-mercaptoethanol. A total of & of this solution
was then used in the activity assay. In each experiment, the
enzyme was incubated until the remaining activity was equal
to or less than 50% of the original. Two activity measure-
ments were taken at each time interval. The resulting averag
remaining activities were then plotted versus time. For each
isomer, the limiting inactivation rate was determined from
a double reciprocal plot as per eq 1.

Circular Dichroism. The racemization of either enanti-
omers of alanine or cycloserine was tested by incubating the
desired substrate (5 mM for alanine, 10 mM for cycloserine)
at 25°C in 50 mM borate (pH 9.1) containing 100 mM KClI,
and recording the CD signal (at 215 nm for alanine, 264 nm
for cycloserine) as a function of time. Reactions were
initiated by the addition of enzyme (0.015 and 0.046 mg/
mL for alanine, 0.15 mg/mL for cycloserine). Wavelength
scans (206350 nm) were also performed before and after
the completion of each reaction.
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Ficure 2: Schematic diagram showing the interactions between the 3-hydroxyisoxazole PMP derivative derivedyaoserine and
the amino acids and water molecules in the active site. Prime labels indicate residues donated by the other subunit in the dimer. Atoms
labeled are in PDB format.
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Ficure 3: Schematic diagram showing the interactions between the 3-hydroxyisoxazole PMP derivative deriveetyidaserine and
the amino acids and water molecules in the active site. Prime labels indicate residues donated by the other subunit in the dimer. Atoms
labeled are in PDB format.

racemization to a specific enantiomer is required prior to contrast to the currently available, single-base-catalyzed
this step. In either case, both bases are required to inactivateycloserine inactivation mechanism for PLP-dependent en-
the enzyme; only the mechanistic role each base performszymes (Scheme 1)8(-10). Therefore, spectral and time-

in the two possibilities is different. These models are in dependent inactivation analyses were carried out to elucidate
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Ficure 4: Accumulated diode array scans of alanine racemase overFIGURE 5: Time dependent loss of absorbance at 420 nm upon
a 20 min incubation withb-cycloserine (absorption at 420 nm incubation of alanine racemase with @)( 4 (O), 8 (v), 10 (v),
decreases with a concomitant increase at 318 nm). Inset: wave-and 20 mM ®) L-cycloserine. Inset: double reciprocal plot.
length scan of alanine racemase before (solid ltgeand after

(dotted line,t;) addition ofp-cycloserine. Scans far-cycloserine 55 £ /

appear similar (not shown). =

the mechanism in the two-baBestearothermophiluglanine
racemase system.

Kinetics of Inactiation. PLP-dependent enzymes have
several characteristic absorption maxima dependent upon th
form of bound cofactor (Scheme 1), which allow chemical
differentiation between the potential adducts generated upon
substrate binding2Q). Spectral analyses of nati& stearo-
thermophilusalanine racemase show an absorption peak at
420 nm (Figure 4 insetty scan), indicative of bound
pyridoxal in an aldimine linkage. Upon formation of a
saturated C4carbon on the cofactor, such as occurs in PMP,
the absorption maximum shifts apprOXimately 100 nm 0 zlo 4I() 5Io 8lo 1(I)0 1éo 1:10 1;I50 180
downfield to 320 nmZ2). This phenomenon was observed time (sec)
upon mcubgtlon o_f alanlne_ racemase with elthe_r enantiomer g e 6: Time-dependent loss of absorbance at 420 nm upon
of cycloserine (Figure 4 inset; scan). There is a clear incubation of alanine racemase with O®)(0.25 ©), 0.5 (¥), 1.0
decrease in absorbance at 420 nm with a concomitant(v), 1.25 @), 2.5 (J), 5 (®), and 10 mM ©) p-cycloserine. Inset:
increase at 318 nm, yielding an isosbestic point at 337 nm double reciprocal plot.

(Figure 4). The changes in absorbance at 420 nm upon
incubation with.- or b-cycloserine follow first-order kinetics ~ Table 2: Kinetic Parameters for Cycloserine with Alanine

5.0

bsorfance - 420nm)

ga

In(% remainin

(Figures 5 and 6, respectively). Analysis of these data Racemase

according to eq 1 (inset, Figures 5 and 6) generates the rate DCS LCS

constants presented in Table 2. measured parametek, x 102 K; (app) kx 103  K;(app)
The shift in absorption maximum upon incubation of A420nm 36£23 12+£02  6.4+04 11+0.2

alanine racemase with cycloserine (Figure 4) supports thenzyme inactivation 1610 0.13+0.01 0.92£0.13 0.080.01
structural observation of internal aldimine conversion to _ *Wherek: is the rate (mM s) andKi(app) is k-1/ki) from eq 1.
cofactor saturated at C4i.e., transimination) 22). While
this defines some of the chemical species in the inactivationand 8, summarized in Table 2) of alanine racemase-by
pathway, a number of intermediates proposed have similarand p-cycloserine show a significant difference in rates
or identical absorption spectra and cannot be individually between the two enantiomers, an observation not uncommon
distinguished. Thus, the changes in absorbance maxima oto inhibitors of alanine racemase in geneBl This disparity
various PLP species, while monitoring cofactor chemistry, must be due to a difference in the first irreversible dteps
do not directly yield a quantitative measure of enzyme in eq 1. This suggests two different inactivation pathways
inactivation. To establish these rates, Figures 7 and 8 showfor the two isomers with an order of magnitude difference
the time-dependent inactivation of alanine racemase afterin rate between them. Previous theories speculated that both
incubating the enzyme with varying concentrations of either isomers bound in similar orientations, resulting in steric
isomer of cycloserine and determining the percentage of hindrance of one enantiomer. However, the two base
remaining activity as a function of time. The inactivation mechanism does not lend support to this hypothe&i,(
rates derived from the double reciprocal plots (inset, Figures 8, 23).
7 and 8) according to eq 1 are presented in Table 2. In comparison to the time-dependent inactivation studies,
Both the rate in absorbance loss at 420 nm (Figures 5 andthe spectral changes at 420 nm occur at a faster rate (Table
6) and the time-dependent inactivation analysis (Figures 7 2). While the difference is slight (36-fold), this indicates
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Ficure 7: Time-dependent inactivation of alanine racemase upon
incubation with 2 @), 4 (O), 6 (¥), 8 (v), and 20 mM M)
L-cycloserine. Inset: double reciprocal plot.
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Ficure 8: Time-dependent inactivation of alanine racemase upon
incubation with 0.5@), 0.75 ©), 1.0 (v), 1.25 (), 1.5 @), and
2.0 mM @) p-cycloserine. Inset: double reciprocal plot.

the potential for reversibility upon loss of the aldimine
linkage. Therefore, inactivation of alanine racemase by
cycloserine must rely upon the formation of the stable
isoxazole resulting from the final tautomerization.
TheKi(app) values determined from inactivation kinetics
must be taken with caution, as sukh values may differ
from those derived directly from competitive inhibition
kinetics @4). Nonetheless, if we assume that tkgapp)
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Tyr265’

419 7N
338,/
" /3.46 4.47
{317 14.26

Lys39

Ficure 9: Final model of the 3-hydroxyisoxazole PMP derivative
(derived fromL-cycloserine). Distances are shown (A) for thé
p-isomer from either Lys39 or Tyr265 to the;GC,, or C4 on the
isoxazole. Prime labels indicate residues donated by the other
subunit in the dimer.

racemization of cycloserine is certainly possible on the

enzyme without release of the enantiomer before transimi-
nation occurs, and therefore cannot be ruled out in mecha-
nisms which describe its inactivation pathway.

Mechanism of Inactiation. Cycloserine inactivation re-
quires two prototropic shifts, one in which transimination
occurs and a second which forms the stable isoxazole. In
the aldimine to ketimine (i.e., transimination) conversion step,
the crystallographic experiments offer a possible candidate
for proton transfer in the case of both cycloserine isomers.
While either Tyr265 or Lys39 can deprotonate threarbon
of substrate, the phenolic oxygen of Tyr265 sits 4.5 A from
the C4 carbon on the isoxazole ring ofcycloserine (Figure

values for the spectral studies at 420 nm represent the trued). At these distances, it seems unlikely that Tyr265 could
K; (if the mechanism in Scheme 1 holds for alanine racemase,act as an acid or base, though it is conceded that this structure

vide infra), then the rate of inactivationky(in eq 1)
approaches thk; for the p-enantiomer (Table 2). In such a

may not accurately represent the distances that exist between
these atoms during the course of the reaction. Under these

case, saturation kinetics may be difficult to observe, borne circumstances, the Cdtom, and therefore the entire cofactor,

out as large errors such as those given forghisomer in
Table 2.
Racemization of Cycloserindo determine whether cy-

would need to move toward Tyr265 by more than 1 A.
Further, no manual torsioning of the side chain is possible
to permit the phenolic oxygen of Tyr265 to come within the

closerine undergoes any detectable enzyme-catalyzed racedistances typically required for acidbase chemistry. On the

mization, circular dichroism studies were performed. Incu-
bation of alanine racemase with either isomer of alanine
shows rapid equilibration within one minute (data not
shown). However, experiments utilizing either enantiomer
of cycloserine show slight to negligible racemization within
the linear range of the instrument over a period of 15 min

other hand, Lys39 is 2.3 A from Céh the same structure,

a reasonable distance for proton transfer. The second

prototropic shift is unclear, as Tyr265 varies between 3.0

and 4.2 A from thes-carbon of cycloserine, while Lys39 is

between 3.0 and 4.1 A from the same atom (Figure 9).
Therefore, we suggest two possibilities outlined in Scheme

and only at higher concentrations of enzyme. Nonetheless,2 to explain the differences in inactivation rates and identical
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Scheme 2: Proposed Mechanism of Inactivation for Alanine
Racemase by Cycloserihe
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Ky ks * ks

Here, the measured inactivation rates are then a combination
of inactivation ks) and the prior conversion from-Eto E-

I* (ko). For this to hold given the kinetic evidence thus far,
one of two possibilities can occur. Transimination (repre-
sented byk; in eq 2) may be fast in relation to inactivation
(ks), such that the inactivation rates represent intrinsic
differences ink; for the two isomers. Alternatively, trans-
imination may be slow in the-isomer case and fast with
thep-isomer, such that the inactivation rates reflect a change
in the rate-limiting step fronk; to ks. A slow inactivation
step seems reasonable given the lack of an obvious acid for
proton donation (Figure 9, represented as B in Scheme 2),
and therefore no assignment of its character is made in the
proposed scheme.

The results from these inactivation studiesBofstearo-
thermophilusalanine racemase by cycloserine have implica-
tions for the racemization mechanism. Specifically, alanine
racemase must control the cofactor to promote racemization

& Proton transfers are drawn as concerted mechanisms for the sakegver transamination with substrate. This study has shown

of brevity.

structural results. The first requiras to b-cycloserine
racemization before inactivation can take plake)), The
subsequent aldimine to ketimine conversidq) (invokes
Lys39, as it is in the correct position and orientation for the
required 1,3-prototropic shift. The resulting differences in
rates between.- and p-cycloserine are a result of the
additional racemization step that would be necessary in the
case ofL-cycloserine. For this to be true, racemization (at
least in theL to b direction) must be presumably slow in
relation to transimination. Additionally, the apparent lack of
racemization suggests thk must be fast in relation to
dissociation of inhibitor. The second possibility has the
internal aldimine species passing through two separate
transimination pathways depending upon the initial stereo-
chemistry of the inhibitor (ratds andky in Scheme 2). The
D-cycloserine pathwaykf) utilizes Lys39 in a dual role as
both acid and base. In theisomer caselg), Tyr265 acts

in the initial deprotonation of thex-carbon, leading to
protonation on the C4oosition by Lys39. For this scheme
to agree with the determined (first order) inactivation rates
and apparent lack of racemizatidg, must be slower than

k., and faster thark_;. This can be rationalized if Tyr265
abstracts the Cproton of theL-isomer, leaving Lys39 in
the incorrect protonation state Kp ~7.3) to effectively
reprotonate C4on the cofactor, thereby resulting in the
observed rate decreasekin versusk; (5).

On the basis of the evidence suggesting that the change

in absorbance (corresponding to loss of the aldimine with

concomitant increase in the ketimine species) is faster than o,

actual enzyme inactivation, all of the steps leading up to
ketimine formation can be considered reversible. Although
this ketimine product is the same for each isomer, the
Ki(app) values and rates of inactivation show a marked
difference (Table 2), indicating different rate limiting steps

that cannot arise solely due to a single step (represented by

ko) as per eq 1. Therefore, eq 1 must be modified such that
k. (from eq 1) consists of (at a minimum) two steps, as
indicated in eq 2:

that Lys39 is capable of both proton abstraction and transfer
(particularly between substratg @nd cofactor C4. While

the latter case leads to transamination (supporting earlier
studies suggesting this possibilitg1)), alanine racemase
uses Tyr265 in a diametrically opposed fashion that favors
the former reaction.
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