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ABSTRACT: The requirement fop-alanine in the peptidoglycan layer of bacterial cell walls is fulfilled in

part by alanine racemase (EC 5.1.1.1), a pyridoxght®sphate (PLP)-assisted enzyme. The enzyme
utilizes two antiparallel bases focused at theg@sition and oriented perpendicular to the PLP ring to
facilitate the equilibration of alanine enantiomers. Understanding how this two-base system is utilized
and controlled to yield reaction specificity is therefore a potential means for designing antibiotics.
Cycloserine is a known alanine racemase suicide substrate, although its mechanism of inactivation is
based on transaminase chemistry. Here we characterize the effects of a Y265F mutant (Tyr265 acts as the
catalytic base in the-isomer case) oBacillus stearothermophiluglanine racemase on cycloserine
inactivation. The Y265F mutant reduces racemization activity 1600-fold [Watanabe, A., Yoshimura, T.,
Mikami, B., and Esaki, N. (1999). Biochem. 126781—786] and only leads to formation of the isoxazole

end product (the result of the transaminase pathway) in the caseyfloserine, in contrast to results
obtained using the wild-type enzymeCycloserine, on the other hand, utilizes a number of alternative
pathways in the absence of Y265, emphasizing the importance of Y265 in both the inactivation and
racemization pathway. In combination with the kinetics of inactivation, these results suggest roles for
each of the two catalytic bases in racemization and inactivation, as well as the importance of Y265 in
“steering” the chemistry to favor one pathway over another.

p-Amino acids tend to be concentrated in bacterial cell to the pyridoxal cofactor via a Schiff base) and Tyr265
walls and the nervous system of mammals-4). In the from the opposing monomer{9). Upon formation of an
former casep-alanine ana-glutamate form an integral part  initial substrate-PLP aldimine, Lys39 abstracts a proton from
of the oligopeptide linker in the peptidoglycan layel).( the G, proton in then-isomer case, while Tyr26protonates
While p-glutamate is generated either via chiral reduction from the opposite face in a stepwise fashion to generate the
of a-ketoglutarate byp-amino acid aminotransferase-( L-enantiomer & 10—12). The opposite is true in the event
aAT! EC 2.6.1.21) or racemization by glutamate racemase of L-substrates. An intricate hydrogen bonding network at
(EC 5.1.1.3), alanine racemase catalyzes the reversiblethe active site of alanine racemase [including a carbamylated
isomerization between the isomers of alani®es( 39). The lysine residue13)] perturbs the K, of Tyr265 (~7.2) such
presence ob-amino acids in the oligopeptide cell wall linker  that functionality at physiological pH is feasibl@, (L0, 13,
is purported to serve a role in hindering protease activity. 14). How the ionization state of the system is regenerated

The mechanism by which alanine racemase facilitates for another round of racemization, however, is unknown.
racemization relies on the presence of a diametrically  aq 5 result of the restriction to the bacterial and fungal
opposed acid/base pair provided by Lys39 (originally bonded (5o alanine racemase provides a target for antibiotics. The
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standing mechanism and stereochemistry, and joins a lineEXPERIMENTAL PROCEDURES
of pyridoxal-dependent enzymes which carry out trans-
amination as a side reactio2q). It is of pathological interest
to note whether the cycloserine reaction scheme may also
hold true for serine racemase, a mammalian enzyme found
in brain tissue §, 21).

The first prototropic shift in cycloserine inactivation
requires both proper substrate chirality at thg gosition

Materials.p/L-Cycloserinep-alanine,L-alanine dehydro-
genase, and NADwere purchased from Sigma (St. Louis,
MO). p-Alanine was purchased from Aldrich (Milwaukee,
WI). CHES buffer and PEG 4K were purchased from Fluka
(St. Louis, MO).

Mutant Preparation Alanine racemase mutagenesis was
(from which the proton is transferred to cofactor’Cand carried out using the QuickChange site-directed mutagenesis

an appropriately positioned base to carry out the conversion.Kit (Stratagene, La Jolla, CA). Plasmid DNA was isolated
As alanine racemase is a two-base (Lys39 and Ty)265 from Escherichia colistrain DE3 transformed with pET21a

system, this prototropic shift is observed upon introduction cONtaining theB. stearothermophilualanine racemase con-
of either cycloserine isomerlf). On the other hand, StructpMDalr3 using the QlAprep Miniprep Kit (QIAGEN,
crystallographic studies using a single-base system (dialkyl- V@/eéncia Technologies, Carlsbad, CA3. _
glycine decarboxylase, EC 4.1.1.64) have shown that only Protein Purification. B. stegrothermpphmaianlne race-
L-cycloserine yielded the 3geometry about the Jposition mase was prepared as described previodsly The purified
expected of a ketimine, as tieisomer does not provide ~€nZyme was run over a Bio-Gel P-6DG (Bio-Rad) column
the proper chirality for proton abstraction by the active site (2 M x 45 cm) equilibrated and eluted with 100 mM Tris-
lysine (L9). Here we report kinetic and crystallographic tests HCI buffer (pH 8.5) containing 1 mM DTT and 1M PLP.
Using a Y265F mutant dacillus stearothermophiluslanine  Protein was concentrated using Amicon concentrators with
racemase to test the inactivation efficacy of both cycloserine & 10 kDa molecular mass cutoff.
isomers upon removal of one of the required catalytic bases. ~Crystallization.Alanine racemase crystals (0.6 mm0.6
While Tyr265 may not be directly responsible for carrying mm x 0.5 mm) were grown by the hanging drop method.
out inactivation per se, it has been suggested to serve alhe hanging drop contained /4. of the protein solution
critical role in controlling alanine racemase chemistry to (concentrated to 25 mg/mL), AL of 23% (w/v) PEG 4K,
favor racemization over such side reactions as the prototropic200 mM sodium acetate, a range 6f4.5% acetone and/or
shift inherent in cycloserine inactivation, (16, 22). Tyr265 ~ 0—1% benzamidine, and 100 mM Tris (pH 8.5). Drops were
is further believed to play a role in the transaldimination equilibrated against 7Q4L of the PEG 4K solution. Crystals
reaction required to form the initial external Schiff base with grown in this fashion have a distinct yellow color due to the
substrate 10). presence of PLP in an aldimine Iinkggél( 13). Stock
Independent results indicate this mutant is 1600-fold Solutions of 100 mMp- and L-cycloserine were prepared
slower at catalyzing racemization than the wild type, Using the components from the well solution, and exchanged
supporting the necessity of Tyr265 for a two-base mechanisminto drops containing crystals in/A steps over the course
(1). However, the results presented here show that ©Of 1 h
cycloserine in the presence of Y265F alanine racemase loses Data Collection and Processing. B. stearothermophilus
the 420 nm maximum (corresponding to the aldimine alanine racemase crystallizes in space gre@g,2;, and
species) 3-10 times faster than the wild-type enzyme in a contains a dimer in the asymmetric unit. All diffraction data
second-order rate process and inactivates 10 times slowetvere collected using an in-house CuxKotating anode
than the wild type, suggesting the importance of Tyr265 in source (RU-300B) running at 40 kW and 30 mA equipped
controlling kinetics at both the transaldimination and final With a RAXIS-IV image plate detector. Data for enzyme
inactivation step, albeit in an opposing manner. On the other crystals treated witb-cycloserine were collected under cryo
hand,L-cycloserine-derived kinetics demonstrate a biphasic conditions (using 30% glycerol as a cryoprotectant), while
loss of 420 nm absorbance and activity, suggesting two data for enzyme crystals treated withcycloserine were
different binding modes. One mode may be similar to collected at room temperature. Diffraction data were inte-
p-cycloserine binding (a binding mode possible due to the grated, scaled, and merged using the HKL software package
loss of the bulky hydroxyl group on Tyr265), leading to a (24). Processing statistics for the two data sets are outlined
rapid 420 nm absorbance loss (compared with wild-type in Table 1.
results) and inactivation. The second binding mode we Structure Solution and RefinemeRbr both data sets, the
observe most likely requires Tyr265 to act in aldimine native structure as a dimer was used as the starting model
formation and racemization, a process blocked by the (PDB entry 1SFT), excluding waters, bound PLP, acetate,
mutation. Therefore, the second binding mode leads to slowand Tyr265 (modeled initially as an alanine to preserve
formation of the geminal diamine and several possible connectivity) (1). Refinement was carried out to 1.95 and
inactivation pathways that arise as a result of the loss of 1.8 A in the case ob- and L-cyloserine, respectively. A
Tyr265. From these data, we propose Tyr265 is involved in subset of the data was set aside for cross validation (5%),
several crucial steps along the substrate binding, racemiza-and all refinement was carried out using a maximum
tion, and isoxazole formation pathway. More importantly, likelihood amplitude-based target function as implemented
the degree to which each step requires Tyr265 depends orin the CNS package2, 26). Refinement statistics for both
the initial chirality of the substrate or inhibitor, which yields data sets are summarized in Table 1.
complicated kinetic pathways. This provides for a difficult ~ The initial refinement consisted of rigid body refinement
task with regard to antibiotic drug design. Nevertheless, these(treating each monomer independently) followed by simu-
data allow for the further characterization of the cycloserine lated annealing torsion-based dynamics. Repeated rounds of
inactivation pathway in the case of alanine racemase. conjugate energy minimization and restrained, individual
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Table 1: Y265F Alanine Racemase Data Processing and
Refinement Statistics

DCS LCS
space group P212:2; P212:2;
unit cell
a(A) 84.97 98.8
b (A) 85.63 89.8
c(A) 97.96 85.2
resolution range (A) 50-01.8 50.0-1.95
no. of reflections (unique) 608518 681383
(66943) (91451)
I/o (highest-resolution shell) 8.9(2.1) 9.8(3.2)
completeness (highest-resolution shell) 88.8 (84.2) 90.9 (97.6)
Rmergé (%) (highest-resolution shell) 9.4 (46.7) 9.5 (30.0)
Riactor (Rired)® (%) 19.1(24.0) 17.8(20.7)
no. of protein residues 760 (380 pei760 (380 per
monomer)  monomer)
no. of water atoms 476 331
averageB factor 27.9 27.3

a Rmerge: leobs - Iavg|/z|obs b Rfactor = zHFobSI - |Fcalc||/Z|Fob§-
See Brunger25) for a description oRee

Ficure 1: D-Cycloserine-soaked Y265F alanine racemage
weighted electron density maps wi — F. coefficients (contour,
2.0u) at the active site. All atoms shown are from the final refined
model, and were not included prior to the phase calculation for the
shown maps. All figures were generated using POV S¢ri(88)

and rendered using POVRay (http://www.povray.org).

temperature factor minimization were interspersed with
manual inspection otra-weighted electron density maps
using O @7, 28). Before possible adducts at the active site
were evaluated, water picking and side chain modifications
or corrections were manually performed to improve model
phases. In the case pfcycloserineF, — F. difference maps
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Spectroscopy, enzyme solutions were allowed to sit for 1 h,
after which a second time-dependent absorbance recording
at 420 nm was collected to ensure the completion of
modification. These solutions were then passed over a P-6DG
column to remove excess inhibitor. Pyruvate was added to
each solution (150 mM), and absorbance recordings were
taken at time points immediately following, 24, 48, and 72

h post addition (Figure 3). Controls in which no pyruvate
was added were also performed.

Enzyme Assay&nzyme activity was followed at 37C
in the b — L direction using a coupled assay system with
L-alanine dehydrogenas2d). Assays were performed in 0.5
mL cuvettes containing 100 mM CHES buffer (pH 9.1),
including 5 mM NAD", 3 units ofL-alanine dehydrogenase
(1 unit converts Jumol of L-alanine to pyruvate and NH
per minute at pH 10 and 2%C), and 400 mMb-alanine.
Reactions were initiated by adding the desired amount of
alanine racemase and monitoring the appearance of NADH
at 340 nm (using am of 6220 M1 cm™).

Inactivation Kinetics.Inactivation of Y265F alanine race-
mase was assessed by incubating the mutant enzynad{()10
with the desired concentration of or L-cycloserine (in all
cases, [I]> [E] for observation of pseudo-first-order
behavior). At periodic intervals, 2@L aliquots of the
inactivation mixture were quenched in 445 of the assay
solution (as described in Enzyme Assays). The rate of activity
was plotted as a function of cycloserine concentration and
fit to a hyperbolic response using a Michaelenten type
equation kopdl)/(Ki + [I]) (Figure 4)].

UV—Vis Spectroscopyin all spectroscopy experiments,
to refers to the time at which cycloserine is introduced in
solution. Broad wavelength (36600 nm) scans of Y265F
alanine racemase were recorded at 1 min intervals for 20
min using the purified enzyme (1@V) following addition
of either 50 uM b-cycloserine or 1 mML-cycloserine.
Experiments were referenced against a solution lacking
cycloserine. In a separate set of experiments, varying
concentrations of cycloserine were added to the mutant
enzyme (1QuM), and the change in absorbance at 420 nm
was monitored &l s intervals for 16-:20 min. Changes in
absorbance (relative to absorbancetatand using the
absorbance dt, as a baseline) were plotted as a function of
time and fit to second- or third-order decay processes (i.e.,
two or three exponentials, Figure 7 or 8, respectively) in the
case ofb- andL-cycloserine, respectively.

RESULTS AND DISCUSSION

Experiments performed thus far regardingycloserine
inactivation of alanine racemase suggest the necessity of two
catalytic bases (Lys39 and Tyr2®%or the achievement of

were consistent with a closed, planar cycloserine ring (Figure the isoxazole end product). Because of this stereochem-
1), and appropriate parameters for this adduct were used inical requirement, detectable differences are observed in

further refinement rounds. Electron density maps in the

inactivation rates of the two isomers. Further, studies

L-cycloserine case suggested the presence of PMP, acetat@erformed using single-base PLP-dependent systems (e.g.,

and bound -cycloserine in addition to the closed ring species
(Figure 2). PMP/acetate;cycloserine, and the closed ring

decarboxylases and transaminases) imply that the stereo-
chemistry about the-carbon of cycloserine is crucial to

species were refined as alternate conformers with split achieving the initial prototropic shift, as the, @roton must

occupancies to avoid steric clashes.

Pyruvate Rescud-ollowing incubation of Y265F alanine
racemase (30@M) with either enantiomer of cycloserine
(10 mM for o and 40 mM forL) as described in U¥Vis

be in the proper orientation to permit access by the catalytic
base 19). This begs the question of how Tyr265 mutants
would affect inactivation kinetics and mechanisms, and what
this information yields with regard to inhibitor design.
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Ficure 2: L-Cycloserine-soaked Y265F alanine racemageaveighted electron density maps willy — F. coefficients (green; contour,
2.00) and F, — F. coefficients (blue; contour, 1d). (A) Maps shown before inclusion of the PMP and acetate model in the refined

phases. After refinement of PMP and acetate in the model, residual density is apparent near the acetate molecule that is consistent with

either the closed ring species (B) orcycloserine bound in the Michaelis complex (C and D).

100

80 \ )
. |l
< 60 ~
o —~—
£ —
c T
£ —_—
£ 40
[
x
20
0 -
T T
0 100 200
time (sec)

4000

% rescued Ay

40

30 4

20 4

B)

20 40 60

time (hr)

Ficure 3: PMP rescue experiments. (A) Addition ofcycloserine (10 mM, solid curve) arcycloserine (40 mM, dashed curve) before
addition of pyruvate. (B) Addition of pyruvate (150 mM) to eithecycloserine @) or L-cycloserine ©) after removal of cycloserine via

gel filtration.

Cycloserine-Mutant Enzyme Complexéstystallographic

1.8 A, respectively. In the former case, electron density maps
structures of botip- and L-cycloserine-inactivated Y265F  with F, — F¢ coefficients clearly indicate the presence of a
alanine racemase complexes were determined to 1.95 angblanar isoxazole ring, similar to that seen in the wild-type
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shows the raw data overlaid with linear fits.
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Ficure 5: Photodiode scans of Y265F alanine racemase upon
addition of 50uM b-cycloserine. The baseline was set to zero before
addition of cycloserine. The inset shotygsolid line) and; (dashed
line) scans using buffer as the baseline.
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-0.4 1 FiIGure 7: Spectral changes and respective fits at 420 nm as a

function of b-cycloserine concentration (range of 0.6Z5 mM)
upon incubation with Y265F alanine racemase. (A) Raw data
overlaid with double-exponential fits. Exponential factors (con-
strained to sum to 1.0) are plotted in panels B and C and fitted
-1.0 : . . . with hyperbolic saturation curves.
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A amine (PMP), in the presence of acetate or a combination
Ficure 6: Photodiode scans of Y265F alanine racemase upon of the two. The presence of acetate is most likely derived
addition of 1 mML-cycloserine. The baseline was set to zero before from the crystallization buffer, as the carboxylate binding
addition of cycloserine. The inset shotygsolid line) and; (dashed pocket of alanine racemase has been known to bind such
line) scans using buffer as the baseline. -

molecules {1, 13). Because of the ability to rescue the

cycloserine-inactivated alanine racemase complex (Figure 1)L-cycloserine-inactivated enzyme with pyruvate (th&eto
(16). This further implies a like pathway of inactivation in  acid of alanine, vide infra) and the potential reactivity of an
the mutant and wild-type enzymes in the presence of open ring form of cycloserine (discussed in more detalil
p-cycloserine. Tha -cycloserine complex, however, sug- below), PMP and acetate were modeled in this density
gested either a ring-opened form of cycloserine, pyridox- (Figure 2A). Upon refinement of this modél, — F. maps

-0.6 1

-0.8
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FiGuRe 8: Spectral changes and respective fits at 420 nm as a functieoyafloserine concentration (range 6f20 mM) upon incubation
with Y265F alanine racemase. (A) Raw data overlaid with triple-exponential fits. Exponential factors (constrained to sum to 1.0) are plotted
in panels B-D. Only panels B and D were fitted to hyperbolic saturation curves.

indicated residual density near the acetate species consisterdensity maps with B, — F. coefficients, so no alterations
with a closed ring adduct (Figure 2B) oicycloserine bound ~ were made to their atomic positions. Further, these outliers
in the Michaelis complex (Figure 2C,D). As the Y265F are consistent with previous resul& {3). TheL-cycloserine
variant retains 0.1% of the activity of the wild typ#, 30), model was very similar, with 605 residues (91.3%) in the
the presence of some cycloserine-derived isoxazole is notmost favored regions, 54 residues (8.1%) in additionally
surprising. However, the presence 6tycloserine in the allowed regions, and the same four residues (0.6%) in
Michaelis complex suggests one of two possibilities: either generously allowed regions. No residues were in disallowed
the base responsible for formation of the geminal diamine regions of the Ramachandran plot for either structure.
is hindered in some fashion, or this structure represents an Pyruvate Rescu€eThe crystallographic data derived from
alternative mode of binding such that accessibility from the Y265F complexed with.-cycloserine indicate either the
base to the amine group of cycloserine is not permitted. presence of an opened cycloserine ring (such as that shown
Therefore, PMP,L-cycloserine, and the isoxazole were by mechanism 7 in Scheme 1) or some form of PMP together
included in the model, although PMP is most likely the with acetate from the crystallization buffer (Figure 2). In
dominant species (i.e., of higher occupancy; however, the case of the latter, this can be tested via addition of the
occupancies of the two were not refined given the resolution a-keto acid of alanine, which would undergo a trans-
of the data). In both the- and L-cycloserine-inactivated  amination reaction [albeit potentially rarely given the prefer-
complexes, the overall topology of the active site is similar ence for racemization2@)] to regenerate the Schiff base.
to that of the native enzyme, thereby indicating the inhibitor This would lead to an increase in the 420 nm absorbance
did not significantly perturb the geometry about the active corresponding to the rescue of the aldimine, supporting the
site. results suggesting the formation of PMP. In contrast, Y265F
The final models were subjected to PROCHECK analysis alanine racemase incubated witkcycloserine should not
to assess model qualitl). Thebp-cycloserine model has  show this effect, as the structural results do not support the
602 residues (90.8%) in the most favored regions, 57 residuegpresence of PMP at the active site (Figure 1). Figure 3A
(8.6%) in additionally allowed regions, and four residues illustrates the effect of adding cycloserine, resulting in the
(0.6%) in generously allowed regions. Analysis of these four loss of the 420 nm absorbance until an equilibrium is reached
residues (Phe215 and Ser264 from each monomer) indicatedvith each isomer (roughly 5% of the original,g). After
unambiguous placement of the atomsjinweighted electron ~ removal of cycloserine via gel filtration, pyruvate was added
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Scheme 1: Proposed Cycloserine Inactivation Mechanism with Y265F Alanine Raéemase
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@ Only the inactivation process is shown from the quininoid species for the sake of clanty.

(Figure 3B) to each solution. In the casewmtycloserine, Table 2: Alanine Racemase Kinetics for the Wild Type and Y265F
no apparent effect on the absorbance at 420 nm was DCS LCsS
observed, even after 72 h [Figure 3®){. Conversely, -

pyruvate had an immediately measurable effect following Kobs (% 10°%) Ki koos(x107%) K
L-cycloserine derivitization [Figure 3BX)], which continued Wt Aszo >43 >10 6.0£ 0.4 8.6+1.3
over the course of 48 h before reaching an equilibrium er:?;é?/\/”;ﬁon 9 >4 10+01 6.0+1.8
roughly corresponding to the amount of enzyme not affected Y265F Aao (ki) 540+ 50 21404 220430 96435
by the burst phase (approximately 35%), which seems to , 190+ 10 25+03 06+01 14+4

agree with the crystallographic results indicating some Y265F enzyme 1.4+0.07 0.33+0.08  —
enzyme forming the inactivated isoxazole species (Figure _inactivation
2). Additional control experiments in which pyruvate addition 2 All rates are in units of §, and equilibrium constants are in units
was omitted following cycloserine removal did not show an of mM. ®wt data are corrected values from Fenn et &6)(
increase M4y (data not shown). The formation of the PMP
adduct suggested by the crystallographic results is supportedbf concentration and fit to an apparent first-order rate
by the UV—vis data, as only the-cycloserine-inactivated  constant, yielding an inactivation rate of 1:4 1073 s!
enzyme shows a broadening in the peak-820 nm (most (Figure 4 and Table 2). Similar experiments were performed
likely derived from a mixture of both the closed ring form with L-cycloserine, although the complexity of the process
and PMP, vide infra) 32). allowed an only qualitative assessment of inactivation. The
Kinetics of Inactiation. A straightforward means of inactivation process appeared to be biphasic, with a rapid
analyzing the form of PLP bound to the enzyme is burst phase followed by a slower phase that was difficult to
spectroscopic analysis, as the different ionic forms of the adequately measure given the technical limitations of the
coenzyme have significantly different spectral proper&. ( assay system. After incubation withcycloserine for ap-
Therefore, as the crystallographic experiments suggest theproximately 45 min, Y265F alanine racemase retained 98,
presence of two to three species in the case of inactivation83, 63, 57, and 49% activity using 1.0, 2.0, 5.0, 10.0, and
with L-cycloserine, spectroscopic analysis of the mutant 20.0 mM inhibitor, respectively (data not shown). The
enzyme in the presence of inhibitor may also support this appearance of a second-order (or higher) inactivation process
notion. Inactivation kinetics using-cycloserine performed  agrees with the crystallographic results, as the presence of
under pseudo-first-order conditions were plotted as a function different species at the active site implies multiple pathways.
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To further explore the Y265F inactivation pathway in the
context of cycloserine, spectroscopic profiles of the cofactor
during the course of the reaction were monitored. Initial
spectra exhibit the characteristic peak at 420 nm due to a
Schiff base linkage between Lys39 and the cofactor (insets
of Figures 5 and &, scan). Upon addition af-cycloserine,
Y265F alanine racemase exhibits a behavior similar to that
seen in the wild-type case, a rapid decrease in the aldimine
absorbance (420 nm) with a concomitant increase at 320 nm
(isosbestic point, 337 nm) (Figure 5), consistent with a
saturated C4position on the cofactor3@). Comparatively,
L-cycloserine yields a broadened spectrum in the 320 nm
regime and an isosbestic shift 56 nm upfield (Figure 6). This
is consistent with the formation of different end products in
the case ofb- versusL-cycloserine, as suggested by the
crystallographic and inactivation experiments.

It is also of interest to note that the described spectral
changes required vastly different concentrations of cyclo-
serine, 50uM and 1 mM in thep- and L-cycloserine
experiments, respectively. When the absorbance loss at 420
nm was monitored as a function of time;cycloserine
experiments show a rapid loss by addition 8L mM Ficure 9: Hydrogen bonding network from the amine group of
inhibitor (Figure 5, inset). Fits of these data to hyperbolic E:ggéogﬁriphz i%tggel}ﬂggr?\?éij ?%%P'lfix 5?3255 agglinti ri%%maasde
saturation curves yield two rates (i.e., two exgone_nnals) of Tyr43 are appropriately positioned %0 act és'cata?/yst)'/s for the
absorbance loss of 190 10°° and 540x 107°s™ (Figure formation of the initial geminal diamine (see the text for a
7 and Table 2). On the other hand, experiments utilizing discussion). PLP bound in the internal Schiff base configuration
L-cycloserine required concentrations of up to 40 mM prior via Lys39 is shown for clarity.
to full saturation (Figure 6, inset). These data required three geminal diamine intermediate. Previous theories regarding
exponentials to be adequately fit (except for the lowest the residue(s) involved in this step were based on only
cycloserine concentration, where the convergence of only Tyr265 (10). However, it is apparent from comparing Y265F
two of the exponentials was successful), two of which can alanine racemase bound tecycloserine with wild-type
be fit to a hyperbolic response (Figure 8 and Table 2). alanine racemase that either His166 or Tyr2®&y act in

Y265F Cycloserine Inaatation MechanismRecent evi- this role, and only in the case where stereochemistry of the
dence suggests racemization proceeds via a stepwise procesa;carbon is inverted, i.e., that of theisomer (Figure 10).
which is assumedly also true for cycloserine and requires aThis therefore suggests the possibility of two different
modification of the current cycloserine inactivation scheme binding modes for cycloserine (at least in the case of Y265F
(10, 16). Given a stepwise racemization, differences in alanine racemase), thereby providing a means by which two
absorbance at 420 nm must arise at a step prior to quininoiddiffering rates may arise.
formation, as all steps following this intermediate are If the model shown in Figure 10 is correct, then the amine
identical. As a buildup in the quininoid spectral maxima group of cycloserine would be in close contact with Tyr265
(~510 nm) is not observed, the difference in 420 nm such that steric hindrance may alter the rate of geminal
absorbance rates must therefore be due to loss of the geminatdiamine formation. This model may explain timereasein
diamine species formed during transaldimination. This agreesrate of spectral loss at 420 nm in the case of the mutant
with kinetic and solvent isotope effects using alanine as a versus wild-type enzyme in the casemstycloserine. In the
substrate, indicating that transaldimination in the—~ b wild-type case, Tyr265may be required for only racemiza-
direction is slower and primarily rate-limiting as opposed to tion, while His166 may be the major player in formation of
transaldimination in th® — L direction 33). Despite this, the geminal diamine species (and potentially transaldimina-
geminal diamine species have proven to be difficult to isolate tion in general), although steric hindrance between the
or observe in PLP system84, 35). More recent models  substrate and Tyr265may weaken interactions between
have instead suggested that conformational fluctuations playHis166 and the substrate. Additionally, Tyr265 may perturb
a role in rate determination, although this appears to be thethe K, of the surrounding groups such that transaldimination
case only at pH values near neutraliB6). is disfavored. Either of these cases would yield the observed

In light of a rate-limiting transaldimination process, the increase in the rate of geminal diamine formation observed
multiphase rates and the origin of the rate difference must here in the event ob-cycloserine bound to the Y265F
also be rationalized. The crystallographic results provide mutant. It is difficult to assign the biphasic nature of the
some clues about possible sources of multiphase rates, ag20 nm loss to mechanistic roles in thecycloserine case;
theL-cycloserine data imply the presence of some inhibitor one rate may represent formation of the geminal diamine,
bound to the enzyme but not covalently linked to the while the second represents an alternative binding mode or
pyridoxal cofactor (Figure 2). If these data are analyzed from loss of the external aldimine species (both at rates faster than
the standpoint presented in Figure 9, then either Lys39 orthat of the wild-type enzyme).

Tyrd3 appears to be appropriately positioned to act as the In contrast to the increase in the rate of spectral loss at
base involved inL-cycloserine transaldimination via the 420 nm in the Y265F versus wild-type enzyme, the rate of

cycloserine
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diamine) compared with His166 and Tyr26&hich could
account for a rate-limiting step in the caseLe$ubstrates.
Upon formation of the external aldimine, the lack of a
sufficient base (i.e., Tyr26pin this form of binding leads
Tyr265’ to an extremely slow deprotonation step for the purposes of
inactivation or racemization (thereby causing the indetermin-
able inactivation rate far-cycloserine), thereby opening the
possibility for alternative processes such as ring opening and
PMP formation to occurl; 30). However, it is difficult to
assign the remaining rates of 420 nm lods 6r the
apparently nonhyperbolic response, Table 2 and Figure 8)
4 to either of these possibilities. It is also possible that the
\1.6 burst phase described reflects the presence of some con-
taminatingp-cycloserine. Given the purity of the synthetic
L-enantiomer (99% as given by the vendor) and its slow rate
of conversion by alanine racemase compared with that of
cycloserine D-cycloserine, this possibility cannot be ruled out.
A modified version of the cycloserine inactivation mech-
anism including the Y265F data is shown in Scheme 1.
Pathways 1/1and 2/2 may consist of multiple binding
PMP possibilities (via His166 and Tyr26%and/or Lys39 and
FicURE 10: Model of theo-cycloserine hydrogen bonding network ~ Tyr43), thereby yielding different rates of inactivation and
from the amine group ob-cycloserine in the Michaelis complex 420 nm loss (this is indicated in Scheme 1 by the use of B
to wild-type alanine racemase. The model was generated bytg indicate a number of possible bases). Y265F alanine

superpositioning Y265F alanine racemase bound-¢gcloserine ; ~ ;
with wild-type alanine racemase, followed by inversion of the racemase shows a drop of approximately 1600-fold in terms

stereochemistry about thecarbon of cycloserine. In this instance, Of catalytic activity ¢, 30), yet the presence of 0.1% residual
His166 and Tyr265are appropriately positioned to aid in formation ~ activity in these mutants implis the possibility of solvent-
of the geminal diamine species. PMP from the Y265F structure derived base racemization in the case Le€ycloserine
bound toL-cycloserine is shown for clarity. (pathway 3), which seems feasible given the pH for kinetic
Y265F enzyme inactivatiodecreaseapproximately 10-fold ~ and crystallization experiments #s8.5. As this pathway is
versus that of the wild type (Table 2). This suggests Tyr265 most likely reduced by several orders of magnitude, this
is responsible for some step following formation of the leaves open the possibility of base-directed hydrolysis of the
ketimine, which seems reasonable given the distances to thecycloserine ring, potentially followed by decarboxylation or
cofactor in the wild-type studiesl§). Interestingly, this a prototropic shift and subsequent hydrolysis (pathway 7
implies Tyr265 plays a dual role as a regulator of racem- followed by pathway 8 in Scheme 1). This suggests an
ization (vide infra) and inactivation itself. This complicates important role for Tyr265 as a major regulator of racemiza-
matters with regard to drug design, as candidates that attemption, as it plays a key role in forcing the chemistry down
to exploit Tyr265 may have several effects on the mechanismthe racemization path before alternative pathways are ever
of action. borne out. Pathways 7 and 8 are similar to the previously
The spectral studies utilizing the mutant enzyme and suggested means of cycloserine inactivation of PLP-depend-
L-cycloserine are more complicated, as both the spectral andent enzymes, which include the possibility of enzyme
inactivation rates suggest a multiphase process. It is interest-acylation at the lactim portion of the ring, with the modifica-
ing to note that the burst phase in the Y265F with tion in this case tchydrolysisof the lactim ring 87). No
cycloserineA4, experiment ;) is similar in magnitude to  known evidence is currently available for any PLP-dependent
ratek; in the analogous Y265F withrcycloserine experiment — enzyme indicative of the acylation pathway in the case of
(220 and 190 &, respectively; Table 2). This suggests this cycloserine inactivation.
rate may be reflective of a similar process, such as an The rate ofb-cycloserine-derived inactivation indicates a
alternative binding mode farcycloserine that allows His166  decrease in rate by an order of magnitude in the Y265F
to facilitate transaldimination (similar to that illustrated in experiments (Table 2). This suggests Tyr265 is necessary
Figure 10). Alternative binding modes seem reasonable givenfor the final 1,3 prototropic shift required to form the stable
the lack of the bulky hydroxyl group from Tyr265. Such a isoxazole (pathway 5 or 6 in Scheme 1). This seems
form of binding may also explain the apparent biphasic loss reasonable given the4 A distance from Lys39 to the C
of racemase activity, as the binding mode shown in Figure position on cycloserine (data not shown).
10 would position Lys39 for inactivation without the need Y265F alanine racemase shows a preference ofor
for Tyr265, thereby giving rise to a second mechanism of cycloserine in terms of inactivation, evidenced both structur-
inactivation. The crystallographic data also support this result, ally and kinetically. Tyr265 mutation studies performed
as some evidence for the planar isoxazole is evident in theindependently using alanine as a substrate suggest a similar
electron density maps (Figure 2). Therefore, one of the slowerresult 2). Wild-type assays using various suicide substrates
rates of 420 nm loss (rate in Table 2) most likely arises  are consistent with an increased rate of inactivation for
from the “native” form of binding shown in Figure 9. In  p-substrates29). We attribute this difference to a different
this case, Lys39 and Tyr43 are poor at carrying out the initial mode of binding for formation of the external aldimine in
substrate binding event (i.e., formation of the geminal the case ofb-substrates (which may utilize His166 and

His166
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Tyr265 vs Lys39 and Tyr43 in the case ofsubstrates).
However, this is the first case using cycloserine in which
different end products are observed dependent upon initial
inhibitor chirality, which we attribute to the requirement for
Tyr265 in binding, racemization, and the prototropic shift
leading to inactivation. Further, it appears the initial trans-
aldimination process may play an integral role in determining
the inactivation process and/or rate. Therefore, molecules
which specifically utilize Lys39 as the basis of trans-
aldiminationandinactivation while discouraging protonation
by Tyr265 at G (exploiting differences in eitherkpvalues

or geometric restrictions) should increase the efficacy of
antibiotics by decreasing the potential for racemization. This
may partly explain why cycloserine is an effective inhibitor
even in the instance of the wild-type enzynig)( It should
also be possible to reverse this logic such that Tyr265 is
exploited; this has the potential added benefit of specificity
for PLP-containing enzymes with a base properly positioned
for such substrates (thereby avoiding single-base-utilizing
enzymes). This strategy is not without precedent: Thornberry
et al. have reported halovinylglycines that seem to operate
through such a mechanisa@j, although the potential uses
of such inhibitorsin vivo has yet to be fully explored.
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