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ABSTRACT:. The effects of pH and isotopic substitution of substrate and solvent on the reaction of
kynureninase froniPseudomonas fluorescehave been determined. The pH dependende 8K for
L-kynurenine is bell-shaped, with appareit,js of 6.25+ 0.05 on the acidic limb and 82 0.1 on the

basic limb, and with a pH-dependent valuekgffKn, of 2 x 1 M~1s™%. The pH dependence &f./Kn

for 3-hydroxykynurenine is also bell-shaped, with appardafgof 6.49 £ 0.07 and 8.55t 0.09, and

with a pH-dependent value of 2,610 M1 s™1. Thekeafor L-kynurenine decreases at acidic pH values,

with an apparent I§, of 6.43 + 0.06 and a pH-dependent value of 7.s The solvent kinetic isotope

effect onkg for the reaction of kynurenine iftf]H,O is 6.56+ 0.59, whereas there is no normal kinetic
isotope effect orkea/Km, at pH 8.1. The proton inventory & fits very well to the GrossButler
equation, withx = 0.8254 0.08, suggesting that only a single proton is transferred in the rate-determining
step. In contrast, there is no significant kinetic isotope effect on ekheor KeafKm with a-[2H]-L-
kynurenine as the substrate. There is a “burst” of anthranilate (0.7 mol/mol of enzyme) formed in the pre
steady state of the reaction of kynureninase, with a rate constant of'54hich is not affected by
[H]H20. The partition ratio of alanine to pyruvate formation is Z310* in H,O and 6.9x 1 in
[°H]H.0. Taken together, these data indicate that the rate-limiting step in the reaction of kynureninase
occurs subsequent to the first irreversible step, which is anthranilate release, is general base catalyzed,
and involves transfer of only a single proton. On the basis of these observations, we propose that the
rate-limiting step in the reaction of kynureninase is ‘Gdéprotonation of the pyruvate pyridoxamine
5'-phosphate ketimine intermediate.

Kynureninase [EC 3.7.1.1] is a pyridoxal-phosphate isms, a similar enzyme reacts preferentially with 3-hydroxy-
(PLP)Y dependent enzyme which catalyzes the hydrolytic kynurenine in the catabolism of-tryptophan (Soda &
cleavage of_-kynurenine to anthranilic acid andalanine Tanizawa, 1979). In eukaryotes, this pathway is also
(eq 1). This reaction is a key step in the catabolism of responsible for the biosynthesis of NAD via the intermediacy

of quinolinate. Quinolinate is a neurotoxin due to its agonist
O NHg Coon effects on the NMDA receptor, and excessive levels have
Ej\/u\)\coo- o @[ " )N\”z* been implicated in the etiology of a wide range of diseases
NH, NH €00 M such as epilepsy, stroke, and neurological disorders, including
AIDS-related dementia (Sei et al., 1995, 1996; Saito et al.,
L-tryptophan byPseudomonas fluoresceasd some other ~ 1993a-c; Heyes et al., 1991a,b; Achim et al., 1993).
bacteria (Hayaishi & Stanier, 1951). In eukaryotic organ- We have studied the stereochemistry of the aldol and
retroaldol reactions catalyzed by kynureninase frém
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1993). These previous results have provided convincing the values ok..{Kn were calculated from the slopes of the
evidence that the mechanism of kynureninase proceeds vigplots of initial rate against concentration (calculated on the
a gemdiolate intermediate, but gave no insight into the basis of theL.-enantiomer) under pseudo-first-order condi-
identity of the rate-determining step in the reaction. In the tions. The protein concentration was determined using the
present work we have examined the effects of pH and of 280-nm absorbance, with'* = 14 (Moriguchi et al., 1971),
substrate and solvent isotopic substitution on the steady statesssuming a molecular weight of 46 10* based on the
and pre-steady-state kinetics to determine the mechanism ofamino acid sequence (Koushik et al., 1997).
kynureninase. The K, values in the pH dependencies were determined
by fitting the data to eqs 3 and 4 with the compiled

EXPERIMENTAL PROCEDURES

log V =log C/(1 + [HT)/K)) (3)
Materials Kynureninase was purified froR. fluorescens + +
(ATCC 11250) cells grown on a medium with 0.2% logV=log (C/(1+ [HVK,+ Ky/[H']))  (4)
L-tryptophan as the carbon and nitrogen source (Hayaishi &
Stanier, 1951), using modifications of previously described Ok .= (1 — n+ nv Pk (5)

protocols (Moriguchi et al., 1971; Ishikawa et al., 1989), or
from E. coli cells containing plasmid pTZ18U with tHe/n FORTRAN programs of Cleland, HABELL, and BELL,
gene ofP. fluorescensnserted into the linker (Koushik et  while the steady-state kinetic isotope effects were determined
al., 1997). The enzyme preparations exhibited specific with ISOVKV (Cleland, 1979). The proton inventory data
activities of 716 umol/(min-mg) at pH 7.8 and 25C. The were fitted to the GrossButler equation, eq 5 (Schowen
deuterium oxide gH]H,O) used in the solvent isotope effect and Schowen, 1982; Kiick, 1991), using EnZzfitter (Elsevier).
studies was obtained from either Isotec or Aldrich and was The K, values for anthranilic acid, kynurenine, and 3-hy-
greater than 99.8% deuterium.-Kynurenine sulfate and  droxykynurenine in agueous solution were estimated with
3-hydroxyoL-kynurenine were products of United States the SPARC [, calculator program (Hilal et al., 1994). For
Biochemical Corp. a-[?H]-L-Kynurenine was synthesized measurements in the pH range-695, potassium phosphate
from L-kynurenine by exchange of the-proton catalyzed  and triethanolammonium phosphate buffers were used, while
by tryptophan indole-lyase in?fi]H.O, and purified as  sodium acetate and trisodium citrate buffers were used in
described earlier (Faleev et al., 199034 NMR of the the pH range 5.86.5. For reactions irfH]H-0, all buffers
o-[?H]-L-kynurenine showed that exchange wa®9©8% and solutions were prepared in 99.84]H,0 from a freshly
complete, since no signal corresponding to ¢hbydrogen opened bottle. pH measurements were corrected for the
was observed. isotope effect on the glass electrode by addition of 0.4 to
Instruments The steady-state kinetic measurements were the observed reading. Inactivation experiments were per-
performed on a Cary 1E UV/vis spectrophotometer equipped formed in assay solutions containing 0.36 mMynurenine
with a 6 x 6 thermoelectric cell changer, controlled by a excluding PLP, and the absorbance changes at 360 nm were
Gateway 2000 80486 DX2/66 PC using OS/2 (IBM) software recorded for 120 min at 1-min intervals. The inactivation
provided by Varian Instruments. rate constants were determined from fitting of the time
Rapid chemical quench experiments were performed oncourses to eq 6, wher&A is the difference between the
an apparatus from KinTek Instruments (State College, PA). absorbance values at timesindt — 1. The inactivation
Anthranilic acid in the chemical quench experiments was obeyed first-order kinetics through at least 3 half-lives.
measured by high-performance liquid chromatography (HPLC)

on an instrument consisting of two Gilson model 502 pumps, AA = AAE™ (6)
equipped with a Gilson filter fluorescence detector model ) o

121, using an excitation filter with a band-pass of 3395 Rapid quench kinetic measurements were performed at
nm and an emission filter with a band-pass of 4860 nm, ~ 00m temperature (ca. 2&) by mixing 40uL portions of

and controlled by a Dell 80486 DX2/66 PC running Gilson €nzyme (8.4uM) and 1 mM L-kynurenine in 0.04 M
Unipoint software. The column used was a Whatman POtassium phosphate, pH 7.8. Corresponding solutions were
Partisphere C18, 4.6 250 mm. prepared inH]H,O for measurement of the solvent isotope
Methods. Steady-state kynureninase reactions were per- effect. Following quench, using 0.5 M HCIO50 uL of
formed at 25°C by following the decrease in absorbance of 1.0 M K:HPQ, was added to each sample, and&liquots
L-kynurenine at dmax of 360 nm (\e = —4500 ML cm™Y). were injected into the HPLC for anthranilic acid determi-

The kynurenine was varied at concentrations of about 0.5, nation. The solvent was 0.05 M NaP{,, pH 3.0/methanal,
1, 2, 4, and 6 time&y, in 0.04 M potassium phosphate, pH With & constant composition of 20% methanol for the first 5
7.8,0.04 mM PLP, in 1-mL reaction volumes, as described Min, and then a gradient from 20% to 50% methanol was

earlier (Phillips & Dua, 1991) VimaxandVima/Km values were  fun over the next 20 min. Under these conditions, anthranilic
obtained by nonlinear fitting to eq 2 using Enzfitter acid elutes 14 min after injection. A standard curve was

generated from dilutions of authentic anthranilic acid, and
v = Vnad SV(K,, + [S]) 2 the lower limit of detection by fluorescence in this experi-
ment was 1 pmol. The pre-steady-state kinetic data were
(Elsevier), and divided by the enzyme concentration to obtain fitted to eq 7 using FITSIM (Zimmerle & Frieden, 1989),
keat andkeof Ky Values. Reactions of 3-hydroxy—kynure- wherek,, is the rate constant for the formation of anthranilate
nine were performed at/anax of 369 nm Ae = —4500 M? andk,s is the rate constant for alanine formation. The data
cm1). Because of the higky, for 3-hydroxyoL-kynurenine, did not permit explicit fitting ofk,; andk-;, so the initial
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pH dependence data were obtained either using enzyme
isolated from tryptophan-inducd?l fluorescensells or with
recombinantP. fluorescenkynureninase overexpressed in
E. colicells containing pTZKYN (Koushik et al., 1997). The
keafKm data forL-kynurenine in Figure 1A, obtained with
the recombinant enzyme, fit well to a bell-shaped curve for
a single basic group, with an apparei,f 6.25+ 0.05 in

the acidic limb, a single acidic group, with an apparegj p
of 8.9+ 0.1 on the basic limb, and a pH-dependent value
of keafKm 0f 2 x 1P M1 s71. The pH profile ofk.a/Kr, for
3-hydroxykynurenine shows a similar bell-shaped curve, with
a single basic group with an appareht,f 6.494+ 0.07 in
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10 Kmof 2.5 x 1 Mt sL In contrast, théq pH profile for
L-kynurenine in Figure 1B shows a dependence on a single
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basic group, with an apparenKpof 6.43 + 0.06, in the
acidic limb, and with a pH-dependent value of 2.s Due
to the highK,, value and low solubility of 3-hydroxykynure-
nine, the pH dependence ki for this compound was not
determined.

Substrate Kinetic Isotope Effeoti-[?H]-L-Kynurenine was
synthesized to study the effect afdeuteration on the rate
of the reaction of kynureninase. Assuming that the isotope-
sensitive step i&, in eq 7, the observed isotope effects on
e e T keafKm andkes are given by egs 10 and 21However, we

keat, per second

T T T TIITT]

pH D D

K,)= + k_)/I(A+ k_ 10
Ficure 1. pH dependence of kynureninase activity. (A) pH (keafKm) = (i + ki lk I Kdkd) (10)
dependence d../Kn. The data points for-kynurenine are shown D D
as filled squares, and those for 3-hydraxykynurenine are shown (kcat) = (Tkyp + ko k+3)/ (1+ Kk k+3) (11)
as filled circles. The lines are the calculated curves obtained from

fitting the data to the BELL FORTRAN program of Cleland (1979),  4id not observe a significant kinetic isotope effect with

with the parameter values given in Results. (B) pH dependence of ", . . -
kewe The data points are shown as filled circles. The line is the @-[“H]-L-Kynurenine on eithekea: Or keal Ky for the reaction

calculated curve obtained from fitting the data to the HABELL Of kynurenine with kynureninase at various pH values from
FORTRAN program of Cleland (1979), with the parameter values 5.58 to 8.60 in HO or [PH]H,O (Table 1).

given in Results. Sobent Isotope EffectsWe then examined the effect of
binding step was treated as a rapid equilibrium, with a fixed Solvent deuterium substitution égw andkeafKm for kynureni-
value of 1x 105 M. Variation of this value had no effect Nnase. In contrast to the substrate isotope effect, the effect
on the fitting of the data tok,» and ks, since the  Of solventdeuterium could be on any step in the mechanism,
concentration of-kynurenine used in these experiments was Of on multiple steps. In*H]H20, we observe a strikingly
5% 1074 M. high isotope effect okcy that has a value of 6.56 0.59 at

pH 8.1 (Table 1). In contrast, there is no significant normal
solvent kinetic isotope effect da./Km, and it may be slightly
inverse, as the value of 0.82 0.16 was obtained at pH 8.1
(Table 1). A double-isotope experiment was performed with
o-[2H]-L-kynurenine in fH]H,O, and a somewhat larger
value of 10 for thek., isotope effect was obtained (Table
1). However, the error is also larger on this single deter-

RESULTS

pH Dependence of Kynureninas&€he expressions fda
and ke.afKm, based on the minimal mechanism of eq 7, are
given in eqgs 8 and 9. Due to the loW, value of

Ky Ky Kys mination, and since there is no corresponding normal isotope
E+S< ES—EP+Q—E+P (7) effect with o-[2H]-L-kynurenine in HO, this difference is
probably not significant. The inverse solvent isotope effect
Keaf Ky = KK ol (K_y + Kyo) (8) on k.o/Kn, although barely larger than experimental error,
is quite reproducible, and was also seen in the experiment
Koo = KooK ol (Koo + Kig) (9) with o-[2H]-L-kynurenine in HO and BH]H,O (Table 1).

Thus, since there is no significant normal isotope effect on
kynureninase for-kynurenine (3QuM at pH 7.8) and the  KkealKm, the solvent-sensitive step kg, occurs after the first
high K; values forL-alanine ¢£1 mM at pH 7.8) and irreversible step, and the solvent isotope effect is given by
anthranilic acid (about 0.6 mM at pH 7.8), it is reasonable
to assume that the release of both products is irreversible . . . .

e isotope effects are designated using the leading superscript

under initial rate conditions. The pH dependencek.gf nomenclature of Northrop (1977), wheRéke) is the kinetic isotope
andk../Kn for kynureninase are shown in Figure 1. Identical effect onks andP(ka/Km) is the kinetic isotope effect okgaflKm.




Mechanism of Kynureninase Biochemistry, Vol. 37, No. 5, 1998 379

Table 1: Isotope Effects on the Reaction of Kynureninase

substrate and solvent pH O(Keal Km) PKeat
L-kynurenine andd-?H]-L-kynurenine, in HO 5.58 1.003+ 0.003 1.003+ 0.004
L-kynurenine andd-?H]-L-kynurenine, in HO 6.81 0.96+ 0.03 1.007+ 0.007
L-kynurenine andd.-?H]-L-kynurenine, in HO 7.78 0.95+ 0.02 1.027+ 0.006
L-kynurenine andd-?H]-L-kynurenine, in HO 8.60 1.08t 0.01 1.02G+ 0.0006
L-kynurenine andd.-?H]-L-kynurenine, in H]H,O 7.80 0.954+ 0.362 1.239£ 0.124
L-kynurenine, in HO and PH]H,0O 7.80 0.82+ 0.16 6.56+ 0.59
[o-?H]-L-kynurenine, in HO and PH]H,O 7.80 0.65+0.22 10.0+:15

15 Table 2: Product Inhibition Constants for Anthranilic Acid

pH Kis, M Kn , M

5.90 1.65x 1075 1.82x 10°°
7.10 1.55x 10 9.32x 10°°
7.80 6.10x 104 4.63x 1074

-
(=]

s y

t t

It was reported that kynureninase undergoes reversible
inactivation due to abortive transamination, with formation
of pyruvate and pyridoxamine'4phosphate, when PLP is
excluded from the assay mixture (Moriguchi & Soda, 1973).
From analysis of the progress curves for inactivation, we
determined that the rate constant of pyruvate formation from
kynurenine in normal water buffer is 30 104 s™* at pH

Relative rate

0.5

0.6

0.0 0.2 0.4 1.0

mole fraction deuterium

Ficure 2: Proton inventory for kynureninase at pH 7.8. Kinetic

7.8 and 25°C. Since the rate constant for alanine formation

parameters were obtained as described in Experimental Proceduredn normal water is about 7-% (Figure 1B), about 1 mol of

with buffers prepared by mixing various amounts #{]JH,O. The
solid line through thek, values (filled circles) is the calculated
line obtained by fitting to eq 10, witlx = 0.825 protons. The

pyruvate is formed for every 2.3 10* mol of L-alanine
formed. In deuterated buffer solution, the rate constant for
pyruvate formation was found to be 161074 s™%, and the

correspondingea/Km values (filled squares) are also shown. rate constant for-alanine formation is 1.173 due to the

large solvent isotope effect. The patrtition ratio has thus been
increased in3H]H,O to 1 mol of pyruvate for every 6.9

10 mol of L-alanine, and there is thus a solvent isotope effect
of 3.3 on the partition ratio. This finding provides evidence
that the solvent-sensitive step kg, is on an intermediate
which partitions to either pyruvate aralanine.

ko, Ef is the equilibrium preceding catalysf, is the reverse _Product inhibition. Anthranilate was reported by Ta-
commitment, andPKeq is the isotope effect on the overall ~Nizawa and Soda (1979) to be a competitive inhibitor of

equilibrium constant. In eq 12, the effects of solvent Kynureninase, with &; of 1.8 mM. This would be the
deuterium on the reaction equilibrium constant and of the expected result if anthranilate were the last product released,
reverse commitment can be neglected, since the kynureninasémOI it bound to only th_e fre_e enzyme. _In _C(_)ntrast, howevgr,
reaction is functionally irreversible. Furthermore, the cata- We found that anthranilate is a mixed inhibitor of kynureni-
lytic ratio, k:o/k.», is also small, since anthranilate formation Nase, implying that anthranilate may bind to both the free
is much faster than alanine formation and the pre-equilibrium €nZyme and an enzymsubstrate or enzymeproduct
term, E;, is apparently large, based on the pre-steady-statecomplex- TheK; values for anthranllate dgcreage dramqtl—
data (see below). Thus, the observed solvent isotope effectcally at lower pH values (Table 2). This is consistent with

onkeais apparently intrinsic, and hence it is valid to perform the prefe_rential binding of t_he neutral and/or zwitterionic
a proton inventory. tautomeric forms of anthranilate to the enzyme.

The proton inventory of?H]H,O on the solvent isotope Pre-Steady-State Kinetic ExperimentRapid chemical

effects in the reaction of kynureninase was measured at pHAUench experiments were performed to examine the pre
7.8. Fitting of thek. data to the simplified form of the  Steady state of the kynureninase reaction. The results of these
Gross-Butler equatioh (Schowen and Schowen, 1982; experiments are presented in Figure 3. There is a pronounced
Kiick, 1991) given in eq 5 gives an excellent fit, with= “burst” of anthranilate (Figure 3, filled circles) formed in
0.825+ 0.088 protons, suggesting the involvement of one the pre steady state, with a rate constant of 54and an
proton in the rate-determining step (Figure 2). In contrast, @mplitude of 0.7 mol of anthranilic acid/mol of enzyme
the proton inventory okef/Km shows no significant normal  subunit, followed by a slow steady-state increase at 5.8 s
isotope effect, as anticipated from the data in Table 1; The solid line in Figure 3 is the calculated line from fitting

however, a small inverse effect is again observable in this the data to eq 7 with FITSIM. IPH]H:0, there is also a
experiment at 100 mol % deuterium (Figure 2). prominent “burst” of 0.5 mol of anthranilic acid/mol of
enzyme subunit (Figure 3, open circles), formed with an

identical rate constant of 54% but with a much slower
Steady-state rate, as expected from the large solvent isotope
effect onk.or The dashed line in Figure 3 is the calculated

eq 12 (Northrop, 1981), whef& is the catalytic ratiok s/

" hoa= CKys + RIE + CKe)
(1+ RIE + C(Ke) (12)

3 The simplified GrossButler equation requires that fractionation
factors be approximately 1. This is reasonable for kynureninase, as ther
is no evidence that the catalytic base is a thiolate.
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Ficure 3: Pre-steady-state kinetics of the kynureninase reaction.
Portions of kynureninase (4L, 8.4 uM) in 0.04 M potassium
phosphate, pH 7.8, were mixed with 40 of 1 mM L-kynurenine
then quenched with 0.5 M HCUO(80—120 uL, depending on
reaction loop) at varying time intervals. The anthranilic acid product

was measured by HPLC with fluorescence detection, as described

in Experimental Procedures. The filled circles represent the
concentration of product formed when the reaction was performed
in H,O, and the solid line is the calculated curve from fitting to eq
7 with FITSIM. The open circles represent the concentration of
product formed when the reaction was performec?itiiH,O, and

the dashed line is the calculated curve from fitting of these data to
eq 4 with FITSIM.

line from fitting the data obtained irffi]H,O to eq 7 with
FITSIM.

DISCUSSION

Koushik et al.

Scheme 1
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below the X, (Table 1) suggests that kynurenine will only
bind to the correct protonation state of enzyme (Cook &
Cleland, 1981). The mechanism shown in Scheme 1 is an
expansion of the simple mechanism shown earlier in eq 7 to
include ionization of enzyme, substrate, and enzypreduct

The mechanism of kynureninase has been the subject ofcomplexes. For this mechanismkif, is equal to or greater

much speculation since the discovery of the enzyme by
Braunstein, who proposed that hydroxide attacks the car-
bonyl, followed by B—Cy cleavage (Braunstein et al.,

thank-,, the K, observed in the pH profile df../K, is an
apparent g, of the enzyme base, Kg)ons = pKa — log(1 +
Kio/k-1). Sincek.a/Km for 3-hydroxykynurenine is reduced

1949). Longenecker and Snell (1955) suggested a mecha80-fo|d, it is likely thatk,, is reduced and#t_; is increased.

nism with 3-elimination of an acyl anion, followed by redox
electron transfer to the-aminoacrylate intermediate. Akhtar
et al.

Hence, the reaction of 3-hydroxykynurenine should show a
much smaller commitment, and th&of 6.49 observed in

(1984) and Walsh (1979) have speculated thatits pH dependence should be the trd&.p Thus, since the

kynureninase utilizes a nucleophilic mechanism, generating apparent g, for the reaction of kynurenine is 6.25, it is
an acyt-enzyme intermediate which subsequently undergoespushed out by 0.24 pH units, and the forward commitment
hydrolysis. Tanizawa and Soda (1979) proposed a mecha-for kynurenine ki o/k—1, is 0.7.

nism similar to that of Braunstein withgemdiol intermedi-
ate, followed by formation of a pyruvate ketimine. We

The large solvent isotope effect dqa, together with
neither a normal solvent isotope effect nor a substrate kinetic

concluded, as a result of the potent inhibition of kynureninase isotope effect otk../Kn, shows that the rate-determining step

by “transition-state analogs” (Dua et al., 1993; Phillips &

in the mechanism of kynureninase occurs subsequent to the

Dua, 1991), that kynureninase catalyzes the hydrolysis of first irreversible step. The small inverse isotope effect on

L-kynurenine by a general base mechanism withgean
diolate intermediate. On the basis of the results of Kishore

keaf Km may be due to the viscosity difference betwee®H
and PH]H.O (Karsten et al., 1995). The magnitude of the

(1984) with mechanism-based inactivators, we had proposedinverse isotope effect ok../Km may also be reduced as a
that there were two catalytic bases in the mechanism of theresult of a commitment (Kiick, 1991). The fitting of the

kynureninase reaction (Phillips & Dua, 1991). However, the
present work shows that the pH dependenc&.gK, fits
to only a single K, in the acidic limb (Figure 1A),

proton inventory fok.. (Figure 2) suggests that only a single
proton is transferred in the rate-determining step. The
magnitude of the solvent isotope effectlanis much larger

demonstrating that there can be only a single base involvedthan normal for a single solvent proton and is in the range
in the reaction mechanism. This conclusion is in agreementexpected for an isotope effect on the breakage of-&HC

with the results of the stereochemical studies of Palcic et al.

(1985). The decrease K./Kn values at high pH is likely
due to the preferential binding of the zwitterionic form of
kynurenine to the enzyme, since thKdfor ionization of
the zwitterion to the anion of kynurenine calculated by the
SPARC [K, calculator program is 8.87. The observation
that the substrate isotope effect &g/Kn for o-[?H]-L-

bond (Williams, 1984), suggesting that the observed isotope
effect determined in?H]H,0 is a primary isotope effect on
the abstraction of a carbon-bound proton which originated
from solvent on the enzymeproduct complex. A nonspe-
cific solvent isotope effect can be ruled out on the following
bases: (1) there is a negligible normal solvent isotope effect
on keofKm; and (2) there is no solvent isotope effect on the

kynurenine is insignificant and does not increase at pH valuespre-steady-state kinetics.
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Scheme 3. Mechanism of Kynureninase
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PLP-dependent enzymes that catalyze substitutions andstep in the mechanism after the release of the first product,
eliminations at thes- or y-carbon of amino acids typically  the K, observed in the pH dependencekgf is not that of
bind the amino acid as the first substrate and release thean ES complex, but rather an EP complex (Scheme 1). These
amino acid (or ketoacid) as the last product, since it remains data provide evidence that the rate-determining step in the
covalently attached to the PLP cofactor throughout the reaction of kynureninase involves a general base catalyzed
catalytic cycle. Confirmation of the order of product release proton abstraction which occurs after release of anthranilate.
in kynureninase by measuring product inhibition by an- Scheme 3 shows a mechanism for kynureninase that
thranilic acid is complicated by the various tautomers and incorporates all the data presented here as well as the results
ionization states (neutral, zwitterion, and anion) of an- of previous investigations by ourselves and others. Since
thranilate in the reaction mixture (Scheme 2). Anthranilate the pH dependence data are consistent with a single base
was found to exhibit mixed inhibition, as shown in Table 2. mechanism, we propose that the same basic group that
The anthranilate zwitterion, which structurally resembles an abstracts theo-proton from the external aldimine af-
amino acid substrate, likely binds at the amino acid binding kynurenine (EA) to form a quinonoid intermediate (ER
site. The neutral tautomer of anthranilic acid is the predicted must also be available to catalyze the subsequent carbonyl
product of kynureninase (Scheme 3) and is the specieshydration step. In order to regenerate the free base, the
expected to exhibit product inhibition. The tautomeric quinonoid intermediate must be protonated at'@#the
equilibrium favors the zwittwerion over the neutral form by PLP to give a ketimine intermediate (EK), as is well-
a factor of 2.75 (Scheme 2). The values of bKthandKj documented in the mechanism of transaminases (Kirsch et
decrease dramatically with pH (Table 2), suggesting that theal., 1984). All steps up to EK must be in fast equilibrium,
anthranilate anion binds weakly, if at all. The results of the since there is no observég/K., isotope effect withu-[2H]-
rapid quench experiments (Figure 3) convincingly demon- L-kynurenine. Furthermore, the fitting of the rapid chemical
strate that anthranilate is the first product released and thatquench data with FITSIM required assumption of rapid
the solvent-sensitive step is a step subsequent to anthranilatequilibrium for all steps up to anthranilate formation.
formation. Hydration of the ketone carbonyl by general base catalysis

The pH dependence &, (Figure 1B) shows a decrease can then occur to give the Braunstgiemdiolate intermedi-
at acidic pH values, and the data fit best to a single baseate (ED) (Braunstein, 1949). Elimination of anthranilate
with pKy = 6.43. Thus ke reflects a step which requires  from thegemdiolate intermediate is relatively fast (54%%
general base catalysis. However, sitggis limited by a and apparently irreversible to give an enamine intermediate
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(EN). The irreversibility may be due to rapid ionization of Braunstein, A. E., Goryachenkova, E. V., & Paskhina, T. S. (1949)
anthranilate to the anion at the pH values examined, since Biokhimiya (Moscow) 14163.

the enamine can be trapped by other electrophiles, such a'eland, W. W. (1979Methods Enzymol. 63,03-38.
benzaldehyde, to give aldol products (Phillips and Dua, 1991; Cléland, W. W. (1982Methods EnzymoB7, 390-405.

Bild and Morris, 1984). After protonation of the enamine coé)gé P. F., & Cleland, W. W. (1981giochemistry 201791~

at the p-carbon, the pyruvate ketimine (EP) is formed Dua, R. K., Taylor, E. W., & Phillips, R. S. (1993) Am. Chem.

(Tanizawa and Soda, 1979). In order foalanine to be Soc. 1151264-70.

released, it is necessary to abstract the proton from10-4  Faleev, N. G., Ruvinov, S. B., Saporovskaya, M. B., Belikov, V.
regenerate a quinonoid intermediate @EQnd transfer it M., Zakomyrdina, L. N., Sakharova, & Torchinsky, Y. M. (1990)
to C-o. to give the alanine aldimine (B This is the only Tetrahedron Lett. 317051-4.

step subsequent to anthranilate release in the proposedtayaishi, O., & Stanier, R. Y. (1951). BiCte”O" 62,691-709.
mechanism which requires general base catalysis in the™€Yes; M. P., Brew, B., Martin, A., Markey, S. P., Price, R. W.,

. . Bhalla, R. B., & Salazar, A. (1991&dv. Exp. Med. Biol. 294,
removal of a single proton; thus, all the data are consistent gg7_gq. (1991dy. Exp

with this step being rate-limiting in the steady state. In this Heyes, M. P., Papagapiou, M., Leonard, C., Markey, S. P., & Auer,
regard, kynureninase is similar to cytosolic aspartate amino- R. N. (1991b)Adv. Exp. Med. Biol. 294679-82.
transferase, where it has been shown that ketirdth@imine Hilal, S., Carreira, L. A., & Karikoff, S. W. (1994) iQuantitative
interconversion is rate-limiting in the steady state (Julin &  Treaments of Solute/Seint InteractiongPolitzer, P., & Murray,
Kirsch, 1989). However, the proton inventory of kynureni- _J: S~ EdS.) pp 291353, Elsevier, Amsterdam.
nase suggests that only a single proton is in flight in the Ishél?gg]ae,mT.br(])ylgijglo,gibéalv;al, J., & Kido, R. (198%omp.
transition state, so the proton shift from Ctd Cocannot  yjin. p. A. & Kirsch, J. F. (19§9Biochemistw 283825-33.
be concerted, as is the case for cytosolic aspartate aminoarsten, W. E., Lai, C. J., & Cook, P. F. (1995)Am. Chem. Soc.
transferase (Julin & Kirsch, 1989). Hence, the quinonoid 117 5914-8.
intermediate of-alanine (EQ) must exist on the reaction  Kiick, D. M. (1991) J. Am. Chem. Soc. 118499-504.
coordinate (Scheme 3). In agreement with this prediction, Kirsh, J. F., Eichele, G. C., Vincent, M. G., Jansonius, J. N.,
preliminary rapid-scanning stopped-flow kinetic studies of Geshring, H., & Christen, P. J. (1984) Mol. Biol. 174,497~
Stated the formation of & quinonoid termediate wih a peak KIS1oTe G- M. (1984). Bol Chem. 2501066074,

o . Koushik, S. V., Sundararaju, B., McGraw, R. A., & Phillips, R. S.
at 500 nm (R. S. Phillips, unpublished). It should be noted "~ (1997) Arch. Biochem. Biophys. 34801-8.
that kynureninase is known to undergo a slow abortive | ongenecker, J. B., & Snell, E. E. (1955)Biol. Chem. 213205—
transamination under turnover conditions in the absence of 35.
added PLP, resulting in pyruvate and the inactive pyridox- Moriguchi, M., & Soda, K. (1973Biochemistry 122974-80.
amine-5-phosphate enzyme (Moriguchi & Soda, 1973). A Moriguchi, M., Yamamoto, T., & Soda, K. (1971Biochem.
solvent isotope effect of 3.3 on the alanine/pyruvate partiton  Biophys. Res. Commun. 4452-7.
ratio requires the isotope effect to be associated with anNerthrop, D. B. (1977) inlsotope Effects on Enzyme-catalyzed

. . e ; ) Reacti lel W.W., O'L M. H., & Northrop, D. B.
intermediate at a branch point in the mechanism leading to Egggt';qsg eUanr;Sérsity P'a(r)k Ft)eraersys, Ba“i‘m%reor,:,l,g?p’ '

both products. This is in agreement with our proposed Northrop, D. (1981)Biochemistry 204056-61.

mechanism, since both-alanine and pyruvate arise by paicic, M. M., Antoun, M., Tanizawa, K., Soda, K., & Floss, H.

partitioning of the pyruvate ketimine intermediate, EP,  G. (1985)J. Biol. Chem. 2605248-51.

between deprotonation and hydrolysis (Scheme 3). EP mustPhillips, R. S., & Dua, R. K. (1991). Am. Chem. Soc. 113385~

be at least partially exposed to solvent, since both solvent 8

protonation of the base and hydrolysis of the ketimine to Saito, K., Crowley, J. S., Markey, S. P., & Heyes, M. P. (1993a)
. . J. Biol. Chem. 26815496-503.

give pyruvate can occur. The proposed mechanism also

- h Saito, K., N k,T.S.,Jr., Markey, S.P., & H , M. P. (1993b
explains the observed small (1.2%) internal transfer of label a\;.oNeurogr\:\éam. 60180_r92. ey eves ( )

from C-a of a-[?H]-kynurenine to the alanine product (Palcic  saito, K., Nowak, T. S., Jr., Suyama, K., Quearry, B. J., Saito, M.,
et al., 1985), since the originatproton would be partially Crowley, J. S., Markey, S. P., & Heyes, M. P. (1993k)
transferred to C-4 then returned to @. However, the Neurochem61, 2061-70.

a-proton must undergo substantial exchange, as the largeSchowen, K. B., & Schowen, R. L. (198®)ethods Enzymol. §7
isotope effect orke in [2H]H,O indicates that most of the >1-606.

, .. . . Sei, S., Saito, K., Stewart, S. K., Crowley, J. S., Brouwers, P.,
protons on C-4of the pyruvate ketimine intermediate arise Kleiner, D. E., Katz, D. A, Pizzo, P. A., & Heyes, M. P. (1995)

from solvent. J. Infect. Dis. 172638-47.
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