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ABSTRACT. IMP dehydrogenase (IMPDH) catalyzes the oxidation of IMP to XMP with conversion of
NAD™ to NADH. This reaction is the rate-limiting step in de novo guanine nucleotide biosynthesis. IMPDH

is a target for antitumor, antiviral, and immunosuppressive chemotherapy. We have determined the complete
kinetic mechanism for IMPDH fronTritrichomonas foetusising ligand binding, isotope effect, pre-
steady-state kinetic, and rapid quench kinetic experiments. Both substrates bind to the free enzyme, which
suggests a random mechanism. IMP binds to the enzyme in two steps. Two steps are also involved when
IMP binds to a mutant IMPDH in which the active site Cys is substituted with a Ser. This observation
suggests that this second step may be a conformational change of the enzymgiddtope effect is
observed when [2H]IMP is the substrate which indicates that hydride transfer is not rate-limiting. This
result is confirmed by the observation of a pre-steady-state burst of NADH production when monitored
by absorbance. However, when NADH production was monitored by fluorescence, the rate constant for
the exponential phase is-3.0-fold lower than when measured by absorbance. This observation suggests
that the fluorescence of enzyme-bound NADH is quenched and that this transient represents NADH release
from the enzyme. The time-dependent formation and decay@ff—XMP* intermediates was monitored

using rapid quench kinetics. These experiments indicate that both NADH release-XhdH2 hydrolysis

are rate-limiting and suggest that NADH release precedes hydrolysis- BViIP*,

IMP dehydrogenase (IMPDHEatalyzes the oxidation of ~ kinetic mechanism in which IMP is the first substrate bound

IMP to XMP with the conversion of NAD to NADH. This

and XMP is the last product released. These conclusions were

reaction is the rate-limiting step in de novo guanine nucle- based on product inhibition patterns from various enzyme
otide biosynthesis. IMPDH inhibitors have antiproliferative sources g, 12—15), as well as ligand binding studieq).
activity. Thus, IMPDH is a target for antitumor, antiviral, More recent studies with the human type Il IMPDH suggest

and immunosuppressive chemotherabpy4). The activities

that the kinetic mechanism proceeds via a random addition

of the antitumor drug tiazofurin, the antiviral drug ribavirin,  of substrates and ordered release of products, with NADH
and the immunosuppressive drug mycophenolic acid (MPA) release preceding hydrolysis of—&XMP* (17, 18). In

are due to the inhibition of IMPDHS-7). Furthermore,  addition, for human IMPDH, hydride transfer and NADH
differences between mammalian and microbial IMPDHS (glease are fast and hydrolysis of KMP* is rate-limiting
suggest that species-specific inhibitors could be useful for 17).

anti-infective chemotherapyg(9).

The IMPDH reaction proceeds via attack of Cys319
(Tritrichomonas foetusumbering) on the 2-position of IMP
(Figure 1). Hydride transfer from the-HMP intermediate
to NAD™ follows, forming an E-XMP* intermediate. This
covalent intermediate is hydrolyzed to XMP, regenerating

IMPDH has been isolated from many sources. All are
homotetramers with subunit molecular masses of 33
kDa. The monomer has a3 barrel structurel9, 20). Each
monomer contains one active site, and each active site binds
IMP and NAD" (15, 21). IMPDH also contains a loop after

the free enzymel(, 11). The reaction is irreversible. Early -8, which forms a flap. This flap region is disordered in all
studies suggested that IMPDH follows an ordered bi-bi crystal structures of IMPDHIQ, 20).

T. foetusis an anaerobic protozoan parasite that infects

T Supported by NIH Molecular Structure and Function Training Grant the urogenital tract of cows. The gene farfoetus MPDH

GMO07956 (J.A.D.), NIH Grant GM54403 (L.H.), and a grant from the
Markey Charitable Trust to Brandeis University.

encodes a protein of 503 amino acids whose sequence is

*To whom correspondence should be addressed. E-mail: 30—35% identical with those of other IMPDH23). This

hedstrom@brandeis.edu. IMPDH has unique intrinsic protein fluorescence and

1 Abbreviations: IMPDH, inosine'sSmonophosphate dehydrogenase; ; inati i
IMP, inosine 5>-monophosphate; NAD nicotinamide adenine dinucle- convenient k'f‘et'c prOper_tleS _(|0VKm values for both
otide; NADH, reduced nicotinamide adenine dinucleotide; xMp, Substrates). Like other microbial IMPDHs, tfie foetus

xanthosine 5monophosphate; APAD, 3-acetylpyridine adenine di- enzyme differs from mammalian IMPDHs in its resistance

nucleotide; APADH, reduced 3-acetylpyridine adenine dinucleotide; inhihi i oKl = I
GMP, guanosine 'Emonophosphate; MPA, mycophenolic acid; El- goot;el\;lnplbﬁor myﬁﬁ’gg&mlcgacgqh 9 /,th Vs IK" tivit
CARMP, 5-ethynyl-18-b-ribofuranosylimidazole-4-carboxamidé- 5 UzuM Tor human ) €3). Such species selectivity

monophosphate; DTT, dithiothreitol. is important in the development of antimicrobial agents. MPA
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Ficure 1. Mechanism of the IMPDH reaction.

binds to E-XMP* (11, 19, 24—26). Therefore, both the
affinity of E—XMP* for MPA and the accumulation of
E—XMP* will determine the MPA sensitivity. Since the
hydrolysis of E-XMP* is rate-limiting for human IMPDH,
E—XMP* will be the predominant enzyme complex during
steady state. Therefore, human IMPDH is primarily in the
MPA sensitive form. The values ok for microbial
IMPDHSs are 3-30-fold higher than that of human IMPDH.
This observation indicates that the rate of hydrolysis of
E—XMP* must also be at least-330 times greater in
microbial IMPDHSs. Therefore, EXMP* hydrolysis may no
longer be rate-limiting in the reaction of microbial IMPDHSs,
and E-XMP* may no longer be the predominant enzyme
form. In this case, MPA resistance could result from the
failure to accumulate EXMP*. Thus, a complete under-
standing of the kinetic mechanisms of IMPDHs from both
microbial and mammalian sources is important for specific
inhibitor design.

Here we report a kinetic mechanism forfoetudMPDH.

Construction of an Expression System for T. foetus
IMPDH. The Hindlll restriction site was removed by
inserting a silent mutation in th€é. foetusgene using the
Quikchange kit (Stratagene, La Jolla, CA) with pBimpdh as
a template. The resulting DNA was amplified by PCR to
insert convenient restriction sites at the beginning and end
of the T. foetusgene. The following oligonucleotides were
used (restriction sites are bold). ACC-AGC-CABRAA-
TTC-ATG-GCA-AAA-TAC-TAC-AAC-GAA-CCA-TGC-
CAC inserts arEcadRl site at the 5end, and ACC-AGC-
CAA-AAG-CTT-TTA-TTT-TGG-GTG-ATA-GTC-GTT-
AAT-CCT-GTC inserts aHindlll site in the 3 noncoding
region. TheT. foetudMPDH coding sequence was amplified
with Vent DNA polymerase (New England Biolabs). The
amplified DNA fragment was digested witBcoRl and
Hindlll, purified via agarose gel electrophoresis followed
by GeneClean (BIO 101, Inc.), and ligated to theoRI/
Hindlll-digested pKK223-3. The resulting construct is
designated pTfl. Th&. foetussMPDH coding sequence of

These studies indicate that, as in the case for human type IIpTfl was completely sequenced using a PRISM Dyedeoxy
IMPDH, substrates associate randomly and product releaselerminator Cycle Sequencing kit (Applied Biosystems, Inc.)

is ordered, with NADH release preceding-EMP* hy-
drolysis. However, unlike the mechanism for human IMPDH,
NADH release is partially rate-limiting.

MATERIALS AND METHODS

Materials. IMP, XMP, NADH, GMP, APAD, and Tris
were purchased from Sigma. NADwas purchased from

and an Applied Biosystems 373A DNA sequencer at the
Brandeis Sequencing Facility. One undesired silent mutation
was created; G was mutated to C at position 867, which still
encodes for an Ala at residue 289.

Expression and Purification of T. foetus IMPDIHTf1
was transformed into H712 cells, which la@lscherichia
coli IMPDH (27). Cells were grown overnight (1618 h) in

Boehringer Mannheim. DTT was purchased from Research 2 L of LB broth with 100ug/mL ampicillin and 1 mM IPTG

Organics, Inc. Glycerin, EDTA, and KCI were purchased
from Fisher. [81C]IMP was obtained from Moravek Bio-
chemicals, Inc. The plasmid pBimpdh containing Théoetus
gene was a gift from C. C. Wang (University of California,

at 37°C while the mixture was shaken constantly. The cells
were harvested by centrifugation and washed three times in
50 mM Tris (pH 7.5), 1 mM DTT, and 10% glycerol (buffer
A), resuspended in 40 mL of buffer A, and frozen-&80

San Francisco). The plasmid pKK223-3 was purchased from°C. Cells were lysed by sonication, and cell debris was

Pharmacia. EICARMP was a gift from A. Matsuda (Hok-
kaido Univ., Japan). Oligonucleotides were obtained from
the Brandeis Oligonucleotide Facility.

Synthesis of [22H]IMP . [2-? H]IMP was synthesized and
purified as previously described?).

removed by centrifugation at 10 000 rpm for 30 min. The
supernatant was applied to a Cibacron Blue Sepharose
column (Sigma) previously equilibriated in buffer A at@.
IMPDH was eluted in a linear gradient of 6 2 M KCl in
buffer A. Fractions containing IMPDH activity were pooled
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and dialyzed against buffer A and 5@® IMP overnight
at 4°C. IMPDH was further purified on a POROS CM weak
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substrate [ZH]IMP and determined by comparing the values
of Vim and /Ky, for NAD™, IMP, and APAD substrates in

cation exchange column using a BioCAD SPRINT perfusion the fit of the data to eqs-13 as applicable.
chromatography system (PerSeptive Biosystems, Framing- Pre-steady-state experiments were performed on an Ap-

ham, MA). Enzyme was eluted in a linear gradient of 0 to 1
M NacCl in 7 mM HEPES, 7 mM MES, and 7 mM sodium
acetate buffer containing 1 mM DTT (pH 6.0). Fractions
containing IMPDH were pooled, dialyzed against buffer A
overnight at 4°C, and stored at-80 °C. The enzyme
preparations were-95% pure as judged by SDFAGE.

plied Photophysics SX.17MV stopped flow spectrophotom-
eter at 25°C. The production of NADH was monitored either

by fluorescence (excitation wavelength of 340 nm, 420 nm
cutoff emission filter) or by absorbance at 340 nm. Similarly,
the production of APADH was monitored by fluorescence
(excitation wavelength of 362 nm, 450 nm cutoff emission

The protein concentration was measured using the Bio-Radfilter) or by absorbance at 363 nm. Enzyme and substrates
assay with IgG as a standard. Active sites were titrated with were diluted 2-fold in assay buffer. Concentrations indicated

EICARMP (21).

MutagenesisCys319Ser was constructed from pTfl using
the Quikchange kit. The following oligonucleotides were
used (point mutations are bold). GGT-GGA-TCA-ATT-
AGC-ATC-ACA-CGC is complementary to the noncoding
strand of the vector, and GCG-TGT-GAGET-AAT-TGA-
TCC-ACC is complementary to the coding strand of the

vector. The coding sequence of the IMPDH gene was
sequenced to ensure no undesired mutations had beeﬁX

introduced.

Enzyme KineticsStandard IMPDH assays contained 100
mM KCI, 3 mM EDTA, 1 mM DTT, and 50 mM Tris (pH

8.0) (assay buffer). Activity was assayed in the presence of

100uM IMP and 1 mM NAD' at 25°C. The production of
NADH was monitored spectrophotometrically at 340 ram (
= 6.22 mM cm™!) using a Hitachi U-2000 spectropho-

tometer or a Hewlett-Packard 8453 diode array spectropho-

tometer. The production of APADH was monitored at 363
nm (€ = 9.1 mMt cm™1). The concentrations of IMP and
NAD™ or its analog were varied fdf,, determinations. Initial
velocity data were fit to the MichaelisMenten equation (eq

1) and an uncompetitive substrate inhibition equation (eq 2)

using Kaleidagraph software (Abelbeck Software):

v =V, [IMPJ/(K, + [IMP]) 1)

v =V, [NAD"J/(K, + [NAD '] + [NAD ")?/K;) (2)

whereuw is the initial velocity,Vy, is the maximal velocity,
K, andKp are the Michaelis constants of IMP and NAD
respectively, and; is the substrate inhibition constant for
NADT*. Steady-state parameters with respect to NAzre
derived by first determining the apparent valuesvaffor
the initial velocity versus IMP plots (eq 1) and replotting
these values against NADzoncentration (eq 2). Similarly,
the K, value of IMP was derived by first determining the
apparent values of, for the initial velocity versus NAD

in the text or figure legends are the final concentrations after
dilution. The time course of fluorescence or absorbance can
be described by a single-exponential equation with a steady-
state term (eq 4):

S = (AA)e ™ + ot (4)
where§ is the signal (fluorescence or absorbance) at time
A is the amplitude of the burskgys is the observed first-
order rate constant governing the burst phase,.aigdthe
linear rate of increase in fluorescence or absorbance during
the steady state. The data were analyzed by simulation of
the time courses using the KINSIM progra28).

Equilibrium Dissociation Constants (K Dissociation
constants for the interaction of ligands with enzyme were
determined by following the quenching of intrinsic protein
fluorescence. The measurements were performed on a Hitachi
F-2000 fluorescence spectrophotometer at@5The excita-
tion wavelengths were 295 nm for NADand NADH and
280 nm for all other ligands. Inner filter effects due to the
ligands were corrrected by the formul29f

Fc = I:obs antilog[(Aex + Aem)/z] (5)

whereA., andAcm are the absorbances at the excitation and
emission wavelengths, respectivellf; is the corrected
intensity, and=qsis the measured intensity. The experiments
involved successive titration of the apoenzyme solution with
ligands. From the measured fluorescence intehsitya given
ligand concentration, the fractional saturation of enzyme sites
with ligand ) was determined by using= (I — 1)/(l, —

l2), wherel, is the fluorescence of the apoenzyme &g

the fluorescence of the enyzme when all of its binding sites
are saturated with ligand. The free ligand concentration was
estimated using [ligangde = [ligand] — n[E];, in which
[ligand]; and [E] represent the total ligand and apoenzyme
concentrations, respectively, ands the number of ligand
binding sites on the enzyma € 1 for monomer concentra-

concentration plots using eq 2 and replotting these valuestion). Kaleidagraph software was used tdfiand [ligandjee
against IMP concentration (eq 1). No substrate inhibition is 0 €q 6:

observed with APAD. Therefore, data were fit to a sequential

mechanism (eq 3) using KinetAsyst software (Intellikinetics):

v =V, [IMP][APAD]/( KK, + KJAPAD] +
K,[IMP] + [IMP][APAD]) (3)

wherev is the initial velocity,Vy, is the maximal velocity,
Ka and K, are the Michaelis constants of IMP and APAD,
respectively, and, is the dissociation constant ofIP.

fa= [L] red (Kg T [L] freo) (6)

to give the dissociation constaKt. When NAD" was the

ligand, f and [NAD']ree were fit to the Adair-Klotz

equation (eq 7):

fa = (U redKp) + @l e TKiKVIL + (L] redK) +
(I e 74K (7)

Primary deuterium isotope effects were measured using theto give the dissociation constars and Ko.
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Table 1: MichaelissMenten Parameters far. foetustMPDH?

dinucleotide substrate NAD APAD NAD*cqd
E°'P (V) —0.320 —0.258 —0.320
IMP K (uM) 1.7+ 0.4 53+1.4 2.1+ 0.2
dinucleotideK, (uM) 150+ 30 4504 160 230+ 10
dinucleotideK; (uM) 6800+ 1800 na 7360t 390
Keat (57%) 1.94+0.2 3.8+ 0.3 1.7+ 0.07
IMP V/Ky (M~1s79) (1.1+0.3)x 10° (7.2+ 1.4)x 10° (0.8+0.09) x 10°
dinucleotideV/Ky (M~1s79) (1.3 0.3) x 10 (8.5+2.7)x 10° (7.5+£0.2) x 10°

@ Reactions were performed in 100 mM KCI, 50 mM Tris (pH 8.0), 1 mM DTT, and 3 mM EDTA at@5Absorbance was monitored as
described in Materials and Methods. na, not applicab! is the standard oxidatierreduction potential (pH 7, 25C). These values are from
ref 44. ¢ Measured steady-state paramet@iRredicted steady-state parameters determined by generating initial velocities using KINSIM and fitting
the data to eqs 1 and 2 in the text.

Kinetic Dissociation Constantdhe individual rate con-  greater than the value ¢,. The NAD" analog APAD is
stants for ligand binding were determined by stopped flow also a substrate for the enzyme. The valu&gfor APAD
fluorescence spectroscopy atZ5 An excitation wavelength  is 3-fold greater than that of NAD The value ofK, for
of 280 nm and emission wavelengthsso820 nm were used  IMP with APAD as a substrate is also 3-fold greater than
for fluorescence measurements of IMP, XMP, and GMP that measured with NAD as a substrate. However, no
binding. Emission wavelengths between 298 and 435 nm substrate inhibition is observed for APAD. The valuekgf
were used for fluorescence measurements of NAHDd is 3.8 s with APAD, which is greater than that of NAD
NADH binding. Enzymes and ligands were diluted 2-fold by approximately 2-fold. Experiments were also performed
in assay buffer. The concentrations indicated in the text or with two other NAD" analogs, 3-pyridinealdehyde-NAEY{
figure legends are the final concentrations after dilution. The = —0.262) and nicotinamide hypoxanthine dinucleotil# (
experiments were performed under pseudo-first-order condi-= —0.320) (data not shown). The,;values for these analogs
tions ([S] > [E]), and the time course of fluorescence are 2.4 and 2.6, respectively. Despite the great differences
decrease at each concentration of ligand was fit to a single-in the structures and reduction potentials of these NAD

exponential equation: analogs, the values df., are similar. This observation
suggests that a common step is rate-limiting in these
F,= (AF)e"‘ObS‘+ Feq (8) reactions, such as hydrolysis of-BKMP* or release of
E-XMP. Thus, 3.8 s! is the lower limit for the common
whereF is the fluorescence at time AF is the amplitude ~ Steps in the NAD and APAD reactions.
of the fluorescence decreadeys is an apparent first-order Primary Deuterium Isotope Effectllo V,, isotope effect
rate constant, anBlq is the fluorescence at equilibrium. is observed when [2H]IMP is the substrate®y = 1.1 +

Labeling IMPDH with F4C]IMP. The time course of  0.1), which indicates that hydride transfer is not rate-limiting
labeling of enzyme with fC]IMP was determined by for this dinucleotide. Isotope effects fd¥(V/IK,) were
performing a chemical quench flow experiment using a determined to be 0.5 0.2 for IMP as the varied substrate
RQF-3 Quench-Flow rapid mixer apparatus (KinTek). Reac- and 2.0+ 0.5 for NAD" as the varied substrate. Although
tion mixtures contained 4,6M IMPDH pre-incubated with  the isotope effect fo¥,, is well-determined, relatively large
50 uM [YC]IMP, and mixed with 0.8 mM NAD in assay errors are present in tRéV/K,,) data. A large inverse isotope
buffer at 25°C. Reactions were allowed to proceed for effect appears to be observed 8 wp. Since the value of
different times (5 ms to 1.5 s) and were stopped by mixing Ky, is so low (Table 1) and we are unable to assay at [IMP]
with a quench solution (0.750.9 N HCI). The enzyme < K, this error is unavoidable. Therefore, we do not have
samples were then precipitated with 10% TCA and collected confidence in thé’(V/Kivp). We were unable to verify the
on 0.454m HA nitrocellulose filters (Millipore). A pulse- inverse isotope effect in the pre-steady-state experiment (see
chase experiment was also performed in the quench flowbelow). Thus, we believe tha(V/K,yp) is close to 1. A
apparatus using the same concentrations of reagents describesignificant isotope effect oW/Kyap is observed. Since we
above. The enzyme was first mixed with'C]IMP and were able to verify this isotope effect in the pre-steady-state
NAD™ for 1.5 s and then mixed with an excess of unlabeled experiment (see below), we have confidence in this value.
IMP (4 mM). The reactions were stopped by the addition of The difference betweek(V/Knap) and P(V/Kvp) suggests
10% TCA and treated in the same fashion as described abovethat IMP is the “stickier” substrate3(). Similar isotope
Control reactions in which NADwas omitted from the assay  effects are observed when APAD is used as the substrate
mixture were performed for each experiment. [PV = 0.9+ 0.1,°(V/IKjp) = 0.7 & 0.2, andP(V/Kapap) =

2.4+ 0.7].

RESULTS AND DISCUSSION Thermodynamics of Ligand Bindinghe binding of IMP
Steady-State Kineticdichaelis—Menten parameters for  to IMPDH quenches the intrinsic protein fluorescence of the
T. foetudMPDH are shown in Table 1. High concentrations enzyme (Figure 2A). The value of the dissociation constant
of NAD™ inhibit IMPDH. NAD™ inhibition is uncompetitive, (Kg) for IMP binding can be determined from the depen-
which is consistent with NAD binding to E-XMP* as dence of fluorescence intensity upon substrate concentration
previously proposed for human IMPDH24, 25). Such (Table 2). Figure 2B shows a binding curve in which the
behavior implies that product release is ordered, with NADH changes in fluorescence are represented by fractional satura-
released first 30). The value ofK; for NAD" is 45-fold tion of enzyme sites with IMP as its concentration increases.



Kinetic Mechanism of IMPDH

1000

800

600

Fluorescence Intensity

0 T T
300 350 400 450
Emission Wavelength (nm)
1.0
= B
A d
[ = -
§ 0.8
© ®
S
3 0.6
=
©
n
® 0.4
c
02
..6 02 -
& .
L
0.0 T T T T T T
00 02 04 06 08 10 12 14
IMP (uM)

Ficure 2: Binding of IMP to IMPDH. (A) Fluorescence emission
spectra for IMPDH (solid line) and its complex with IMP (dashed
line) when excited with light of 280 nm; the enzyme concentration
is 0.2 uM, and the IMP concentration here is 1/M. (B)
Dependence of fractional saturation of the enzyme on IMP
concentration as IMPDH is titrated with ligand. The data were fit
to eq 6.

The binding curve is hyperbolic; therefore, there is no
evidence of cooperativity for IMP binding to IMPDH. IMP
was also shown to bind noncooperatively to the human type
Il IMPDH (15). However, isothermal titration calorimetry
experiments performed with Chinese hamster IMPDH indi-
cate that IMP binds to IMPDH with negative cooperativity
(32.

GMP and XMP also bind to the free enzyme, wkh
values 16-20-fold higher than that of IMP (Table 2). The
binding curves for these IMP analogs are also hyperbolic

Biochemistry, Vol. 38, No. 8, 1999299

(data not shown). XMP was also shown bind to human
IMPDH in a noncooperative fashiori%).

NADH and NAD" also quench the enzyme fluorescence
(data not shown). As with the IMP analogs, the binding curve
for NADH is hyperbolic. NADH also binds to human
IMPDH noncooperatively 15). Interestingly, the binding
curve for NAD' is sigmoidal (not shown) and is best fit to
the Adair-Klotz equation (eq 7) witm = 2 to give two
dissociation constantsK; = 340 uM and K; = 1600 uM
(K = 740 uM). These data imply that NAD exhibits
cooperativity when binding to the enzyme. Alternatively, the
binding of NAD" to each subunit could display a nonidenti-
cal fluorescence decrease. We cannot distinguish between
these two possibilities. However, since no cooperativity is
observed either for NADH binding or in the steady-state
kinetics, we favor the latter explanation. In studies of human
type Il IMPDH and Chinese hamster IMPDH, binding of
NAD™ to the free enzyme could not be detecté8, (16).
Therefore, this is the first demonstration of NADinding
to free IMPDH. The fact that both substrates bind to the
free enzyme is consistent with a random addition of
substrates fofl. foetusIMPDH.

MPA also quenches the fluorescence of the enzyhveP
complex (data not shown). As with the other ligands, the
binding curve is hyperbolic. Using eq 6,k of 110 uM
was determined for the binding of MPA to the IMPBH
IMP complex.

Kinetics of Ligand Binding: IMP Binds in Two Steps.
When IMP is mixed with enzyme, the fluorescence intensity
rapidly decreases with time. Figure 3A shows results from
a representative experiment. The data were fit to eq 8 to
obtain values ok,psat each ligand concentration. The linear
dependence d{,,son IMP is shown in Figure 3B, and eq 9
can be used to extract the valueskpfand k-, (33).

Kops = Ka[S] + k4 9)
Here, k; andk_; are associationk() and dissociationk(_;)
rate constants governing ligand binding, respectively. The
values ofk; andk-; calculated in this manner are shown in
Table 2. The value ok; for IMP is similar to itskea/Km
value (Table 1). This linear dependence on ligand concentra-
tion suggests a simple bimolecular association binding,
indicated by Scheme 1. However, the valuofk; should

Table 2: Kinetic and Thermodynamic Constants for Ligand Binding for Wild-Type and Cys319Ser IMPDHs

ligand ki (x10°M~1s™) ko1 (s7h) ko (s7h) ko (sh Ka(caie) (@M) K@ (uM)
wild-type

IMPe 2.6 7.7 21 11 na 0.15

XMPf 6.7 17 - - 2.5 3.9

GMP9 >21 - 200 21 1.0 2.0

NAD*f 0.043 41 - - 950 740

NADHf 0.64 6.7 - - 10.8 15.7
Cys319Ser

IMP¢ 2.8 27 0.6 11 na 6.2

XMP? 8.5 10.5 - - 1.2 3.0

NAD™*f 0.24 65 - - 270 615

aBinding assays were performed in 100 mM KCI, 50 mM Tris (pH 8.0), 1 mM DTT, and 3 mM EDTA &€28a, not applicable. The standard
deviation of all parameter values is20%.° Calculated fromk_y/k;. ¢ Calculated from Kik-,)/(k; + k-2), whereK; is the apparent dissociation
constant for the first stef.Thermodynamic dissociation constant for the formation of the binary complex determined by ligand titration and
monitoring the accompanying fluorescence decredfeio-step binding, wherk_, was determined by ligand exchange &advas determined by

eq 10." One-step binding? Two-step binding, in which the first step is in

sigmoidal binding curve for NAD gives two binding constants; and K,

rapid equilibrium. Valuekofandk, were determined by eq 11 The
with an overallK of (KiK2)Y2
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change when #MP is mixed with XMP, forming EXMP. Final
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100 - 200uM XMP. The enzyme was excited with light of 280 nm, and
- the emission was monitored with a 320 nm cutoff filter. The time
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* 60 4 line represents the fit of the data to a single-exponential equation.
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Ficure 3: Kinetics of IMP and XMP binding to IMPDH. (A) Time  (0.93+ 0.15 s'*) was obtained at an XMP concentration of
course of IMP association with IMPDH. The concentration of 800 M, demonstrating that the reaction is independent of

IMPDH is 0.8uM, and that of IMP is 2QuM. The enzyme was : .
excited with light of 280 nm, and emission was monitored with a XMP concentration. The average of these two numbers gives

320 nm cutoff filter. The line represents the best fit of the data to @ value of 1.1+ 0.18 s* for the ks of IMP. This rate
eq 8. (B) Dependence &fpson (@) IMP and (») XMP concentra- constant is smaller than that obtained in the ligand association

tion. experiment (7.7 8 ), confirming that there is an isomer-
ization step following the initial formation of the-BMP

Scheme 1:  One-Step Binding complex, as depicted in Scheme 3. By using eq34), k.

E + S & E-S can be determined:
. Ka=Kilk (K, + k)] (10)
Scheme 2: Ligand Exchange Experiment

K Here, Ky is the thermodynamic dissociation constdft,—

E - IMP off MBI e XMP k-i/ky was determined previously, ank , is the ko

§ X determined by ligand exchange. The rate conskanwas

IMP 2 calculated to be 2% 4 s2.

Binding of IMP Analogs.When XMP is mixed with
be equal to the thermodynamically measured valulgaf IMPDH, the observed fluorescence intensity decreases with
Scheme 1 is valid. Surprisingly, the valuekof/k; (3.0 4M) time (data not shown). The linear dependencekgpf on
is 20-fold higher than the thermodynamic dissociation ligand concentration is shown in Figure 3B, and the values
constant (0.1%M). Thus, there is another step of binding for the association and dissociation rate constants were
which is not monitored in this experiment. This second step determined as described above for IMP binding. As can be
could easily have been missed during the stopped flow seen in Table 2, the value kfi/k; is similar to theKq value.
experiment if it was not fluorescence sensitive. Therefore, XMP binds to the enzyme in a simple bimolecular
To elucidate another step of IMP binding, a ligand association as indicated in Scheme 1.

exchange experiment was performed. IMP is displaced with When GMP binds to IMPDH, the observed fluorescence
XMP under conditions in which the rate-limiting step is the intensity rapidly decreases with time. Unlike those of the
release of the bound IMP38). The experimental setup is other ligands, the observed first-order rate constant shows a
described in Scheme 2. The experiment follows the appear-hyperbolic dependence on GMP concentration (data not
ance of EXMP. Conditions were chosen so that IMP shown). The data were fit to eq 11, which describes a two-
dissociation is irreversible and XMP association is fast. step binding mechanism in which the first step is in rapid
Figure 4 shows a trace for the displacement of IMP from equilibrium @3).
the enzyme by an excess of XMP. The reaction is described
by a single exponential with las value of 1.1+ 0.06 st at Kobs = [K[GMP]/([GMP] + K] + k., (11)
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From this analysis, values &f, k;, andk—, were determined 0.90
to be 9.5uM, 200 s!, and 21 s?, respectively. A lower
limit for the apparent second-order rate constan{Table o 0897
2), is Kkp, whereK = 1/K;. The dissociation constant for =
GMP is given by Kik 5)/(kz + k_2) (=1.04M), which is in 2 08817
agreement with the thermodynamic value of 2. § 087
Binding of DinucleotideNAD* and NADH also bind to g
the enzyme, causing the fluorescence intensity to decrease S o086
with time. The dependence kf,son both ligand concentra- 2
tions is linear (data not shown), and the association and 0.85
dissociation rate constants were determined by eq 9 (Table
2). The value ok, for NAD is similar to itsksa/Ky, value 0.84 . . T
(Table 1). Since the values kf,/k; are similar to the values 0.0 0.5 10 15 2.0
of Ky, the binding of both ligands to the enzyme occurs by Time (sec)

a SImpIe_, 0r_1e-step mechanlsfm. . . . FiIGURe 5: Ligand exchange experiment, with measurement of the
_ Investigation of the Isomerization Step during IMP Bind-  gissociation rate constant for the Cys319SéMP complex. Time
ing: The Cys319Ser Mutanthe nature of the isomerization  course of fluorescence change whetiMP is mixed with XMP,

during IMP binding is not currently known, but two forming EXMP. Concentrations are as follows: Qi IMPDH,
postulates exist. It could be a conformational change, such30 #M IMP, and 100uM XMP. The enzyme was excited with

. . ; light of 280 nm, and the emission was monitored with a 320 nm
as flap movement over the active site. Such a Cor1f0rmat'0m’1|cutoff filter. The time course was monitored for 5 s, and the first

change is well precedented in enzymatic reacti@s @nd  second is shown here. The solid line represents the fit of the data
a conformational change upon IMP binding to Chinese to a double-exponential equation. The dashed line represents a

hamster IMPDH has been proposed by othég; 82). The simulation of a one-step dissociation of IMP from the enzyme using
isomerization could also be the covalent addition of the active KINSIM.

site Cys319 to the C-2 of IMP to formBMP (Figure 1). 55t des of both phases should be equal in the ligand

To investigat;_thehr)art]u(r:e (glg‘e isomeriza(tjion,sa ml\‘jt%ntl exchange experiment. As predicted, the values of the
was constructed in which Cys319 was mutated to Ser. Model 5 i des are (9.8- 1.2) x 103 and 1.1x 102+ 5.8 x

studies have shown that thiols are more potent nucleophilesloﬂl

than hydroxyls in several nucleophilic displacement reactions These results suggest that IMP binds to Cys319Ser in a
(36). Thus, serine is unlikely to form a covalent adduct with two-step mechanism as observed with wild-type IMPDH,
IMP. The mutant enzyme has less than 0.06% of the wild- 5jn6ugh the affinity of IMP is reduced by 40-fold. The
type activity. Binding of IMP, XMP, and NAD to the  jocrease in affinity is derived from a decreaségirWhile
mutant enzyme quenches the intrinsic protein fluorescenceyiq jecrease is substantial, it is less than would be expected

édata ryot'shown). Values of tcf;e kingticdapd Lhermodynamic if ko, represented nucleophillic addition of Cys319 to IMP
Issoclation constants were determined in the same manne, . ine following reasons. (1) Bronsted analysis of thiol and

as those of_the wild type and are ShOV.V” in Table_ 2: XMP' aicohol nucleophiles suggests that a cysteine residue will be
and NAD+ bind to the mutant enzyme withy values s_|m|lar . 1000 times more nucleophilic than a serir3¥,(38).2 (2)

to wH#-typ% vbalutre]s. There_fore,|_|b|nd|ng olf\l'tﬂ\f\[i)gedl_|gands 'S Substitutions of cysteine nucleophiles with serine in other
not affecte d'y tl € mutk::\tlon.b l‘.)WEYedr.’ In mg to enzymes are consistent this estima&86-<42), although as
Cys319$er_ ISp'ays a nyperbalic binding curve (data not yet a quantitative comparison of cysteine and serine nucleo-
shown), which differs from the sigmoidal binding curve for philes for these enzymes is not available. (3) While wild-

NAD™ binding to wild-type IMPDH. For IMP, the value of t : :

. . X ype IMPDH reacts instantaneously with EICARMP as
Kq is 40-fold higher thfan that for the wild type. Here, the detected by UV spectroscopy, forming an adduct with
value ofk-1/ky (9.64M) is very close to the value dt4 (6.2 Cys319 21), we failed to detect the formation of an adduct
#M). between Cys319Ser and EICARMP after 10 min (data not

To determine if the isomerization step was still present, shown). This would suggest that Ser319 is at least 600-fold
the ligand exchange experiment was performed, again ”Si”gless reactive than Cys319.

XMP as the competing ligand (Figure 5). The dashed line  therefore, it is likely thak, represents a conformational

shows a simulation reprgsenting a on?—step d_issocigtion Ofrearrangement of the enzyme rather than addition of Cys319
IMP from the enzyme with & of 27 s™%. The simulation 1, \ip_ The loop containing Cys319 (residues 3B24) is
does not correlate with the actual data. The data were besrdisordered in the absence of substrat2e).(This loop

fit to a double-exponential equation, giving two raté Con- ,nnears to contribute residues to both the IMP and NAD

1 , :
stants, 21+ 5and 1.1+ 0.1_§ . The first rate constant is binding sites 19), and would be expected to become ordered
similar to that measured with the relaxation technique (27 upon IMP binding. It is possible thak, represents the

s1). However, 1.1 st is slower than 27 §. Therefore,
these data are consistent with an isomerization following : . i
21f normal values of i, are assumed for serine and cysteine residues

o . . 1
association of IMP with the enzyme withka, of 1.1 s at position 319, their reactivity can be estimated from Bronsted analysis
(Scheme 3 and Table 2). Using eq 10, the rate cong&tant of the reaction of anionic sulfur and oxygen nucleophiles with

was calculated to be 0.6 This rate constant for isomer-  p-nitrophenyl acetate3(, 38). The reactivity of an alkoxide nucleophile

isatian ; with a pK, of 14.2 is ~100 times greater than that of a thiolate
ization is much slower than the valueloffor the wild type nucleophile with a K, of 8.7. However, at pH 8, there will be10°-

(21 s). The isomerization step for the mutant has an fo|d more thiolate than alkoxide. Therefore, at pH 8, Cys319 is expected
equilibrium of about 1; therefore, it is expected that the to be 1000-fold more reactive than Ser319.
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FIGURE 6: Pre-steady-state burst of NADH (or NADD) production,
as determined with absorbance. (A) The top trace shows the
approach to the steady-state rate obtained whemn®&l@&nzyme
was preincubated with 50M IMP and mixed with 8 mM NAD

Digits and Hedstrom

Table 3: Pre-Steady-State Kinetics Monitored by Absorbance and
Isotope Effectd

beginning  varied KoursP

complex substrate  (sY)  Pkoust CkoursKapp [NADHJ/[E] &
E-IMP  NAD* 62+ 6 1.44+0.2 2.2+ 0.3 0.45+0.01
E-NAD* IMP 22+ 3 1.940.2 1.5+ 0.5 0.56+ 0.02
E IMP, NAD*¢ 31+ 6 — - 0.55+ 0.06
E:-IMP  APAD >415 — - 0.80+ 0.10

aThe time course of absorbance can be described by a single-
exponential equation with a steady-state term. The rate constant for
the exponential phase leys ® The rate constants fdtps display a
hyperbolic dependence on NADand IMP concentrations. Using eq
12 in the text, the maximum valuk,s; can be determined.The IMP
concentration is saturating, and the NADoncentration varies. The
rate constant for the exponential phase is linearly dependent on APAD
concentration up to concentrations of 8 mipt = 208 s1). This
concentration of APAD is approximately one-half of tg,, (eq 12).
€ The NADH concentration is obtained frof®Assdel, whereAAsqo is
the amplitude of the bursg, is 6.22 mM™ cm™ for NADH and 9.1
mM~t cm™ for APADH, andl is the path length (1 cm).

phase, kops display a hyperbolic dependence on NAD
concentration. The maximum valuelgfs denoteds; was
calculated according to eq 12 and is shown in Table 3:
Kobs= Kours[NAD "J(Kzpp+ [NADT])  (12)
whereKypp is the concentration of varied substrate at one-
half of the maximum value ofk,,s: The concentrations of
NAD™ used for the pre-steady-state experiments are inhibi-

tory under steady-state conditions. The presence of a burst
at these concentrations indicates that NAddes not inhibit

under assay conditions (see Materials and Methods). The bottomIMPDH in the first turnover, and is consistent with the

trace shows the same conditions usingH2tMP. The time courses
were monitored for 2 s, and shown here is the first second of the
reactions. The lines are the fits of the data to eq 4 in the text. (B)
Dependence d{,,son NAD*' concentration. Rate constants for burst
formation vs NAD" concentration with@®) IMP as a substrate and
(2) [2-2H]IMP as a substrate. The data were fit to eq 12 to obtain
values ofkyys for both substrates.

ordering of this loop. Further, this loop remains disordered
in the EXMP complex @0), which is consistent with the
failure to observe the isomerization step when XMP binds
to IMPDH. Since Cys319 must be close to IMP, it seems
reasonable to expect that the serine substitution will also
perturb this conformational change.

Determination of the Binding Rate Constants of the Binary
ComplexesBecause Cys319Ser has negligible activity, it was

formation of an EEXMP*-NAD™ inhibitory complex. A
primary isotope effect equal to 1.4 is observedkgpn:when
starting with EIMP. This observation implies that the value
of kourstrepresents the hydride transfer step. However, since
this number is small for an intrinsic isotope effect, this rate
constant could also include another step. The val®?ékaf.s{
Kapp Of 2.2 agrees with the(V/Kyap) value determined from
the steady-state kinetic experiment (2.0).

As can be seen in Table 3, the amplitude of the burst is
about one-half of the enzyme concentration ([INADH]/[E]
= 0.454 0.01). This observation can be explained in two

ways. Since the enzyme is a tetramer, it could be using only
two of its active sites, a phenomenon known as half-site

reactivity. However, several lines of evidence suggest that
all of the active sites are operational in IMPDHs from other

possible to measure association and dissociation rate consoyrces: (a) one IMP is bound per active site in human

stants for IMP binding to enzyme saturated with NAThe
kon measured in this way was 2:210° M1 s, andkey =

IMPDH (15); (b) all of the active sites oE. coli IMPDH

are modified by affinity agents2(l); and (c) one molecule

4.7 s*. Similarly, the association and dissociation rate of NADH is produced per active site of mammalian IMPDHs

constants for NAD binding to enzyme saturated with IMP
were found to be 2.6« 1 M1 st and 94 s?, respectively.

Pre-Steady-State Kinetics Measured by Absorbamnbe.

in the presence of MPAL({, 26). Another possibility is that
NADH release could be slow, allowing an equilibrium to

form at the hydride transfer step. To distinguish between

steady-state isotope effect experiment indicates that hydridethese two possibilities, APAD was used as a substrate. Since
transfer is not rate-determining. This observation is confirmed its reduction potential is higher than that of NAQTable

by the presence of a pre-steady-state burst of NADH 1), the position of the equilibrium of the hydride transfer
production measured by an increase in absorbance at 34Gtep will shift toward products. However, if the enzyme is
nm. Enzyme was preincubated with saturating IMP and using only two of its active sites, the amplitude will remain
mixed with NAD" (Figure 6A), and the data were fit to a 0.5. As can be seen is Table 3, the amplitude of the burst is
single-exponential equation with a steady-state term (eq 4).now 0.80+ 0.10 in the presence of APAD. Therefore, half-
As shown in Figure 6B, the rate constants for the exponential site reactivity can be ruled out as a possible explanation.
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-3.90

Table 4: Pre-Steady-State Kinetics Monitored by Fluorescence and
A ey Isotope Effecty

beginning varied
complex substrate Kuor® (579 PKiuor Pkayor/Kapp

E-IMP NAD* 6.5+03 1.0£01 23+0.3
E-NAD*  IMP 56+03 - -
E IMP, NAD* ¢ 6.1+06 — -
E-IMP APAD =601 - -

aThe time course of fluorescence can be described by a single-
exponential equation with a steady-state term. The rate constant for
the exponential phase iksps ° The rate constantqss display a
-4.04 T | T hyperbolic dependence on NADand IMP concentrations. Using eq
0.0 0.5 1.0 1.5 2.0 12 in the text, the maximum valuky,.r, can be determined.The IMP
concentration is saturating, and the NADoncentration varies. The
rate constant for the exponential phase is linearly dependent on APAD
concentration up to concentrations of 20 mkp{ = 12 s%). This
concentration of APAD is approximately one-fifth of tKep, (eq 12).

-3.92

-3.94

-3.96

-3.98 -

Fluorescence

~4.00 -

Time (sec)

rate constants for the exponential phakgs display a

hyperbolic dependence on NAzoncentration (Figure 7B).

The maximum value okyps denotedk,or, Was determined

by eq 12 and found to be 6.5's(Table 4). Since this value

is not much greater than ttkgy value (1.9 s%), the presence

of a burst is somewhat surprising. However, the concentra-

tions of NAD" used for these pre-steady-state experiments

are inhibitory in the steady state. As noted above, NAD

does not inhibit in the first turnover. Therefore, the presence
[NAD*] (mM) of the “burst” here is simply due to the NADinhibition

FiGURe 7: Pre-steady-state burst of NADH production, as deter- occurring after the first turnover. Similar data were obtained

mined with fluorescence. (A) This trace shows the approach to the When the enzyme was first preincubated with NAG when
steady-state rate obtained when QM enzyme was preincubated  the apoenzyme was mixed with IMP and NADTable 4).

with 50 uM IMP and mixed with 16 mM NAD under assay . ;
conditions. The line represents the fit of the data to eq 4 in the Interestingly, the values Gfuor are 5-10-fold lower than

text. (B) Dependence ¢¢,son NAD* concentration. Rate constants ~ Kourst (Tables 3 and 4). This observation indicates that the
for burst formation vs NAD concentration with @) IMP as a fluorescence and absorbance experiments are probing dif-
substrate and) [2-°H]IMP as a substrate. The data were fitto eq  ferent steps of the mechanism. We propose that the fluores-
12 to obtain values okuuor for both substrates. cence of enzyme-bound NADH in the ternary complex is
guenched. Therefordg,,r measures NADH release. This

kobs (S-1)

This result suggests that the NADH release step is slow

enough to allow the hydride transfer step to be at equilibrium. proposal is based on similar results with the pig heart lactate
Similar data were obtained when the enzyme was prein- dehydrogenase reaction, where the fluorescence of NADH

cubated with NAD and mixed with IMP (Table 3). Aburst 'S duénched in the enzymeyruvate-NADH complex @3).
of NADH formation is observed with an amplitude ©D.5. This hypothe_5|s predicts (a) the valuekgl il noidepend
A primary isotope effect equal to 1.9 is observed. This O the starting complex (E, -BMP, or ENAD™) since
isotope effect is also too small to be intrinsic, implying that NVADH release is a common step for all three complexes
thekous:could be a combination of hydride transfer and some @nd (b) no primary isotope effect will be observed since the
other step. This step could be a conformational Changehydnde.tremsfer is not momtorgq. Both of these pred|pt|ons
similar to that observed upon IMP binding to unliganded are fulfilled (Table 4). In addition, the value Ofour is
enzyme. The value Si(kous/Kapg) for IMP is 1.5, which does  identical to the rate constant for release of NADH from
not agree with thé(V/Kp) observed in the steady-state E‘NADH (6.5 and 6.7 s', respectively; Tables 2 and 4).
experiment. As discussed above, we believe that 1.5 is a moré/Ve also performed a fluorescence energy transfer experiment
accurate determination. utilizing the tryptophans in the enzyme as the fluorescence
When the apoenzyme is mixed with saturating IMP and donor and the NADH as the acceptor (excitatiors 280
varied NAD" concentrations, a burst of NADH production "M, emissiom. = 420 nm) (data not shown). We failed to
is also observed (data not shown). The data were handledobserve energy transfer, which suggests that the fluorescence
as described above for thel®IP complex and are shown signal does not arise from enzyme-bound NADH. For these
in Table 3. The value dfuustis 31 s1, which, within error, reasons, we assignekh,r to the NADH release step.
is the same rate as when starting withNBD*. The Alternatively, kqyor might represent a conformational change
amplitude data are also in agreement with previous results.occurring after hydride transfer but prior to NADH release
Pre-Steady-State Kinetics Measured by FluoresceHue. which unveils the fluorescence of NADH. However, we
pre-steady-state kinetics were also determined by monitoringbelieve this prospect is unlikely in view of the energy transfer
the production of NADH by fluorescence. Figure 7A shows results. In either event, a slow step follows hydride transfer,
the burst of NADH production when the enzyme is prein- which indicates that the hydride transfer step will be at
cubated with IMP. As when absorbance is monitored, the equilibrium as postulated above.



2304 Biochemistry, Vol. 38, No. 8, 1999

R R

501 R €
E 40—: 4
] [

- 304 4
E [
d 204 4
R
10 4
A
O e ]
0 02 04 06 08 1 12 14 186
Time (sec)

11 R S e
E L0 5
s g T
a E 1
= r
> [

w r 1
B3 r ]
0:“ L ISP NI
0 ' 2 3 4 5

Time (sec)

Ficure 8: Rapid quench experiment, in which the steady-state level
and decay of EXMP* intermediates were assessed. Experimental
conditions are described in Materials and Methods. (A) This figure
shows the time course of formation and the steady state level o
E—XMP*intermediates (EXMP*, E—XMP*-NADH, and E-XMP*-
NAD™). The circles represent real data points, and the line
represents a fit of the data to a single-exponential equation. (B)
The decay of EXMP* intermediates was monitored by performing

a pulse-chase experiment. The circles represent real data points

and the line represents a fit of the data to a single-exponential
equation.

The value oksyor Wwhen APAD is used as a substrate60
s 1) is much greater than that measured with NAB.5
s 1). The value okgy,or for APAD is greater than itk.q (3.8
s ™. If it is assumed thakqyor represents APADH release,
3.8 s'' can be assigned to a common step in both the NAD
and APAD reactions. Since the rate of XMP release is 17
s1 (Table 2), this 3.8 ! step is most likely hydrolysis of
E—XMP*. Since NADH release is faster than hydrolysis of
E—XMP*, product release must be ordered, with NADH
release preceding hydrolysis.

Rapid Quench Kineticslhe time course of formation of
acid precipitable 'C]JE—XMP* was monitored by perform-
ing a chemical quench flow experiment. The enzyme was
mixed with [“C]IMP and NAD', and the reaction was
stopped at various time points with a quench solution. Figure
8A shows the approach to the steady-state level-akKKFIP*
intermediates (EXMP*, E—XMP*-NADH, and E-XMP*-

Digits and Hedstrom

enzyme is in the EXMP* complex.

A pulse-chase experiment was also performed to monitor
the decay of 'C]JE—XMP* intermediates (Figure 8B). The
enzyme was first mixed with*fC]IMP and NAD' for 1.5 s
to reach a steady-state level of-EMP* and then mixed
with an excess of unlabeled IMP at different time points.
The interpretation of these data is a bit difficult since
E—XMP*, E—XMP*-NADH, and E-XMP*-NAD* con-
tribute to the signal. Since NADis present at 0.8 mM in
this experiment and th¢€; = 6.8 mM, E-XMP*-NAD™" can
be ignored. Since NADH release and-EMP* hydrolysis
are comparable, with rate constants of 6.5 and 38 s
respectively, the decay of -BEXMP* intermediates is ex-
pected to be a double-exponential process. However, the data
lack the precision and resolution necessary to detect a double-
exponential process. The data were therefore fit to a single-
exponential equation, giving ks of 1.9+ 0.4 s'%, which
is equal thek.,; value of 1.9 s'. These data are consistent
with the rate constants for both NADH release aredVIP*
hydrolysis in the expression fd¢,: (6.5 x 3.8 )/(6.5+
3.8)=245st

Summary of the @erall Kinetic SchemeWe have
combined the above data to construct an overall kinetic
scheme for the IMPDH reaction (Scheme 4). All of the rate
constants have been measured directly, except those for
hydrolysis of E-XMP* and addition of NAD" as a substrate
inhibitor to E-XMP*. The hydrolysis rate constant was
determined from thé.,; of the APAD reaction, and the rate

fconstants for NAD as a substrate inhibitor were simulated,

constrained by the value &f;. The rate constants for the
two-step binding of IMP were determined from the ligand
exchange experiment (Figure 4). The signal-to-noise ratio
in this figure is quite low. However, using the outer
tonfidence limits for the isomerization rate constakisafd
k-,, Scheme 3) in the kinetic model does not affect the
correlation of the simulation to actual data (see below). The
rate constants for hydride transfer are derived from the
stopped flow experiment with-BVP as the starting complex.
The ratio of forward and reverse hydride transfer was
determined from the amplitude of the absorbance burst and
the quench experiments. The main features of this mechanism
are as follows. (1) Substrates bind in a random fashion. IMP
binds to IMPDH in a two-step mechanism. The isomerization
is most likely a conformational change of the enzyme. (2)
Hydride transfer is fast and reversible, with an equilibrium
of 1. (3) Product release appears to be ordered, with NADH
release preceding hydrolysis ofXMP*. (4) NADH release
and hydrolysis of EXMP* are both rate-limiting.

A good test of the validity of Scheme 4 is to determine if
it will describe the time course of the IMPDH reaction.
Figure 9A shows the time course for the reaction when the
production of NADH was followed by absorbance at 340
nm, as measured by stopped flow spectroscopy. The solid

NADT). The data were fit to a single-exponential equation, line in this figure is based on data simulated by the computer
giving akops of 20 £+ 3 s7%; this value is the same as the program KINSIM using the rate constants in Scheme 4. The
observed first-order rate constant governing the exponentialsimulation output included both enzyme-bound and free

phase for absorbance at the concentration of NABed in
this experiment (0.8 mM NAD ). These data confirm that

NADH. Figure 9B shows the time course for the reaction
when the production of NADH was followed by fluores-

hydride transfer is fast and subsequent steps are rate-limitingcence. In this figure, the fluorescence units were normalized

for the IMPDH reaction. The amplitude of 48 3% also

with absorbance units. The solid line in this figure is the

agrees with the amplitude from the pre-steady-state absor-simulation, again by KINSIM using the rate constants in
bance data. These results indicate that about 50% of theScheme 4. The simulation output for this trace included only
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Scheme 4: Kinetic Scheme fadr. foetussMPDH
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Ficure 10: Simulation of the IMPDH reaction, in which steady-
state levels of EXMP* intermediates were determined. Shown
2 -0.005 here is a simulation of EXMP* intermediates generated with
5 KINSIM using the rate constants in Scheme 4: (a)8V1P* and
® 0010 - E—XMP*-NADH, (b) E-XMP*, (c) XMP*-NADH, and (d)
% E—XMP*-NAD*.
§ -0.015 | . . o
5 predicted parameters determined in this manner are shown
2 in Table 1. As can be seen, the agreement is quite good.
-0.020 7 Therefore, Scheme 4 is a valid model for the overall kinetic
scheme ofT. foetusiMPDH.
-0.025 ' ' ' Figure 10 shows a simulation of the steady-state levels of
0.5 Tin:éo(sec) 15 20 the E-XMP* intermediates using rate constants in Scheme

4 and an enzyme concentration of 48V, an IMP
FiIGURE 9: Simulations of the time course for the IMPDH reaction  concentration of 5@M, and an NAD"™ concentration of 0.8

as measured by stopped flow absorbance and fluorescence. (A) Thi " ;
trace shows the approach to the steady-state rate obtained wheimvI (same conditions that were used for the rapid guench

2.0uM enzyme was preincubated with G IMP and mixed with experim_ent). Approximately 50% ‘?f the intermediates ac-
8 mM NAD™ under assay conditions. The solid line for the time cumulating at the steady state are in the form eH@1P*,
course was simulated with KINSIM using the kinetic model and which agrees with the rapid quench data (Figure 8A). If this

rate constants in Scheme 4. The simulation output included both 5004 is dissected further, 30% is&MP*, 15% is E-XMP*-

enzyme-bound and free NADH. (B) This trace shows the approach o ; _ %.
to the steady-state rate obtained when @M enzyme was NADH, and only 5% is trapped in the dead-enetXMP

preincubated with 5@M IMP and mixed with 8 mM NAD under ~ NAD™ complex. o ' o
assay conditions. Production of NADH was monitored by fluores-  Implications for MPA SpecificityMPA is a potent inhibitor
cence, and has been normalized with absorbance units here. Thef human IMPDH but a poor inhibitor of microbial enzymes
solid 'Iine_ for the time course was sirr_lulated with KINSIM using (20 nM vs 9 uM for human andT. foetus IMPDHs
the kinetic model and rate constants in Scheme 4. The simulation respectively). MPA inhibits by trapping the -EXMP*
output included only free NADH. 9 .

complex (L1, 19, 24—26). Thus, MPA sensitivity will depend
free NADH. As can be seen, the time course forthéoetus on the extent of accumulation of-EXMP* as well as on
IMPDH reaction can be predicted quite accurately using the the affinity of E-XMP* for MPA. A minimal kinetic

measured rate constants. mechanism of the human type 1l IMPDH suggests that
A second test of the validity of Scheme 4 is to see if it NADH release is fast and hydrolysis o-XMP* is rate-
correlates with the steady-state kinetic§ ofoetudsMPDH. limiting at 0.4 s (17). Therefore, in contrast t@. foetus

Steady-state parameters for the proposed model (Scheme 4MPDH (Scheme 4), EXMP* is the major enzyme form
were determined by using KINSIM to calculate steady-state for human IMPDH. This difference in the accumulation of
initial velocity data and fitting the data to eqs 1 and 2. The E—XMP* can account for a 3-fold decrease in MPA
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sensitivity inT. foetussMPDH.

This result suggests that only a small fraction of the MPA
resistance (3-fold out of 450-fold) of. foetusIMPDH is
derived from the kinetic properties of the enzyme. Therefore,
the structure of the MPA binding sites must be important in
determining the selectivity of MPA. Of course, it would not
be correct to consider these two mechanisms mutually
exclusive. Differences in the structure of the MPA binding
site can change the kinetic properties of IMPDH as well as
the affinity of MPA. The affinity of E-XMP* for MPA has
not been directly measured. However, thelEP complex
can serve as a model for-&XMP*. Isothermal titration
calorimetry experiments perfomed with Chinese hamster
IMPDH (98% identical to human IMPDH) indicate that MPA
binds to the IMPDH-IMP complex with aKq of 6 uM (32).
Fluorescence quenching experiments WitlioetusMPDH
indicate that MPA binds to the enzymé&VIP complex with
aKgqof 110uM. These observations indicate that the affinity
of MPA for the human enzymelMP complex is 18-fold
higher than that of th&. foetusenzyme-IMP complex. The
MPA binding site ofT. foetudMPDH contains two residues
which differ from human IMPDH. The substitution of these
residues with their human counterparts results in a 20-fold
increase in MPA sensitivity (J. Digits, unpublished results),
which is consistent with the 18-fold increase cited above.
These results suggest that the structure of the MPA binding
site can account for a significant fraction, but not all, of the
MPA sensitivity. The remaining 23-fold difference in MPA
sensitivity cannot be accounted for at this time, but must be
derived from distal structural elements.
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