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ABSTRACT: IMPDH catalyzes the oxidation of IMP to XMP with the concomitant reduction of NAD

NADH. This reaction is the rate-limiting step in de novo guanine nucleotide biosynthesis. Mycophenolic
acid (MPA) is a potent inhibitor of mammalian IMPDHs but a poor inhibitor of microbial IMPDHSs.
MPA inhibits IMPDH by binding in the nicotinamide half of the dinucleotide site and trapping the covalent
intermediate E-XMP*. The MPA binding site of resistant IMPDH from the parasiteichomonas foetus
contains two residues that differ from human IMPDH. Lys310 and Glu431 fafetudMPDH are replaced

by Arg and Gin, respectively, in the human type 2 enzyme. We characterized three muténfeeifis
IMPDH: Lys310Arg, Glu431GlIn, and Lys310Arg/Glu431GIn in order to determine if these substitutions
account for the species selectivity of MPA. The mutation of Lys310Arg causes a 10-fold decrease in the
K; for MPA inhibition and a 8-13-fold increase in th&, values for IMP and NAD. The mutation of
Glu431GIn causes a 6-fold decrease inkhér MPA. The double mutant displays a 20-fold increase in
sensitivity to MPA. Pre-steady-state kinetics were performed to obtain rates of hydride transfer, NADH
release, and hydrolysis of E-XMP* for the mutant IMPDHs. The Lys310Arg mutation results in a 3-fold
increase in the accumulation level of E-XMP*, while the Glu431GIn mutation has only a minimal effect
on the kinetic mechanism. These experiments show that 20 of the 450-fold difference in sensitivity between
the T. foetusand human IMPDHs derive from the residues in the MPA binding site. Of this, 3-fold can
be attributed to a change in kinetic mechanism. In addition, we measured MPA binding to enzyme adducts
with 6-CI-IMP and EICARMP. Neither of these adducts proved to be a good model for E-XMP*.

IMP dehydrogenase (IMPDHMEatalyzes the oxidation of  followed by hydride transfer from the E-IMP intermediate
IMP to XMP with the concomitant conversion of NACIo to NAD" (Figure 1). The resulting E-XMP* covalent
NADH. This reaction is the rate-limiting step in de novo intermediate is hydrolyzed to XMP, regenerating the free
guanine nucleotide biosynthesis, and rapidly growing cells enzyme 8, 9). The nucleophilic Cys is also targeted by IMP
have increased levels of IMPDH)( Inhibitors of IMPDH analogues that are inactivators, namely, 6-CI-IMP and
have anti-proliferative activity and are potential therapeutics EICARMP (7, 8, 10, 1). These compounds are time-
for cancer. In addition, the IMPDH inhibitors ribavarin, dependent irreversible inhibitors of IMPDH and form
mycophenolic acid, and mizoribine are used clinically for covalent adducts with Cys319 as shown in Figure 2.
antiviral and immunosuppressive chemotherapy4). Fur- A number of crystal structures of IMPDH have been
thermore, there are significant differences in both kinetic solved. These include structures of the Chinese hamster,
parameters and inhibitor sensitivity between mammalian and human type 2,T. foetus Streptococcus pyogeneand
microbial IMPDHs, which suggests that species-specific Borrelia burgdorferienzymes 12—16). The enzymes crys-
inhibitors could be designed for anti-infective chemotherapy tallize as a tetramer af/g barrels. The IMPDH active site
(56-7). resides at the C-terminal end of the barfestrands. The

The IMPDH reaction proceeds via attack of Cys319 substrate and cofactor bind in a long cleft in which a stacking
(Tritrichomonas foetusumbering) on the 2-position of IMP,  interaction between the IMP base and the NAficotina-
mide ring facilitates hydride transfer. The highly flexible

*Supported by NIH Molecular Structure and Function Training Grant active site loop and flap also provide additional interactions
GMO07956 (J.A.D.), NIH GM54403 (L.H.), and a grant from the Markey 5t the active site cleft.
Charitable Trust to Brandeis University. . . . S

*To whom correspondence should be addressed. E-mail: hedstom@ Mycophenolic acid (MPA) is a potent inhibitor of human
brandeis.edu. Phone: (781)736-2333. Fax: (781)736-2349. and other mammalian IMPDHSs (Figure 3). A MPA deriva-

1 Abbreviations: |MPDH, inOSine'%OnOphOSphate dehydrogenase; tlve, mycophenolate mofet”' |S Currently used as an |mmu_

IMP, inosine 5-monophosphate; NAD nicotinamide adenine dinucle- . . .
otide; NADH, reduced nicotinamide adenine dinucleotide; xmp, Nosuppressive agent in the United States and Europe for

xanthosine 5monophosphate; APAD, 3-acetylpyridine adenine di- Organ transplantation patient$7 18). MPA is a unique
nucleotide; APADH, reduced 3-acetylpyridine adenine dinucleotide; inhibitor in that it is species-specific: mammalian IMPDHs

MPA, mycophenolic acid; 6-CI-IMP, 6-chloropurine riboside- 5 iti i ; i
monophosphate; EICARMP, 5-ethynylgte-ribofuranosylimidazole- are very sensitive to MPA, while IMPDHs from microbial

4-carboxamide ‘smonophosphate; SAD, selenazole-4-carboxamide SOUICES are resistant to the inhibitor. For eX?-mpitev: 10—
adenine dinucleotide; DTT, dithiothreitol. 20 nM for human IMPDH, 9 nM for Chinese hamster
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FIGure 1. Mechanism of the IMPDH reaction.

Enz—S"\CI Enz-S MPA complex from Chinese hamster IMPDH, MPA stacks
I\ AN against E-XMP* in the likely nicotinamide binding sit&3).
T Yy — )N\ B The mechanism of MPA selectivity is not understood.
)% N N Iil Since MPA binds to E-XMP*, MPA sensitivity will depend
1'( R on the accumulation of E-XMP* as well as the affinity of

E-XMP* for MPA. Interestingly, the microbial IMPDHs have
higher values ok.;; andK,, than their mammalian counter-
parts, which suggests that there is a link between MPA
resistance and the kinetic properties of IMPDRR,(26—
298).
N The complete kinetic mechanism of a parasitic IMPDH,
\_/// R T. foetus has been elucidated (Scheme 2§)( It appears
\ that only 30% of theT. foetusenzyme exists as E-XMP*,
BH+ while E-XMP* is the predominant enzyme form in human
EICARMP E-EICARMP type 2 IMPDH @8). Thus, only a small fraction (3-fold) of
Ficure 2: 6-CI-IMP and EICARMP: Inactivators of IMPDH. the MPA resistance of. foetusMPDH is derived from the
kinetic properties of the enzyme. This observation suggests
that the selectivity of MPA might be attributed to differences
in the MPA binding sites. A crystal structure of Chinese
hamster IMPDH (98% identical to human IMPDH) in which
HaN 0 MPA is bound to E-XMP* reveals several residues making
! contact with MPA (2). Of these, Arg322 and GIn441 are
/ not conserved among the microbial IMPDHSs (Figure 3). The
o OH CH, corresponding residues n foetusMPDH are Lys310 and
/ OH Glu431.
g We have constructed and characterized six mutants of
0 IMPDH with the goal of identifying structural features that
determine species selectivity of MPA. In the human type 2
CHs IMPDH, we constructed Arg322Lys, GIn441Glu, and
. Arg322Lys/GIn441Glu with the hope of gaining resistance
to MPA. Unfortunately, these mutants were too inactive to
charaterize thoroughly. In th€. foetusIMPDH, we con-
structed Lys310Arg, Glu431GlIn, and Lys310Arg/Glu431GIn
with the expectation of gaining sensitivity to MPA. These
N\ enzymes are 1020-fold more sensitive to MPA, which
suggests that these residues are structural determinants of
MPA sensitivity.
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Ficure 3: Mycophenolic acid and its interactions with GIn441 and
Arg322 of Chinese hamster IMPDH. MATERIALS AND METHODS

IMPDH, 500 nM for Bacillus subtilisSIMPDH, 7.9 uM for Materials. IMP, APAD, MPA, and Tris were purchased
B. burgdorferilMPDH, 14 uM for the T. foetusenzyme, from Sigma. NAD™ was purchased from Boehringer Man-
and 20uM for Escherichia coliMPDH (12, 19—23). MPA nheim. 6-CI-IMP was from Apex Organics (U.K.). DTT was
inhibits IMPDH by trapping the E-XMP* complex9( 12, purchased from Research Organics, Inc. Glycerin, EDTA,
23—25) (Figure 1). In the crystal structure of the E-XMP*  and KCI were purchased from Fisher. EICARMP was the
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Scheme 1: Kinetic Scheme far. foetussMPDH
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gift of Dr. Akira Matsuda.®H-labeled MPA was obtained  with respect to APAD were derived from initial velocity
from Moravek Biochemicals, Inc. Oligonucleotides were versus APAD plots at saturating IMP concentrations. In the
obtained from the Brandeis Oligonucleotide Facility. absence of substrate inhibition, data were fit to a sequential
MutagenesisLys310Arg, Glu431GIn, and Lys310Arg/ mechanism (eq 3) using KinetAsyst software (Intellikinetics):
Glu431GIn were constructed from pTfl using the Quikchange
kit (Stratagene, La Jolla, CAR6). Similarly, Arg322Lys, v =V [AIBI( KKy + K[B] + Ki[A] +[A][B]) (3)
GIn441Glu, and Arg322Lys/GIn441Glu were constructed
from pHIA5 (19). To ensure no undesired mutations had been Wherev is the initial velocity; Vi, is the maximal velocity;
introduced, the coding sequences of all IMPDH genes were [A] is IMP; [B] is NAD * or analogueK, andK, are the
Sequenced using a PRISM Dyedeoxy Terminator Cyc|e Michaelis constants of IMP and NADor APAD, respec-
sequencing kit (Applied Biosystems, Inc.) and an Applied tively; andKj, is the dissociation constant of IEIP.
Biosystems 373A DNA sequencer at the Brandeis Sequenc- Pre-steady-state experiments were performed on an Ap-

ing Facility. plied Photophysics SX.17MV stopped-flow spectrophotom-
Expression and Purification of IMPDHRlasmids contain-  &ter at 25°C. The production of NADH was monitored either
ing the mutant IMPDH genes were purified from Bncoli by fluorescence (excitation wavelength 340 nm, 420 nm

expression system using Cibacron blue affinity resin and cutoff emission filter) or by absorbance at 340 nm. Similarly,
The enzyme preparations wered5% pure as judged by (excitation wavelength 362 nm, 450 nm cutoff emission

SDS-PAGE. Protein concentration was measured using the filter) or by absorbance at 363 nm. Enzyme and substrates
Bio-Rad assay with IgG as a standard. Active sites were Were diluted 2-fold in assay buffer. Concentrations indicated

titrated with EICARMP 7). in the text or figure legends are the final concentrations after
Enzyme KineticsStandard IMPDH assays contained 100 dilution. The time course of fluorescence or absorbance can

mM KCI, 3 mM EDTA, 1 mM DTT, and 50 mM Tris, pH be described by a single-exponential equation with a steady-

8.0 (assay buffer). The production of NADH was monitored State term (eq 4):

spectrophotometrically at 340 nra€ 6.22 mM 1 cm™Y) at

— —k(ob
25 °C using a Hitachi U-2000 spectrophotometer. The S = (AA)e " + ot (4)
production of APADH was monitored at 363 nm € 9.1 _ ) )
mM~t cm2). The concentrations of IMP and NADor whereS§ is the signal (fluorescence or absorbance) at time

analogue were varied fdt,, determinations. When substrate AA is the amplitude of the bursksis the observed first-
inhibition is observed, initial velocity data were fit to the ~Order rate constant governing the burst phase, aisdthe
Michaelis-Menten equation (eq 1) and uncompetitive sub- linear rate of increase in fluorescence or absorbance during
strate inhibition equation (eq 2) using Kaleidagraph software steady state.

(Abelbeck Software): Inhibitor Kinetics. For inhibition of both wild-type and
mutant IMPDHs by MPA, the values &f; were determined
v=V,_[IMPJ/(K, + [IMP]) (1) with constant, saturating IMP concentrations and varied
NAD concentrations at 28C in assay buffer. Initial velocity
v =V, [dinucleotide]/K, + [dinucleotide]+ data were fit using KinetAsyst software (Intellikinetics) to

. . eq 5 for uncompetitive inhibition:
[dinucleotidef/K;) (2)
v =V, BI[K, + B(1+ I/K})] (5)
wherev is the initial velocity;Vy, is the maximal velocity;
Ka andKy are the Michaelis constants of IMP and dinucle- wherev is the velocity,Vy, is the maximum velocityB is
otide, respectively; anld; is the substrate inhibition constant the concentration of NAD, | is the concentration of MPA,
for dinucleotide. Steady-state parameters with respect toK, is the apparent Michaelis constant By andK; is the
NAD* were derived by first determining the apparent values intercept inhibition constant.
of Vy, for the initial velocity versus IMP plots (eq 1) and Equilibrium Dissociation ConstantgKy). Dissociation
replotting these values against NARoncentration (eq 2).  constants for the interaction of MPA with wild-type and
Similarly, the K value of IMP was derived by first mutant enzymes were determined by following the quenching
determining the apparent values\6f for the initial velocity of intrinsic protein fluorescence. The measurements were
versus NAD plots using eq 2 and replotting these values performed on a Hitachi F-2000 fluorescence spectropho-
against IMP concentration (eq 1). Steady-state parameterdometer at 25°C. The excitation wavelength was 280 nm.
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Inner filter effects due to the MPA were corrrected by the
formula 29)

Fe = Fopsantilog[(Aey + Aen)/2] (6)

whereAe, andAer, are the absorbances at the excitation and
emission wavelengths, respectivell; is the corrected
intensity; andFqpsis the measured intensity. The experiments
involved successive titration of the apoenzyme solution with
increasing concentrations of MPA. For binding of MPA to
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average of several independent reactions. For E-EICARMP,
binding experiments were performed using a Micro Equi-
librium Dialyser device (Sialomed, Inc.) with a 25-kDa cutoff
membrane3H-labeled MPA was placed on one side of the
chamber that was separated by the membrane from the
E-EICARMP, which was placed on the other side of the
chamber. The whole unit was constantly shaken at@5
and allowed to reach equilibrium. Once equilibrium was
reached, an aliquot was taken from each chamber, and the
amount of bound MPA was determined by radioactive counts

the IMPDH-IMP complexes, the enzymes were first incu- 544 calculated as above (eq 8).

bated with saturating concentrations of IMP and then titrated

with MPA. From the measured fluorescence intenkidy a
given ligand concentration, fractional saturation of enzyme
sites with ligand ;) was determined by usinfy = (I —
12)/(Ir — 1) wherel, is the fluorescence of the apoenzyme,
and |, is the fluorescence of the enyzme when all of its
binding sites are saturated with ligand. The free ligand
concentration was estimated using [ligand¥ [ligand]; —
n[E]:, in which [ligand] and [E] represent the total ligand
and apoenzyme concentration, respectively, ang the
number of ligand binding sites on the enzynme=f 1 for

RESULTS

Construction of Mutant IMPDHsThe mutant enzymes
were constructed and purified as described under Materials
and Methods. All mutant enzymes have purification char-
acteristics similar to wild-type IMPDH. The three human
type 2 IMPDH mutants, Arg322Lys, GIn441Glu, and
Arg322Lys/GIn441Glu, could not be further characterized
because of their low activity<0.045% of wild-type IMPDH
activity). The T. foetusIMPDH mutants were active and

monomer concentration). Kaleidagraph software was usedcharacterized, as described below.

to fit f, and [ligand}ee to
f, = ligand],.J(K, + [ligand]..)

to give the dissociation constarg.

Inactivation of Human and T. foetus IMPDHs with 6-Cl-
IMP and EICARMP: Equilibrium Dissociation Constants
(Kg). 6-CI-IMP and EICARMP are irreversible inhibitors of
both human andr. foetusIMPDHs (7, 8, 10, 11). The

()

Characterization of Mutant IMPDHs: MPA Inhibition.
TheK; values for MPA inhibition of wild-type and mutant
T. foetussiMPDHs are summarized in Table 1. In all cases,
the data best fit to an uncompetitive inhibition mechanism
versus NAD. However, the fit to a noncompetitive mech-
anism is only slightly worse than the uncompetitive fit. The
inhibition constant for wild-type IMPDH is similar to that
reported elsewhere28). MPA is also an uncompetitive
inhibitor of the human enzyme. This value was determined

inactivators were added in excess to the enzymes and allowegpreviously using an equation that describes a tight binding
to react until the enzymes had no remaining activity. The yncompetitive inhibitor and is similar to other reported values

reactions were dialyzed extensively against 50 mM Tris, pH
7.5 and 1 mM DTT to remove free inactivator. The
dissociation constants for MPA binding to tihefoetusE-6-

S-IMP and E-EICARMP complexes were determined by
following the quenching of intrinsic protein fluoresecence

(19, 20). The K; for MPA inhibition is decreased 10-fold
for Lys310Arg IMPDH and 6-fold for the Glu431Gin
enzyme as compared to the wild-type IMPDH. The double
mutant exhibits a 20-fold increase in its sensitivity to MPA
as compared to wild-type IMPDH. However, this mutant

as described above (eq 7). Since the human enzyme has n@nzyme is still 25-fold more resistant to MPA than human
tryptophans, equilibrium dialysis was used to determine the |\pPDH (Table 1).

dissociation constants for the interaction of MPA with the

human complexes. For E-6-S-IMP, binding experiments were

performed by ultrafiltration 30, 31) using Microcon-30
filtration devices (Amicon)3H-labeled MPA was mixed with
the E-6-S-IMP complex and incubated for 20 min at°Z5

Steady-State Kinetic¥he steady-state parameters for the
mutant enzymes are shown in Table 1. In Lys310Agg,s
increased 2.5-fold relative to wild-type, th&, for IMP is
increased 8-fold, and th&,, for NAD™ is increased 13-fold.
Interestingly, the value oKy, for APAD is 27-fold lower

in assay buffer to reach equilibrium. The tubes were spun {han that of NAD.

for 1 min at 300Q to separate part of the unbound MPA
from the mixture. An aliquot of the retentate and filtrate was
taken and counted using a scintillation counter. The total
enzyme concentration [E-6-S-IMRind total MPA concen-
tration [MPA]}, were known, and the bound MPA was
measured by the difference in counts between the retent
and filtrate. [E-6-S-IMP]and [MPA} were calculated from

the difference between the total and bound concentrations.

[MPA]¢ could also be measured from the filtrate counts. Both
methods gave consistent results. TKg was calculated
according to

Ky = [E-I]{{MPA]//[E-I-MPA] (8)

where [E-I} is the free E-6-S-IMP concentration and [E-I
MPA] is the bound concentration. The final number is an

€

Although the Glu431GIn enzyme has a lower valu&pf
for MPA, it exhibits only modest<£3-fold) changes in the
steady-state kinetic parameters as compared to wild-type
IMPDH. The analogous mutation i8. pyogene$MPDH
also exhibits wild-type activity, although the substitution of
GIn441 with Ala in the Chinese hamster IMPDH decreases
the keafKm by 96% (12, 15).

As in the case of the Glu431GIn IMPDH, the double
mutant enzyme also displays small change8.8-fold) in
the steady-state parameters as compared to wild-type IM-
PDH. Here, the value df,, for APAD is 7-fold lower than
that of NAD". Thus, like the Lys310Arg enzyme, the double
mutant IMPDH also prefers APAD over NAD

Pre-Steady-State Kinetics Measured by Absorbambe.
pre-steady-state kinetics of wild-tyde foetudMPDH have
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Table 1: Michaelis-Menten Parameters for Wild-Type and MutantfoetusiMPDH?

Km Kii IMP V/IKnm dinucleotide Kii
dinucleotide Ky, IMP dinucleotide dinucleotide Keat M-1ts) VIKn(M~1s™1) MPA
enzyme substrate (uMm) (uM) (mM) (s x 10P x 10 (M)
wild-type NAD" 1.7+0.4 150+ 30° 6.8+£1.8 19402 11+£3° 1.3+0.2 9.0+ 0.5
APAD 5.3+ 0.4 450+ 160 na 3.8+ 0.2 72+ 1.4 0.85+ 0.27 7.6+ 0.5
K310R NAD* 144+ 2 19004+ 300 n& 49+ 0.3 3.5+ 04 0.26+ 0.03 0.88+ 0.05
APAD 70+ 10 18+ 4 24401 3.44+0.3
E431Q NAD" 224+0.8 106+ 6 8.3+ 0.8 0.6+0.01 27+1.1 0.57+0.04 1.6+ 0.1
APAD 400+ 36 16+ 2 1.3+ 0.05 0.33+ 0.056  0.95+ 0.05
K310R/E431Q NAD 54+2 500+ 180 n& 0.52+ 0.04 1.1+ 0.39 0.1+ 0.03 0.5+ 0.04
APAD 67+ 10 18.8+ 4 0.62+ 0.02 0.93+ 0.15 0.674+ 0.03
human NAD 4+ 1° 64+ 1° 590+ 2¢¢ 0.39+ 0.0 0.98+0.14 65+0.5 0.022+ 0.008
APAD 34+ 5° 30+ 5° ne& 0.62+ 0.05 0.23+ 0.0 21+0.2Z

aReactions 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 applicabléhese values are from réb. ¢ These values are from réB.  This value is from refl9.

¢No substrate inhibition is observed at [NAD< 8 mM.

Table 2: Pre-Steady-State Kinetics Monitored by Absorbance and
Fluorescence

enzyme  dinucleotide KousP (59 ki (s™Y)  [NADH]/[E] ¢

wild-typee  NAD* 62+6  65+03  0.45:0.1
APAD =415 =60 0.80+ 0.10

K310R NAD" >170 >649 1.0£0.1
APAD >3.3

E431Q NAD" 254+6.5 0.96+0.10 0.4+ 0.02
APAD >4.9

K310R/ NAD* 55+1.5 44+ 0.4 1.1+ 0.1

E431Q

APAD 55+15

aThe time course of absorbance and fluorescence can be described
by a single-exponential equation with a steady-state term. The rate
constant for the exponential phaséis, ® These values are for-BMP
as the beginning complex. The rate constants Kgg display a
hyperbolic dependence on [NADR Using eq 9 in the text, the
maximum valueksus; can be determined.These values are for-BAP
as the beginning complex. The rate constants Kgg display a
hyperbolic dependence on [NADand [APAD]. Using eq 9 in the
text, the maximum valuekaor, can be determined.[NADH] is
obtained fromAAgadel, whereAAsqois the amplitude of the burst,is
6.22 mM* cm* for NADH, andl is the path length (1 cm¥.These
values are from re26. ' The rate constant for the exponential phase is
linearly dependent on NADup to concentrations of 20 mMkgps =
42 s, This concentration of NAD is approximately one-fourth of
theKapp(€q 9).9 The rate constant for the exponential phase is linearly
dependent on NAD up to concentrations of 15 mMgps = 12.8 s*.
This concentration of NAD is approximately one-fifth of th&ap, (€q
9). "Values ofkys at [APAD] = 20 mM. Therefore, these values are
lower limits onkgyor.

been thoroughly characterize@6j. A burst of NADH
production is observed when absorbance is monitored. An
isotope effect is observed on this burst phase whé BAP
is the substrate, which implies that hydride transfer is rate-

0.145

0.140

0.135 —

Absorbance (340 nm)

0.130

0.0

T
04

T
0.8

Time (sec)

1.2

kobs(s-1 )

T T
6 8

[NAD*] (mM)

10 12

Ficure 4: Pre-steady-state burst of NADH production as deter-
mined with absorbance. (A) This trace shows the approach to the
steady-state rate obtained when 2N Glu431GIn enzyme was

limiting in this phase. This observation suggests that the rate preincubated with 100M IMP and mixed with 4 mM NAD" under

constant for the burst phask,(s, Table 2) represents the
hydride transfer step. Furthermore, onty0.5 equiv of
NADH is produced per active site. This burst amplitude is

assay conditions (see Materials and Methods). The line is a fit of
the data to eq 4 in the text. (B) Dependencekgf on NAD™"
concentration. The data were fit to eq 9 to obtain the valug g

<1 because the hydride transfer step is at equilibrium due exponential phaséss display a hyperbolic dependence on

to the slower NADH release stef@).

NAD™ concentration. The maximum value kj,s denoted

As with the wild-type IMPDH, a pre-steady-state burst of . was calculated according to eq 9 for Glu431GIn and

NADH is observed for the mutant IMPDHs. Figure 4A
shows a representative experiment with Glu431GIn. Here,
as with the other mutants, the enzyme was preincubated with
saturating IMP and mixed with NAD and the data were

fit to a single-exponential equation with a steady-state term whereKgp, is the concentration of varied substrate at one-

kobs = kburs[NAD +]/( Kapp + [NAD +])

(eq 4). As shown in Figure 4B, the rate constants for the half of the maximum value Ofyyrs:

the other mutants and is shown in Table 2:

©)
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-3.74 Table 3: Dissociation Constants for MPA Binding to Wild-Type
A o and Mutant IMPDH3
3.76 enzyme beginning complex Kg (uM)
8 -3.78 wild-type E 717
c E-IMP 110+ 7
§ 3.80 E-EICARMP 104+ 2
3 E-6-S-IMP 23+ 4
° K310R E 93+ 12
= -3.82 o E-IMP 74+ 4
L E-EICARMP
-3.84 E-6-S-IMP
E431Q E 59+ 9
E-IMP 80+5
-3.86 . . T r E-EICARMP
0.0 0.5 1.0 1.5 2.0 2.5 E-6-S-IMP 27+ 3
Time (sec) K310R/E431Q EI-EIMP Z;i Z
4 E-EICARMP
E-6-S-IMP
B °® b human E NB
E:-IMP 6°
3 E-EICARMP >3.3
E-6-S-IMP 50+ 1.7
‘-':; aBinding assays were performed in 100 mM KCI, 50 mM Tris, pH
] 2 8.0, 1 mM DTT, and 3 mM EDTA at 28C. The dissociation constants
~° were determined by titration with MPA and monitoring the accompany-
° ing fluorescence decreadeThere is no appreciable binding of MPA
14 to free Chinese hamster IMPDH (98% identical to human IMPDH)
(32). ¢ This value is from an isothermal titration calorimetry experiment
performed with Chinese hamster IMPDBZj. ¢ This value is a lower
limit that was determined from the equilibrium dialysis experiment
0 T T 7 (Materials and Methods}.This value is from the ultrafiltration
o] 5 10 15 20 experiment (Materials and Methods).

[NAD*] (mM)
FIGURE 5: Pre-steady-state burst of NADH production as deter-  The value ofkior in Glu431GIn IMPDH is much lower
mined with fluorescence. (A) This trace shows the approach to the (25-fold) than the value dfpyrs. In Lys310Arg,Kuor is =64
steady-state rate obtained when @8 Lys310Arg/Glu431Gin s L, which is similar to the value okyys; although both
enzyme was preincubated with 200 IMP and mixed with 18 numbers are lower limits. Interestingly, the value kafo

mM NAD* under assay conditions. The line is a fit of the data to for the doubl is identical h | f
eq 4 in the text. (B) Dependence ks on NAD* concentration. or the double mutant enzyme Is identical to the value o

The data were fit to eq 9 to obtain the valuekafor. Kourst
The pre-steady-state kinetics of the APAD reaction were

In Lys310Arg, the rate of hydride transfer is at least 2.7- also determined by monitoring the production of APADH
fold greater than that of the wild-type enzyme, while in (Table 2). With the exception of Lys310Arg IMPDH, all
Glu431GiIn, it is 2.5-fold lower relative to the wild-type enzymes have values &y Which are greater than the
IMPDH. Interestingly, the double mutant has a much lower values ofk., with APAD as a substrate.
hydride transfer rate than both single mutants and is 12-fold  Binding of MPA to IMPDH.We examined the binding
lower than that of the wild-type enzyme. reactions between MPA and various forms of wild-type and

Pre-Steady-State Kinetics Measured by FluoresceTioe. mutant T. foetusIMPDHs as well as the human type 2
production of NADH can also be determined by monitoring IMPDH (Table 3). Our goal was to find an adequate model
its fluorescence signal. For wild-type IMPDH, a burst is for the E-XMP* complex. Such a model should have a value
observed when the fluorescence is monitored, but it is slower of Ky < K; for MPA. The association of MPA witfii. foetus
than the burst observed when absorbance is follow#&d (  IMPDH quenches its intrinsic protein fluorescence. Figure
We believe that the fluorescence of enzyme-bound NADH 6A shows a representative fluorescence emission spectrum
is quenched, and fluorescence is only observed when NADH of E-6-S-IMP before and after addition of MPA. The value
is released from the enzyme. Therefore, the fluorescenceof the dissociation constar{) can be determined from the
burst kor = 6.5 s'1, Table 2) reflects NADH dissociation  dependence of fluorescence intensity upon substrate con-
from E-XMP*-NADH. centration (eq 7). Figure 6B shows a binding curve in which

Figure 5A shows the burst of NADH production when the changes in fluorescence are represented by fractional
the Lys310Arg/Glu431GIn enzyme is preincubated with IMP saturation of enzyme sites with MPA as its concentration
and mixed with NAD". Here, as with the other mutants, the increases. Since human IMPDH does not have any tryp-
data were fit to a single-exponential equation with a steady- tophan residues, the dissociation constants were determined
state term (eq 4). As when absorbance is monitored, the ratéby equilibrium dialysis and calculated by eq 8 as described
constants for the exponential phakkgs display a hyperbolic ~ under Materials and Methods.
dependence on NAD concentration (Figure 5B). The MPA binds to wild-typeT. foetudMPDH (Table 3), which
maximum values ofk.s denotedks,r, Were calculated — appears to be inconsistent with the uncompetitive mechanism
according to eq 9. of inhibition. However, the binding is relatively weak{
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Ficure 6: Binding of MPA to E-6-S-IMP. (A) Fluorescence
emission spectra for wild-type E-6-S-IMP and its complex with
MPA (dashed line) when excited with light of 280 nm; the enzyme
concentration is 0.34M, and the MPA concentration is 20M.

(B) Dependence of fractional saturation of the enzyme on MPA
concentration as IMPDH is titrated with ligand. The data were fit
toeq?7.
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Scheme 2: Accumulation of E-XMP*
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MPA also binds to the E-6-S-IMP adduct (Table 3). For
wild-type T. foetus IMPDH, the value of K4 for the
association of MPA with E-6-S-IMP is only 2.6-fold greater
than the value oKj for MPA inhibition. The value ofKy
for the association of MPA with the human E-6-S-IMP
complex is 5-fold lower than that of thE. foetusenzyme.
For the Glu431GIn enzyme, the value ¥ to E-6-S-IMP
is similar to that of the wild-type enzyme. Interestingly, both
Lys310Arg and Lys310Arg/Glu431GIn IMPDHSs cannot be
completely inactivated with 6-CI-IMP, even after several
days. Therefore, these dissociation constants could not be
determined.

DISCUSSION

MPA is a potent inhibitor of mammalian IMPDHSs but a
poor inhibitor of the microbial enzymes. For example, there
is a 450-fold difference in the inhibition constants between
the human and'. foetusenzymes (20 nM and 9M; ref 19

(data not shown), which suggests that there is no cooperat-and Table 1, respectively). MPA binds in the nicotinamide

ivity. Interestingly, MPA does not bind appreciably to the
free Chinese hamster IMPDH (98% identical to huma&a2).(
MPA binds to the mutant enzymes, with valued<gfsimilar

to that of the wild-type IMPDH.

MPA also binds to HMP (Table 3). The binding curves
are hyperbolic, indicating a simple, noninteracting binding
reaction for each enzyme (data not shown). For the wild-
type T. foetusenzyme, the value oKy is 12-fold greater
than the value oKj for MPA inhibition. MPA also binds
noncooperatively to the Chinese hamsteiMP complex,
with a Kq of 6 uM (32). Since this value is 18-fold lower
than that of wild-typel. foetudMPDH, E:IMP does exhibit
the species selectivity of E-XMP*. Interestingly, the two
single mutants have similar dissociation constants as the wild-
type T. foetusenzyme, while the double mutant has a value
that falls between those of the human and thefoetus
IMPDHs.

The E-EICARMP covalent complex was also used for
binding studies (Table 3). For wild-type. foetussMPDH,
the value oK, for the interaction of MPA with E-EICARMP
is 10-fold greater than the value &fj for MPA inhibition
and similar to that of HMP. No MPA binding was observed
to the human E-EICARMP adduct.

site and traps the E-XMP* intermediat8, (12, 23—25).
Therefore, the MPA affinity will depend on the accumulation
of E-XMP* as well as the structure of the MPA binding site.
There are significant differences in the steady-state kinetic
parameters between mammalian and microbial IMPDHS. In
the case off. foetudMPDH, the value ok is 5-fold higher
than for the human type 2 IMPDH, while the value K,
for NAD* is 25-fold higher 26, 28). Thus, differences in
the accumulation of E-XMP* might account for MPA
selectivity.

Analysis of the kinetic mechanisms of foetusand human
type 2 IMPDH suggest that this is not the case (28&nd
28; J. A. Digits and W. Wang, unpublished results). The full
kinetic mechanism for. foetudMPDH is shown in Scheme
1, while an abbreviated mechanism in which the hydrolysis
of E-XMP* and dissociation of EKMP have been combined
in one step is shown in Scheme 2. The main features of the
mechanism are as follows: (i) Substrates bind in a random
fashion. (ii) Hydride transfer is fast and reversible, with an
equilibrium of 1, as determined by the burst of NADH
production measured by absorbance. (iii) Product release is
ordered, with NADH release preceding hydrolysis of E-
XMP*, (iv) NADH release and hydrolysis of E-XMP* are
both rate-limiting. The rate of NADH release is only 1.7-
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fold greater than that of hydrolysis, and both of these stepstype IMPDH. Now, hydrolysis is completely rate-limiting,
can account for the value &f,. The rate constant for NADH  and 100% of the enzyme exists as E-XMP*. Therefore, 3-fold
release is determined from the burst of NADH production, of the 10-fold increase in MPA sensitivity is derived from
as measured by fluorescence. Simulations of the mechanisnthanges in the kinetic mechanism.

using KINSIM indicate that only 30% of th&. foetus The value ofk../Kr, for APAD is 70% of that of NAD"
IMPDH exists as E-XMP*. for wild-type IMPDH (Table 1). This result is somewhat
Preliminary experiments with human type 2 IMPDH  surprising since APAD is more reactive than NALE® =
suggest that the mechanism follows the same general outline—0.258 and—0.320, respectively). Indeed, hydride transfer
As in the case of . foetudMPDH, substrates bind randomly,  js much more rapid with APAD than NAD(Table 2). These
and product release is ordere2B). Hydride transfer is also  gbservations suggest that wild-type IMPDH discriminates
fast, with an equilibrium of- 1 (refs28and33; J. A. Digits, against APAD in the binding step. In contrast, the value of
unpublished results). However, there is one significant k./K,, for APAD is greater than that of NADby 13-fold
difference that is shown in Scheme 2. For human IMPDH, in Lys310Arg IMPDH (Table 1), which suggests that residue
the release of NADH is slower than hydride transfer but 310 interacts with the carboxamide group of NADThe
much faster thanke: (W. Wang, unpublished results).  structure of the ESAD complex of human type 2 IMPDH
Although the rate constant for the dissociation oKMP confirms this predictioni4). The analogous residue, Arg322,
has not been measured, the presence of a solvent deuteriunhteracts with the selenazole-4-carboxamide via a hydrogen
isotope effect of 1.9 ork.a suggests that hydrolysis of ponding network, which includes the conserved residue
E-XMP* is rate-limiting (J. A. Digits, unpublished results).  Asn303. Therefore, the Lys310Arg mutation is expected to
Thus, the value df.iis assigned to the hydrolysis step. Since  change the enzyme structure in the vicinity of the carboxa-
hydrolysis is completely rate-limiting, E-XMP* accumulates mide group of NAD, thus changing the relative binding
to a greater extent than it does in fhefoetusenzyme. This  affinities of APAD and NAD". More structural information
difference in accumulation can account for approximately s needed to understand the change in nucleotide specificity.
3-fold of the 450-fold difference in MPA sensitivity. Glu431GIn. This single mutation results in a 6-fold
Thus, only a small fraction of the MPA resistance™f  jycrease in MPA sensitivity. Analogously, mutagenesis
foetusIMPDH is derived from the kinetic properties of the ¢ ,dies of Chinese hamster IMPDH in which GIn441 is

enzyme. Therefore, the structure of the MPA binding sites ¢ nstituted with Ala shows a 25-fold decrease in MPA
could account for the remaining difference in selectivity. The sensitivity (2).

crystal structure of Chinese hamster IMPDH in which MPA h Kineti f | |
is bound to E-XMP* reveals only two residues that are _T.lesteac:]y-statef |Eet|c F;arameters orG U431IG nare \r/lery
different inT. foetussMPDH (12). The side chain atoms of ks)limlgéttgh;noseei; thte %-mlg-ggzereggzwfhg\?;jgl)fAT €
Arg322 make van der Waals contacts with the methyl moiety ggest chang g . £
of MPA (Figure 3). This residue is Lys310 in tffe foetus partial I_<|net|c mechan|s§m IS shown_ln Scheme 2. The rate
enzyme. The side chain of GIn441 forms a direct hydrogen of hydride transfer (25°S, Table 2) is much greater than
bond with the MPA hydroxyl group (Figure 3). This residue the rate of NADH release from the enzyme (0.98 able

' 2). Therefore, hydride transfer is at equilibrium. Thus, the

Is Glu431 inT. foetusIMPDH. amplitude of the burst should bel, as is observed (Table

Therefore, we have constructed mutants of both human X .
' . -~ 2). The rate of APADH release is greater than khgwith
andT. foetus MPDH with the goal of determining whether APAD as a substrate (4.9 and 1.3.srespectively: Tables

these residues control MPA sensitivity. Unfortunately, the 1 and 2). Therefore, the value ki, for the APAD reaction

mutants of the human enzyme were inactive. However, we can be assigned to the hydrolysis step. Overall, both the rate

were able to characterize tie foetusmutants, Lys310Arg, fg NADH rel ydroly d hvd E)j ‘ ’

GIu431GIn, and Lys310Arg/Glu431GIn. constants for release and hydride transfer can account
’ for the ke 0f 0.6 s%: (0.96 x 1.3)/(0.96+ 1.3)=0.55 s,

Lys310Arg. This single mutation results in a 10-fold ) ;
increase in the sensitivity to MPA (Table 1). This increase _ AAS ¢an be seen in Scheme 2, the mechanism of Glu431Gln
does not look much different than that of the wild-type

is expected since a Lys at this position would eliminate the ;
van der Waals contact that is present in the Chinese hamsteENZYme. In both cases, NADH release and hydrolysis are

IMPDH structure (Figure 3). slow steps, which suggests that approximately 30% of

The steady-state kinetic parameters are also different fromE-XMP* accgmulates for the GIu4_3;I.GIn enzyme as W?”'
those of wild type. The values &, for both substrates and Therefore, this mutant enzyme exhibits a change in inhibitor

the value ofk.y are significantly higher. Scheme 2 shows a affinity With(_)ut any m_ajor changes_i_n _kinetic mechanism.
partial kinetic mechanism for this mutant, which was |he 6-fold increase in MPA sensitivity must be due to
obtained from both absorbance and fluorescence experimentStructural changes at the MPA binding site.
as described under Results (Table 2). Here, the values of It has been proposed that the hydroxyl group of MPA may
both kpurst and knwor are much greater than the valuelef. occupy the binding site of the catalytic water that hydrolyzes
Thus, both hydride transfer and NADH release are fast stepsE-XMP* and that Glu431 acts as a general base for activating
for this enzyme, and thk., value of 4.9 st (Table 1) can the water {2, 15). Our steady-state results suggest that this
be assigned to the hydrolysis step. This mechanism predictsS not the case since the substitution of Glu431 with Gin
that the amplitude of the absorbance burst shoule béor decreases the rate of hydrolysis of E-XMP* by only 3-fold.
the mutant enzyme, as is observed (Table 2). Lys310Arg/Glu431GInAs can be seen in Table 1, this
Overall, it appears that this single mutation has changed mutant displays a 20-fold increase in its sensitivity to MPA,
the kinetic mechanism of the enzyme. The rate of NADH which is only 2-fold greater than either single mutation. Thus,
release is increased at least 10-fold as compared to wild-these mutations are not additive.
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As for the Glu431GIn enzyme, the steady-state parametersfoetusand human enzymes. This suggests that other regions
are not significantly different from those of the wild-type of the protein must contribute to the MPA selectivity. Since
enzyme. Interestingly, the pre-steady-state data does differIMP contacts MPA, the IMP binding site is a candidate.
Scheme 2 shows a partial kinetic mechanism of the double However, this region is conserved among all IMPDHs.
mutant. Here, the value (5.5 s, Table 2) is identical Therefore, it is not a structural determinant of MPA
to the value okquor (4.4 s'1, Table 2). Since these two rates selectivity. Two neighboring regions are also likely candi-
are the same, both must represent the hydride transfer stepdates. The active site loop (residues 3B24 inT. foetus
This implies that the rate of NADH release must be faster IMPDH) could confer MPA selectivity. This loop appears
than hydride transfer by at least 10-fold. Therefore, hydride to be very flexible, and this mobility may be required for
transfer is not at equilibrium. This mechanism predicts that the transformations between E-IMP, E-XMP*, ancKiIP
the amplitude of the burst should be 1. This prediction is (13—16, 34). Since MPA inhibits by binding to E-XMP?*,
observed (Table 2). The rate of APADH release is greater this loop movement may be modulating its inhibition. There
than thek.y with APAD as a substrate (5.5 and 0.62,s are three residues in or around the active site loop that are
respectively; Tables 1 and 2). In addition, tkg; for the conserved among the microbial IMPDHs and differ from
APAD reaction is identical to the value kf,;for the NAD" conserved residues among the mammalian IMPDHSs: 1le313,
reaction. Thus, thk., value can be assigned to the hydrolysis Arg322, and Gly326 inT. foetusIMPDH are replaced by
step. Met, GIn, and Ala, respectively, in the human type 2 IMPDH.

Scheme 2 shows that, for the double mutant, hydrolysis A second possibility is the adenosine site. Interestingly, the
is completely rate-limiting, which suggests that all of the adenosine end of the dinucleotide site is not consertéd (
enzyme accumulates as E-XMP*. Therefore, 3-fold of the Trp269, Arg241, and lle27 of. foetudMPDH are replaced
20-fold increase in MPA sensitivity can be attributed to a by Phe282, His253, and Thr45, respectively, in the human
change in kinetic mechanism. Interestingly, this mutant has type 2 IMPDH. Such differences in the adenosine portion
a 10-fold faster rate constant for the dissociation of NADH of the dinucleotide binding site may explain MPA selectivity.
than the human enzyme and a very similar hydrolysis rate, In addition, the terminal section of the active-site flap,

yet is not as sensitive to MPA as the human enzyme. This comprising residues 420437 (human IMPDH numbering),
observation implies that there are other structural featureslies adjacent to the adenosine end of the dinucleotide. These

that differ between these two species of IMPDH, which

residues are also not conserved among IMPDHSs.

account for the remaining discrepancies in sensitivity. Some  Summary.The substitution of Lys310 with Arg and

of these possibilities are discussed below.

Potential Models for E-XMP*: MPA BindinglVe wanted
to find a model for the E-XMP* complex to obtain a direct
determination of th& for MPA. A good model for E-XMP*
would have a value dfy < K; for MPA. Unfortunately, we
were unable to identify a good model.

The EIMP complex lacks the covalent bond between the

Glu431 with GIn can account for 20-fold of the 450-fold
difference in sensitivity between the foetusand human

type 2 IMPDHSs. Three-fold of this 20-fold is derived from

an increase in the accumulation of E-XMP*. These results
indicate that regions of IMPDH outside the MPA binding
site must contribute to its selectivity.

active site Cys319 and the 2-position of IMP but can ACKNOWLEDGMENT
conceivably form the stacking interactions between MPAand  \ye thank Rebecca Myers for the DNA sequencing.
the purine base that are observed in the Chinese hamster

E-XMP*-MPA structure 12). However, the values d&4 are
too large for EIMP to be considered a good model.
EICARMP forms a covalent adduct with the enzyme but

lacks the stacking interaction (Figure 2). We could not detect

any appreciable binding of MPA to the human E-EICARMP
adduct. The simplest explanation for the lack of affinity of
MPA for this complex is that an intact purine ring system
that facilitates stacking interactions with MPA is required
for adequate binding. E-6-S-IMP is a covalent adduct with
an intact purine ring system (Figure 2). The 6-S-IMP binds
in the same site occupied by the IMP in the E-XMMPA

complex of the Chinese hamster enzyme, and the conforma-

tion of 6-S-IMP is similar to that of E-XMP*14). However,
formation of the C6-Cys adduct requires nucleophilic attack
by the Cys on the opposite side of the purine ring from the
C2 position. Although 12 of the 16 residues contacting MPA
are still present in this adduct, E-6-S-IMP failed to bind MPA
with high affinity. Although none of these complexes proved
to be a good model for E-XMP*, they confirm the increase
in MPA sensitivity of the mutant enzymes.

Possible Distal Structural Determinants of MPA Semsiti

ity. We have demonstrated that the two residues directly in

the MPA binding site can account for approximately 20-
fold of the 450-fold difference in selectivity between the
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