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ABSTRACT: Inosine 5-monophosphate dehydrogenase (IMPDH) catalyzes the oxidation of IMP to XMP
via the covalent EXMP* intermediate (E-XMP*), with the concomitant reduction of NAD Hydrolysis

of E-XMP* is rate-limiting, and the catalytic base required for this step has not been identified. An
X-ray crystal structure ofritrichomonas foetudMPDH with mizoribine monophosphate (MZP) reveals

a novel closed conformation in which a mobile flap occupies the NABDH site [Gan, L.,

Seyedsayamdost, M. R., Shuto, S., Matsuda, A.,

Petsko, G. A., and Hedstrom, L. ROGmistry

42, 857-863]. In this complex, a water molecule is coordinated between flap residues Arg418 and Tyr419
and MZP in a geometry that resembles the transition state for hydrolysis-&\VEP*, which suggests

that the Arg418-Tyr419 dyad activates water. We constructed and characterized two point mutants,
Arg418Ala and Tyr419Phe, to probe the role of the Arg418-Tyr419 dyad in the IMPDH reaction.
Arg418Ala and Tyr419Phe decreakg: by factors of 500 and 10, respectively, but have no effect on
hydride transfer or NADH release. In addition, the mutants display increased solvent isotope effects and
increased levels of steady-state accumulation-eKEIP*. Inhibitor analysis indicates that the mutations
destabilize the closed conformation, but this effect can account for a decrelageoinno more than a

factor of 2. These observations demonstrate that both the Arg418Ala and Tyr419Phe mutations selectively
impair hydrolysis of E-XMP* by disrupting the chemical transformation. Moreover, since the effects of
the Tyr419Phe mutation are comparatively small, these experiments suggest that Arg418 acts as the base

to activate water.

Inosine 5-monophosphate dehydrogenase (IMPbBt#ta-
lyzes the oxidation of IMP to XMP with the concomitant
reduction of NAD". This is the rate-limiting and first
committed step ime nao guanine nucleotide biosynthesis.
Inhibitors of IMPDH have antiproliferative activity and have
been developed as immunosuppressil)e énticancer %),
and antiviral agents3(-6). The conversion of IMP to XMP
proceeds by two different reactions: oxidation and hydrolysis
(7). In the oxidation reaction, the active site Cys319
(Tritrichomonas foetutMPDH numbering) attacks the C-2
position of IMP and a hydride is transferred to NAD
forming NADH and the covalent-EXMP* intermediate (E-
XMP*). In the hydrolysis reaction, EXMP* is hydrolyzed
after NADH release, producing XMP (Figure 1).

T Supported by NIH Grant GM54403 (L.H.) and NIH Training Grant
GM08417 (Y.V.G.S. and T.V.R.).

Enzymatic hydrolysis reactions generally require an en-
zymic base for activation of water. We have recently
proposed that the conserved Arg418-Tyr419 dyad performs
this role in the IMPDH reaction, based on our structure of
the EMZP complex, in which Cys319, MZP, and a water
molecule are arranged in a tetrahedral geometry resembling
the hydrolysis transition state (Figure 28).( The water
molecule appears to be activated by hydrogen bonds to both
Arg418 and Tyr419 (Figure 2). This observation is surprising
because the solutiorKg's of both residues would seem to
preclude this role (8, = 12.5 for Arg and 10.5 for Tyr).
The Arg418-Tyr419 dyad is found on a mobile flap that is
disordered in most IMPDH structures, including tha\aP-
B-Me-TAD complex Q), which suggests that the flap is
disordered during the hydride transfer reaction. We propose
that IMPDH undergoes a large conformational change in
midcatalytic cycle: when NADH departs, the flap folds into
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otide; NADH, reduced nicotinamide adenine dinucleotide; XMP,
xanthosine 5monophosphate; LDH, lactic dehydrogenase; MZP,
mizoribine monophosphate; ADP, adenosifweiphosphate; tiazofurin,
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EICARMP, 5-ethynyl-15-p-ribofuranosylimidazole-4-carboxamidé 5
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activation of water, thereby converting the enzyme from a
dehydrogenase to a hydrolase.

Consistent with this model, the substitution of Arg418 with
Ala decreases activity by a factor of 508, (L0). We have
previously shown that a burst of NADH production is
observed in the reaction of Arg418Ala, which suggests that
hydride transfer is not perturbed by this mutati@. Here
we report a detailed characterization of both the Arg418Ala
and Tyr419Phe mutations. Both mutations selectively disrupt
the hydrolysis reaction, and this decrease can be attributed
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Ficure 1: Chemical mechanism of IMPDH. In the hydride transfer reaction, the active site Cys attacks C-2 of IMP with expulsion of
hydride to NAD' to form E-XMP* and NADH. NADH is released before the hydrolysis reaction takes place. The hydrolysisXi¥IP*
requires a base to activate the catalytic water. The XMP tautomer shown bound to the enzyme is chosen arbitrarily.

to the rate of the chemical transformation rather than exchange column. Tyr419Phe was further purified using a
perturbation of the conformational change. Interestingly, the POROS HS strong cation exchange column followed by a
effects of the Arg418Ala mutation are much greater in POROS CM weak cation exchange column. The protein
magnitude than those of Tyr419Phe, and similar in magnitude concentration was determined with the Bio-Rad assay with
to the effects of substitution of catalytic bases in other IgG as a standard dividing by a correction factor of 2.4 to
enzymes. Therefore, we propose that Arg418 is the catalyticaccount for the differences in chromophore generation

base in the IMPDH reaction. betweenT. foetudMPDH and IgG (unpublished results). In
addition, the active sites of Tyr419Phe were titrated with
MATERIALS AND METHODS EICARMP, which verified the protein concentratioh4j.

Materials. IMP. ADP. NADH. MPA. and Tris were  The concentration of Arg418Ala was verified in the ampli-
purchased from Sigma (St. Louis, MO). NADwas pur- tudes of_the .pre-s'geady—state experiment, trappingEP*
chased from Boehringer Mannheim. DTT was purchased @nd by fitrating with MPA. _
from Research Organics, Inc. Glycerin, EDTA, trichloro- ~ Enzyme KineticsStandard IMPDH assays contained 100
acetic acid, and KCI were purchased from Fisher!4(8}- mM KCI, 3 mM EDTA, 1 mM DTT, and 50 mM Tris (pH
IMP was obtained from Moravek Biochemicals, Inc,@D 8.0) (assay buffer). NADH product inhibition was observed
and DCI were purchased from Cambridge Isotope Labora- for Arg418Ala and overcome by adding saturating concen-
tories, Inc. LDH (bovine heart) was purchased from ICN trat|ons.0f ITDH (20uM). Tyr419Phe activity was determined
Biomedicals, Inc. Tiazofurin was obtained from the National BY monitoring El;e absorbance of NADH at 340 negs§ =
Cancer Institute. EICARMP and MZRY) were a gift from  6-22 MM cm™) on a Hitachi U-2000 UV-visible spec-

A. Matsuda (Hokkaido University, Hokkaido, Japan). Oli- trophotometer at 28C. For the more inactive Arg418Ala,
gonucleotides were purchased from Operon. the fluorescence of NADH was monitored{ = 340 nm,

Site-Directed Mutagenesighe Argd18Ala and Tyr419Phe #em = 460 nm) on a PerSeptive Biosystems Cytofluor II
mutations were constructed in pTf1 which contains The multiwell plate reader at 25C. Rates of NADH production
foetusIMPDH gene in the pKK223-3 plasmidL®). Point were determined by calibration of the instrument with a
mutations were created using the Quikchange kit (StratageneStandard curve of an NADH solution in assay buffer
La Jolla, CA). The coding sequences were sequenced totontaining LDH. The presence of NAThad no effect on
ensure that there were no undesired mutations using a PRISMhe standard curve, confirming that NADoes not compete
dye deoxy terminator cycle sequencing kit (Applied Bio- with NADH for LDH at't.he concentrations useo[ in the
systems, Inc.) and an Applied Biosystems 373A DNA st_eady-gtate assays. Inlt_lal velocity data were fit by_the
sequencer at the Brandeis Sequencing Facility. Michaelis-Menten equation (eq 1) or an uncompetitive

Expression and PurificationPlasmids containing the substrate inhibition equation (eq 2) using SigmaPlot (SPSS,
mutant IMPDH gene were transformed and expressed in!NC.):

Escherichia coliH712 cells, which lack their own IMPDH

(13). Arg418Ala and Tyr419Phe were purified with a slight v =V, [IMPJ/(K, + [IMP]) 1)
modification to the wild-type method ). Both were initially N N
purified using a Cibacron blue affinity resin. Arg418Ala was v=V/[(1+KJ[NAD '] + [NADJ/K;)  (2)

subsequently purified on a POROS HQ strong anion
exchange column followed by a POROS HS strong cation wherev is the initial velocity,Vn, is the maximal velocity,
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and saturating concentrations of IMP were preincubated,
giving final concentrations of 100M IMP and 2.4 or 1uM
enzyme for absorbance and fluorescence experiments, re-
spectively. The same starting complex for Tyr419Phe used
final concentrations of 30@M IMP and 1.6 or 0.4uM
enzyme for absorbance and fluorescence experiments, re-
spectively.

Progress curves were fit with either a single-exponential
(eq 3) or double-exponential (eq 4) equation with a steady-
state term:

§=A[1 — exp(Kyst)] + ot + Db (3)

§ = A1 — exp(Kyps)] +
AL — exp(Kkysd)] + ot +b (4)

wheres is the signal at timé, A; andA; are the amplitudes

of the first and second phases, respectivilys; and kopsz

are the observed first-order rate constants for the first and
second phases, respectivelyis the steady-state rate of the
linear increase in absorbance or fluorescence, targdthe
background signal at time 0. The hyperbolic dependence of
kobs ON substrate concentration was fit by eq 5:

kobs = kbursS(Kapp + S) (5)

wherekyrstis the maximal value df.ps Sis the concentration
of the varied substrate, adypis the concentration of S at
Yokpurse IN addition, Dynafit (5) was used to globally fit
the combined absorbance and fluorescence progress curves
to the mechanism of Scheme 1 to derive values for the

! individual rate constants as described in the Supporting
o Arg 418 Information. XMP binding was assessed by following the

intrinsic protein fluorescence as previously describ&g).(

‘Asp 261 Equilibrium Dissociation Constants @K Dissociation
FIGURE 2: Interactions of the conserved Arg-Tyr dyad fromThe ~ CONStants for the interaction of ligands with enzyme were
foetus IMPDH—MZP crystal structure §). (A) The distal flap determined by following the quenching of the intrinsic
(yellow) adopts a closed conformation docking in the NAD  protein fluorescence. The measurements were performed on
gir';dfsnhgo\fivﬁcggt-WTGTleaszdt?] ﬂﬁﬂﬂﬁigrﬁ\vﬁ%lSAmilg}eaggﬁfdsi a Hitachi F-2000 fluorescence spectrophotometer. Experi-
follows: black for C, blue for N, red for O, g.reen for S, and magenta ments were performed at 25? using excitation wavelengths
for P. This figure was generated by L. Gan with MolScript and ©f 295 nm when NAD was titrated and 280 nm when IMP

rendered with Raster384, 35). (B) Schematic representation of ~was titrated. Fluorescence values were corrected for inner
the interactions between Arg418, Tyr419, water 241, MZP, and filter effects by the formula

IMPDH. Distances between atoms are in angstroms.
Fe = Fopsantilog[(Ae, + Acr)/2] (6)

Ka andKj, are the Michaelis constants for IMP and NAD  where F; is the corrected intensityfops is the measured
respectively, and; is the substrate inhibition constant for intensity, andAcx and Ae, are the absorbances at the
NAD™. Steady-state parameters with respect to NAizre excitation and emission wavelengths, respectively. Dynafit

derived by first determining the apparent valuesvgffor (15) was used to fitF; and the ligand concentration to a
the initial velocity versus IMP plots (eq 1) and replotting simple one-step binding mechanism for Arg418Ala.

these values against the NARRoncentration (eq 2). Simi- Inhibitor Kinetics. K determinations for mycophenolic acid
larly, theKy value of IMP was derived by first determining  (MPA), tiazofurin, and ADP for Tyr419Phe were performed
the apparent values o, for the initial velocity versus NAD with saturating IMP and varied NADand inhibitor con-
concentration plots using eq 2 and replotting these valuescentrations. Because of the extremely low activity of
against the IMP concentration (eq 1). Arg418Ala, substrate concentrations were held constant at

Pre-steady-state experiments were performed using an200 uM IMP and 20uM NAD* and only the inhibitor
Applied Photophysics SX.17MV stopped-flow spectropho- concentration was varied. Multiple inhibitor experiments with
tometer. NADH production was monitored by either absor- tiazofurin and ADP were performed at constant IMP (as
bance (wavelength of 340 nm) or fluorescence (excitation described above) and NADconcentrations (20 and 2@/
wavelength of 340 nm, 420 nm cutoff emission filter) at 25 for Arg418Ala and Tyr419Phe, respectively).
°C. Equal volumes of the enzyme and substrates were MZP inhibition was assessed in the presence of constant
combined in assay buffer at time 0. For Arg418Ala, enzyme NAD* (50 and 250uM for Arg418Ala and Tyr419Phe,
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Scheme 1: Kinetic Scheme far. foetussMPDH (modified from that in refl2)
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respectively) and varied IMP and inhibitor concentrations. the low activity of Arg418Ala permits variation of only the

MZP exhibited slow, tight binding to Tyr419Phe, so in this

inhibitor concentration, so inhibition was analyzed using

case, enzyme, IMP, and MZP were equilibrated by incubation Dynafit (15) assuming the same mechanism of inhibition as

for 20 min before the reaction with NADwas initiated. All
experiments were performed at 26 in assay buffer, and
the initial velocities were fit by eq 9. LDH was present in
Arg418Ala reaction mixtures to abate NADH product
inhibition.

Data Analysis for Inhibitor Studieshe initial rate data

observed in the wild type and Tyr419Phe.

Labeling IMPDH with [C]IMP. Reaction mixtures
contained 4.5 or 2.aM enzyme, 60 or 5@&M [8-“C]IMP,
and 75 or 25uM NAD™ for Arg418Ala or Tyr419Phe,
respectively, in assay buffer at 26. Enzyme, [8¥C]IMP,
and NAD" were mixed, and reactions were quenched during

were fit using SigmaPlot (SPSS, Inc.). Inhibition models were the steady-state phase by precipitation with TCA to a final
evaluated on the basis of the standard errors of the fittedconcentration of 10%. The enzyme samples were collected

parameters.

noncompetitive inhibition

v =V [NAD T/[Kynap) (1 + 17K +
[NADI(L + /K] (7)

uncompetitive, tight-binding inhibition

v=(v/2EE — 1 — Kypp T

[(E—1 =Ky +4EK,,1°%} (8)
whereK, = Ki[Kynap)/[NAD T+ 1]
competitive, tight-binding inhibition
v=(f2EE — | — K+

[(E—1 = Kyp)? + 4EK,, %% (9)
whereK,,, = Ki[[IMP)/ Kyqvey + 11

multiple inhibition
v = vl[1 + I/K; + JK; + 1J/aKK] (10)

In eqs 710, v is the initial velocity,Sis the concentration
of substrate) is the concentration of free inhibitor (which

on 0.45um HA nitrocellulose filters (Millipore) and washed
with 10% TCA. Radioactivity was measured using a scintil-
lation counter. Control reactions in which NADr enzyme
was omitted from the assay mixture were performed for each
experiment.

Sobent Deuterium Isotope EffectsAssay buffer was
prepared in DO or H,O. The pH meter readings were
corrected for the BD effect by adding 0.4 throughout.
Activity was assayed by holding the IMP concentration at
100uM and varying the NAD concentration appropriately
for determination oW,,. The reactions were initiated by the
addition of enzyme, and the production of NADH was
monitored by the absorbance (Tyr419Phe and wild type) or
fluorescence (Arg418Ala).

RESULTS

Kinetic Mechanism of Wild-Type IMPDNVe previously
derived a model for the kinetic mechanism of wild-type
IMPDH (12). The key features of this mechanism are random
addition of substrates and fast and reversible hydride transfer
followed by slow NADH release which precedes the slow
hydrolysis of the EEXMP* intermediate. In addition, NAD
inhibits the reaction by forming the dead-ene-XMP*-
NAD* complex. We have further refined this model to
include a rapid conformational change prior to hydrolysis
of E-XMP* as indicated by our recent result8)( The
determination of the equilibrium constalt for this con-

is equivalent to the total inhibitor concentration in eqs 7 and formational change is described below. In addition, we have

10), Vi is the maximal velocityKis and K are the slope
and intercept inhibition constants, respectivelyis the initial
velocity in the absence of inhibitorE is the enzyme
concentration,K; and K; are the inhibition constants for
inhibitors | and J, respectively, and is the interaction
constant for the interaction between inhibitors | and J.

globally fit reaction progress curves monitored using Dynafit
as described in the Supporting Information. The values
derived in the global fit are in good agreement with those
reported previouslyl2). Scheme 1 summarizes our current
model for the wild-type reaction.

Steady-State Characterization of Arg418Ala and Tyr419Phe

Complete data sets varying both inhibitor and substrate We constructed two point mutants, Arg418Ala and Tyr419Phe,
concentrations were collected for Tyr419Phe and fit to each in T. foetudMPDH to probe the role of the Arg418-Tyr419
equation to determine the best inhibition model. However, dyad in the IMPDH reaction. Several predictions can be made
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Table 1: Steady-State ParameterstofoetusMPDH and Mutants

Km(IMP) (uM) Km(NAD™) (uM) Ki(NAD) (mM) Keat (57 F20Kcad P2 Keat
wild type 1.7+ 0.4 150+ 307 6.8+ 1.8 1.9+0.22 1.6+0.1
Arg418Ala 3+3 1.6+0.3 0.11+0.01 0.004+ 0.0004 5+ 2
Tyr419Phe 0.40.9 70+ 10 1.1+0.2 0.22+0.01 2.4+ 0.3
aFrom refl2.
280 affinity of the NAD" site or from other changes in the kinetic

mechanism. Nevertheless, the steady-state kinetic properties
of the two mutants are generally consistent with the proposal
that the Arg418-Tyr419 dyad is selectively involved in the
hydrolysis of E-XMP*. Interestingly, only the Arg418Ala
mutation decreasdsg,: by the magnitude expected for loss
of the catalytic base.

Sobent Deuterium Isotope EffectsThe experiments

Fluorescence
oo (3]
I o
o o

oo
Do
<o

{ o o N described above suggest that the mutations selectively
e, onrs At A MM decrease the rate of the hydrolysis reaction, which predicts
200 hatladddittl g , , that the solvent isotope effect d, should increase. Table
0 2000 7000 10500 1 shows that both mutations do indeed increase the solvent
Time (s) isotope effect, further suggesting that hydrolysis has become
Ficure 3: Effect of LDH on the Arg418Ala reaction. Arg418Ala more rate'“m'tmg' .
exhibits severe NADH inhibition in the absence of LD®)(When Accumulation of EXMP* in Arg418Ala and Tyr419Phe.
saturating concentrations of LDH are present [20, Kq = 1.5 If hydrolysis is rate-limiting as indicated above, then the

ﬁrt;\{le(ﬁﬁ)gjl()ﬁa)s' the fluorescence signal increases 3-fold and the initial mytant enzymes should accumulate Ha!)EMp* during the .
' steady state. We measured the fraction of enzyme that is
trapped as EXMP* when the reaction was quenched with
if hydrolysis is selectively perturbed by removal of the acid by monitoring the incorporation of radioactivity from
catalytic base. (1) Hydrolysis should be inhibited by a factor [8-**CIIMP into protein (see Materials and Methods). Under
of at least 100 and will become solely rate-limiting, resulting these conditions, the wild-type enzyme contains 0.5 equiv
in a significant drop irkea: (2) The fraction of enzyme that ~ Of E-XMP*, as expected given hydrolysis is only partially
accumulates as-EXMP* should increase to-1. (3) More rate-limiting (12). For both mutants, all of the enzyme is
pronounced NAD substrate inhibition will be observed due trapped as EXMP*: 1.0 4 0.3 and 0.9+ 0.2 equiv of
to the increase in the level of-EXMP* accumulation. (4) ~ E—XMP* contained in Arg418Ala and Tyr419Phe, respec-
The solvent deuterium isotope effect should increase sincetively. This result is also consistent with rate-determining
hydrolysis will be completely rate-limiting. (5) Ideally, hydrolysis in the mutant enzymes.
hydride transfer and NADH release will not be perturbed.  Substrate and Product Binding with Arg418ABecause
Both mutations fulfill all of the predictions listed above, the value of Ky of NAD* decreased significantly in
which indicates that the Arg418-Tyr419 dyad is selectively Arg418Ala, which could be associated with a perturbation
involved in the hydrolysis reaction. of substrate binding, we determined the dissociation constants
The steady-state parameters for both mutants are listed infor both substrates. Both IMP and NA@uench the intrinsic
Table 1. Initial characterization revealed that Arg418Ala protein fluorescence of IMPDH, which provides a convenient
exhibits severe NADH product inhibition (Figure 3). This assay for binding. The value & for IMP did not change
inhibition was relieved by trapping NADH with saturating ~ significantly for Arg418Ala Kqg = 0.45+ 0.2uM vs Ky =
concentrations of LDH (Figure 3). LDH also increases the 0.15uM for the wild type), substantiating the conclusion
fluorescence of NADH by~3-fold, resulting in a more  that IMP binding is not perturbed by this mutation. However,
sensitive assayl6). Note that the lag in Figure 3 is an artifact ~ unlike wild-type IMPDH which displays a sigmoidal binding
of the instrument; some time is required to produce detectablecurve for NAD* [K; = 340uM andK; = 1600uM with an
NADH levels. NADH product inhibition is not observed with ~ overall Kq of 740 uM (12)], Arg418Ala displays a simple
Tyr419Phe under normal assay conditions, and LDH has nobinding curve for NAD" with aKq of 1900+ 500xM. This
effect on the activity of this enzyme. In addition, LDH has Value is similar to the second dissociation constant of wild-
no effect on the wild-type reaction (data not shown). type IMPDH, and also similar to the over&l. It is possible
Arg418Ala and Tyr419Phe decreakg; by factors of 500 that the mutation changes the fluorescence properties so that
and 10, respectively. Unfortunately, the valueKgfof IMP we can no longer observe the first dissociation constant. In
are too low to measure accurately. Both mutations decreaseny case, we are unable to confirm that the Arg418Ala
the value ofK; for NAD* substrate inhibition (a factor of ~ mutation increases the affinity of NAD so the decrease in
65 for Arg418Ala and a factor of 7 for Tyr419Phe), as theKy of NAD* may result from other changes in the kinetic
expected if hydrolysis becomes more rate-limiting, causing mechanism.
the E-XMP* intermediate to accumulate. However, the = To demonstrate that XMP release is faster thagp we
Arg418Ala mutation also decreases the valueKgf for measured the kinetics of binding of XMP to Arg418Ala by
NAD* by a factor of 93. Sinc&ky is a complex kinetic monitoring changes in the intrinsic protein fluorescence as
constant, this decrease could result from an increase in thedescribed previously for the wild typd2). XMP binds to
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Ficure 4: Progress curves for the Arg418Ala reaction as measured
by stopped-flow absorbance and fluorescence spectroscopy. (A) ]
Reaction of 2.4:M enzyme preincubated with 1QaV IMP and FIGURE5: Pre-steady-state reaction of Arg418Ala. Progress curves
mixed with 0.1 mM NAD' (triangles) or with 4 mM NAD (circles) for the reaction of EIMP with varying concentrations of NAD _
under standard assay conditions. The red and blue lines show thevere collected as described in the legend of Figure 4 and Materials
fit by a double exponential with a steady state (eq 4). The solid and Methods. The absorbance progress curves were fit by eq 4,
black lines represent the kinetic model and rate constants in Schemevhich describes a double exponential and a steady state, while the
2 derived in global analysis using Dynafit. (B) Reaction qiN fluorescence progress curves were fit by eq 3, which describes a
enzyme preincubated with 9 IMP and mixed with 0.1 mM single exponential with a steady state. Examples of reaction progress
NAD™ (triangles) or with 2 mM NAD (circles) under standard ~ curves and fits can be found in Figure 4. (A) Dependence:@f
assay conditions. Production of NADH was monitored by fluores- on NAD" concentration when absorbance is monitored. The line
cence and has been normalized with absorbance units. The bluds the best fit of the data to eq 5. (B) Dependenckgfon NAD™
and red lines show the fit by a single exponential with a steady concentration when absorbance is monitored. The black line
state (eq 3). The solid black lines represent the kinetic model and represents the average valuekgkz (C) Dependence dswhen

rate constants in Scheme 2 derived in global analysis using Dynafit. f5Iuorescence is monitored. The line is the best fit of the data to eq

00 05 10 15 20 25
[NAD'] mM

Arg418Ala in a single-exponential process. The values of type (only a single-exponential phase is observed in our
kobs are linearly dependent on XMP, and the valuekgQf previous experiments with the wild-type enzyme because
andkos are similar to that of the wild type and much greater NADH release is rate-limiting). In addition, the valuekaf,p
thankeat [kon = (10 4+ 1) x 10 Mt st andkys = 10+ 5 is similar to that of the wild type, which further suggests
s ! (data not shown) compared kg, = 6.7 x 10° M1 st that the mutation has not perturbed NADinding (Table
andky = 17 s for the wild type (L2)]. This experiment 2). The value ok.ps2did not vary with NAD" concentration,
demonstrates that XMP release is not rate-limiting in the so the average value of 37 0.4 s* was assigned tRyyse
Arg418Ala reaction. (Figure 5B). The value okyust2is comparable to the wild-
Pre-Steady-State Reaction with Arg418AMe character-  type rate constant for the release of NADH (8)Scheme
ized the pre-steady-state IMPDH reaction to analyze the 1).
effects of Arg418Ala on hydride transfer and NADH release.  We also monitored the reaction progress curve using
Enzyme was preincubated with a saturating IMP concentra-fluorescence to assess the production of NAQR)( The
tion and mixed with varying concentrations of NADA pre- fluorescence of NADH is quenched in the-EMP*-NADH
steady-state burst is observed when NADH production is complex so that only free NADH is observed. The fluores-
monitored by absorbance. The progress curve has twocence progress curves were adequately fit with a single-
exponential phases followed by a linear steady state (Figureexponential phase followed by a linear steady state as
4A) and was fit by eq 4. The values &y display a described by eq 3 (note that although a double exponential
hyperbolic dependence on NARoncentration and were fit  is expected, the quality of the data at early time points does
by eq 5 to give the maximab,s; value of 110 st (Figure not justify a higher parameter fit) (Figure 4B). The value of
5A). The value ofkyyret1is similar to the maximal value of  kopsdisplays a hyperbolic dependence on NAEbncentra-
Kourst1in the wild-type reaction (6278) (12), which indicates tion, as shown in Figure 5C, with a maximlal,r, of 6.2
that the rate of hydride transfer is similar to that of the wild s™*. This value is similar tokmus from the absorbance
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Table 2: Pre-Steady-State Reaction of Wild-Type and Mutant 80
IMPDHs Monitored by Absorbanée 60

parameter wild type Arg418Ala Tyr419Phe

kburstl(sil) 62+ 6 1104+ 20 >48
Kappl(mM) 2.1+ 0.5 1.4+ 0.5 >20 20
kourst/Kappr(M~2s™)  3.0x 100 7.9x 100 (2.340.1) x 10%¢

Amp; ([NADH] /[E]w)® 0.45+ 0.01 0.68+ 0.07 =0.5° 0
iburstz((s]a) na 3.O7j2:50.4f 5132 + 8.2 s 10 15 20 25

app2(M na <0. .2+ 0. 4

kburstZ,KappZ(M71 s na >2 x 10 4.4x 10° [NAD'] (mM)
Ampz ([NADH] 2/[E]io)® na 0.354+0.09 0.5

2The absorbance time course displays two exponential phases
followed by a linear steady state. These data were fit to eq 4. The rate -
constants for the exponential phases displayed a hyperbolic dependence o
on the NAD" concentrationksus; the maximum value okops Was 3
calculated from eq 5. na means not applicablecom ref12. ¢ The
observed rate for the first exponential phase is linearly dependent on
NAD™ concentration up to 20 mMk§ss1 = 48 s%). The slope of this
line is kourst?Kappz ¢ The concentration of NADH is calculated ByAssd 0 5 10 15 20 25
el, Where$A3401iS the absorbance amplitude of the burst phase, [NAD'] (mM)
6.22 mM* cmt for NADH, and| is the path length (1 cm). [E] is .
the total enzyme concentratiohThe ampIFi)tude at ?he &ﬂgheit E:o]ncen- FIGURE 6: Pre-steady-state reaction of Tyr419Phe. Progress curves

tration (20 mM) of NAD' that was tested as explained in the text. [OF the reaction of EIMP with varying concentrations of NAD
" Average ofkesz as no NAD™ dependence was observed as explained were collected as described in Materials and Methods. The values

in the text. of kops Were calculated from eq 4 for the absorban® énd
fluorescence @) experiments. (A) Linear dependencekgfs; on
NAD* concentration. (B) Hyperbolic dependencegt,on NAD*
Table 3: Kinetic Parameters for the Pre-Steady-State Reaction of ~ concentration.

Wild-Type and Mutant IMPDHs Monitored by Fluorescence

40

kobsl (SAI)

B

(
S = N W A WU

pafmeter wildtype  Arg418AId  Tyr419Phe lower than the wild-type and Arg418Ala values by factors
t‘f:“m; 8—% gag Lo3 2892 oo 2471 0.2 of 13 and 34, respectively. For the second phiaggexhibits
Kanpa (MM) 24+04 0035:0006 O0.7+01 a hyperbolic dependence on NADoncentration, where
Ko/ Kappz(M 1571 2.7x 10° 1.8 x 10P 8.1x 10° Kourstz = 5.3 st andKgppz = 1.2 mM (Figure 6B and Table

aFrom ref 12, ® The fluorescence time course displayed a single- 2). .
exponential phase followed by a linear steady state. The data were fit At low concentrations of NAD, the rate constants for each

by eq 3. The rate constant for the exponential phisg tlisplayed a phase are similar, making the amplitude for each phase
hyperbolic dependence on NATxoncentrationkuor, the maximum difficult to distinguish. Consequently, trends in the individual

value ofkos was calculated from eq S.The fluorescence time course oy hjindes are obscured. However, the total amplitude for
displays two exponential phases followed by a linear steady state. These

data were fit by eq 4. The observed rate for the first exponential phase €aCh NAD_L concentration is~1 equiv. At the highest
is linearly dependent on NADconcentration up to 16 mMfs:= 48 concentration of NAD that was tested, whef@ps is 10-

s ). The rate constant for the second phase displayed a hyperbolicfold greater tharko,sa the individual amplitudes are easily
dedpendence_ on the varied substrate, lang was calculated from eq distinguished and are 0.5 equiv for each phase (Table 2).
5. “ Not applicable. Two exponential phases are also observed when the
production of NADH is monitored by fluorescence: the time
experiment and comparable to the valuegf: determined  course displays a lag followed by a burst and a linear steady-
for the wild-type reaction (Table 3). This observation state phase (Table 3). The lag phase is linearly dependent
suggests that the rate of NADH release is also comparableon NAD* concentration up to 16 mM, whekgys: = 48 s,
to that of the wild type. We have confirmed these conclusions with a slope of 2600 M* s™* (Figure 6A). This is identical
by deriving values for individual rate constants by globally to the kyurst/Kapp1 Value measured by absorbance. The burst
fitting the absorbance and fluorescence progress curves usinghase shows a hyperbolic dependence on Nadncentra-
Dynafit as described in the Supporting Information. These tion with a kg, 0f 5.7 s and aKapp20f 0.7 mM (Table 3
experiments indicate that both hydride transfer and NADH and Figure 6B). These values are identicatmsandKappz
release have not been affected by the Arg418Ala mutation from the absorbance experiment. Since the maximal values
and are much faster thdw., and confirm that hydrolysis is  of both phases$48 and~5 s™%) are similar to those of the
rate-limiting. wild type and much greater thak., these experiments
Pre-Steady-State Reaction with Tyr419Pfée pre- indicate that both hydride transfer and NADH release have
steady-state reaction of Tyr419Phe was also examined tonot been affected by the Tyr419Phe mutation and indicate
determine if the mutation affects either hydride transfer or that hydrolysis is rate-limiting. We have confirmed these
NADH release. When the starting complex islgP and conclusions by deriving values for individual rate constants
the reaction is monitored by absorbance, a pre-steady-staten global fits of the absorbance and fluorescence progress
burst exhibiting two exponential phases is observed followed curves using Dynafit as described in the Supporting Informa-
by a steady state which is described by eq 4. The value oftion.
Kobs1is linearly dependent on NADconcentration up to 20 MPA Inhibition. In our model, the active site flap must
mM, wherekqps; = 48 s1 (Figure 6A). The slope of this  fold into the NAD' site for hydrolysis of EXMP* to occur
line (Kourst/Kapp) €quals 2300 M! st (Table 2) which is (Scheme 2). Therefore, Arg418Ala and Tyr419Phe could
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Scheme 2: Mechanistic Rate Constants

-1
IMP 345 XMP* 855 XMP* Kg= 140 xmp+ H0
. —_— B —— —_— +
Wild-type Enapt o ENADH Epen — E __, e E +XxmpP
1 NADH
IMP 24§ XMP* 11¢™ é -XMP* Ke= 1 -XMP* H,0
Arg418Ala Evapr =—— EnaoH =—= E — E —> E+XWP
185" 15uM7gT  open closed 0.008 s
1 -NjDH
IMP 49s XMP*  10s™" xmpr - Ke= 20 Xxmpr H20
E,,.. =—— E — E E — E+XMP
Tyr419Phe NAD = NADH en  ——————  tlosed 22!
o NH In T. foetusIMPDH, tiazofurin and ADP are strongly
/§(U\NH2 NN synergistic with an interaction constamtof 0.007 (see eq
SN o <N | N/J 10) 23). A model for the interaction between tiazofurin and
HO~ o 0-P-0—P—0n ¢ ADP is shown in Figure 8T. foetusIMPDH favors the
o O closed conformation; the first inhibitor pulls the equilibrium
OH OH OH OH to the open conformation, thus enhancing the binding of the
Tiazofurin ADP second inhibitor. The Arg418Ala and Tyr419Phe mutations

o increase the values af by 60- and 6-fold, respectively,
NfL o OH CH, which further confirms that the equilibrium between the open
¢ NH; P OH and closed conformations is perturbed (Table 5).
0 N~ o OW MZP Inhibition.MZP induces the closed conformation and
’O'(lp;o o I, ot can be considered a transition-state analogue of the hydrolysis
a8 ° (rjeaction 8, r?4). ']l'f_hg Argf4§/|8zﬁl\:l)aban? Tyr412§>2h6aomut§tié)ns
N L ecrease the affinity o y factors and 9,
Mizoribine monophosphate (MZF) . .Mymphenom acid (MPA) respectively (Table 4). However, because the Arg418-Tyr419
FiGure 7: Structures of IMPDH inhibitors. dyad contacts MZP, these decreases cannot be attributed
simply to changes in the equilibrium between the open and
closed conformations. The magnitude of the changes in MZP
affinity is similar to the magnitude of the changes in the
value of key, as would be expected for a transition-state
analogue.

perturb the equilibrium between open and closed conforma-
tions as well as the actual hydrolysis reaction. This confor-
mational effect can be assessed by monitoring MPA inhi-
bition (see Figure 7 for inhibitor structures). MPA traps
E—XMP* by binding in the nicotinamide end of the NAD
site 17—20). Thus, MPA competes with the flap for the
NAD™ site so that a shift toward the open conformation will The structure of BMZP suggested that water is activated
increase the potency of MP&), Neither Arg418 nor Tyr419 by a conserved Arg418-Tyr419 dyad located on a mobile
contacts MPA; indeed, each is disordered in the MPA flap (8). However, both of these residues have a high solution
complex @1, 22). Therefore, changes in th& of MPA will pK, that would seem to preclude this rolekp= 12.5 for
reflect changes in the equilibrium between the open and Arg and 10.5 for Tyr). The experiments reported here
closed forms. Arg418Ala and Tyr419Phe increase the affinity demonstrate that mutations of this dyad selectively disrupt
of MPA by 29- and 18-fold, respectively (Table 4). This the hydrolysis step. In Arg418Ala, the value &fy is
increase in potency must result from a change in the decreased by a factor of 500, but the rates of hydride transfer
conformational equilibrium that favors the open state. and NADH release are comparable to that of the wild type.
Tiazofurin and ADP InhibitionTiazofurin and ADP are  Similarly, in Tyr419Phe, the value d{, decreases by a
weak inhibitors of the wild-type IMPDH that bind in the factor of 10, but again hydride transfer and NADH release
nicotinamide and adenosine subsites of the dinucleotide site,are comparable to those of the wild type. Increases in solvent
respectively (Table 4)10, 23). Both the Arg418Ala and  isotope effects and the steady-state accumulatior-ofNEP*
Tyr419Phe mutations increase the potency of tiazofurin and further demonstrate that hydrolysis is rate-limiting in these
ADP (Tables 4 and 5). Like MPA, neither tiazofurin nor mutants.
ADP contacts the Arg418-Tyr419 dyad. Therefore, this  These observations are consistent with the proposal that
increase in potency must also be attributed to an increase inthe Arg418-Tyr419 dyad activates water. However, the
the level of the open conformation. hydrolysis reaction also requires a large conformational
The equilibrium between the open and closed conforma- change (Scheme 2). The flap is open while tRd/E2-NAD*
tions can also be assessed in a multiple-inhibitor experiment.complex reacts to form the EXMP*-NADH complex.

DISCUSSION
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Table 4: Inhibition of Wild-Type and Mutant IMPDHs

wild type Arg418Ala Tyr419Phe
inhibitor constant observed observed brel predicted observed rél  predicted
MPA (M) Kii 94 (UC) 0.31+0.02(TB) 29 0.1 0.514+0.09 (UC, TB) 18 2
ADP (mM) Kis 317(C) nd na 0.4 4+ 5 (NC) 8 5
Kii na nd na na Z1(NC) 10 na
tiazofurin (mM) Kis 50 (NC) nd na 0.7 14+ 15 (NC) 4 8
i 69 (NC) nd na 1 113 (NC) 6 12
NAD* (mM) Kii 6.8 (UC) 0.11+ 0.01 (UC) 62 0.1 1.1%# 0.2 (UC) 6 11
NADH (M) Kii 240% (NC) 6.2+ 0.2 (UC) 39 3 nd na 40
MZP (nM) Kis' 0.15(C, S, TB) 28+ 6 (C, TB) na na 1.3:0.5(C, S, TB) na na

a Experimental conditions: 50 mM Tris (pH 8.0), 100 mM KCI, 3 mM EDTA, and 1 mM DTT af@5The NAD' concentration was varied,
while 200 and 10&M IMP were used for Arg418Ala and Tyr419Phe, respectively. Inhibition constants and mechanism are with respect:to NAD
C, competitive; UC, uncompetitive; NC, noncompetitive; TB, tight-binding; S, slow. na means not applicable and nd A€alataated from
Kwt/Kmutantin the same rows, except for ADP, for whiéh, is alwaysKis and for Arg418Ala tiazofurin wher;y. is divided byK; from Table 5.
¢ Predicted inhibition constant fronougy/otmutan)Kint. ¢ From ref32. € Concentration of inhibitor which gives 50% inhibition @¢ffrom experiments
in which only the inhibitor concentration was varied as explained in the t&am ref19. 9 From ref12 " Calculated fromks/K; as described in
the Supporting Informatiori. The IMP concentration was varied, and 50 and 2Z8ONAD * were used for Arg418Ala and Tyr419Phe, respectively.
Inhibition constant and mechanism with respect to INMProm ref8. k Measured at 37C.

Table 5: Multiple-Inhibition Experiments with Wild-Type and
Mutant IMPDH$

wild type  Arg418Ala Tyr419Phe

inhibitor constant observed observed Prelobserved rél
ADP and tiazofurin  « 0.00F 0.54+0.3 70 0.04-0.02 6
ADP (mM) Ki  nd 1.7£05 20 4+1 8
tiazofurin (mM) K; nd 24405 30 11+3 6

a Experimental conditions: 50 mM Tris (pH 8.0), 100 mM KCI, 3
mM EDTA, and 1 mM DTT at 25°C. The substrate concentration
was fixed at 200 and 108M IMP and 20 and 25:M NAD™ for
Arg418Ala and Tyr419Phe, respectively. Inhibition constants were
calculated from eq 1@ Calculated fromitmytanf@wt OF Kyt/KmutantUsing
Kis for ADP andK; for tiazofurin from Table 4¢ From ref23.

&F

S

Ficure 8: Model for the synergistic interaction of tiazofurin and
ADP. The first inhibitor bound shifts the equilibrium to the open
conformation. In this modety. represents the fraction ofFEXMP*

in the open conformation.

When NADH departs, the flap folds into the active site where
the Arg418-Tyr419 dyad is positioned next te-KMP*. It

is possible that the Arg418-Tyr419 dyad induces the con-

and ADP in response to mutations of Arg418 and Tyr419
must be attributed to changes in the conformational equi-
librium. The potency of these inhibitors increases-B0-
fold in Arg418Ala (Table 4), which indicates this mutation
destabilizes the closed conformation. This effect is much
smaller than the effect ok, Of a factor of 500. Therefore,
the Arg418Ala mutation primarily impairs the chemical
transformation. In contrast, the potency of MPA, NAD
tiazofurin, and ADP increases by a factor of~20 in
Tyr419Phe, which is similar to the decrease by a factor of
10 in k.o With this reasoning, Tyr419 functions mainly in
stabilizing the closed conformation. However, this analysis
is incomplete because it only measures increases in the level
of the open conformation, rather than changes in the
conformational equilibrium, and thus overestimates the
effects onk..: Therefore, while it is clear that the primary
role of Arg418 is activation of water, the relative contribu-
tions of Tyr419 to water activation and the conformational
change cannot be assessed by this method.

With three reasonable assumptions, the conformational
equilibrium can be determined with the multiple-inhibitor
experiment. (1) The conformational change is fast; this
assumption is validated by the observation of solvent isotope
effects ork., which indicates that the hydrolysis reaction is
rate-limiting for wild-type and both mutant enzymes. (2) The
conformational equilibrium is similar for all enzyme forms,
e.g., EIMP, E-XMP*, etc.; the similarity in the changes
of potency for the various inhibitors (see above) validates
this assumption. (3) Tiazofurin and ADP are intrinsically
independent; i.e., for an enzyme entirely in the open
conformation,a = 1. Tiazofurin and ADP are independent

formational change while some other residue activates water.inhibitors of human IMPDH type 2 which is believed to favor
Therefore, the effects on the conformational change mustthe open conformation8( 23), which validates this last

be uncoupled from the effects on the chemical transforma-

tion.

assumption. With these assumptiondyecomes the fraction
of enzyme in the open conformation,1 a is the fraction

Inhibitors can be used to gauge the conformational effects. in the closed conformation (Figure 8), and the equilibrium

Inhibitors that bind in the dinucleotide site compete with the
flap (e.g., MPA, NADH, NAD', tiazofurin, and ADP), and
the potency of these inhibitors will increase if a mutation

constants for the conformational chan#@dse) are 140, 1,
and 20 for the wild type, Arg418Ala, and Tyr419Phe,
respectively. The effects of the mutations on inhibitor

destabilizes the closed conformation. Neither Arg418 nor potency can be calculated from these value&.@feq and

Tyr419 appears to contact MPA, NADor TAD, since the
flap is disordered in these complex®sZ0—22). Therefore,
changes in the affinity of MPA, NADH, NAD, tiazofurin,

are in good agreement with experimental observation (Table
4), which further validates this model. More importantly, if
the mutations only impaired formation of the closed con-



4520 Biochemistry, Vol. 43, No. 15, 2004

Glu 527

Arg 524

Tyr 526

FIGURE 9: Active site of polygalacturonic acid lyase (PGAL). The
complex with the substrate trigalacturonic aci@0) reveals a
catalytic triad of Arg524, Tyr526, and Glu527 similar to that of
IMPDH in complex with MZP (Figure 2). Distances between atoms
are in angstroms.

formation, then modest decreasekifn would be observed
(keat = 1.6 and 2.3 st for Arg418Ala and Tyr419Phe,
respectively, vs 2.474 for the wild type; see the Supporting
Information for details). Therefore, the decreases by factors
of 500 and 10 inke in Arg418Ala and Tyr419Phe,
respectively, cannot be attributed to an inability to form the

closed conformation and instead must be assigned to disrup-

tion of the chemical transformation.

We have derived rate constants for the individual steps of
the wild-type and mutant IMPDH reactions by globally fitting
the pre-steady-state experiments as described in the Sup
porting Information. Scheme 2 shows the results of this
analysis. Both mutations have negligible effects on the
hydride transfer and NADH release steps and large effects
on the conformational change and hydrolysis eDEVIP*.

Both Arg418 and Tyr419 are in position to activate water
directly (Figure 2). We believe that Tyr419 is not the catalytic
base because the Tyr419Phe mutation only decreases th
hydrolysis step by a factor of 20 (Scheme 2). Instead, Tyr419
may activate Arg418. Tyr419 also appears to be positioned
to stabilize the oxyanion of the-EXMP intermediate (Figure

1). However, this hydrogen bond has poor geometry, so we
believe the oxyanion is probably stabilized by the backbone
NH group of Glu408 and Gly409. In contrast, Arg418Ala
decreases the hydrolysis step by a factor ¢f(82heme 2);

similar decreases are observed when catalytic bases are11.

removed in other hydrolase®5). Therefore, we believe that
Arg418 is the catalytic base in the IMPDH reaction.

The proposition that Arg acts as a catalytic base is
provocative because of its higkKpin solution. While we
have been unable to identify another enzyme that uses Arg
to activate water, several appear to use Arg to abstract
protons in elimination reactions: fumarate reduct2ée47),
L-aspartate oxidase2®), tyrosine phenol-lyase20), and
polysaccharide lyas&Q, 31). Interestingly, polygalacturonic
acid lyase (PGAL), a polysaccharide lyase, contains a
catalytic triad of Arg524, Tyr526, and Glu527 with a
geometry similar to that of Arg418, Tyr419, and Asp261 of

Guillén Schlippe et al.

IMPDH (compare Figures 2 and 93@), and mutations of
Arg524 and Tyr526 in PGAL have effects &gy similar to
those of the Arg418-Tyr419 mutations in IMPDH reported
here B0). Perhaps these two different enzymes share a
common mechanism for activation of the catalytic Arg.
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