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ABSTRACT: The first committed step of guanine nucleotide biosynthesis is the oxidation of inosine 5′-
monophosphate (IMP) to xanthosine 5′-monophosphate (XMP) catalyzed by IMP dehydrogenase. The
reaction involves the reduction of NAD+ with the formation of a covalent enzyme intermediate (E-
XMP*). Hydrolysis of E-XMP* requires the enzyme to adopt a closed conformation and is rate-limiting.
Thr321, Arg418, and Tyr419 are candidates for the residue that activates water. The substitution of Thr321
has similar, but small, effects on both the hydride transfer and hydrolysis steps. This result suggests that
Thr321 influences the reactivity of Cys319, either through a direct interaction or by stabilizing the structure
of the active site loop. The hydrolysis of E-XMP* is accelerated by the deprotonation of a residue with
a pKa of ∼8. A similar deprotonation stabilizes the closed conformation; this residue has a pKa of g6 in
the closed conformation. The substitution of Tyr419 with Phe does not change the pH dependence of
either the hydrolysis of E-XMP* or the conformational change, which suggests that Tyr419 is not the
residue that activates water. In contrast, the conformational change becomes pH-independent when Arg418
is substituted with Gln. Lys can replace the function of Arg418 in the hydrolysis reaction but does not
stabilize the closed conformation. The simplest explanation for these observations is that Arg418 serves
as the base that activates water in the IMPDH reaction.

Inosine 5′-monophosphate dehydrogenase (IMPDH)1 cata-
lyzes the oxidation of IMP to XMP using NAD+ as the
cofactor (Scheme 1). This reaction is the first committed and
rate-limiting step inde noVo guanine nucleotide biosynthesis
(1). Inhibitors of IMPDH have antiproliferative activity and
are used as immunosuppressive (2), anticancer (3), and
antiviral agents (4). The reaction occurs in two steps (Scheme
1). (1) Cys319 attacks the C-2 position of IMP, and a hydride
is transferred to form the covalent intermediate E-XMP*
and NADH (Tritrichomonas foetusIMPDH numbering will
be used throughout); NADH is released. (2) E-XMP* is
hydrolyzed to produce XMP. The NADH release and
hydrolysis steps are both partially rate-limiting (5). The
enzyme undergoes an unusual conformational change in
midcatalytic stream that controls drug selectivity. After
NADH departs, a flap (residues 413-431) moves into the
vacant dinucleotide site, switching the enzyme from the open
conformation required for the hydride transfer reaction into
the closed conformation needed for hydrolysis of E-XMP*

(Scheme 2) (6). Drugs such as mizoribine monophosphate
(MZP) induce the closed conformation (6, 7), while others
like mycophenolic acid (MPA) compete with the flap for
the dinucleotide site (8).

Hydrolases usually contain a His, Asp, Glu, or Lys residue
that acts as a general base to activate water. Substitution of
these residues typically decreases the rate of hydrolysis by
factors of 100-105. Surprisingly, none of the usual residues
are positioned to activate water in the IMPDH reaction.
Instead, two flap residues, Arg418 and Tyr419, form
hydrogen bonds with a putative catalytic water molecule in
the E‚MZP complex (Figure 1A;6). Arg418 also interacts
with the dinucleotide binding site, forming a hydrogen bond
to Asp261. In the open conformation, Asp261 makes
hydrogen bonds to the hydroxyl groups of the nicotinamide
ribose of NAD+ (9). Asp261, Arg418, and Tyr419 may form
a triad that cooperates to activate water. Thr321 also appears
to form a hydrogen bond to the catalytic water in the E‚
MZP complex (Figure 1A;6), suggesting that this residue
may activate water as originally proposed by Sintchak and
colleagues (10). However, Thr321 is also in position to make
a hydrogen bond to Cys319 in the E‚MZP complex and has
alternative conformations in other complexes such as E‚IMP‚
TAD, where it forms a hydrogen bond to Gly314 that may
stabilize the structure of the active site loop (Figure 1B;9).
It is difficult to determine which of these interactions are
relevant to catalysis. In any case, Thr321, Arg418, and
Tyr419 are expected to have high pKas (13, 12.5, and 10 for
Thr, Arg, and Tyr residues, respectively) and thus are all
unlikely candidates to serve as the base that activates water
in the IMPDH reaction.
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Mutagenesis experiments provide some further insights
into the function of Asp261, Arg418, Tyr419, and Thr321.
The substitution of Asp261 with Ala inEscherichia coli
IMPDH decreases the value ofkcat by a factor of 130, the
value ofKd for the NAD+ analogue TAD by a factor of 25,
and the Kd for MZP by a factor of 80 (11). These
observations suggest that Asp261 influences both the hydride
transfer and hydrolysis steps as suggested by the X-ray
crystal structures. In contrast, the Arg418Ala and Tyr419Phe
mutations ofT. foetusIMPDH have no effect on hydride
transfer but do selectively impair the hydrolysis of E-XMP*
(6, 12). The Arg418Ala substitution decreases the value of
kHOH by a factor of 500, a magnitude consistent with the
role of the base that activates water (see Scheme 2 for
definitions of rate constants). The Tyr419Phe mutation
decreases the value ofkHOH by a factor of only 20, so this
residue does not play a major role in water activation. Both
the Arg418Ala and Tyr419Phe substitutions also destabilize
the closed conformation, although not to the extent that the
open conformation is favored [i.e.,Kc remainsg1 (12)]. The
role of Thr321 was investigated in human IMPDH type 2,
where the Thr321Ala substitution decreases the value ofkcat

by a factor of only 20 (13). Although the effects of this
mutation on individual rate constants have not been deter-
mined, this observation suggests that Thr321 has at most a
minor role in the hydrolysis reaction.

Here we further investigate the roles of Thr321, Arg418,
and Tyr419 in the IMPDH reaction. These experiments
suggest that Thr321 does not activate water but instead
influences the reactivity of Cys319, either through a direct
interaction or by stabilizing the structure of the active site
loop. The pH dependence of the reaction suggests that a
residue with a pKa of ∼8 in the closed form andg10 in the
open form modulates both the conformational change and
the hydrolysis of E-XMP*. This residue is not Tyr419, but
might be Arg418. The simplest explanation for these
observations is that Arg418 acts as a base to activate water.

MATERIALS AND METHODS

Materials. IMP, ADP, NADH, and Tris were purchased
from Sigma (St. Louis, MO). NAD+ was purchased from
Boehringer Mannheim. DTT was purchased from Research
Organics, Inc. D2O, KOD, and DCl were purchased from
Cambridge Isotope Laboratories, Inc. LDH (bovine heart)
was purchased from ICN Biomedicals, Inc. Tiazofurin was
obtained from NCI. Oligonucleotides were purchased from
Operon and Integrated DNA Technologies, Inc.

Site-Directed Mutagenesis.The Arg418His, Arg418Lys,
Arg418Gln, and Thr321Ala mutations were constructed in
T. foetusIMPDH using the Quikchange kit (Stratagene, La
Jolla, CA) (5). The entire coding sequences were sequenced
to ensure that no undesired mutations were introduced.

Scheme 1: Chemical Mechanism of IMPDHa

a The active site Cys attacks C-2 of IMP, and a hydride is transferred to NAD+ to form E-XMP* and NADH. NADH is released before the
hydrolysis of E-XMP*.

Scheme 2: Kinetic Mechanism of the IMPDH Reactiona

a The reaction involves random addition of substrates; the scheme starts with the E‚IMP complex because this is the complex used to initiate the
pre-steady-state experiments described in the text. The rate constants and/or equilibrium constant for the wild-type enzyme are shown for the
NADH release, conformational change, and hydrolysis steps. The scheme also depicts substrate inhibition due to formation of the E-XMP* ‚NAD+

complex and the interaction of tiazofurin (T) and ADP. If the closed conformation is favored, the first inhibitor will induce the open conformation,
favoring the binding of the second inhibitor, and a synergistic interaction will be observed.
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Plasmids containing the mutant IMPDH gene were trans-
formed and expressed inE. coli H712 cells, which lack
endogenous IMPDH (14). Arg418Lys, Arg418Gln, and
Thr321Ala were purified as previously described (12).
Arg418His is unstable and could not be purified.

Enzyme Kinetics. Standard IMPDH assays contained
saturating concentrations of IMP (from 100µM to 2 mM)
and varying concentrations of NAD+ in 100 mM KCl, 3 mM
EDTA, 1 mM DTT, and 50 mM Tris-HCl (pH 8.0) (assay
buffer). All assays were performed at 25°C. Assays of the
Arg418 mutants contained LDH (20µM) to scavenge NADH
and alleviate product inhibition (12). Activity was measured
by monitoring the fluorescence of NADH (λex ) 340 nm,
λem ) 460 nm) on a PerSeptive Biosystems Cytofluor II
multiwell plate reader. Rates of NADH production were
determined by calibration of the instrument with a standard
curve of NADH solution in assay buffer containing LDH.
The presence of NAD+ does not affect the fluorescence of
NADH under these conditions. The reaction of Thr321Ala
was assayed by monitoring the absorbance of NADH at 340
nm (ε340 ) 6.22 mM-1 cm-1) on a Hitachi U-2000 UV-
visible spectrophotometer. Steady-state parameters with
respect to NAD+ were derived at saturating IMP concentra-
tions by plotting the initial velocity against NAD+ concentra-
tion and fitting to an equation describing uncompetitive
substrate inhibition (eq 1) using SigmaPlot (SPSS, Inc.):

whereV is the initial velocity,Vm is the maximal velocity,
Ka is the Michaelis constant, andKii is the substrate inhibition
constant for NAD+.

pH Dependence of Wild-Type and Tyr419Phe IMPDH.
Assay mix was prepared as described above except the
following buffers were substituted: potassium MOPS for pH
6.0-7.0, potassium TES for pH 7.0-7.75, Tris-HCl for pH
8.0, GlyGly-HCl for pH 8.0-9.0 (wild type), MES for pH
5.5-6.5, and Tris-HCl for pH 7.0-9.0 (Tyr419Phe). The

concentration of IMP was fixed at 2 mM, and the concentra-
tion of NAD+ was varied appropriately. The data were fitted
to the following equations using SigmaPlot:

where (Vm/Km)appand (Vm)appare the apparent values at each
pH, (Vm/Km)indepand (Vm)indepare the pH-independent values,
Ka is the acid dissociation constant for the most acidic
ionization, andKb is the acid dissociation constant for the
most basic ionization.

Pre-Steady-State Kinetics. Pre-steady-state experiments
were performed using an Applied Photophysics SX.17MV
stopped-flow spectrophotometer. NADH production was
monitored by either absorbance (340 nm wavelength), which
monitors both free and bound NADH, or fluorescence (λex

) 340 nm, 420 nm cutoff emission filter), which detects
only free NADH (5). Enzyme was preincubated with
saturating concentrations of IMP and mixed with an equal
volume of varying concentrations of NAD+ to give final
concentrations of 100µM IMP and 0.5-2.4 µM IMPDH.
Progress curves were fitted to either a single-exponential (eq
4) or double-exponential (eq 5) equation with a steady-state
term:

whereSt is the signal at timet, A1 andA2 are the amplitudes
of the first and second phases, respectively,kobs1 and kobs2

are the observed first-order rate constants for the first and
second phases, respectively,V is the steady-state rate of the

FIGURE 1: Interactions of the Arg418-Tyr419 dyad and Thr321 inT. foetusIMPDH. The numbers denote distances between atoms in
angstroms. (A) Interactions in the E‚MZP complex (6). The side chains of Thr321, Arg418, Tyr419, and Cys319 are shown as well as the
inhibitor MZP and water 241. Atoms are colored as follows: gray for C, blue for N, red for O, gold for S, and orange for P. This panel
was generated with RasWin Molecular Graphics and rendered with CorelDRAW 9. (B) Interactions of Thr321 in the E‚TAD‚IMP complex
(9). The side chains of Thr321 and Cys319 and the backbone amide and carbonyl oxygen of Gly314 are shown as well as the inhibitor TAD
and the substrate IMP. This panel was created with MolScript and rendered with Raster3D and CorelDRAW 9 (27, 28). Atoms are colored
as described above except P (purple).

V ) Vm/(1 + Ka/[NAD+] + [NAD+]/Kii ) (1)

log(Vm/Km) ) log(Vm/Km)indep-

log(1 + [H+]/Ka+ Kb/[H
+]) (2)

log(Vm) ) log(Vm)indep- log(1 + [H+]/Ka) (3)

St ) A1[1 - exp(-kobs1t)] + Vt + B (4)

St ) A1[1 - exp(-kobs1t)] +
A2[1 - exp(-kobs2t)] + Vt + B (5)
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linear increase in absorbance or fluorescence, andB is the
background signal at time zero. Where appropriate, the values
of kobs and amplitude were fitted to eqs 6 and 7:

wherekburst is the maximal value ofkobs and Amp1 is the
maximal value ofA1. The progress curve for the reactions
of Arg418Lys was not described well by either eq 4 or 5
due to severe NADH inhibition. Therefore, the progress
curves were globally fit to the mechanism shown in Scheme
2 using Dynafit software as previously described (12, 15).
The rate constants for the binding of IMP and XMP were
fixed at wild-type values (5), and the conformational change
and hydrolysis steps (Kc andkHOH) were combined into one
composite step (kcomp).

SolVent Deuterium Isotope Effects. Assay buffer and
substrates were prepared in D2O or H2O. The pH meter
readings were corrected to pD by adding 0.4 (16). Activity
was assayed at saturating IMP concentrations (from 100µM
to 2 mM), while NAD+ concentrations were varied ap-
propriately. For the wild-type reaction, pD was varied using
the same buffers as described above.

Multiple-Inhibitor Kinetics.Multiple-inhibitor experiments
with tiazofurin and ADP were performed at constant IMP
(100 µM) and NAD+ concentrations (20 and 530µM for
Arg418Ala and Arg418Gln, respectively). Initial velocities
were fit to eq 8:

whereV is the initial velocity,V0 is the initial velocity in the
absence of inhibitor,Ki andKj are the inhibition constants
for the inhibitors I and J, respectively, andR is the interaction
constant. In wild-type IMPDH, the tiazofurin and ADP are
strongly synergistic inhibitors with an interaction constant
R of 0.007 (17, 18). This observation suggests that one
inhibitor shifts the enzyme into the open conformation, thus
promoting the association of the second inhibitor (Scheme
2; 12). Further, the value ofR approximates the fraction of
enzyme in the open conformation, so the value ofKc can be
obtained (12):

Given the mechanism of Scheme 3, the pH dependence of

Kc is described by eq 10 (derivation in the Supporting
Information):

whereK1 describes the equilibrium between open and closed
conformations for the protonated enzyme,K2 describes the
equilibrium between open and closed conformations for the
protonated enzyme, andKa closed is the acid dissociation
constant for the closed conformation.

RESULTS AND DISCUSSION

pH Dependence of the IMPDH Reaction.We investigated
the dependence of the IMPDH reaction on pH and pD to
gain more insight into the mechanism of IMPDH. The
reaction ofT. foetusIMPDH displays a dependence on pH
similar to that previously reported for the human enzyme
(19). This paper addresses the mechanism of the hydrolysis
reaction, so discussion will focus on the pH-rate profile of
Vmax. The pH-rate profile ofV/Km(NAD) is included in the
Supporting Information (Figure S1). The pH dependence of
Vm displays a single pKa of 7.0( 0.1 (Figure 2), which could
derive from the ionization of a residue involved in hydride
transfer, NADH release, the conformational change, or
hydrolysis of E-XMP*.

The pre-steady-state reaction was investigated by monitor-
ing the production of NADH by absorbance (which detects
free and enzyme-bound NADH) and fluorescence (which
detects only free NADH) to determine which of these steps
are pH-dependent. A burst of absorbance at 340 nm is
observed at all pH values, indicating that hydride transfer is
not rate-limiting (kobs > 30 s-1, for the reaction of 100µM
IMP and 10 mM NAD+ at pH 5.5-9). A burst of NADH
production is also observed when fluorescence is monitored
at all pH values, indicating that NADH release is pH-
independent (k9 ∼ 8 s-1). These observations indicate that
the steps involved in the hydrolysis of E-XMP*, Kc and
kHOH, are rate-limiting at low pH; as the pH increases, NADH
release also limits the reaction. Therefore, the pKa of 7.0 is

Scheme 3: pH Dependence of the Conformational Change

kobs) kburst[NAD+]/(Kapp+ [NAD+]) (6)

A1 ) Amp1[NAD+]/(Kapp+ [NAD+]) (7)

V ) V0/(1 + [I]/ Ki + [J]/Kj + [I][J]/ RKiKj) (8)

Kc ) (1 - R)/R (9)

FIGURE 2: pH dependence ofVmax. The values ofVmax were
determined by measuring initial rates at saturating IMP concentra-
tions and varying concentrations of NAD+. The data were fit as
described in Materials and Methods. The filled circles denote the
wild-type reaction in H2O, Vmax, where pKa ) 7.0( 0.2. The empty
circles denote the wild-type reaction in D2O, Vmax, where pKa )
7.1( 0.1. The triangles denote the reaction of Tyr419Phe in H2O,
where pKa ) 7.7 ( 0.1.

log(Kc) ) log[K1K2(Ka closed+ [H+])] -

log(K1Ka closed+ K2[H
+]) (10)
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a lower limit for the pKa of some Residue X involvingKc

and/orkHOH. However, if NADH release becomes completely
rate limiting, the value ofkcat should increase by a factor of
∼2 between pH 8 and 9 (Table 2). The observed increase is
only 40%, which suggests that the pKa of Residue X must
be ∼8.

SolVent Isotope Effects on Vmax. A similar pKa is observed
when the reaction is performed in D2O (pKa ) 7.1 ( 0.1;
Figure 2). The values of pKa of oxygen and nitrogen bases
usually shift∼0.5 in D2O (16), which further suggests that
the pKa of ∼7 is the lower limit for ionization of Residue
X. A normal SIE of 1.5( 0.2 is observed onVm, which is
in good agreement with that previously reported at pH 8.0
(12, 18). An intrinsic SIE on thekHOH of ∼2 can be estimated
using the rate constants listed in Table 2. A normal SIE of
this magnitude is consistent with the operation of general
base catalysis during the hydrolysis of E-XMP* (16).
Therefore, the simplest explanation for the SIE onVmax is
rate-limiting transfer of a proton from water to a general
base during the hydrolysis of E-XMP*.

pH Dependence of Kc. Multiple-inhibitor experiments were
used to measureKc as outlined in Materials and Methods.
The value ofKc increases with an increase in pH (Figure 3),
which suggests that the deprotonation of Residue X favors
the closed conformation (Scheme 3;K2 > K1). The data are
described well by a line with a slope of 0.7( 0.1, which
places the following limits on the equilibrium and dissocia-
tion constants of Scheme 3:K1 e 5, K2 g 250, pKa openg
8, and pKa closedg 6. It is likely that pKa closedand the pKa of
∼8 in the pH-rate profile both derive from the ionization
of the same Residue X. It is also likely that this pKa derives
from the base that activates water, which suggests that
Residue X may be Thr321, Arg418, or Tyr419.

Thr321 Is InVolVed in both the Hydride Transfer and
Hydrolysis Reactions.We constructed the Thr321Ala muta-

tion in T. foetusIMPDH to investigate the role of Thr321 in
the IMPDH reaction. This mutation causes a 10-fold decrease
in the value ofkcat (Table 1; for comparison, we have
included the parameters for Arg418Ala and Tyr419Phe from
ref 12). The pre-steady-state reaction was monitored to
determine which steps are altered by this mutation. Similar
bursts of NADH production are observed when the reaction
is measured by absorbance, which detects both free and
enzyme-bound NADH, and fluorescence, which detects only
free NADH (5). Both progress curves are described well by
a single-exponential function with a steady-state term (kobs

∼ 1.5 s-1 for the reaction of 100µM IMP and 5 mM NAD+;
see Figure S1 of the Supporting Information). The simplest
explanation for these results is that NADH release is much
faster than hydride transfer, which allows the following
values to be assigned to the mechanistic rate constants of
Scheme 2:k7 ∼ 1.5 s-1 and k9 g 8 s-1. Therefore,kcat is
determined by the values ofKc andkHOH.

High concentrations of NAD+ inhibit IMPDH by compet-
ing with the flap for the NADH site of E-XMP* (Scheme
2). Substitutions that shift the equilibrium to the open
conformation favor NAD+ substrate inhibition. The Thr321Ala
mutation decreases the value ofKii (NAD+) by a factor of 7,
which suggests that the fraction of enzyme in the open
conformation has increased 7-fold andKc is ∼20. This value
is best considered a lower limit forKc, since the mutation is
near the NAD+ site and may also change the affinity of
NAD+ binding. Therefore, since the enzyme is predominantly
in the closed conformation,kcat ) kHOH ) 0.18 s-1. These
results indicate that the mutation of Thr321 impairs both
hydride transfer and hydrolysis by a factor of∼20. These
observations are therefore inconsistent with the postulate that
Thr321 acts as the base to activate water. Instead, these dual
effects suggest that Thr321 may activate Cys319 for nucleo-
phillic attack and leaving group departure, either via a direct
interaction or by stabilizing the structure of the active site
loop (Figure 1). These observations combined with the high
pKa of Thr residues suggest that Residue X is not Thr321.

pH Dependence of the Tyr419Phe Variant.To determine
if Residue X is Tyr419, we investigated the pH dependence
of Vmax for the reaction of the Tyr419Phe variant. A single
pKa of 7.7( 0.1 is observed (Figure 2). Since this mutation
does not affect hydride transfer or NADH release (12), the
hydrolysis of E-XMP* must be rate-limiting for this
reaction. The simplest explanation of the data is that the
substitution of Tyr419 does not influence the ionization of
Residue X. Unlike that of the wild-type reaction, the value
of k9 is much greater than the value ofkcat at all pHs, so the
pKa of 7.7 can be assigned to the pKa of Residue X.

As described above, multiple-inhibitor experiments were
used to determine the pH dependence ofKc for the
Tyr419Phe variant (Figure 3). The data parallel those for
the wild-type reaction, which suggests that, although the
magnitude ofKc is reduced by the Tyr419Phe substitution,
it is modulated by the same ionization as the wild-type
enzyme. These observations indicate that Tyr419 is not
Residue X and further suggest that Tyr419 does not act as a
base to activate water. In addition, these data suggest that
the pKa of Residue X is∼8 in the closed conformation and
g10 in the open conformation.

Characterization of the Arg418Gln Mutation.Unfortu-
nately, the low activity and severe product and substrate

FIGURE 3: Dependence ofKc on pH: wild type (black) and
Tyr419Phe (blue). The values ofKc were determined using multiple-
inhibitor experiments as described in Materials and Methods.
[NAD+] ) 500 and 250µM for wild-type and Arg418Gln enzymes,
respectively, and LDH was omitted. Linear regression gives a slope
of 0.7 ( 0.1 (R ) 0.86) for the wild type and a slope of 0.7( 0.1
(R ) 0.84) for the Tyr419Phe variant. Also shown are the best fits
to eq 10 describing Scheme 3. For the wild-type enzyme, pKa closed
) 6 ( 2, K1 ) 1 ( 6, andK2 ) 270 ( 170 (R ) 0.88). For the
Tyr419Phe variant, pKa closed) 6 ( 8, K1 ) 0.1 ( 2, andK2 ) 48
( 24 (R ) 0.85). These values are underdetermined since the data
do not extend into the pH-independent regions, but nevertheless
represent useful limits.
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inhibition of the Arg418Ala variant preclude an investigation
of the pH dependence this reaction. Therefore, we con-
structed the Arg418Gln variant to further investigate how
Arg418 influencesKc andkHOH. The activity of this mutant
is comparable to that of Arg418Ala [kcat ) 0.0069 s-1 (Table
1)], and a similar SIE is observed [SIE) 2.9 ( 0.5 vs 4.8
( 2.0 (12)]. No SIE is observed on the values ofKi for
tiazofurin and ADP, which suggests that the SIE does not
result from an effect onKc. This conclusion is further
supported by multiple-inhibitor experiments with tiazofurin
and ADP, where no SIE is observed on the value of the
interaction constantR [SIE(R) ) 0.7( 0.3], so the SIE must
result from an effect onkHOH. Pre-steady-state experiments
confirm that this mutation does not affect hydride transfer
or NADH release (Table S1 of the Supporting Information
and Table 3). Therefore, the Arg418Gln mutation specifically
disrupts the hydrolysis step by decreasingKc and/orkHOH.
The value ofKii(NAD+) is smaller than that of the wild type
by a factor of 2.4 (Table 1), which suggests thatKc ∼ 50 so
that the enzyme is predominantly in the closed conformation.
This conclusion was confirmed with a multiple-inhibitor
experiment with anR of 0.03 and aKc of ∼10. Modeling
suggests that the side chain amide of Gln418 can simulta-
neously form hydrogen bonds to Asp261 and Tyr419 (Figure
4A), which can explain why the closed conformation is
favored in this variant. These experiments demonstrate that
the closed conformation is not sufficient for hydrolysis of
E-XMP*. Importantly, if a residue other than Arg418 serves
as the base that activates water, then the Arg418Gln variant
should be more active than the Arg418Ala variant. This
outcome is clearly not observed. In addition, these results
demonstrate that the closed conformation does not require
the presence of a positive charge at residue 418.

In contrast to those for the wild-type enzyme and
Tyr419Phe variant, the value ofKc is pH-independent for

the Arg418Gln enzyme (for pH 7.5,R ) 0.025( 0.017; for
pH 8.0,R ) 0.033( 0.027; for pH 8.5,R ) 0.025( 0.015;
unfortunately, we can only measure a small pH range for
technical reasons). This observation indicates that Arg418
governs the ionization of Residue X. The simplest explana-
tion for this result is that Arg418 is Residue X.

The Nicotinamide Subsite Has a Preference for Neutral
Ligands. If Residue X is Arg418, then the nictotinamide
subsite of the dinucleotide site has a preference for uncharged
ligands. This hypothesis is corroborated by the relative
affinities of various NAD+/NADH analogues. NADH binds
more tightly than NAD+ by a factor of 30 (12). TAD and
benzamide dinucleotide also have much higher affinities than
NAD+ (18, 20). Since the Arg418-Tyr419 dyad also binds
in the nicotinamide subsite, it is reasonable to expect that
the uncharged dyad will also be preferred.

Lys Can Substitute for Arg418.We constructed the
Arg418Lys variant to further probe the role of Arg418 in
the IMPDH reaction. Like the Arg418Ala and Arg418Gln
variants, this enzyme is unable to complement IMPDH-
deficient bacteria. Surprisingly, the purified Arg418Lys
variant displayed significant IMPDH activityin Vitro. Further
characterization revealed that the enzyme is strongly inhibited
by both NAD+ and NADH (Table 1 and Figure S3 of the
Supporting Information). The values ofKm(NAD+) andKii -
(NAD+) are similar, sokcat value of 0.15 s-1 is not well
determined. The extremely low value ofKii(NAD+) suggests
that the Arg418Lys variant is predominantly in the open
conformation (Kc e 0.1). As expected, the Arg418Lys variant
showed a pre-steady-state burst of NADH production when
monitored by both absorbance and fluorescence. The progress
curves showed two exponential phases followed by a
nonlinear phase that is attributed to NADH product inhibi-
tion. The progress curves were globally fit to the kinetic
mechanism shown in Scheme 2 using Dynafit (Table 3).

Table 1: Kinetic Characterization of Wild-Type and Mutant IMPDHs

enzyme kcat (s-1) Km(IMP) (µM) Km(NAD+) (µM) Kii (NAD+) (mM)

wild-typea 1.9( 0.2 1.7( 0.4 150( 30 6.8( 1.8
Arg418Alab 0.004( 0.0004 2.5( 2.8 1.6( 0.3 0.11( 0.014
Tyr419Phec 0.22( 0.01 0.7( 0.9 70( 10 1.1( 0.2
Thr321Ala 0.18( 0.03 ndd 250( 60 0.90( 0.24
Arg418Gln 0.0069( 0.0014 ndd 300( 100 2.8( 1.1
Arg418Lys 0.15( 0.03 ndd 22 ( 6 0.021( 0.005

a These values are from ref5. b These values are from ref12. c Detection limit at 0.1 mM NAD+ and 200µM IMP. d Not determined.

Table 2: Mechanistic Rate Constantsa

parameter wild typeb,c Thr321Alad Arg418Alab,c Arg418Glnd Arg418Lysc

k5 (s-1 µM-1) 0.029 ndf 0.15 ndf 0.065e

k6 (s-1) 4 ndf 3.8 ndf 3.4( 0.1
k7 (s-1) 34 1.7 24 g200 47( 1
k8 (s-1) 59 nag 18 g280 36( 1
k9 (s-1) 8.5 g8 11 g4 6.5e

k10 (s-1 µM-1) nag nag 1.5 nag 4.8e

k11 (s-1 µM-1) 2 nag 0.0023 ndf 0.0053( 0.0001
k12 (s-1) 47 nag 0.0002 ndf 1.3e

Kc 140 g20 1 10-50 e0.1
kHOH (s-1) 4 0.18 0.008 0.007 nag

kcomp(s-1) nag 0.18 nag nag 0.15
a Rate constants are defined in Scheme 2.kcomp denotes a composite rate constant combiningKc andkHOH. b Values from ref12. c Values were

derived from global analysis of progress curves comprising both pre-steady-state and steady-state reaction using DynaFit (15) as described in the
Supporting Information of ref12. d Values deduced from pre-steady-state, steady-state, and inhibitor experiments as described in the text.e Errors
are smaller than 2%.f Not determined.g Not applicable.
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Hydride transfer and NADH release are similar to those of
the wild type, as expected. The values ofKc andkHOH could
not be resolved and are therefore combined into a single rate
constant (kcomp ) 0.15 s-1), which agrees well with thekcat

of 0.15 s-1 (Tables 1 and 3). The global analysis indicates
that the rate constants for NAD+ and NADH association (k10

andk11, respectively) increase by factors of 2-3 relative to
those of the Arg418Ala variant. This increase most likely
results from an increase in the fraction of enzyme in the open
conformation, again suggesting thatKc e 0.1. These
observations suggest thatkHOH g 1 s-1, which is similar to
that for the wild-type reaction (Table 2). Therefore, the Lys
substitution is functionally equivalent to Arg418 once the
closed conformation is formed. This result is surprising since
Lys418 is not expected to be optimally oriented within the
active site. Modeling suggests that the Lys substitution can
form hydrogen bonds to both the catalytic water and Tyr419
(Figure 4B), and thus could replace Arg418. In addition,
since the pKa of Lys is ∼2-3 units lower than that of Arg,
the fraction of Lys418 in the deprotonated form could exceed
that of Arg418 by a factor of∼100-1000, which may
compensate for the imperfect orientation. It is interesting to
note that although the Arg418Lys variant is an effective
IMPDH in Vitro, severe substrate and product inhibition make
this enzyme an ineffective catalystin ViVo.

We also constructed Arg418His, but this protein precipi-
tated under assay conditions; therefore, the activity of this
mutant could not be assessed.

Does Arg418 SerVe as the Base that ActiVates Water in
the IMPDH Reaction?The experiments described above
indicate that the closed conformation is stabilized by the
deprotonation of a residue with a pKa of ∼8. This deproto-
nation also controlskHOH. This residue has a pKa of g10 in
the open conformation, and thus could be Thr321, Arg418,
or Tyr419. However, substitution of either Thr321 or Tyr419
has only modest effects onkHOH. Further, substitution of
Tyr419 does not have a significant effect on the pH
dependence of eitherKc or kHOH. In contrast, substitution of
Arg418 has a large effect onkHOH and changes the pH
dependence ofKc. The simplest explanation for these
observations is that the deprotonation of Arg418 stabilizes
the closed conformation and controlskHOH; i.e., the pKa of
Arg418 is∼8 in the closed conformation.

How is the pKa of Arg418 perturbed? There are no other
positively charged residues near Arg418, and unlike car-
boxylate residues, hydrophobic environments do not lower
the pKas of amine and guanidinium groups; therefore, the
usual mechanisms for perturbing pKas do not appear to apply.
In fact, Arg418 is adjacent to Asp261, which might be
expected to increase its pKa (although we note that the His
residue in the catalytic triad of serine proteases has a normal
pKa despite its proximity to an Asp residue). Biochemistry
textbooks usually attribute the high basicity of Arg residues
to resonance stabilization and symmetry. Perhaps steric
constraints and asymmetry within the active site combine to
disrupt the resonance of the guanidinium group of Arg418.
Interestingly, several natural products contain twisted guani-
dinium groups with pKa values ranging from 7 to 8,
demonstrating the effectiveness of this strategy (21, 22).
Precedence for this phenomenon can be found in dimethy-
larginine dimethylaminotransferase, which appears to twist
the guanidine group of its substrate (23). Several other
observations suggest that resonance stabilization may not be
an adequate explanation for the high basicity of Arg residues
(24). The barrier for rotation about the nitrogen bonds is
rather low, which suggests that there is less double-bond
character than would be expected. Protonation of guanidine
is only ∼10 kcal/mol more exothermic than that of propy-
limine, which is much lower than expected if resonance
stabilization was the major driving force. Last, the basicity
of guanidine is similar to that of triethylamine in the gas
phase, which indicates that the high basicity of guanidine in
aqueous solution results from interactions with water. These
observations suggest that simply removing an Arg residue
from bulk water will lower its pKa.

Arg residues also appear to act as bases in several enzymes
that catalyze elimination reactions: fumarate reductase,
L-aspartate oxidase, and polysaccharide lyases (25). Coin-
cidently, although the structures are not related, all of these
enzymes share a similar active site arrangement in which
the catalytic Arg residue is within hydrogen bonding distance
of a conserved Asp/Glu residue or a carboxylate group from
the substrate and a Tyr residue is nearby. In all cases, a
network of water molecules links these carboxylate residues
to solvent (25), which suggests that the catalytic Arg residue
may be part of a relay that transfers the proton to solvent.

FIGURE 4: Model structures of the Arg418 mutants. (A) Model of Arg418Gln in the active site of the E‚MZP complex (6). Atoms are
colored as in Figure 1, except the carbon atoms of Gln418 are green. (B) Modeling of Arg418Lys into the active site of the E‚MZP
complex (6). Atoms are colored as described above, except the carbon atoms of Lys418 are green. Graphics were created in DeepView/
Swiss-PdbViewer version 3.7 and rendered in CorelDraw version 9.
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These carboxylates might restrict hydrogen bonds to the
catalytic Arg, forcing the guanidinium nitrogens into a
tetrahedral geometry, disrupting resonance and lowering its
pKa. Bacteriorhodopsin provides one of the most dramatic,
albeit controversial, examples of an Arg residue with an
abnormally low pKa. A recent time-resolved FT-IR investi-
gation suggests that the pKa of Arg82 is 5.8 in the M state
(26). Arg82 is part of a network of hydrogen bonds that
includes Tyr83, Glu194, and Glu204. Thus, the environment
of the perturbed Arg82 of bacteriorhodopsin also has some
commonalities with the active site of IMPDH. Obviously,
there is much we do not understand about the ionization of
guanidinium groups in proteins.
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the pH dependence ofKc. This material is available free of
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