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ABSTRACT: Drug resistance often results from mutations that are located far from the drug-binding site.
The effects of these mutations are perplexing. The inhibition of IMPDH by MPA is an example of this
phenomenon. Mycophenolic acid (MPA) is a species-specific inhibitor of IMPDH; mammalian IMPDHs
are very sensitive to MPA, while the microbial enzymes are resistant to the inhibitor. MPA traps the
covalent intermediate E-XMP* and binds in the nicotinamide half of the dinucleotide site. Previous results
indicated that about half of the difference in sensitivity derives from residues in the MPA-binding site
[Digits, J. A., and Hedstrom, L. (1999)Biochemistry 38, 15388-15397]. The remainder must be attributed
to regions outside the MPA-binding site. The adenosine subsite of the NAD+ site is not conserved among
IMPDHs and is, therefore, a likely candidate. Our goal is to examine the coupling between the nicotinamide
and adenosine sites in order to test this hypothesis. We performed multiple inhibitor experiments with the
Tritrichomonas foetusand human type 2 IMPDHs using tiazofurin and ADP, which bind in the nicotinamide
and adenosine subsites, respectively. ForT. foetus IMPDH, tiazofurin and ADP are extraordinarily
synergistic. In contrast, these inhibitors are virtually independent for the human type 2 enzyme. We suggest
that the difference in coupling of the nicotinamide and adenosine subsites accounts for the remaining
difference in MPA affinity betweenT. foetusand human IMPDH.

Drug resistance often results from mutations located out-
side the inhibitor binding pocket (1-7). The effects of these
mutations are difficult to rationalize on structural grounds,
since they do not play a direct role in inhibitor binding. In
some cases, the mutations are believed to change the move-
ment of flexible loops. For example, in HIV-1 protease, the
Met46Ile mutation is associated with drug resistance. This
mutation appears to stabilize the flap in a closed conforma-
tion (4, 6). Similarly, in thymidylate synthase, two mutations
involved in drug resistance, Asp49Gly and Gly52Ser, may
impair the movement of a mobile loop (3). However, in many
cases, the effects of the mutations are puzzling. For example,
in HIV-1 protease, the Leu90Met mutation confers drug
resistance, although Leu90 lies at the core of the protein with
no obvious contact with the inhibitor (5).

Mycophenolic acid (MPA)1 is an inhibitor of IMP dehy-
drogenase (IMPDH), the enzyme that catalyzes the rate-
limiting step in de novo guanine nucleotide biosynthesis
(Figure 1). MPA is a unique inhibitor, because it is species-

specific; mammalian IMPDHs are very sensitive to MPA,
while IMPDHs from most microbial sources are resistant to
the inhibitor. For example,Ki ) 20 nM for human IMPDH,
9 nM for Chinese hamster IMPDH, 0.2µM for Leishmania
donoVani IMPDH, 9 µM for Tritrichomonas foetusIMPDH,
and 20µM for Escherichia coliIMPDH (8-10, Cahoon,
M., and Hedstrom, L., unpublished results). Understanding
the basis for this selectivity is important for the development
of useful antimicrobial agents.

MPA inhibits IMPDH by trapping a covalent intermediate
in the reaction, E-XMP*, and preventing hydrolysis (Figure
1) (10-14). In the crystal structure of the E-XMP*‚MPA
complex from Chinese hamster (98% identical to human type
2 IMPDH), MPA stacks against E-XMP* in the nicotinamide
binding-site (10). This crystal structure identifies only two
residues in the MPA-binding site, which are different in most
microbial IMPDHs (10). Arg322 and Gln441 of the hamster
IMPDH are replaced by Lys and Glu, respectively, in the
microbial enzymes (Figure 2). Interestingly, IMPDH from
L. donoVani contains the Arg and Gln in the MPA-binding
site as do mammalian IMPDHs, which could account for its
partial sensitivity. Similarly, the Lys310Arg/Glu431GlnT.
foetusmutant IMPDH has an inhibition constant for MPA
that is only 20-fold lower than that of the wild-type enzyme
(9). Thus, only 20 of the 450-fold difference in sensitivity
between theT. foetusand human type 2 IMPDHs derives
from the residues in the MPA-binding site. The remaining
23-fold must be attributed to regions outside the MPA-
binding site.

Crystal structures of IMPDH from Chinese hamster,T.
foetus, human type 2, andStreptococcus pyogenesshow that
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the active site is composed of a long cleft containing an IMP-
binding pocket contiguous with the NAD+-binding groove
(10, 15-17). A flap (residues 400-450 in the human and
hamster enzymes) covers the active site. The nucleophilic
Cys is found in a mobile loop. While the residues of the
IMP site are conserved among IMPDHs, the residues of the
NAD+ site are not. The NAD+-binding groove and enzyme-
cofactor interactions are defined by the presence of the NAD+

analogue, SAD, in the structure of the human type 2 IMPDH
(16). Here, the selenazole 4-carboxamide group occupies the
nicotinamide pocket and stacks against the substrate analogue
purine ring in a similar fashion as MPA. The adenosine end
of the dinucleotide analogue binds in a cleft between two
monomers. Interestingly, the adenosine end of the dinucle-
otide site is not conserved. Perhaps MPA resistance originates
in the adenosine site.

In this study, we have performed multiple inhibitor ex-
periments to investigate the coupling of the nicotinamide and
adenosine subsites of the NAD+ site. Our results indicate
that the nicotinamide and adenosine subsites of the dinucle-
otide site are tightly coupled in theT. foetusIMPDH, but
nearly independent in the human type 2 enzyme. Fluores-
cence studies with theT. foetusenzyme are consistent with
this result. This difference in coupling across the NAD+ site
may account for the remaining difference in MPA affinity
betweenT. foetusand human IMPDH.

MATERIALS AND METHODS

Materials. IMP, ADP, and Tris were purchased from
Sigma. NAD+ was purchased from Boehringer Mannheim.
DTT was purchased from Research Organics, Inc. EDTA
and KCl were purchased from Fisher. Tiazofurin was the
gift of Dr. Victor Marquez (NCI).â-Me-TAD was the gift
of Dr. Krzysztof W. Pankiewicz (Pharmasset, Inc.). Oligo-
nucleotides were obtained from the Brandeis Oligonucleotide
Facility.

Expression and Purification of IMPDH. Plasmids contain-
ing the IMPDH genes were purified from anEscherichia
coli expression system using Cibacron blue affinity resin and
cation exhange chromatography as previously described (8,
9, 18).

Mutagenesis. The T. foetus “Trp416” mutant was con-
structed from pTf1 using the Quikchange kit (Stratagene,
La Jolla, CA). This mutant was constructed by producing a
series of mutant IMPDHs in which the naturally occurring
tryptophans were progresively replaced with phenylalanine
residues. The resulting “Trp416” IMPDH contains only one
native tryptophan at position 416 and has the following
mutations: Trp190Phe/Trp269Phe/Trp276Phe/Trp406Phe.
To ensure no undesired mutations had been introduced, the
coding sequence of the IMPDH gene was sequenced using
a PRISM Dyedeoxy Terminator Cycle Sequencing kit
(Applied Biosystems, Inc.) and a 373A DNA sequencer at
the Brandeis Sequencing Facility.

Enzyme Kinetics. Standard IMPDH assays contained 100
mM KCl, 3 mM EDTA, 1 mM DTT, and 50 mM Tris, pH
8.0 (assay buffer). The production of NADH was monitored
spectrophotometrically at 340 nm (ε ) 6.22 mM-1 cm-1) at
25 °C using a Hitachi U-2000 spectrophotometer. The
concentrations of IMP and NAD+ or analog were varied for
Km determinations. Since substrate inhibition is observed,
initial velocity data were fit to the Michaelis-Menten
equation and uncompetitive substrate inhibition equation
using Kaleidagraph software (Abelbeck Software) as de-
scribed previously (9, 18).

Inhibitor Kinetics. The values ofKi were determined in
experiments containing constant, saturating IMP concentra-
tions (150µM) and varied NAD+ concentrations. Multiple
inhibition experiments with tiazofurin and ADP were per-
formed with constant IMP and NAD+ concentrations at 25
°C in assay buffer (substrate concentrations are contained
in the Figure 4 legend).

FIGURE 1: Mechanism of the IMPDH reaction.

FIGURE 2: MPA and its interactions with Gln441 and Arg322 of
Chinese hamster IMPDH.
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Data Analysis for Inhibition Studies. Initial rate data were
fitted to eq 1-3 using KinetAsyst software II (Intellikinetics),
and to eq 4 using Sigma Plot software (Jandel Scientific).
The best fits were determined by the relative fit error.
competitive inhibition

noncompetitive inhibition

multiple inhibition

Ackermann-Potter noncompetitive tight binding inhibition

The nomenclature is that of Cleland (19): υ is the velocity;
Vm is the maximum velocity;A is the substrate concentration;
Ka is the apparent Michaelis constant forA; Kis andKii are
are the slope and intercept inhibition constants, respectively;
I andJ are the concentrations of inhibitors I and J;υ0 is the
initial velocity in the absence of inhibitors I and J;R is the
interaction constant between inhibitors I and J, andE is the
enzyme concentration.

Fluorescence Spectroscopy. Equilibrium dissociation con-
stants for the interaction of MPA andâ-Me-TAD with the
“Trp416” mutantT. foetusE‚IMP complex were determined
by following the quenching of intrinsic protein fluorescence.
The measurements were performed on a Hitachi F-2000
fluorescence spectrophotometer at 25°C. The excitation
wavelength was 295 nm. Inner filter effects due to the MPA
were corrrected as described previously (9, 18). For binding
of MPA andâ-Me-TAD to the E‚IMP complex, the enzyme
was first incubated with saturating concentrations of IMP
and then titrated with increasing concentrations of ligand.
From the measured fluorescence intensityI at a given ligand
concentration, fractional saturation of enzyme sites with
ligand (fa) was determined by usingfa ) (I - Ia)/(Ib - Ia),
whereIa is the fluorescence of the apoenzyme, andIb is the

fluorescence of the enyzme when all of its binding sites are
saturated with ligand. The free ligand concentration was
estimated using [ligand]free ) [ligand]t - n[E]t, in which
[ligand]t and [E]t represent the total ligand and apoenzyme

FIGURE 3: IMPDH inhibitors.

υ ) VmA/[Ka (1 + I/Kis) + A] (1)

υ ) VmA/[Ka(1 + I/Kis) + A(1 + I/Kii )] (2)

υ ) υ0/[1 + I/Ki + J/Kj + IJ/RKiKj] (3)

υ ) (υ0/2E)[(E - Ki - I) + (Ki + I + E)2 - 4IE]0.5 (4)

FIGURE 4: Multiple inhibition by tiazofurin and ADP. The reactions
were performed under standard assay conditions as described in
the Materials and Methods section. (A) 1/υ vs [tiazofurin] plot for
the wild-typeT. foetusIMPDH. The concentration of IMP was 100
µM and that of NAD+ was 500µM. (b) No ADP; (9) 8 mM ADP;
(2) 20 mM ADP. (B) 1/υ vs. [ADP] plot for the Lys310Arg/
Glu431Gln enzyme. The concentration of IMP was 150µM and
that of NAD+ was 400 µM. (b) No tiazofurin; (9) 1.5 mM
tiazofurin; (2) 4 mM tiazofurin; ([) 8 mM tiazofurin; (+) 16 mM
tiazofurin. (C) 1/υ vs. [tiazofurin] plot for the human type 2 IMPDH.
The concentration of IMP was 130µM and that of NAD+ was 30
µM. (b) No ADP; (9) 7.5 mM ADP; (2) 30 mM ADP; ([) 40
mM ADP.
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concentration, respectively, andn is the number of ligand-
binding sites on the enzyme (n ) 1 for monomer concentra-
tion). Kaleidagraph software was used to fitfa and [ligand]free

to eq 5:

to give the dissociation constant,Kd.

RESULTS

Dead-End Inhibitors of IMPDH. The inhibition constants
of MPA, tiazofurin,â-Me-TAD, and ADP are summarized
in Table 1 (structures are in Figure 3).â-Me-TAD is a
phosphodiesterase-resistant analogue of TAD, which has an
identical inhibition constant to TAD for human type 2
IMPDH (20). The inhibition constant for the wild-typeT.
foetusenzyme is also similar to the value reported for TAD
(12). â-Me-TAD is a noncompetitive inhibitor vs NAD+ in
all of the enzymes studied (Table 1). The inhibition constants
for â-Me-TAD only differ by approximately 3-fold between
the wild-type and mutantT. foetusIMPDHs. â-Me-TAD is
a potent inhibitor of the human enzyme, with an inhibition
constant∼40-fold lower than that ofT. foetusIMPDH. Our
value ofKi ) 0.06µM for human IMPDH is approximately
5-fold lower than other values reported in the literature (20-
22). Under our experimental conditions, the concentration
of enzyme is comparable to the concentrations ofâ-Me-TAD,
which requires tight-binding inhibitor analysis, as described
in the Materials and Methods section. Failure to account for
tight-binding conditions, as may be the case in previous
experiments, results inKi ) 0.26 µM, comparable to the
literature values.

Tiazofurin is a noncompetitive inhibitor vs NAD+ for all
of the enzymes (Table 1). It is a poor inhibitor of wild-type
T. foetusIMPDH and a somewhat weaker inhibitor of the
Lys310Arg/Glu431Gln enzyme, with inhibition constants in
the high millimolar range. Tiazofurin is a much better
inhibitor of human type 2 IMPDH, with an inhibition
constant∼70-fold lower than those of theT. foetusenzymes.

ADP is a competitive inhibitor vs NAD+ for all of the
enzymes (Table 1). Surprisingly, ADP is a more potent
inhibitor of the mutant enzyme than either of the wild-type
IMPDHs. The inhibition constant for the mutant IMPDH is
20 and 6-fold lower than wild-typeT. foetusand human
IMPDHs, respectively.

AdVantage of Connecting Tiazofurin and ADP. The
inhibition constants forâ-Me-TAD are much lower than

those of either tiazofurin or ADP alone in all three enzymes
studied, as expected, given thatâ-Me-TAD interacts simul-
taneously with both the nicotinamide and adenosine subsites
(Table 1, Figure 3). The advantage of connecting tiazofurin
and ADP asâ-Me-TAD is equal to the ratio of dissociation
constants, (KTKADP)/KTAD (23, 24). Similarly, the binding
energy ofâ-Me-TAD, ∆GTAD, will be more favorable than
∆GT + ∆GADP by an amount equal to∆GS, a component of
the free energy that represents the entropy loss upon binding
â-Me-TAD (23). The advantage of combining tiazofurin and
ADP to makeâ-Me-TAD is 200 M (3.2 kcal/mol),g30 M
(g2.0 kcal/mol), and 900 M (4.1 kcal/mol) for the human,
mutant, and wild-typeT. foetusenzymes, respectively. The
advantage of bindingâ-Me-TAD to the mutant enzyme is a
lower limit, since we only have a lower limit for the
dissociation constant for tiazofurin. The advantage of con-
necting two sites can be as high as 108 M (12.4 kcal/mol)
for an ideal case where the binding of the first component
causes the second component to bind without further loss
of entropy (23). Advantages of up to 5× 104 M (6.5 kcal/
mol) have been observed for compactin binding vs its
component pieces to HMG-CoA reductase (24). In compari-
son, the advantage of binding TAD over tiazofurin and ADP
is rather low. One explanation for this observation is that
our component pieces are not ideal: tiazofurin and ADP
overlap at the 5′-oxygen (Figure 3). Presumably, 5′-deoxy-
tiazofurin will have a lower affinity than tiazofurin, which
would increase the connectivity advantage.

Multiple Inhibition Studies. In a multiple inhibitor experi-
ment,R is defined as the interaction constant (eq 3). If two
inhibitors I and J bind mutually exclusively,R ) ∞, and the
1/υ vs [J] plot at varied [I] is a series of parallel lines. If a
ternary E-I-J complex can form,R must be between 0 and
∞. If R < 1, I and J are synergistic, and ifR > 1, I and J are
antagonistic. IfR ) 1, the inhibitors are independent, which
results in a pattern of lines intersecting on the [J] axis (25-
28).

Previous results demonstrated that tiazofurin is mutually
exclusive with NADH, but not with ADP, suggesting that
tiazofurin binds in the nicotinamide portion of the NAD+

site (12). Furthermore, MPA and tiazofurin are mutually
exclusive, demonstrating that MPA binds in the tiazofurin,
hence nicotinamide, portion of the NAD+ site (12). This
conclusion was confirmed in the crystal structure of the
E-XMP*‚MPA complex of Chinese hamster IMPDH (10).

To probe the coupling of the nicotinamide and adenosine
subsites, multiple inhibitor experiments were performed with

Table 1: Multiple Inhibitor Experiments with Tiazofurin and ADP for Wild-typeT. Foetus, Lys310Arg/Glu431Gln, and Human IMPDHsa

inhibitor
inhibition
constantb

T. foetuswild-type
IMPDH

Lys310Arg/Glu
431Gln IMPDH human IMPDH

MPA Kii (UC) 9 ( 0.5µMc 0.5( 0.04µMc 0.022( 0.008µMd

tiazofurin Kii (NC) 69( 9 mMe g75 mM 1.3( 0.1 mM
Kis (NC) 50( 10 mMe g75 mM 4.2( 1.7 mM

â-Me-TAD Kii (NC) 2.3( 0.4µM 4.3 ( 0.4µM 0.06( 0.02µM f

Kis (NC) 2.8( 1.3µM 14 ( 5 µM
ADP Kis (C) 31( 2 mMe 1.4( 0.3 mM 8.8( 2.2 mM
tiazofurin/ADP R 0.007( 0.002 0.019( 0.005 1.3( 0.3

a Experimental conditions: 50 mM Tris, pH 8.0, 100 mM KCl, 3 mM EDTA, and 1 mM DTT at 25°C. For single inhibitor experiments, the
NAD+ concentrations were varied and the IMP concentrations were fixed at 150µM. b These are the inhibition constants and patterns vs NAD+;
C, competitive inhibition; NC, noncompetitive inhibition; UC, uncompetitive inhibition.c These values are from (9). d This value is from (8). e These
values are from (12). f This value was obtained by fitting to the noncompetitive tight binding equation (eq 4).

fa ) [ligand]free/(Kd + [ligand]free) (5)
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tiazofurin and ADP (Table 1, Figure 4). For the wild-type
T. foetusIMPDH, the interaction of tiazofurin with ADP is
strongly synergistic, with anR ) 0.007. Figure 4A shows
the 1/υ vs [tiazofurin] plot, with a pattern of lines intersecting
on the 1/υ axis. Similar results with theT. foetusenzyme
were obtained previously (12). For the T. foetus mutant
enzyme, the interaction of tiazofurin with ADP is also
synergistic, with anR ) 0.019 (Table 1, Figure 4B).
However, essentially no interaction exists between tiazofurin
and ADP for the human type 2 IMPDH (Table 1, Figure
4C). The value ofR is 1.3.

Fluorescence Spectroscopy: the “Trp416” Mutant IM-
PDH. To further probe the adenosine subsite ofT. foetus
IMPDH, the single tryptophan mutant “Trp416” was con-
structed as described in the Methods section. “Trp416”
designates the mutant containing only one tryptophan at
position 416 in the flap region of IMPDH. “Trp416” IMPDH
exhibits wild-type activity and has the following steady-state
kinetic parameters:kcat ) 0.93 s-1, Km (IMP) ) 5.6 µM,
andKm (NAD+) ) 72 µM.

The single tryptophan residue, Trp416, can be selectively
excited at 295 nm. The association ofâ-Me-TAD with the
“Trp416” E‚IMP complex quenches the protein fluorescence
(data not shown). Similarly, the binding of MPA to “Trp416”
E‚IMP causes a decrease in the fluorescence intensity of the
enzyme. As shown in Figure 5A, MPA at a concentration
of 50 µM quenches the protein fluorescence by 28%. The
value of the dissociation constants (Kd) for ligand binding

can be determined from the dependence of fluorescence
intensity upon ligand concentration. Figure 5B showns a
binding curve in which the changes in fluorescence are
represented by fractional saturation of enzyme sites with
MPA as its concentration increases. The dissociation con-
stants measured in this way are 3.7 and 136µM for the
association ofâ-Me-TAD and MPA, respectively, to the
“Trp416” E‚IMP complex.

DISCUSSION

MPA is a uniquely species-specific inhibitor of IMPDH.
Much of this specificity must derive from distal structural
elements since bothL. donoVani and theT. foetusLys310Arg/
Glu431Gln mutant IMPDHs are only partially sensitive to
MPA. We performed multiple inhibitor experiments to
examine the coupling between the nicotinamide and adenos-
ine subsites in MPA-sensitive and MPA-resistant IMPDHs.

Tiazofurin and ADP are synergistic in the wild-typeT.
foetusIMPDH, but completely independent in the human
type 2 enzyme (Table 1, Figure 4). These results indicate
that the nicotinamide and adenosine subsites are tightly
coupled inT. foetus IMPDH, but not in human IMPDH.
Figure 6A shows one possible model that can account for
these observations. The dinucleotide site is disordered in the
absence of ligand in both enzymes (10, 15-17). In T. foetus

FIGURE 5: Binding of MPA to the “Trp416”T. foetusE‚IMP
complex. (A) Fluorescence emission spectra for “Trp416” E‚IMP
(solid line) and its complex with MPA (dashed line) when excited
with light of 295 nm. The enzyme concentration is 2.0µM, and
that of MPA is 50µM. (B) Dependence of fractional saturation of
the enzyme on MPA concentration as E‚IMP is titrated with
increasing MPA. The data were fit to eq 5.

FIGURE 6: A model for the species-specific inhibition of MPA.
(A) The nicotinamide and adenosine subsites are coupled inT.
foetusIMPDH, but not in human IMPDH. InT. foetusIMPDH,
the binding of tiazofurin orders the adenosine subsite. Therefore,
the binding of ADP is synergistic. In human IMPDH, the binding
of tiazofurin does not order the adenosine subsite. Therefore, the
binding of ADP is independent. (B) Implications on MPA selectiv-
ity. In T. foetusIMPDH, the binding of MPA orders the adenosine
subsite. Therefore, MPA binds with low affinity. In human IMPDH,
the binding of MPA does not order the adenosine subsite. Thus,
MPA binds with high affinity.

MPA Selectivity of IMPDH Biochemistry, Vol. 39, No. 7, 20001775



IMPDH, the binding of tiazofurin orders the adenosine
subsite, thus increasing the affinity for ADP. In contrast, in
the human IMPDH, binding of ADP is independent of
tiazofurin, because the binding of tiazofurin does not order
the adenosine subsite.

Implications for MPA SelectiVity. Similarly, when MPA
binds toT. foetusIMPDH, it may order the adenosine subsite.
As a consequence, MPA binds with low affinity, because
some of the intrinsic binding energy is lost in ordering the
adenosine subsite. However, when MPA binds to human
IMPDH, it does not order the adenosine subsite and,
therefore, binds with high affinity, because all of the intrinsic
binding energy is expressed in binding (Figure 6B).

This model is supported by the crystal structure of
E-XMP*‚MPA from Chinese hamster (10) (Figure 7). While
MPA binds in the nicotinamide subsite, the adenosine subsite
is empty in this complex. IMP and MPA make interactions
with several residues from the “proximal” portion of the
flap: Tyr411, Met414, Gly415, and Gln441 (human IMPDH
numbering; Figure 7). In the presence of a dinucleotide
ligand, the adenosine subsite is covered by the “terminal”
portion of flap, comprising residues 420-437 (16). The
“terminal” flap loop is disordered in this structure (Figure
7). Thus, the binding of MPA in human IMPDH does not
involve an interaction with the “terminal” loop. Interestingly,
the residues comprising this loop are not conserved among
IMPDHs.

Unfortunately, there is no structure of E-XMP*‚MPA from
T. foetusIMPDH. Our model predicts that the “terminal”
flap loop will be ordered in this complex, and that the energy
required to drive this loop movement will decrease the
observed MPA-binding energy. To test this hypothesis, we
performed a fluorescence experiment with theT. foetus
“Trp416” mutant IMPDH. Residue Trp416 corresponds with
Lys422 of the human enzyme and is in the “terminal” flap
loop, most likely near the adenosine ribose and phosphate
moiety (Figure 7). If the conformation of Trp416 changes
in response to ligand binding, then its fluorescence properties
should also change. We examined the binding of ligands to
the E‚IMP complex instead of E-XMP*, since E-XMP* is

not stable. The association ofâ-Me-TAD to the “Trp416”
E‚IMP complex causes the fluorescence to decrease (not
shown), which is expected, since crystallographic data
indicate that the presence of a dinucleotide orders the
“terminal” flap loop (16).

Similarly, the binding of MPA to the nicotinamide subsite
of the “Trp416” E‚IMP complex causes the protein fluores-
cence to decrease (Figure 5A). Although the mechanism of
protein fluorescence quenching is complex, these results
indicate that the environment of Trp416 changes in response
to MPA binding, which implies that the “terminal” loop may
become ordered in the E‚IMP‚MPA complex. Since Trp416
is not in close vicinity to MPA (Figure 7), these results
suggest that the association of MPA withT. foetusIMPDH
is “coupled” to movement of the “terminal” flap loop. These
fluorescence observations are consistent with the model
proposed above, although more structural data are necessary
to be definitive.

The Lys310Arg/Glu431GlnT. foetus enzyme exhibits
almost identical behavior to the wild-typeT. foetusenzyme
(Table 1, Figure 4). However, the value ofR is ∼3-fold larger
than that of the wild-typeT. foetusenzyme, as if there is a
small degree of uncoupling between the nicotinamide and
adenosine subsites. Since the value ofR is still 70-fold
smaller than that of human IMPDH, the residues in the MPA-
binding site do not control the coupling between the
nicotinamide and adenosine subsites.

Interestingly, these two residues change the distribution
of binding energies in the NAD+ site. While theKi of â-Me-
TAD for the mutant enzyme is very similar to that of the
wild-type T. foetusenzyme, theKi of tiazofurin increases,
and theKi of ADP decreases (Table 1). This observation is
consistent with our coupling model. As discussed by Jencks
(23), the total, or intrinsic binding energy of tiazofurin to
IMPDH, ∆Gibe, is the sum of the observed binding energy,
∆Gobs, and the interaction energy,∆Gint (eq 6):

In our case,∆Gint represents the coupling energy used to
induce conformational changes in the adenosine subsite
caused by the presence of tiazofurin in the nicotinamide
subsite. In the human enzyme, these two sites are indepen-
dent. Therefore,∆Gibe for tiazofurin binding is equal to∆Gobs

(-4.0 kcal/mol). For wild-typeT. foetusIMPDH, where the
two sites are coupled,∆Gibe ) -4.6 kcal/mol (∆Gint ) -3.0
kcal/mol and∆Gobs ) -1.6 kcal/mol). Thus, the∆Gibe is
greater in theT. foetusenzyme, although theKi of tiazofurin
is lower in the human enzyme. While the Lys310Arg/
Glu431GlnT. foetusenzyme also displays strong coupling
between the nicotinamide and adenosine subsites, theKi of
tiazofurin increases. The resulting value of∆Gibe ) -3.95
kcal/mol is equivalent to the human enzyme, as expected,
since the structures of the nicotinamide-binding sites are
identical.

The Ki of ADP is much lower for the mutantT. foetus
enzyme than in wild-typeT. foetusIMPDH (Table 1). The
mutations may interact with theâ-phosphate of ADP, which
could account for this observation (the carboxylic acid group
of MPA may overlap with theâ-phosphate of ADP). The
inhibition constant for ADP should differ from the human
enzyme, since the adenosine sites are not conserved.

FIGURE 7: The active site of Chinese hamster IMPDH (10). The
IMP is shown in white and its hypoxanthine ring makes a covalent
bond to the sulfur of Cys331. The MPA is shown in light gray and
makes a stacking interaction with the hypoxanthine ring. The
“proximal” section of the active site flap is shown in dark gray.
The side chains of selected residues that interact with IMP and
MPA are also shown in dark gray: Tyr411, Met414, Gly415, and
Gln441 (human and hamster IMPDH numbering). The “terminal”
loop of the flap, which is disordered in this structure, is designated
by the dotted line. The corresponding residue in theT. foetus
enzyme is in parentheses. This figure was produced using MOL-
SCRIPT (29).

∆Gibe ) ∆Gobs+ ∆Gint (6)
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The difference in coupling between the nicotinamide and
adenosine subsites in the Lys310Arg/Glu431Gln and human
enzymes may determine MPA selectivity. The 23-fold
difference in the inhibition constants between the mutant and
human enzymes corresponds to an energy difference in
binding of 1.9 kcal/mol. Assuming that MPA binding couples
to the adenosine site as observed with tiazofurin, then∆Gint

) -2.4 kcal/mol for the double mutant enzyme vs 0 for
human IMPDH. Therefore, this difference in interaction
energy can account for the remaining differences in MPA
sensitivity between theT. foetusand human type 2 IMPDHs.
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