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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. (1998iochemistry 3815388-15397]. The remainder must be attributed

to regions outside the MPA-binding site. The adenosine subsite of the' N#&®is not conserved among
IMPDHSs 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 foetuand human type 2 IMPDHSs using tiazofurin and ADP, which bind in the nicotinamide
and adenosine subsites, respectively. Foffoetus 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 betweefT. foetusand human IMPDH.

Drug resistance often results from mutations located out- specific; mammalian IMPDHs are very sensitive to MPA,
side the inhibitor binding pockefl{-7). The effects of these  while IMPDHs from most microbial sources are resistant to
mutations are difficult to rationalize on structural grounds, the inhibitor. For example; = 20 nM for human IMPDH,
since they do not play a direct role in inhibitor binding. In . 9 nM for Chinese hamster IMPDH, Q@ for Leishmania
some cases, the mutations are believed to change the movedonaani IMPDH, 9 uM for Tritrichomonas foetutMPDH,
ment of flexible loops. For example, in HIV-1 protease, the and 20uM for Escherichia coliiMPDH (8—10, Cahoon,
Met46lle mutation is associated with drug resistance. This M., and Hedstrom, L., unpublished results). Understanding
mutation appears to stabilize the flap in a closed conforma- the basis for this selectivity is important for the development
tion (4, 6). Similarly, in thymidylate synthase, two mutations of useful antimicrobial agents.

involved in drug resistance, Asp49Gly and Gly52Ser, may v pa inhibits IMPDH by trapping a covalent intermediate
impair the movement of a mobile looB)(However, inmany i, the reaction, E-XMP*, and preventing hydrolysis (Figure
cases, the effects of the mutations are puzzling. For example,l) (10—14). In the crystal structure of the E-XMP¥IPA
in HIV-1 prolttralase,hthe LeLIJ.QOMetthta“o? rc]:onfers 'dru.gh complex from Chinese hamster (98% identical to human type
reSISE)arjce, althoug L.eﬁgg '?Shf?‘é_t escore ofthe protein with , IMPDH), MPA stacks against E-XMP* in the nicotinamide
noMo V'Olrjls colntact_;thI; e Infi I'toh'Xt.)'t £ IMP deh binding-site (0). This crystal structure identifies only two
ycophenolic acid (MPA)is an inhibitor o eny- residues in the MPA-binding site, which are different in most
c_iro_g_enase (IMPDH)’ the enzyme that C"’Tta'yz.es the rate- nicrobial IMPDHSs L0). Arg322 and GIn441 of the hamster
"”?'“”9 step in Qe novo guanine hucleotide blpsynthg5|s IMPDH are replaced by Lys and Glu, respectively, in the
(Figure 1). MPA is a unique inhibitor, because it is species- microbial enzymes (Figure 2). Interestingly, IMPDH from
"Supported by NIH Molecular Structure and Function Training Grant L_' donaani Comam_s the Arg and G_In in the MPA-bmdlng
GMO07956 (J. A. D.), NIH GM54403 (L. H.), and a grant from the Sit€ @s do mammalian IMPDHs, which could account for its
Markey Charitable Trust to Brandeis University. partial sensitivity. Similarly, the Lys310Arg/Glu431GIh
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Biochemistry, Brandeis University MS 009, 415 South Street, Waltham, that i lv 20-fold | than that of th ild-t
Massachusetts 02454. Telephone: (781) 736-2333. Fax: (781) 736-t1at IS only 2U-fold lower than that of the wild-type enzyme

2349. E-mail: hedstrom@brandeis.edu. (9). Thus, only 20 of the 450-fold difference in sensitivity
! Abbreviations: IMPDH, inosine‘tmonophosphate dehydrogenase; petween theT. foetusand human type 2 IMPDHs derives

IMP, inosine-5-monophosphate; NAD nicotinamide adenine dinucle- : : _hindi ; .
otide; NADH, reduced nicotinamide adenine dinucleotide; XMP, from the residues in the MPA-binding site. The remaining

xanthosine-5monophosphate; ADP, adenosirediphosphate; MPA, 23-fold must be attributed to regions outside the MPA-
mycophenolic acid; TAD, thiazole-4-carboxamide adenine dinucleotide; binding site.

[-Me-TAD, s-methylene thiazole-4-carboxamide adenine dinucleotide; .

tiazofurin, 28-p-ribofuranosylthiazole-4-carboxamide; DTT, dithio- Crystal structures of IMPDH from Chinese hamstér,

threitol; SAD, selenazole-4-carboxamide adenine dinucleotide. foetus human type 2, an8treptococcus pyogenskow that
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Ficure 1: Mechanism of the IMPDH reaction.
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Ficure 2: MPA and its interactions with GIn441 and Arg322 of
Chinese hamster IMPDH.

the active site is composed of a long cleft containing an IMP-
binding pocket contiguous with the NABbinding groove
(10, 15—-17). A flap (residues 400450 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
NADT 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 analogug

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 originate
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 NADGsite. Our results indicate

that the nicotinamide and adenosine subsites of the dinucle-

otide site are tightly coupled in th& foetusIMPDH, but

ribose-5'-P

E«XMP

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 KCI were purchased from Fisher. Tiazofurin was the
gift of Dr. Victor Marquez (NCI).5-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 IMPDHPlasmids contain-
ing the IMPDH genes were purified from d@fscherichia
coli expression system using Cibacron blue affinity resin and
cation exhange chromatography as previously descrided (
9, 18).

MutagenesisThe T. foetus“Trp416” mutant was con-
structed from pTfl 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: Trpl190Phe/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 KineticsStandard IMPDH assays contained 100
M KCI, 3 mM EDTA, 1 mM DTT, and 50 mM Tris, pH

0 (assay buffer). The production of NADH was monitored
spectrophotometrically at 340 nma € 6.22 mM cm™) at

25 °C using a Hitachi U-2000 spectrophotometer. The
concentrations of IMP and NADor analog were varied for

m

ﬁ(m determinations. Since substrate inhibition is observed,

initial velocity data were fit to the MichaelisMenten
equation and uncompetitive substrate inhibition equation
using Kaleidagraph software (Abelbeck Software) as de-
scribed previouslyq, 18).

Inhibitor Kinetics The values oK; were determined in
experiments containing constant, saturating IMP concentra-

nearly independent in the human type 2 enzyme. Fluores-tions (150uM) and varied NAD" concentrations. Multiple

cence studies with th€&. foetusenzyme are consistent with
this result. This difference in coupling across the NA§ite
may account for the remaining difference in MPA affinity
betweenT. foetusand human IMPDH.

inhibition experiments with tiazofurin and ADP were per-

formed with constant IMP and NADconcentrations at 25

°C in assay buffer (substrate concentrations are contained
in the Figure 4 legend).
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Ficure 3: IMPDH inhibitors. 0.20
Data Analysis for Inhibition Studiesnitial rate data were > |
fitted to eq 13 using KinetAsyst software Il (Intellikinetics), = 015
and to eq 4 using Sigma Plot software (Jandel Scientific). 010 4
The best fits were determined by the relative fit error. ' 74
competitive inhibition 0.05
v =V, A[K,(1+ /K + Al (@B)] 0.00 = O
2 4 0 1 2 3 4 5 6 7

noncompetitive inhibition

v=V AKA+IK)+AL+HIK) (2

multiple inhibition 06 c
v =vf[1 + 1K + JK; + 1ok K] 3) 05
Ackermann-Potter noncompetitive tight binding inhibition 047
v = (W2E)E — K, — 1) + (K, + | + E)> — 4IE]°® (4) . /
The nomenclature is that of Clelanti9j: v is the velocity; 027 ¢
Vm is the maximum velocityA is the substrate concentration; 01 4 Z

<4
Ka is the apparent Michaelis constant oy Kis andK;; are ‘ M
are the slope and intercept inhibition constants, respectively; 0.0 ¢

—

[ADP] (mM)

1/v

o

| andJ are the concentrations of inhibitors | andud;is the 2 - 0 1 2 3 4 5
initial velocity in the absence of inhibitors | andd;is the [Tiazofurin] (mM)
interaction constant between inhibitors | and J, &nd the lazoturin] tm

enzyme concentration. L . oo FicurRe 4: Multiple inhibition by tiazofurin and ADP. The reactions
Fluorescence Spectroscogiquilibrium dissociation con-  were performed under standard assay conditions as described in
stants for the interaction of MPA angtMe-TAD with the the Materials and Methods section. (Ap /s [tiazofurin] plot for

“Trp416” mutantT. foetusE:-IMP Comp|ex were determined the wild-typeT. foetussMPDH. The concentration of IMP was 100

by following the quenching of intrinsic protein fluorescence. f‘AM) %r(‘)d rt]:'slt CX[I)\IﬁD(LBV;Iabe(\)/?,\fAE.FB] Npcl)ol?l?opr; Eﬂigﬂs“gﬁ)%fé /
The measurements were performed on a Hitachi F-2000 5),431GIn enzyme. The concentration of IMP was 180 and

fluorescence spectrophotometer at 5. The excitation  that of NAD" was 400xM. (®) No tiazofurin; @) 1.5 mM
wavelength was 295 nm. Inner filter effects due to the MPA tiazofurin; (&) 4 mM tiazofurin; @) 8 mM tiazofurin; () 16 mM
were corrrected as described previouslyl®). For binding tiazofurin. (C) 14 vs. [tiazofurin] plot for the human type 2 IMPDH.

of MP_A arjdﬁ-Me-TAD_ to the EIMP complex, th_e enzyme Ipﬂe Z:g;lc’\?gt;\a[t)lg;n g)”;/l"; Vn:?/'ls iaD%/l; ‘%d?fga;qf\’; ﬁgg; v(vg)sjé)
was first incubated with saturating concentrations of IMP ‘1, ADP.

and then titrated with increasing concentrations of ligand.

From the measured fluorescence intenkdy a given ligand fluorescence of the enyzme when all of its binding sites are
concentration, fractional saturation of enzyme sites with saturated with ligand. The free ligand concentration was
ligand s was determined by using = (I — 1a)/(l, — 13), estimated using [ligangde = [ligand} — n[E];, in which
wherel, is the fluorescence of the apoenzyme, &nid the [ligand]; and [E] represent the total ligand and apoenzyme
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Table 1: Multiple Inhibitor Experiments with Tiazofurin and ADP for Wild-type Foetus Lys310Arg/Glu431GIn, and Human IMPDHMs

inhibition T. foetuswild-type Lys310Arg/Glu
inhibitor constarft IMPDH 431GIn IMPDH human IMPDH
MPA Kii (UC) 9+ 0.5uM¢ 0.5+ 0.04uM¢ 0.0224 0.008uM¢
tiazofurin Kii (NC) 69+ 9 mMe =75 mM 1.3+ 0.1 mM
Kis (NC) 50+ 10 mive >75 mM 4.2+ 1.7 mM
p-Me-TAD Kii (NC) 2.3+ 0.4uM 4.3+ 0.4uM 0.06+ 0.02uM’
Kis (NC) 2.8+ 1.3uM 14+ 5uM
ADP Kis (C) 31+ 2 mMe 14+£03mM 8.8+ 2.2mM
tiazofurin/ADP o 0.007+ 0.002 0.019+ 0.005 1.3+ 0.3

a Experimental conditions: 50 mM Tris, pH 8.0, 100 mM KCI, 3 mM EDTA, and 1 mM DTT at’@5 For single inhibitor experiments, the
NAD™ concentrations were varied and the IMP concentrations were fixed atNI50 These are the inhibition constants and patterns vs NAD
C, competitive inhibition; NC, noncompetitive inhibition; UC, uncompetitive inhibitibihese values are from), ¢ This value is from §). ¢ These
values are from12). f This value was obtained by fitting to the noncompetitive tight binding equation (eq 4).

concentration, respectively, amdis the number of ligand-
binding sites on the enzyma € 1 for monomer concentra-
tion). Kaleidagraph software was used tdfiand [ligandj.e
to eq 5:

fa = [ligand}id (Kq + [ligand];co)

to give the dissociation constarg.

(%)

RESULTS

DeadEnd Inhibitors of IMPDH The inhibition constants
of MPA, tiazofurin,5-Me-TAD, and ADP are summarized
in Table 1 (structures are in Figure 3)-Me-TAD is a

those of either tiazofurin or ADP alone in all three enzymes
studied, as expected, given thtaMe-TAD interacts simul-
taneously with both the nicotinamide and adenosine subsites
(Table 1, Figure 3). The advantage of connecting tiazofurin
and ADP ag3-Me-TAD is equal to the ratio of dissociation
constants, KtKapp)/Krap (23, 24). Similarly, the binding
energy of3-Me-TAD, AGrap, will be more favorable than
AGr + AGppp by an amount equal tAGS, a component of

the free energy that represents the entropy loss upon binding
p-Me-TAD (23). The advantage of combining tiazofurin and
ADP to makes-Me-TAD is 200 M (3.2 kcal/mol)=30 M
(=2.0 kcal/mol), and 900 M (4.1 kcal/mol) for the human,
mutant, and wild-typdl. foetusenzymes, respectively. The

phosphodiesterase-resistant analogue of TAD, which has aradvantage of binding-Me-TAD to the mutant enzyme is a

identical inhibition constant to TAD for human type 2
IMPDH (20). The inhibition constant for the wild-typé.
foetusenzyme is also similar to the value reported for TAD
(12). f-Me-TAD is a noncompetitive inhibitor vs NADin
all of the enzymes studied (Table 1). The inhibition constants
for 5-Me-TAD only differ by approximately 3-fold between
the wild-type and mutarit. foetusIMPDHSs. 3-Me-TAD is
a potent inhibitor of the human enzyme, with an inhibition
constant~40-fold lower than that of. foetussIMPDH. Our
value ofK; = 0.06uM for human IMPDH is approximately
5-fold lower than other values reported in the literat@@-
22). Under our experimental conditions, the concentration
of enzyme is comparable to the concentrations-de-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 iK; = 0.26 uM, comparable to the
literature values.

Tiazofurin is a noncompetitive inhibitor vs NADfor all
of the enzymes (Table 1). It is a poor inhibitor of wild-type
T. foetusIMPDH and a somewhat weaker inhibitor of the
Lys310Arg/Glu431GIn 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 the 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
IMPDHSs. The inhibition constant for the mutant IMPDH is
20 and 6-fold lower than wild-typd. foetusand human
IMPDHSs, respectively.

Advantage of Connecting Tiazofurin and ADHhe
inhibition constants fo3-Me-TAD are much lower than

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 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 @3). Advantages of up to % 10* M (6.5 kcal/
mol) have been observed for compactin binding vs its
component pieces to HMG-CoA reductad)( In compatri-
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 Boxygen (Figure 3). Presumably-8eoxy-
tiazofurin will have a lower affinity than tiazofurin, which
would increase the connectivity advantage.

Multiple Inhibition StudiesIin a multiple inhibitor experi-
ment,a is defined as the interaction constant (eq 3). If two
inhibitors | and J bind mutually exclusivelg, = «, and the
1/v vs [J] plot at varied [I] is a series of parallel lines. If a
ternary E-1—J complex can formg must be between 0 and
o, If o0 < 1, I and J are synergistic, andaf> 1, | and J are
antagonistic. It = 1, the inhibitors are independent, which
results in a pattern of lines intersecting on the [J] afs|
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 NADsite (12). This
conclusion was confirmed in the crystal structure of the
E-XMP*-MPA complex of Chinese hamster IMPDHQ).

To probe the coupling of the nicotinamide and adenosine
subsites, multiple inhibitor experiments were performed with
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Ficure 5: Binding of MPA to the “Trp416”T. foetus E-IMP
complex. (A) Fluorescence emission spectra for “Trp418MP
(solid line) and its complex with MPA (dashed line) when excited
with light of 295 nm. The enzyme concentration is 2/, and
that of MPA is 50uM. (B) Dependence of fractional saturation of
the enzyme on MPA concentration asIMP is titrated with
increasing MPA. The data were fit to eq 5.

tiazofurin and ADP (Table 1, Figure 4). For the wild-type
T. foetusIMPDH, the interaction of tiazofurin with ADP is
strongly synergistic, with a. = 0.007. Figure 4A shows
the 1b vs [tiazofurin] plot, with a pattern of lines intersecting
on the 1/ axis. Similar results with th&. foetusenzyme
were obtained previouslyl®). For the T. foetus mutant
enzyme, the interaction of tiazofurin with ADP is also
synergistic, with ano. = 0.019 (Table 1, Figure 4B).

Biochemistry, Vol. 39, No. 7, 200QL.775

Tiazofurin l

Human IMPDH T. foetus IMPDH

Human IMPDH

=

FiIGUrRe 6: A model for the species-specific inhibition of MPA.
(A) The nicotinamide and adenosine subsites are coupléel in
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.

T. foetus IMPDH

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-

However, essentially no interaction exists between tiazofurin Stants measured in this way are 3.7 and 136 for the

and ADP for the human type 2 IMPDH (Table 1, Figure
4C). The value ofr is 1.3.

Fluorescence Spectroscaopyhe “Trp416” Mutant IM-
PDH. To further probe the adenosine subsiteToffoetus
IMPDH, the single tryptophan mutant “Trp416” was con-

association off-Me-TAD and MPA, respectively, to the
“Trp416” E-IMP complex.

DISCUSSION
MPA is a uniquely species-specific inhibitor of IMPDH.

structed as described in the Methods section. “Trp416” Much of this specificity must derive from distal structural
designates the mutant containing only one tryptophan atelements since both donasani and theT. foetusLys310Arg/

position 416 in the flap region of IMPDH. “Trp416” IMPDH

Glu431GIn mutant IMPDHs are only partially sensitive to

exhibits wild-type activity and has the following steady-state MPA. We performed multiple inhibitor experiments to

kinetic parametersks, = 0.93 s, Ky, (IMP) = 5.6 uM,
andKm (NADF) = 72 uM.

examine the coupling between the nicotinamide and adenos-
ine subsites in MPA-sensitive and MPA-resistant IMPDHs.

The single tryptophan residue, Trp416, can be selectively Tiazofurin and ADP are synergistic in the wild-tyde
excited at 295 nm. The associationMe-TAD with the foetusIMPDH, but completely independent in the human
“Trp416” E-IMP complex quenches the protein fluorescence type 2 enzyme (Table 1, Figure 4). These results indicate
(data not shown). Similarly, the binding of MPA to “Trp416” that the nicotinamide and adenosine subsites are tightly
E-IMP causes a decrease in the fluorescence intensity of thecoupled inT. foetusIMPDH, but not in human IMPDH.
enzyme. As shown in Figure 5A, MPA at a concentration Figure 6A shows one possible model that can account for
of 50 uM quenches the protein fluorescence by 28%. The these observations. The dinucleotide site is disordered in the
value of the dissociation constantsy) for ligand binding absence of ligand in both enzymd®(15—-17). In T. foetus
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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.

Digits and Hedstrom

not stable. The association gfMe-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 (L6).

Similarly, the binding of MPA to the nicotinamide subsite
of the “Trp416” EIMP 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 theeBMP-MPA complex. Since Trp416
is not in close vicinity to MPA (Figure 7), these results
suggest that the association of MPA withfoetusIMPDH
is “coupled” to movement of the “terminal” flap loop. These

The side chains of selected residues that interact with IMP and fluorescence observations are consistent with the model

MPA are also shown in dark gray: Tyr411l, Met414, Gly415, and
GIn441 (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 Thefoetus

proposed above, although more structural data are necessary
to be definitive.
The Lys310Arg/Glu431GInT. foetus enzyme exhibits

enzyme is in parentheses. This figure was produced using MOL- gimost identical behavior to the wild-type foetusenzyme

SCRIPT @9).

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 Selectity. 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

(Table 1, Figure 4). However, the valuewfs ~3-fold larger
than that of the wild-typd. foetusenzyme, as if there is a
small degree of uncoupling between the nicotinamide and
adenosine subsites. Since the valuecofs 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 NADsite. While theK; of 5-Me-
TAD for the mutant enzyme is very similar to that of the
wild-type T. foetusenzyme, theX; of tiazofurin increases,

adenosine subsite. However, when MPA binds to human gnq thek; of ADP decreases (Table 1). This observation is

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 hamstef () (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 GIn441 (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 42@37 (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,

consistent with our coupling model. As discussed by Jencks
(23), the total, or intrinsic binding energy of tiazofurin to
IMPDH, AGj,, is the sum of the observed binding energy,
AGgps and the interaction energhGi.: (eq 6):
AGibe = AGobs+ AGint (6)
In our case AGi: 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. ThereforeAGy,e for tiazofurin binding is equal tAGgps
(—4.0 kcal/mol). For wild-typéT. foetussMPDH, where the
two sites are coupledGj,e = —4.6 kcal/mol AG;, = —3.0
kcal/mol andAGgs = —1.6 kcal/mol). Thus, the\Gje is

the residues comprising this loop are not conserved amonggreater in thel. foetusenzyme, although thi; of tiazofurin

IMPDHs.

Unfortunately, there is no structure of E-XM#RPA 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

is lower in the human enzyme. While the Lys310Arg/
Glu431GInT. foetusenzyme also displays strong coupling
between the nicotinamide and adenosine subsitedstbé
tiazofurin increases. The resulting value8Gpe = —3.95
kcal/mol is equivalent to the human enzyme, as expected,

observed MPA-binding energy. To test this hypothesis, we since the structures of the nicotinamide-binding sites are

performed a fluorescence experiment with thefoetus
“Trp416” mutant IMPDH. Residue Trp416 corresponds with
Lys422 of the human enzyme and is in the “terminal” flap

identical.
The K; of ADP is much lower for the mutank. foetus
enzyme than in wild-typd. foetusIMPDH (Table 1). The

loop, most likely near the adenosine ribose and phosphatemutations may interact with th&phosphate of ADP, which

moiety (Figure 7). If the conformation of Trp416 changes

could account for this observation (the carboxylic acid group

in response to ligand binding, then its fluorescence propertiesof MPA may overlap with the3-phosphate of ADP). The
should also change. We examined the binding of ligands to inhibition constant for ADP should differ from the human

the EIMP complex instead of E-XMP*, since E-XMP* is

enzyme, since the adenosine sites are not conserved.



MPA Selectivity of IMPDH

The difference in coupling between the nicotinamide and 10.
adenosine subsites in the Lys310Arg/Glu431GIn and human

enzymes may determine MPA selectivity. The 23-fold

difference in the inhibition constants between the mutantand 1%
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, th€xq,

= —2.4 kcal/mol for the double mutant enzyme vs 0O for
human IMPDH. Therefore, this difference in interaction
energy can account for the remaining differences in MPA
sensitivity between thé. foetusand human type 2 IMPDHSs.
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