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Mycophenolic acid (MPA), an antibiotic first isolated from
a Penicillium culture in 1896, has been known as a potent
inhibitor of inosine monophosphate dehydrogenase (IMPDH;
EC 1.1.1.205) for over 25 yedr&; < 10 nM, human IMPDH).
The branch-point enzyme IMPDH catalyzes the rate-limiting,
committed, and penultimate stepde nao guanine nucleotide
biosynthesis. IMPDH catalysis proceeds through an ordered
binding of substrates [inosine monophosphate (IMP) first, then
nicotinamide adenine dinucleotide (NAD)] and an ordered
release of products [NADH followed by xanthosine monophos-
phate (XMP)]?* The fundamental role of IMPDH in cell

proliferation has prompted widespread study of this enzyme and

interest in modulation of its activity. The antiproliferative and
immunosuppressive action of MPA or derivatives has proven
therapeutically valuable in the clinical treatment of psoriasis,
rheumatoid arthritis, and allograft rejectibnDespite consider-

able study, conclusive evidence concerning the mechanism of
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IMPDH catalysis and the enzymatic species complexed by MPA Figure 1. HPLC traces of tryptic digests containing covalent substrate

has remained elusiv. The results we describe here provide
evidence elucidating the mechanism of IMPDH catalysis and
the mechanism of IMPDH inhibition by MPA.
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Denaturation of IMPDH in the presence of saturating
concentrations of NADYC8-IMP, and an inhibitory concentra-
tion of MPA, followed by trypsinolysis and analysis by high-
performance liquid chromatography (HPLC), revealed a single
tryptic fragment T38*(Figure 1A) not present in a control
trypsinolysis of IMPDH alone. Electrospray mass spectral
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peptide T38*. (A) HPLC chromatogram of the tryptic digest derived
from incubation of IMPDH,“C8-IMP, NAD, and MPA!° The ratio

of modified peptide T38* to T38 (unmodified native peptide) is 85:15
(peak absorbance 214 nm). (B) Counts of 1 min samples from the HPLC
effluent of trace A showed incorporation of radioactivity (derived from
covalent linkage ot“C8-IMP to3!Cys) for the vial containing T38*.
The structure determined for T38* is sho@ithis modified peptide
correlates to the ES structure3 in Figure 2A. The residue C* is a
(aminocarbonyl)methyl cysteine. (C) Counts of samples from the HPLC
effluent of a parallel experiment to that described in part A but without
MPA.X0 This shows counts above background only for the vial
containing T38* at 3% the magnitude of the counts in panel B. The
presence of T38* was again confirmed by MS analysis. Due to turnover
of the enzyme, IMP is not at saturating levels without the presence of
inhibitor at this 15 min incubation.

analysis showed that this modified peptide is derived from the
enzyme-substrate (ES) covalent addua (Figure 2A). Data
for T38* is consistent with a structure bearing a covalent bond
between the sulfur 6¥!Cys and C2 of the substrate purine ring
(T38*, Figure 1B)8° Under these experimental conditidhs
the covalent intermediate is present as the major enzymatic
species; the ratio of T38* to the peptide T38 (T38 is the
corresponding peptide containifg'Cys from the native en-
zyme) is 85:15 (Figure 1A). Control experiments without NAD
or without IMP afforded no labeled peptide T38*. Thus MPA
prevents the hydrolysis of an IMPDHsubstrate covalent
intermediate.

In a parallel experiment without MP®, 3% of T38* was
isolated relative to the quantity of T38* found in the presence

(9) A nucleophilic cysteine3f!Cys, human type Il IMPDH) has been

reduced signals for released PTH amino acids in subsequent cycles viaidentified that reacts with the affinity labeling agent 6-chloro-IMP; see:

Edman microsequencing. Tandem MS experiments confirmeddiGys

had been converted to a residue with a mass of 442 D4l Da (predicted
449 Da for Cys+ IMP — 2H) and that33*Cys was present as a
(aminocarbonyl)methyl sulfide. MS techniques allowed the assignment of
all major components observed in the tryptic digest of IMPDH and
accounted for>96% of the predicted sequence of the enzyme. The
absorption spectrum of T38* isolated by HPLC showela of 248 nm,

as is typical for C2-thioalkyl inosines; see: Wong, C. G.; Meyer, R. B., Jr.
J. Med. Chem1984 27, 429-432. The mass measurements, UV spectrum,
and requirement of NAD for the formation of T38* are consistent with the
structure of T38* presented in Figure 1B corresponding to covalent
intermediate3 in Figure 2A, and are not consistent with the isolation of
the tetrahedral intermediagfrom Figure 2A.
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37°C). To demonstrate covalent intermediate formation in the uninhibited
pathway, an experiment without MPA but otherwise identical to that above
was performed. On-line HPLC-MS and tandem MS were carried out as in
ref 9b.
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A 0 ) o we have identified the enzymatic intermediate species to which
& J«\ﬂj/cL (N:feiNH ‘ﬁ‘cﬁ_ «Nfﬁw - _.eN:(LNH MPA binds; NADH is not complexed to the MPA-trapped &
NN P N N/‘QSJNAD N N/)35fbys T o covalent intermediate. Ultrafiltration isolation of the MPA-
SR g SR RS S trapped E-S covalent intermediate, and HPLC analief the
MP 1 Enz NaD 2 ek 3 he xue 4 filtrate revealed a quantity of the product NADH that was 1.8
B times the molar quantity of IMPDH used for complex formation.
IMPDH-IMP == IMPDH-MP-NAD == IMPDH-IMP<NAD — IMPDH-IMP(0x)-NADH This measurement indicates that MPA interrupts catalysis mostly
V within the first catalytic cycle of IMPDH. Denaturation of this
/(g isolateq protein complex followed by ult(afiltratipn and HPLC
He0 analy5|s shqwe_d_no presence of NADH in the filtrate; denatur-
IMPDHXMP  ~— 'M""”';M"(”) IMPDH-MP(0x)-MPA ation of the inhibited complex does not release NAEBHThis

demonstrates that the MPA-inhibited enzymatic species is not
Figure 2. (A) The proposed steps leading to formation ef&covalent bound to NADH |.e., IMPDH—IMP(ox)-NADH-MPA], but is
intermediate3 and its hydrolysis in the catalytic mechanism of IMPDH.  {he binary complex IMPDH IMP(0x)-MPA. These results are
E—S covalent intermediat@is isolable and is the target of the inhibitor  ~ynsistent with the ordered kinetic scheme in Figure 2B where
MPA. MPA complexes thiopurine intermediat® preventing its MPA prevents E-S hydrolysis by binding to the covalent
hydrolysis to form the product XMP. (B) The ordered binding scheme intermediate3 after decomplexation of NADH. The specific

of IMPDH catalysis and inhibition by MPA. The numbered species .. .. P . e
correlate to the numbered structures in part A. This scheme is consistentblndlng of MPA to this idiosyncratic speciésin the IMPDH

with the ordered kinetics measured for IMPDH and the uncompetitive Catglyt_lct_ pathway may play an Important _rol_e in the selectivity
inhibition pattern of MPA. After release of NADH,MPA binds to of inhibition of IMPDH relative to the inhibition of other

covalent intermediate8, forming E-S covalent intermediatIPA dehydrogenases by ,M,PiA i V0 and could be a critical faptor
complexs, and prevents XMP formation. Uncompetitive inhibition by ~ contributing to the clinical efficacy of MPA or its derivatives.
MPA is a consequence of ordered binding. Inhibition by MPA is uncompetitive relative to both IMP and

NAD; i.e., MPA inhibition is not overcome by an increase in
of MPA (Figure 1C). Covalent intermediaBis not uniquely  concentration of either substraié. Our results reveal the
formed due to the presence of MPA, since this same intermediatemechanistic event that is the basis for this uncompetitive
is formed in the uninhibited turnover of IMPDH. This result inhibition; MPA binds to the IMPDH-IMP covalent intermedi-
suggests that MPA does not divert IMPDH along an unnatural ate3 and thereby does not compete with substrate binding.
mechanistic pathway, but instead prevents consummation of the The molecular details concerning how MPA prevents the
normal catalytic cycle. We propose that IMPDH follows the ~hydrolysis of the E-S covalent intermediate are still not
covalent catalytic pathway detailed in Figure 2A. Isolation and understood. The vague structural similarity of MPA to the
characterization of the covalentiS intermediate in the IMPDH  npycleotides IMP or NAD has prompted speculation concerning
catalytic pathway derived from the enzyme undergoing turnover the location of the MPA binding site in IMPDF8214 Since
with its natural substrates IMP and NAD constitute strong NADH is not bound to the ES:MPA complex5 (Figure 2B),
evidence to support the mechanism proposed in Figure 2A andit is attractive to imagine that MPA binds in the nicotinamide
avoid the ambiguities associated with the use of unnatural mononucleotide portion of the NAD/NADH site and interferes
substrates in enzyme mechanism studfes. with the hydrolysis of the nearby thiopurine. The uncompetitive

We have measured near single turnover of NAD to NADH inhibition pattern of MPA and multiple inhibitor studieare
in the trapping of the covalent£S intermediate by MPA, and  consistent with this binding mode. Yet the present experimental
(11) After our isolation and characterization of the IMPBHIP ir.‘form.at.ion does not refute th.e p.OSSib“i.ty that MPA binds at a
covalent intermediat® from human IMPDH, we communicated our results ~ Site distinct from the NAD binding region of IMPDH when
to Dr. John C. Wu. He subsequently collaborated with Wabg. in disrupting the mechanism of covalent intermediate hydrolysis.
repeating experiments analogous to ours but uSirigichomonas foetus The trapping of the IMPDH ES covalent intermediate by

IMPDH and similarly observed covalent catalysis in the uninhibited turnover - A .
of this protozoan enzyme; see: Huete-Perez, J. A.: Wu, J. C.; Whitby, F. MPA exemplifies an intriguing mode of small molecule/protein

G.; Wang, C. CBiochemistryl995 34, 13889-13894. interaction. Such inhibition of catalysis by the noncovalent
Biéclr%énlaligir%ésgl'1720322323' J.; Mezey, E.; Mitchell, M. CAnal. binding of a small molecule to prevent the subsequent chemical
(13) A solution of the inhibited complex (final volume 80Q) was reaction of a covalent £S intermediate in an ordered kinetic

formed as described in footnote 10 but using non-radiolabeled IMP and a scheme is precedented. Some choline analogs display uncom-

10 min incubation at 23C. Ultrafiltration (Centricon 10 kDa filter, 3750 iti inhibiti ineti i
rpm, 20 min) and assay of the filtrate by HP12&howed a concentration petitive In.hlbltlon Kinetics and _prevent hydrol_y5|s Of%ﬁthe
of 18 uM NADH (1.8 x enzyme concentration). Addiion of 1% acetylcholine esterase acyl-enzyme covalent intermetiate.

trichloroacetic acid (40@L, 23 °C) to the protein complex remaining on  Indeed, this mode of action for uncompetitive inhibitors of

the filter, Centrifugation (3750 rpm, 30 min), and HPLC analysis showed enzymes W|th Covalent mechanisms ma be Wides read' the
the absence of NADH in the filtrate. Additiorf 8 M urea (300uL, pH 8, y Y P \

NHHCO) to the protein afforded two 150L homogeneous samples. ~ PUrsuit or even design of uncompetitive inhibitors that selec-
Ultrafiltration of one sample and HPLC analysis again showed no NADH tively bind to covalent E'S intermediates may prove to be a
igfg:; gtlgraég- I&'gﬂgﬂgf&se ggdt HFiliécm%na%?ésgfg(;h%%e*f?gigti&% thTspol/e fruitful branch of drug development for enzyme targets of known
0 0 H

T38, demonstFr)ating the expected%?esencg of th8 Eovalent intermediate. or suspected covalent mechani&m.

(14) Prior proposals that MPA inhibition is through binding to IMPDH
XMP are contradicted by the demonstrated binding of MPA predominantly ~ Supporting Information Available: Electrospray mass spectrum,
to the E-S covalent intermediate; see: Hupe, D. J.; Azzolina, B. A.; tandem mass spectral data, and absorbance mass spectrum (3 pages).
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