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ABSTRACT. Inosine 3-monophosphate dehydrogenase (IMPDH) catalyzes the oxidation of inosine
5-monophosphate (IMP) to xanthosirensonophosphate (XMP). The reaction proceeds with concomitant
conversion of NAD to NADH and is the rate-limiting step in the de novo biosynthesis of guanosine
nucleotides. IMPDH is a target for numerous chemotherapeutic agents. The conformations of enzyme-
bound substrates, enzyme-bound products and enzyme-bound ligands in general, are of interest for the
understanding of the catalytic mechanism of the enzyme and the design of new inhibitors. Although
several of the chemotherapeutic inhibitors of IMPDH are NA® NADH analogues, no structural data

for IMPDH-bound NAD" (or NADH) are available. In the present work, we have used transferred nuclear
Overhauser effect spectroscopy (TRNOESY) to determine the conformation of NADH bound to the active
site of human type Il IMPDH (IMPDH-h2). The inter-proton distances determined from TRNOESY
data indicate that NADH binds to the enzyme active site in an overall extended conformation. The
adenosine moiety and the nicotinamide riboside moiety are both in the anti conformation about the
glycosidic bond, and both ribose rings are in approximatejye®o conformations. The nicotinamide
amide group was found to be in a cis conformation. The anti conformation of the nicotinamide riboside
moiety is in accord with the preferred conformations of several potent and selective dinucleotide inhibitors
and is consistent with that implied by the stereospecificity of hydride transfer in the enzymatic reaction.
The implications of this conformation for the catalytic mechanism of IMPDH-h2 are discussed.

Inosine 5-monophosphate dehydrogenase (IMPbBté#ita- and other cell types, suggesting that IMPDH was a target
lyzes the oxidation of inosine’Bnonophosphate (IMP) to  for isozyme selective inhibitorgl{-6). More recently, it was
xanthosine 5monophosphate (XMP). The reaction is found that the activity of IMPDH-h1 is also increased in
NAD*-dependent and is the rate-limiting step in the de novo activated lymphocytes, indicating that this isozyme is also
biosynthesis of guanosine nucleotidés (Two isoforms of an important target for immunosuppressive chemotherapy
human IMPDH, sharing 84% sequence identity and desig- (7).
nated as type | and type Il (IMPDH-h1 and IMPDH-h2,  The catalytic mechanism of IMPDH from various sources
respectively), have been isolate?] §). IMPDH-h2 expres-  has been extensively studied. The kinetic mechanisms
sion has long been known to be up-regulated in rapidly initially were found to follow an ordered BiBi pathway
proliferating human leukemia cell lines, solid tumor tissues, with IMP binding before NADY, and NADH being released
before XMP 8—11). This mechanism differs from the

" This work was supported by National Institutes of Health Grants mechanism of most other known NABlependent dehy-
Gr'x'5r};?olﬁ f%'\r/'n:”&sgbrgmﬁa’zegltﬁ c";‘f'fjoer‘:‘r’gs I\f:rﬂgoréeg _t;'y an ap- drogenases in which the binding is either random or NAD
E.ZPare recipients of a National Institutes of Heglth Fe|.|0V\-IS|:lip 'Traininc;; blnd§ before the SUbStrataz)' However, more recent
Grant CA09035. The contents of this manuscript are solely the studies have demonstrated a random component to the
responsibility of the authors and do not necessarily represent the official substrate bindingl@, 14. IMPDH is one of a group of

\C/)II’egV;?liZ(;ftict)rI]le National Cancer Institute, or any other sponsoring enzymes that require a monovalent cation, such ‘asfds

* Author to whom correspondence should be addressed. Tel.: 215- activity (15). Recently, the kinetic mechanism for IMPDH-
728-2439. Fax: 215-728-3574. E-mail: GD_Markham@fccc.edu. h2 was extended by including the monovalent cation,
! Abbreviations: IMPDH, inosine’&monophosphate dehydrogenase; showing that in the primary kinetic pathway? Kinds before

IMPDH-h2, human type Il inosine'8nonophosphate dehydrogenase ither substratel

isozyme; IMP, inosine 'smonophosphate; XMP, xanthosinerBono- either substratelf).

phosphate; NOE, nuclear Overhauser effect; TRNOE, transferred The crystal structure of IMPDH from Chinese hamster in
nuclear Overhauser effect, TRNOESY, transferred nuclear Overhauserg complex formed from IMP and the inhibitor mycophenolic

effect spectroscopy; FID, free induction decay; TPPI, time-proportional . . . -
phase incrementation; NADj-nicotinamide adenine dinucleotide; acid (MPA) has been determined by X-ray dlffraCtldNSX.

NADH, g-nicotinamide adenine dinucleotide reduced form; MPA, MPA, an uncompetitive inhibitor of IMPDH with antitumor
mycophenolic acid; TAD, thiazole-4-carboxamide adenine dinucleotide; and immunosuppressive activities, was found bound at the
SAD, selenazole-4-carboxamide adenine dinucleotide. The numbering,ragymed nicotinamide portion of the NADvinding site.

of the various atoms discussed in this paper is shown in Figure 1. -
Subscripts N and A denote the nicotinamide riboside moiety and the A covalent bond was seen between the carbon-2 of oxidized

adenosine moiety, respectively. IMP and the sulfur atom of Cys-331, suggesting an important
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role for this residue in the catalytic mechanism of the
enzyme. The crystal structure of IMPDH from the parasite
Tritrichomonas foetubas recently been determined both as
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NMR SpectroscopyNMR spectra were recorded at 10
°C on a Bruker DMX600 NMR spectrometer. Two-
dimensional TRNOESY spectra were collected with a

a free enzyme and a noncovalent enzyxMP complex
(17). However, no structural information is available for
any IMPDH regarding NAD or NADH conformations or
interactions. Further insights into the conformations of
enzyme-bound ligands will clearly aid in understanding both

spectral width of 10 ppm in both dimensions. Six data sets
were collected with mixing times of 40, 70, 100, 130, 160,
and 200 ms over a period of 60 h. For each spectrum, 500
FIDs were recorded in TPPI mode after 64 dummy scans.
For each FID, 1024 complex data points were acquired and
catalysis and the specificity of IMPDH selective inhibitors. 32 scans were accumulated. A relaxation delay of 2 s
The conformation of bound NAG{H) is of particular interest ~ between each scan was applied. WATERGATE was used
since the active metabolite of the antineoplastic agent to suppress the water pea®3-41). The IMPDH activity
tiazofurin is a dinucleotide NADanalogue (thiazole-adenine was measured at the end of the experiments, and the enzyme
dinucleotide, TAD) which has remarkable selectivity for was found to be fully active.

IMPDH over other dehydrogenases for reasons which have The NMR data were processed on an Indigo Il Silicon
not been experimentally explainetig-26). Graphics computer with the NMR software program FELIX

Two-dimensional transferred nuclear Overhauser effect 95 (MSI, Inc.). Az/2-shifted sine-bell function was applied
spectroscopy (TRNOESY) has recently been used to deter-in each dimension before Fourier transformation, andthe
mine the conformation of a number of flexible small ligand dimension was zero-filled to yield a final 1024 1024
molecules bound at the active sites of macromolec@@és ( ~ matrix. The program FACELIFT (National NMR Facility
37). A combination of the TRNOESY method and molecular in Madison, WI) was applied to the transformed matrix in
modeling showed that IMP bound to the active site of order to perform base plane correctiot2) Initially, the
IMPDH-h2 adopts an anti conformation for the glycosyl bond cross-peaks in the-45 ppm region of the spectrum, which
and a C2endo pucker conformation for the sugar rig) includes the ribose protonsa®, Ha3', Ha4', Ha(5', 5"),
This study describes the conformation of NADH bound to Hn2', Hn3', Hy4', and Hy(5', 5") were poorly resolved and
IMPDH-h2, as determined by the TRNOESY method. We difficult to interpret. To improve the spectral resolution in
show that both the adenosine portion and the nicotinamide-this region, and thus facilitate integration to determine the
riboside portion of NADH adopt anti conformations about Cross-peak volumes, a digital resolution enhancement pro-
their respective glycosidic bonds and provide information cedure was applied. The initial data were zero-filled to 16K
on the conformations of the sugar rings and the carboxamidecomplex data points in the; tdimension and Fourier
group. These conformational data provide insight into the transformed in this dimension only. A 2K data point

structural basis for catalysis by IMPDH-h2, and by IMPDHs segment of the F2 dimension, which included the 3.75 to
in general. 5.63 ppm region, was extracted in order to conserve disk

space. The data in thedimension were then zero-filled to
32K data points and Fourier transformed. The 3.75to 6.77
ppm spectral region, which contained 4K data points
Preparation of Human IMPDH Type IIHuman IMPDH encompassing the referenced4Hy6 cross-peak, was ex-
type Il was purified using the procedure described elsewheretracted. The digital resolution of the resultant spectrum of
(14) and exchanged into perdeuterated NMR buffer (20 MM 2.7 points/Hz in both dimensions was 16 times that of the
Tris-dy1, 1 mM dithiothreitolédio, 2% glycerolds, 20 mM original spectrum. In addition, a 20shifted sine bell
KCI, pD 8.1 in 99.99% BO) by running the protein sample  function was applied to both dimensions before Fourier
through a PD10 column (Pharmacia) preequilibrated with transformation in order to enhance resolution. Cross-peaks
10 volumes of NMR buffer. The protein was then concen- petween the adenine ribose protonslHHa2', Ha3', Had',
trated in an Amicon pressure cell using a PM10 membrane and Hy(5, 5") and of the proton pairs (f1'-Hn3') and (Hi1'-
to a final concentration of 7.66 mg/mL (0.034 mM tetramer, H,4') were then well-resolved.
0.13 mM active sites). Protein concentration was determined Resonance peaks were assigned based on published spectra
from absorbance at 280 nm using an extinction coefficient of NADH (43, 49. Nuclear Overhauser effect (NOE) cross-
of 0.465 mg mL* cm™ and a tetramer molecular weight of - peak volumes were integrated and fitted as a function of
223 kDa (4). mixing times to the NOE build-up equation using the
NADH (Boehringer Mannheim) and XMP (Sigma) used program Felix. The initial slopes of the build-up curves gave
in the TRNOE experiments were subjected to three cycles direct measurements of the cross-relaxation rates between

EXPERIMENTAL PROCEDURES

of lyophilization and redissolution in 99.9%,0, using a
Speed Vac device (Savant Inc.). A volume of 5d0 of
perdeuterated NMR buffer, containing 0.034 mM IMPDH,

individual proton pairs. The distance betweegbtdnd H,6
(Thys-ny) Which is fixed (2.48 A) and independent of
conformation 45) was used as an internal reference to

was used for the last redissolution to give the required final calculate the inter-nuclear distances between individual

concentrations of IMPDH, NADH, and XMP, typically 5
mM NADH and 0.5 mM XMP. The [NADH]/[NADH-

protons. This proton pair was present in the initial spectrum
as well as in the resolution enhanced spectrum and could

binding site] ratio was 37, based on previous studies showingtherefore be used to scale the inter-proton distances obtained

that IMPDH contains four binding sites per moleculgl)(
Under these conditions the dissociation constant for NADH
was determined to be 0.6 0.01 mM. NMR samples in

from the data processed in both fashions. The cross-
relaxation rate between a pair of protons A andRR—)
was, therefore, compared to the cross-relaxation rate of the

H,O were prepared identically except that the solvent was Hy5-Hn6 proton pair Ry s-+,6) and the inter-nuclear distance

95% H0, 5% DO.

between protons A and BA-g) was calculated using eq 1.
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_ 1/6 Nicotinamide riboside
a8 = M 5-+,6(Ru 51 6/Ras) (1)
. . . Hy4 (S)
The NOE-derived inter-nuclear distances were then used . Tj 2 nem Adenosine
. . HoN— HhS
to determine the conformation of enzyme-bound NADH. B
When cross-relaxation rates were available from the initial

Hn2 N Hn6

spectrum as well as from the resolution-enhanced spectrum,
the inter-proton distances used to determine the NADH
conformation were calculated from the resolution-enhanced
spectrum because peak positions were more precise and
therefore more reliable. In other cases, the inter-nuclear
distances calculated from the initial spectrum were used. Fgure 1: Schematic representation and numbering system of
Model Building and Energy MinimizationTo obtain an NADH.
energetically favorable structure that was consistent with the i
NMR data, we generated a computer model of NADH. The bond. No attempts were made to further energy refine the
adenosine and dihydronicotinamide riboside moieties of Structure since enzymes generally do not bind the lowest
NADH were analyzed separately since no cross-peaks©nergy form of a substrate a_nd the energy of the conforma-
between the two moieties were observed. NMR data showed!ions depends on the force field parameteis, (4.
clear cross-relaxation peaks between the adenosine proto
Ha8 and the ribose protons ', Ha2', Ha3', Ha4', and 'RESULTS AND DISCUSSION
Ha(5', 5")), whereas proton kR shows a cross-peak with 1D 'H Spectrum of NADH and Chemical Shift Assign-
the ribose proton Kl' only. The adenine ring was thus ments. The numbering of the various NADH protons
manually rotated about the glycosidic bond in order to find discussed in this work is shown in Figure 1. THd
the best fit between NOE-derived and model-derived inter- resonances in the one-dimensional NMR spectrum of NADH,
proton distances. A constrained energy minimization pro- in 10-fold excess with respect to XMP, were assigned based
tocol was then carried out using the program MacroModel on previously published chemical shifts for NADK3, 49.
(version 5.5, Department of Chemistry, Columbia Univer- Proton chemical shifts for NADH were not affected by the
sity), with the AMBER force field. The inter-proton presence of IMPDH and XMP. Weak resonances were seen
distances determined from the TRNOE experiment were usedfor the XMP protons since this ligand was used at a low
as constraints allowing a 10% uncertainty in distances concentration. The presence of XMP was important to
without energy penalty. This protocol implicitly ignores ensure the binding of NADH to the active site of the enzyme,
magnetization transfer to protein protons which is unobserv- since previous studies noted that thXEEP-NADH complex
able in this system. The in vacuo energy-minimized model forms in an ordered fashion with XMP binding firdt3, 19.
was then carefully checked to ensure that it still obeyed the In the one-dimensional NMR spectrum, protong8HHA2,
NMR distance constraints. For the dihydronicotinamide part Hy2, Hal', and H6 are well-resolved and have chemical
of NADH, where the approximate conformation was not shifts of 8.53, 8.29, 7.00, 6.20, and 6.04 ppm, respectively.
initially very clear, a Monte Carlo conformational search with Protons K5 and H,1' have chemical shifts of 4.80 and 4.85
MacroModel was carried out first. In the conformational ppm, respectively. Triplets were obtained for2Hand H3'
search procedure, the dihydronicotinamide glycosidic bond at 4.76 and 4.56 ppm, respectively.n41 was an isolated
was set to be a rotateable bond. The other dihedral anglesmultiplet at 4.42 ppm. Protonsdb', 5"), Hn3', Hv2', Haé,
were not varied during the search. The search was repeateénd Hy(5', 5') give multiple peaks between 4.34 and 4.10
with two different starting geometries about the glycosidic ppm which are quite overlapped. However, in the two-
bond (syn and anti) to test for invariance of results. All the dimensional experiments, clearly resolved cross-peaks to the
individual conformations found were then evaluated by adjacent protons were obtained (see below). The peaks at
comparison of inter-nuclear distances with the experimentally 2.86 and 2.74 ppm correspond to the diasterotopic dihydro-
determined distance constraints to find the conformation pyridine Hy4 protons, pro-R and pro-S, respectively. A one-
which best agreed with the NMR data. Of the 22 and 17 dimensional'H spectrum of the reduced form @fnicoti-
model structures found for the two starting geometries (syn namide mononucleotid@{NMNH) confirmed the assignments
and anti, respectively), none was fully satisfactory. The of the one-dimensiondH NADH spectrum.
structure which best obeyed the NMR constraints was Time-Dependent TRNOEMillimolar concentrations of
modified interactively, by manually rotating about the NADH are required for good quality TRNOESY spectra. To
covalent bonds kR-Cn2-Nn1-Cy6, Hy6-Cy6-Ny1-Cy2 and evaluate the potential effect of nonspecific binding of NADH,
Hn1'-Cn1'-Ny1-Gy2, to satisfy one distance constraint at a the effect of the dinucleotide concentration on the observed
time. The inter-nuclear distances measured from the result-intramolecular interproton NOEs was studie?8<{30).
ing structure were within a 25% error range of the NOE- TRNOEs measurements as a function of ligand concentration
derived distances. The structure was then energy-minimizedwere performed by varying the NADH concentration from
using the inter-proton distances from the NOESY measure-1 to 5 mM in 1 mM increments, while maintaining the
ments as constraints, allowing a 10% uncertainty in distances,[NADH]/[NADH-binding site] ratio constant at 37. Mea-
to remove energetically unfavorable steric interactions. The surements were made at a single mixing time of 100 ms.
minimization was again done using the program MacroModel The overall two-dimensional spectra were superimposable
and the AMBER force field. To get a better fit to the NOE- for each data set. Fractional NOEs for thglAAL2' and
derived inter-proton distances, the energy-minimized model Ny5-Ny6 proton pairs as a function of NADH concentration
was then refined by a slight rotation (A@bout the glycosyl in the IMPDHNADH complex indicated thaa 5 mM
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b . -
glycerolds 20 mM KCI. pD 8.1 at 10C; (b) NOESY spectrum  GiStance between the proton pair was less thanA. The
of the NADH/XMP/IMPDH-h2 sample described in Figure 2a cross—rglaxatlon rate was then measured from the |n|t|al'slope
obtained at 200 ms mixing time. of the time-dependent NOE build-up curves, and the inter-
proton distance was calculated from the cross-relaxation rates
concentration of NADH ensured complete saturation of the using eq 1. For some cross-peaks, a lag phase prior to the
active site and no adventitious nucleotide binding. The two- time-dependent increase in peak volume was observed which
dimensional TRNOESY build-up curves were therefore suggested indirect magnetization transfer and indicated that
performed at 5 mM NADH to optimize the signal-to-noise the inter-proton distance was greater than 4 A. In this case,
of the data. Figure 2 and Figure 3 show the initial spectrum cross-relaxation rates were not used to calculate an inter-
and the resolution-enhanced spectrum, respectively, at 200nuclear distance and the distance was assumed to be greater
ms mixing time of a sample containing 0.13 mM IMPDH than 4 A. Typical build-up curves are shown in Figure 4.
active sites, 5 mM NADH, and 0.5 mM XMP. THel peaks The inter-proton distances for each proton pair, calculated
of the one-dimensional spectrum of NADH are found along from the initial slopes of the time-dependent TRNOES, were
the diagonal. For XMP, which was present in the experiment then used to determine the conformation of NADH. For
at a low concentration, the diagonal peaks were very weak proton pairs present in the initial spectrum as well as in the
and are not visible in the figure. The one-dimensiottl resolution-enhanced spectrum, we used the inter-nuclear
spectrum obtained in the same conditions but without protein distances calculated from the resolution-enhanced spectrum
was used for assignment purposes. No significant differencerather than from the initial spectrum, because of their higher
in the *H chemical shifts between the one-dimensional accuracy.
spectrum and the NOESY spectrum was observed. Off- The NOE build-up rate of the spatially fixedyB-Hy6
diagonal cross-peaks were assigned based on the chemicaroton pair allows estimation of a 29 ns rotational correlation
shifts of the diagonal peaks. Cross-peaks primarily reflect time for the enzymeXMP-NADH complex @8—30). This
cross-relaxation processes in the bound form of NADH since correlation time is substantially shorter than the value of 120
they were not seen in a control experiment, which was ns estimated for this 223 kDa protein in 10% glycerol. Ina
performed on a sample containing 5 mM NADH, and 0.5 number of studies of ATP utilizing enzymes it has been noted
mM XMP but no IMPDH. The volumes of the NOE cross- that correlation times deduced from NOESY measurements
peaks from data sets at different mixing times were measuredare significantly shorter than expected based on the protein
and fitted as a function of their mixing times using the NOE size; this observation has been attributed to magnetization
build-up module of the program Felix. These NOE build- transfer to the protein proton2&-30). Fortunately the
up curves were then analyzed to extract inter-proton dis- calculated inter-proton distances, which are based on relative
tances. A direct increase in the cross-peak resonancecross relaxation rates within the ligand, are not affected by
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Ficure 4: NOE intensity build-up curves of the NOE cross-peaks of the (a) adenosine and (b) nicotinamide riboside moiety of different
proton pairs of IMPDH-bound NADH. The relative NOE intensity of each proton pair was measured as the ratio of the peak volume at
different mixing times to the volume of A3’ diagonal peak at zero mixing time. The 81 diagonal peak is present and well-resolved in

the initial spectrum as well as in the resolution-enhanced spectrum. The volume at zero mixing time ¥ tiaddnal peak was determined

by extrapolating the linearly increasing peak volume with decreasing mixing times to zero mixing time. This procedure allowed direct
comparison of inter-nuclear distances obtained from the regular spectrum with inter-nuclear distances obtained from the resolution-enhanced
spectrum. The * indicates that the NOE percentage was calculated from the resolution-enhanced spectrum.

correlation time, as long as the same correlation time appliesinformation concerning the conformation of the pyrophos-
to the entire ligand molecule. phate bond could be obtained from the TRNOE data which
Conformation of NADH. @erall Conformation. The reflect only local €4 A) interactions. Therefore, the
distance between the adenosine and the nicotinamide ringconformations of the adenosine and dihydronicotinamide
has been frequently used to describe the overall conformationriboside portions of IMPDH-bound NADH were analyzed
of NADH. In most of the crystal structures of protein separately.
complexes, bound NAD(H) (or NADP(H)) molecules are in Conformation of the Adenosine Moietilumerous NOE
some type of open structure withl5 A separation between  cross-peaks were seen between prota8 Bnd the protons
the carbon 6 of the adenine and the carbon 2 of the in the sugar ring (W1, Ha2', Ha3', Ha4', and H\(5, 5")).
nicotinamide ring 48, 49. In our NMR experiments, no  In contrast, the {2 proton showed an NOE cross-peak only
NOEs were seen between the adenosine moiety and thewith the Ha1' sugar proton. Inter-proton distances calculated
dihydronicotinamide riboside moiety, indicating that NADH from the cross-relaxation rates indicated that prota8 i$
bound to IMPDH also adopts a rather extended conformationin close proximity to ribose k2 (2.51 A), and slightly
through the pyrophosphate bridge. However, no additional further away from proton kB' (2.86 A) and proton K1’
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Table 1: NOE Buildup Parameters of the Adenosine Portion of Table 2: Various Torsion Angles and Pseudorotation Phase Angle
NADH Bound to IMPDH-h2 (p) for the Ribose of the Adenosine Portion of the Minimized
proton pair Res_rie/Ra_e” Froe (A) ) Model of NADH Bound to IMPDH-h2
HAB-HAL' 261 201 371 torsion angle (degree)
Ha8-Ha2' 1.07 251 2.94 % (Ca8-Na9-Ca1'-On4') 47
Ha8-Ha3' 2.38 2.86 2.59 Vg (Cad'-Opd'-Ca1'-Cp2') —34
Ha8-Had' lag phase >4.0 4.43 v1 (Oad'-Cal'-Ca2'-Ca3) 7
Ha8-Ha5' 2.72 2.93 3.26 1, (Cal'-Ca2'-Ca3'-Cad’) 19
Ha8-Ha5'" 11.39 3.72 4.18 v3 (Ca2'-Ca3'-Cad'-On4') -39
Ha2-Hal' 13.40 3.82 4.42 V4 (Ca3'-Cad'-Op4'-Cpl’) —45
Hal-Ha2' 1.3r 2.59 2.87
Hal'-Ha3 5.53 3.30 3.82 gt et ) Z st ve)
Hal'-Had 1.94 2.7F 2.95 P 2v,(sin 36 + sin 72)
Ha2'-Ha3 0.99 2.4F 2.30
Ha2'-Had' lag phasé >4, 3.81

, minimized model () are very close to the NOE-derived
aRa-g, Cross-relaxation rate between proton A andRB;s e,

cross-relaxation rate of the3-Hy6 proton pair;rye inter-proton d'St_ancesm‘oe) (Taplef 1)‘ The difference betweep.. and .
distance determined from the relative NOE intensity referenced to the lem IS generally within a 15% error range. However, this
H5-H6 distance of 2.48 A; and, inter-proton distance determined  difference is 27% (0.8 A) for the k8-Hal proton pair,
from the energy-minimized modelCross-relaxation rates for the  which may indicate that kB-Ha1' inter-proton NOE-derived
indicated proton pairs are shown as ratios of the rates observed for thegistance is overestimated in the energy minimized model.

Hn5-Hy6 proton pair to the observed rates of the indicated proton pairs. . -
Cross-relaxation rates were determined from the initial slopes of the Altérnatively the presence of an unobserved protein proton

NOE build-up curvest Cross-relaxation rates and inter-proton distances 1N the V.iCinit_y of the H\8'HA1f VeCtlor could lead to
calculated from the resolution-enhanced spectrum. underestimation of the NOE derived distan66,61). The

torsional angles for the ribose in the minimized model are
(2.91 A) (Table 1). The lag phase in the TRNOE build-up shown in Table 2. The conformation of the adenosine moiety
curve of the proton pairs /8-Ha4' (Figure 4a) probably  of NADH bound to IMPDH-h2 is illustrated in Figure 5A.
results from the time required to transfer magnetization from  Conformation of the Nicotinamide Riboside Moiefijhe
Ha8 to Ha4' via intermediary spins and indicates that the NOE build-up curves shown in Figure 4b indicate tha2H
distance between the two protons is greater than 4 A. Protonappears to be in close proximity and nearly equidistant from
Ha2 is 3.82 A away from K1’ and more tha 4 A apart Hnl' (2.50 A) and H2' (2.48 A), whereas kb is in close
from the other ribose protons (data not shown). Taken proximity to H2' (2.24 A), but much further apart fromyd’
together, these data indicate that the adenosine moiety 0f(3.21 A) (Table 3). The linear increase in the NOE values
NADH adopts an anti conformation in the active site of with mixing time for these four different proton pairs
IMPDH. confirms that these distances are reliable. The occurrence
Strong NOE cross-peaks were also observed betweenof a short lag phase prior to the linear increase in the NOE
proton pairs H1'-Ha2', Ha2'-Ha3', Hal'-Ha4', and H\1'- build-up curve for the proton pair y2-Hx3' indicates that
Ha3'. Inter-proton distance calculations from their NOE there is little direct cross-relaxation between these two
build-up curves indicated that ribose protonglHand H2' protons and that the distance measured from the build-up
are 2.59 A apart and thatJd2 and Hy3' protons are 2.47 A curve probably underestimates the correct distance which
apart. The H1' proton is in close proximity to the i thus is greater than-4 A. On the other hand, the time-
proton (2.77 A) but further from the A3’ proton (3.30 A).  dependence of the build-up curve of thg8-H\3' pair shows

A lag phase in the build-up curve of thex®l-Hpa4' proton a direct increase in the cross-peak volume (without a lag
pair indicates indirect magnetization transfer and thus that phase) and indicates that these two protons have direct
the two protons are more that A apart. magnetization transfer; a distance of 3.01 A is calculated.

The constrained energy-minimized model, based on the These distances can be achieved only if the conformation
inter-proton distances measured from the NOE build-up of the nicotinamide riboside moiety is in an anti form. The
curves, resulted in a molecule in which, as expected, the conformational search-derived nicotinamide riboside structure
adenosine portion of NADH adopts an anti conformation with the glycosyl bond in an anti conformation (see
with a torsional angle of the glycosyl bond {&Na9-Cal'- Experimental Procedures) was therefore chosen as a starting
On4') of approximately+47°. The sugar ring moiety is in  model for further analysis. This structure was first refined
a Cy-exo conformation with a pseudorotation phase angle manually in order to find the best fit between NOE-derived
of +65° and a dihedral angle for {1'-Cx2'-Ca3'-Ca4’ of distances and model-derived inter-proton distances. The
approximately+19° (Table 2). NMR and crystallographic model was then energy-minimized. The resulting model,
studies have shown that most characterized protein-boundwhich was geometrically close to the starting geometry, was
NAD(H) (or NADP(H)) species adopt anti conformation for refined further by manually rotating about the glycosyl bond
the adenosyl glycosidic bond§, 49. This conformation in order to provide the best fit between NOE-derived and
keeps the N1-Ca2-Na3 portion of the adenosine ring away model-measured inter-nuclear distances. The final model has
from the rest of the molecule, makingslN and N\3 two an anti orientation about the glycosyl bond with g@2eNy1-
possible candidates for hydrogen bonds with amino acid Cy1'-Ox4' torsional angle of approximately-17C¢°. The
residues of the protein (- - -H—E, Na3---H—E). The ribose ring is in the ¢-exo conformation with pseudorotation
conformation of the sugar ring, while just outside of the phase angle oft52° and a G1'-Cy2'-C\3'-Cn4' dihedral
classical G-endo range, moves thexBl proton up and close  angle of approximately-26° (Table 4). The inter-proton
to the H\8 proton. The inter-proton distances of the energy distances between proton pairs in the ribose ripd'HHn2',
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Table 3: NOE Buildup Parameters of the Nicotinamide Riboside
Portion of NADH Bound to IMPDH-h2

proton pair Reiys—Hye/Ra—g? Fnoe (A) Fem (A)

Hn6-H\5 1 2.48 2.53
1c 2.48

Hn6-Hn2 5.36 3.28 3.84
Hn6-Hy1' 471 3.2r 3.63
Hn6-Hn2' 0.5% 2.2# 2.55
Hn6-Hy3' 3.2F 3.0r 2.34
Hn2-Hn1' 1.05 2.50 2.48
Hn2-Hn2' 1.01 2.48 2.68
Hn2-Hn3' lag phase >4.0 4.52
Hn1'-Hn2' 3.25 3.0Z 2.93
Hn1'-Hn3' lag phaseé >4.0 3.75
Hn1'-Hn4' 2.1# 2.8r 2.79
Hn5-Hn4(pro-R) 0.99 2.48 2.45
Hn5-Hy4(pro-R) 0.55 2.25 2.81
Hn6-Hn4(pro-R) lag phase >4.0 4.22
Hn6-Hn4(pro-S) lag phase >4.0 4.09

aRa-g, Cross-relaxation rate between proton A andRB;s-rye.
cross-relaxation rate of the\83-Hy6 proton pair;rnee inter-proton
distance determined from the NOE intensity referenced to the H
Hy6 distance of 2.48 A; and., inter-proton distance determined from
the energy-minimized modél.Cross-relaxation rates for the indicated
proton pairs are shown as ratios of the rates observed for{6eHy6
proton pair to the observed rates of the indicated proton pairs. Cross-
relaxation rates were determined from the initial slopes of the NOE
build-up curves® Cross-relaxation rates and inter-proton distances
calculated from the resolution-enhanced spectrum.

Table 4: Various Torsion Angles and Pseudorotation Phase Angle
(p) for the Ribose of the Nicotinamide Ribose Portion of the
Minimized Model of NADH Bound to IMPDH-h2

torsion angle (degree)

% (Cn2-Ny1-Cy1'-Ond') —-170

Vo (Cn4'-Ond'-Cn1'-Cn2') —23
FiGURE 5: Computed conformation of the (A) adenosine moiety vi(On4'-Cn1'-Cn2-Cy3) -3
and (B) nicotinamide riboside moiety of IMPDH-h2-bound NADH VZ(CNl,'CNZV'CN3,'CN4,) 26
based on the experimental distances in Tables 1 and 3. White, light V3(CN2,'CN3,'CN4,'ON4,) —41
gray, dark gray, and black circles represent hydrogen, carbon, v4(Cn3'-Cn4-On4-Chl) 40
nitrogen, and oxygen atoms, respectively. - o+ v) — (s +vy)

Hn1'-Hn4' are 3.02 A and 2.81 A, respectively. A lag phase 2vy(sin 36"+ sin 72)

in the build-up curve of the Kkil'-Hy3' proton pair indicated

that the inter-nuclear distance between these two protons isof the carboxamide group from our NOESY experiment since
probably greater than 4.0 A. The inter-proton distances the distance difference between the carboxamide andj#e H
measured from the final model are within a 20% error range protons is rather small. However, Figure 6B suggests that
from the inter-proton distances calculated from the time- the carboxamide protons are nearer to the progR ptoton
dependent NOEs (Table 3). The conformation of the which would leave the pro-S hydrogen sterically unhindered
nicotinamide riboside moiety of IMPDH-h2-bound-NADH  for reaction.

is illustrated in Figure 5B.

To obtain information about the orientation of the car- CONCLUSION
boxamide group with respect to the nicotinamide ring, a The NOE-derived data described in the present work
NOESY experiment was conducted in 95%H 5% D,O. indicate that the glycosidic conformations of both nicotina-
A broad peak was seen at 7.06 ppm for the amide protons.mide-ribose and adenosine moieties are anti. It is useful to
The NOESY spectra obtained (Figure 6) show clear cross- place this observation in the context of other NAD(P) using
peaks between the amide proton resonance and t#e H enzymes. Twenty of 22 dehydrogenases and reductases of
protons, indicating that the amide group is in a cis conforma- known crystal structure bind the adenosine group in the anti
tion, which in solution is energetically more favorable than conformation with glycosidic torsional angles broadly dis-
the trans conformation5@). It has been noted that in tributed about approximatel70° (49). TRNOESY results
enzyme-bound NAD the carboxamide group is usually for mononucleotides bound to several adenosine mononucle-
slightly out-of-plane with respect to the nicotinamide ring otide utilizing enzymes have revealed similar torsional angles
and that the out-of-plane rotation of the carbonyl function about the glycosidic bond (C8-N9-CD4) of 52° + 8° (30);
controls the stereospecificity of the introduced hydride anion this range encompasses the value df#nnd in this study
(53, 59. It appears difficult, however, to get detailed for the adenosine moiety of NADH bound to IMPDH and
structural information regarding the out-of-plane orientation of 57° that was found for IMP bound to IMPDHB@). This
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FiGURE 6: Cross-peaks between the carboxamide amide protons
and the pro-R and pro-S nicotinamideHprotons observed in
the spectrum performed in 95%@ but not in 99% BRO. Selected
portion of the NOESY spectrum of the NADH/XMP/IMPDH-h2
mixture obtained at 200 ms mixing time. Data are from experiments
performed in (B) 95% KO, 5% DO, and (A) 99.99% BO.

Solutions contained other components as described in the legend 3

for Figure 2.

common geometrical arrangement has been proposed as
structural motif for binding 30), and may reflect a preferred
conformation for purine nucleotide49). The conformation
about the nicotinamide riboside glycosidic bond is more
variable ranging from syn to ant#9). The torsional angle
about the nicotinamide glycosidic bond has been correlated
with the stereospecificity of hydride transfetg( 55). The
stereospecificity of IMPDH from several sources, including

the present human IMPDH-h2 enzyme, has been studied

indicating that IMPDHs are B-type dehydrogenases with
hydride transfer occurring to the pro-S side of the NAD

Biochemistry, Vol. 37, No. 20, 1998615

nicotinamide ring $6—58). It has been noted that typically
B-type dehydrogenases bind the NARofactor with the
nicotinamide-riboside in an anti orientation when NAD
binds on top of the substrat®&5). This is consistent both
with the observation that IMPDH preferentially binds IMP
before NAD" (8—14) and with crystallographic studies
showing that the product XMP binds at the bottom of a cavity
in the protein 17, 18. The precise location of the NAD-
(H) binding site within the protein remains as yet unclear.
Two C-glycosides, TAD and SAD (thiazole- and selenazole-
4-carboxamide adenine dinucleotides), potent inhibitors of
IMPDH, appear likely to bind to the dinucleotide binding
site of IMPDH by adopting an anti orientation about their
thiazole (or selenazole) glycosidic bon80{-62). This
orientation is stabilized by an intramolecular electrostatic
interaction between the ribose oxygen and the partially
positively charged S/Se atom23 24). Modeling studies

on MPA, another potent IMPDH inhibitor that binds to the
nicotinamide portion of the dinucleotide binding si&&3)|
suggested that MPA binds by adopting an anti-like confor-
mation G4). Thus it appears that the nicotinamide confor-
mation of IMPDH-bound NADH is related to the unusually
high affinity of IMPDH for nicotinamide-substituted ana-
logues such as TAD and SAD which lack the positive charge
of the NAD' nicotinamide ring and thus are best described
as NADH analogues rather than NARnaloguesg0—63).

The present NOE data also indicate that the carboxamide
moiety is not coplanar with the nicotinamide ring and lies
closer to the W4 proton that is not involved in hydride
transfer (the pro-R proton), thus leaving the pro-S proton
sterically unhindered for participation in the reaction. This
positioning of the carboxamide group places the carbonyl
group syn to the hydrogen involved in the reaction, consistent
with studies of model systemS§4). Thus the conformation

of IMPDH-bound NADH determined from the NOE mea-
surements is in excellent accord with that predicted based
on mechanistic considerations and rationalizes the charac-
teristics of potent inhibitors.
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