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A Potent “Fat Base” Nucleotide
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ABSTRACT: Inosine monophosphate dehydrogenase (IMPDH) is a target for anticancer, antiviral,
immunosuppressive, and antimicrobial chemotherapy. Thus, IMPDH inhibitors have great potential as
chemotherapeutic agents. Here we show that imidazaf154]diazapine nucleotidel) is a potent
inhibitor of both human type Il an8scherichia coliIMPDH. | is a slow-binding inhibitor. The values

of Kq are 1.4 nM and 53 nM for human arifl coli IMPDH, respectively. Inhibition is reversible, as
demonstrated by the recovery of activity upon denaturation and renaturation of the einggmelex. |

is not a substrate for IMPDHI may form a covalent adduct with the active-site Cys of IMPDH. Such

an adduct would serve as an analogue for an intermediate in the IMPDH reaction.

Inosine 3-monophosphate (IMPXatalyzes the oxidation
of IMP to xanthosine Bmonophosphate (XMP) with the
concomitant reduction of NADto NADH (Figure 1). This
reaction is the first committed and rate-limiting step in
guanine nucleotide biosynthesly.( IMPDH inhibitors have
antiproliferative activity and have been used as immuno-
suppressive, antiviral, and anticancer agers5). In
addition, IMPDH is believed to be a target useful in the
development of antimicrobial chemotheray-g).

The mechanism of the IMPDH reaction is shown in Figure
1. The active-site Cys attacks the 2-position of IMP, yielding
E-IMP*. This intermediate collapses with expulsion of
hydride to NAD", producing NADH and E-XMP*. E-XMP*
hydrolyzes to produce XMP, probably via the tetrahedral
intermediate E-XMP.  Although E-XMP* has been isolated
and characterized9¢-11), the intermediates E-IMP* and
E-XMP' have not yet been identified and are most probably
unstable outside the IMPDH active site.

Coformycin, a potent inhibitor of adenosine deaminase,

acts as a transition-state analogue by mimicking the tetra-

tetrahedral adduct resembling E-IMP* and E-XMFPigure

2). Such an adduct would be stabilized by the same
interactions that stabilize E-IMP* and E-XMPand would

be a transition-state analogue of the IMPDH reaction. The
following experiments demonstrate tHais a potent, time-
dependent inhibitor of IMPDH.

MATERIALS AND METHODS

Materials IMP, NAD*, and XMP were purchased from
Sigma Chemical Co. (St. Louis, MO). [8€]IMP was
purchased from Moravek Biochemicals (Brea, CA). Human
IMPDH type Il andEscherichia coliIMPDH were purified
as previously described 7).

Synthesis ofl. The nucleoside off was synthesized
according to published procedurel8). The N-1 position
of inosine was alkylated with bromoacetaldehyde diethyl-
acetal. Subsequent ring opening in NaOH, followed by
acidification, yielded the nucleoside bf The identity of
the nucleoside was confirmed by NMR and mass spectrom-
etry: calculated molecular weight 300 g/mol; electrospray

hedral adduct formed during the adenosine deaminasejonization (ESI}-positive ion, me = 301 g/mol; ESt

reaction (Figure 2)12). Similarly, we believe that imidazo-
[4,5-€][1,4]diazapine nucleotide (“fat base” nucleotideand
related compounds could be potent inhibitors of IMPDH.
Carbonolamines such &sare in rapid equilibrium with the
dehydro form; however, the equilibrium concentration of the
dehydro form is quite smallkq ~ 10°6-1078) (13-16).
The dehydro form of could react with IMPDH to form a
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negative ion,me = 299 g/mol. The nucleoside was
enzymatically phosphorylated by usitg@grratia maracens
5'-nucleoside phosphotransferase gmditrophenyl phos-
phate (9). The reaction mixture was extracted twice with
ether and adjusted to pH 8 WwitlL M NaOH. The mixture
was centrifuged and the supernatant was applied to a
preparative cellulose thin-layer chromatography plate. The
plate was developed in-propanol:NHOH:H,O (6:3:1 by
vol). | was recovered by removing the cellulose and washing
with H,O. The eluant was filtered and absorbed onto a
Dionex column, and was eluted from the column with a
gradient of NHHCO; (50—1000 mM, pH 8.2). The Nkt
HCO; was removed by lyophilization. The identity bfvas
confirmed by NMR spectroscopitdi NMR (D,0) 3.34 (dd,

1 H, C-6 H), 3.54 (dd, 1 H, C-6 H), 4.01 (m, 2 H, CH),
4.31 (dd, 1 H, C-4H), 4.42 (t, 1 H, C-3H), 4.65 (t, 1 H,
C-2 H), 5.52 and 5.62 (d, 1 H, C-5 H), 5.68 (d, 1 H, C-1
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Ficure 1: Mechanism of the IMPDH reaction.
Mechanism of inhibition of adenosine deaminase by coformycin. concentrated to its original volume with a Centricon 30. This
NH, NH, Q dilution—concentration process was repeated 4 times, and
H,0 HaN OH : HN N the final concentrate was dialyzed overnight against a buffer
j; I \> )\ PS | N\> containing 50 mM Tris and 1 mM DTT. A control sample
H Ho N I} of E. coli IMPDH (not incubated witH) was treated by the
adenosine. " inosine same procedure. Enzymatic activity for both control and

treated enzyme was monitored at each step.

RESULTS

Z
Q
W-ZVZ

Inhibition of IMPDH byl. | was synthesized according
coformycin to published procedures as described Miaterials and
Methods Time-dependent inhibition is observed when both
human ance. coli IMPDH are incubated witt (Figure 3).
Proposed mechanism of inhibition of IMPDH by fat base nucleotide I. No activity is recovered upon dialysis, although activity is
recovered when the-Ecomplex is denatured with urea and
renatured. This observation indicates that inhibition is
S:S: D - &Jj: D P S:U): S reversible. The presence of IMP protects the enzyme against
inhibition, whereas the presence of NADhas no effect
(Figure 3a). High concentrations of IMP completely protect
the enzyme from inhibition bl (Figure 3b), which indicates
that IMP andl compete for the same binding sité.is not
a substrate for IMPDH, however: No NADreduction was
HO‘Q:M): > observed in the presence of 3.4 E. coli IMPDH, 34 uM
[, and 1.0 mM NAD by an experiment that could detect as

fat base nucleotide I

aLeP'"Omyc"‘ little as 1 turnover of NAD.
FiGure 2: Structures and proposed mechanisms of inhibition of  Determination of I for | Inhibition of IMPDH. The
coformycin and and structure of azepinomycin. values ofKy for | inhibition of both human and. coli
IMPDH were determined by incubating enzyme (6.2 and 5.0
H), 7.51 and 7.50 (s, 1 H, C-1 H). uM of human ancE. coli IMPDH, respectively) with IMP

Enzyme AssaysThe standard assay solution contains 50 (500 xM) and | (5.4 and 11xM for human andE. coli
mM Tris-HCI, pH 8.0, 100 mM KCI, 1 mM dithiothreitol  |MPDH, respectively). The presence of IMP served two
(DTT), and 3 mM EDTA. The following substrate concen- puyrposes: ) to stabilize the enzyme in the absence of
trations were used:af for human IMPDH type Il (henceforth  jnhibitor; e.g., no activity was lost in the control sample over
human IMPDH) assay, 0.125 mM IMP and 0.100 mM the course of the experiment (unlike the experiments of
NAD™; (b) for E. coli IMPDH assay, 1.0 mM IMP and 2.5  Figures 3 and 4, this experiment requires reaction times of
mM NADT. The reaction was initiated by addition of days) and m) as shown above, to Compete withwhich
enzyme, and the absorbance was recorded at 340 nm for §ncreases the observéd by the factor (1+ [IMP]/Kiwe),
min at 25°C. Protein concentration was determined by whereKys is the dissociation constant for the enzyme- (E)
titration with 5- ethynyl 1,8 D- rlbOfUraﬂosyllmdlaZO|e -4-car- IMP Comp|ex On|y El and EIMP Comp|exes exist under

boxamide 5monophosphate (EICARMPLY). A Hitachi the conditions of these experiments; no free enzyme will be
U-2000 spectrophotometer was used for all spectrophoto-present. The value df, for IMP was assigned t&p for
metric analysis. both enzymes. In the case of human IMPDH, the value of

Kinetics of IMPDH Inhibition byl. IMPDH was incubated K, for IMP is similar to the value oK determined by
with various concentrations df substrates were added at isothermal titration calorimetryK, = 4 uM versus a
appropriate times, and the enzyme activity was assayed. Thalissociation constant 1 uM (20, 21)], which justifies this
loss of activity followed pseudo-first-order kinetics. assignment. However, we have not been able to measure
Inactivation, Denaturation, and Renaturation of E. coli Kyup for E. coliIMPDH accurately because the enzyme tends
IMPDH. E. coliIMPDH was incubated with. After urea to aggregate at high concentrations. Nevertheless, the results
was added to a final concentration of 8 M, the solution was of equilibrium dialysis experiments with tHe colienzyme
incubated for another hour at room temperature. The are consistent wittKiwe ~ 70 uM, which justifies the
denatured enzyme was diluted six-fold with a solution assignment oKyp = 61 uM from the results of steady-
containing 50 mM Tris-HCI, 1 mM DTT ah8 M urea, and state experiment2p). Activity was monitored over 3.5 days
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Ficure 3: Inhibition of IMPDH by|. (A) Human IMPDH was incubated with(17 #M) in the absence of substrates (open squares) or in

the presence of 126M IMP (closed circles) or of 10@6M NAD * (closed squares) in 100 mM KCI, 1 mM DTT, and 50 mM Tris (pH 7.5,

at 25°C). The open circles denote the enzyme incubated in the absehcé)fE. coli IMPDH (0.3 uM) was incubated with (50 «M)

in the presence of various concentrations of IMP. The rate constants for inactivation are determined from plots as in (A). The fraction
protected= 1— k/ko, wherek is the rate constant for inactivation in the presence of IMP, ksl the rate constant for inactivation in the
absence of IMP. Extrapolation of these data to infinite concentrations of IMP by using the equation, fraction protBgfdP]/(K +

[IMP]), where R, is the maximal fraction of inactivation ariflis the apparent binding constant of IMP, yields ® 0.99 (see solid line).

Thus, high concentrations of IMP completely protect IMPDH from inhibitionlbyvhich shows that is a competitive inhibitor with

respect to IMP.
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Ficure 4: Kinetics of |l inhibition of IMPDH. (A) Human IMPDH (1.6uM) was incubated with various concentrationslof closed
circles, nol; open circles, 23M I; closed diamonds, 46M |; open diamonds, 92M I; closed squares, 23fM |; open squares, 26M
I; closed triangles, 92@M 1. (B) kops Versus [] plot for human IMPDH. (C)E. coli IMPDH (0.13 M) was incubated with various
concentrations of: closed circles, 5.&M |; open circles, 14M [; closed diamonds, 26M |; open diamonds, 3BM I; closed squares,
46 uM 1. No activity is lost wherE. coli IMPDH is incubated in the absence of inhibitor (data not shown).kggversus [] plot for E.

coli IMPDH.

until the reactions reached equilibrium. The equilibrium at appropriate time intervals. Inhibition followed pseudo-
activities of human and. coli IMPDH were 24 and 6%, first-order kinetics, as demonstrated by the exponential loss
respectively, and the corresponding valueXKgfwere 1.4 of activity (Figure 4). Replots of the apparent rate constants
and 53 nM (Table 1). Thukis a more potent inhibitor of  of inhibition versus concentration bhow biphasic behavior
human IMPDH than oE. coli IMPDH; this difference in (Figure 4). This observation indicates that the inhibition of
inhibitor affinity mirrors the difference in IMP affinity. IMPDH is a two-step process described by:

Kinetics of the Inhibition of IMPDH by. Both human
andE. coli IMPDH were incubated with various concentra-

k k
: . . oncentra E+|=—E==E
tions ofl. The reactions were monitored by assaying activity ko1 ko
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Table 1. Inhibition of IMPDH by 2 and

Wang and Hedstrom

the adduct, as well as the 220 kDa molecular mass of

the IMPDH tetramer, suggests that NMR experiments using

parameter human E. coli 13C-labeled! would not be informative. Therefore, further
Kq (NM) 14£0.2 53+6 identification of the adduct will require solution of the X-ray
lg't(';ll;< (M) 65830530& 0.0001 4%%32& 0.0002 crystal structure of the 4 complex. The inhibition of
Kon (M~2 579) 52402 63+ 6 IMPDH by | is time dependents, andk-, may represent
Kot (S74) (7£1)x 10° (3.3+0.5)x 10°® formation and decomposition of a covalent adduct (Figure

aEnzyme and various concentrationd fere incubated in a solution ~ 2) Of may rep_resent a conformational Ch_ange. Of course,
of 50 mM Hepes, 100 mM KCI, and 1 mM DTT at 2&. Formation these alternatives are not mutually exclusive: The covalent

of E-I was monitored by loss of activity (Figure 4A and C). The initial  intermediate could form and a kinetically significant con-

Ki, ka2, andkon (= ko/Ki) were determined from the plots in Figure 4B
and D. The final dissociation constaKt, was determined by incubating

formational change could also occur.

IMPDH (6.2 and 5.«M of human anck. coli IMPDH, respectively), Similar inhibitors of IMPDH may already exist in nature_'

| (5.4 and 11uM for human ancE. coli IMPDH, respectively), and ~ The structure of azepinomycin, a natural product with
500uM IMP. No free enzyme will be present under these conditions. antibiotic and antitumor activity23), is very similar to that
The samples reached equilibrium in 3 days. No activity was lost in of the base of (Figure 2). The activity of azepinomycin is

control samples containing only enzyme and IMP. The valug€;dbr
the EI complex was calculated according t&g = [E-IMP][I]sed

believed to result from inhibition of guanase. Our work on

[E-1] (1 + [IMP)/Kip) where [EIMP] and [E1] were determined from | SUQQests tha_t the nucleotide of azepinomycin _wjll glso be
the remaining activity and Jree = [1]o — [E*I]. The value ofk. was a potent inhibitor of IMPDH. Perhaps the antibiotic and
calculated fronKg = Kofi/kon. The values oKivp are 4 and 61uM for antitumor properties of azepinomycin result from the inhibi-
human anckE. coli IMPDH, respectively). tion of IMPDH.
The data were fit to the following equation: REFERENCES
_ 1. Weber, G. (1983FCancer Res. 433466-3492.
kObS_ k[I/(K; + [1]) 2. Streeter, D., & Koyama, H. (1978iochem. Pharm. 25

Assuming thatk_1 > k,, which seems reasonable given 3
the magnitude ok,, thenK; = k_1/ki, kon = ko/Ki, andkos =
konKg. Sincek-; is a fast stepkos will equal k. Table 1 4.
summarizes the kinetic parameters for the inhibition of 5
human andk. coli IMPDH by I. The value ofko, for | 6
inhibition of E. coli IMPDH is 100-fold greater than for the
human enzyme. More-rapid inhibition appears to be a 7.
general property of th&. coli enzyme: EICARMP also
inactivatest. coli IMPDH 10-fold faster than it does the
human enzymel(/). 9
DISCUSSION

Two unstable tetrahedral intermediates, E-IMP* and 10.
E-XMP?, are formed during the IMPDH reaction (Figure 1). 11
Compounds that form enzyme adducts resembling these
intermediates are expected to be very potent inhibitors of
IMPDH. Althoughl is predominantly hydrated in solution,
it is nevertheless in rapid equilibrium with a small concentra-
tion of the dehydro form (Figure 2). Precedents for this 13
chemistry are well documenteti3—16). The dehydro form
reacts with IMPDH to form a tetrahedral adduct that 14.
resembles E-IMP* and E-XMP This adduct would be a
transition-state analogue for IMPDH, and this reaction is
analogous to the reaction of aldehyde transition state 1g.
analogue inhibitors with serine and cysteine proteases. 17.

The experiments described above demonstratel tisah
potent inhibitor of both human an#&. coli IMPDH, as
predicted. Although inhibition may result simply from the
association of with IMPDH, it seems reasonable to believe, 19
based on chemical precedent, that a covalent adduct forms.
The EI complex is unstable when the enzyme is denatured, 20.
an observation generally taken as evidence that the complex
is noncovalent; however, the enzyrmedduct shown in
Figure 2 would not be stable outside the active site of the 25
enzyme (again, such behavior is observed in aldehyde
inhibition of serine and cysteine proteases). Unfortunately, 23.
this observation precludes confirmation of adduct formation
by mass spectroscopy, and the similarity of the hydrated
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