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CONFORMATIONALLY RESTRICTED NUCLEOSIDES. THE REACTION 
OF ADENOSINE DEAMINASE WITH SUBSTRATES BUILT ON A 

BICYCL0[3.1.0]HEXANE TEMPLATE 

Victor E. Marquezl*, Pamela RUSS,~ Randolph Alonso,l Maqbool A. Siddiqui,l Kye- 
Jung Shin,l Clifford George,2 Marc C. Nicklaus,lFang Dai,l and Hany Ford, Jr.1 

ILaboratory of Medicinal Chemistry, Division of Basic Sciences, National Cancer 
Institute, National Institutes of Health, Bethesda, MD 20892 and 2Laboratory for the 

Structure of Matter, Naval Research Laboratory, Washington, DC 20375 

ABSTRACT. Adenosine deaminase (ADA) can discriminate between two distinct (North 
and South), conformationally rigid substrate conformers. (N)-rnethanocarba-2’& (4) is 
deaminated 100 times faster than the antipdal (S)-methanocarba-2’& (9, whereas a non- 
rigid analogue, aristeromycin (a), is deaminated at an intermediate rate. These results are 
in agreement with crystallographic data from ADA-ribonucleoside complexes showing the 
furanose ring of the bound purine in a C3’- endo (North) conformation. The data presented 
here suggests that 4 and 5 are useful probes to ascertain conformational preferences by 
purine metabolizing enzymes. 

INTRODUCTION 
One of the main obstacles in interpreting structure-activity correlations in nucleosides 

and nucleotides is the inherent flexibility of the complete ensemble comprising the sugar 
ring, the heterocyclic base, and side chain. The conformational preferences of each of these 

elements are interrelated and highly dependent on one another. The conformation of the 
sugar ring can be described in terms of the pseudorotation phase angle P which is 
calculated from the endocyclic furanose torsion angles. The preferred ranges of P define 
two main puckering domains centered around C3’-endo (North, N) and C2’-enab (South, 

S).2 These sugar puckering modes, in turn, favor a particular orientation of the glycosyl 

torsion angle x (syn or anti), a factor that is also dependent on the nature of the base.3 In a 
similar fashion, the three ranges of y (+sc, -sc, and ap) for the side chain are not uniformly 
populated because their distribution is also dependent on the sugar pucker and the 

orientation of the base.3 
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522 MARQUEZ ET AL. 

FIGURE 1. Pseudorotational cycle showing the rigid North and South conformations 
achieved with the bicyclo[3.3.0]hexane template. 

When a nucleoside or a nucleotide binds to its target enzyme, a unique conformation 
of the entire ensemble is present at the active site. This conformation is the result of the 
molecule’s confcmnational preference, combined with the changes induced by the enzyme 
for optimal fit. It is reasonable to speculate that enzymes have evolved to adjust to a 
particularly preferred conformation of the ligand. However, it is equally possible that 
within the allowable range of motions of the ligand ensemble, enzymes can also exert 
important changes in the conformation on the ligand.4 It is for this reason that 
conformationally locked nucleosides, whose structural features in the solid state and in 
solution are identical, constitute important probes to determine the conformational 
preferences of enzymes for their nucleoside and nucleotide substrates. 

To study this problem, we have proposed the use of methanocarba-nucleosides built 
on a rigid bicyclo[3.1.O]hexane template?p6 This carbocyclic template adopts a fixed 
conformation that mimics the ring pucker of a furanose ring in a specific N (C2’-exo, *E) 
or S (C3’-exo, 3E) conformation depending on the relative disposition of the base and the 

hydroxymethyl group (FIG. 1). 
We have already shown that rigid N and S conformers of methanocarba-AZT 5’-  

triphosphate bind differently to revene transcriptase.6 The conformationally locked 8 (N) 
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CONFORMATIONALLY RESTRICTED NUCLEOSIDES 523 

SCHEME 1 

1, X = NH, (adenosine) +la, Transition-state (X = NH,) + 3 (inosine) 
2, X = H (nebularine) +2a, Unproductive complex (X = H) 

mphosphate inhibited HIV reverse transcriptase (RT) in a manner that was 
indistinguishable from that exhibited by AZT 5’-mphosphate, whereas the antipodal 3E (S) 

mphosphate inhibited the enzyme very poorly.6 We hypothesize that this phenomenon of 
specificity shown by RT is general and applicable to other enzymes where differentiation 
between the two antipodal sugar conformations of their nucleoside or nucleotide substrates 
is possible. In this paper we demonstrate that adenosine deaminase (ADA) also shows a 
distinctive preference for the shape of its substrate. 

SUBSTRATE PREFERENCE FOR ADENOSINE DEAMINASE (ADA) 
ADA catalyzes the irreversible hydrolytic deamination of adenosine (1) to inosine (3) 

and ammonia (SCHEME l) .7 In the most recent X-ray structure of ADA complexed with 

the inhibitor (6S)-hydroxyl-l,6-dihydropurine riboside (Za), Quiocho and Wang8 found 
that the position of the base relative to the sugar moiety is in the anti conformation with x in 
a narrow range of - 1 0 6 O  to -1 1 lo. The orientation of the C4’-C5’ bond (torsion angle y) 

was +sc, and the furanose ring pucker was C3’-endo (N).8 Not surprisingly, these 
parameters remained constant for other bound ligands such as (8R)-hydroxyl-2’- 

deoxycoformycin and 1 -deazaadenosine.g The complex with (6s)-hydroxyl- 1,6- 
dihydropurine riboside is interesting since this ligand represents the hydrated form of the 
common nucleoside nebularine (2) which is formed at the active site through the catalytic 

action of the enzyme.9 
Based on the above observation, one would predict that (N)-methanocarba-2’dA 

(4)’O is a better substrate for ADA than its antipodal rigid conformer, (S)-methanocarba- 

2’dA (5)” (TABLE 1). On the basis of ring puckering alone, the crystallographic 
pseudorotational parameters measured for the two molecules in the unit cell of 
(Nlrnethanocarba-2’dA (4) are in complete agreement with the expected values for a rigid 
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TABLE 1. Conformational parameters of the X-ray structures of (N)-methanocarba-2'dA 
(4) and (S)-methanocarba-2'-dA (5). 

Compound 

H d  
(5) 

A 200.2'(S) 

B 199.l0(S) 

x 

-167.6' (am9 

-154.8' (am] 

-129.8O (am9 

+50.9' (syn) 

Y 

-177.6' (q) 

+54.8' (+sc) 

-171.9' (q) 

+54.0' (+sc) 

pseudoboat bicylo[3.1 .O]hexane template. Both molecules showed a nearly perfect 2E 

northern conformation [ P  = 339.25' (A) and P = 342.78' (B)].l0 The equivalent 
parameters for the two antipodal (S)-methanocarba-2'dA (5) molecules in the unit cell 
correlated, in turn, with a pure 3E southern conformation [P = 200' (A) and P = 1W 

(B)]12 (TABLE 1). Except for molecule B of the southern analogue, all torsion angles x 
were in the anti range, while the less encumbered torsion angle y alternated between the 
ap and +sc conformations as it is normally observed for ribonucleosides. 

CONFORMATIONAL ANALYSIS 
Although variable temperature 1H NMR studies indicated that bicycl0[3.l.O]hexane 

nucleosides were conformationally rigid,13 the integrity of the pseudoboat conformation 
-the hallmark of this system!- was tested throughout the entire conformational space of 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
1
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



CONFORMATIONALLY RESTRICTED NUCLEOSIDES 525 

-540 -480 -420 -360 -300 -240 -180 -120 -60 0 60 120 180 

x (degree) 

FIGURE 2. Plots of energy as a function of x for ab inifio-optimized structures of (N)- 
methanocarba-2'dA (4, filled diamonds) and (S)-methanocarba-2'dA (5, open diamonds). 

the torsion angle x (0" + 360"). The X-ray structures of 410 and 512 were imported into 
the molecular modeling program QUANTA (MSI, Inc.) and the missing hydrogen atoms 
were added. Following energy minimization using QUANTA'S molecular mechanics 
program CHARMm, the structures were pre-optimized at the ab initio level using the 
program Spartan (Wavefunction, Inc.) at the HF/3-21G* level of theory. These pre- 
optimized geometries were re-optimized using the Density Functional Theory (DFT) 
method in the program Gaussian 94, Rev. D.3 (Gaussian, Inc.) at the B3LYP/6-31G(d) 
level of theory. These structures, which were assumed to be local or global energy 
minima, were then explored in a potential energy scan (PES) of the dihedral angle x by 
rotating the base in equidistant angle steps. Each of the resulting geometries was 
optimized using the Gaussian DFT method at the same B3LYP/6-3 1G(d) level of theory 
for all internal coordinates, except x.  

For (N)-methanocarba-2'dA (4), the conformer used as the starting point for the 
calculations was molecule B in the crystal unit cell with 05' in the +sc conformation 
(TABLE 1). The angle step chosen for the PES was 3", although only every tenth point is 
shown in FIG. 2. Because of the small increase in x ,  eight optimization steps per 
conformation were usually sufficient to achieve convergence to a 10" kcaVmol level. As 
shown in FIG. 2, two distinct energy barriers of ca. 4 and 7 kcaVmol separate the most 
stable anti conformation (x  = -150") from the less stable syn conformation ( x  = 90"). 
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For (S)-methanocarba-2'dA (9, the conformer used as the starting point was 
molecule A in the crystal unit with x in the anti range and y as the ap rotamer. The angle 
step for the PES in this case was 30". Because of the larger step size, 40 optimization 

steps per conformation were usually allowed; however, convergence to a 10" kcaVmol 

level was typically achieved in 20 steps or less. 14 In this case, it was the most sable syn 

conformation (x  = 60") which appeared separated from the less stable anti conformation (x 
= - 150" ) by two almost equal energy barriers of ca. 11 kcdmol (FIG. 2). 

In both cases, the bicyclo[3.1.O]hexane system remained rigid as shown by the small 
variance of P and v,,,, while x rotated from 0" -+ 360" (FIG. 3). Indeed, P showed 

maximal deviations of less than 12" from the ideal ZE (P =342O) and fE (P =198") 

conformations, and the puckering amplitude (v-) remained fairly constant (ca 23"-33") 

throughout the cycle. The torsion angle y remained constant in the +sc conformation for 
(N)-methanocarba-2'dA (4, FIG. 3, top). For (S)-methanocarba-2'dA (9, however, the 
starting conformation with the ap rotamer (y ca. +180°) changed to +sc as the base rotated 
out of the syn conformation the first time ( x  = -300" + -240"). It remained in the +sc 
range, only to revert back briefly to ap as x moved from the anfi conformation to the 
preferred syn 01 = 45" -+ 90") conformation (FIG. 3 bottom). 

In nucleosides, the rotation of the base is intrinsically associated with the sugar 
pucker which changes as x rotates to relieve steric congestion, Therefore, the higher 

energy barriers for 4 and 5, relative to nucleosides (ca. 1-2 kcal/mol)? are probably the 
result of the rigid bicyclo[3.1.O]hexane moiety which is unable to compensate for the 
unfavorable steric interactions generated during rotation of the base. It is for this reason 
that locking the sugar pucker disposes the rest of the ensemble to adopt a particular 
conformation. 

BIOLOGICAL RESULTS 
Determination of the relative rates of deamination was made spectrophotomemcally at 

50 pM substrate concentration @H 7.4 and 37 "C) with calf intestine ADA. The enzymatic 
products for (N)-methanocarba-2'dA (4) and (S)-methanocarba-2'dA (5) showed h,,, 

values at 250.0 and 250.4 nm, respectively. At first glance, the difference between the 
rates of deamination of the carbocyclic substrates relative to adenosine appears to be related 
to the absence of the 04'  oxygen (TABLE 2). However, this oxygen does not seem to 
play a critical role in the binding process since ,the X-ray structure of the inhibitor (6s)- 
hydroxyl-l,6-dihydropurine riboside (2a), bound to ADA, shows no involvement of this 

atom with the enzyme.8 Therefore, the role of the 04' oxygen is probably to facilitate the 
critical hydration step by its inductive effect. Although we do not have direct chemical 
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FIGURE 3. Plots of P, vmax and y as a function of x for (N)-methanwarba-2'dA (4, top) 
and (S)-methanocarba-2'dA (5, bottom). 

proof for this effect in the purine series, we have shown that the 04'  oxygen in pyrimidine 
nucleosides facilitates formation of a covalent hydrate relative to the equivalent carbocyclic 

ana10gue.l~ All things being equal for the three carbocyclic nucleosides (4-6), as far as 
the lack of the 04' oxygen is concerned, their differences as substrates for ADA could then 
be atmbuted to the differences in shape, and to the ease by which the enzyme is able to fit 
the substrates into the active pocket. The deduction made earlier regarding (N)- 
methanocarba-2'dA (4) as the best substrate amongst the carbocyclic analogues proved to 
be correct. We conclude that the nearly 100-fold difference in the rate of deamination 
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TABLE 2. Relative rates of deamination by ADA 

H O  OH 
adenosine (1) 

(N)-rnethanocarba-ZdA (4) II Ho 

11 aristerornycin (6) 

L (S)-methanocarba-TdA (5) 

Relative Rate 

Adenosine 
v s  

100 

0.985 

0.577 

0.010 

Relative Rate 

Aristeromycin 
v s  

170 

100 

1.74 

between (N)-methanocarba-2’-dA (4) and its southern antipode, (S)-methanocarba-2’dA 
(9, is due to the shape of the ensemble of 4 being nearly complementary to the binding 
cavity. Consistent with this argument, aristeromycin (6), which is a flexible molecule was 
deaminated at an intermediate rate. 
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CONCLUSION 
We have shown that when ADA is presented with two conformationally rigid 

antipodal (N and S) substrate conformers, the enzyme deaminates the N conformer 100 
times faster. This result is consistent with the X-ray structure of ADA complexed with the 
inhibitor (6S)-hydroxyl-l,6-dihydropurine riboside (2a), which shows the sugar moiety in 
a North (C3’-endo) conformation and the base in the anti form.* Crystallographic data for 
purine nucleosides show that a C3’-endo (N) conformation is associated with an anti 
glycosyl torsion angle, whereas a C2’- end0 (S) conformation exhibitis an almost equal 

distribution between syn and anti This is exactly what one observes with the rigid 
bicyclo[3.1.0]hexane system. In the X-ray structure of (W-rnethanocarba-2’dA (4) only 
the anti form is present, whereas the X-ray structure of (S)-methanocarba-2’dA ( 5 )  shows 
both anti and syn forms in the unit cell. (N)-methanocarba-2’dA (4) appears to meet the 
structural demands for best fit to ADA. The ring puckering is N, the torsion angle y is 
most stable in the +sc conformation, and the rotation of x required to move the base from 
the energy minimum conformation ( x  = -150’) to -106’ or -1 1 la, as observed in the ADA 
complex with (6S)-hydroxyl-l,6-dihydropurine riboside (2a),8 would require less than 1 
kcaVmo1 (FIG. 2). Aristeromycin (6) is an intermediate substrate capable of fitting into the 
substrate cavity by its flexible nature. It exists as an 04’-endo conformer (P = 89’) in the 
solid state, but rapidly equilibrates in solution between 128’ < P < la’, close to a C1’- 

ex0 (,E) conformation,16 At the other end of the spectrum, the conformationally rigid 

southern (S)-methanocarba-2’dA (5) cannot fit adequately into the active site and thus its 
rate of deamination is minimal. We additionally propose that the carbocyclic substrates 
are, in general, poorly deaminated relative to conventional nucleosides because of the loss 
of the inductive effect of the 04’ oxygen which diminishes the formation of the critical 
hydrate intermediate. This means that more powerful substrates for ADA could be 
constructed on a North bicyclo[3.1.0]hexane template by facilitating hydration with 

electronegative substituents on the purine ring (i.e., F or CF, groups at C6). l7 These and 

other efforts are currently being pursued in our laboratory. 
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