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CONTRASTING BEHAVIOR OF CONFORMATIONALLY LOCKED
CARBOCYCLIC NUCLEOSIDES OF ADENOSINE AND CYTIDINE
AS SUBSTRATES FOR DEAMINASES

Victor E. Marquez,' Gottfried K. Schroeder,? Olaf R. Ludek,’
Magbool A. Siddiqui,’ Abdallah Ezzitouni,! and Richard Wolfenden?

1 Laboratory of Medicinal Chemistry, Center for Cancer Research, National Cancer Institute
at Frederick, National Institutes of Health, Frederick, Maryland, USA

ZDepartmem‘ of Biochemistry and Biophysics, University of North Carolina, Chapel Hill,
North Carolina, USA

o In addition to the already known differences between adenosine deaminase (ADA) and cytidine
deaminase (CDA) in terms of their tertiary structure, the sphere of Zn™? coordination, and their
reverse stereochemical preference, we present evidence that the enzymes also differ significantly in
terms of the North/South conformational preferences for their substrates and the extent to which the
lack of the O(4 ) oxygen affects the kinetics of the enzymatic deamination of carbocyclic substrates.
The carbocyclic nucleoside substrates used in this study have either a flexible cyclopentane ring or a
rigid bicyclo[3.1.0]hexane scaffold.

Keywords Adenosine deaminase; cytidine deaminase; carbocyclic nucleosides; bicy-
clo[3.1.0]hexane nucleosides

INTRODUCTION

Adenosine deaminase (ADA) and cytidine deaminase (CDA) catalyze
the deamination of adenosine and cytidine, respectively, via the formation
of unstable hydrated intermediates.[!:2] ADA catalyzes the hydration of
the purine ring during the conversion of adenosine to inosine and CDA
catalyzes the hydration of the pyrimidine ring during the conversion of
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FIGURE 1 Transition-state, hydrated intermediates formed during the enzymatic hydrolytic deamina-
tion of adenosine (A) and cytidine (B).

cytidine to uridine (Figure 1). Spontaneous deamination of the C4 posi-
tion of cytidine and of the C6 position of adenosine proceeds with rate
constants around 1071 s™1, whereas the enzymes are able to accelerate
the rates of deamination by approximately 12-14 orders of magnitude.!?]
These rate enhancements reflect extraordinary transition-state affinities
that are among the highest observed for any enzyme. In addition to
these important biochemical properties, ADA and CDA are of particular
interest as therapeutic targets for the treatment of several diseases, including
cancer.[*-8]

Formation of hydrated intermediates by these enzymes has been
confirmed by the crystal structures of inhibitors [nebularine (la) and
zebularine analogues (2a,b) | with ADA and CDA, respectively. These crystal
structures revealed the formation of the 1,6-double bond hydrate (6-
hydroxyl-1,6-dihydropurine ribonucleoside) from nebularine and the 3,4-
double bond hydrate (4-hydroxy-3,4-dihydropyrimidine-2(1H)-one ribonu-
cleoside) from zebularine) at the active sites.l%71%] In both enzymes, the
transition-state inhibitors replace the leaving NHs group with a proton,
preventing conversion of the tetrahedral transition-state into product. Re-
markably, the presence of these hydrated species at the binding sites of the
enzymes suggest that the hydrated species may be associated with extraordi-
narily high enzyme inhibition affinities by resembling the transition states
of the deamination reactions.[!'*] Indeed, the inhibition constants for the
hydrated species of nebularine (la, K; = 10713 M) 1! and zebularine (2a, K;
=10""2 M) are quite remarkable. The true K;’s, however, are half of these
values since the addition of water to generate the tetrahedral intermediates
is stereospecific giving exclusively a single diastereoisomer (Figure 1). In
summary, these intermediates appear to capture much of the negative free
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energy of binding expected of an ideal transition-state analogue for the
deamination reactions.

When the x-ray structures of ADA and CDA bound to the hydrates of
nebularine (la) and zebularine (2a) are superimposed, it becomes clear
that these enzymes have opposite stereochemical preferences at the C6 ()
carbon for ADA and the C4 (R) carbon for CDA (Figures 1 and 2).[1%] This
reverse stereochemical preference arises from the fact that the consensus
TVHA(G)E sequences of the two proteins curl around opposite sides of the
essential zinc. Therefore, because of this near mirror image relationship
of the two superimposed binding pockets formed around the zinc and
the conserved acid residues, these enzymes receive their substrates from
opposite sides.

NH,
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Chemical changes in the aglycon of these inhibitors can affect the
formation of hydrated intermediates. For example, in the case of ADA,
the 100-fold increase in inhibitory potency exhibited by the 8-aza ana-
logue of nebularine (8-azapurine riboside, 1b) over nebularine itself is
probably related to the greater tendency of the 8-aza analogue to form a
hydrate.[1%] Similarly, in the case of CDA, fluorine substitution of zebularine
(5-fluorozebularine, 2b), which is expected to promote hydration, helps
explain the 10-fold increase in potency of 2b over zebularine.['”! The extent
of hydration of these modified bases and those of the natural substrates
is known to depend on protonation, which facilitates hydration relative to
the neutral species. Counter to the formation of the hydrated species is
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FIGURE 2 (A) Bovine ADA in complex with hydrated nebularine.!!!! Ligand is shown in ball-and-stick
representation, with green carbons. The crystal coordinates of residue His 14 are shown in dark gray. This
conformation is suggested to be an average of two rotamers: one (in green) where the N§ atom makes a
bifurcated hydrogen bond to the sugar moiety in the ligand, and one (in light blue-gray) where the zinc
atom lies in the plane of the imidazole ring. (B) E. coli CDA in complex with hydrated 5F-zebularine.! 3]

the loss in resonance energy resulting from hydration, which explains why
the existence of hydrated species free in solution are below the limits of
detection by direct methods.

In addition to the inverse mirror image relationship between ADA and
CDA, there are significant differences in the architecture of the enzyme
active sites that have important mechanistic implications: ADA is a monomer
and CDA is either a homodimer or a homotetramer. More critically, Zn*?
coordination in ADA is accomplished by five ligands (3 His, 1 Asp, and
a hydroxyl group from the transition-state inhibitor or a water molecule
when bound to substrates) in a trigonal bipyramidal geometry.[g‘“] In the
homodimeric E. coli CDA, Zn*? coordination is achieved with four ligands (2
Cys, 1 His and a hydroxyl group from the transition-state inhibitor or a water
molecule when bound to substrates) in a nearly tetrahedral geometry.!1?]
On the other hand, the three Zn*2 ligands in homotetrameric CDAs from B.
subtilis,'' mouse,[?1 and human!?°! are all cysteine residues. At the active
site environment of these enzymes, which is almost completely sequestered
from bulk solvent, the function of Zn*? is to activate a water molecule
to form a hydroxide ion for nucleophilic attack. Hence, the diverse co-
ordination spheres around Zn*2 may affect the water/hydroxide equilib-
rium differently in each enzyme. In homotetrameric CDAs, the formal
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negative charge of cysteinate increases the pK, value of the bound water
and formation of the Zn-OH™ ion becomes less likely than if it were
coordinated to a trisiimidazolium zinc as in ADA. However, the excess
negative charge in the environment of the Zn*? in these homotetrameric
enzymes is compensated by an Arg residue (Argb6 in B. subtilis and Arg68 in
mouse and human CDAs), which lowers the pK, for the zinc-bound water to
facilitate nucleophilic attack. In CDA, a key player for this concerted attack
is a conserved Glu residue (Glul04 in E. coli, Glub5 in B. subtilis, and Glu67
in mouse and human CDAs) which can act as (1) a general base to abstract a
proton from either zinc complex [Zn (Cys)9 (His) HoO or Zn(Cys)sH2O], (2)
a general acid to protonate N3 of the pyrimidine ring, and (3) a shuttle for
proton transfer from the hydroxyl group to the departing ammonia.[181921]
In bovine ADA,!'!! Glu 214 performs an equivalent role but there are
other acidic residues near the active site of ADA (Figure 2A).[9:10.11,22]
Asp293, for example (not shown), which is in the vicinity of hydrophobic
residues, serves as a hydrogen bond donor to the lone pair of the very
basic nitrogen N7. These differences could be important when considering
the pK, of adenosine (pK, = 3.5)[?*] and cytidine (pK, = 4.2)!%! and
their ease of protonation inside the folded structures of ADA and CDA,
which can perturb the active site to allow protonation near physiological
pH. Intuitively, it should be easier to protonate cytidine than adenosine
and that is probably why there are more acidic residues in ADA (Aspl6,
Glu214, Asp292 and Asp293 in bovine ADA) compared to a solitary Glu in
CDA (Glul04 in E. coli, Glubb in B. subtilis, and Glu67 in mouse and human
CDAs). Perhaps too that is the reason why ADA binds to adenosine in a
3'-endo, North conformation (vide infra).[??]

The sugar moiety, has a small effect on the rate of spontaneous deamina-
tion but greatly enhances the reactivity of both ADA and CDA by increasing
the effective concentration of the altered substrate at the active site.!?4%!
This entropic advantage is the direct result of the parts (base and ribose)
being properly connected to fit the active site. As far as a direct contribution
to catalysis, however, because the sugar ring is distant from the site of the
chemical transformation, its role has been considered to be insignificant or
at best modest.!?6:27] In contrast, studies in our laboratory with carbocyclic
nucleosides have revealed that the sugar moiety in ADA seems to play a
significant role in catalysis by providing effective electronic communication
between the O(4’) and the base through the anomeric effect and also by
providing electron-withdrawing activation.!?"!

In addition, the crystal structure of the transition-state inhibitor bound
to ADA shows that His 14, one of the Zn™? ligands, may interact strongly
with O(4') and with the 5-OH of the sugar (Figure 2A). Therefore, the
loss of this interaction resulting from the replacement of the furanose ring
of adenosine or 2'-deoxyadenosine with a cyclopentane ring —as in the
fermentation product aristeromycin (3)— also helps explains the significant
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drop in the deamination rate of 3 to 0.58% the rate of adenosine.?*]
Obviously the absence of the O(4’) oxygen abolishes the stereoelectronic
interplay between the purine ring and the ribofuranosyl moiety, impacting
negatively on the propensity of the base to form a covalent hydrate.!?! Tt
has been clearly demonstrated by Chattopadhyaya and coworkers that the
electronic properties of the aglycon are effectively transmitted to the pento-
furanose moiety through the anomeric effect.!?*-31 Because the anomeric
effect is more effectively transmitted when the conformation of the sugar is
North, protonation of adenosine and 2'-deoxyadenosine is more effective in
the North conformation and therefore it is not surprising that in the crystal
structures of ADA in complex with 6-hydroxyl-1,6-dihydropurine ribonucle-
oside, the ribose conformation is in a 3-endo (North) ring pucker.!??! In
the North conformation, the equatorial 3’-hydroxyl group of the ribose is
engaged in hydrogen bonding with Aspl6, whereas the 2"-hydroxyl does
not appear to play an essential role.l®-11-22] This finding agrees with the
fact that 2"-deoxyadenosine is as good a substrate for ADA as adenosine.
Furthermore, in the North conformation Glu2l4 is perfectly aligned to
donate a proton to N1 of the purine ring, thereby making the C6 carbon
more susceptible to hydration (Figure 2A).

As expected, the absence of the O(4’) oxygen also caused a large decline
in the deamination rates of two conformationally locked North-dAdo (4) and
South-dAdo (5) carbocyclic nucleosides to 1% and 0.01%, respectively, of the
values observed for adenosine.!?®) Significantly, despite this considerable
drop in activity, the enzyme still showed a 100-fold preference for North-
dAdo (4) over South-dAdo (5), and the former compound was in turn
preferred by nearly 2-fold over the flexible aristeromycin (3). Based on
these findings we postulated that the preference of ADA for North-dAdo
resulted principally from the correct equatorial disposition of the 3-OH
engaged in effective hydrogen bonding with Aspl6, as observed in the
crystal structure.[!!) In summary, the combined factors responsible for the
low deamination rate of carbocyclic adenosine nucleosides are the reduced
level of hydration of the base and the missing interaction of the O(4')
oxygen with His 14. The removal of the O(4') oxygen appears to be so
critical that even a North-locked version of the 8-azaadenosine failed to show
a comparable enhancement in the rate of deamination as it was observed
for the corresponding nucleoside. 3!

Intriguingly, CDA has a totally different preference for the
sugar pucker of substrates and inhibitors, and, as opposed to ADA,
the ribose and 2-deoxyribose glycons adopt the antipodal 2-endo
South conformation.['318-201 In  the crystal structure of hydrated
Bb-fluorozebularine (2b) at the active site of E. coli CDA, it is the axial
3'-OH that engages in hydrogen bonding with Glu91, while the 2-OH does
not interact with the protein (Figure 2B).[13] The lack of involvement of
the 2"-OH is in agreement with the known experimental fact that cytidine
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and 2'-deoxycytidine are equally good substrates for CDA. Also, in the South
conformation, Glul04 (E.coli CDA) is in perfect alignment to provide the
critical protonation at N3 of the pyrimidine ring.['*) More importantly,
because of the mirror image relationship of the binding pockets of ADA
and CDA, the ribose (or 2-deoxyribose) ring of the substrates are in
opposite orientations relative to the zinc’s coordination sphere; in the case
of ADA, His 14 can interact with O(4’) (Figure 2A), whereas in the case of
CDA from E. Coli a similar interaction with His 102 is not possible (Figure
2B). Furthermore, other CDAs have all cysteine residues around the zinc.

In the present investigation we confirm ADA’s preference for North
conformer substrates by utilizing the conformationally locked carbocyclic
nucleosides North-dAdo (4) and South-dAdo (5). We demonstrate the an-
tipodal preference of CDA for South conformer substrates employing a
similar approach with an equivalent set of carbocyclic nucleosides having
a flexible cyclopentane ring (carbodine, 6), or conformationally locked
North and South versions of cytidine [North-dCyd (7) and South-dCyd (8)]
built on a bicyclo[3.1.0]hexane platform.[?2:33] We also highlight how the
important architectural differences between ADA and CDA can help explain
the changes in catalysis observed in going from ribose (or 2’-deoxyribose)
nucleosides to their carbocyclic isosteres in these two mechanistically similar
enzymes.

NH2 NH2

¢ N </ ( N2
HO N— 1 N—§N Ho—, " m
_\Q' 0 HO%’ O g
\ ) ol
) HO

6 7 8

EXPERIMENTAL RESULTS

Kinetic Analysis of Locked Carbocyclic Adenosine Analogues,
North-dAdo (4) and South-dAdo (5), as Substrates of ADA

ADA activity was measured spectrophotometrically as described for
the natural substrate adenosine following the decrease in absorbance at
264 nm.**) An initial comparison between North-dAdo and South-dAdo
analogues (Figure 3) was performed using ADA from bovine spleen (bs).
The experiments were run in 0.1 M phosphate buffer (pH 7.4) at 25°C using
60 uM substrate (essentially identical to conditions for CDA studies, vide
infra).



19: 24 25 January 2011

Downl oaded At:

Conformationally Locked Carbocyclic Nucleosides 621

1.0 1
A South-dAdo
O  North-dAdo
0.9 -
A A A A A A A

o
0]
1

a
%
8

Absorbance (264 nm)
o
~

o
»
1

o]

(¢]

%o

o
(6]
1

%o
o
©00000000000000000

04 T T T T T ) T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (seconds)

FIGURE 3 Bovine spleen ADA (~0.5 units) deamination of South-dAdo (A) and North-dAdo (o) at 60
uM determined by measuring the decrease in absorbance at 264 nm (25°C).

Relative rates (Table 1) were calculated using initial rates following
the first ~10% of reaction (Figures 1S and 2S, Supporting Information).
Despite the difference in temperature (37°C vs. 25°C) and substrate con-
centration (50 uM vs. 60 uM) used in these experiments, compared to
our previous published results,/?®) the conclusion is the same: the North
analogue is clearly a better substrate than the South analogue by more than
two orders of magnitude (Figure 2, Table 1). Table 1 also shows that the two
ADA enzymes from calf-intestine (ci) and bovine serum (bs) behaved very
similarly toward these substrates.

Due to the relatively long incubation time of South-dAdo with ADA (~22
hours), an enzyme control (same conditions) was monitored for activity loss

TABLE 1 Relative rates for the North-dAdo and South-dAdo analogues compared to the
normal ADA substrates with ADA from calf-intestine (ci) and bovine serum (bs)

ADA (ci) 28] (50 ADA (ci) (60 uM, ADA (bs) (60 uM,
uM, 37°C) 25°C) 25°C)
Rel. Rates Rel. Rates Rel. Rates
Ado 100 100 100
dAdo 121 124 119
North-dAdo 0.990 1.210 1.380

South-dAdo 0.010 0.007 0.008
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FIGURE 4 Full UV spectrum for the enzymatic deamination of North- and South-dCyd over time. A clean
isobestic point at 250 nm is maintained throughout the course of the reaction. The inset corresponds to

the drop in absorbance at 284 nm (long arrow) as a function of time. The short arrows indicate either
the increase (1) or decrease () in absorbance at that point over time. A) North-dCyd (0). B) South-dCyd

().

during the course of the reaction. This sample showed no significant change
in activity when compared with a second enzyme control kept at 4°C.

From the data in Table 1 it is also clear that the effect of the 4'(O) is
critical for the ADA reaction. However, despite the >100-fold difference
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FIGURE 5 Initial time course data for the CDA (900 nM) catalyzed deamination of North-dCyd ([J)
and South-dCyd () followed at 284 nm (Ae?8* = —5000). The inset shows initial time course data for
the catalyzed deamination of the natural substrate cytidine (¥) by CDA (0.9 nM) monitored at 282 nm

(A&?82 = -3600).

between the natural substrates and the two locked analogues, ADA shows
a definitive preference for the North conformation, in agreement with
the conformation of the sugar ring observed in the crystal structures of
inhibitors bound to ADA.[9~11-22]

v Cytidine
v Carbodine

O T
0 20
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60 80 100
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120

140 160

FIGURE 6 Michaelis-Menten plot for enzyme catalyzed deamination of cytidine (V¥) and carbodine
(V). The solid line represents a non-linear regression fit of the cytidine data to the Michaelis-Menten

equation.
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Kinetic Analysis of Locked Carbocyclic Cytidine Analogues,
North-dCyd (7) and South-dCyd (8), as Substrates of CDA

Cytidine deaminase activity was measured spectrophotometrically as
described for the natural substrate cytidine (A&?*? = —3600).1%) The
deamination of 2'-deoxycytidine (dCyd) was monitored at 280 nm (A&e? =
—5000; difference in extinction coefficients between dCyd and 2-
deoxyuridine at 280 nm!®®)). The extinction coefficients for the locked
North- and South-dCyd derivatives were based on that of 2'-deoxycytidine
(Amax = 972 ¢272 = 9000[3%]). However, a comparison of the UV spectrum
of dCyd with that of South-dCyd (8) revealed a complete 4 nm shift to
longer wavelengths in the region of 270 to 290 nm (Figure 3S, Support-
ing Information). Therefore, the enzymatic deamination of both locked
derivatives was monitored by the decrease in absorbance at 284 nm rather
than 280 nm (A&?%* = —5000). The A™™ was also correspondingly shifted
by 4 nm (A™* = 276, £27® = 9000). Because the locked compounds were
such poor substrates, it was necessary to use a higher concentration of
enzyme and follow the reaction for longer periods of time to determine
their deamination rates relative to cytidine.

The deamination of both North-dCyd (62 uM) and South-dCyd (61 uM)
was followed over the course of two days at a CDA concentration of ~900
nM in phosphate buffer (100 mM) at pH 6.8. Controls containing the
analogues in the absence of enzyme showed no change over the same time
period. UV spectra of enzyme/buffer control samples were subtracted from
all raw spectra of the actual CDA/analogue samples. All spectra represent
an average of 5 sequential runs (Figure 4). The deamination of both
compounds proceeded with a single isobestic point at 250 nm, indicative of
direct enzymatic conversion of substrate to product. It is also clear that while
the deamination of South-dCyd was complete well within the experimental
time frame (48 hours), the deamination of North-dCyd had not yet reached
completion (see insets).

Initial rates for CDA (900 nM) catalyzed deamination of South-dCyd (4)
and North-Cyd (V), each at 70 uM, were also determined by a linear fit to
initial rate data (Figure 5, Table 2). The inset shows the initial rate data for
the CDA (0.9 nM) catalyzed deamination of the natural substrate cytidine
(A), also at 70 uM. This data shows that the deamination of South-dCyd is
roughly an order of magnitude faster than that of North-dCyd.

Kinetic Analysis of Plain Carbocyclic Cytidine (Carbodine, 8) as a
Substrate of CDA

Concentrations of the plain carbocyclic cytidine analogue (carbodine)
were measured at A™, 275 nm (¢27° = 9300'37), and enzymatic deamina-
tion was monitored by the increase in absorbance at 267 nm for the uridine
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TABLE 2 Relative deamination rates for carbocyclic
cytidine derivatives

Substrate Relative Rates
dCyd 270
Cytidine 100
Carbodine (6) 25
South-dCyd (8) 0.001
North-dCyd (7) 0.0001

analogue (A&?7 = 2800). The value for Ae%® was calculated using the
experimentally determined extinction coefficient for carbodine at 267 nm
(¢ =7900) and the reported extinction coefficient for carbocylic uridine at
267 nm (¢ = 10,7001%%7).

Figure 6 shows a Michaelis-Menten plot for both cytidine and carbodine.
Interestingly, initial rates for carbodine deamination were only ~4-fold
lower than those of cytidine over the observed substrate concentration
range (Table 2). At higher concentrations of carbodine, there appeared to
be a slight decrease in enzymatic activity, but the source of this deviation was
not investigated further.

When the relative rates for all five compounds determined at 70 uM
were adjusted for differences in enzyme concentration (Table 2) it can be
appreciated that the flexibility of the cyclopentane in carbodine allows it
to be a better substrate for CDA. In fact, the best substrate of the locked
analogues (South-dCyd) is still dismally poor relative to carbodine despite
having the required South conformation. These preferences are definitely
different from those of ADA where the flexible, carbocyclic analogue
(aristeromycin, 3) was intermediate between the better North-dAdo and
poorer South-dAdo substrates. It may also be worth noting that dCyd is a
slightly better substrate than cytidine (ke ~3-fold faster!*1), consistent with
our results (Table 2).

DISCUSSION

In addition to the structural differences between ADA and CDA that
were discussed earlier, and their opposite stereochemical preferences in
forming the hydrated intermediates, our studies confirm that the con-
formational preferences of ADA and CDA for substrates built as locked
carbocyclic nucleosides are also opposite between North and South. The
preferences that we have determined agree well with the conformations
of conventional nucleosides, substrate or inhibitors, observed in the crystal
structures of the complexes. However, in terms of reactivity, the differences
that separate these two seemingly similar enzymes are staggering. For ADA,
the North-South-dAdo analogues mimic the natural substrates better than
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the North-South-dCyd analogues are able to mimic the natural substrates for
CDA. In other words, the North-South-dAdo analogues are better substrates
for ADA than the North-South-dCyd analogues are for CDA. We know this by
comparing how well these analogues work relative to the normal substrates:
North-dAdo is only ~100 times worse than adenosine, but South-dCyd is
nearly ~100,000 times worse than cytidine. In each case, we are making a
comparison to the normal substrate, so we are addressing structural differ-
ences between the normal substrate and the carbocyclic substrates for their
respective enzymes. For both ADA and CDA it is clear that the removal of
the O(4) oxygen reduces the capacity of the substrate to undergo efficient
deamination. However, why are the two enzymes so different in terms of
the impact of the missing O(4')? In the case of ADA, despite the ~100-fold
drop in the rate of deamination caused by the missing oxygen, the enzyme
clearly prefers North-dAdo (4) over South-dAdo (5). In view of the absence
of stereoelectronic effects and the key interaction between O(4’) and His
14, the selection of North-dAdo as the better substrate by ADA appears to
be driven exclusively by the North conformation of the locked sugar and its
ability to reproduce the important network of hydrogen bonds seen with
the natural substrates bound in the 3-endo, North conformation. All things
being equal in terms of the missing O(4)-effect, the rate of deamination
of the conformationally flexible aristeromycin (3), lies between the rates
of deamination of the rigid North-dAdo and rigid South-dAdo and supports
ADA’s preference for the North conformer.

The situation with CDA is completely different. Not only CDA has
the opposite preference for the South conformer (which it deaminates
~100,000-fold less efficiently than cytidine), as inferred from the 10-fold
faster rate of deamination of South-dCyd (8) over North-dCyd (7) (Table 2),
but also the flexible carbocyclic carbodine (6) is a very good substrate, just
4-fold less efficient than cytidine!

Because formation of the hydrated intermediates is key for the deamina-
tion reactions to go forward efficiently, we need to address the impact that
the sugar puckering and the O(4") have on the protonation of the substrates
which is an important step prior to the nucleophilic attack by Zn-OH™ at the
active site in both enzymes. In order to explain these differences, we propose
the following arguments:

1. The pK, of adenosine (pK, = 3.5) is 0.7 log units lower than that of
cytidine (pK, = 4.2) and hence it is much harder to protonate. This is
probably why there are more acidic residues in ADA (Glu214, Asp292,
and Asp293) in direct contact with the base.

2. The O(4') anomeric effect is more effectively transmitted when the
conformation of the sugar is North; therefore, protonation of the base
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in adenosine and 2’-deoxyadenosine is facilitated when both nucleosides
adopt the North conformation at the active site of ADA.

. The influence of the O(4") anomeric effect in driving the conformation

of 2'-deoxyadenosine to the North at the active site of ADA has to be
critical because this nucleoside is more stable in the South conformation
due to the gauche effect between the 3-OH and O (4').[2%!

In the absence of O(4'), the combined loss of anomeric effect and the
lack of interaction with His 14 significantly reduces the deamination rate
of carbocyclic adenosine analogues by ADA, and the preference for the
North substrate is driven solely by the shape of the binding pocked of
ADA which accommodates the North conformer more effectively.

. Aristeromycin (3) has a ring pucker that favors a conformation away from

the North!*) orientation and hence there is an additional penalty to shift
the flexible cyclopentane ring to the North conformation required by
ADA.

The pK, of cytidine is higher, and a single solitary Glu residue in CDA is
able to perform the protonation of the base.

Because of the higher pK, of cytidine, the O(4’) anomeric effect may
not be critical in facilitating the protonation of cytosine at the active site
of CDA. The 3-OH/O(4") gauche effect, particularly in 2"-deoxycytidine,
drives the conformation to the South!*®! to which CDA can bind effec-
tively.

The diminished role of the O (4') anomeric effect facilitating protonation
of cytidine substrates by CDA agrees with the fact the flexible carbocyclic
nucleoside carbodine (6) is a good substrate. Protonation of carbodine
is even easier due to its higher pK,, which is ~0.45 log units higher than
native cytidine nucleosides.!!! Therefore, the only penalty paid during
the binding of carbodine at the active site of CDA is that of changing its
flexible conformation!*?! to the South.

. According to the crystal structure of CDA bound to either substrates

or inhibitors, there is no interaction between the O(4’) oxygen of the
sugar with the ligands around the zinc’s coordinating sphere. Therefore,
changing from ribose (or 2'-deoxyribose) to cyclopentane is not as
important and the small decrease in the deamination rate of carbodine
reflects only the absence of anomeric effect and its role in facilitating
hydration.

South-dCyd (8) is a poorer substrate relative to carbodine (6) because
of the well known tendency in this class of South bicyclo[3.1.0]hexane
nucleosides to force the base into the more stable, unnatural syn
conformation.[*3] This conformation is further stabilized by an in-
tramolecular hydrogen bond between the 5-OH and the pyrimidine
carbonyl in a binding pocket sequestered from bulk water. The fusion of
the cyclopropane ring adjacent to the C—N bond significantly increases
the barrier of rotation around the glycosyl bond and the ensuing penalty
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to rotate the glycosyl bond into the anti range to fit the enzyme is
severe.[ 3]

11. Despite the severity of the penalty that the South-dCyd substrate must
pay to rotate the cytosine base into the required ant: range, the enzyme
still recognizes the South substrate more effectively than the North coun-
terpart even when the latter favors the anti conformation.[*?] The North
conformer simply has the wrong sugar pucker and does not fit effectively
at the active site of CDA.

12. The behavior of carbodine as a good substrate for CDA agrees with
previous studies form our laboratory showing that the carbocyclic ana-
logue of zebularine experienced only 16-fold drop in potency as a CDA
inhibitor.*]

In summary, we believe that the staggering differences in the rates of
deamination of carbocyclic analogues of adenosine and cytidine by ADA
and CDA are the result of complex, antipodal stereoelectronic interactions
that further confirm the lack of evolutionary homology between them.

EXPERIMENTAL SECTION
Enzyme Assays

Cytidine, 2"-deoxycytidine, potassium phosphate (monobasic and diba-
sic) and adenosine deaminase (bovine spleen and calf intestinal) were
obtained from Sigma. Cytidine deaminase was purified as previously
described.!?*) All assays were performed in 1 cm quartz cuvettes at 25°C in
0.1 M phosphate buffer (pH 6.8) on an HP 8452a diode array spectropho-
tometer. Relative kinetic rates were determined using initial rates (following
the first ~10% of reaction), corrected for any differences in enzyme concen-
tration. Substrate concentrations were either 60 uM (adenosine analogues)
or 70 uM (cytidine analogues). Deamination of substrate analogues (60
uM) were also followed to completion, where possible. Control experiments
were also run to test the stability of the analogues and the enzyme solutions
individually, under the same conditions. All of the other experimental
information is included in the main text under results, which was necessary
to help interpret the figures.
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FIGURE 1S Initial rate for the ADA (bovine spleen) catalyzed deamination of South-dAdo (A) at 60 uM

and 25°C.
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spectrum of 2’-deoxycytidine, shifted by 4 nm is included for reference (dotted line).



