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removed and combined with 1 mL of standard solution (1.32 X 
1P M benzamide (internal standard) in methylene chloride), and 
1 mL of NMN solution was removed and combined with 1 mL 
of second standard solution (1.32 X M benzamide in meth- 
ylene chloride); analysis was by HPLC (75% or 35% ether/Skelly 
F; 3.5 mL/min). Only the syn isomers 6 and 8 were examined. 
The relative quantum yields for NMP and NMN were determined 
to  be 0.08 and 1.0, respectively. 

Relative Quantum Yields of Photoaddition of Substituted 
Phenylcyclopropanes to NMN. Five milliliter solutions con- 
taining 0.028 M NMN and 0.59 M PC, p-chlorophenylcyclo- 
propane, or p-methylphenylcyclopropane in acetonitrile were 
irradiated in parallel for 10 h on a merry-go-round. Aliquots were 
analyzed as outlined above. 

Quantum Yield of Photoaddition of PC to NMN. Six 
milliliter solutions of 0.028 M NMN and 0.59 M PC were placed 
in a quartz cell, degassed, and irradiated a t  360 nm for 8 h using 
a high-pressure mercury lamp in a black box apparatus. Aliquots 
were removed and analyzed as above. Einsteins of light were 
determined by standard ferrioxdate actinometry2l before and after 
each run. 

(21) Hatchard, G. C.; Parker, C. A. R o c .  R. SOC. (London), Ser. A 
1956,235, 518 and references therein. 

Limiting Quantum Yields of PC Photoaddition to NMN. 
Ten milliliter solutions of 0.028 M NMN and varying concen- 
trations of PC (0.30-1.48 M) were irradiated for 9 h on a mer- 
ry-go-round apparatus. Aliquots were analyzed as above. The 
relative quantum yields were normalized to the absolute quantum 
yields and plotted I /@ versus I/[PC] to determine the limiting 
quantum yield. 
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A quantum chemical study of hydroxyl attack on a reduced model of adenosine and cytidine has been performed 
by using both semiempirical MNDO and ab initio 4-31G methodologies. Because the studies on the reaction 
pathways were carried out by using semiempirical methods, the validity of MNDO for the study of such reactions 
was tested first. For this purpose, hydroxyl attack on the formaldehyde molecule (a well-known and documented 
reaction similar to the reaction of interest) was considered. Results obtained from the study of this reaction 
a t  the MNDO level were consistent with both ab initio 6-31+G* results and experimental data. The study of 
hydroxyl attack on the 6-aminopyrimidine molecule reveals the existence of two reactions: the first consists of 
proton capture by the hydroxyl of the amine hydrogen trans to N1, while the second consists of the formation 
of a Meisenheimer complex by means of hydroxyl attack a t  C6. Ab initio and semiempirical “static” reactivity 
parameters point to the first reaction as being favored over the second if no restrictions are imposed on the hydroxyl 
attack pathway. The imposition of orientation restrictions on the hydroxyl attack results in feasible “reactive 
pathways” that are almost perpendicular to the molecular plane and that lead to the Meisenheimer complex 
formation with a very low energy barrier. The biochemical implications of the results obtained on the mechanism 
of the reaction of both adenosine and cytidine deaminases are extensively discussed in the context of previous 
theoretical and experimental data. Finally, several possible “microscopic” reaction mechanisms for these enzymes 
are suggested. 

Introduction 
Adenosine deaminase (ADA EC 3.5.4.4) and cytidine 

deaminase (CDA EC 3.5.4.5), which catalyze the conversion 
of adenosine to inosine and of cytidine to uridine, re- 
spectively, are probably the most important and well- 
known deaminative enzymes. In recent years, the reaction 
mechanisms of both ADA and CDA have been extensively 
studied, not only because of the biological relevance of 
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these enzymes but also from a pharmacological point of 
view, as their substrates and inhibitors are currently used 
as antineoplasic, antihypertensive, antimetabolic, antiviral, 
and antibiotic agent~ . l -~  
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Several authors'*'7 have suggested that the two enzymes 
have a similar reaction mechanism. This hypothesis, which 
is consistent with divergent evolution from a common 
ancestor, is also supported from a mechanistic viewpoint 
as the chemical structures of the two substrates are similar 
(see Scheme I).  

The proposed mechanism'*'' of reaction (see Scheme 
11) would consist of two different processes. First, the 
formation of a tetrahedral intermediate by means of pro- 
tonation at  N1 and hydroxylation a t  C6 (for atom num- 
bering, see Scheme I), and second, the formation of product 
(inosine or uridine and ammonia). It is assumed that it 
is during the formation of the tetrahedral intermediate that 
the rate-determining step of the enzymatic reaction occurs. 
Experimental results such as the extremely low inhibition 
constant of nucleosides resembling the tetrahedral inter- 
mediate (e.g., deoxycoformycin or tetrahydro- 
uridine'0J2Jg21), the existence of a sulfhydryl group in the 
active site of a d e n o ~ i n e ' ~ J ~ , ~ ~  and ~ y t i d i n e ~ ~ s ~ ~  deaminases, 

(1) North, T.; Cohen, S. Pharm. Ther. 1979,4, 81-108. 
(2) Birnbaum, G. I.; Shugar, D. In Topics in Nucleic Acid Structure, 

(3) Caminier, G .  W.; Smith, C. G. Biochem. Pharmacol. 1965, 14, 

(4) Chabner, B. A.; Drake, J. C. Johns, D. G. Biochem. Pharmacol. 

(5) Chu, C .  K., Schinazi, R. F.; Arnold, B. H.; Cannon, D. L.; Do- 
boszewski, B.; Bhadti, B. V.; Gu, Z. Biochem. Pharmacol. 1988, 37, 
3543-3548. 

(6) Giziewicz, J.; DeClerq, E.; Luczak, M.; Shugar, D. Biochem. 
Pharmacol. 1976,24, 1813-1817. 

(7) Morisaki, H.; Fujii; Miwa. J Haematol. 1985, 19, 37-45. 
(8) Murray, J. L.; Loftin, K. C.; Munn, C. G.; Reuber, J. M.; Mansell, 

(9) Giblett, E. R + Anderson, J. E.; Cohen, E.; Pollara, B.; Meuwissen, 

(10) Cohen, R. M.; Wolfenden R. J. Biol. Chem. 1971,246,7561-7565. 
(11) Wentworth, D. F.; Wolfenden, R. Biochemistry 1975, 14, 

(12) Watanabe, K. A.; Reichman, U.; Fox, J. J.; Chou, T. C. Chem. 

(13) Wolfenden, R. Biochemistry 1967,8, 2409-2412. 
(14) Wolfenden, R.: Frick. L. J .  Prot. Chem. 1986, 5,  147-155. 
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(16) Maguire, M. H.; Sim, M. K. Eur. J .  Biochem. 1971,23, 22-29. 
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as well as the change from sp2 to sp3 in the C6 atom during 
the rate-limiting step in the ADA reaction mechanismz5 
support the proposed mechanism. 

Recent theoretical studies performed in our laboratory 
based on both semiempirical (MNDO and AM1) and ab 
initio methodologies concerning the mechanism of action 
of adenosine deaminaseBin suggested that the protonation 
of N1 rather than the hydroxyl attack on C6 is the rate- 
determining step. These theoretical studies were surprising 
in light of the fact that our chemical intuition suggests that 
the protonation of a purine or pyrimidine nitrogen would 
be easier than nucleophilic attack a t  an aromatic carbon 
atom. 

The aim of the current work was to study the hydroxyl 
attack on the C6 atom of adenosine and cytidine in order 
to gain insight into the characteristics of such a reaction, 
specifically as it occurs a t  the active site of deaminative 
enzymes. 

Methods 
6-Aminopyrimidine was chosen as a model to study the 

attack of a hydroxyl group. This molecule was selected 
as it embodies the greater common structure shared by 
adenosine and cytidine (see Scheme I) and consequently 
the general conclusions obtained from the study of such 
a model compound could be extrapolated to both nucleo- 
sides. 

The study of hydroxyl attack on 6-aminopyrimidine was 
performed by using the semiempirical MNDO methodz8 
as well as ab initio computations using the split valence 
4-31G basis setaz9 The geometries of all molecules were 
fully optimized by using the semiempirical MNDO me- 
thod. 

The molecular electrostatic potential (MEP) above the 
aromatic ring was calculated a t  the 4-31G level. MEPs 
were calculated at  2 and 4 A above the aromatic plane 
according to Pullman's  suggestion^,^^^^' as this author in- 
dicates that useful information concerning nucleophilic 
attack can be obtained from MEPs only if they are cal- 
culated beyond the Van der Waals radius of the molecule. 

The entropies of reactants and products for both proton 
transfer and nucleophilic substitution reactions were 
calculated at the MNDO level for thermodynamic calcu- 
lations. 

Semiempirical calculations were performed with a locally 
modified version32 of the MOPAC package.33 Ab initio 
calculations were performed with a locally modified version 
(F. Illas and J. Rubio, unpublished results) of the H O W - 7 6  
computer program.34 All calculations were carried out on 
the IBM-3090 computer of the Centre de Calcul de la 
Universitat de Barcelona. 

Results 
Since to our knowledge, there is no reference in the 

literature to either experimental or theoretical calculations 

(23) Ashley, G. W.; Barlett, P. A. J. Biol. Chem. 1984, 259, 
13615-13620. _.._. _.._. 

(24) Hosono, H.; Kuno, S. J .  Biochem. 1973, 74, 797-803. 
(25) Kurz, L. C.; Frieden, C. Biochemistry 1987, 26, 8450-8457. 
(26) Orozco, M.; Canela, E. I.; Franco, R. Mol. Pharmacol. 1989, 35, 

257-264. 
(27) Orozco, M.; Lluis, C.; Mallol, J.; Canela, E. I.; Franco, R. Quant. 

Struct.-Act. Relat. 1989, 8, 109-114. 
(28) Dewar, M. J. S.; Thiel, W. J. Am. Chem. SOC. 1977,99,4899-4906. 
(29) Ditchfield, R.; W. J. Hehre, W. J.; Pople, J. A. J .  Chem. Phys. 

(30) Pullman, B.; Goldblum, A.; Berthod, H. Biochem. Biophys. Res. 

(31) Goldblum, A. Pullman, B. Theor. Chim. Acta 1978,47,345-357. 
(32) Olivella, S. QCPE Bull. 1984, 4, 10-12. 
(33) Stewart, J. J. P. QCPE Bull. 1983, 3, 101-103. 
(34) Dupuis, M.; Rys, J.; King, H. F. QCPE Bull. 1977, 58, 17-19. 

1971,54, 724-728. 

Commun. 1977, 77, 1166-1169. 
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Scheme I11 
reaction A: nuclecphilic substitution 

Orozco et al. 
A 

0 " /c, II H O  + [ 4- - [ O H y ] -  

AHA = -53.32 kcaVmd 
ASA = -31.45 caVK mol 
AGh = ( T =  300 K) = 4 3 . 9 2  kcaVmol 

reaction 8: proton transfer 

AHB I -1 7.34 kcaVmol 
A% = 8.01 caWK mol 
A@ = ( T =  300 K) = -19.77 kcaVmol 

concerning hydroxyl attack on the 6-aminopyrimidine 
molecule, the assessment of the reliability of the MNDO 
method was performed by studying a similar reaction: 
hydroxyl attack on carbonyl groups, for which both ex- 
~ e r i m e n t a l ~ ~ - ~ ~  and ab initio theoretical results are re- 
p ~ r t e d . ~ & ~ ~  Particularly, the usefulness of this semi- 
empirical method was tested by comparing MNDO results 
with e ~ p e r i m e n t a l ~ ~ ? ~ ~  and ab initio quantum chemical 

for hydroxyl attack on the formaldehyde molecule. 
1. Hydroxyl Attack on the Formaldehyde Molecule. 

This reaction has been well studied.35*37*38,42 One of the 
most relevant theoretical studies was performed by Ma- 
dura and Jorgensen a t  the ab initio level with the large 
6-31+G* basis set.% In the present paper we have simu- 
lated Madura's calculation at  the MNDO level, and our 
results are compared with those of Madura as well as with 
other e ~ p e r i m e n t a l ~ ~ b ~  and theoretical results.42 

Several e ~ p e r i m e n t a l ~ ~ ~ ~ ~  and theoretical r e s ~ l t s ~ ~ ~ ~ ~  
suggest that the approach of a hydroxyl group to a car- 
bonyl molecule can follow two different paths: the first 
leads to the capture of a proton by the hydroxyl.group, 
while the second process leads to the formation of a Csp3 
tetrahedral compound. Since it has been well established 
through both e~perimental~v~' and theoretical 
that the second pathway is favored for formaldehyde, our 
first objective was to determine if the MNDO method 
correctly reproduces that finding. For this purpose, the 
reaction enthalpy, entropy, and free enthalpy variation for 
both addition and proton transfer processes (see Scheme 
111) as well as the energetic (enthalpic) profile of the hy- 
droxyl attack (see Figure 1A) were calculated by using the 
MNDO method. 

The results displayed in Scheme I11 show that the nu- 
cleophilic addition is thermodynamically favored over the 
proton transfer process, the enthalpic term being about 
-53 kcal/mol for the nucleophilic reaction and about -17 

(35) Tanner, S. D.; McKay, G. I.; Bohme, D. K. Can. J. Chem. 1981, 
59, 1615-1621. 

1976, 98, 2049-2052. 

1980, 202, 407-409. 

(36) Faigle, J. F. G.; Isolani, P. C.; Riveros, J. M. J. Am. Chem. SOC. 

(37) Bohmer, D. K.; MacKay, G. I.; Tanner, S. D. J. Am. Chem. SOC. 

(38) Madura, J. D.; Joreensen. W. L. J. Am. Chem. SOC. 1986, 108, 
2517-2527. 

1985, 207, 2219-2229. 

7195-7200. 

1976,98,4770-4777. 

SOC. 1980, 202, 7831-7839. 

6976-6983. 

(39) Weiner, S. J.; Singh, U. C.; Kollman, P. A. J. Am. Chem. SOC. 

(40) Howard, A. E.; Kollman, P. A. J. Am. Chem. SOC. 1988, 220, 

(41) Scheiner, S.; Lipscomb, W. N. L.; Kleier, D. A. J. Am. Chem. SOC. 

(42) Williams, I. H.; Maggiora, G. M.; Schowen, R. L. J. Am. Chem. 

(43) Alagona, G.; Scrocco, E.; Tomasi, J. J. Am. Chem. SOC. 1975,97, 
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Figure 1. Energetic profiles for hydroxyl attack on the form- 
aldehyde molecule: (a) free attack; (b) comparison of MNDO and 
6-31+G* energetic profiles with the supermolecule forced to have 
C, symmetry; (c)  comparison of MNDO and 6-31+G* energetic 
profiles with the supermolecule forced to have C, symmetry and 
with the 0-C-0 angle equal to 126.9O. 

kcal/mol for the proton transfer. These results are in 
agreement with the experimentallFn and theoretically38.* 
demonstrated preference for the nucleophilic addition over 
the proton transfer reaction process. The values of the 
reaction enthalpies for both reactions are similar to the 
e ~ p e r i m e n t a l ~ . ~ ~  and ab initio% determined enthalpies of 
similar reactions. Moreover, the MNDO reaction enthalpy 
for the nucleophilic addition is similar to Madura's 6- 
31+G* results (in fact, the MNDO results are closer to 
6-31+G* than the ab initio STO-3G results of 
On the other hand, the entropy favors the proton transfer 

(44) Olmstead, W. N.; Brauman, J. I. J .  Am. Chem. SOC. 1977, 99, 
4218-4228. 
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Scheme IV 
reaction A: aromatic nucleophilic substitution 

AHA = -67.87 kcaVmol (MNDO) 

ASA = -33.1 1 caVK m d  (MNDO) 
AGA ( T =  300 K) = -57.98 (MNDO) 

-34.51 kcaVmd (ab initio 4-31G) 

reaction B: proton transfer 

AH8 = -76.87 kcaVmd (MNDO) 

A% = 6.6 caw mol (MNDO) 
-45.25 kcaUmol (ab infib 4-31G) 

A h  ( T =  300 K) = -78.77 (MNDO) 

pathway over Csp3 formation. The entropic term TAS is 
about -9 kcal/mol for the nucleophilic addition and 1 
kcal/mol for the proton transfer reaction at  T = 300 K. 
These results, which are in agreement with experimental 
and entropic data determined by both semiempirical* and 
ab initio methodologiess for similar reactions, clearly show 
that consideration of the entropic term does not introduce 
qualitative changes. Therefore entropy has not been taken 
into consideration for all subsequent calculations of re- 
action pathways. 

The MNDO energetic profile of hydroxyl attack on the 
formaldehyde molecule, taking the C-0 distance as the 
reaction coordinate and without any geometrical restric- 
tions is shown in Figure la.  An energetic profile such as 
this points to the Csp3 tetrahedral adduct as being the final 
product, in good accordance with the above-noted static 
thermodynamic data. An energetic barrier appears for 
values of the C6-0 distance around 2 A. This barrier 
seems to be overestimated in the light of experimentaP5 
and ab initio theoretical data38,42 and would arise from 
hydrogen bond interactions between the C-hydrogen atoms 
and the hydroxyl group, which divert the hydroxyl group 
from the reactive 

The relevance of the orientation factors have been taken 
into consideration by different a ~ t h o r s , ~ ~ * ~ ~ ~ ~ ~ - ~ ~  who in- 
troduced several geometrical restrictions on the hydroxyl 
attack. Thus, in Madura’s work two different restrictions 
were introduced: first, C, symmetry was imposed on the 
supermolecule and second, a value of 126.9’ for the 04-0 
angle was kept frozen. In order to further test the validity 
of our calculations, MNDO energetic profiles calculated 
with these restrictions are compared with Madura’s 6- 
31+G* results (see Figure lB,C). The results show that 
when only the C, symmetry on the supermolecule is forced, 
the energetic profile that is obtained is almost identical 
with that observed when no restrictions are imposed. 
Thus, an overestimation of the activation barrier for the 
nucleophilic addition is obtained (see Figure Ib). In 
contrast, when in addition to the imposition of the C, 
symmetry the 0-C-0 angle is kept constant along the 

(45) Carrion, F.; Dewar, M. J. S. J .  Am. Chem. SOC. 1984, 106, 
3531-3539. 

(46) Dewar, M. J. S.; Storch, D. M. J. Chem. SOC., Chem. Commun. 
1985. 94-96. 
(47) Asubiojo, 0. I.; Brauman, J. I. J. Am. Chem. SOC. 1979, 99, 

3715-3724. 
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Figure 2. Mulliken net charges, dipole orientation, and LUMO 
and LUMO+l orbital populations for the 6-aminopyrimidine 
molecule calculated at both MNDO and ab initio 4-31G levels. 

reaction path, the MNDO energetic profile obtained is 
similar to that reported by Madura and Jorgensen (see 
Figure IC). 

2. Hydroxyl Attack on the 6-Aminopyrimidine 
Molecule. Inspection of the chemical structure of 6- 
aminopyrimidine (see Scheme I) suggests that the attack 
of a hydroxyl group can follow two different pathways, 
similar to those described for the formaldehyde molecule 
(see Schemes 111 and IV). The first reaction, which is the 
proposed process a t  the active site of adenosine and cy- 
tidine deaminases, consists of nucleophilic attack of the 
hydroxyl group at the C6 atom (see Scheme IVA), leading 
to a Meisenheimer complex (for a review of Meisenheimer’s 
complexes see refs 48 and 49); the second consists of the 
capture of an amine proton by the hydroxyl group and 
leads to a dead-end product that is not detected in the 
enzymatic deamination. 

The first approach for studying such reactions is pro- 
vided by the static reactivity indices. Thus, Mulliken 
charges and the LUMO and LUMO+l orbital distributions 
over all the atoms of the molecule, as well as the dipole 
moment and the ab initio molecular electrostatic potential 
at 2 and 4 A over the molecule’s plane, have been calcu- 
lated and are shown in Figures 2 and 3. Ab initio and 
semiempirical net charges provide quantitatively different 
results, which are in part due to the orthogonality of the 
MNDO wavefunction;50 from a qualitative point of view, 
however, both MNDO and ab initio 4-31G methods in- 

(48) Terrier, F. 1982, Chem. Reu. 1982, 82, 78-152. 
(49) Crampton, M. R. In Organic Reaction Mechanism; Knipe, A. C., 

Watts, W. E., Eds.; John Wiley and Sons: 1988; Chapter 7, pp 247-261. 
(50) Chung-Phillips, A. J. Comput. Chem. 1989, 10, 17-34. 
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Figure 3. Ab initio 4-31G molecular electrostatic potential maps 
calculated at 4 (A) and 2 (B) 8, above the aromatic ring. 

dicate that C6 is the atom most likely to suffer a nucleo- 
philic attack. In contrast, the dipole orientation (see Figure 
2) shows that the dipole-charge complexes between the 
hydroxyl group and the 6-aminopyrimidine will be formed 
in the ring plane and close to the amino hydrogen group 
trans to N1. The ab initio 4-31G molecular electrostatic 
potential maps (see Figure 3), show that, at large distances 
from C6 (where the electrostatic term gives the strongest 
i n t e r a c t i ~ n ~ ~ g ~  the hydroxyl group will be placed near the 
amino hydrogen group trans to N1 and consequently the 
hydroxyl approach following the electrostatic path will lead 
to the proton transfer process. On the other hand, con- 
sidering the electronic distribution of LUMO and 
LUMO+l (orbitals with II symmetry), it is clear (see 
Figure 2) that nucleophilic addition a t  C6 is favored by 
the orbital interactions between the hydroxyl's HOMOS 
and the 6-aminopyrimidine LUMOs. 

The MNDO and ab initio reaction enthalpy, entropy, 
and free enthalpy changes for both processes (see Scheme 
IV) as well as the MNDO energetic (enthalpic) and charge 
profiles (see Figure 4) of the hydroxyl attack (calculated 
without any geometric restrictions) have been calculated 
to determine the most favorable reaction. 

Enthalpy terms determined a t  the MNDO level are 
about -68 kcal/mol for Meisenheimer complex formation 
and about -77 kcal/mol for proton transfer. MNDO de- 
termined entropy terms (TAS) are about -10 kcal/mol for 
Meisenheimer complex formation and about 2 kcal/mol 
for proton transfer and consequently favor proton transfer 
over Meisenheimer complex formation. The results dem- 
onstrate that entropic terms are of minor relevance for 
qualitative studies, not only with respect to their small 
magnitude compared with the enthalpy, but also because 
the variation in the entropic terms parallels the enthalpy 
variation; thus, no significant changes in the conclusions 

i 00 i 50 2 J O  2 50 300 3 JO 4 JO 4 5 0  
o (C6-0) Angiroms 

O r O  1 "'j "a, 
t 
B-0 20 

\ 
1.00 1.50 2.W 2.50 3.00 3.50 4.W 4.50 

o (C6-0) hpiromr 

Figure 4. MNDO energetic (A) and hydroxyl charge profiles (B) 
for free hydroxyl attack on the 6-minopyrimidine molecule. Key 
points of the reactive path are noted in the energetic profile (see 
Figure 5). 

derived from enthalpy considerations emerge when en- 
tropic terms are included. Therefore, all calculations of 
reaction pathways have been carried out without including 
the entropic terms. 

The results obtained from the study of the reaction 
paths (see Figures 4 and 5) agree with the static thermo- 
dynamic data discussed above, demonstrating that the 
proton transfer is the most likely reaction and that this 
reaction occurs via formation of a dipole-charge complex 
and subsequent capture of an amino proton by the hy- 
droxyl group. The proton transfer occurs at an early stage 
in the approximation of the OH group to C6 (at a C6-0 
distance of about 3.8 A); a t  this distance the hydroxyl 
group is close to one of the amine hydrogen atoms and thus 
the proton transfer reaction occurs easily. Subsequent 
approach of the water molecule to C6 occurs following the 
dipole orientation until 2.5 A, when the water molecule 
moves above the C6 atom (see Figure 5) in order to avoid 
steric hindrance with the 6-NH- group. It must be stressed 
that approach of the water molecule to C6 is strongly 
unfavored. 

The static reactivity indices (see Figures 2 and 3) de- 
scribed above suggest that both reactions are possible, 
depending upon the orientation of the hydroxyl attack. 

The approach of OH to the 6-aminopyrimidine molecule 
has been studied with the introduction of orientation re- 
strictions at  two different levels to test this possibility: (i) 
fixing the O-C6-Nl-C2 dihedral angle and (ii) fixing the 
0-C6-N1 angle a t  different values and restricting the 
O-C6-Nl-C2 dihedral angle to its more favored values. 
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A 0 

C D 

Figure 5. Significant structures (see Figure 4) detected during the free approach of the hydroxyl to the 6-aminopyrimidine molecule. 

Energetic profiles for hydroxyl attack on the molecule 
a t  different O-C6-Nl-C2 dihedral angles are shown in 
Figure 6. The results demonstrate that both Meisen- 
heimer complex formation and proton transfer reactions 
are possible, depending upon the orientation of the OH 
group. Nucleophilic addition at C6 occurs (with very small 
energetic barriers) only for values of the O-C6-Nl-C2 
dihedral angle between -100' and -70'. The most favored 
orientation of the OH group for the addition reaction is 
determined by dihedral angles in the range -100' to -90' 
(see Figures 6 and 7). Dihedral angles outside this range 
lead to the proton transfer reaction (see Figure 6). I t  
should be noted (see Figure 7B) that the charge transfer 
process occurs a t  short C6-0 distances (smaller than 2.3 

Energetic profiles obtained by fixing the M 6 - N l  angle 
at values of 90' and 109.5' (for values of the 0-C6-Nl-C2 
dihedral angle of -90' and -looo), compared with those 
obtained when the 0-C6-N1 angle was not fixed are dis- 
played in Figure 8. These results clearly indicate that 
109.5' is the most favorable angle for the hydroxyl attack, 
in good accordance with our chemical intuition. 

Discussion 
The theoretical study of nucleophilic reactions that take 

place inside the active sites of enzymes whose tridimen- 
sional structures are unknown can prove quite challenging. 
ADA and CDA catalyze the hydrolytic deamination of 
molecules with up to 30 atoms, increasing the difficulties 
involved in such theoretical studies. This fact renders 
nearly impossible the ab initio study of such reactions and 
makes the use of simulative reduced models of adenosine 
and cytidine for semiempirical calculations desirable. 

4. 
-140. -130. -120. -110. -1W. -90. -80. -70. do. 

Dihedral angle O-CS-N1-C2 

Figure 6. MNDO energy map for hydroxyl attack on the 6- 
aminopyrimidine molecule, taking the distance between the ox- 
ygen and the C6 atoms and the O-C6-Nl-C2 dihedral angle as 
"reaction coordinates". 

The study of hydroxyl attack on the formaldehyde 
molecule not only provides information concerning the 
reliability of the MNDO method for qualitatively repre- 
senting the nucleophilic attack of the hydroxyl group at  
Csp2 centers but also yields information about the different 
processes that can occur when the OH approaches the 
target molecule. The results summarized in Scheme I11 
and Figure 1 clearly show the ability of the MNDO method 
to give qualitatively correct results close to experimental 
data and to Madura's nearly Hartree-Fock results, if 
orientation restrictions are taken into consideration. I t  
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Figure 8. MNDO energetic profiles for hydroxyl attack on the 
6-aminopyrimidine molecule depending upon the attack angle 
O-CGNl (free, fmed at 90°, and fixed at 109.5'), with the dihedral 
angle O-C6-Nl-C2 fixed at -90' (A) and -100' (B). 

However, orientation factors must be taken into consid- 
eration, since in the enzymes, the reaction paths were 
presumably fixed along the evolutive process in the ori- 
entation most conducive to the biologically relevant re- 
action (hydroxylation in ADA and CDA). Thus, it is in- 
teresting to note that although proton transfer is the most 
favored reaction, when the direction of the reaction path 
is partially or totally fixed, pathways (near the perpen- 
dicular route) that lead to formation of the Meisenheimer 
complex might exist (see Figure 6-8). 

Energetic profiles (see Figures 6-8) demonstrate the 
existence of a small energy barrier for the hydroxyl attack 
at  C6 in the gas phase, in accordance with results obtained 
for formaldehyde in the first phase of this work and with 
several other studies of hydroxylic attack a t  Csp2 at- 

A t  this point it should be noted that some 
wherein the solvent (water) effect has been 

taken into consideration, have demonstrated that the 
presence of water introduces an activation barrier to the 
reaction that is due not to the intrinsic characteristics of 
nucleophilic reactions but rather to the disturbing effect 
of solvent molecules (which are not present in the catalytic 
site of the enzyme). 

The set of results obtained strongly suggest that the 
hydroxyl attack at  the C6 atom of nucleosides is a highly 
exothermic process with a very low activation barrier and 
can easily occur if (i) the reaction path is fixed in the 
proper orientation and (ii) no water is present. I t  must 
be stressed that both conditions are expected to be met 
in the catalytic site of an enzyme, and therefore a reaction 
that is difficult in water (due to the disturbing effect of 
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Figure 7. MNDO energetic (A) and hydroxyl charge (B) profiles 
for hydroxyl attack on the 6-minopyrimidine molecule at values 
of the O-C6-Nl-C2 dihedral angle of -90' and -100'. 

should be stressed that the MNDO method is quite ca- 
pable of correctly determining which reaction (proton 
transfer or nucleophilic addition) is the most favored. 
Thermodynamic results (see Scheme 111) emphasize the 
enthalpy-guided nature of these reactions, as evidenced 
by the fact that it is possible to neglect the entropic effect 
without introducing major changes in the qualitative 
discussion of both processes. 

The thermodynamic study of the reaction between 6- 
aminopyrimidine and a hydroxyl group points out that the 
proton transfer is favored over the nucleophilic substitu- 
tion by both entropic and enthalpic terms (the latter being 
the most important factor). The analysis of static re- 
activity indices of 6-aminopyrimidine demonstrates that 
the electrostatic interaction facilitates the proton transfer, 
while the orbital interaction favors the nucleophilic attack 
at  C6. Since the electrostatic interaction predominates at  
large distances, it is not surprising that the free attack of 
a hydroxyl group on 6-aminopyrimidine leads to the proton 
transfer reaction via a charge-dipole complex (see Figures 
4 and 5). 

It  is well-known that many water molecules are removed 
from the active site of an enzyme when the substrate en- 
ters. Very few water molecules remain5' and, hence, the 
environment is similar to the gas phase.52 I t  therefore 
seems logical to assume that the reaction likely to occur 
in the enzyme is the one most favored in the gas phase. 

(51) Wolfenden, R. Science 1983,222, 1087-1093. 
(52) Richards, W. G. In Quantum Pharmacology, 2nd ed.; Butter- 

worths: London, 1983. 
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the solvent) and in the gas phase (due to the existence of 
a more feasible competitive reaction) can easily occur in- 
side the active site of an enzyme. 

The present results indicate that hydroxyl attack is a 
strongly favored process, which occurs a t  a high rate due 
to the small activation barrier. Therefore, it seems obvious 
that the hydroxyl attack at the C6 atom of nucleosides 
cannot be the rate-determining step of the deamination 
reactions catalyzed by ADA and CDA. 

The ease of hydroxyl attack on the neutral 6-amino- 
pyrimidine molecule introduces one intriguing question: 
Why is the protonation of N1 necessary6'12,26,27,53,54 for the 
deamination reaction? Stated another way, what is the 
biochemical role of the protonation of N l ?  Three possible 
explanations follow. 

(i) Protonation at N1 creates a net charge over the py- 
rimidine ring and consequently the hydroxyl attack on C6 
is presumably favored (for both orbital and electrostatic 
reasons) over the proton transfer. This charge could open 
new reactive pathways such that a hydroxyl group located 
in a "nonreactive" orientation becomes "reactive". 

(ii) Protonation a t  N1 could be responsible for a con- 
formational change occurring in the enzyme during the 
formation of the tetrahedral intermediate. This change 
is well documented for whereas several indirect 

(53) Ikehara, M.; Fukui, T. Biochim. Biophys. Acta 1974,338,512-519. 
(54) Crabtree, G. W.; Agarwal, R. P.; Parks, R. E.; Lewis, A. F.; 

Wotring, L. L.; Townsend, L. B. Biochem. Pharmacol. 1979, 28, 

(55) Frieden, C.; Kurz, L. C.; Gilbert, H. R. Biochemistry 1980, 19, 

(56) Kurz, L. C.; Weitkamp, E.; Frieden, C. Biochemistry 1987, 26, 

1491-1500. 

5303-5309. 

3027-3032. 

experimental indications of this change as the slow binding 
of transition state inhibitors" exist for CDA. As a con- 
sequence, a hydroxyl group initially in a nonreactive 
position could become reactive. 

(iii) This work is focused on the study of hydroxyl attack 
on nucleosides. However, the great reactivity of the hy- 
droxyl group in the gas phase (clearly demonstrated in this 
work) makes it difficult to envision its existence in free 
form at the active site of an enzyme. Therefore, the hy- 
droxyl group must be generated, presumably from a water 
molecule, by the action of a basic residue of the enzyme 
(probably a histidine group16*26). In this context, a new 
reaction, the proton transfer from a water molecule to a 
residue of the active site, appears. I t  could be suggested 
that the protonation at N1 and consequent increase of the 
electrophilicity at C6 facilitates this hydroxyl generation. 

The results discussed above answer certain questions 
concerning the mechanism of reaction of nucleoside 
deaminatives enzymes but introduce new ones such as the 
mechanistic role of the protonation step. Three hypothesis 
are postulated; no experimental evidence supports any one 
of them over the others, and perhaps the true role of the 
protonation step within the whole deaminative reaction 
is a mixture of all of them. 
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The conformational analysis of bridged biphenyls and 2,2'-bipyridines has been undertaken with MM2-V4 
force field (a modification of original MM2 force field containing the V4 torsional term). The known conformational 
properties of these compounds have been correctly reproduced. Ethano- and propano-bridged compounds have 
low interconversion barriers (ca. 4.5 and 10 kcal/mol, respectively), while butano-bridged derivatives present 
highly energetic barriers (ca. 25 kcal/mol). 

Biaryls, mainly 2,2'-bipyridines, are extensively used as 
effective ligands to coordinate a large diversity of metals, 
and this effect is extended to annulated biaryls. E.g., 
2,2'-bipyridine ruthenium complexes are important pho- 
tosensitizers,' a bridged 2,2'-bipyridine (the 1 , l O -  
phenanthroline-cuprous complex) is an oxidative cor- 
reactant in B DNA single-stranded break,2 and some an- 
nulated 2,2'-bipyridine diquaternary salts have potent 
herbicide proper tie^.^ 

(1) Campi, C.; Camps, J.; Font, J.; de March, P. J. Org. Chem. 1987, 

(2) Chen, C. B.; Sigman, D. S. J.  Am. Chem. SOC. 1988, 110, 6570. 
(3) Summers, L. A. The Bipyridinium Herbicides; Academic: New 

52, 521 and references cited therein. 

York, 1980. 

In spite of the great interest of the chemistry of biaryls, 
these molecules have not been deeply studied from a 
theoretical point of view although some MO calculations 
on the conformations of biphenyl4 have been carried out. 
Several articles concerned with experimental determina- 
tions on ground-state conformation and or rotational 
barriers in biphenyl have been published .si Theoretical 

(4) (a) Gasdone, G.; Mariani, C.; Mugnoli, A.; Simonetta, M. Mol. 
Phys. 1968, 15, 339. (b) Lindler, H. J. Tetrahedron 1974, 6, 135. (c) 
Barone, V.; Lelj, F.; Cnuletti, C.; Novella Pianca~blli, M.; Ruseo, N. Mol. 
Phya. 1983,49,599. (d) Hafelinger, G.; Regelmann, C. J.  Comput. Chem. 
1985,6,368. (e) Barone, V.; Lelj, F.; Rueso, N. Int. J. Quunt. Chem. 1986, 
X X I X ,  541. (0 Penner, G. H. J .  Mol. Struct. (THEOCHEICT) 1986,137, 
191. (9) Hafelinger, G.; Regelmann, C. J.  Comput. Chem. 1987,8, 1057. 
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