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Abstract: Heteroaromatic compounds frequently undergo reversible covalent hydration in aqueous solution
with the extent of hydration dependent on the heterocycle and its substituents. Using a combined quantum
mechanical and thermodynamic cycle perturbation (TCP) approach, relative hydration free energy differences
(AAGhyg) were calculated for a variety of pteridine, quinazoline, pyrimidine, and purine analogues. Good
agreement with experimental data was obtained for heteroaromatic compounds exhibiting a wide range of
hydration equilibrium constants (18-10%). Differences in hydration were attributed to a multitude of molecular
factors including both electronic and steric effects. Differences in the resonance energy lost during hydration
of the heteroaromatic ring accounted for thé-idld greater hydration of pteridine relative to 9-methylpurine
(AAGhyq (exp) ~ —8.8 kcal/mol; AAGyyq (calc) = —9.3 kcal/mol). An analysis of purine riboside and its
8-aza analogue showed that the 400-fold greater adenosine deaminase (ADA) inhibitor potency exhibited by
the 8-aza analogue is accurately calculated by summing the hydration free energy difference with the relative
binding free energy difference for the corresponding hydrated species. The greater inhibitor potency was
attributed to increased hydration since hydration of 8-aza-9-methylpurine was strongly favored over
9-methylpurine AAGhryq = —7.1 kcal/mol), whereas the relative binding free energy calculated using the TCP
method and the murine ADA structure favored the purine riboside hydtai&ging = 3.1 + 0.7 kcal/mol).
Increased desolvation costs for the 8-aza analogue and an unfavorable electrostatic interaction between the
8-nitrogen and Asp296 accounted for the loss in binding affinity. The combined results gave an apparent
inhibition constant for the 8-aza analogue similar to the experimental value and demonstrated the potential
importance of hydration free energy calculations in drug design.

Introduction Carbonyl-containing compounds are the most studied class
Addition of water to a double or triple bond is the first step ©f compounds because of their propensity to hydrated
in a variety of enzyme-catalyzed reactions. Examples include relative structural simplicity. Methods for the calculation of
both hydrolytic reactions, such as those catalyzed by proteasesabsolute hydration free energies using quantum mechanics were
esterases, and deaminases and nonhydrolytic reactions such dgported; and, in some cases, reasonable agreement was
the reactions catalyzed by some dehydrogenases and oxidase§btained between the calculated and experimental redufts.
In each case, efficient catalysis occurs by stabilization of a other cases, however, significant deviations were noted and
transition state structure that resembles the tetrahedral hydrateascribed to several possible factors, including the level of
intermediaté. Accordingly, compounds that form a covalent quantum mechanical theory used in the calculations and the
hydrate in aqueous solution often produce potent enzyme failure to include solvation free energig’s. Recently, we
inhibition through mimicry of the transition state structéieor reported a method that uses both quantum mechanical and free
example, zinc metalloproteases and aspartyl proteases arenergy perturbation methods for calculating relative changes
inhibited by trifluoromethyl ketones but not methyl ketones since in the hydration free energies between two similar molectiles.
inhibition is via the hydrated species and trifluoromethyl ketones Calculated results were in good agreement with experimental
hydrate to a much greater exténfThe extent of hydration, as  data over a large set of carbonyl-containing compounds. Greater
characterized by the equilibrium constant, is therefore an accuracy was achieved for relative free energy differences
important parameter that not only can affect the chemical and compared to absolute free energies presumably due to the
spectral properties of molecules in aqueous solution but can conceliation of systematic errors and to increased convergence
also play an important role in defining their biological activity. i, e solvation free energy calculation. Importantly, the resuits

Cor:js.etquertlrtlly, eff;:lrkt)s. are ongtomtg t% It%entlfyl meltho;:is tfor were in good agreement with experimental results even at lower
predicting Ine equilibrium constant and the molecuiar 1aclors o\ q\5 of quantum mechanical theory. Calculation of relative
controlling hydration.
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free energy differences using this method was therefore
considered more useful than previous methods for analysis of
medium-sized molecules and drug design.

hydration free energy differences were calculated for a variety
of pteridine, quinazoline, purine, and pyrimidine analogues.
Factors controlling the extent of hydration were also identified

Heteroaromatic compounds represent another class of organi@nd incorporated into the design and analysis of potential

compounds that undergo covalent hydration in aqueous solution.

adenosine deaminase and cytidine deaminase inhibitors.

Numerous studies have been conducted since the reaction was

first observed in 1951 detailing the hydration kinetics for a large
number of structurally diverse heteroaromatic compounds.
More recently, a variety of enzymes have been identified that
catalyze the hydration of heteroaromatic compounds or utilize

Methodology

The reversible addition of water to molecule A is described
by the equilibrium constank*c4(eq 1) and associated hydration
free energyAGhnyq (eq 2).

the hydrated species as the substrate. Some of these enzymes

represent well-recognized drug targets. For example, adenosine

deaminastand cytidine deamina&e&atalyze the deamination
of heteroaromatic compounds via an unstable hydrated inter-
mediate (Scheme 1). Both enzymes are of interest to the

pharmaceutical industry based on their potential as targets for

anti-ischemic and anti-cancer agents, respectively. IMP dehy-

K= [A — H,OJ/[A]H ,0] (1)
)

The hydration free energy difference for molecules A and B
is given by eqs 3 and 4

AG" 4= —RTInK",,

drogenase and xanthine oxidase are two other drug targets that

purportedly use covalent hydration as a key step in their catalytic

mechanism. Heteroaromatic hydration has also been identified
as an essential element in the inhibitory mechanisms of several

highly potent enzyme inhibitors° Accordingly, factors con-

®3)
(4)

AANG™® = AG® ,— AG"
ANG® = AAG™® |+ AAAG™®

trolling heteroaromatic hydration and methods used to accuratelyWhereAAG*Bq,sand AAAGABq are the relative differences in

predict the extent of hydration are expected to aid drug design.
Described herein is the first theoretical investigation of the
heteroaromatic hydration reaction. In this study, relative

(7) (a) Albert, A.Adv. Heterocycl. Cheml976 20, 117—-143. (b) Albert,
A.; Armarego, W. L. FAdv. Heterocycl. Chenil965 4, 1-42. (c) Perrin,
D. D. Adv. Heterocycl. Chem1965 4, 43—73.

(8) (a) Wolfenden, R.; Kaufman, J.; Macon, J.Bochemistryl969 8,
2412-2415. (b) Kati, W. M.; Acheson, S. A.; Wolfenden, Biochemistry
1992 31, 7356-7366.

(9) (a) Cohen, R. M.; Wolfenden, R. Biol. Chem1971 246, 7561
7565. (b) Frick, L.; Yang, C.; Marquez, V. E.; Wolfenden,Bochemistry
1989 28, 9423-9430.

(10) Jones, W.; Kurz, L. C.; Wolfenden, MRiochemistry1989 28,
1242-1247.

(11) (a) Foresman, J. B.; Frisch, Exploring Chemistry with Electronic
Structure Methods: A Guide to Using Gaussi&@aussian, Inc.: Pittsburgh,
PA, 1993. (b) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, AbA.
Initio Molecular Orbital Theory Wiley: New York, 1986. (c) Frisch, M.
J.; Head-Gordon, M.; Schlegel, H. B.; Raghavachari, K.; Binkley, J. S.;
Gonzalez, C.; Defrees, D. J.; Fox, D. J.; Whiteside, R. J.; Seeger, R.; Melius,
C. F.; Baker, J.; Martin, R.; Kahn, L. R.; Stewart, J. J. P.; Fluder, E. M;
Topiol, S.; Pople, J. A. Gaussian92; Gaussian, Inc.: Pittsburgh, PA, 1992.

(12) (a) Zwanzig, R. WJ. Chem. Phys1954 22, 1420-1426. (b)
Tembe, B. L.; McCammon, J. AComput. Chem1982 8, 281-283. (c)
Beveridge, D. L.; DiCapua, F. MAnnu. Re. Biophys. Biophys. Chem
1989 18, 431-492. (d) Van Gunsteren, W. F.; Weiner, P. €omputer
Simulation of Biomolecular SysteniSSCOM Science: Leiden, Netherlands,
1989. (e)Molecular Dynamics and Protein Structurétermans, J., Ed.;
Polycrystal: West Springs, IL, 1985. (f) Reddy, M. R.; Bacquet, R. J.;
Varney, M. D.J. Chim. Phys1991, 88, 2605-2615. (g) Jorgensen, W. L.;
Briggs, J. M.J. Am. Chem. S0d.989 111, 4190-4197. (h) Nagy, P. I.;
Durant, G. J.; Smith, D. AJ. Am. Chem. S0d.993 115 2912-2922. (i)
Bash, P. A.; Singh, U. C.; Brown, F. K.; Langridge, R.; Kollman, P. A.
Sciencel987 235 574-575. (j) Cieplak, P.; Bash, P.; Singh, U. C.;
Kollman, P. A.J. Am. Chem. S0d.987 109, 6283-6289. (k) Reddy, M.
R.; Viswanadhan, V. N.; Weinstein, J. Wroc. Natl. Acad. Sci. U.S.A.
1991, 88, 1028710291.

gas-phase quantum mechanical free energy and solvation free
energy, respectively.

Gas-Phase Free Energies.The gas-phase free energies
(AAGyag Were calculated using energies obtained from ab initio
guantum mechanical calculations at the HF/6-31kasis set
level! on fully geometry optimized anhydrous and hydrated
heteroaromatic compounds. The calculated energy represents
the energy for the global energy minimum structure. The
harmonic frequencies for each molecule were calculated at the
HF/6-31G" basis set level and used to calculate the zero-point
energies and the thermal contributions to the vibrational
energies.

Solvation Free Energies. Molecular dynamics (MD) simu-
lations in conjunction with the thermodynamic cycle perturbation
(TCP) approach were used to calculate relative solvation free
energies between two similar moleculés. AAAGs, was
calculated using eq 5, where

sol

AAAG AAG (products)— AAG (reactants) (5)
AAGs(products) and\AGgq(reactants) are the relative solva-
tion free energy differences between the two products and two
reactants of the two hydration reactions, respectively. The

(13) (a) Weiner, S. J.; Kollman, P. A.; Case, D. A.; Singh, U. C.; Ghio,
C.; Alagoha, G.; Profeta, S., Jr.; Weiner, P. X.Am. Chem. Sod.984
106, 765-784. (b) Singh, U. C.; Weiner, P. K.; Caldwell, J. K.; Kollman,
P. A. AMBER Version 3.3; University of California at San Francisco: San
Francisco, CA, 1992. (c) Singh, U. €roc. Natl. Acad. Sci. U.S.A988
85, 4280-4284. (d) Reddy, M. R.; Bacquet, R. J.; Zichi, D.; Mathews, D.
A.; Welsh, K. M.; Jones, T. R.; Freer, $. Am. Chem. S0d.992 114 4,
10117-10122. (e) Singh, U. C.; Benkovic, S.Rroc. Natl. Acad. Sci. U.S.A.
1988 85, 9519-9523.
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Table 1. Azanaphthalene Compounds

z
N

4

B/

k\l
A
1

E//D7
compd A B C D E z hydration site
1 N N N CH N H 4
2 N N CH CH N H 4
3 N N N CH CH H 4
4 N N CH N CH H 4
5 N N CH CH CH H 4
6 N N N N N H 4
7 CH N N CH N H 7
8 CH HN N CH N H 7
9a N N N CH N CH; 4
9b N N N CH N CH; 7
10a N N N CH N ChK 4
10b N N N CH N Ck 7
Table 2. Purine Analogues
X
~ Y,
\ | N,
<~ /
\W ril
CHg
compd X Y z w \%
11 H N CH N CH
12 H N N N CH
13 H N CH N N
14 H N CH CH CH
15 H CH CH N CH
16 Ck N CH N CH
17 F N CH N CH
18 H N CH N CF
19 H N CF N CH

calculations were carried out using MD simulations and the
window method implemented in the AMBER programThe
computational details for both the quantum mechanical and TCP
studies using molecular dynamics simulations are described
elsewheré. The TCP calculations used a single topology for
all mutations except for the mutation of 9-methylpuridd)(to
pteridine (), which used the thread methodology due to
significant structural dissimilarit§13¢

Binding Free Energies. The TCP approach was used to
calculate the relative binding free energy difference between
1,6-double bond hydrates of purine riboside and 8-azapurine
riboside with adenosine deaminase (ADA). The X-ray structure
of murine adenosine deaminase complexed witR){& hy-
droxy-1,6-dihydropurine riboside (HPR) (pdb file name: 2ARA)
provided the initial atomic coordinates used to generate the
computer model and conduct the energy calculations. All

molecular dynamics, molecular mechanics, and TCP calculations

were carried out with the AMBER program using an all atom
force field and SPC/E potentidfto describe water interactions.

taken from the AMBER database. Partial atomic charges for
nonstandard residues were obtained using CHEERgit the
charges to the quantum mechanical electrostatic potential

(14) (a) Wilson, D. K.; Rudolph, F. B.; Quiocho, F. Sciencel99],
252 1278-1284. (b) Sharff, A. J.; Wilson, D. K.; Chang, Z.; Quiocho, F.
A. J. Mol. Biol. 1992 226, 917- 921.

(15) (a) Berendsen, H. J. C.; Grigera, J. R.; Straatsma, T. Phys.
Chem.1987 91, 6269-6271. (b) Reddy, M. R.; Berkowitz, MChem. Phys.
Lett. 1989 155 173-176.

(16) Chirlian, L. E.; Francl, M. MJ. Comput. Cheml1987, 8, 894~
905.
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computed from ab initio 6-31G** wave functions calculated
with Gaussian94! All equilibrium bond lengths, bond angles,
and dihedral angles for nonstandard residues were obtained from
ab initio optimized geometries at the 6-31G** basis set level.
Missing force field parameters were estimated from similar
chemical species within the AMBER database.

Aqueous phase dynamics simulations were carried out in a
rectangular box (40.1 A 34.9 A x 34.5 A) using periodic
boundary conditions in all directions. The solute was solvated
with 1602 SPC/E watét® molecules using the AMBER box
option, and all water molecules located less than 2.5 A or greater
than 15.0 A from a solute atom were removed. The initial
coordinates of HPR were obtained from the X-ray structure of
the ADA-HPR complex. Newton’s equations of motion for all
the atoms were solved using the Verlet algorithmith a 1 fs
time step and SHAKE for constraining all bond lengths.
Constant temperature (W & T ensemble) was maintained by
velocity scaling all atoms in the system. Nonbonded interaction
energies were calculated using a 15.0 A residue based cutoff.

Protein complex simulations were carried out using the
ADA—HPR complex. Missing polar hydrogen atoms were
added to protein residues in an orientation consistent with the
crystallographic position of each heteroatom and its environ-
ment. The charge on the zinc ion was determined using the
3-21G* wave function calculated for zinc coordinated with
residues present in the ADA-HPR complex. Each residue was
capped with an acetyl group at the N-terminus and an BiH
the C-terminus. The calculated charge on zinc wds2 e,
whereas the net charge on histidines 15, 17, and 214h0a3
e each and on the aspartic acid, Asp295, w&s8 e. Thus,
the net charge on the zinc complex was e. Virtual bonds
between zinc and the atoms which coordinate to the zinc ion
(His15, NE2; Hisl17, NE2; His214, NE2; Asp295, O2; HPR,
06) were added using the LINK module of the AMBER
program in order to provide necessary atomic constraints prior
to energy minimization and MD simulations. The complex was
immersed in a 20.0 A radius sphere of SPC/E water centered
around the mutating group and subjected to a half-harmonic
restraint near the boundary to prevent evaporation. During the
simulation, all atoms of the protein were fixed beyond 20.0 A.
All nonbonded interactions involving the inhibitors and the
charged residues of the protein were computed with an infinite
cutoff, whereas a 15.0 A nonbonded residue based cutoff was
used for all other residues of the system. The algorithm for
the complex simulation was identical to the solvent simulation
except for the absence of periodic boundary conditions.

Free energy calculations were carried out after the solvated
inhibitor and the ADA-inhibitor complex were energy mini-
mized and subjected to a 20 ps preequilibration step using
molecular dynamics. Energy minimization was accomplished
using the AMBER force field and 500 steps of steepest descent
followed by 2000 steps of conjugate gradient (RM®.5 A).

Free energies were calculated using the TCP methodology.
Accordingly, the free energy change for converting the reactant

?Sl) into the product (S2) was computed by slowly perturbing

the Hamiltonian of S1 into S2 and summing the incremental
free energy changes for a series of equally spaced nonphysical
states {;) that lie along a path linking the initiak(= 0) and

final (A = 1) states. A total of 51 windows were used with
each window comprising 2.5 ps of equilibration and 5 ps of
data collection. The relative solvation free energy change for

(17) Verlet, L.Phys. Re. 1967, 159 98-103.
(18) Ryckart, J. P.; Ciccotti, G.; Berendsen, H. J.JCComput. Phys.
1977, 23, 327-341.



3298 J. Am. Chem. Soc., Vol. 120, No. 14, 1998 Erion and Reddy

Table 3. Ab Initio Results standard deviation. The root-mean-square of these window
compd E(HF)? E(O) AE(V)P TS errors is reported as a measure of t_he statistical uncertainty in
1R 447 33356 68.065 1863 23432 the results for each 'complete mutation. _
1P —523.361 00 87.102 2.969 25.984 Resonance EnergiesBond separation energies for benzene,
2R —431.348 43 75.890 1.953 23.589 9-methylpurine, 8-aza-9-methylpurine, 2-aza-9-methylpurine,
2P —507.373 83 95.026 3.053 26.211 and pteridine and their corresponding hydrates were determined
3R —431.348 80 75.924 1.943 23.558  ysing energies calculated for all molecules of the corresponding
ig :igzgzg gg gg:gg; iggé gg:éig isodesmic reactiof? Global minimum Qnergies for each
4P _507.371 51 95.074 3.069 26.265 molecule were calculated on fully optimized structures using
5R —415.358 43 83.650 2.031 23.709 Gaussian92 at the 6-31G** basis set level. The zero-point
5P —491.382 32 102.768 3.136 26.327 vibrational energies for each molecule were calculated using
gg *gggg?é 8? ?3-813 %-ggg ggggz calculated harmonic frequencies. Benzene was included in the
7R —431.338 24 75,737 1011 23,561 set of molecules for comparison to literature values.

P —507.360 38 94.797 3.048 26.157

8R —431.714 05 84.917 2.029 23.715 Results

8P —507.756 01 103.871 3.268 26.689 . .

9aR —486.380 55 86.365 2915 25.802 The calculated global minimum energies for each heteroaro-

9aP —562.403 25 105.216 3.824 27.825 matic compound (Tables 1 and 2) and its corresponding hydrate

9bR —486.380 55 86.365 2.915 25.802 are shown in Table 3.

?ng :?gg-gig gé 19?-2% g-;gg gg-?g Azanaphthalenes. Hydration free energy differences for 10

10aP 858980 10 90.308 1.993 30.872 azanaphthalenes were calculated and compared to experimental

10bR —782.943 69 71.629 3.975 28.782 data (Table 4). The ratio of the hydrated neutral species to the

10bP —858.978 28 90.808 5.096 31.525 anhydrous neutral species is reported for 1,3,5,8-tetraazanaph-

11R —448.514 77 83.221 2.682 25.746 thalene {, pteridine)22 1,3,8-triazanaphthalen&)(2® 1,3,5-

11p —524.52682  102.216 3.907 28.323  triazanaphthalend),2° 1,3,7-triazanaphthalend)@and 1,3-

1R e s 2009 2o0%9  diazanaphthalenésf® to be 2.9x 1071, 2.0 x 107, 4.5 x

13R —464429 70 74560 2633 25482 l(TS, 2.0x 102, and 5.5x 105, reSpeCtiVely. Conversion of

13P —540.450 06 94.003 3.792 27.935 these data to hydration free energy differences relative to

14R —432.512 19 90.826 2.683 25.222 pteridine for compound2—5 gave results in good agreement

14p —508.516 04 109.582 3.933 27.953  with the calculated results. Similarly, t#eAGyq of —6.1 kcal/

15R —432.51211 90.737 2.759 25.651 mol for 7-azapteridineq) relative to pteridine correctly predicted

15P —508.524 96 109.914 3.871 28.281 . . . .

16R _784 198 25 86.750 1847 31678 the experimental observation, i.e., thas completely hydrate@?!

16P —860.149 68 105.567 5.898 33.147 under conditions in which pteridind) is approximately 20%

17R —547.371 14 78.064 3.159 27.020 hydrated??

17p —623.398 17 96.829 4.231 29.085 The extent of hydration is also reported to be dependent on

18R —547.37527 77.898 3.147 21.348 both the ionic state of the molecule as well as on the substituents

18P —623.388 09 96.930 4.368 29.488 L

19R 547368 01 78.025 3.147 26.723 attached to the heteroaromatic ring. For example, 1,4,6-

19pP —623.378 30 97.061 4.388 29.479 triazanaphthalener) is poorly hydrated as the neutral species

20R —376.604 76 74.136 2.199 23.833 (1.0 x 104, whereas the protonated speci8shas a ratio of

20P —452.647 50 93.339 3.396 27.165 hydrated species to anhydrous species d®9%he correspond-

21R —475.440 71 68.668 2.722 25.219 ing hydration free energy difference of 8.2 kcal/mol is quali-

21P —551.487 29 88.020 3.895 28.197 . o

tatively similar to the calculated value of 10.9 kcal/mol and

2 Units are in Hartreeg: Units are in kcal/mol afl = 298 K. R= supportive of the experimental finding that the protonated

reactant. P= product (hydrate). molecule is strongly hydrated relative to the neutral species.

Similar success was achieved in calculations of substituted
azanaphthalenes. In specific, pteridines substituted at C4 with
AG;- AG, = AGaq — AGgasz AAG,, (6) either methyl 9) or trifluoromethyl (L0) were studied (Scheme
2). Experimentally 4-trifluoromethylpteridind @) is completely
The relative binding free energy change for the two molecules hydrated under conditions that produce approximately 20% of
was computed using eq 7 the 3,4-double bond hydrate of pteriddh@nd no detectable
hydrate of 4-methylpteridinedj.7220a20c As shown in Table
AG, = AG, = AG, — AG,,=

_ _ (19) Roberiro da Silva, M. A. V.; Matos, M. A. R.; Morais, V. M. B.
kBT In(k2/k1) = AAGying ) Chem. Soc., Faraday Tran995 91, 1907-1910.
] (20) (a) Perrin, D. DJ. Chem. Socl962 645-653. (b) Armarego, W.
whereAGgom and AGyq are the free energy differences for the L. F. J. Chem. Socl962 4094-4103. (c) Albert, A Angew. Chem., Int.

two molecules in the complex and solvent, respectiviedyis Ed. Engl.1967 6, 919-928.

. (21) Compounds reported to be “completely hydrated” were arbitrarily
the Boltzmann constant, is the absolute temperature, and k1 assumed to hydrate 99.99% based on results for related compounds which

and k2 are the binding constants for S1 and S2, respectively.were analyzed using the same experimental methods and quantitatively
Free energies were calculated in solvent and in the complexmeasured to hydrate 99.9%.Accordingly, the experimental relative

; A 1 adi _ hydration free energies were calculated using the equatioBhyg = —RT
for both the mutation of HPR to §-6-hydroxy-1,6-dihydro In(o/a) whereo and a; are the ratios of the hydrated séecies to the

8-azapurine riboside (8-aza-HPR) and the reverse. Results inanhydrous species for compourddand compound?, respectively. If
each phase of the simulation are the average of four calculationscompoundl is completely hydrated, them, is 9999.

i.e., forward and reverse mutations starting with HPR and 8-aza- 135)2_224%“'”' N. E. C.; Brown, D. J.; Sugimoto, T. Chem. Soc. A.97Q
HPR. Error bars are estimated for each window by dividing " (23) perrin, D. D.; Inoue, YJ. Phys. Chem1962 66, 1689.

the window statistics into four groups and computing the  (24) Clark, J.; Pendergast, W. Chem. Soc. C1969 1751-1754.

two molecules (S1 and S2) was computed using eq 6
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Table 4. Relative Hydration Free Energy Differences for Azanaphthafenes

compds AAHg® TAASs AAGgss AAAGf AAGryfca0) AAGh e d
1-2 ~1.372 ~0.070 ~1.302 -13 —2.6 2.9
1-3 ~0.797 —0.006 —0.791 -1.2 -2.0 -25
1-4 ~0.009 ~0.101 0.092 -13 ~1.2 -16
1-5 —2.308 —0.066 —2.242 -1.8 ~4.0 -5.1
1-6 4558 ~0.012 4.570 15 6.1 6:2
3-5 ~1511 ~0.060 ~1.451 -0.6 -2.1 -26
7-8 12.410 ~0.378 12.788 -1.9 10.9 8.2
9b— 9a ~5.437 1.122 —6.559 0.7 ~5.9
10a— 9b —3.229 ~1.055 —2.174 -1.0 -3.2
10b— 10a 1.745 0.653 1.092 0.8 1.9
1-10a 6.075 0.462 5.613 -0.2 5.4 6.2
5—10a 8.382 0.528 7.854 15 9.4 113
3-10a 6.872 0.468 6.404 1.1 75 8.7

aUnits are in kcal/mol® AAE(HF) + AAE(0) + AAAE(v). ¢ Standard errors ranged from0.4—0.5 kcal/mol.¢ References for the ratios of
hydrated species to anhydrous species for each compound are reported 9iRefgtence 21.

Scheme 2 Table 5. Relative Hydration Free Energy Differences for Purine
HO. X Analog$
" N compds AAHg? TAASus AAGgs AAAGsE  AAGryd©0
— ) 11-12 6532 —0020  6.552 05 71
S N 11-13 4.832 0.124 4.708 0.4 51
X 11-14 —-4.932 -0.154 -4.778 -0.5 -5.3
4N Sa X=CHs 11-15 0433 -0.053 0486 —0.6 -0.1
N ) +mo 102 X=CFs 11-16 6238 1108 5130 -0.4 4.7
\\ 27 2 11-17 9.783 0.512 9.271 0.8 8.5
N N X 11-18  0.451 0.437 0.014 -05 -0.5
11-19 -1.161 -0.179 -—-0.982 —-0.4 —-1.4
9 X=CHj N7 Na
10 X =CF3 ‘ j\ aUnits are in kcal/mol? AAE(HF) + AAE(0) + AAAE(V). € Stan-
- KN N OH dard errors ranged from0.3—0.5 kcal/mol.
H
9b X =CHs analogues with more favorable hydration equilibria, the effect
10b X =CFg of purine ring atoms and ring substituents on the extent of purine
hydration was studied. Since the ribose was not expected to
4, the relative hydration free energy difference f0aand1 is significantly affect hydration of the purine base, the ribose was

5.4 kcal/mol, which is qualitatively similar to the lower limit ~ replaced with methyl in the relative hydration free energy
of 6.2 kcal/mol estimated from the experimental data and baseddifference calculations. From the results shown in Table 5,
on the detection limits reported for the analytical methodofsgy. ~€lectron withdrawing groups at C6, e.g., fluofa) or trifluo-
The calculated results also correctly predicted the large differ- romethyl (L6), produce the largest enhancement in hydration,
ence in hydration between the meth9k] and trifluoromethyl which is reminiscent of results found for carbonyl-containing
(10a) pteridine analoguesy9 kcal/mol). In this case, only a compounds. The order of hydration was predicted for 9-meth-
lower limit could be estimated, sin@does not form measurable ~ Ylpurine analogues to be 6-fluoropurin@7f > 6-trifluoro-
quantities of the 3,4-double bond hydrate but rather forms a methylpurine {6) > purine (1) > 2-fluoropurine {8) >
small percent of the 5;67,8-dihydrate as the protonated 8-fluoropurine (9). In addition to substituted purines, a set of
speciegd? aza and deaza 9-methylpurine analogues was evaluated. Results
The relative hydration free energy differences for the 7,8- Shown in Table 5 indicate that the order of hydration is
double bond hydrates of bothand10 were calculated in order ~ 8-8Zapurine 12) > 2-azapurine 13) > purine (1) > 7-de-
to assess whether the dependence of the hydration site on th@Zapurine 15) > 3-deazapurineld). Hence, the extent of
substituent at C4 could accurately be predicted. As shown in Nydration is decreased by the deletion of heteroatoms in the
Table 4, the calculated results support the hydration site PUrne ring and increased by the addition of heteroatoms.

preference observed experimentally in that A&Gpq for the The calculated hydration free energies indicate that the
3,4-double bond hydrate and 7,8-double bond hydrate for addition of a nitrogen at the 8-position (i.e., 8-aza-9-methylpu-
4-methylpteridine 9) is 5.9 kcal/mol, whereas it is-1.9 kcal/ rine 12) enhances hydration to the largest extent, i.e., 7.1 kcal/

mol for 4-trifluoromethylpteridine0). The modest preference Mol more favorable than 9-methylpurine. Experimentally the
for the 3,4-double bond hydrate fa0 is consistent with the hyqrate of 8-(_:12apur|r_1e riboside is undetectable in soliffion,
experimental observation that in aqueous solutidis reported which is consistent with the calculated result, despite the large
to first form the 5,6-7,8-dihydrate which then equilibrates over AAGhya, since 9-methylpurine, like purine riboside, is likely to
time to the more stable 3,4-double bond hydfate. have a highly unfavorable equilibrium constakt.{ = 1077)

I 0,
Purines. Purine riboside is predicted to hydrate across the an_lqhtgerr;;c:ir\t/eeeﬁ Isdtrsaii‘zr:hf?ere]yg:i}re leﬁafshz\?sg.ia/?éulate d for
N1—C6 double bond to an extremely limited extent in agueous y gy

solutions based on the equilibrium constai= 1.1 x 10°7) pteridine and 9-methylpurine in order to assess the accuracy of

. . - the calculations with two molecules of greater structural
estimated from spectroscopic studies conducted on 1-methylpu dissimilarity. The calculated result¢-11, —9.3 kcal/mol) was

rinium ribonucleoside catioff. In an effort to identify purine

(26) (a) Albert, A.J. Chem. Soc. @966 427—433. (b) Bunning, J. W.;
(25) Jones, W.; Wolfenden, R. Am. Chem. Sod 986 108 7444- Perrin, D. D.J. Chem. Soc. @966 433-436. (c) Albert, A.J. Chem. Soc.
7445. B 1966 438—-441.
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compd Bond Separation Reaction
Benzene Benzene + 6CH, —»  3CH3CH3 + 3CH,CH,
11 11 + BNH3+7CH, —— 3CH,NH + C,H, + 6CH3NH, + CH3CH;

2CHyNH + CoH, + 7CH3NH, + CHaCH; +
CH,OH

2CH,NH + CoHy + NoH, + 5CH3NH, +
CH30H3 + N2H4

CH2NH + CZH4 + N2H2 + 6CH3NH2 +
CHSCHs + N2H4 + CH30H

2CH,NH + CoH, + NoHp + 5CHaNH, +
CHaCHy +NoH,

CHoNH + CoHg + NoHyp + 6CHaNH, +
CH30H3 + N2H4 + CHgoH

11 ¢ Hy0 11eH,0 + 5NHz+8CH, —»
12 12 + 6NH3+6CHy, —>
120 H,0 12¢H,0 + 6NHz+7CH, —»
13 13 + 6NHz +6CH; ——>

13 ¢ H,0 13eH0 + 6NHz+7CH, —

1 1 + 4NH3 + 80H4 — 4CH2NH + 4CH3NH2 + 02H4 + 2CH30H3
1e H20 1e H20 + 4NH3 + QCH4 > gCHHél:'H + SCHS NH2 + C2H4 + 20H3CH3 +
3

Figure 1. Bond separation reactions for benzene and compoindi§, 12, and13 and their corresponding hydrates.

Scheme 3 Table 6. Calculated Bond Separation Energies (kcal/mol)
AE(HF) AE(0) AE(HF)-+ AE(0)

OH
X N O X NH benzene 58.23 5.92 64.15
\& ‘——2; | /J\ 9-methylpurine 11) 118.63 15.97 134.60
N o N o) 11-H,0 107.64 17.53 125.17
H Ly

é X s AAE? —10.99 1.56 -9.43
-H 8-aza-9-methylpurinel@)  124.70  16.39 141.09
20 12-H,0 120.44 17.86 138.30
AAE? —4.26 1.47 -2.79
similar to the experimental value estimated for pteridifjeafd 2-aza-9-methylpurinel@®  107.07  16.96 124.03
purine riboside 8.8 kcal/mol)202.25 13-H,0 101.46  18.11 119.57
Pyrimidines. Simple pyrimidin-2-ones are reported t0 s\ \ga 561 115 —4.46
hydrate approximately 0-11% in aqueous solution (Scheme -
3).27 Zebularin, 2-(H)-pyrimidinone riboside, inhibits cytidine gfﬂzgme 0 ﬁggs ﬁgi ﬁg'gg
deaminase (CDA) with &i(app) = 10 uM,?82 whereas the
AAE? —2.33 1.75 —0.58

5-fluoro analogue inhibits CDA with &;(app) = 1 uM.28b

Similar to studies on purine riboside, the hydration free energy 2 Resonance energy difference (hydratenhydrous).

difference for the corresponding 1-methyl analogues was

calculated and shown to favor the 5-fluoro analo@leover mol. The results indicate that in solution the N3(H) pteridine

the unsubstituted analog@® by 1.6 kcal/mol. tautomer is further stabilized and based on the sum of the free
Tautomer Energies. Gas-phase quantum mechanical free energies is favored over the N1(H) tautomer by 1.9 kcal/mol.

energies were calculated for the N3(H) tautomer of purine, the  gesonance Energies.Resonance energies were calculated

N1(H) and N8(H) tautomers of pteridine, the N3(H) tautomer ¢, e anhydrous and hydrated forms of four heteroaromatic

of 7-deaza-9-methylpurine, and the enol tautomer of pyrimidin- compounds. Results obtained using the indicated isodesmic

2-one. In all but the N1(H) tautomer of pteridine, energies for reactions (Figure 1) are shown in Table 6 and indicate that

the geometry optimized structures were greater than 12 kcal/ hydration of 9-methylpurineldl) results in a large decrease in

mol higher than the tautomers shown above. These results areresonance energy-0 kcalimol), whereas only a small decrease
consistent with previous experimental and theoretical studies. ay ' Y

on purine tautomerisi#. The relative solvation free energy was is found for pteridine) and its hydrate. _AnaIyS|s of two purine .
calculate@ for the N1(H) and N3(H) tautomers of pteridine analogues suspected to hydrate considerably more than purine

since their gas-phase free energies differed by only 1.4 kcal/ tSelf, namely 8-aza-9-methylpurin2) and 2-aza-9-methylpu-
rine (13), show that both compounds lose considerably less

2852_72)9'6""””2‘(3" A.R.; Kingsland, M.; Tee, O. 3. Chem. Commun.96§ resonance energy upon hydration compared to 9-methylpurine
(28) (a) McCormack, J. J.: Marquez, V. E.; Liu, P. S.; Vistica, D. T.; (1)

Driscoll, J. S.Biochem. PharmacolL98Q 29, 830-832. (b) Driscoll, J. S; Adenosine Deaminase Binding Affinity. The average

Marquez, V. E.; Plowman, J.; Liu, P. S.; Kelly, J. A.; Barchi, Jr., 10.J.

Med. Chem1991 34, 3280-3284. structure for the ADA-HPR complex generated after energy
(29) (a) Pullman, B.; Pullman, Mdv. Heterocycl. Chenl971, 13, 77. minimization and equilibration with 20 ps of MD simulation

(b) Chenon, M.-T.; Pugmire, R. J.; Grant, D. M.; Panzica, R. P.; Townsend, showed considerable movement of atoms in the vicinity of the
L. B.J. Am. Chem. Sod975 97, 4627-4642. (c) Erion, M. D.; Stoeckler, . . . . y
J.D.; Guida, W. C.; Walter, R. L.; Ealick, S. Biochemistry1997, 36 zinc ion when these residues were not constrained. After

11735-11748. constraints were applied, however, the average structure was
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AG, AG, at the site of hydration is common to both carbonyl-containing
22R (gas) 22R (aq) + ADA (aqQ) ——— - 22R:ADA(aq) .
compounds and heteroaromatic compounds. In both cases,
electron withdrawing groups enhance hydration, whereas elec-
. i ; ] tron donating and sterically bulky groups diminish hydration.
AGw  CYCLE 1 4G CYCLE 2 AGeom Accordingly, 1,1,1-trifluoromethylacetone is known to be
completely hydrated in agueous solution, whereas acetone is
AG AG only about 0.1% hydratetl. Similarly, experimental data for
23R (gas) ’ 23R (aq) + ADA (aq) — = 23R:ADA (aq) pteridine analogues show that 4-trifluoromethylpteridité) (

Figure 2. Thermodynamic cycles used to calculate the relative binding €XIStS as the hydrate in aqueous solution, whereas pteridine is
free energy (cycle 2) and relative solvation free energy (cycle 1) for Only partially hydrated420%) and 4-methylpteridin®) shows

the ER-stereoisomer of the 1,6-double bond hydrates of purine riboside N0 Mmeasurable hydrate. In fac hydrates only as the
(22R) and 8-azapurine ribosid@3R). AAGso = AGaq — AGgas= —1.1 protonated species and only across the-%,8-double bonds

+ 0.5 kcal/mol andAAGying = AGcom — AGaq = 3.1+ 0.7 kcal/mol to form the corresponding dihydratt. As was previously
(23R—-22R). shown for carbonyl-containing compourfiie combined use

of ab initio quantum mechanical calculations and free energy

similar to the X-ray structure with root-mean-square deviations perturbation methods accurately predict the effect of these
of less than 1.0 A for backbone atoms and 1.45 A for side chain substituents on heteroaromatic hydration. These calculations

atoms. indicate that the difference in hydration between the methyl-
Using this structure and the TCP method, the relative binding and trifluoromethylpteridine analogues is approximately 9 kcal/
free energy for HPR22R) and its 8-aza analogu@3R) was mol, which is similar to the 7 kcal/mol difference reported for
calculated (Figure 2, Cycle 2). The results indicate 2&R trifluoromethylacetone and acetofieFurthermore, hydration
has a 190-fold lower intrinsic binding affinity relative #2R free energy differences between the 3,4-hydrate and the 7,8-

(AAGping= 3.1% 0.7 kcal/mol). The decreased binding affinity hydrate were calculated for both analogues and the results shown
is attributed in part to a 1.5 0.5 kcal/mol increase in  to accurately predict the dependence of the preferred hydration
desolvation energy for the 8-aza analogue as calculated fromsijte on the substituent at C4.

the gas phase and solvent phase free energies (Figure 2, Cycle | aqdition to ring substituents located at the site of hydration,

1). heteroaromatic compound hydration is affected by substituents
) ) located at other ring positions as well as by the ring atoms and
Discussion the type of aromatic ring. For example, protonation of 1,4,6-

Using methodology previously applied to carbonyl-containing tnazangphthglene?}, WhICh is known to occur exclu_swely on
compounds, relative hydration free energy differences for a the Pyridyl nitrogen, is reported to have a dramatic effect on
variety of structurally diverse heteroaromatic compounds were the hydration equilibrium with the neutral molecule existing
calculated and the results compared to experimental data. AsPrédominantly in the anhydrous form and the protonated species
indicated in Table 4, both gas-phase quantum mechanical energy(8) existing as the hydrafé. The enhanced hydration of the
(AAGg9 and solvation free energyAAAGs,) differences 1.,2-double bo.nd |s]|kely to result from the |ncreasgd con.trllbu-
contributed to the final relative hydration free energy difference. tion of the quinonoidal resonance structure (4-aminopyridine-
Good agreement with experimental data was achieved across 4YPe resqnancé)’. Calculation of the relative hydration free
set of compounds exhibiting a wide range of hydration equi- €nergy dlfferenc_e between the unprotonated and protonated
librium constants (16°—10%). Furthermore, good agreement forms of 1,4,6-triazanaphthalene gavAaGnyq = 10.9 keal/
was achieved without including electron correlation contribu- Mol which is consistent with the qualitative data reported in
tions in the calculation 0AAGgas The accuracy of these results the I_|tera_1ture. Othgr examp_les are des_crlbed in t_he literature
is attributed in part to the cancellation of systematic errors which that implicate both ring substituents and ring atoms in resonance
arise in the gas phase quantum mechan|cal free energy and ir§tab|l|zat|0n or destab|l|zat|0n Of the Unhydl’ated Spet“é’*lese
the solvation free energy calculations but are canceled whenresults indicate that heteroaromatic hydration is frequently more
calculating the difference between two hydration reactions complex than carbonyl hydration since inductive effects can be
involving structurally similar molecules. For example, errors transmitted through aromatic-systems.
in the free energy contribution of the water molecule completely = These factors alone, however, fail to explain several well-
cancel when calculating relative differences since the water known examples of heteroaromatic hydration. In particular, the
molecule is common to both reactions. Furthermore, calculation 107-fold rightward shift in the hydration equilibrium for pteridine
of relative solvation free energies avoids the large structural (1) relative to purine riboside2d). This shift is not readily
perturbation between $pnd sp hybridized molecules present  explained by the presence of the ribose2i given the low
in the absolute free energy calculations and therefore errorslikelihood that the 9-substituent influences the hydration reaction
arising from poorly converged calculatiofs. and given the lack of detectable quantities of the hydrated

Results from a variety of studies indicate that hydration of species generated from puriReas well as several purine
heteroaromatic compounds is highly dependent on the presence@nalogue¥cin both neutral and acidic solutions. Furthermore,
and position of heteroatoms in the ring, their protonation state, the close structural similarity between the heteroaromatic ring
and the position and nature of the substituents attached to thesystems makes it unlikely that differences in electronic and steric
ring. Some of the molecular factors that control the hydration effects can account for the large difference in hydration. In
reaction are similar to factors previously identified in theoretical fact, no structural differences are found in the pyrimidine ring
studies on carbonyl-containing compounds, which as recently or near the hydration site, i.e., the 1,6-double bond of the
reported by Wiberg included inductive effects that stabilize or pyrimidine ring. Thus, the only structural difference between
destabilize the unhydrated species, ring strain, and bondthe pteridine and purine ring system is in the ring fused to the
eclipsing® For example, the dependence of the hydration pyrimidine ring, which differs by a single aromatic carbon atom
reaction on the electronic and steric nature of substituents locatechot even directly bonded to the pyrimidine ring. For similar
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reasons, steric and electronic effects are also not expected td&Scheme 4
produce a large difference in product stability. A small — -
difference, however, cannot be ruled out, especially given that HaNo_ .
an intramolecular hydrogen bond can form between the hydroxyl /
and either the pyrazine or imidazole ring nitrogen. A large < ’
difference in the strength of this hydrogen bond is unlikely, HO o y N
however, based on the relative basicities of each nitrogen. w

One factor that could account for the large difference between

purine and pteridine hydration is the relative loss in aromaticity | HO OH ]
accompanying hydration of a heteroaromatic ring as indicated _
by the difference in resonance energy between the anhydrous TS Intermediate

species and hydrated product. Strong support for aromaticity

as a key factor is evident from the resonance energies calculated

for pteridine and 9-methylpurinél{) using the corresponding

isodesmic reactions (Figure 1). As shown in Table 6, hydration N
of 9-methylpurine results in a 9.4 kcal/mol loss in resonance </
energy, whereas pteridine loses only 0.6 kcal/mol. This 8.8 HO N N
kcal/mol difference readily accounts for the free energy differ-
ence in hydration of purine relative to pteridin®XGpyq (calc)

= 9.3 kcal/mol;AAGpyq (exp) ~ 8.8 kcal/mol). Analogously,
analysis of the resonance energy lost upon the hydration of
8-aza- and 2-aza-9-methylpurine suggests that these analogueScheme 5

should also exhibit increased hydration relative to the corre- OH
sponding purine analogue. Indeed, the difference in resonance

energy lost between 8-aza-9-methylpuriri®)(and 9-meth- N/IN\\ H,0 T N\

OH

ylpurine (11) is 6.6 kcal/mol, which is similar to the hydration K
free energy difference of 7.1 kcal/mol. Similarly, the difference

in resonance energy for 2-aza-9-methylpurib® @nd 9-meth- R
ylpurine is 5.0 kcal/mol, which is again very close to the
calculated hydration free energy difference of 5.1 kcal/mol.
These results strongly support differences in aromaticity as a 1 Me CH 22 ribose CH

- . - 12 Me N 23 ribose N
key factor in heteroaromatic hydration. 24 ribose CH

25  ribose N

[>-]
>

R X

Design of Enzyme Inhibitors ) . )
Two examples are reported in the literature that unambiguously

Interest in heteroaromatic hydration stems in part from the demonstrate the involvement of the hydrated species in the
realization that covalent hydration can produce hydrated speciesinhibition of deaminases and the potential power of substrate
which potently inhibit certain enzymes, especially enzymes that analogues as deaminase inhibitors. In one example, purine
catalyze reactions involving hydration and hydrated molecules riboside, which is the desamino analogue of adenosine, was
in the transition state (TS). Enzymes of particular interest to shown by both spectroscopic studfesand by an X-ray
us are the deaminases that catalyze the hydration of-&-N crystallograph¥ to exist as the 1,6-double bond hydrate (i.e.,
NH; heteroaromatic double bond, since many of these enzymesHPR, 22R) in the ADA—inhibitor complex. In the other
represent potential drug targets. For example, inhibitors of example, the 3,4-double bond hydrate of a desamino analogue
adenosine deaminase (ADA)which catalyzes the hydration  of cytidine was identified as the inhibitor of CDA by X-ray
of a purine ring during the conversion of adenosine to inosine crystallography’® The presence of the hydrated species in these
and cytidine deaminase (CDA)which catalyzes the hydration  binding sites under conditions that produced no detectable
of a pyrimidine ring during the conversion of cytidine to uridine, quantities of the hydrated form in aqueous solutiexlb)
are reported to have substantial therapeutic potential for treat-suggests that the hydrated species may be associated with
ment of cardiovascular disease and cancer. extraordinarily high enzyme binding affinities. In the case of

Efforts to design potent and specific inhibitors of deaminases purine riboside, the hydration equilibrium constant was estimated
have focused on molecules that mimic the TS structure. Sinceto be about 107 using model reaction®$2 The inhibitory
the TS structure most likely resembles the hydrated intermediate,constant for the hydrated species was therefore calculated to
stable TS mimics containing a hydroxyl group attached to a be a remarkable 133 M3¢bcpased on the apparent inhibitory
tetrahedral carbon located in a position analogous to the purineconstant of purine riboside (18 M)36¢ and the mathematical
hydration site were designed (Scheme®%)Alternatively, relationship that relates each parameter, Kgapp)= K"(1 +
substrate analogues that undergo reversible covalent hydrationl/Keg) ~ Ki*/Keg
may represent an even bgttgr strategy since the hydrated product (33) Wolfenden, RAcc. Chem. Red972 5, 10-18,
has higher structural similarity to the TS structure and therefore (349 kurz, L. C.. Frieden, CBiochemistryl987 26, 8450-8457.

would be expected to exhibit greater potency and speciftéity. (35) (a) Betts, L.; Xiang, S.; Short, S. A.; Wolfenden, R.; Carter, C. W.
J. Mol. Biol. 1994 235 635-656. (b) Xiang, S.; Short, S. A.; Wolfenden,
(30) Agarwal, R. PPharmac. Ther1982 17, 399-429. R.; Carter, C. W., JrBiochemistryl995 34, 4516-4523.
(31) Marquez, V. EDevelopments in Cancer Chemotherapylazer, (36) (a) The equilibrium constant represents the value obtained using
R. I, Ed., CRC: Boca Raton, FL, 1984; pp-9114. the convention for dilute aqueous solution that treats water as unity. (b)

(32) (a) Erion, M. D.; Bookser, B. C.; Kasibhatla, S. R. U.S. Patent The trueK;" is half this value since only thB-stereoisomer is active. (c)
5,731,432. (b) Marrone, T. J.; Straatsma, T. P.; Briggs, J. M.; Wilson, D. The value oK;" is dependent on the value for the apparent inhibitor constant
K.; Quiocho, F. A.; McCammon, J. Al. Med. Chem1996 39, 277—284. which is reported as 2.9 1076 M by Jones et al® and as 1.6< 105 M
(c) Evans, B.; Wolfenden, Rl. Am. Chem. Sod.97Q 92, 4751. by Shewach et &
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Figure 3. Stereoview of the murine adenosine deaminase active site &)eb{Bydroxy-1,6-dihydro-8-azapurine ribosid23R, yellow) after
energy minimization (see Methods). Purple sphere represents the zinc ion which is coordinated with the side chain imidazole groups of His15,
His17, and His214, the side chain carboxylate of Asp295 and the 6-hydroX$Rof

The highly unfavorable equilibrium constant exhibited by potency was not determined but could be due to either enhanced
purine riboside suggests that its rather modest inhibition of ADA hydration of the nucleoside or to increased binding affinity of
(Ki(app)) could be significantly enhanced if structural modifica- the hydrated species. Calculation of the relative binding affinity
tions were identified that enhance hydration without decreasing for the hydrated species indicated that the 8-aza analdgRe
the binding affinity of the hydrated species. Our calculation (R denotes thefg-stereochemistry) loses 3#10.7 kcal/mol of
of relative hydration free energies for pteridine analogues binding energy thereby eliminating this potential explanation
showed that hydration was profoundly affected by modifications for the 400-fold improvement in ADA inhibitor potency
in the position or number of heteroatoms in the ring, the exhibited by25 (Figure 2). The loss in binding affinity &3R
substituents attached to the ring as well as the structure of theis partly attributed to a 1.1+ 0.5 kcal/mol increase in
fused-ring system itself. Similarly, our analysis of purine desolvation energy as calculated using the first thermodynamic
analogues showed that the ease of hydration for the ring cycle (Figure 2). The remaining portion of the lost binding
modified 9-methylpurine analogues favored analogues with the energy, i.e., 2 kcal/mol, likely represents a loss in intrinsic
greatest number of ring nitrogens, i.e., 8-azapurih®d (> binding affinity which, as observed in the energy minimized
2-azapurine 13) > purine (1) > 7-deazapurine 15) > ADA complex, may arise from an unfavorable electrostatic
3-deazapurinel{d) (Table 5). This trend is attributed to the interaction between the 8-nitrogen and one of the oxygens in
reduced aromatic character of nitrogen rich heteroaromatic the side chain carboxylate of Asp296 (Figure 3).
compounds as is further supported by calculation of bond The other possible explanation for the 400-fold improvement
separation energies for 9-methylpurine and its 8- and 2-azain inhibitory potency exhibited by 8-azapurine ribosi@g)(may
analogues (Table 6). Analysis of substituted 9-methylpurine relate to a greater propensity of the 8-aza analogue to hydrate.
analogues indicated that electron withdrawing groups at C6 The relative hydration free energy difference between 9-meth-
produce a large enhancement in hydration, whereas electronylpurine (11) and 8-aza-9-methylpurind 2) strongly supports
withdrawing groups at the 2- and 8-positions have little or this possibility, since the difference is 7.1 kcal/mol or ap-
possibly detrimental effects on hydration (Table 5). proximately a 5-order of magnitude rightward shift in the

To assess whether the modification results in an overall equilibrium constant for the 8-aza analogue. The large en-
increase in the apparent inhibitory constant, both the relative hancement in hydration is somewhat surprising, since the
hydration free energy and the relative binding free energy for hydrated species is not detected in aqueous solé&tfoiiow-
the hydrate in the enzyme complex must be calculated. Theever, given the highly unfavorable equilibrium constant for
sum of these free energies is the free energy difference purine riboside (107), the failure to detect the hydrated species

corresponding to the relative change in inhibitory potergy, may be plausible especially considering that the predicted

(app)Ki'(app), as shown in eq 8. equilibrium constant would still be on the order of £0
Furthermore, studies of other 8-azapurine analogues indicate

AG, = —RTIn(Ki(app)K;'(app)) that the 8-aza substitution has a large effect on hydration. For

= AAG, 4+ AAGyq (8) example, the cation of 8-azapurine and several analo§d&s,
including the 2-amino-, 2-hydroxy-, 2-mercapto, 7-mett¥l,
Accordingly, we calculated G for purine riboside 24, K- and 8-methy# analogues, are reported to be highly hydrated,
(app)= 1.6 x 1075 M) and 8-azapurine ribosid@%, Ki(app) whereas purine and purine analogues are’h&esonance
= 4.0 x 1078 M), since this single structural change in purine energy differences for 9-methyl-8-azapuriri)(and 9-meth-
riboside is reported to increase inhibitory potency 400-fold Ylpurine (11) relative to their corresponding hydrates (Table 6)
(Scheme 5% The molecular reason for this enhancement in suggest that hydration results in less loss of resonance energy

(37) Shewach, D. S.; Krawczyk, S. H.; Acevedo, O. L.; Townsend, L. (38) (a) Albert, A.; Tratt, KJ. Chem. Soc. 1968 344—347. (b) Albert,
B. Biochemical Pharmacolog¥992 44, 1697-1700. A. J. Chem. Soc. C1968 2076-2083.
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for 12 (6.6 kcal/mol) and therefore that differences in aromaticity hydration of heteroaromatic compounds relates to the loss of
may be the key factor accounting for the large hydration free aromaticity that accompanies hydration of the heteroaromatic
energy differences between purine and 8-azapurine analoguesting. In fact, differences in resonance energy losses accounted
The calculated results therefore provide a clear explanation for the 10-fold greater propensity of pteridine to hydrate relative
for the 400-fold enhancement observed in the inhibitory potency to its close structural analogue 9-methylpurideAGhyq (€XP)
between purine riboside and its 8-aza analogug&he relative ~ 8.8 kcal/mol;AAGnyq (calc) = 9.3 kcal/mol).
hydration free energy difference\AGnyg = —7.1 kcal/mol) (3) Accurate calculation of relative inhibitor potencies for
indicates that the 8-azapurine analogue hydrates about 160 000ADA inhibitors that undergo covalent hydration requires
fold greater than the corresponding purine analogue, whereascalculation of both the hydration free energy difference as well
the hydrated form of the 8-aza analogue loses approximatelyas the difference in the binding free energy for the hydrated
190-fold in binding affinity AAGuing = 3.1 kcal/mol). These  molecules complexed to ADA. The importance of calculating
results predict that the hydration equilibrium constant6is both free energies was demonstrated in a study of purine riboside
approximately 1.8< 1072 compared to 1.x 1077 for purine and its 8-aza analogue. The results showed that the 400-fold
riboside @4) and that the binding affinity for the hydrate 2% greater inhibitor potency for the 8-aza analogue was due to
is 3.4 x 10719 M compared to 1.8< 10712 M for the hydrate increased hydration since hydration of 8-aza-9-methylpurine was
of purine ribosid€® The net effect is a 4.0 kcal/mol enhance- strongly favored over 9-methylpurinéAGnyg = —7.1 kcal/
ment in inhibitory potency for the 8-aza analogue which mol), whereas the relative binding free energy favored the purine
translates to a predictd€l(app) for 8-azapurine riboside of 1.9  analogue AAGping = 3.1+ 0.7 kcal/mol). The net effect was
x 1078 M; a value close to the experimental result of 40 a 4.0 kcal/mol enhancement in inhibitor potency for the 8-aza

1078 M.%7 analogue which agrees well with the experimental value.
) (4) Computational methods that enable accurate calculation
Conclusions of relative hydration free energies and relative binding free
Four major conclusions are revealed by the results of this €nergies are useful for the discovery of substrate analogues that
study. act as potent deaminase inhibitors.

(1) Relative hydration free energy differences for a variety . i
of heteroaromatic compounds are accurately calculated using a, Acknowledgment. We would like to thank Ms. Lisa Weston
combined quantum mechanical and free energy perturbation!© Ner assistance in preparing this manuscript.
approach. Good agreement with experimental data is obtained
for heteroaromatic compounds exhibiting a wide range of
hydration equilibrium constants (19-13).
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(2) Heteroaromatic hydration is controlled by a multitude of energy optimization at the 6-31G** basis set level (14 pages).

molecular factors. Similar to hydration of carbonyl-containing See anv current masthead page for ordering and Web access
compounds, both steric and electronic effects near the site of; y pag 9

hydration can dictate the extent of hydration as well as the site nstructions.
of hydration. An additional factor that can dominate the JA972906J



