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ABSTRACT. Several recent X-ray crystal structures of adenosine deaminase (ADA) in complex with various
adenosine surrogates have illustrated the preferred mode of substrate binding for this enzyme. To define
more specific structural details of substrate preferences for binding and catalysis, we have studied the
ADA binding efficiencies and deamination kinetics of several synthetic adenosine analogues in which the
furanosyl ring is biased toward a particular conformation. NMR solution studies and pseudorotational
analyses were used to ascertain the preferred furanose ring pukeks) and rotamer distributions

(x andy) of the nucleoside analogues. It was shown that derivatives which are biased toward a “Northern”
(3'-endq N) sugar ring pucker were deaminated up to 65-fold faster and bound more tightly to the enzyme
than those that preferred a “Southern”-€hdq S) conformation. This behavior, however, could be
modulated by other structural factors. Similarly, purine riboside inhibitors of ADA that prefer the N
hemisphere were more potent inhibitors than S analogues. These binding propensities were corroborated
by detailed molecular modeling studies. Docking of both N- and S-type analogues into the ADA crystal
structure coordinates showed that N-type substrates formed a stable complex with ADA, whereas for
S-type substrates, it was necessary for the sugar pucker to adjust-enddN-type) conformation to

remain in the ADA substrate binding site. These data outline the intricate structural details for optimum
binding in the catalytic cleft of ADA.

Adenosine deaminase (ADAEC 3.5.4.4) is an enzyme human lymphocytes 6-8), making inhibitors of ADA
of the purine metabolic pathway that is crucial to mammalian important therapeutic targets for certain lymphomas and
immune system developmeri) (ADA catalyzes the conver-  leukemias 9—11) such as HCL and CLL12, 13). Conse-
sion of Ado and dAdo (as well as other exogenous ligands) quently, the study of the structure, function, and kinetic
to their respective inosine derivatives plus ammonia, in a properties of mammalian ADA has been an active area of
rapid and irreversible reactior2,(3). Aberrations in the research. An important advance in understanding the catalytic
expression and function of ADA have been implicated in mechanism and substrate selectivity of this system has been
several disease states such as SCID, which is characterizethe solution of several crystal structures of murine ADA in
by impaired B- and T-cell-based immunity resulting from the presence of Ado analogues or inhibitors under various
an inherited deficiency in ADAX 4, 5). In contrast, highly conditions (4—17). The most recent datdT) unequivocally
elevated levels of ADA have been observed in malignant established that the structures of the enzyme in complex with
a transition-state analogue (dCF) and with a reaction
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37, Rm 5C02, Bethesda, MD 20892-4255. Phone 301-402-3113; FAx and that the complex structure with HDPR at pH 7.0 was
301-402-2275; E-mail barchi@helix.nih.gov. nearly identical to that determined at pH 4121, where the
! Abbreviations: ADA, adenosine deaminase; Ado, adenosine; dAdo, enzyme is only 20% activelb). It was further determined

2'-deoxyadenosine; dCF, R§-hydroxyl-2-deoxycoformycin; HDPR, - : . .
(69-hydroxyl-1,6-dihydropurine ribonucleoside; DAA, 1-deazaadenos- that a Zi#*-bound hydroxyl ion at the active site was the

ine; ddA, 2,3-dideoxyadenosine; ara-A, arabinosyladeniaeFdA, species responsible for the delivery of the ensuing inosine
9-(2-deoxy-2-fluoro-p-p-ribofuranosyl)adenings-FdA, 9-(2-deoxy- oxygen atom to the 6-position of the purine ring, thus
2-fluoro-f-p-arabinofuranosyl)adenine:-FddA, 9-(2,3-dideoxy-2- confirming the catalytic requirement for zinc. In addition,
fluoro-g-p-erythro-pentofuranosyl)adening:-FddA, 9-(2,3 -dideoxy- . - .
2'-fluoro-3-p-threo-pentofuranosyl)adenine;-FddP, 9-(23-dideoxy- hydrogen-bonding and hydrophobic interactions between
2'-fluoro-B-p-erythro-pentofuranosyl)puringd-FddpP, 9-(23-dideoxy- amino acid side chains and relevant atoms of the nucleoside
2'-fluoro-B-b-threo-pentofuranosyl)purine; PR, purine ribosidepXA, have been elucidated and correlated with previous site-

9-(2-deoxy-p-threo-pentofuranosyl)adenine; 6-@H-ddP, 6-chloro- : : :
9-(2,3-dideoxy-2-fluoro-5-o-erythro-pentofuranosyl)purine; 6-Gi- directed mutagenesis studiess(19).
FddP, 6-chloro-9-(23-dideoxy-2-fluoro-3-p-threo-pentofuranosyl)- Most enzymes have strict conformational requirements for

purine; SAR, structureactivity relationships; NMR, nuclear magnetic — pinging substrates or cofactors in structurally defined binding
resonance; HCL, hairy cell leukemia; CLL, chronic lymphocytic

leukemia. SCID, severe combined immunodeficiency; PNP, purine pocl_<ets. For nUC|e05ide_binding in gen(_aral, and for ADA in
nucleoside phosphorylase. particular, three well-defined conformational parameters are
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Ficure 1: Pseudorotational cycle (center) illustrating the nucleoside ring pucker pardPraaterdescription of other nucleoside structural
parameters. A different twist or envelope form is obtained for evefyt@Bsion in the furanose ring angles from= 0° to 36C. (A)
General view and labeling of ring torsion angles. (B) Description of maximum out-of-plane pucker paraygt€C) Definition of angle

y. (D) Definition of angley for a purine nucleoside.

crucial for determining whether an effective interaction with

. . ; Table 1: Structures of Compounds Used in the Stud
the protein will occur. These are (see Figure 1) (1) the angle P y

about the N9-C1' glycosyl bondy; (2) the angle about the X
C4—C5 bond,y; and (3) the sugar ring pucker, which is (NI(KN
defined by the pseudorotational phase afjand the degree N N/)
of maximum ring puckewyax. For the majority of nucleo- c o A

sides R0), the value ofP normally falls within a narrow HO

range of angles in the'-2ndo(“Northern”, N) or Z-endo D B

(“Southern”, S) hemispheres. The reports on the ADA

complex crystal structures that have been solved to date Sompound _ avbreviaon A B € D X
describe the preferred disposition of the anglemdy but % G\gg ::: SH : 8: I\Nu:b
offer only cursory references to the preferred N sugar ring 3 dd AO H H H H NHz
conformation of the various adenosine analogues observed 4 ara-A OH H H OH NH
in the entire series of complex structuresd{17). The 5 B-FdA F H H OH NH
conformational attributes of the free substrates (in either 6 o-FdA H F H OH  Nh
solution or the solid state) are a result of the cooperative ; g’_,’iﬂgﬁ E '; '; ';i_| NNT_';
interplay of the nucleobase and the sugar moiety. The N 9 6-Cl8-FddA F H H H cl
S equilibrium is consequently dictated by the balance of 10 6-Cl-a-FddP  H F H H cl
stereoelectronic gauche and anomeric effects, which are in 11 PR H OH H OH H
turn dependent on the electronegativity, ionization state, steric i% g'_l'::?jg'; E ",': HH HH HH
bulk, and relative configuration of all the substituents on the 14 2_dXA H H OH H NH,

sugar ring 21). Therefore, for efficient binding and catalysis,
the substrate must present an appropriate balance of the abov€). In this work, we have explored the binding of ADA with
attributes. An earlier observation made in this laboratory, nucleoside substrate analogues in which the conformation
which was recently confirmed by the work of Meier et al. of the sugar ring has been biased toward either the N-type
(22), showed that the conformationally N-biased nucleoside, or S-type pucker by virtue of the electronic character and
o-FddA 8, Table 1), was deaminated by ADA approximately stereochemistry of the groups at th'ea?d 3 positions of

65 times faster than the S-biasgd=ddA (7). On the basis  the furanose ring (Table 1). We have determined the sugar
of the X-ray data reported for the ADA complexes (vide ring conformations of these analogues in solution in an effort
supra), we reasoned that this difference may be due in partto account for their differential ADA activity using NMR

to the distinct preference to bind the N-biased~ddA (8) spectroscopy and pseudorotational analysis. Kinetic studies
in the active site of ADA in place of the S-biasgeFddA and catalytic efficiencies experimentally confirmed that ADA
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prefers sugars that favor the N-type pucker when compareddefined as the amount of enzyme required to hydrolyze 1
to similar families of compounds favoring the S-type umol of adenosine/min at 2%C.
conformation. This trend holds unless specific structural Enzyme Inhibition Studieslnhibition constants were
factors prohibit a proper fit in the enzyme catalytic pocket. determined by monitoring the hydrolysis rates of adenosine
These data were confirmed by molecular dynamics simula- (7—150 uM) spectrophotometrically, as outlined above, in
tions with several adenosine analogues docked into the activethe presence of increasing concentrations of each inhibitor
site of ADA. It was established that complexes with the (compound<1-13) at pH 7.4, 37°C. A minimum of three
analogues that favored and/or can easily adopt a N-typeinhibitor concentrations were used for each determination.
furanose pucker were lower in energy in an active-site model Double-reciprocal plots were used to determine the type of
than those that favored an S-type ring pucker. This preferenceinhibition observed. The inhibition constant&X were
for a N-type conformation was further confirmed by the determined from plotting the slopes of the reciprocal plots
observation that some analogues whose sugar rings werat each inhibitor concentration. The inhibitor concentration
biased toward S-type puckers in solution could adjust their that reduces the rate of hydrolysis by 50% ggCwas
conformations to an N-type pucker in the active-site model determined by following initial hydrolysis rates of adenosine
for effective binding to ADA. (200 uM) upon its addition to a solution of ADA (0.005
units/mL) preincubated for 10 min with varied concentrations
MATERIALS AND METHODS of each inhibitor.

Chemicals and Synthesi&DA (calf intestine, EC 3.5.4.4) NMR SpectroscopNMR spectra were obtained at various
was purchased from Boehringer Mannheim (Indianapolis, temperatures on a Bruker AMX500 operating at 500 MHz
IN). Ado (Table 1,1), dAdo @), ddA (3), and PR {1) were for *H with a triple resonance gradient probe (S/N%h~
obtained from Sigma Chemical Co. (St. Louis, MO). Ara-A 650:1).1%F spectra were acquired at 470.59 MHz with a dual
(4) was purchased from Fluka Chemical (Ronkonkoma, NY), selective'H/*%F probe. Samples were dissolved either 0D
and a-FdA (6) was obtained from R. I. Chemicals, Inc. or in D,O buffered to pH 5.0 with CBCOOD/NaOAcek.
(Orange, CA). The fluorinated nucleosid¢sFdA (5), Both *H-coupled and broadband-decoupléeé spectra were
B-FddA (7), and o-FddA (8) were synthesized previously obtained to compare with simulated multiplets. One-
(23). The 6-Clf-FddA derivative9 (24) and thefs-FddP dimensionalH spectra used for coupling constant analysis
analoguel? (25) have been reported and 6-@#ddA 10 were acquired with 64K data points and zero-filled to 128K
was prepared by the methods described by Marquez et alwith a sweep width of 5050 Hz and a relaxation delay of 2
(23). The synthesis of.3 (a-FddP) was performed in this s. Temperature control at 500 MHz was provided by a
laboratory and will be reported elsewhere. Compoiih(? - Eurotherm VT unit with fluctuations of no more than 0.1 K.
dXA) was prepared by the method of Hansske and Robins Spectra were processed with resolution enhancement using
(26). dCF was obtained from the Drug Synthesis and Gaussian multiplication (I —1, gb= 0.1). For first-order
Chemistry Branch, DTP, DCT, NCI. All other materials were resonances, coupling constants were read directly from the
purchased from Fisher Scientific (Pittsburgh, PA) or Aldrich resolution-enhanced spectra, while more complex multiplets
Chemical Co. (Milwaukee, WI). were analyzed by spectral simulation with HYPERNMR

Kinetic Analysis and Enzyme Assaysitial hydrolysis (Hypercube, Inc, Canada). Simulations of the eight spin
rates were determined by following the disappearance of systems were performed with the fluorine resonance set 100
substrate on a Shimazdu W\PC 2101 spectrophotometer ppm upfield of the nearest proton multiplet. Steady-state
at 265 nm in 1 mL cuvettes with 0.1 M phosphate, pH 7.4 NOE difference spectra were obtained by use of the Bruker
at 37°C. A change in molar extinction coefficients for the pulse sequence NOEMUL with the off-resonance spectrum
deaminated products dfe = —7900 was assumed for all acquired with the transmitter set within 100 Hz of the
adenine analogues examined. For substrates wkly, ®f resonance being irradiated. Each transition of a resolved
100uM or greater, high-performance liquid chromatography multiplet was spin-tickled for 40 cycles of 4®0 ms/
(vide infra) was used to follow the decrease in substrate multiplet, and transients were collected with a recycle delay
concentration at 265 nm following the addition of ADA. At  of 5 s. Typical data sets included an average of 32 cycles of
timed intervals, an aliquot was removed and the enzymatic 8 scans/experiment.
hydrolysis was quenched by the addition of dCF:(2 0.5 lonization Constants pK, values were measured by
mg/mL), a potent ADA inhibitor. The analyte (substrate) was observing the change in chemical shift of the purine H8
separated and quantitated on a Beckman/Ultrasphere ODSroton as a function of pD biH NMR spectroscopy at 298
250 x 4.6 mm column with a mobile phase of acetonitrile K. A total of 19 pD values were measured between pD 1
water (15:85) with monitoring at 265 nm. Substrate concen- and 10. The sigmoidal curves from the plots of chemical
trations in each kinetic assay were varied from 0.2 to 5 times shift vs pD were fit in an iterative least-squares manner with
the Ky, except for the 6-chloropurine analogugsnd 10, the program ORIGIN4.1 (Microcal Software Inc., North-
where the range was G2 times theKy due to solubility hampton, MA), and thek, was inferred from the inflection
limitations. A minimum of three determinations were made points and the first derivatives.
unless otherwise noted. Kinetic constants were determined Pseudorotational Analysighe ring conformations of the
by Lineweavetr-Burk plots using Graph-Pad Prism V 2.01 natural and synthetic nucleosides were analyzed with the
(Graphpad Software, Inc. San Diego, CA), a personal program PSEUROT V.6.220) (DOS version, purchased
computer-based curve-fitting program. Adenosine deaminasefrom Professor Cornelis Altona, University of Leiden,
activity was measured spectrophotometrically by following Leiden, The Netherlands) running on a Pentium Il 333-MHz
the disappearance of adenosine at 265 nm in 1 mL cuvettespersonal computer. This version includes an improved
at 25°C, with 0.1 M phosphate, pH 7.27). One unit is generalized Karplus equation for the iterative generation of
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COUp"_ng constants based on the experimental data ASTable 2: Kinetic Constants for Various Substrates of ADA
described by Donders et al3@. The standard values

—1 —1lg1

supplied with version 6.2 for substituent electronegativities compound Ku (M) keat (S7)  Keal K (WM 73S 77)
were used in the iterations (1.37 for fluorine). The calcula- dAlfé’A(Z()G) gg-gi gg ggg 12-2
. . . o- . . .
tlo_ns were p_erfor_med essentially as described eari#y. ( Ado (1) 331437 188 57
Briefly, an iterative strategy was adopted whereby the ¢-FddA @) 49.74+ 2.7 259 5.2
pseudorotational parameters for each set of coupling constant/-FdA (5) 50.2+5.8 206 4.1
data was calculated repeatedly after minor changes were ddA ) 85.1+4.1 205 2.4

. ; : ara-A (@) 93.84+0.8 46 0.49
systematically made in the starting parameters (see text and “FddA (7) 3304 19 26.8 008
table I(_agend for dgtails). The;e data were examined t0 g.Cl-q-FddP (0) 5094+ 424 291 0.006
determine the best fit of the experimental and back-calculated 6-Cl-5-FddP Q) 7500 3.0 0.0004
coupling constants. RMS deviations of calculated and akinetic data were obtained spectrophotometrically at°7by
experimental values were generaty.3 Hz. following the decrease in absorbance at 265 nm. For compounds with

Molecular Modeling Structure building and modeling Ku above 10Q:M, HPLC analysis was used to monitor the changes in
were performed with QUANTAO97 on a Silicon Graphics 02 Eubstrate concentration Wlth time as described in Materials and Methods.
. . . - Average of two experiments.
workstation running the IRIX 6.3 operating system, using

the CHARMm25 (MSI, San Diego, CA) force field. Models  selected from the recorded trajectories and then minimized
of both a- and g-FddA (compounds/ and 8) were con-  for 9000 steps, or until convergence, defined as energy
structed with the 2D builder utility “Sketcher” contained in  gradient tolerance 0£0.001 kcal mot* A=, All binding
QUANTA. Conformational searches were performed with energies were calculated with CHARMm25 using the full
QUANTA-implemented tools. The coordinates used for force field including van der Waals and electrostatic interac-
docking were obtained from the ADAtransition-state tions with a dielectric constant set to 1.

inhibitor complex structure published by Wang and Quiocho

(17) (PDB code 1A4M, 1998). The proteins were trimmed RESULTS

of all residues farther away than 14 A from the active site.  Enzyme Hydrolysis and Kinetic Dat@n the basis of our
Atoms between 7 and 14 A from the center of the active original observation of the difference in deamination rates
site were fixed in space to maintain the integrity of the model betweeng-FddA (7) and a-FddA (8), we examined the
(the stability of these truncated enzyme structures was testednfluence of sugar conformation on ADA binding and
by performing minimizations and dynamic simulations in the catalysis for7 and 8 and other paired sets of fluorine-
presence of the bound HDPR ligand). The CHARMmM25 containing substrates, such ad=dA (6) versusp-FdA (5)
parameter set was modified to include ?Zsassociated — and 6-Cle-FddP (0) versus 6-CI5-FddP ). These data
parameters. Modifications were mainly based on parametersconfirmed our initial observation that substrates favoring the
described previously3@) as well as on measurements from N-conformation (see NMR section) were deaminated faster
Zn?*-containing complexes drawn from the Cambridge (ke.a) and more efficiently K../Ku) than substrates favoring
Structural Database. The charge on Zn was determined fromthe S conformation. The kinetic data for the synthetic
ab initio molecular orbital calculations on a fully optimized adenine-containing nucleoside analogues are shown in Table
ADA substructure using Gaussian®B| at the HF/6-31G* 2. The Michaelis binding constants,q) shown cover a 300-
level. The substructure contained Zn and its nearby residuesfold range with catalytic efficienciek{/Ky) spanning a
The calculated partial charge #f1.16 compared well with  range of ~3 x 10*fold. The data obtained for the F-
literature values32). Molecular mechanics energy minimi- ~ containing analogues prompted us to examine whether the
zations of the ligangprotein complexes were run employing preferred pseudorotational parameRdor various substrates
the Adopted Basis NewtorRaphson (ABNR) algorithm.  in solution, including the natural substrates, Adg é&nd
The nonbonded interactions cutoff was set to 14.0 A, a shift dAdo (2), correlated with the rate and efficiency of the
function was used to smooth the transition for the van der deamination reaction. The data farand 2 showed that
Waals interactions, and a force switch function was used removal of the 2hydroxyl group enhances slightly both
for the electrostatic interactions. The cutoff distance param- ADA binding (Ky) and turnover ratek{,). The findings for
eters used in the smoothing functions were CTORNB2.0 ddA (3), where both the 2 and 3-hydroxyl groups have

A and CTONNB= 8.0 A, respectively. The complexes were been removed, however, resulted in a substrate that did not
not fully solvated since the ADA binding pocket is a deep bind as tightly but was catalyzed.§) as efficiently as
cleft. However, specific water molecules on the surface of adenosine and somewhat less efficiently than dAdo. A similar
the catalytic site shown to be involved in interactions with trend can be shown in the corresponding fluorinated series.
the substrate in the solid-state complex structdr@ (ere When the 3-hydroxyl group is present, the analogues (
maintained. Molecular dynamics simulations on the ADA  FdA, 6, andj-FdA, 5) were better substrates and were more
substrate complexes were performed with CHARMm25 on readily hydrolyzed (lowerKy and higherk.,) than the
several DECAlpha CPU-based systems by heating to 300 K corresponding dideoxy analoguesFddA (8) and5-FddA
over 8 ps and equilibrating at 300 K for an additional 15 ps. (7), respectively. With the exception of ara-A)( the only
Production dynamics simulations were performed for 250 compound examined with an ara arrangement of the furanose
ps with a step size of 0.001 ps at 300 K. Trajectories were hydroxyl groups, ang-FddA (7), the rest of the analogues
recorded every 0.1 ps during the final 250 ps of the (1-3, 5, 6, and8) were shown to be good substrates with
simulations. A shake algorithm was used to constrain reasonably close kinetic parameters. With compouhaisd
covalent bonds to hydrogens tod108 A. Force constants 7, significant differences of ca. 10-fold relative to the better
were subjectively assigned. The lowest energy frames weresubstrates began to emerge.
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Table 3: Inhibition Constants for ADA with Purine Nucleoside

Analogued A

compound Ki (uM) ICs0 (uM) inhibition type

PR (11 10.7 46.4 competitive

a-FddP @3) 20 125 competitive

S-FddP (2) ND >400 ND

@ Inhibitors were preincubated at 8C with ADA for 10 min before
the addition of substrate. Initial reaction velocities were fitted to
Michaelis-Menten double-reciprocal plots akgs were calculated as
described in Materials and Methods.
Table 4: Structural Parameters for Adenosine Analoyjues

ytoy %

compound (%) (%) Pn N Ps vs RMS N
Ado (1) 64 24 10.9 390 153.3 285 0.092 27
dAdo (2) 59 30 9.0 36.00 155.0 31.6 0.155 28 B

ara-A@) 56 37 -1.3 36.0 1402 36.80 0.081 76
B-FAA(B) 42 45 9.0 360 131.9 37.0 0.038 36
o-FdA(B) 73 27 -50 38.0 1192 388 0.035 76
B-FddA(7) 38 52 —10.0 36.0° 132.7 381 0.361 19
o-FddA®) 62 34 -02 359 1600 36.0 0.126 99

2NMR coupling constants were collected between temperatures of
278 and 353 K in RO buffered to pH 5.0 with HOA@d, and NaOAc-
ds. Pseudorotational analysis was performed with PSEUROT 6.2 and
an iterative approach was used. Initially, all parameters to be determined
[Pn, Ps, vmax (S), vmax (N), andXs] were allowed to refine and further
runs either held one or bothuax values constant or held tHe and
vuax values of the alleged minor isomer constaniax values were
varied in increments of°lbetween 3%and 44 and holdingP constant

264 262 260 258 256 254 252 250 248 246 244 242 ppm

from —36.7° to 36.0 in 9.0° increments and from 14@o0 200 in 15° FiGure 2: Simulated (A) and experimental (B),3' region of the
increments folPy andPs, respectively® Values held constant during ~ spectrum for compouné.
calculations.

K (the details of the full coupling constant adtF NMR

ADA shows improved catalytic efficiency and binding for analysis of the analogues will be published elsewhere). These
the 2-a-fluorinated sugar analogue® and 8 over their changes were used to calculate the pseudorotational param-
respective 2p-fluorinated analogues and 7. This trend etersP andvuax with the program PSEUROT (vide infra).
holds for all paired fluorinated compounds, including the The majority of the couplings could be read directly from
6-chloropurine analogue$ and 10, which are among the the resolution-enhanced 1D spectra, but multiplets displaying
poorest ADA substrates in our panel, wKly values in the second-order distortions were simulated. An example of this
low millimolar range. This poor binding probably reflects is shown in Figure 2, which shows the quality of the
the loss of important contacts (H-bonding) by replacing the simulation for the overlapping' 3" protons of compound
amino group with chlorine at the active site. Additionally, 8. The H4—H5 and H4—H5" coupling constants were used
the electronic effect of the chlorine atom may lower the to calculate the preferred rotamer distribution (!, y™)
hydration capacity of the 6-position of the purine system. about the C4-C5 bond according to Haasnoot et aB4j

Inhibition Studies. Kvalues of compound41-13 are (see Figure 1). In addition, one-dimensional steady-state NOE
shown in Table 3. The fluorinated derivatives of32 difference spectra were recorded for the fluorinated analogues
dideoxypurine {2 and 13) were compared with the known to obtain a qualitative measure of the glycosyl torsion angle
inhibitor purine riboside 11). Both 11 and 13 were found x (35). The pseudorotational parameters in Table 4 were
to be competitive inhibitors of ADA with thex-FddP calculated with the program PSEUROT 6.2 employing
analoguel3 being a comparable inhibitor to the purine updated values for the substituent electronegativity constants.
ribosidell. In contrastf-FddP (L2) was the poorest inhibitor ~ The program assumes a dynamic N/S equilibrium for the
of the three compounds studied with and@bove 0.4 mM. nucleoside furanose ring and derives the mole fraction of
This trend parallels what was described above, i.e., nucleo-the ring pucker populating each hemisphere of the pseudo-
sides with am-F substituent at Canteract with the ADA rotational cycle (see Figure 1). An iterative approach was
active site more efficiently than those containing a' C2 taken where different parameters to be determi®d Ps,
p-fluorine atom. VN, vs) are held fixed or set to be refined. If there is reason

NMR Spectroscopy and Pseudorotational Analy3is to believe a specific furanose derivative may prefer a
examine the structural features that may correlate with the particular ring pucker (N or S), the minor conformer is
observed kinetic data, one-dimensiortél spectra were  normally held fixed during the iteration. The details of the
collected at various temperatures for compouhd 4, and calculations are described in the legend to Table 4. The
5—8. Table 4 lists the structural parameters calculated from quality of the data is measured in the RMS deviation of the
the coupling constant data derived from these spectra.calculated and experimental coupling constants. In general,
Temperature-dependent changes in the coupling constantshese errors were less than 0.3 Hz, indicating the parametri-
were examined for all eight analogues between 278 and 353zation of the program is well suited to the input data. The
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exception was compound which showed RMS deviations 8.60
of 0.3—0.4 Hz, similar to results obtained previously on the 1 R S
equivalent F-containing pyrimidine dideoxynucleosides) ( 855 .
The combination of these data gave an overall picture of 850_’ B \ —s— o-FddA
the nucleoside conformation in solution. & | \_ . — e p-FddA
Detailed NMR measurements fband2 have been cartied & .45 \
out previously in RO (36) and at various pD values7), T ] \
but they were repeated here in pD 5.0 buffer to independently € 840+ . '\.
confirm the population differences observed. The data § 1 \ Te_g 00 0 000 0o
obtained were similar to those calculated by Plavec et al. ~ &% '\
(36), where bothl and2 prefer the S hemisphere in solution 830, L
by as much as 72% at 298 K. Compouhthra-A) has been . ' ' . —
studied by X-ray crystallograph$®) and NMR spectroscopy 0 2 4 6 8 10
(39), but a calculation of the actual pseudorotational param- pD
eters using PSEUROT was not . aYa"ab'e- The crystal Ficure 3: pD vs chemical shift curves for the H8 protorybFddA
structure of compound shows a distinct N pucker3@), (7) and a-FddA (8). The [K, values were obtained from the

and the pseudorotational analysis described here confirmsinflection points after the curves were fitted to a sigmoidal
that this conformation is also highly populated in solution distribution equation.

(Table 4). This result is probably counterintuitive when one

considers that the combined gauche effe¢@41) of 04 — structures of ADA with different inhibitorsl4—17). There-
C1—-C2-02' and 04—C4—C3—03 in the ara config- fore, a strong preference for a specific' EE5 rotamer may
uration should favor a ‘Zendd3-exo (S) arrangement; influence the binding and catalytic efficiency of synthetic
however, the inversion of configuration at ‘C2auses the  analogues of adenosine.

03—-C3—-C2-02 and 02—C2—C1—N9 gauche effects NOE analysis suggested that the disposition of the purine
to drive the conformation of the sugar to the opposite 3 ring (angley) was predominantly in the anti range for all of
endd2-exo(N) conformation. These forces will add to the the fluorinated analogues, with a small proportion of the syn
anomeric effect, which normally drives the sugar conforma- disposition observable far-FdA 6 anda-FddA 8 (data not

tion to the N @2). In solution, therefore, as in the crystal shown). The percentages of the enhancements between H8
structure, the conformation of ara-A remains N, a fact that and H1 coupled with the presence of NOEs of H8 with the
argues in favor of the strength of the ©22—C1—N9 protons occupyingndopositions on the sugar ring supported
gauche effect, which on geometric grounds should be these conclusionsg). Since ADA binds substrates with the
decisively stronger than the same gauche effect in a ribo base rotated in the anti position, as evidenced by the recent

configuration by facilitating a more favorahte— o* orbital crystal structure datdlg—17), small populations of the syn
mixing (21). rotamer may be detrimental to substrate efficiency.
For the fluorinated analogue$-(8) we found that, in lonization Constantsliterature values of 3.65 and 3.40

general, the fluorine gauche effect predominates over bothfor the K, of Ado (1) have been determined previously by
the oxygen gauche effect and, at times, the anomeric effectspectrometry 44) and electrophoresis4$), respectively.
(42) in driving the pseudorotational equilibrium. Analogues These values are in good agreement with the ionization
with a 2- “up™-oriented fluorine are biased to the S whereas constants of compounds and 8 determined by us using
those with a 2 “down” disposition of the fluorine atom are  NMR spectroscopy. Figure 3 shows the change in chemical
N-puckered. Compounds-8 are close to “normal” ranges  shift of the H8 proton of compoundsand8 with pD. The
of N (6 and8) and S 6 and7) puckers (by definition, an N fluorine atom, whether in the'2: or 2-4 conformation on
conformation has & value of @ + ~18° and the value for ~ the sugar, appears to have minimal influence on protonation
the S pucker is in the 180t ~18° range). The best fit of  of the purine ring since theky values for7 and 8 derived
the data resulted in & value of near 130 for both from the inflection points of these curves were 3.68 and 3.67,
compound$ and7, which translates to an approximate’C1  respectively.
exoenvelope conformation (Figure 1) with 64% and 81%,  Molecular Modeling Selected compounds were docked
respectively, of the ring pucker in the S hemisphere at 25 into the crystal structure of ADA and their behavior during
°C. Both N-disposed compoundsand8, had calculated? molecular dynamics simulations was examined. Along with
values for the most abundant conformers (76% and 99%, the natural substrate dAd&)(and the well-known antiviral
respectively) close to’Qwhich defines a “true” N conforma-  agent ara-A 4), we used the pair of 'B-dideoxy-2-
tion (C3-endg CZ-exo twist, Figure 1). These results fluoroadenosines7(and 8) to compare the effect of the
confirm that the fluorine gauche effect is dominant over other stereochemistry of the fluorine atom on the stability of the
stereoelectronic factors in these compounds, not unlike whatmodel complexes. Compougdvas included in the modeling
was shown previously for other furanose-monofluorinated because we wanted to explore the flexibility of this natural
nucleoside analogue8Y, 43). ADA substrate, which shows the highest catalytic efficiency
A stiffer sugar pucker also influences the orientation of when compared to the synthetic analogues. To this end,
the 8-hydroxyl group (angle) in the fluorinated analogues.  several runs were made where the starfihgalues for2

Compounds in the S hemispherg gnd 7) prefer they! were close to the solution conformation (8da suprg
rotamer slightly overy™ (20) (see Figure 1), but the although the crystal structure &fis in the N conformation
compounds in the N hemispheré &nd 8) prefer they™ (46). Compound4 was examined as an example of a

rotamer. They/™ rotamer was observed in the recent crystal substrate that prefera N ring pucker in both the solid and
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Table 5: Starting and Final Parameters for Compounds Used in ADA Docking Studies

initial and final value

structural parameter Bx (7) Bi (7) Pxo (7) o (8) Qg (8) dAdo (2) Ara-A (4)
Yinitial —=177.4 56.1 —=177.4 56.1 —=177.4 —=177.4 178.9
Yfinal 71.2 66.8 178.4 70.1 66.7 68.2 164.8
Kinitial —92.7 —111 —92.7 —-111.2 —125.8 —92.7 —108.4
Kfinal —123.5 —-111.8 -97.3 —-117.8 —122.2 —123.3 —98.1
Pinitial 184.2 129.2 184.2 19.1 19.1 184.2 26.2
Pinai 36.8 43.2 183.2 36.0 43.2 37.8 168.3
relevant distances of substrate atoms to protein &h)s
protein residue atom on nucleoside S« (7) Bi (7) Pro (7) g (8) g (8) dAdo (2) Ara-A (4)
Asp-19 OD1 5OH 21 21 4.3 2.0 2.0 2.0 4.4
Asp-19 OD2 50OH 1.9 2.0 5.0 1.9 2.0 1.9 4.8
Asp-19 OD2 2-OH 2.3
Asp-296 HD2 N7 2.2 21 2.2 2.2 2.0 2.2 2.2
Cys-353 SG 50H 25 2.9
Glu-217 OE1 NtH 1.9 2.0 1.9 2.0 2.0 1.9 2.0
Glu-217 OE2 NtH 2.3 2.0 2.4 2.0 2.7 2.3 3.3
Gly-184 H N3 2.2 2.2 2.2 2.2 2.2 2.3 2.2
His-17 HD1 53-0 1.8 1.8 1.9 1.8 1.8 1.8 1.9
His-238 HE2 6-O 24 21 2.4 2.3 2.3 24 2.2
H,0 (2357y 3-OH 2.2
H,0 (2362} 3-OH 2.3

a2The values marked initial are those used before docking and simulations, and the values marked final are those after molecular dynamic
simulations in the presence of the protein. Description of each conformer is explained in tHhe/axes shown are those obtained after dynamic
simulations of the docked complexes with the conformers labeled in the top half of the column. Protein residue numbers correspond to the labels
given in ref17. ¢ H,O refers to the O atom of a particular crystal water molecule in the vicinity of the nucleoside atom.

solution states, and yet it is a less efficient substrate thanX-ray coordinates o7 from (47), whereagy, is similar to
compoundd—3, 5, 6, and8 and comparable t@ (Table 2). Bx with the exception that th@ value calculated from the
Table 5 lists the starting and final values of particular crystal structure (184°2was held fixed during the dynamics
structural parameters (values fry, andy before and after ~ simulations.; and o; (for 7 and 8, respectively) were
the dynamics simulations) along with the distances from obtained by applying the optimun® value from the
relevant atoms on the substrate to specific protein residuesconformational search procedure and rotating jtrend y
for the several conformers used in the docking and molecularangles to—111° and 56.2, respectively, which are in the
dynamics simulations. Where available, we used the crystalrange we refer to as “ideal”, or closest to the average of the
structure coordinates of the ligands to be docked into ADA. values obtained from the ligands in the various ADA crystal
Crystal structures were used for compoudd&38) and 7 structures.aig is similar to a; with the exception that the
(47). Conformations foB were obtained as described below. initial y angle was set to the same value aspin The

To initially explore the conformational space available to conformers were docked into the ADAIDPR active site
the fluorinated analogues within the context of CHARMm25, and the ensuing complexes were subjected to energy
compounds?7 and 8 were subjected to an exhaustive Minimization and molecular dynamics simulations according
conformational search. It was found that most of the sugar to the protocol outlined in Materials and Methods.

ring puckers for7 and 8 calculated from this search were The complexes of compoun8 and ADA were stable
predominantly of the S and N types, respectively, demon- throughout the simulations and the sugar pucker remained
strating a qualitative agreement of the molecular mechanicsin the N hemisphere. However, when the conformer§ of
force field calculations with the NMR and pseudorotational (3-FddA), which all started with an S pucker, were docked
data. TheP values of the most highly populated conformers and minimized, the sugar adjusted toward the N range. For
generated in the conformational search were used to construceéxample, in the ADA-3, complex, the initialP value of
models of compounds and8 for the docking studies with  184° (pure S) adjusted to 185ipon simple minimization.
ADA. Since the calculations of theandy angles from NMR During the dynamics simulations, th# conformer com-
data have higher error margins than crystallographic mea-pletely flipped b a N conformer with & value of 36.8
surements, we employed the experimental coordinates from(Figure 4a). Thes angle adjusted from the starting value of
the crystal structure of (47) along with information from —177.2 (y'range) to 71.2(y* range). If the ring pucker of
the HDPR coordinates within the ADA active sit&7} to 7 was constrained in the S hemisphefg, Conformer) and
complete the assembly of the starting conformations to be the dynamic simulation repeated, thangle does not adjust
modeled in the ADA active site for and 8. The crystal to the “proper”y™ range and hence the critical protein

structure coordinates from Bunick and Vo88) were used ligand interactions of the C}H- group remain disrupted
for compound4 since they were similar to the solution in this complex (Figure 4b). For conform@r (initially y*
conformation determined in this study. for the C4—C5 torsion and & value in the S hemisphere),
For g- ando-FddA (7 and8), five conformers (three for  the angley retains an “ideal” value during the dynamics
7 and two for8) were used and are designa@d i, Sxp, simulation while the ring pucker adjusts to a N-type pucker

a;, and aig, respectively. Thesx conformer represents the (data not shown). These results show that, regardless of the
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Ficure 5: Graph of the distance between'@2 compound4 and

a Leu62 methyl (side-chain) proton. Dynamics simulations were
"‘l“% run for a total of 250 ps and 5000 frames were collected. Note that

the curves are strongly smoothed (to show the overall trend) using
His-17 Jﬁ’ : averaging with a sliding window with a 200-data point width. The
; inset is the expanded, unsmoothed section of the first 200 frames
illustrating the flip from the starting N conformes & S conformer
to relieve the steric clash with the protei®)( The plot with open
circles is derived from a dynamics simulation where the sugar
pucker was held fixed and the G2_eu62 methyl distance remains
within van der Waals contact distance.
hemisphere with a pseudoaxial arrangement of the hydroxyl
groups at both the'2and 3 carbons to relieve this close
contact. Figure 5 depicts the distance between thea@?n
and a close side-chain hydrogen atom of a methyl group of
Leu62 from ADA. If the ring pucker is constrained, the
distance remains approximately the same (around 2.7 A) for
Gly-184 most of the simulation and hence the free energy of the
FiGURE 4: (A) ADA active-site model of the complex with complex remains high. If the ring pucker is allowed to adjust,
compound? where all degrees of freedom were allowed to adjust. the distance rapidly jumps from an initial value of 2.5 to 6
(B) ADA active-site model of the complex with compounevhere & and remains there throughout the simulation. The inset in
g;gnﬂnig ?;bc‘;gj‘"@?held constantin the S hemisphere. The ﬂuorllr‘eFigure 5, with unsmoothed curves and much greater temporal
resolution, nicely shows the (normal) dynamical fluctuations
for the unconstrained cas®), whereas for the constrained

N conformation after dynamics simulations in the ADA [ing pucker, one clearly sees a lower threshold of about 2.2
active site. where the steric clash of the aforementioned atoms begins

Similar results were obtained for the ADA/dAd@)( ©).
complexes. During one particular simulation, simple mini-
mization adjusted the pseudorotational parameter fPom DISCUSSION
184.2 toP = 83.2, and during the dynamics ruh was ADA is present in almost all tissues, but a particularly
reduced to 46.7. As mentioned above, the starting conforma-large concentration of this enzyme is found in cells of
tion for 2 is predominantly S in solution as calculated from lymphoid origin. A primary function of ADA in T- and B-cell
PSEURQOT. It took much less energy kcal/mol) for2 to populations is the catabolism of Ado, dAdo, and analogues
flip to N than for7 (3.7 kcal/mol), indicating the enhanced to inosine derivatives, which are substrates for phosphorolysis
flexibility of the sugar ring of2 relative to7 in the ADA by PNP. The resulting hypoxanthine is further processed to
active site. uric acid by xanthine oxidase. This is a major detoxification

The results obtained when compoufdvas modeled in mechanism in lymphoid tissue, thus eliminating excess dAdo.
the ADA active site were more unexpected. Being an N Via its triphosphate, dAdo inhibits DNA synthesis and leads
sugar, it was anticipated that the initial ring pucker would to apoptotic cell death and a depletion of the T- and B-cell
be stable at the active site. However, after dynamics population leading to immunodeficiency,(4, 9, a char-
simulations, the ara-A sugar ring had adjusted to an S acteristic of patients with SCID who lack appropriate levels
conformer. The C4-C5 rotamer, initially in they! range, of ADA. In contrast, elevated levels of ADA have been found
did not change during the calculations. A close examination in the tissue from several leukemias, which suggested that
of the protein residues around the substrate revealed thattargeted disruption of ADA activity could be an effective
when the 20H is “up” in the pseudoequatorial position (N- therapy against such tumors. Research regarding the structure
conformer), a serious steric clash with hydrophobic residuesand function of ADA has led to the discovery of novel
ensued, in particular with a methyl group of Leu62. This therapeutics which are in clinical use for the treatment of
caused the sugar ring to flip to the less desirable S such cancersl@, 13, 48 49).

R s His-238
sp-219 -

initial conformation of7, the furanose ring will adjust to a
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Analogue StructuresPerhaps the single most important dideoxy analogu&. The ring pucker, being close to a ‘€1
advance in the “rational” design of tight binders and exoenvelope, positions the F antt@H groups in a gauche
inhibitors of ADA (or any other enzyme system) is the orientation but also (nearly) eclipses these groups with the
availability of molecular coordinates of the receptor or adjacent hydrogen atoms. PSEUROT calculations using the
receptor-substrate(inhibitor) complexes. A clear understand- coupling constants observed f&r gave excellent RMS
ing of the structural requirements for substrate binding allow deviations from experimental values@.1 Hz), which were
for appropriate modifications to be designed into synthetic much lower than those for the dideoxy compoufdn the
analogues. In this work, we have studied the ADA SAR of case of7, this may result from nonoptimum parametrization
nucleoside congeners whose structural features (Figure 1)of the PSEUROT program for this type of ring system. A
are controlled by a judicious choice of functionality on the complete study of the structural parameters for compounds
sugar ring. It has been well established that the furanose ring5—8 using a modification of the PSEUROT program is the
pucker of a nucleoside is influenced by a variety of factors subject of a separate paper.
including the nature and electronegativity of the ring sub-  Steady-state 1D NOE data offers a qualitative picture of
stituents, steric bulk, and the anomeric effect. The influence the preferred rotation about the glycosyl boB8,54). There
of substituent electronegativity on ring pucker is manifested were no strong interactions observed between H8 arid H1
in the gauche effect, which results from the tendency of typical for the base in the syn orientation (data not shown).
electronegative groups on vicinal carbon atoms to assume anterestingly, both6 and8, which are biased toward the N
gauche relationshi®@, 4Q 41). In ribonucleosides, several hemisphere, showed weak correlations between H8 and H1
gauche effects are operable at the same timeé-{04' — whereas these peaks were virtually absent in the S-disposed
C2-02, 04-C4-C3-03, 03-C3—-C2-02, and compounds$ and?7. This is contrary to what is observed in
02—-C2—-CI—N), whereas in 2deoxynucleosides the crystal structures of a series of nucleosides, which show that
situation is simplified to the lone 04C4—C3—03 torsion syn y angles are generally associated with'-€8do (S)
angle, which prefers a gauche disposition. The replacementpuckers 20, 55. Since it is well established that substrates
of oxygen with other electronegative groups can maintain, and/or inhibitors of ADA bind in an anti conformation, we
enhance, or reduce these effe@6, (37, 50-53). Owing to assume that although there may be a small proportion of the
its unsurpassed electronegativity, the introduction of a syn rotamer populated in some analogues, flexibility in
fluorine (F) atom to the 2 or 3-position normally imparts  solution allows proper orientation of thg rotamer in
a distinct bias to the furanose sugar ring pucker. The compounds5—8 to easily adjust to the appropriate anti
anomeric effect, which acts either in concert with or against conformation.
the gauche effect, tends to drive the pseudorotational ADA Binding and Catalysis: Optimal Structural Features?
equilibrium toward the N §0—-53). The following briefly The data in Table 2 detail the binding capacity and the
describes some of the individual cases as to their NMR- catalytic efficiency of the analogues tested. It was clearly

derived N/S disposition. established that for pairs of compounds whose sugar rings
Herein we have shown that the F-gauche effect drives the pucker in opposite hemispheres on the pseudorotational cycle,
pseudorotational equilibrium of compounés-8. The F- the N compounds are always superior in binding and

gauche effect is capable of “overriding” the effect of other substrate efficiency. However, there emerged a pattern of
electronegative groups, but there is still a balanced interplay other factors that play supportive or destructive roles in the
between the distinct forces around the sugar ring. For interaction of these compounds with ADA. These are
example, in the 23'-dideoxy cases 7 and 8) the two discussed below.

operational effects are the G4C1'—C2—F gauche effect Table 2 is organized in order of catalytic efficiency defined
and the anomeric effect. Compou8dvith a “down” F atom, as the turnover numbek,,, divided by the binding constant,

is virtually 100% N at 25°C due to the additive anomeric Ky (micromolar). ADA has evolved to where this perfor-
and gauche effects driving the ring pucker to the N (Table mance has been optimized for dAdo, undoubtedly due to
4). Alternatively, the gauche effect of compoundwith an the importance of dAdo catabolism in vivo (vide supra). Yet,
“up” F atom, opposes the weaker anomeric effé&€+53), in terms of absolute hydrolysis rat®\(ax, not shown) or
causing the equilibrium to favor the S conformation but with turnover number K.), the two F-containing synthetic
a~4/1 SIN ratio at 25C. Although we did not perform a  analoguesf and8) were superior. Both of these compounds

detailed PSEUROT analysis on diastereomeric p@irs0 are heavily biased toward the N conformation. The binding
and12, 13, a cursory examination of the NMR data suggested constant for Ado 1) is favorable but the reaction rate is
that the trend outlined above is obeyed, wheré-& atom inferior to the N compounds or the flexible dAd@)(

in the “up” position dictates a preference for the S conformer Compounds5 and 3 are nearly equal in reaction rate but

and a 2F atom in the “down” position drives the equilibrium  differ in binding efficiency. Arabinosyladenosine (ara4),

to the N. reacted slower than compoutsd even though it predomi-
The situation is more complex fds and 6 due to the nantly populates the N pucker in solution. The interplay of

competing electronic effects of the®H group. Compound  ring pucker and the position of the'-Bydroxyl group

6 prefers the N, probably due to the same gauche andprobably combine to render this conformation incompatible

anomeric effects functional i, which tend to surpass the with the active site as we have seen in our modeling studies.

04 —-C4—-C3—-03 gauche effect. The calculated pseudo- The 2,3-dideoxyadenosine analog@ealthough puckered

rotational parameters also vary from those derived&or in the N conformation, is nearly equivalent to the natural

(Table 4) but remain in the N hemisphere. Interestingly, substrates.

compound5 occupies a conformation with very similar The weakest substrate of the adenine-containing analogues

pseudorotational parameters as those calculated for thewas -FddA (7), a compound that highly favors a S
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conformation. The 6-chloro derivativ€sand 10 were also active site (compound4, 5, 7, 12, and 14). However, the
very poor substrates perhaps due to the loss of H-bondphysical reasons for these difference must be critically
donation from the amino group to the critical zinc atom in examined on a case-by-case basis.
the active site. The chloro group at position 6 may also  An intriguing outlier in the group of analogues tested was
influence the hydration capacity of the purine ring. However, ara-A @). This N-disposed compound adjusted to the S
these compounds still followed the general trend where the conformation for steric reasons as described above. One
N analogue 10) displayed a catalytic efficiency about 15 possible explanation for ara-A to prefa N pucker is the
times that of the S analogu®)( This tendency also held for  gauche effect between thé-QH and the N9 atom, which,
the purine-based inhibitork2 and 13 (Table 3). From this in the N conformation, positions the Haroton antiperiplanar
varied data set, we can conclude that N compounds areto the Ct-N9 bond @1). Support for this hypothesis will
superior to S compounds in both binding to ADA and come from further studies of the conformational properties
turnover rate. In addition, analogues that pucker in the S and the evaluation of the electronic effects that drive the
and contain a'3ribo hydroxyl group are more efficient than  pseudorotational equilibrium in ara nucleosides.
those deoxygenated at Q8ompares and7). Flexibility is o- and -FddA Reisited: Why the Difference®e
also a strong determinant in catalytic efficiency, since the initially set out to explain the distinct difference between
natural substrates must invert their ring puckers to accom-andg-FddA when they reacted with ADA. During this study,
modate the active site. we also observed that the chemistry of the aglycon is highly
The picture is certainly complicated by other structural affected by the position of the fluorine atom at theg@sition
factors, most notably the angje A preference for the™ in these dideoxyadenosines. During the NMR work, we
rotamer is an important determinant in adopting a proper fit observed a slow exchange of the H8 proton of the base with
to the enzyme. In fact, it was shown earlier that thea2 deuterium over the course of several weeks at pD 5.0.
3'-hydroxyl groups were not essential for binding ADA (see However, the rate of exchange was much faster8ftinan
compound3), but the 5-CH,OH most likely played a critical ~ for 7. In addition, during the synthesis af and 8, we
role (56, 57). It would seem that from an assessment of all observed that when there was a chloro group at the C6
the data available, an ideal substrate would be one that wagosition of the aglycon, chemical hydrolysis to the hypo-
similar to dAdo in molecular composition but was biased xanthine was much more facile for analogues with an
toward an N ring pucker in solution. Along these lines, we a-fluorine in comparison to those where the fluorine was in
prepared 2dXA (14) by a known synthetic routg6) as an the 5 (“up”) position (data to be described elsewhere). We

“N” dAdo surrogate. The solution conformation &8 was initially hypothesized that there must be a potent inductive
indeed N P = 29.6° at 25°C) but they angle overwhelm-  effect of the 2fluorine atom that was geometry-dependent.
ingly preferred they' rotamer ¢60%; only 19% y™). We thought that in the case of compouBidmore efficient

Consequently, this analogue was one of the poorest substratewithdrawal of electron density from the purine aromatic
of the compounds tested (data not shown). Therefore, alongsystem would result in faster rates of nucleophilic addition
with the undesired positioning of the'-®H group, the or substitution at positions C6 and C8, respectively. However,
presence of a'shydroxyl group with the “unnatural” (“up”)  we showed that there was no effect of the fluorine stereo-
stereochemistry could also contribute to the reduced binding chemistry on the protonation potential of the purine, since
of 14 with ADA. the [K,s of the bases i and8 were shown to be identical.
Substrates Adjust to N in the Agti Site Our modeling We then assumed that stabilization of the ionized (protonated)
data support the notion that ADA will accommodate mostly form of the base was enhanced in the N conformation of
N-puckered analogues. We have modeled the active site ofthe sugar ring ir-FAddA 8. This is most likely a consequence
ADA with compounds2, 4, 7, and8. Several snapshots of of the “communication” of the furanose ring with the aglycon
compound® and7 with differenty, y, andP values (in the through the anomeric effect, which is more efficient in
S hemisphere) were docked into the ADA active site. In all nucleosides with N-type sugars. The combination of the
cases, these two S-puckered compounds adjusted to an ND4—C1 —C2—F gauche effect and the anomeric effect
ring pucker after short periods of dynamics simulations. The keeps the population & at almost 100% N at 25C. Thus,
differences in the calculated energies of the complexes ofa preorganized N conformation with an electronegative atom
ADA with 7 and 8 were mainly derived from adjustments in thea-positon of C2seems to be a desirable template with
the y angles must make in the active site when the ring a strong C6 hydration potential, two factors that are highly
pucker is S, as opposed to N. This results in nonideal [basedfavorable for binding and catalytic turnover with ADA.
on the crystal structure coordinates of the ADA complexes Additional experiments (NMR, ab initio, and quantitative
(14—17)] H-bonding geometries and distances to protein SAR studies) are in progress to describe in more detail the
residues important for optimal binding (e.g., the differences nature of the effects we have observed herein.
of the distance from Asp19 OD1 to th&BH in Sx andfxp, Conclusion In this study, we have explored the confor-
Table 5). It has been well documented that there is a distinctmational properties of various natural and synthetic substrates
interrelationship among the various structural paramekrs ( of ADA and found that a particular ring pucker (N) is
%, andy) in nucleosides 1), where the interplay among favorable for binding at the enzyme catalytic site. Although
functional group stereochemistry, electronegativity, orbital this trend can be altered by the type and stereochemistry of
interactions, and steric effects all contribute to the favored the functionality present on the furanose ring, one conclusion
ring conformation and rotamer distributions in nucleosides can be drawn: It appears that a sugar with a ribo- or
and nucleotides, monomers and oligomers. In this study, adeoxyribofuranose template acts as a scaffold for the
general observation was that any analogue with a substituentappropriate positioning of the andy angles (along with
in the “up” position is detrimental to binding in the ADA  the sugar functional groups) for optimum binding and
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reaction at the active site. The N scaffolding is clearly

superior to the S scaffold. Thus, analogues that can assume

an N pucker and position thé-8H,OH group and purine
base properly)™ and antiy) will accelerate deamination of

the 6-position of adenine. These data support the observations o3,

that substrates and inhibitors prefer ‘aeBdo disposition
(14—17), which serves to position the remaining functional

groups into proper alignment for enzyme catalysis at the 24
active site. Evidence that ring pucker is a primary determinant
in recognition and turnover of substrates by ADA has come

from two recent studies from our laborator8( 59).

Employing carbocyclic nucleoside analogues that are held
rigid in either an N or S conformation, we were able to prove

that ADA prefers the N-type sugar pucker byl00-fold.

These studies offer direct evidence that the positioning and
stereochemistry of the functional groups in the analogues
presented here are not as critical for binding as is the proper
(N) ring pucker, which serves as a template to align the

appropriate atoms for optimum interaction with ADA.
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