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Abstract: A detailed *H NMR conformational study complemented with ab initio computations was performed
in solution on fleximer nucleosides 1, 3, and 5 in relation to their natural counterparts. The substitution of
the purine nucleobase found in the natural nucleosides with a more flexible two-ring heterocyclic system
strongly increased the population of anti conformation around the glycosidic bond. This was accompanied
by a large shift toward a north-type sugar conformation, which was explained by the interplay of anomeric,
gauche, and steric effects. The formal separation of the bicyclic purine base into its imidazole and pyrimidine
moieties allows for formation of a hydrogen bond between the NH; and 2'-OH groups and facilitates favorable
conjugation between the two heterocyclic rings. Our results show that the interplay of stereoelectronic
effects, combined with the flexibility of the nucleobase and possible conjugation effects within the nucleobase,
plays a crucial role in the search for shape-mimic nucleosides that will interact with flexible binding sites.

Introduction served as a substrate for SAH&s®n the basis of ab initio
calculations that were carried out on the guanosine flexiner

. . o it was suggested that one possible explanation of the unusual
into nuclel_c acid ollgo_mers represent (_)ne_of the most successt_JIinhibitory activity could be attributed to the ability of the
drug design stra_tegle_s when Cons'de“'_‘g _C_hemOtherapeu“Cnucleobase to adopt an unusual syn conformation when interact-
approaches_, as IS ewdenced by the S|gn|f|ca_nt nur_nber Ofing with the flexible binding site of SAHaseA combined NMR
gnalogues N cllqlcal trlals. for treatmeqt of various diseases and ab initio conformational study on the inosiig @denosine
|ncIuld.|ng cancer, |nflammat|oq, and viral infectiohslumerous _(3), and guanosine fleximersin solution was then initiated
mo?|f|c§t|ons to' the Sﬁgar rtl)ng as \,’I\(e" da§ the heterocyclic in order to assess the possibility of additional conformational
nucteo as<|eq mou;tles ave e?\; ljo\t' Iz€ Irl] recefnt hyears tOdegrees of freedom within the heterocyclic aglycon. In addition,
Increase ¢ emot_ erapeutic aCt'_ A new class of s ape- possible interdependence with standard conformational equilibria
modified nucleosides called fleximers has recently been intro- c.v - oh 204 south puckered forms of ribofuranosyl moieties
duced? The purine nucleobase of the fleximers is split into its as well as along glycosidic and G4CS5 bonds was explored
imidazple and pyrimidine c.omponents, WhiCh. remain conn.ected Conformational properties of fleximer nucleosidess, and5

by a single g’__lc %Ond' Thr|]s aIIow_slthedmog|f|ed nu_cle03|des fWere compared with their natural counterparts to gain insight
to more readily adopt to the spatial and other requirements of 5q 4 the importance of structural and stereoelectronic properties
the binding site, while at the same time retaining the majority 4 integrity of heterocyclic nucleobases as well as their
of the key structural features required for molecular recognition. importance in influencing the tunability of the sugqrhosphate

The guanosine fleximés has been showrj to.mhllﬂaden.osy.I- backbone conformation above and beyond the normal recogni-
L-homocystelne hydrolase (SAHase)his finding was intri- _ tion and molecular assembly through hydrogen bonds.
guing becﬁus? @here have *?ee”_”o othgr "?PO”S ofa guanosing g pentofuranose sugar moiety in nucleosides is intrinsically
analogu_e_lnhlbltlng this b|0|(_)g|cally significant adt_enqs!ne- involved in dynamic north (N, roughly C2ndg = south (S,
me@bohzmg enzyme. As an'umpatgd, hovyever,_ no inhibitory roughly C2-endqg pseudorotational equilibrium between dif-
activity was observed for the adenosine flexifBevhich instead ¢ ¢ puckering modes. Numerous analyses of a two-state N
 National Institute of Chemistry = S pseudorotational equilibrium in nucleosides _and_ nucleotides
* University of Maryland, Baltimore County. have shown that the preferred sugar conformation is controlled
(1) Papers presented at XV International Roundtable Nucleosides, Nucleotidesby the gauche effects of [0£—-C—03/2] fragments, the
m‘ile'\(');‘iﬁﬁéc,\lﬁ‘gl'_dicigz%‘%”'2252'35{”;'73%9“9'“"” 200aicleosides  anomeric effect of the heterocyclic nucleobase, and steric
(2) Agrawal, S.; Zhao, Q. YCurr. Opin. Chem. Biol1998 2, 519-528. interaction$~? In this case, the formal separation of the purine

% gglgy'e'KCF'i_.'?'%'r']’;n'\g"'clff’.b,'_?;gsg" AZ_(.’OQg‘uilr?(' Sse.%o?gé'Chem 2002 67 nucleobase into its separate imidazole and pyrimidine compo-

Chemical modification of nucleosides and their incorporation

3365-3373.
(5) Seley, K. L.; Quirk, S.; Salim, S.; Zhang, L.; Hagos,Bioorg. Med. Chem. (6) Plavec, J.; Tong, W. M.; Chattopadhyayal.JAm. Chem. S04993 115,
Lett. 2003 13, 1985-1988. 9734-9746.
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nents endows the fleximer with even more conformational S-type conformer were kept frozen during the individual iterative least-
heterogeneity, therefore making it possible to adapt more readily squares optimization, whereas parameters for the major N-type
to the spatial confines of potential binding sites. The study conformer were freely optimized and vice versa. The optimization
presented herein was initiated to gain a better understanding agesulted in the following ranges of P afi#y for the N- and S-type
to whether greater flexibility for nucleoside analogues is geometries in all residues which best agreed with the experimdptal

correlated with the intrinsic stereoelectronic factors that govern coupling constant data:8" < Py < 417, 128 = Ps < 178, 31" <

. . X YN =S < 35, rms < 0.15 Hz,AJmax < 0.24 Hz for individual
the conform_atlon_of sugarphosphate _backbone in nucleosml_es residues in flexrl {): —25° < Py < 28°, 134 < Ps < 153, 30° <
and nucleotides in general. Insights into the complex relation- y N =y, s < 36°, rms < 0.10 Hz, Admax < 0.23 Hz for individual
ships of conformational properties and the potential for biologi- residues in rl2); —27° < Py < 46°, 153 < Ps < 18%, 30° < W, N
cal activity are of great importance in understanding the =W, S < 35°, rms< 0.15 Hz,AJmax < 0.30 Hz for individual residues

structural makeup and, consequently, the various functional rolesin flexrA (3); —20° < Py < 31°, 143 < Ps < 165, 30° < W, =

of the nucleic acids. ¥.S < 35, rms < 0.13 Hz,AJnax < 0.26 Hz for individual residues
in rA (4); 31° < Py < 37°, 153 < Ps < 196, 31° < W, N = ¥, S <

Materials and Methods 37°, rms < 0.17 Hz,AJmax < 0.36 Hz for individual residues in flexrG
(5).

NMR Measurements.*H NMR spectra were recorded on Varian
Unity Inova 300 NMR spectrometer at the Slovenian NMR center at
297.8 MHz. Spectra were acquired at 10 mM concentratich-@ in
DMSO-0s (99.9% deuterium) and with their saturated solutions i@ D
(99.96% deuterium) at concentrations below 1 mMp8, and5. All
proton resonances of sugar and nucleobase protons were completel
assigned with the use of 11 homonuclear decoupling, Telaxation
time measurements, and 1D NOE experimeits, coupling constants
and populations along C4C5 bonds for6 in DMSO-ds'° and data
for 4 and6 in DO were taken from our previous work. Tetrameth-
ylsilane (TMS) in DMSOeds and sodium trimethylsilyl propionate
(TMSP) were used as internal referenée<{0.000 ppm) forH NMR
spectra. Error in determination of coupling constants w@sl Hz for
Jun. The sample temperature was varied from 298 to 358 K and
controlled to approximately-0.1 K.

1D H measurements were performed under the following spectral
and processing conditions: 5.4 kHz sweep width, 32K time domain, Results
zero filling to 128K, and slight Gaussian apodization to give enhanced ) o )
resolution. 1D NOE experiments were run with saturation of individual 1 he conformational equilibria of fleximers flexrL), flexrA
lines within the multiplets and by internal subtraction of on- and off- (3), and flexrG §) and their natural analogues 2)( rA (4),
resonance spectra. 1D NOE experiments were acquired with a 50 msand rG @) were evaluated with the use #f and 1D difference
mixing time. NOE NMR spectroscopy in D and DMSOes solutions.*H

Conformational Analysis. Conformational analysis of the sugar NMR chemical shifts andJyy proton—proton coupling con-
moieties was performed with the computer program PSEUROT with stants were measured in both solvents at four different temper-
the use ofl electronegativities for the substituents along &-C—H atures between 298 and 358 K (see Tables-3S in the
f_ragrlge;nts and the six-parameter generalized Karphiona equa- Supporting Information). The temperature-dependent chemical
tion.= Substituentl electronegativities were obtained thrpugh the shifts,3Jy4 coupling constants, and NOE enhancements reflect
iterative proceduré that gave the best fit between experimentally . - . .

time-averaged values of several rapidly interconverting con-

measuredJuy coupling constants and respective torsion angles in a f NMR fi lei luti Chemical shift ch
large set of compounds and reflect the nature of a particular substituent._ormers on time scale in solution. Chemical shift changes

The following A electronegativity values were used: 0.0 for H; 0.58 N all studied compoundd—6 at 10 mM concentration in
for the heterocyclic base; 1.26 for OH; 0.62 for'CC2, C3, and DMSO-ds and in submillimolar concentration df 3, and5 in

C4; 1.27 for O4; and 0.68 for C5* In the optimization procedure, D20 showed linear dependence as a function of temperature.
both geometries and populations of N- and S-type pseudorotamers wereSuch variation is typical for systems where intra- and intermo-
varied to obtain the best fit between the experimental and calculated lecular stacking interactions are not significant. The conforma-
coupling constants. Our optimization procedure started with the tional equilibria of sugar moieties and along the-€&€5 bond
following values: Py = 18", Wy = 36°, Ps = 162", andWn®=36".  (torsjon angley) were assessed with the use of temperature-
The phase angle of pseudorotation and puckering amplitude of the m'nordependenﬁlrzv, 33,5 and 3Jszs, and3Jys and 3Jys: proton-

proton coupling constants, respectively (Tables 2S and 3S).

Ab Initio Calculations. Ab initio calculations on flexrG %) were
performed with the GAUSSIAN 98 software package using standard
Gaussian 6-31G and 6-311G* basis $éfhe structure of flexrGg)
in (north, anti) conformation was first completely freely optimized at
the HF/6-31G level. The conformational energy surface for flexg)G (
Yvas constructed by constraining torsion anglg®4'—C1 —N9—C5]
and¢ [N9—C10-C4—N3] to fixed values and optimizing the rest of
the molecule. Thg—¢ conformational space of flexr&) was scanned
by incrementing both torsion angles in°3eps from Oto 360 which
resulted in 144 energy points. Calculations were also performed on
selected global and local energy minima geometries using the polariza-
tion continuum model (PCM) of Tomasi and co-work&3%he number
of tessarae per sphere, which is a parameter of PCM calculation and
defines the number of subdivisions of surface of each sphere into
triangular tessera#,was 80 in order to achieve convergence.

(7) Plavec, J.; Thibaudeau, C.; Chattopadhyay&uie Appl. Chem1996
68, 2137-2144.

(8) Polak, M.; Mohar, B.; Kobe, J.; Plavec,J.Am. Chem. Sod.99§ 120, (14) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
2508-2513. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
(9) Thibaudeau, C.; ChattopadhyayaStereoelectronic effects in nucleosides R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
and nucleotides and their structural implicatignElppsala University K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
Press: Uppsala, Sweden, 1999. R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
(10) Plevnik, M.; Crnugelj, M.; Stimac, A.; Kobe, J.; Plavec,JJChem. Soc., Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
Perkin Trans. 22001, 1433-1438. Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
(11) Thibaudeau, C.; Plavec, J.; Chattopadhyayd, drg. Chem.1996 61, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
266—286. Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,
(12) Haasnoot, C. A. G.; de Leeuw, F. A. A. M.; Altona, Tetrahedronl98Q C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
36, 2783-2792. Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
(13) Altona, C.; Francke, R.; de Haan, R.; Ippel, J. H.; Daalmans, G. J.; Westra M.; Replogle, E. S.; Pople, J. &aussian 98revision A.5; Gaussian Inc.:
Hoekzema, A. J. A.; van Wijk, Magn. Reson. Chenl994 32, 670~ Pittsburgh, PA, 1998.
678. (15) Barone, V.; Cossi, M.; Tomasi, J. Chem. Phys1997 107, 3210-3221.
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Scheme 1. Structural Formulas of 1—6

0
NH
7
10N\34_= <N | )
6 O N
HO s \/NH HO
e’ "i)H HO  OH
flextT (1) 1 (2)

N /
] AL
O =
HO/\Q/ N R Ho/\Q/

§ ., \/N & 3
HO oH HO OH
flexrA (3) rA (4)
(o]
</ | </N | NH
N 0 -z
) = o. 2N N7 "Nl
HO NYNH HO/\Q/
HO  OH  HN HO  OH
flexrG (5) G (6)
Table 1. Pseudorotational Analysis and Population of y Rotamers C3-endo-C4'-exo canonical form). The corresponding pseu-
1 — a . . .
in 1-6 at 298 K dorotamers in the south region of conformational space showed
compd  solvent Py W' Ps W,® tms AJ™ %N %yt %y~ %y Ps from 152 to 169 (ca. C2-endo canonical form). The

flexrl (1) DMSO 28 33 153 33 0.09 0.15 58 68 10 22 puckering amplitudes of both N and S pseudorotamers were

@ Bﬁ?so gg g‘i igé g‘; 8-%2 g-ié gg gg 186 3235’) found between F1and 34 (Table 1). The comparison of

r . . . .

flextA (3) DMSO 28 33 156 33 0.04 008 55 68 9 23 pseudorotamer popu_latlo_ns in Table 1 s_hows that the fqrmal

D,O 31 32 158 32 008 015 51 58 9 33 sSeparation of the purine ring i 3, and5 with respect to their

rA (4) DMSO 39 31 160 31 0.03 0.07 28 67 12 21 parent analogue®, 4, and6 leads to a significant increase in

flexrG (5) Bl\gso gg 33,2 igg gj 8'82 8'%3 gg Z)(l) g g; the population of N-type conformers for the former. Sugar

G (6)b DMSO 36 32 156 32 0.04 008 33 52 24 24 moieties in natural r|b0nUC|603|déS4, and-G exhibited a 67

72% preference for S-type at 298 K, whilesR S conforma-
all?thaése eigglles o; @s%ld%rtot,atifm(@lt?]d Ps) amti maximum %uscllgarggT tional equilibria in fleximer analoguek 3, and5 were shifted

amplituaes ¥m™ an m>) obtained with computer program f :

are in degrees, rms errors aAd™ are in Hz, temperature is in K, and toward the major_N-_type Conformers (584% at 298 K). Itis

populations of N-type conformers androtamers are in 9@ Taken from noteworthy that similar conformational preferences were found

ref 10. in D,O and DMSO€s (Table 1).

Significant differences in temperature variation of<Rl S
pseudorotational equilibria fdt—6 were found (Figure 1). To
systematically evaluate variation of the population ratios for the

Conformational Equilibria of Ribofuranosyl Rings in 1 —6 fleximers and the parent nucleosides in Figure 1 in a more
(Scheme 1)The experimentatluy coupling constants which  guantitative way, van't Hoff plots were employed. A van't Hoff
were acquired at four different temperatures were interpreted analysis using populations of the N and S pseudorotamers at
in terms of a two-state north (Ny south (S) pseudorotational  four different temperatures enabled calculation of the enthalpy
equilibrium. The best fit between the experimental and calcu- and entropy contributions that drive the=N S equilibrium in
lated 3Jy coupling constants was found through iterative 1—6 (Figure 2). The bar plots in Figure 2A show that the
optimization of phase angles of pseudorotation and maximum pseudorotational equilibrium is driven toward N-type conformers
puckering amplitudes of N (Pand¥,") and S (R and ¥, by enthalpy contributions for fleximerks and5, whereas it is
pseudorotamers as well as their respective mole fractions (Tableweakly driven toward S foB in D,O. The preferential drive of
1). Pseudorotational analysis df-6 revealed that N-type N = S equilibrium in1, 3, and5 toward N with respect to
pseudorotamers of individual sugar moieties exhibit phase anglestheir natural counterparg 4, andé6 is also observed in DMSO-
of pseudorotation (f) in the range from 27to 39 (i.e., around ds (Figure 2B).

Equilibrium along the glycosidic bond (torsion angle was
evaluated with the use of NOE enhancements.

J. AM. CHEM. SOC. = VOL. 126, NO. 26, 2004 8161
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(A) ]
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b
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| Il R B flexiG (5)
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v s - B S ()
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1 -%---—---""""" T
25 "ttt
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Figure 1. Populations of north-type conformers 1r-6 in D-O (panel A) and in DMSQ¥s (panel B).

(A) flexrl (1) flexrA (3) A (4) flexrG (5) G (6)
4.0

2.6

Bl Ll B M .

0.9

(B) flexal (1) 1(2) flexrA (3) A (4) flexrG (5) G (6)

3.0 24

1.6
2.0 ’ 1.3 0.5

"“WF% m ‘ém

= 0.0
= =]

-1.8 -1.8
-3.0 25
40 231
5.0
-1.8
-6.0

Figure 2. Experimental thermodynamic parameters forFNS equilibrium in1—-6 at 298 K in DO (panel A) and in DMSQls (panel B). The values of
AH° andAS’ were calculated from slopes and intercepts of van't Hoff plots according to the relatio@/Xn) = —(AH°/R)(1000T) + AS’/R. AH° values

are represented with dashed bar§AS’ at 298 K are depicted with gray bars, an@° values are depicted with white bars. The Pearson correlation
coefficients of van't Hoff plots were-0.990 for1, 0.969 for3, and—0.996 for5 in D,O and—0.995 for1, 0.985 for2, —0.984 for3, 0.999 for4, —0.999

for 5, and—0.997 for6 in DMSO-ds. Error estimates are based on errors in the measuremédtptoupling constants that were used to calculate the
populations of N- and S-type pseudorotamers at individual temperatures.

Conformation Equilibrium along the C4'—C5 Bond rium along C4—C5 bonds in1-6 (i.e., torsion angley).
(Torsion Angle y). Temperature-dependeffys and 3Jys: Experimental coupling constants acquired at four different
coupling constants were used to assess conformational equilibtemperatures were interpreted in terms of a three-gtate yt

8162 J. AM. CHEM. SOC. = VOL. 126, NO. 26, 2004
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Table 2. 1D NOE Enhancements and Population of Syn Table 3. T, Relaxation Times for Proton Nuclei in 1—6 at 298 K#

H — a
Conformers in 1-6 at 298 K flexrl (1) 1 (2) flexrA (3) rA (4) flexrG (5) 1G (6)

compd solvent saturated H2 H5 H8 H1l H1'" H2' H3' H4'" %syn - T —
P il nucleus DMSO D,0 DMSO DMSO D,O DMSO DMSO D,0O DMSO

flexrl (1) DMSO :f 6 8309 0.8 1.1 ;:3 2.3 2o 915 o 70 19 29 49 56 50
H5 98 7.9 H5 1.6 1.8 15 26 15 11
H11 101 04 Hs 11 03 13 10 10 13 10 02 11
D,0 H8 1.6 7.8 2.2 615 H11 19 03 14 1.3 19 0.2
H1' 06 3.7 0.2 39 24 H1l' 14 18 17 16 24 14 1.0 15 18
H5 13 4.2 06 H2 07 13 08 07 18 08 05 09 07
H11 7.5 H3 08 13 08 08 16 0.8 05 10 08
r(2) DMSO H8 7.6 6.8 1.2 3565 H# 09 15 10 09 14 10 07 13 1.0
HI' 0.7 6.0 33 24 H5 05 05 03 HOD 06 03 03 05 03
flexrA (3) DMSO  H8 0.3 15 6.2 4.2 015 H5' 03 05 03 03 06 03 03 05 03
HI' 1.7 34 1.0 2.9 1.0 20
HS5 112 4.2 aT, relaxation times (in s) have been calculated by fitting the
H11 112 02 17 experimentally determined signal intensities obtained by inversion recovery
D0 H8 53 7.6 1.8 0 experiments. Standard deviationsTinvalues were below 30 ms, except
HI 36 1136 223 for H1' in 5 and H3 in 1 recorded in DMSGds and H2, H2, and H4 in
HS 46 48 1.7 3in D;0, where they were below 75 ms.
H11 8.0 ) i . - o
(A (4) DMSO  H8 9.9 49 07 4585 The relative orientation of the imidazole and pyrimidine rings
H1I 07 9.1 3.0 2.1 is defined by the use of torsion angle[N9—C10-C4—N3].
flexrG (5) DMSO  H8 08 1.0 8.2b 10-15 Almost coplanar alignment of both imidazole and pyrimidine
H1' 8.1 1.1 29b 16 I S
H5 135 6.0 moieties ¢ ~ 0°) in flexrG (5), where the NH group on the
H11 11.1 05 latter is pointing toward the sugar moiety, is supported by
D0 :f Lo 15 27-§ g-f . 015 experimental NOE data and has also been found by ab initio
H5 ' 10 28 03 calculations to be energetically preferred (vide infra). Specifi-
H11 5.6 cally, NOE enhancements at H5 upon saturation of H11,in
1G@6) DMSO .:'f i 5.9 27-g 11 - 1550 3, and5 in D,O range from 5.6% to 8.0% (Table 2) which

corroborates their short internuclear distance and high population
aValues for enhancements are integrated areas under signals in % inOf conformers with a coplanar imidazole and pyrimidine ring

comparison with the area under the signal for the saturated nucleus. Thegrientation. Most heterocyclic proton atoms including H5 in
estimate of the population range of syn conformers is based on comparative

analysis of H8~ H1' and H8<> (H2' + H3) NOE enhancements. » H3 particular exhipit considerably smaller magn.itud.es' of NOE
is nearly isochronous with H2and its NOE enhancements are included in  enhancements in® compared to DMSQ@Is, which indicates
values for H2 the effect of hydration of nearby hydrophilic groups and proton

o exchange of imino and amino groups on dipedgpole interac-

=y~ equilibrium:® In all casesy™ rotamers were preferred  {jons. Some minor conformational readjustmentssias well
by 52% to 71% (see Tables 1 and 2S). The fleximers exhibited 5 change in rotamer populations along-@4L0 bonds irt, 3,
larger populations of " rotamers except in the case of the flexrA 5145 are also expected to occur in the two solvents.
(3)/rA (4) pair where the differences were small. Lower 14 T, Relaxation Times.IH spinlattice relaxation timeT,)
populations in natural nucleosides with respect to their fleximer \aasurements were then performed to examine possible changes
counterparts are correlated with an increase in population of j, the relaxation properties of modified nucleoside8, and5
the y~ conformation for the former (Table 1). due to the increased flexibility along the-C bond that resides

Conformation of Heterocyclic Aglycon (Torsion Angles within the heterocyclic moiety. Randomly fluctuating fields
x and ¢). 1D difference NOE experiments at 298 K were then experienced by the nucleus are caused by tumbling and other
performed to determine the preferred orientation along the motions of the nucleus itself and other nuclei in the molecule
glycosidic bond (i.e. sys= anti equilibrium) in1—6. Upon or in solution and are reflected in longitudinal relaxation of the
saturation of the H8 resonance, NOE enhancements werestudied proton.T; values of heterocyclic and sugar proton
observed at H1H2, and H3 nuclei and used in the calculation resonances (Table 3) are sensitive to conformational changes
of population of syn and anti conformations according to the of the sugar ring and the orientation along the glycosidic B8nd.
equations: % syr= (100 x 741)/11.3 and % ant= (100 x Qualitative analysis ofT; values is in agreement with the
(mHz + 11z)/9.6)17 The results presented in Table 2 show a observation of higher populations for anti and N-type sugar
preference for syn conformation for the natural nucleosides. In conformers in fleximerd, 3, and5 as compared to the natural
contrast, their fleximer counterpafts3, and5 exhibited a lower nucleosides2, 4, and 6, respectively. Namely, noticeable
preference for syn orientation with populations ranging from differences of up to 1.1 s if; relaxation times were observed
0% to 15% in both BO and DMSO¢s solutions (Table 2). The  for H2, H8, and H1in the fleximers in comparison to their
formal splitting of the purine into two rings apparently increases natural counterparts (Table 3). This suggests increased dynamics
the steric bulk of the heterocyclic aglycon, which in turn shifts of nuclei in this part of the molecule and is in agreement with
the equilibrium along the glycosidic bond 1n 3, and5 toward reorientation along thg torsion angle supported by the NOE
anti conformers. data. It is interesting to note that there is a considerable drop in
T, values in DO in comparison to DMSQ@ls. The decrease is

(16) Haasnoot, C. A. G.; de Leeuw, F. A. A. M.; de Leeuw, H. P. M.; Altona, larger for protons of pyrimidine and imidazole moieties than
C. Recl. Tra. Chim. Pays-Bad4979 98, 576-577. for sugar rings

(17) Rosemeyer, H.; Toth, G.; Golankiewicz, B.; Kazimierczuk, Z.; Bourgeois, g gs.
W.; Kretschmer, U.; Muth, H. P.; Seela, F..Org. Chem199Q 55, 5784-
5790. (18) Shibata, SMagn. Reson. Cheni992 30, 371—-376.
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Table 4. Energy Minima Conformations of flexrG (5) Obtained by
Ab Initio Optimizations at the HF/6-31G Level?

= = Eel
conformer x ¢ Py W¥," (HF) (PCM,DMSO) (PCM, water)
(anti,sp) —162 —-12 27 38 0.0 0.0 0.0
(anti,ap) —162 173 27 39 178 195 7.1
(syn, sc) 46 44 62 38 35.6 35.2 26.0
(syn, sc) 84 —43 56 37 46.9 447 37.7

aValues for torsion angleg [04'—C1—N9—-C5] and¢ [N9—C10-
C4—Na3], phase angle of pseudorotationyfPand puckering amplitude
(¥N) are in degrees e is in kJ molt. The lowest HF energies in vacuo
(—1109.210 89 au) and in PCM calculations with DMS©1(109.238 85
au) and with aqueous—1109.267 57 au) environments were used as
arbitrary reference points. The single-point HF/6-311G* relative energies
in vacuo for the conformers optimized at the HF/6-31G level were 0.0
(—1109.937 76 au), 17.5, 23.0, and 31.1 kJ mol

Ab Initio Calculations. We then performed a set of ab initio
calculations on flexrGg) at the HF/6-31G level in order to
construct gr—¢ potential energy surface. Unrestricted optimiza-
tion at the HF/6-31G level with the N-type sugar conformation
(P =11°, W, = 38) and nucleobase in anti conformatign (
=180, ¢ = 0°) of flexrG (5) was performed at the initial stage
of simulations. This optimized structurf & 27°, ¥, = 38°,

x = —162, ¢ = —12°, Table 4) was subsequently used in the
construction of thg—¢ potential energy surface. In calculating
the potential energy surface points, torsion anglg34'—C1 —
N9—C5] and¢ [N9—C10-C4—N3] were incremented in 30
steps from 9to 360" and fixed, while all other conformational

[04'—C4—-C3—-03] and [N9-C1—-C2-02] fragments that
drive pseudorotational equilibrium toward S-type conformers.
The anomeric effect, which drives thesN S equilibrium toward
N-type conformers, is strengthened when the electron-accepting
ability of the nucleobase increases as exemplified by protonation
or upon interaction with M" ions1%1922 On the other hand,
the steric effect of the nucleobase drives the=I\s equilibrium
through the preference of bulky substituents to adopt a pseu-
doequatorial orientation and thus favors an S-type conformation.

Our pseudorotational analysis has shown that flexirbe8s
and5 are involved in a conformational equilibrium between
puckered north (around G&ndo-C4'-exocanonical form) and
south forms (around C2&ndocanonical form) with comparable
P and W, values as found in their natural counterpats,
and6. Considerably higher populations of N-type conformers
were observed for fleximer$, 3, and5. The increase in the
populations of N-type conformers varies from 25 unit % in the
case of the flexrl D)/rl (2) pair, 27 unit % in the case of the
flexrA (3)/rA (4) pair, to as high as 31 unit % for the flexrG
(5)/rG (6) pair in DMSO+4s at 298 K. The population difference
in D20 is reduced to 18 unit % in the case of the flex@8yV(A
(4) pair and 27 unit % for the flexrG5}/rG (6) pair. These
experimental observations can be rationalized by considering
the changes in the three competing factors and their related
stereoelectronic effects upon substitution of the natural hetero-
cyclic nucleobase with a flexible analogue: (i) the anomeric

degrees of freedom were freely optimized. The energies of the &ffect of the nucleobase drives the ¥ S pseudorotation
resulting 144 structures were used to construct a 3D surface€quilibrium toward N-type conformers; (ii) the steric effect of

plot (Figure 3). The potential energy surface exhibits a global
minimum characterized by in the anti range) ~ 180°) and

¢ in the sp ranged ~ 0°) (Figure 3). The conformational
reorientation of the nucleobase from anti to syn conformation

the nucleobase and (iii) the gauche effect of the {09’ —
C2—-02] fragment both drive the N= S pseudorotation
equilibrium in 1—6 toward S-type conformers.

Unfortunately, the relative strengths of the anomeric and

with respect to the sugar moiety is energetically demanding gauche effects of the [N9C1 —C2 —02] fragment in fleximer

(barrier~ 70 kJ mol?). The rotation along torsion anglg
exhibits a slightly lower energy barrier of up to 50 kJ mol

nucleosidesl, 3, and 5 cannot be measured directly and
dissected through comparative analysis of thermodynamics of

(Figure 3). Unrestricted energy optimizations were performed their N== S equilibrium. It is known, however, that substitution

in the above energy minima, which resulted in two conformers
in the anti region and two in the syn region of conformational

of guanine or adenine by an imidazole ring id2oxyribo-
nucleosides shifts the ’ S pseudorotation equilibrium toward

space (Table 4). The two lowest energy structures are presentedN-type conformers by only 2 and 4 percentage points at 298
in Figure 4. Several attempts to calculate relative energies in K, respectively? This clearly demonstrates that the substitution
(syn, sp) and (syn, ap) conformational regions for flexB5 ( of the bicyclic purine nucleobase with an imidazole ring induces
consistently resulted in the above energy minima, which is a small increase in the strength of the anomeric effect and/or a
probably due to unfavorable steric interactions. Additional small decrease in steric bulk. A pairwise comparison between
energy calculations were performed on freely optimized struc- 2'-deoxy- and ribonucleosides that elaborates the effect-of 2
tures using the PCM model to evaluate effects of solvatation. OH group interactions with adenine and guanine nucleobases
The energy difference between the two lowest energy conform- also showed ogla 2 and 3 percentage point increase in the
ers was comparable in vacuo and in DMS@A( = 1.7 kJ populations of N-type conformers for guanosine and adenosine,

mol~1). The relative stabilization of thanti-sp overanti-ap

respectively, with regards to theit-8eoxy counterpartsThe

conformer was considerably smaller in an aqueous environmentintroduction of the 20H group that is involved in two gauche

(Table 4).

Discussion

effects of [N9-C1'—C2—-02] and [04—C1—-C2-02] frag-
ments which oppose each other in the drive of<N S

. . _ ... equilibrium therefore results in only a small effect. If the gauche
Itis well established that the puckering of sugar moieties in ggo ot of the [04-C1'—C2—02] fragment is comparable in

nucleosides and nucleotides and thermodynamics &f 1% fleximers1, 3, and5 and in their natural analogu@s4, ands,

pseydorotatlonal equnlbrlum are governed by the competing respectively, we could expect only a small shift of a few percent
steric, gauche, and anomeric effeg#sThe N= S pseudoro-

tational equilibrium in individual nucleosides—6 is driven (19
toward N by the anomeric effect of a heterocyclic nucleobase (20
and by the gauche effect of [04C1—C2—02] fragment. 21
These effects, however, are opposed by the gauche effects 0{22

Polak, M.; Plavec, Nucleosides Nucleotidel998 17, 2011—-2020.
Polak, M.; Plavec, J.; Trifonova, A.; Foldesi, A.; Chattopadhyaya, J.
Chem. Soc., Perkin Trans.1999 2835-2843.

Polak, M.; Plavec, Nucleosides Nucleotidet999 18, 1109-1112.
Polak, M.; Plavec, Eur. J. Inorg. Chem1999 547—555.
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Figure 3. Ab initio HF/6-31G potential energy surface of flexr6) howing global minimum for the conformations with a heterocyclic nucleobase in the
(anti, sp region § ~ 180, ¢ ~ 0°). Other local minima are in the following four conformational regions: (anti, ap) region (80C°, ¢ ~ 180, Ee =
19.3 kJ mot?), (syn, sc) regiony ~ 60°, ¢ ~ 60°, Erel = 39.9 kJ mot?), (syn, ac) regiony ~ 60°, ¢ ~ 150°, E, = 35.3 kJ mot?), and (syn, sc) region

(x ~ —30°, ¢ ~ 90°, Erel = 26.4 kJ mot?).

Figure 4. Conformational equilibrium between two lowest energy con-
formers of flexrG b) as obtained from ab initio potential energy surface at
the HF/6-31G level. The left side molecule exhibits (syn, sc) conformation
(x ~ —30°, ¢ ~ 90°, Erq) = 26.4 kJ mot?), while the right side structure

is a global minimum and is characterized by (antj, spnformation g ~
180, ¢ ~ 0°, Ere; = 0.0 kJ mot?) of the nucleobase.

toward N-type conformers in fleximer nucleosides in comparison | 3 o1

to the natural ones due to the change of the nucleobase.
Modification of the nucleobases from natural inosine, ad-

enosine and guanosine into their corresponding fleximer ana-

tained by ab initio calculations and supported by 1D difference
NOE experimentsy~ 180° and¢ ~ 0°) demonstrates that the
distances between Oand hydrogen atoms of the Nkjroup
are ca. 2.2 A for both N- and S-type conformers of flex&p (
Formation of such a hydrogen bond requires anti conformation
(x ~ 180C°) and nearly coplanar pyrimidine and imidazole rings
(¢ ~ 0°) but does not favor N- over S-type sugar conformation
(Figure 4). The hydrogen bond G2 -HN could therefore
represent a conformational lock that stabilizes anti conformation
in flexrG (5). The rotation across the €410 bond in flexrA
(3) would hypothetically lead to formation of such a hydrogen
bond between its O2and C6-NH, group. Our ab initio
calculations, however, clearly showed that such a conformer
¢ = 17C¢°, y = —160°) was energetically unfavored by 12.4
at the HF/6-31G level of theory over the rotamer of
flexrA (3) where its pyrimidine adopted a conformation with
the amino group turned away from the ribose moigty=(—14°,

= —162). It is noteworthy that results of our ab initio

logues leads to increased populations of anti conformation along calculations are in full agreement with our NMR data. Fleximer

glycosidic bond. It is reasonable then to assume that the steric
effect is increased, which indicates that the fleximer nucleobases

drive N == S pseudorotation equilibrium toward S-type con-

formers more efficiently than the parent natural nucleobases.
We have, however, observed considerable stabilization of N-type

conformers for fleximer analoguek 3, and 5. The formal
splitting of the bicyclic purine ring into its five-membered

imidazole and adjacent six-membered pyrimidine rings imposes
some additional effects on the pentofuranose ring conformation

due to the additional degrees of freedom (epy. One possible

nucleosides described in this work show resemblance to
ribavirin, which exhibits a broad spectrum of antiviral activity.
Several studies have shown that the pseudo base (1,2,4-triazole-
3-carboxamide) of ribavirin is capable of base-pairing equiva-
lently with cytidine and uridine as long as rotation of the
carboxamide moiety is not restrictéd26 An earlier NMR

(23) Witkowski, J. T.; Robins, R. K.; Khare, G. P.; Sidwell, R. \l/. Med.
Chem.1973 16, 935-937.

(24) Crotty, S.; Maag, D.; Arnold, J. J.; Zhong, W. D.; Lau, J. Y. N.; Hong, Z.;
Andino, R.; Cameron, C. ENat. Med.200Q 6, 1375-1379.

explanation is the formation of a hydrogen bond between the (25) Ulrich, S. M.; Sallee, N. A.; Shokat, K. Mgioorg. Med. Chem. Let2002

NH, group on the pyrimidine ring and the'-@H of the

pentofuranose moiety. Comparison of molecular models ob-

12, 3223-3227.
(26) Wu, J. Z.; Lin, C. C.; Hong, Z1. Antimicrob. Chemothe2003 52, 543—
546.
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study?’” showed that ribavirin is involved in N> S equilibrium fleximer analogues. We have found that the increased steric bulk
with essentially equal contributions of the two pseudorotamers. of the fleximer nucleobase and the possible formation of a
North over south conformational preference4,i3, and5 could hydrogen bond between the Migroup on the pyrimidine ring
not be interpreted without involving interactions of thesys- and the 20H induced a shift toward higher populations of anti
tems of imidazole and pyrimidine moieties. Coplanar arrange- conformation in the fleximers. No significant redistribution along
ment of the imidazole and pyrimidine rings might lead to the C4—C5 bond was detected which reveals that no major
conjugation of theirz-electron clouds in the fleximer nucleo-  disruption on that portion of the sugar ring takes place upon
bases and thus strongly strengthen the anomeric effects. Electroriormal separation of the purine moiety. The ab initio energy
delocalization from the imidazole part of the molecule is surface for flexrG %) exhibited energy minima in the syn region,
consistent with a stronger anomeric effect and induces a largewhich could support the possible stabilization of the syn
shift of the N== S pseudorotation equilibrium toward N-type conformation in the binding site of the SAHase enzyme. Taken
conformers which has been experimentally observedL{@, together, this evidence clearly illustrates that the interplay of
andb. stereoelectronic effects, the relative flexibility of the nucleobase,

It was originally proposetthat the fleximer nucleobases combined with the potential for increased conjugation effects
could adopt a syn conformation to better accommodate the activefor the nucleobase, which in turn strengthens the anomeric effect,
site on the SAHase enzyme. The NMR study presented hereall play crucial roles in predicting conformations for flexible
on the unrestricted fleximer nucleosides3, and5 in solution molecules. Given the elusive nature of tertiary enzyme structure,
in the absence of enzyme showed a strong preference of thegaining a better understanding of these conformational effects
syn <= anti equilibrium for anti conformers. This result is in  will further aide in the design of flexible bioprobes to help with
agreement with the potential energy surface for flexBpat the structural elucidation of ligand binding sites in biologically
the HF/6-31G level in vacuo (Figure 3) which showed a global significant enzymatic systems.
minimum in the (anti, sp) regiory(= —162°, ¢ = —12°). The
pyrimidine and imidazole moieties were also found to exist Acknowledgment. We thank the Ministry of Education,
preferentially in a coplanar arrangement. Our studies at the HF/Science and Sport of Republic of Slovenia (Grant Nos. J1-3309-
6-31G level indicate that the syn conformation has a consider- 0104 and P1-0242) and European Commission (ICA1-CT-2000-
ably higher energy. 70034) for financial support.

In conclusion, the experimental NMR and ab initio calcula- S fing. Inf tion Available: Tabl taini i
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tions of N-type conformers as a result of the modification of perimental NMR chemical shifts anfhy coupling constants.
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