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ABSTRACT

dApT, a modified deoxyribose dinucleoside phosphate with
an uncharged methylphosphonate group, crystallizes as dihy-
drate in space group P2.2.2, a = 9.629(3), b = 20.884(6) and
c = 1".173(H)§, Z =4, %hé structure has been determined
using 2176 X-ray diffractometer reflections and refined to a
final R of 0.105. Torsion angles about P-0(5') and P-0(3')
bonds are -91.8° and 117.8°. The former is in the normal
(-)gauche range while the latter is eclipsed. BaseE are
oriented anti, the sugar of adenosine is puckered " T
(C(2')endo) whereas that of thymidine displays pucke%ing
disorder with,major and minor occupancy sites. Major site is
a half-chair 7T (C(2')endo-C(1')exo) and minor site an enve-
lope °T, (C(3‘)endo). Adenine and thymine bases of symmetry
related“molecules form reversed Hoogsteen type base pairs,
water molecules are disordered in the crystal lattice.

INTRODUCTION

Using single crystal X-ray diffraction methods, structu-
ral details for several di-ribonucleoside monophosphates
(1-4), for one tri-ribonucleoside diphosphate (5), for seve-
ral oligo deoxyribonucleotides (6) and for one oligoribo-
oligodeoxyribo-nucleotide hybrid (7) have been reported. All
these oligonucleotides contain normal nucleoside and phos-
phate moieties and are directly related to polymeric RNA and
DNA.

Recently, a series of dideoxyribonucleoside methyl phos-
phonates have been synthesized (8). Owing to their non-ionic
phosphonate group, they can readily diffuse into culture
cells and may display promising biological effects because
they are not degraded by nucleases. Structurally, the methyl
phosphonates are of interest because (a) from the chemical
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synthesis, two diastereomers with phosphorous atom in S and
R configuration are obtained, (b) the electronic distribu-
tion in this moiety is different from that in normal phos-
phodiester and (c¢) the negative charge on the latter is no
longer present. Spectroscopic studies (CD, UV hypochromi-
city, NMR) showed that dideoxy ribonucleoside methyl phos-
phonates have similar overall conformation as their parent
analogues (9). The stacking of bases, however, is reduced
and different for isomers R and S. On the other hand, the
thermal stability of complexes between deoxyadenylyl-3'-
methylphosphonate-5'-adenosine (d-ApA) and Poly(U) or
Poly(T) is enhanced relative to normal d-ApA, probably
because there is no charge-charge repulsion between negative
phosphates of the complexing molecules (9). The present
X-ray study describes the structural properties of deoxy-
adenylyl-3'-methylphosphonate-5'-thymidine (d-ApT) and gives
a comparison with those obtained from unmodified nucleotides.

EXPERIMENTAL

The dihydrate of (d-ApT) (see Fig. 1 for molecular for-
mula and atomic numbering scheme) crystallizes from ethanol/
water in space group P21212. Unit cell dimensions are a =
9.629(3), b = 20.884(6) and ¢ = 14.173(4) %. With four for-
mula units of 020H28N709P-2H20 ig the unit cell, the calcu-
lated density (pc) is 1.42 g em™~. The three dimensional
X-ray intensity data were collected up to a limiting value
of 26 of 120° using a Stoe automatic diffractometer equipped
with Cu-tube. The 6-26 scan mode was employed with statio-
nary background measurements on both sides of each scan. Out
of a total of 2353 reflections, 176 had intensities below
the 30 level of significance calculated from counting sta-
tisties (10). The structure was solved by MULTAN (11) and
initially refined with isotropic temperature factors to an R
value of 0.16. This refinement showed large temperature
factors for C(2')T and 0(3')T atoms of the thymidyl-deoxy-
ribose as well as for the two water molecules, suggesting
possible disorder. A difference Fourier map computed with
these atoms omitted from structure factor calculations
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Fig. 1. Bond lengths, angles and numbering scheme of d-ApT

showed elongated, broad and only partially resolved peaks
for atoms C(2')T and 0(3')T corresponding to twofold occu-
pancy with unequal statistical distribution (Fig. 2). The

Fig. 2. Difference Fourier
with the relevant sections
picturing the disorder of the
thymidyl sugar involving C2'T
and 03'T atoms. Contours are
drawn at intervals of 1e/A3.
Starting contour is at 2e/A3.

o1r'r
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Table 1 Final positional parameters of dApT

Atom X Y YA

P .2817(4) 8136(2) 2227(3)
01P .2708(13) .8807(5) .1885(8)
c2pP .1256(15) 7801(8) .2723(10)
C(1')A .4783(18) 8467(7) 4939 (10)
0(1'")A .5968(12) .8088(5) 4689 (6)
c(2')A L4498 (17) .8881(7) 4076 (11)
Cc(3')A .5026(17) 8478(7) 3251(9)
0(3')A .3988(10) 7999 (4) 2973(6)
c(4')a .6246(16) 8103(8) .3650(10)
C(5')A .7698(19) 8383(9) L3477(12)
0(5')A .7669(11) 9038 (6) .3713(9)
N1A .4035(14) 8492(6) 8464 (8)
c2A .3409(14) 8178(7) JTT7T72(11)
N3A .3626(12) 8197(6) .6862(8)
cua .4599(15) .8629(7) 6655 (10)
C5A .5349(15) .9013(7) 7272(10)
c6A .4985(16) .8936(7) 8258 (10)
N6A .5597(14) .9283(6) .8912(8)
N7A .6292(12) .9418(6) .6815(8)
c8Aa .6124(16) L9261 (7) 5922(11)
N9A .5075(13) .8819(5) 5786 (7)
c(1")T .5432(18) 6280(8) .0727(13)
o(1")T .5577(10) .6954(5) .0794(7)
C(3")T .3543(17) .6695(9) -.0069(11)
C(4r*)T .4617(18) 7228(7) 0193(10)
c(5'")T .4o49(21) .7868(9) 0624 (12)
0(5")T .3122(11) .7663(5) 1441 (6)
N1T .5616(13) 6026 (6) 1724(9)
ca2T .6481(16) .5526(7) 1833(13)
02T .7007(11) 5246 (5) 1197(7)
N3T .6734(12) 5342(5) 2760(9)
C4T .6154(18) .5636(9) 3567(14)
ouT .6540(13) 5486 (5) 4338(8)
C5T .5198(16) .6157(8) 3403(11)
C6T L4992 (14) .6323(6) 2497(10)
CTT L4606 (17) L6491 (7) 4230(10)
03'T (b) .3995(18) .6580(8) -.1094(12)
03'T'(b) .2871(30) .6638(12) -.0954(18)
C2'T (a)(b) .3820 .6200 .0630
c2'T'(a)(b) .4u00 .6100 -.0050

W1 (b) .0501(17) 9306 (7) .3882(11)
w2 (b) .3426(19) .9623(8) .0592(12)
w' (b) .7022(37) .9337(16) 1508 (23)
W't (b) .5896(36) 9234 (15) .1108 (22)
W' (b) .0972(66) 9853(29) .1894(38)

a) Positional parameters from difference Fourier, not
refined.

b) Occupancy factors of disordered sites are 0(3')T, O.
0(3')T, 0.35; c(2')T, 0.65; C(2')T', 0.35; W1, 0.6;
W2, 0.6; W', 0.3; W'', 0.3; W''*, 0.2.

2804



Nucleic Acids Research

Table 2 Hydrogen atom positions

Atom X Y Z

HC1'A1 .38148 .8158 .5007
HC2' A1 .5165 .9352 4115
HC2'A2 .3437 .9040 .3964
HC3'A1 .5357 .8789 .2653
HCh4 ' A1 .6222 .7622 .3363
HC5'A1 .8491 .8165 .3938
He5'A2 .8030 .8340 2747
HO5 ' A1 .8850 .9100 .3600
HC2A1 .2551 . 7861 .8039
HN6A1 .6373 .9681 .8897
HN6A2 .5630 .9279 .9638
HC8A1 .67U6 .9452 .5346
HC1'T1 .6060 .6010 .0179
HC2'T1 .3183 .6379 .1178
Hc2'T2 .3371 .5829 .0218
HC3'T1 L2482 .6898 -.0019
HCY'T1 .5146 .7384 -.0u87
HC5'T1 .4859 .8191 .0831
HC5' T2 .3384 .8131 .0066
HN3T1 .7458 .5009 .2904
HC6T1 4275 L6740 .2342

difference Fourier map displayed three other weak peaks
which could be assigned to three minor occupancy sites of
the two water molecules. Further refinement was carried out,
incorporating the disordered positions of the water molec-
ules as well as the two alternate sites of the C(2')T and
0(3'")T atoms of the thymidine sugar. Because coordinate
refinement of the two positions of C(2')T showed wide oscil-
lations after each cycle, leading to unreasonable bond
lengths and angles involving C(2')T, the two sites of this
atom were held fixed in further refinement cycles. Aniso-
tropic temperature factors were applied to all the non-hydro-
gen atoms and the disordered atoms were treated isotropi-
cally. C-H and N-H hydrogen positions were calculated and
included in the structure factor calculations. The hydrogen
attached to N(6)A, 0(5')A and N(3)T could be obtained from a
difference Fourier map which also showed peaks corresponding
to most of the calculated hydrogen positions. However,
hydrogens of the thymine and phosphonate methyl groups, of
the disordered 0(3')T and those corresponding to the dis-
ordered water molecules could not be located, probably due
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Fig. 3. A view of d-ApT
with respect to the
ma jor (C(2')T and
0(3')T) and minor
(C(2')T' and 0(3')T')
conformation of the
disordered thymidyl
sugar. The methyl group
C(2)P is marked "M" in
order to distinguish it
M from O(1)P

03T
03T

to rotational as well as statistical disorder. The structure
was refined to a final R value of 0.105 using weights ob-
tained from counting statistics for the 2176 observed reflec-
tions with intensities greater than 3o0. The atomic scatter-
ing factors were those listed in the International Tables

for X-ray Crystallography (12). The final coordinates of the
non-hydrogen atoms of the molecule are presented in Table 1.
Table 2 gives the hydrogen atom parameters included in the
structure factor calculations.

RESULTS AND DISCUSSION
Geometrical details for d-ApT are given in Fig. 1 which

is drawn with respect to the major site of C(2')T of the
thymidyl sugar ring. Those data involving the minor site
(C(2')T) are also indicated in the figure. The average stan-
dard deviations in bond lengths are about 0.02 f and the
average deviations of bond angles are 1°.

The bond lengths and angles of the purine and pyrimidine
base are close to the average values reported by Voet and
Rich (13) and are within the limits of accuracy of the
structure. Data for the adenosyl sugar ring have normal
values except for O(1')A-C(4')A, 1.50(2) 3, which is longer
than the normally observed value near 1.U41 f. Some of the
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Table 3 Torsion Angles

Thymidyl sugar with
Adenyl sugar resp. to

c(2')T c(2')T!
a) Deoxyribose rings:
C(1')-c(2')-C(3')-C(4") -32.4° -34,9° 32.3°
c(2')-c(3')-Cc(4')-0(1") 23.4 14.6 -37.8
C(3")-c(ur)-o(1')-c(1) -5.5 15.6 15.6
cC(4r')-o0(1*)-c(1')-c(2") -14.8 -37.8 6.2
0(1')-C(1')-C(2')-C(3") 28.9 45.5 -25.5
b) Glycosyl bond (xC_N)
0(1')A-C(1')A-N(9)A-C(8)A 59.8¢
O(1')A-C(1')A-N(9)A-C(4)A -100.8
0(1')T-C(1')T-N(1)T-C(6)T 43.3
0(1')T-C(1")T-N(1)T-C(2)T -132.14
c¢) Phosphate sugar backbone
C(5'")A-C(4")A-C(3")A-0(3")A 146.1° [
C(U4')A-C(3')A-0(3')A-P -158.1 [
C(3')A-0(3')A-P-0(5")T 117.8 w'
0(3')A-P-0(5')T-C(5')T -91.8 w
P-0(5')T-C(5')T-C(4')T 158.0 °
0(5')T-C(5")T-C(4')T-C(3")T 51.6 ¢
C(5')T-C(L4')T-C(3')T-0(3')T 127.4 ¢'
C(5')T-C(4')T-C(3')T-0(3")T" 89.2 [
C(3')A-0(3')A-P-0(1)P -6.6
C(3')A-0(3')A-P-C(2)P -136.3
C(5')T-0(5')T-P-0(1)P 34.7
C(5')T-0(5')T-P-C(2)P 159.2
d) Conformation about the C(4')-C(5') bonds
0(1')A=C(4')A-C(5'")A-0(5")A -69.2°
C(3'")A-C(4")A-C(5")A-0(5")A 48.0
0(1')T-C(4')T-C(5')T-0(5")T =T1.7
0(5')T-C(5")T-C(4")T-C(3")T 51.6

bond lengths and angles involving the thymidyl sugar have
fairly large deviations from standard values due to the
conformational disorder of the deoxyribose involving C(2')T
and 0(3')T atoms. The disorder might also influence the
N(1')T-C(1')T bond length, 1.52(2) ﬂ, which is larger than
the mean value of 1.468 % (13).

The configuration at the methylphosphonate group is S
(Fig. 3)(8). The uncharged methyl phosphonate group linking
the adenosyl and thymidyl moieties displays some unusual
structural features. The P-0 distances involving the esteri-
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Fig. 4. Molecular packing viewed down the a axis, drawn with
respect to the major conformation of the thymidyl sugar.
Hydrogen bonding contacts indicated by open lines. At phos-
phonate groups, methyls are not involved in H-bonding to
water but the free oxygen is.

fied oxygens observed in nucleotide structures, around 1.63,
are generally longer compared to non-esterified P-0O distan-
ces of 1.5 R. However, for this molecule only the P-0(3')A
distance of 1.57(1) ® is close to the value usually observed
in dinucleotide structures whereas the P-0(5')T distance of
1.52(1) R is significantly shorter. The non-esterified
P-0(1)P of 1.49 % is longer than expected for a double
bonded P-0, around 1.40 ! yet in the range found for non-
esterified P-0 bonds. In the comparable methyl-phosphonate
crystal structures of 1'-hydroxyl-1-cyclodecyl- and
1'-hydroxyl-1-cyclotridecyl phosphonate dimethylate and
1'-hydroxyl-1-cyclononyl phosphonate dimethylate (14-16),
the P-0 bonds have slightly shorter values of 1.476(6),
1.485(5) and 1.473(6) . The P-C(2)P bond distance involving
the methyl group, 1.80(2) ﬁ, compares with the P-C distances
of 1.779(3) and 1.789(3) % observed for adenosine-5'-methyl
phosphonate hemihydrate (17). However, for the cyclodecyl,
cyclotridecyl, and cyclononyl phosphonate structures this
distance has larger values, 1.848(15), 1.826(30) and
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Fig. 5. The reversed Hoogsteen base pairing between adenine
and thymine bases

1.818(15) ®. In conclusion, the distribution of P-0 dis-

tances suggests that in the phosphonates the P-0 bonds

have slightly more double bond character comparegstgrnormal
phosphodiesters. The P = O bond, on the other hand, dis-
plays as much single bond character as the unesterified P-0
bonds in the diesters. This involves charge separation and a
partial negative charge on the P = O oxygen is indicated by
the short hydrogen bonding contacts to water molecules,
Table 4.

The bond angles around the P-atoms have fairly large, yet
systematic deviations from tetrahedral values. The C-P-0
bond angles involving the methyl carbon atom and the esteri-
fied oxygens 0(3')A and 0(5')T, 105(1)° and 101(1)° are dis-
tinctly lower than tetrahedral while the O0(1)P-P-0(5')A,
0(1)P-P-0(3')T and O(1)P-P-C(2)P angles are significantly
more obtuse with values 113(1), 116(1) and 116(1)° respec-
tively. Those bond angle differences are also reflected in
the cyclodecyl, cyclotridecyl and cyclononyl phosphonate
crystal structures (14-16).

The orientations of the heterocycles with respect to the
deoxy ribose sugars both at the deoxyadenosyl and thymidyl
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Table 4 Hydrogen bonded contacts A...B of dApT

Atom A Atom B A...B distance (%)
N3T NTA(f) 2.78 %
N6A 02T(e) 3.06

W' (e) 3.13
0(5')A W1(b) 2.79
0(3")T W'(d) 2.76
0(3")T! Wrr(d) 2.64

W'(d) 2.33
w1 O4T(h) 2.75

W'''(a) 3.07
w2 01P(a) 2.60

02T(g) 2.89

W't (a) 2.62

W't (a) 3.04
wree O1P(a) 2.75

Symmetry code: a) x, y, z

b) 1+x, y, 2z

e) x, y, l+z

d) -1/2+x, 3/2-y, z

e) 3/2-x, 1/2+y, -z+1

) 3/2-x, =1/2+y, =-z+1

g) 1/2+x, 3/2-y, -z

h) -1/2+x, 3/2-y, -z+1

part of the molecule are anti, with torsion angles of x =
59.8° for the adenosyl and x = U43.3° for the thymidine moie-
ties (Fig. 3). Least squares plane calculations show that
the adenosyl sugar exists in C(2')endo-C(3')exo conformation
2T3 with C(2') and C(3') atoms deviating by 0.38 and -0.14 2
respectively from the plane defined by C(1'), 0(1') and

cTA Fig. 6. Base stacking of d-ApT between
adenine and thymine bases

cI1T NGA
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C(4') atoms and the pseudorotational angle at 172° (18). The
conformation with respect to the major site (C(2')T) of the
thymidyl sugar is C(2')endo-C(1')exo fT with C(2')T and
C(1')T deviating equally by 0.36 and -0.36 f from the plane
defined by C(3'), C(4') and 0(1') atoms, and pseudorotatio-
nal phase angle at 143°. The conformation with respect to
the minor occupancy site C(2')T' is C(3')endo-C(2')exo with
C(3')T and C(2')T' deviating by 0.40 and -0.15 2 from the
plane defined by atoms C(1')T, O(1')T, C(4')T and the pseu-
dorotational phase angle, P = 8°, corresponds to 3T2.

Thus the puckering of the major site of the thymidyl
sugar belongs to the S-type and that of the minor site is N
(18), i.e. both furanose puckering modes are displayed by
this moiety. As the energy barrier between these two states
is rather shallow (19), it is not surprising that this dis-
order is observed. Sometimes, within the same asymmetric
unit of a nucleoside or nucleotide crystal structure, two
molecules with different puckering modes corresponding to
the N and S states, are found. A statistical disorder of
unit, as in the dApT crystal structure, must be due to
special packing circumstances in this case.

The conformational angles w' and w (20) of the methyl
phosphonate linkage have values 117.8 and -91.8° respective-
ly (Table 3c¢), the former occurring in an eclipsed range. In
the comparable cyclodecyl, cyclotridecyl and cyclononyl
phosphonate structures, however, the conformational angles
about the esterified P-0 bonds exist in gauche and trans
forms (14-16). The unusual w' angle (= 117.8°) for dApT
leads to eclipsed atoms C(3')A and O(1)P, i.e. the torsion
angle C(3')A-0(3')A-P-0(1)P is only -6.6°. This conformation
is probably due to the uncharged phosphonate group of the
molecule in contrast to the negatively charged phosphate in
normal nucleotide phosphates. As found in other comparable
phosphonate structures (14-16), there is a widening of the
0-P-0 angle involving esterified oxygens and 0(1)P. In
particular, the angle O(1)P-P-0(3')A is significantly obtuse
(116°) and thus relieves non-bonded interactions between
C(3')A and 0(1)P, thereby facilitating the eclipsed confor-
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mation. All the other sugar-phosphate chain torsion angles
are in the normal range. Thus, the conformational angles
about C(3')A-0(3')A and C(5')T-0(5'")T bonds, ¢' and ¢, are
trans with values -158.1 and 158.0° respectively and the
conformations about the C(4')A-C(5')A bond of the adenosyl
sugar and about the C(4')T-C(5')T bond of the thymidyl sugar
are both in the preferred gauche-gauche range.

MOLECULAR PACKING AND HYDROGEN BONDING
The most interesting feature of the molecular packing of

d-ApT is a reversed Hoogsteen base pairing (21-23) between
symmetry related adenine and thymine bases to yield an
infinite hydrogen bonded network linking the molecules in
the lattice, Figs. U4 and 5. The N(6)A...0(2)T and N(3)T...
N(7)A hydrogen bonding distances are 3.07 and 2.78 % respec-
tively, Table 4. The paired adenine and thymine bases are
nearly coplanar to each other with an angle of 5.8° between
the plane normals. Adenine and thymine bases of adjacent
nucleotides are stacked, Fig. 6.

The two water molecules contained in the crystal lattice
are disordered with two major occupancy sites (W1 und W2)
and three minor sites (w', w'' and w''') which add up to a
total of two water molecules. They serve as hydrogen bond
donors and acceptors with respect to the d-ApT molecule and
also have hydrogen bonded interactions between each other.
Table U4 displays the hydrogen bonded distances within this
crystal structure.
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