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ABSTRACT.
A 500 MEz and 300 MHz NMR study of the trinucleoside diphosphate
3'd(A2'-5'A2'-5'A) is presented. In addition, circular dichroism is used to
study base stacking in the title compound. The complete 1H-NMR spectral
assignment of the sugar ring proton signals is given. Information about the
sugar ring (N- or S-type conformation) and about the backbone geometry aZong
C4'-C5' and C5'-05' bonds is obtained from the NMR coupZing constants. It is
shown that the trimer mainZy occurs in the N-N-N stacked state at Zow tempera-
tures; the presence of a minor amount of N-N-S conformationaZ sequence is
indicated.

INTRODUCTION.

The activity of 2'-5' linked oligo-adenylates in the inhi-

bition of protein synthesis has been subject of recent

studies . It was observed that pppA2'-5'A2'-5'A (2-5A) was

efficiently broken down by phosphodiesterases5. The analogon
3'd(A2'-5'A2'-5'A) was designed in the expectation that this

compound would have similar inhibitive characteristics as the

parent ribose compound, yet might be more stable from a meta-

bolic point of view3. Biochemical experiments revealed that the

title compound was indeed much more resistant to enzymatic di-

gestion than the ribose analogue and that its ability to inhibit
3,4cell growth was not deteriorated

The conformational characteristics of the mononucleoside

3'deoxy-adenosine (cordycepin, 3'dA) in various solvents have

been studied by means of NMR6 ; it appeared that cordycepin

strongly favours the N-type sugar conformation (C-3' endo). In

the crystalline phase the sugar ring in 3'dA also exhibits the
7N-conformation

One of our previous paperg8 dealt with the conformation of

A2'-5'A2'-5'A; this compound shows base stacking interactions,
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nevertheless,no definite preference for N- or S-type sugar was

observed. The xylose analogue of the title compound, xA2'-5'xA2'-
-5'xA, has also been subjected to a conformational study (Doorn-
bos, J. & Altona, C., to be published); the sugar residues in

this xylose trimer appear to adopt either the N- or S-type sugar

conformation, dependent on the position of the xylose unit in

the trimer sequence.

In the present paper we wish to report on the conformational
properties and the intramolecular base stacking tendency of 3'd-

(A2'-5'A2'-5'A) (Fig. 1).

MATERIALS AND METHODS.

The title compound was synthesized by R.C. and W.P. via the

phosphotriester method9 and generously placed at the disposition
of the Leiden group. The sample was treated with Dowex cation-

-exchange resin (Na form). In the preparation of the NMR sample
the compound was lyophilized three times from 99.75% 2H20, after

adjustment of the p H to 7.4, and finally dissolved in 99.95%
2H20. The concentration of the sample was made up to 25 mM. NMR

spectra were taken on Bruker WM-500 and WM-300 spectrometers
(at 500 MHz and 300 MHz, respectively), interfaced to ASPECT-

-2000 computers. The WEFT pulse sequence was used in order to

suppress the residual solvent peak; FIDs (8 K datapoints) were
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averaged (using a spectral width of 4000 and 3000 Hz, respecti-
vely), multiplied by an appropriate Gaussian function to enhance

the spectral resolution, zero-filled to 32 K datapoints and

Fourier-transformed. Tetramethylammonium chloride (Me4NCl) was

used as an internal chemical shift reference (S(Me4NCl)-6(DSS) =

3.18 ppm). CD spectra were recorded at four different tempera-

tures (1, 25, 47 and 70°C) on a CNRS Roussel-Jouan III dichro-

graphe (Jobin-Yvon, France). Further experimental details are

given by Olsthoorn et al. 0. A quartz cell (1 cm pathlength) was

used; the sample was dissolved in 'Millipore'-filtered water

(pH = 7.2) to an absorbancy of 0.86 at 259 nm. The CD is given

in molar units per residue. A molar absorption coefficient e 259=

11,100 per residue was used in the calculation of the CD.

RESULTS AND DISCUSSION.

Conformational Notation.

Throughout this paper we adhere to the recently proposed
11 5nomenclature rules . A minor adaptation to the case of 2'-5'

linked nucleotides is shown in Scheme 1.

a 0 y 6 6' C
P - 05' - C5' - C4' - C3' - C2' - 02' - P

Scheme 1

It should be noted that the definition of torsion angle 6 in

Scheme 1 differs from the usual definition of 6 in 3'-5' linked

nucleotides. The nucleotide residues, the torsion angles and the

H atoms will be indexed between brackets, e.g. 3'd(A(1)2'-5'A(2)-
2'-5'A(3)).
Assig nent of the NMR spectrwn.

Assignment of the sugar protons of 3'd(A2'-5'A2'-5'A) was

performed by extensive decoupling experiments at 26 0C. The H-1'

signals are readily assigned as a group since these are located

at relatively low field as compared to the remaining sugar-proton

signals. Upon irradiation of a given H-1' resonance a change in

the corresponding H-2' is observed. Irradiation at the frequency

of the H-2' signal leads to the detection of the H-3' and H-3"

signals, and so on. The residues (1) and (3) are discriminated

by the absence of IH-31P splitting in the H-5'(1), H-5"(1) and

H-2'(3) multiplets, respectively. The H-3' and H-3" signals are
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13WAX-5-A-5A)
-il 1 (21 1(3' 2n(1 2123 4(21 413) 4(1 213) 51(3) 5s2)

2.8 05..8 1.5 13 1.1 8(ppm)

5131~~~~~~~~~~~~~~~~~~~~~~31
52) 5)1) 1) 312) 3)21 3)3) 311) 3*)3)

Sim

EXP

Figure0.5 03-0.7 -1.1 8(ppml1 2 oFigure 2. H-NMR spectrum of 3'd(A2'-5'A2'-5'A) in H20 (500 MHz, 26 C,
25 mM, p2H = 7.4). EXP = experimental spectrum, SIM = computer
simulation.

distinguished by means of their J213 and J2.33 coupling con-

stants; when the 3'dA ring adopts the N-conformation (vide infra)

i2131 and J2' . have values of approximately 5.0 and 1.5 Hz,
respectively. The H-5' and H-5n signals were assigned according

to Remin and Shugar . The H-2 and H-8 base proton signals are

distinguished by their different T1-relaxation times, as reflec-

ted in the reduced intensity of H-2 signals in the spectra re-

corded under WEFT conditions. No attempt was made to assign the

base proton signals to specific residues. The chemical shifts and

coupling constants of the sugar protons were determined from ex-

tensive computer simulation,by means of program LAME, of the 500

MHz spectrum recorded at 26 C (Fig. 2). The spectral data are
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Table 1. Chemical shifts (ppm relative to Me4NCl) and coupling constants in
3'd(A2'-5'A2'-5'A), 25 mM in 2H20 26°C, p2H = 7.4.

residue 3'dA(1) 3'dA(2) 3'dA(3) 3'dA(60°C)protorn\

6 1' 2.852 2.656 2.516 2.623
2' 1.812 1.485 1.280 1.401
31' -0.882 -0.679 -0.866 -1.105
3" -0.886 -0.799 -1.113 -1.216
4' 1.332 1.454 1.406 1.196
5' 0.546 1.036 1.086 0.478
5" 0.298 0.823 0.835 0.296

couple -60 Cb 600ca
J 1'2' 0.9 1.1 2.2 0.5 2.4

2'3' 5.6 5.2 5.7 4.9 6.0
2'3" 1.7 1.5 2.9 1.2 3.5
3.3" -14.4 -14.4 -13.9
3'4' 10.2 10.2 9.0 10.8 8.8
3"4' 5.8 5.8 6.6 5.3 6.7
4'5' 2.8 2.0 2.0 2.6 3.0
415n 4.3 2.6 2.8 2.7 4.7
5'5" -12.7 -11.9 -11.7
5'P 4.2 4.4
5"P 2.7 2.5
4'P 2.7 2.7
2'P 8.5 7.8

base protons H-2 and H-8

6 H-2 4.916 6H-2 5.380c
H-2 4.668 H-8 5.510c
H-2 4.612
H-8 4.818
H-8 4.792
H-8 4.767

a) in H2B0, 60 C, taken from ref. 6.

b) in ND3, -600C, taken from ref. 6.

c) in pyridine-d5, 600C, taken from ref. 6.

listed in Table 1. In addition, 300 MHz NMR spectra were taken
at 1, 15 and 770C. As these latter served mainly to monitor the
temperature-dependent behaviour of the sugars as well as that
of the y and 0 rotamer populations, only a partial computer simu-
lation was carried out in order to extract J1121' J4'5'' J41511'
J5,P and J5"P couplings. The results are presented in Table 2

(data at 26°C are included for the sake of completeness).
C tionshwnhe3dexyribteeonformationotroser

It was shown earlier6,1 that the conformational equilibrium
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Table 2. Coupling constants of 3'd(A2'-5'A2'-5'A) at various temperatures.

temperature (0C) 1 15 26 77

residue couple

3'dA(1) 1'2' 1.0 1.0 0.9 2.0
4'5' 2.2 2.6 2.8 2.9
4'5" 3.8 3.9 4.3 4.8

3'dA(2) 1'2' 1.0 1.0 1.1 1.5
4'1' a 1.7 2.0 2.3
4'5" 2.0 2.2 2.6 3.6
5'P a 4.2 4.2 4.5
5"P 2.1 2.3 2.7 4.0

3'dA(3) 1'2' 2.2 2.2 2.2 2.2
4u5' a 2.0 2.0 2.3
4'5" 2.0 2.2 2.8 3.4
5'P a 4.1 4.4 4.5
5"P 2.2 2.2 2.5 3.6

a) Could not be determined because of overlapping peaks.

of the 3'deoxyribose ring may be described in terms of a two-state

equilibrium of N- and S-type 4 sugar rings. The conformation of

an N- or S-type sugar is completely described by the pseudorota-
14tion parameters P and m4 The pseudorotation analysis is based
m ~~15on a generalized Karplus equation and on the relations between

P anid Om and the proton-proton torsion angles given in Eqn.

la-le. These equations incorporate the expected deviations from
trigonal projection symmetry about the respective central bonds
C1'-C2', C2'-C3' and C3'-C4'. The observed coupling constants re-

present time average values and thus are dependent on the mol

fraction (xN) of N and S conformer and on the couplings in the

pure conformers as reflected in Eqn. 2.

+1|2 = 124.00 +1.09 m cos (P-144°) (la)
02131 = -2.4 +1.06 m cos P (lb)

= -122.9 + 1.06 o cos P (1c)
*3141 = -121.4°+ 1.03 *m cos (P+1440) (1d)
*31141 = -0.9° + 1.02 tm cos (P+144 ) (le)
Jobs = xNJN + (l-xN) JS (2)

Eqns. la-le are adapted to the case of a 3'deoxyribose ring. The

3'deoxyribose ring is considered to be a more or less exact mir-

ror image of the 2'deoxyribose ring. Therefore, the same relation-
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Table 3. Vicinal H-H torsion angles in 3'dA All values given in degrees.

calculated experimental

1'2' 100.7 98.4
2'3' 31.0 32.0
213'3 -89.4 -89.6
3'4' -151.9 -154.4
3141' -31.1 -32.8

a) P = 12.5, 4 = 32.3,calculated from data in ref. 7.
b) From Eqns. Ta-le.
c) From UTAH calculation, see text.

ships between the vicinal proton-proton torsion angles as calcu-
16lated from a series of 2'deoxyribose compounds are used, ta-

king into account the mirror image correspondence between 3'dA

and 2'dA. The properties of the H1'-H2' and H1'-H2" combinations

in 2'dA are transferred to the H3'-H4' and H3"-H4' combinations,
respectively and vice versa. The same interchange was applied
to the couples H2"-H3' and H2'-H3". The assumption of a mirror

image relationship was born out of necessity, since no large
body of crystallographic data is presently available that would

allow us to derive equations from least squares regressions as

was done in the earlier work16. However, the crystal structure

of the monomer cordycepin has been published7 and this makes it

possible to perform an independent test on the accuracy of

Eqns. la-le, at least in the N region of pseudorotation space.

The parameters P and m of the cordycepin structure7 were com-

puted from the ring atom coordinates, by means of program FICON

(de Leeuw, H.P.M. & Altona, C., unpublished). With the aid of

program UTAH5A17 hydrogen atoms were generated, according to

standard procedures 6, onto the C-1', 2', 3', 4' and 5' carbon

atom skeleton as derived from the X-ray structure analysis of

3'dA; the resulting H-H vicinal torsion angles are compared to

these derived from Eqns. la-le. The results are shown in Table 3.

Considering the small differences (< 2.50) between the calculated

and the "experimental" H-H torsion angles (Table 3), it can be

concluded that Eqns. la-le constitute a reasonably accurate

approximation of the relation between the proton-proton torsion

angles and the pseudorotation parameters P and m

Eqns. (1) and (2) have been incorporated into program
18PSEUROT . In this program an initial guess of P and 4, and of
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Table 4. Population N-conformer (%) in 3'd(A2'-5'A2'-5'A).

temperature ( C) 1b 15b 26 77b

residue

3'dA(1) 100 100 98 86
3'dA(2) 100 100 98 92
3'dA(3) 80 82 82 82

3 ,dA looc 83d

a) PN = -5 , Ps = 1600, N
= 37 , Os = 360.

b) Calculated from the value of Jig2.
0

c) Data taken from ref. 6, solvent ND3 , -60 C.
d) Data taken from ref. 6, solvent D20, 60 C.

the mol fraction N conformer (xN) is used to compute the vicinal

H-H coupling constants, which are then fitted to the observed

coupling constants by computer adjustment of P, 4, and xN in a

least squares iteration process.

In the present pseudorotation analysis the P and 4,m value

of the S-type conformer (the minor component in the equilibrium)

were constrained to adopt values of 1600 and 360 respectively,
16which represent average values for the S-type ring . Results

of the analysis are shown in Table 4.

It is evident that the 3'deoxyriboserings in the present trimer

display an overwhelming preference for the N-type conformation,
6

in agreement with the earlier observations on the monomer 3VdA

At low temperature the sugar rings of units 3'dA(1) and 3'dA(2)

appear to convert completely into the N-form. The 3'dA(3) ter-

minal residue displays the same conformational composition as

does cordycepin at 60°C (18% S-type at all temperatures). At

high temperature the very high N-type preferences displayed by

residues (1) and (2) decrease, but a distinct bias toward N-type

remains present (> 86% N). The difference in behaviour between

the conformational equilibria of residues (1) and (2) as com-

pared to residue (3), appears to be in line with the conforma-

tional behaviour observed in other oligonucleotides, e.g.

d(A-A-A) 9 and d(T-A-A-T) 20, in which compounds a strong pre-

ference for a single conformer (S-type in these examples) was

observed, except in the 3'-OH terminal residue. Thus, a con-

sistent picture begins to emerge. With few exceptions, the
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residue at the 3'-OH (or 2'-OH) terminal enjoys significantly
greater conformational freedom than do the central and 5'-OH

residues in nucleic acid oligomers.

Backbone conformations.
The conformational preferences of the backbone torsion

angles R, y and C can be calculated from 1H-NMR data. The rota-

mer distribution around C4'-C5' is calculated from the J4151 and

J415,, coupling constants according to the guidelines introduced
21

by Haasnoot et al. . The Haasnoot procedure requires an educate

guess as to the values of the y torsion angles, y in particu-
22 + o

lar . For y (1) the usual mononucleoside value of 52 was adop-

ted 6. However, the measured couplings J415, and J4,5, in resi-

dues (2) and (3) of the trimer point to a smaller y angle. For

example in the central residue 3'dA(2) one finds (at 15 C)
J4,5,= 1.7 Hz and J = 2.2 Hz. These values accord 2 well

411 + 41" 0 0
with a y angle in the range 43 -46 . Therefore, rotamer popu-

+ 0
lations y(2) and y(3) were calculated on the basis of y = 44

Incidentally, application of the criterion22 that, of a pair of

couplings J415, and J4153,, the one that increases most strongly
at higher temperatures should be identified with J4,5" leads to

complete agreement with the Remin and Shugar rule12. It can be

seen from Table 5 that the y rotamer represents by far the most

populated state. At 15°C y(2) and y(3) assume a virtually pure
+ 0

y conformation (~ 100%). At high temperature (77 C) the pre-

ference for y has dropped to about 80% in y(2) and y(3). The

preference for y at the 5'-OH terminal y (1) (71% at 15 C,
59% at 770C) is consistently smaller than that found in the in-

ternucleotide bonds.

The amount of trans conformer around C5'-05' (a) is calcu-

lated from Eqn. 3 22
t = 23.9 -s (3)
%a ~ 18.9 X100 3

where E = J5P + J5"P
The trans conformer about a is strongly preferred (92% - 93%)
in B(2) as well as in 8(3), cf. Table 5. A slight temperature

dependence is observed: the conformational purity of a de-

creases by about ten percent when the temperature is raised

from 15 to 770C. A reasonable estimate of the low-temperature

4577



Nucleic Acids Research

Table 5. Rotamer population- (%) around B and y torsion angles in
3'd (A2 '-5 'A2 '-5 'A).

temperature (0C) 1 15 26 77

residue rotamer

3'dA(1) 74 71 65 59
y 26 28 32 37
y 0 1 4 5

3'dA(2) Y a 100 89 80
y a 0 9 16

Yt a 0 2 4
B a 92 90 81

3'dA(3) Y a 98 89 82
y a 0 9 14
YSt a 2 2 4
aB a 93 90 84

VdAb y+ 59

(600C) y_ 35
y 6

a) See footnote a, Table 2. 0
b) Data taken from ref. 6, D20, 60 C.

t 22
value of the B angle can be obtained by application of Eqn. 4

sin AB = (J5 "p - J53P)/23.9 (4)

The value of B is equal to 1800 + AB.
0 ~~t 0

For both 3'dA(2) and 3'dA(3) residues at 15°C one finds B sw175

The conformation around the C2'-021 bond (e) is reflected

by the coupling constant J2P,. In principle, three rotamers

(eC, C ,I ) should be considered. However, from model building
considerations it becomes immediately evident that the £

rotamer can be excluded from serious consideration, since this

conformation gives rise to short intramolecular contacts be-

tween nonbonded atoms. The £- and Ct rotamers have similar
H2'-C2'-02'-P torsion angles and these two possibilities cannot

be distinguished by the use of J21P as a probe. For steric rea-

sons the £ conformer appears to be the most probable one, as

will be discussed in the next section.

The long range coupling constants J4*P(2) and J41P(3),
both 2.7 Hz, indicate the presence of a considerable amount of

planar W-type coupling path H4'-C4'-C5'-05'-P. Planarity is

only present when y and Bt rotamers occur simultaneously; this
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Figure 3. CD spectra of 3'd(A2'-5'A2'-5'A), taken at 1, 25, 47 and 70 C.
The spectrum with the largest amplitude was taken at the lowest
temperature

is the usual conformation of y and a in a right-handed stacked

state and therefore it is concluded that the molecule exhibits

base stacking to a significant extent.

CD spectra.

The temperature dependence of the intensity of the CD ef-

fect in oligonucleotides is known to be a sensitive probe of

intramolecular base stacking. The observed CD of 3'd(A2'-5'A2'-
-5'A), shown in Fig. 3, decreases (by a factor of two) with in-

creasing temperature, i.e. to an extent comparable to the de-

crease in CD observed in the parent compound A2'-5'A2'-5'A in
o 8

the temperature range 0-70 C . In the case of the latter mole-
cule this decrease was ascribed to the phenomenon of destacking

8and this was independently confirmed by NMR experiments . It
seems reasonable to conclude that the observed decrease in CD

of the title compound in the temperature range 0-70°C reflects

destacking. It is interesting to note that the band shape and

the temperature dependency of the CD spectra of A2'-5'A2'-5'A 8

and of xA2'-5'xA2'-5'xA (Doornbos, J. & Altona, C. to be pu-

blished) are very similar to the corresponding properties in

3'd(A2'-5'A2'-5'A).

Sunmnary and conclusions.
The following characteristics arise from Tables 4 and 5. At
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Table 6. Comparison of various 2'-5' linked adenosine trimers.

2'-5' trimer A2'-5'A2'-5'A xA2'-5'xA2'-5'xA 3'd(A2'-5'A2'-5'A)

Sugar %N
conformation (5 0C) A(1) 57 95 100

A(2) 63 83 100
A(3) 56 47 82

Main stack types various N(1)-S(2)-u(3)c N(1)-N(2)-N(3)
mixed u(1)-N(2)-S(3) N(1)-N(2)-S(3)
stacks

Hypochromicity 21% 17% 26%

Biochemistry
Stabili;ta 1 120 30
Activityb 1 5 2

a) Relative stability to phosphodiesterase degradation (ref. 4).
b) Relative inhibition of DNA synthesis (ref. 4).
c) u = unstacked.

low temperature a trimer 3'd(A2'-5'A2'-5'A) conformation appears

indicated which includes N-type sugar (100%, 100% and 82% N in

the respective units), y rotamer (100% and 98% y in the inter-

nucleotide bonds), t rotamer (92% and 93% 8t in 3'dA(2) and

3'dA(3), respectively) and C- or Et rotamers. From the tempera-

ture dependence of the CD, as well as from the high conforma-
tional purities attained along the sugar phosphate backbone

(vide supra), it is inferred that base stacking takes place at

low temperature. According to expectations, the preferences for

N-type sugar and for y and 8t rotamers decrease at higher tem-

peratures, but remain extant. Modelbuilding shows that in a

right-handed stacked arrangement (ca = g , t = g) the torsion

angle C3'-C2'-02'-P (E) adopts the £ conformation. The e

rotamer, when included in a stack, would cause serious steric

hindrance between the bases of neighbouring residues.
Therefore, we propose the presence of a stacked state in

3'd(A2'-5'A2'-5'A) which is characterized by the following
features:

N(1) - S - Bt - y+ - N(2) - c - 8 t - y+ - N(3)

Considering the amount of S-conformation (18%) present in resi-

due 3'dA(3) the presence of a small amount of N-N-S stacked
state appears probable.

4580



Nucleic Acids Research

At this stage a comparison between the various 2'-5'

linked adenosine trimers appears appropriate. Table 6 displays
a summary of some important features of the three compounds con-

sidered.
The hypochromicity of the various compounds is included in the

Table since this value more or less reflects the relative base

stacking tendencies. It is seen that base stacking appears

most abundant in the 3'dA trimer and this observation agrees

with the NMR data of the three compounds; the highest conforma-

tional purity in both sugar and backbone conformations was ob-

served in 3'd(A2'-5'A2'-5'A). The stacked states in the three

compounds are all different. At this point it is well to remem-

ber that the two major types of single-helical stacking of

oligonucleotides, A form and B form, are characterized among

other properties by a continuous sequence of N- and S-type sugar
conformations, respectively. A stacking mode which is charac-

terized by one or more N-S or S-N combinations is defined to

be of mixed stack type. In the case of A2'-5'A2'-5'A no out-

spoken preference for a definite stack type was found and vari-

ous types of mixed stacks were suggested8. In xA2'-5'xA2'-5'xA

only the N'S stacked sequence appears present, i.e. N(l)-S(2)
and N(2)-S(3). The 3'dA trimer seems to prefer a continuous

N-N-N (A-type) stacking mode.
Biochemical parameters taken from ref. 4 are included in

Table 6 in order to examine the possible existence of a clear

cut correspondence between conformational preferences and bio-

chemical properties. As far as can be seen, no such correspon-

dence is apparent. Instead, the chemical nature of the sugar

rings in the various trimers examined seems to be of some impor-

tance.
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ABBREVIATIONS.

NMR : Nuclear Magnetic Resonance
CD :Circular Dichroism
ppm :part per million
3'dA :3'-deoxyadenosine
xA :9-0-D-xylofuranosyladenine
WEFT Water Eliminating Fourier Transform
FID :Free Induction Decay
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