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OLIGONUCLEOTIDE CONFORMATIONS. 
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The average conformation of GpU and UpG in neutral aqueous soktions has been investigated by proton chemical shifts 
and coupling measurements as well as by Tt relaxation time experiments The proportion of the N and S pseudorotational 
conformers of the ribose ring has been derived from the vicinal coupling constants. 

The relaxation data provide information about the r~~~--dnri equilibrium of the orientation of the base about the glyco- 
sidic bond. This orientation is predominantly syn for the Guo base in both dinucleoside phosphates, that of Urd isonri in 
the case of GpU and shows an almost equivalent SJJ~ and nnri character for UpG. 

1. Introduction 

The study of dinucleoside phosphates has been ini- 
tiated in order to obtain information on the structure 
and conformation of potynucleotides and nucleic 
acids, the dinucleoside phosphates being regarded 
as the simplest case of a single-stranded helix. This 
supposition seems to hold for homo-dinucleoside phos- 
phates, and holds best for ApA [I ,2]. 

But even in the first optical studies [l-3], it be- 
came apparent that certain clinucleoside phosphates 
containing uridine in either the 3’ or 5’ position were 
only sligIitly stacked at room temperature. This led to 
the suggestion that ucidine had an unstacking influence 
141, especially if next to a purine base. One dinucieo- 
side phosphate ordy showed stacking upon protona- 

tion: GpU [Z]. An unusual perpendicular structure 
was proposed for GpU at neutral pH [S] and a stacked 
structure in the acid form, with guanosine in the syn 
conformation in both structures, contrary to the gen- 
erally accepted idea that in dinucleoside phosphates 
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the bases were oriented anti, as in the nucleic acid. 
The recent availability of relaxation techniques 

16-131 has modified many concepts on nucleoside 
conformations and has quite clearly shown that all 

nucleosides can assume the anti and the syn orienta- 
tion of their bases. In this report we have studied GpU 
and UpG by proton-proton spin-lattice relaxation 
and it is shown that this syn-anti equilibrium also 
exists in these dinucleoside phosphates. 

2. Material and methods 

GpU and UpG were purchased from P.L. Labora- 
tories. Centimolar solutions were prepared in D20 
and lyophilized three times, the pD was adjusted to 
about 7.5 and the solutions freed from bivalent ions 
by treatment with Chelex 100. Measurements were 
performed on a CAMECA 250 MHz Spectrometer in 
the Fourier transform mode. The Tt *s were deter- 
mined at 42 f 1°C by the inversion recovery method 
(180° r, 90” pulse sequence). Deuteration of H8 of 
Guo was obtained by heating for 3 h to SO0 in D,O. 
The samples were freed from oxygen by degassing and 
sealed under nitrogen atmosphere. 
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2. I. Proton relaxorion experitnents 

The inirial time dependence of the longitudinal 
magnetization of a proton following a 180” pulse is 
given by 

Mu - M(t) = 3ni, exp (-f/T,), (1) 

where ryio is the equilibrium value of the magnetiza- 
tion and Tl the longitudinal relaxation time. In the 
case of a proton Hi reIaxed only by dipolar interac- 
tion with an ensemble of protonsj, Tii is given by 

with 

/(r,) = rc/( 1 + Jr;) + 47c/( 1 + 4&5, 

yH is the proton gyromagnetic ratio, w the Larmor 
frequency, 7, the correlation time which in the case 
of nuclcosides and nucleotides [ 1 l-l 31 has been 
shown tr) be that of the isotro ic reorientation of the 
whole molecule and (rYY6)-‘/’ the distance of H. to , 
any Hi of the moleculer:avcraged by internal mo:ons. 
In extreme narrowing conditions eq. (2) may be re- 
placed by 

(3) 

’ Because of the cross relaxation in this multispin 
system, it is expected that the semi-logarithmic plot 
of Mu - Af(r)i versus time departs progressively from 
linearity. In the case of nucleosides and nucleotides 
this effect has been discussed by Akasaka et al. [ 131. 
From the curves computed by these authors for a 
three-spin system like Ht r Hz0 and H8 it may be esti- 
mated for instance that in the time interval 0 < f <0.7 
7-t the error introduced by neglecting the cross relaxa- 
tion in the measurement of T, does not exceed ca. 12% 
for the most unfavourable geometrical arrangement of 

these protons. In the present case however, we have 

observed that eq. (1) remains valid within the limits of 
experimental errors (3~ 5%) at least in the interval 
0 < t < 1.5 T, so tha. the Tli’s were merely obtained 
from the initial stope of log (fifu - ~!f(t)~). 

The relaxation of all protons of the molecules under 

study being governed by the same correlation time r,, 
it is seen from eq. (3) that their average conformation 

may be obtained as shown previously [ 111 by seeking 
the minimum standard deviation Arc/Tc about the 
mean Fe of the (~,)i calculated ftom the experimental 
Tri’S and computed interproton distances. In our ex- 
perimental conditions where T, is of the order of IO- t’s 
the extreme narrowing condition is not exactly fulfilled 
at w = 1.57 X IO9 rad s-t so that we have chosen 
Aj(r,_)/fK) as an agreement factor instead of Arc/F=, 

which leads to equivalent results but needs slightly 
more complicated calculations. 

The term Z$I-?~ needed for the calculation of 
Aj(~c)/f(r,) from eq. (2) was obtained by computing 
as a function of the torsion angle T about the glycosi- 
die bond (‘f’ = p - 120”), the minus sixth power of 
the interproton distances weighted by the fractions n 
and s of the pseudorotational conformers N and S of 

the ribose ring and by the respective probabilities P=, 
Ppf and Ptg of the gauche-gauche, gauche-trans and 
trans-gauche rotamers of the exocyclic methylene 
group- II and s as well as the pseudorotationat NP and 
SP and the maximum torsion angle r, which give the 
geometry of the ribose ring are derived from the vicinaf 

coupling constants [ 14]_ The values of these parameters 
obtained by a graphical method [I 51 are given in table 
3. Since the coupling constants between protons 4’, 5’ 
and 5” are not always available because oi overlap, 

reasonable values of rotamer distribution of the exocy- 
clic group PS = 0.7, Pa = PQ = 0.15 were used in all 

cakulations. Tbe fiied interatomic distances were 
taken from Saenger’s review 1161 and the C-H dis- 
tance used in our calculations was 0.1085 nmr 

The plots of Af(r,)/f(r,.) versus T generally show 
two pronounced minima at angles I-1 and TII which 
are always located in the sytt (-70” < T < 1 IO”) and 
anti (1 lo0 < T < 290”) ranges, respectively (fig. 3a 
and 4a). These two minima correspond to the prefer- 
ential orientations of the base about the giycosidic 
linkage [l I]. 

Their probability is obtained by searching for the 
weighted average of the ~j~~6) calculated for Tr and 
Ttt which gives a new minimum of Af(rc)/fK) 

smalter than two previous ones (fig. 3b and 4b). 
We can now determine the average distance be- 

tween H8 of Cuo or H6 of Urd, respectively and the 
corresponding ribose protons- Then distances can ai- 
so be evaluated from the increase in relaxation time 

T, of the ribose protons after deuteration of H8 of 
Guo: 
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(4) 

where f(rc) is again given by the minimum of Af(i,)/ 
fcr,). 

3. Results 

3. I. Spectral artal_vsis 

Identification of the base protons is straightfor- 
ward; H* of Guo is a singlet, H6 and H5 are doublets 
withJS6 = 8 Hz as in UMP 116,171. In fig. 1 the ribose 
proton spectrum of GpU in aqueous neutral solution 
at 42°C is shown. This temperature was chosen, be- 
cause at room temperature a part of the specttum is 
hidden by the HDO peak. Protons H5r and H5” of 
Guo are more upfield and form an octuplet because 
of their coupling with Ha’. Comparison with the Guo- 
3’-P spectrum [LQ] permitted easy assignment of Hd*, 
H,, and HZ’_ Homonuclear decoupling confirmed 
these Fssignments. The Urd ribose protons are poorly 
resolved, and only Ht. and H,.. are well separated. 

In fig. 2 the spectrum of the ribose protons of UpG 
at 23°C is shown. Most of the proton resonances are 
well resolved, only HqV of Urd and H4., I-i,, and H,av 
of Guo are together in a group between 4.1 and 
4.3 ppm. 

The proton-proton and proton-phosphorus coup- 
ling constants of UpG and GpU are summarized in 
table 2 and compared with those of the component nu- 
cleotides. In GpU the coupling constants of Guo are 
very close to those of Guo-3’-P, except JJn5., which is 
considerably smaller. J,, couplings are smaller, how- 
ever. In UpG the ribose coupling constants show parahel 
shiFts,Jr~,~ decreases and J,,,, increases, compared 
with Guo>‘-P indicating a slight shift towards a more 
predominant N-conformer [ 151 (see below). In the 
Urd moieties the coupling constants are quite difficult 
to extract and different in both cases from those of 
the corresponding nucleotides [ 17,l S] _ In UpG, Jr, ,, 
increases compared with Urd-3’-P, but J3s5. does not 
change very much. In GPLJ,J~+~~ decreases by 1.5 Hz 
compared with Urd-5’-P, while _I,.,. is quite large, in- 
dicating a predominant N conformation (see below). 
These coupling constants are quite similar to those of 
ApU and its analogs [21,22]. 

The chemical shifts of GpU and UpC are summa- 
rized in table 1 and are compared with the correspond- 
ing 3’ and 5’ nucfeotides. 

3-Z Ribose confomarion and exocyclic rotatners 

For the Guo moieties of both dinucleoside phos- In table 3 the conformational parameters of the 

phates no large variations in chemical shifts were ob- sugar moieties and the exocyclic rotamer distributions 

served, compared with the component nucleotides. are listed. The sugar conformer distribution depends on 

Only the Hs of UpG is shifted upfield probably due the base and the position of the phosphodiester group. 

to the ring current of the neighbouring uracil ring. All The S form predominates in Guo, while N predominates 
other dimerization shifts of Guo are smaller than in Urd. Also the N conformer contribution is more im- 

0.07 ppm. In contrast, some dimeriz?tion shifts in the portant in the case of the 5’-phosphates (PC, pU) than 

Urd moiety are larger. H5 and H6 are both shifted up- 
field. Also, it should be noted that Ht. and H5 of Urd 
are quite well separated in GpU (fig. I), but much closer 
in UpG (fig. 2), contrary to the corresponding mono- 
nucleotides [ 17,181. The influence of the ring current 
of the Guo base upon the aromatic protons of Urd in 
GpU and a similar effect of Urd on H* of Guo in UpG 
are responsible for these uptield shifts. Similar conclu- 
sions were already reached by Ts’o et al. (20) _ 

Table 3 
Conformational parvneters of sugar moieties of CpU and UpG 

GeU 
42O 

UPC 
2P 

Nucleoside 

GUO 
Urd 

cue 
Urd 

SP 

172” 
195” 

174’ 
170” 

Trn QN %S pa PF3t % 

38” 39.4 60.6 0.67 0.27 O-1 1 
44” 58.8 41.2 

40” 49.5 50.5 
43” 51.5 48.8 
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Fig. 3. 0) Determination of TI and 111 from the minimum 
standard deviation around f(rc) for GpU. fz) has been de- 
duced from the relaxation of Hg(or H6, respcrtively) by the 
corresponding su_zar protons (see also table 4). (b) Determina- 
tion of fraction of T[ from the minimum standard deviation 
around f=) of GpU. - Guo moiety, - - - LJrd moiety. 

in the ,?‘-phosphates (Gp, Up). The more structured 
UpG [2] shows about equal proportions of N and S 
in 00th nucleoside moieties, while in the unstacked 
GpU [2] a large divetgence of the conformers is ob- 
served between the two nucleosides. Also lowering 
the temperature appears to increase the N form con- 

tribution. These results suggest that oligonucleotides 
of larger chain Iength, where each nucleoside’is linked 
to a 3’ and a 5’ phosphate, should show a preponder- 
an>e of the N conformation, as it had been observed 
in RNA by X-ray fiber diffraction 1231. 

Unfortunately, the onIy exocyclic rotamer distribu- 
tion of Guo in GplJ is attainable and shows a 67% 
gamhe-gattche conformation. Increasing the tempera- 
ture from 22°C to 42°C decreases the PpE and the dif- 

0 
0 OS Tk 1.0 

Fig. 4. Same experimect as in fig. 3 for UpG: -Guo moiety, 
- - - Urd moiety, - - - - - Guo moiety. also taking into account 
the relaxation of HB by H3* of Urd. 

ference between H,. and H5,, (A&,.,#.), as it had been 
observed previously in nucleosides and nucleotides 1191. 
In the case of pU, although we cannot compute exactly 
the rotamer distribution, the small value of J41s- 
= 2.7 HZ indicates that Pg is here preponderant too. 

3.3. Spin-luttice relaxation 

In fig. 3 and table 4 the relaxation results on GpU 

are summarized. One notes in fig. 3a that both Guo 
and Wrd can assume the two conformers anti and syn, 
corresponding to the minima I and II, respectively. 
These minima are separated by latge barriers. If the 
agreement factor, Af(i=)lf(r,) is plotted against the 
mole fraction of syn corlformation [i/(1 + II)], a very 
neat distribution curve is obtained; the minimum in- 
dicates the proportion of either of the two conformers 
(fig. 3b). In GpU, Guo has a large preference for the SJWZ 

conformation (75%), while the Urd moiety is 85% of 



Hz* H3* 

L.06 1.00 
I.45 1.10 

q1= t9rP,P,,,i=0.25 

zc= 1.2x 1oPs 

2' 3' 

0.272 0.348 
0.267 

@5 HZ. 

2.95 3.12 

TEL= 210°*P~~=0.8S 

vc=9*5 x ro-" 5 

1' T 

0.323 0.309 

ua. ws* 
1.44 0.35 
1.35 a.37 

Hs* 

0.3 

3' 4' 5'5" 

0.335 0.418 0.303 

Hz* H3* 

1.27 I.Zl 
1.74 1.23 

TIi= I?B"P~,ti'0.2 

Tc'9.2X UP 5 

Y 3' 

0.245 
0.265 

as HI* 

285 2.62 

Tlg=210°.Pgntj= 0.4 

+=%0X icPs 

I' 2' 

0.279 O*LCif 

u Ckladateii from Tl, q, Pwnt Panti_ 

the time in the curti orientation. In tabte 4 are also in- the telaxztion of Urd sugar ~ro~~~s was observed. 
eluded the computed mean distances between Kg and 
the sugar ~QPQRS of Guo and between H6 and the Urd 

The case of UpG at 42°C appears to be slightly 
more complicated. While Guo appears to behave very 

sum protons. Also included are TE values and proton- similar as in GpU, the Urd moiety shows a small bet 
proton &tances after d~~~~~~~on of Iis. No effkt on @piEcant preference for the syn conformation @(fig. 4a), 



The minimum in fig. 4b is rather shallow for both 
bases, indicating that a shift in both directions of the 
syn-mri equilittrium should be rather easy. Table 4 
summarizes these results. The preference for the sytr 
conformer is the most striking feature. Otherwise the 
computed mean proton-proton distances agree reason- 
ably well with those of GpU (table 4). There, is, how- 
ever, a notable difference: if H* of Cuo is deuterated 
the T, of the Urd Hjr increases by about 15% (from 
I.07 s to 1.23 s). This increase, larger than the experi- 
mental error (” 5%)), is probably significant and re- 
flects an interaction between the Guo base and H3e 
of Urd. If one corrects for this increase according to 
eq. (4): 

a(T&* = f11.07 - l/1.23 =0.121 s-l 

and recomputes the Aj-(r,)lz) as a function of r 
using the corrected T, H 8 = 2.14 s, instead of 1.7 s, 
two new minima ‘Y’ = 70” and r = 185” are found, 
shifted by about So from those obtained before (fig. 
4a, -e- Iine) these minima are also slightIy deeper 
(smaller standard deviation). A recatculation of the 
z;t: -anti fractions reveals again a better and more 
pronounced minimum at about 80% sy~z conformer 
iur Guo. The average distance H8---H,.(,) is then 
0.29 1 nm_ If one assumes that this interaction can 
take place only if Guo is arzti (as it is evident from 
molecular models), that is only about 20% of the 
time, the H8--H 3’ fuj distance decreases to 0.222 nm. 

4. Discussion and conclusicm 

The main conclusion of this work is the observa- 
tion that dinucleoside phosphates have Rexible strut- 
tures in rapid equihbrium between many states. These 
equilibria include changes between the various glyco- 
sidic svn and mti rotamers, the sugar conformers N 
and S, the exocyciic rotamers and probabiy the rota- 

mers around the phosphate group which will affect 
the stacking of the molecule. From these resuits we 
have to conclude that nucleoside diphosphates at 
room temperature are not good examples for the 
stacked single stranded helix. As a matter of fact, 
GpU is probably characteristic-of the “end effects” 
of short helices and no helix persists apparently at 
room temperature in GpU, a conclusion already 

reached by optical methods [Z,S]. 
The case of UpG at 42” is a mixed state and about 

2Cls of and conformation of the*Guo moiety are prob- 
ably characteristic of what remains of the stacked 
anti-anri conformation. A quite similar conclusion 
had been reached from CD meIting data on UpG 1241; 
the amount of stacked UpG at 42’ is estimated there to 
be about 20-25%. 

This study clearly indicates that stacking in GpW 
and UpG is not an impo~ant force at ambient tempera- 
ture. It clarifies also quite a few problems: for example, 
the definite preference of Guo for the syrz conforma- 
tion (figs. 3b and 4b) makes it clear that the stacked 
anti--anti structure contributes only little and any pre- 
diction on its nature must be considered with great 
caution. This implies, that only after consideration of 
these equilibria, quantitative data can be obtained_ It 
is possible that measurements at Iow temperature may 
reveal a larger part of the an&-anti stacked form, as 
had been revealed by a recent low temperature CD 
study of UpU [25]. Such low temperature relaxation 
studies are in progress and will be published later. 
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