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Conformational Study of a Dinucleoside Monophosphate in Aqueous 
Solution using the Lanthanide Probe Method 

By Carlos F. G. C. Geraldes,’ Department of Chemistry, University of Coimbra, 3000 Coimbra, Portugal 
Robert J. P. Williams, Inorganic Chemistry Laboratory, University of Oxford, South Parks Road, Oxford 

OX1 3QR 

The conformation of the metal- bound dinucleoside monophosphate adenylyl-3’+5’-adenosine (ApA) in 
aqueous solution at different pH values and temperatures has been studied using the lanthanide probe method. The 
conformational analysis, based on a mixture of different conformations in fast exchange within the n.m.r. time scale, 
agrees well with the results from coupling constants, proton dimerization shifts, and ab inifio molecular orbital 
calculations, obtained for the metal-free system. The unstacking process of ApA depends on the temperature and 
the state of protonation of the adenine bases. In particular the conformational populations about the phosphodi- 
ester bonds for the stacked and unstacked forms of ApA show that this part of the molecule has a noticeable pre- 
ference for the gauche forms gg when the adenine bases are unprotonated, and for the gt,@ forms in the protonated 
species. A combination of proton dimerization shift data and lanthanide data indicate a two-state equilibrium far 
the unstacking process of ApA. 

RIBODINUCLEOSIDE monophosphates are the simplest 
models for the study of the conformational properties of 
ribonucleic acids. Although the most comprehensive 
structural information about the intrinsic conformational 
preferences of the polynucleotide chain has so far been 
obtained from X-ray crystallographic studies,1-6 only 
physical studies in solution can assess the degree of 
conformational rigidity preserved by these systems in 
a medium which resembles more closely the true biolog- 
ical situation. The structural information available 
from solution studies, namely from n.m.r. spectroscopy, 
is however less definitive than in the crystalline state. 

The objective of the present work is an extensive lH 
n.m.r. study of the conformation of adenylyl-3’+5’- 
adenosine (ApA) in aqueous solution using the lanthanide 
probe method, together with chemical shift, coupling 
constants, and nuclear Overhauser effect (NOE) studies, 
as neither is a self-sufficient conformational method for 
torsionally flexible molecules in s o l u t i ~ n . ~ - ~  The effect 
of temperature and pH on the conformation of ApA is 
studied, using shift data for all non-exchangeable pro- 
tons and relaxation data for most of them. Figure 1 
depicts the chemical bonds of ApA, labelled convention- 
ally lo on its framework and the description of the corres- 
ponding torsion angles and conformer designations also 
follows Sundaralingam’s convention.1° 

A large number of n.m.r. studies on nucleic acid con- 
stituents have already been reported.ll Conformations 
of 3‘+5’ dinucleoside monophosphates in solution have 
extensively been studied by high-field n.m.r. techniques, 
such as proton dimerization shifts, 31P chemical shifts, 
lH-lH, 31P-1H, and 31P-13C vicinal coupling constants 
and NOE.12-25 These recent studies have however 
not yet reached general agreement on some aspects of 
the intramolecular stacking process, especially in respect 
to the conformational state about the $’, a, w’, and x 
torsion angles .15-25 

The lanthanide probe method 26 has been previously 
applied to conformational studies of various 3’-95’ 
dinucleoside monophosphates in D20.27328 The study 

of ApA 27 was based only on shift data for some protons 
and the ‘ single family of conformations ’ derived from 
their analysis is not consistent with vicinal spin-coupling 
constants and NOE data.15,22 Moreover, that study was 
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FIGURE 1 Chemical structure, torsion angle notation, and 

numbering scheme of adenylyl-( 3’+6’) -adenosine ( ApA) . 
The structure is divided in two parts : the Alp or 3’-nucleotide 
part and the pAa or 6’-nucleotide part 

carried out at a very acidic pH, thus preventing the 
analysis of the intramolecular base-stacking process. 
Therefore in this work the lanthanide-induced shift and 
relaxation data obtained in various solution conditions 
are analysed in terms of a conformational equilibrium.=, ae 

The shifts of n.m.r. resonances induced by lanthanide 
ion binding to a specific site on a substrate molecule may 
result from a through-space dipolar interaction (pseudo- 
contact shift) and/or a direct delocalization of unpaired 
electron density from the metal to the nuclei (contact 
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shift). The pseudo-contact shifts are related to the 
average dynamic structure of the lanthanide-substrate 
complex 26 [equation (1) where D, is a ligand field term, 

. .  

(1) 
'> 

ri the distance between nucleus i and the metal ion, and 
8i the angle between the metal-nucleus i vector and the 

1 .. He 

was lyophilised from D,O and then dissolved in either 99.8% 
D20 or lanthanide chloride solutions. Final pH adjust- 
ments were made using NaOD and DCI. 

The lH n.m.r. spectra were measured on a 270 MHz 
Bruker spectrometer operating in the Fourier transform 
mode using a Nicolet Technology 1085 computer. Proton 
shifts are given in p.p.m. from sodium 3-trimethylsilyl- 
[2,2,3,3-2H,]propionate (TSS) used as an internal standard. 
The proton spin-lattice relaxation times (T,) were measured 
using pulsed Fourier transform techniques ( 1 80°-7-900 
sequence). 

10.0 9.0 8.0 7.0 6.0 5.0 4-0 3-0 2.0 
6 

(A) [P9+] 0.47~; (B) [Eua+] 0.40~ 
FIGURE 2 270 MHz Fourier transform 'H n.m.r. spectrum of ApA ( 6 m ~ ,  pH 4.3, T 208 K) in the presence of laiithanide ions: 

principal axis of symmetry of the ligand field]. This 
equation assumes effective axial symmetry for the 
complex. By expressing the ligand-induced shifts within 
a given metal ion-nucleotide complex as ratios, the 
equation is further simplified to yield the necessary 
geometrical information.% 

The contributions of bound GdIII ions, used as relax- 
ation probes, to the measured spin-spin relaxation times 
(Tw), and the spin-lattice relaxation times (TIM) of the 
nuclei of metal-bound nucleotides, given by the Solomon- 
Bloembergen equations,% can be calculated as a set of 
ratios, and give directly the relative distances r of those 
nuclei to the probe ion in the complexes, if it is assumed 
that the scalar part of the relaxation equations can be 
neglected, a condition found to apply for protons 
[equation (2)] .26 

EXPERIMENTAL 

ApA was obtained from Sigma Chemical Co. 99.8% D20 
(Norsk Hydro) was used as solvent. NaOD and DCl were 
obtained from Ciba. The lanthanide(II1) oxides were 
purchased from Koch-Light. The lanthanide(II1) chloride 
solutions were prepared as previously described.26 ApA 

RESULTS 

The lH n.m.r. spectrum of ApA in D20 has been com- 
pletely assigned.15, l 6  Therefore it is possible to study 'in 
detail the perturbations induced by addition of different 
lanthanide(II1) cations to ApA in different conditions of 
temperature and pH. 

A, Shift Studies.-The conformation of ApA was studied 
by using the shift probes EuIII and PrIII as aqueous ions at  
different temperatures and pH values (pH < 5.8, due to 
hydrolysis of the aqueous ions at  higher pH values). Addi- 
tion of the probes causes the proton resonances of ApA to  be 
shifted to different extents (Figure 2).  As usual, the signs 
of the PrIII- and EuIII-induced shifts on each proton are 
opposite, due to opposite signs of the D, terms for these ions 
in the shift equation.26 The resultant spectra are sharp, 
indicating that, in all the experimental conditions used, the 
exchange between the free and bound nucleotide is fast in 
the n.m.r. time-scale. From the n.m.r. titrations of ApA 
with the shift probes, binding curves for all protons were 
obtained (Figure 3). These curves were fitted to an associ- 
ation constant for formation of 1 : 1 weak complexes be- 
tween the lanthanide(II1) ions and ApA, whose values were 
K 3.5 1 mol-l for both lanthanides a t  pH 4.3, whereas a 
value of K 4.0 1 mol-1 was obtained for EuIII binding at  
pH 

The paramagnetic contributions to the observed shifts 
were obtained by subtracting the diamagnetic shifts in- 
duced by LaIII, and the shift ratios, normalized to Hgt, were 
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verified as practically independent of the lanthanide ion 
concentration. These shift ratios, extrapolated to zero 
metal concentration, for all the protons and a t  various 
temperature and pH conditions, are shown in Table 1. We 
found that the EuIII and PrIII shift ratios are nearly the 

/ 
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FIGURE 3 Titration curves for ApA protons in the presence 
of Pra+ (pH 4.3; T 298 K); 6 values are lH paramagnetic 
shifts 

same in all experimental conditions used. This is illus- 
trated in Table 1 for pH 4.3 and 298 K. Although for a 
few protons the differences of the EuIII : PrIII shift ratios are 
just outside the experimental errors, the usual assumptions 
that the proton paramagnetic shifts are of pseudo-contact 
origin and that the ApA-lanthanide complexes have effec- 
tive axial magnetic symmetry is still a good 0ne.~+~6 

The effect of temperature on the ApA proton shift ratios 
with EuIII was also studied at  different pH values. This is 
illustrated in Table 1 and Figure 4 for pH 2.2 and 5.8. 

It will be useful to compare the shift ratios for the protons 
of each nucleotidyl unit of ApA with the same ratios 
obtained for the protons of the corresponding mononucleo- 
tides: Ap-(3’-part of ApA) with 3’-AMP (shift ratios nor- 
malized to H3,) and -pA (5’-part of ApA) with 5’-AMP 
(shift ratios normalized to Hbr). This is shown in Table 2. 

1 1  I I 1 I I I I I 

0 10 20 30 60 50 60 70 80 
T /  ‘C 

FIGURE 4 Temperature dependence of ApA proton shift 
ratio (relative to Ha6. 1.00) with Eua+ (pH 6.8; [Eua+] 

B, Relaxation Studies.-Proton T, measurement were 
carried out in the absence and presence of GdIII. Table 3 
shows the diamagnetic spin-lattice relaxation times ( T,,,) for 
some ApA protons, the corresponding values (Tip) in the 
presence of the indicated GdIII concentrations (in the range 
10-G-10-4~) and the ratios Ri (relative to H,’ = 80) of the 
measured paramagnetic contributions to T, values ( T,M) .26 

From these relaxation ratios the distance ratios of the 
ApA protons to the metal ion in the complexes can easily be 
calculated. The relaxation experiments require much 
lower GdIrI concentrations than those used in a shift titra- 
tion with EuIII or PrIII.26 Therefore we could obtain ApA 
T l ~  values a t  a pH nearer to neutrality (pH 6.5) than for the 
shift ratios (pH 5.8)  because the GdIII concentrations re- 
quired for the relaxation experiments are low enough to 
prevent the hydrolysis of the aqueous ion a t  pH 0.5. How- 
ever we found no differences in ApA TIM ratios a t  both pH 
values. 

20mM) 

TABLE 1 
Proton shift ratios for ApA (relative to H,. of -pA moiety) with different lanthanide(I1r) ions in different conditions; 

[ApA] 6 m ~  
Shift ratio for proton C 

pH Metal T / K  Moiety HI, H,. Ha, H,* H,. H6#* H8 Ha 
4.3 Eu 298 -PA 0.12 0.16 0.33 0.33 1 .oo 1.00 0.33 0.02 

0.31 0.38 1.29 0.64 0.17 0.25 0.10 0.02 
0.02 

AP- 
0.14 0.19 0.34 0.37 1.00 1.02 0.36 
0.22 0.40 1.16 0.58 0.17 0.21 0.05 0.02 AP- 

2.2 * Eu 298 -PA 0.12 0.20 0.30 0.31 1 .oo 1.03 0.30 0.02 
AP- 0.34 0.41 1.29 0.70 0.18 0.23 0.10 0.00 

323 -PA 0.12 0.24 0.42 0.40 1 .oo 1.02 0.32 0.04 
AP- 0.36 0.42 1.25 0.69 0.20 0.25 0.10 0.01 

0.04 0.09 0.31 0.30 1 .oo 0.96 0.20 -0.10 
AP- 0.26 0.46 1.42 0.71 0.16 0.32 -0.02 -0.11 

0.08 0.14 0.34 0.34 1 .oo 0.98 0.26 -0.04 
AP- 0.28 0.42 1.32 0.68 0.18 0.26 0.02 -0.07 

AP- 0.30 0.41 1.16 0.66 0.21 0.22 0.07 -0.02 

Pr 208 

5.8 Eu 277 -PA 

298 -PA 

343 -PA 0.14 0.22 0.36 0.38 1 .oo 1.03 0.34 0.03 

Shift ratios extrapolated to zero metal concentration, obtained from metal titrations. Data at constant Eua+ concentration 
( 2 0 m ~ ) .  C Experimental errors are typically k0.02. 
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TABLE 2 
Comparison of the EuIrI shift ratiosa of the adenylyl units of ApA with the corresponding mononucleotides 3’-AMP and 

5’-AMP 
Shift ratio for proton 

r L 
> 

Nucleotide pH TIK HI, H 2 *  H3, H4, H5. H5#, H8 Ha 
AP- 2.2 298 0.27 0.33 1.00 0.56 0.14 0.18 0.08 0.00 

6.8 277 0.18 0.32 1 .oo 0.50 0.11 0.23 -0.01 -0.08 
6.8 298 0.21 0.32 1 .oo 0.62 0.14 0.19 0.02 -0.06 
6.8 343 0.26 0.36 1 .oo 0.57 0.18 0.19 0.06 - 0.02 

3’-AMP 2.2 298 0.19 0.24 1 .oo 0.49 0.13 0.17 0.04 -0.01 
7.6 298 0.18 0.22 1 .oo 0.49 0.15 0.02 0.00 

-PA 2.2 2 98 0.12 0.20 0.30 0.31 1 .oo 1.03 0.30 0.02 
6.8 277 0.04 0.09 0.31 0.30 1 .oo 0.96 0.20 -0.10 
6.8 298 0.08 0.14 0.34 0.34 1 .oo 0.98 0.25 -0.04 
6.8 343 0.14 0.22 0.36 0.38 1 .oo 1.03 0.34 0.03 

5’-AMP 2.2 298 0.08 0.24 0.38 0.32 1.00 1 .oo 0.31 - 0.02 
7.6 298 0.08 0.29 0.37 0.31 1 .oo 1 .oo 0.29 - 0.02 

Shift ratios for Ap- and 3’-AMP relative to H3,; for -pA and 5’-AMP relative to H5,. 

TABLE 3 
Proton relaxation ratios (relative to Hi, = 80) for ApA at different temperatures and pH values. T, was measured in 
seconds; [ApA] 6 m ~ ;  [GdIII] 3.2 x 1 0 - & ~ ;  reference compound is sodium 3-trimethyl~ilyl[2,2,3,3-~H,]propionate (TSS) 

Value for moton b 

pH T / K  Parameter HE Hi H;? Hi, Hi,,6., HQ Hk Hi, 
2.2 298 Tlll 0.90 3.47 1.45 0.67 0.30 1.36 3.04 1.30 

=1* 0.11 0.61 0.41 0.17 0.03 0.31 0.60 0.21 
Rt 21 3 4 11 80 6 3 10 

6.6 277 T,, 0.39 2.01 1.03 a 0.27 0.72 1.70 0.82 
TI* 0.06 0.66 0.19 a 0.02 0.16 0.33 0.14 
Rc 23 2 6 a 80 8 4 10 

0.6 343 TlO 2.97 7.30 4.11 a 0.40 2.88 7.31 2.93 
0.18 0.77 0.53 U 0.05 0.33 1.26 0.33 

20 4 6 a 80 10 2 10 
T I P  
Rl 

(I Not observed. Q Experimental errors in distance ratios are typically k0.02. 

-7 

Hi,, 6” 

0.22 
0.10 

a 

a 
a 

a 

14 

U 

U 

Reference 
compound 

2.17 
1.46 

1.30 
1.10 

3.61 
2.29 

TABLE 4 

Comparison of the proton relaxation ratios,a obtained from GdIII T, measurements, of the adenylyl units of ApA with 
the corresponding mononucleotides 

Nucleotide PH TI K RE, RE1. RE,, RE,. RE,. RE,*, ,” 
2.2 298 6 3 10 b b b 14 
6.6 277 8 4 10 b b b b 
6.6 343 10 2 10 b b b b 

3’-AMP 2.2 298 4 2 10 16 66 18 14 
2.2 298 53 8 10 b 28 b 200 
6.6 277 36 3 10 b b b 133 
6.5 343 33 7 10 b b b 133 

6’-AMP 2.2 298 76 7 10 12 22 30 166 
Ratios relative to the same H,. proton of the djmer residues and the corresponding monomers: RE( = ( T 1 ~ - l ) R t / ( T l a ’ ) H , , .  

AP- 

-PA 

b Not 
observed. 

I t  will again be useful to compare the relaxation ratios of 
each nucleotidyl unit of ApA with the relaxation ratios 
obtained for the corresponding mononucleotides (Table 4). 

DISCUSSION 

It has been shown that ApA has two protonation sites, 
besides the phosphate diester group, which are the N-1 
atoms of the adenine bases. Studies of the effect of 
ionization upon the base-base stacking properties of 
ApA using spectrophotometric methods 30 at  298 K and 
0.1 allowed the proposal of the Scheme where s and u 
represent respectively the stacked and unstacked forms 
of the diprotonated +ApA+, monoprotonated (ApA) +, 
and unprotonated ApA forms. The macroscopic ioniz- 
ation constants have values of pK, 3.89 and pK2 3.02, 

although it is uncertain whether the 3’- or 5’-base is 
protonated first. In the experimental conditions used 
the stacking equilibrium quotients have the values so 
1.63 & 0.61, s1 1.21 & 0.36, and s2 ca. 0. Therefore the 
diprotonated form is fully unstacked in solution. Also, 
as so N sl, the stacked forms of ApA and (ApA)+ have 
almost the same stability. 

Data at pH = 2.2.-At this pH value and 298 K 
ApA is almost exclusively (92%) in the diprotonated 
+ApA+ form, which has an averaged conformation con- 
sisting of a large number of unstacked states, whose 
major degrees of conformational freedom are the ribose 
rings, usually defined by the pseudorotational model,31 
and the P-0 ester bonds which correspond to the torsional 
angles wl’ and w1 (Figure 1). We will now describe an 
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analysis of this conformational equilibrium, based on the 
lanthanide data, coupling constants, and chemical shifts. 

Table 5 summarizes the conformer populations for the 
ribose rings, backbone (t,hl, $1', 4,, and t,h2 torsion angles) 
and glycosidic bonds ( X ,  and X ,  torsional angle) of ApA 
compared to the corresponding mononucleotides a t  
similar temperatures and at  pH values such that the 
ionization states of monomers and dimer are the same, as 
obtained from the relevant vicinal coupling constants 
17,19,21,32,33 and NOE e-fects.22 

In the case of +ApA+ the conformational properties of 
the dimer fragments are approximately the same as the 
corresponding nucleotides. This observation gives 
further support to the validity of the applicability of the 
method suggested by Altona 23 to calculate the fraction of 
base-stacked forms from J H , t ~ , #  or JH;H,p values for 
dimer and monomers. Such a calculation gives zero 
percentage of base stacking for +ApA+. The absence of 
stacked form for +ApA+ is further supported by our 
observation of only neglegible dimerization shifts for the 
+ApA+ protons. 

We now look at the lanthanide shift and relaxation 
data a t  pH 2.2. Tables 2 and 4 show that these para- 
meters are similar to those of the constituent mono- 
nucleotides indicating that corresponding moieties 
(+Ap with +Ap- and pA+ with -PA+) have similar con- 
formations. In order to interpret quantitatively the 
lanthanide data on +ApA+, first of all a computer search 
for a single conformation which fits the experimental data 
at pH 2.2 and 298 K was undertaken, using the Burlesk 
program.26 Different sets of ribose ring puckers for the 
two ApA moieties were assumed, using published X-ray 
crystal structure co-ordinates, as previously de~cribed.~*,7 
The best single geometry (which minimizes the R 
factors 34 for the shift and relaxation data) found was the 
same as in the previous search 27 which did not use the 
ribose H,., H,., and H,. proton data. However, the 
calculated shift and relaxation parameters (these in 
parentheses, see Table 7) show that this extended single 
geometry does not fit the new data for some of the 
ribose ring protons (e.g., Hie, Hit, Hit) giving high R 
factors for shift and relaxation data, as it does not fit the 
coupling constant data, which indicate the existence of 
conformational equilibria for the sugar rings and back- 
bone of ApA. 

The lanthanide data were then fitted, using a method 
fully described and justified elsewhere,' to a confor- 
mational mixture using the conformer populations ob- 
tained from the coupling constants analysis (Table 5) .  

The main problem of this procedure is to define the 
rotational state about the phosphodiester bonds (0,' and 
a1 torsion angles) for which no coupling constants data 
can be obtained. Potential energy calculations have 
shown that the assumption of an ethane-type torsional 
barrier for these bonds, resulting in nine phosphate con- 
formations, is inappropriate for dimethyl phosphate and 
nucleoside mono phosphate^.^^-^^ Kim et aL3 have 
selected seven basic phosphodiester conformations for 
dinucleoside monophosphates, by comparing crystal 
structures and potential energy calculations, defined by 
(a,', wl) angles given in Table 6. Their selection con- 
tains however exclusively 3E ribose ring conformations, 
whereas for six out of these seven (P3 being the obvious 
exception) there is no reason to postulate a specific 
preference for 3E. On the contrary, the temperature 
dependence of the ribose couplings for ApA 24 and for 
+ApA+ (Table 5) point to the existence of a 3E/2E equil- 
ibrium in destacked states with K,, very close to the 
values for the corresponding monomers. 

We therefore calculated for each of these seven phos- 
phodiester (a,', a,) conformations the absolute ribose 
proton shifts and relaxations (using the Burlesk program) 
for all the +ApA+ geometries resulting from the 3E/2E 
ribose puckers of the two moieties and the rotamers 
corresponding to the $1, $,', 4,, and t,h2 torsion angles. 
Again for each (a,', a,) conformer the absolute shifts and 
relaxations were averaged using as weights the conformer 
populations given by the coupling constants analysis 
(Table 5 ) .  Then the data for the seven (a1', wl) values 
were again averaged, using individual populations which 
varied by 10% intervals and had a sum of 100yo. For 
each of these averages the calculated proton shifts and 
relaxations were normalized relative to H$ and R 
factors between calculated and experimental data were 
calculated. A statistical analysis of the individual 
(a,': a,) conformer populations (average and standard 
deviation) for the conformational mixtures which gave 
agreement factors R < 0.06 is shown in Table 6. As the 
standard deviations are quite high, these populations 
have only a qualitative meaning. Nevertheless, we can 
conclude from the present analysis that for +ApA+ the 
total population of the gg forms is smaller than gt + tg, 
possibly because the phosphodiester geometries for which 
the protonated adenine bases would be close together 
(P3 and A,)  are destabilized by their mutual repulsion. 
We obtained the following relative populations: S3 > 
S,  > P,. Table 7 describes the average conformation of 
the +ApA+ backbone which gives the lowest R factors for 
the ribose data. This averaged backbone conformation 
was then used in a search for the conformation of the 
adenine bases, assuming one glycosidic angle value for 
each ribose p ~ c k e r . ~  We found that in the completely 
unstacked +ApA+ the adenine base ring of the -PA+ unit 
is in an anti-conformation ( X ,  - 60-120") and the +Ap- 
unit in a syn ( X ,  270") ,C anti ( X ,  30") equilibrium. An 
increase of temperature to 323 K causes only minor 
changes to this conformational equilibrium (see Eu3+ 
data, Table 1). 
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Data at pH 5.8-6.5.-At these pH values ApA is 
exclusively in the unprotonated form, which has an 
average conformation consisting of a temperature-depen- 
dent equilibrium between a large number of unstacked 
states and a yet undefined number of stacked states.% 
Dimerization and base-stacking have large effects on the 

1285 

states are the same as those of the corresponding mono- 
mers. Then, the fraction of base-stacked form p ( S ) ,  is 
calculated from observed coupling constants for the 
monomers (M) and dimer (D) by any of the two equations 
(3a and b) with J1s2e (stacked) 4 . 8  HzM and J3p4e 

conformation of ApA, as detected by various n.m.r. $(S) = J 1 0 2 3  - J 1 ~ 2 J " ' J 1 ~ 2 ~ M  - 0.8 (34 
methods (Table 5 ) ,  specially the temperature dependence $(S) = J 3 . 4 3  - J34J'/J3.43 - 9.5 (3b) 

TABLE 6 
Phosphodiester conformers (a1', al values) a and corresponding percentage populations for dinucleoside monophosphates 

obtained by various methods, compared to our analysis of lanthanide data for ApA (where the percentage popula- 
tions and their standard deviations, in parentheses, are indicated) 

X-Ray stru&re& (39) 9 0 10 0 71 14 81 19 0 
80 f 10 20 f 10 0 

3lP shifts { SO(,) + 26 0 
16,u) ' 

18(10) O(0) 6(5) 26(10) 44(10) 7(7) O(0) 30(8) 70(8) O(0) 
12(10) O(0) 30(8) 5(4) 17(8) 36(11) O ( 0 )  77(8) 23(8) O(0) 

Lanthanide :g 25:; 
data a { (T a 343K) 

a P1(90", 270"); Pa(17Oo, 270") ; P3(290°, 280"); S1(11O0, 200"); S3(250°, 160'); A1(80", 80"); A2(1800, SO'); S,(180', 180'). 
Classical empirical. Classical semi-empirical. 

(s) Stacked, (u) unstacked. 

A b  initio molecular orbital calculations (PCILO method) ; in this case the local 
' This work. minimum energy of the conformer marked in the Table as S3 occurs in a region intermediate between S,, Ad, and A,. 

of vicinal coupling constants: an increase of ribose 3E 
conformers, of g'g' (5b2 180" of -pA) and of gg(#1,#2 60" for 
Ap- and -PA), and a decrease of the glycosidic angles X ,  
and X 2  to zero (anti-region). Similar results have been 
observed for many dimers 16*17924 and a trimer 40 and 
have been interpreted in terms of a highly stable confor- 
mational unit of monomers being conserved in dimers, 
which is similar to the rigid nucleotidyl unit suggested by 
X-ray structure determinations 41 and potential energy 
calculations .42 

A method of determining relative proportions of base- 
stacked and unstacked conformations has been sug- 
gested by A l t ~ n a , ~ ~  assuming that base-stacked con- 
formers contain exclusively 3E-type ribose rings and that 
conformations of the dimer fragments in the unstacked 

(stacked) -9.5 Hz.16 By using the two equations for 
each nucleotide unit p ( S )  values are obtained (Table 5) .  
These numbers are of course valid within the limitations 
of the model, but recent workM puts this model on a 
much firmer basis. 

This method gives however no information on the 
geometry of the conformers. Especially for the glycosidic 
and phosphodiester bonds only indirect n.m.r. evidence is 
available, obtained from analysis of the chemical shift 
non-equivalences of the 5'- and 5"-protons of the 6'- 
nucleotidyl unit of the dimers,16-17 studies of 31P chemical 
shifts of ribodinucleoside monophosphates and 
especially the interpretation of the temperature depen- 
dence of dimerization 

In order to analyse the lanthanide data on ApA in a 

TABLE 7 
Conformational analysis of ApA from observed and calculated shifts and relaxation ratios (these in parentheses) at pH 2.2 

and T 298 K; shift ratios relative to Hi. = 100, relaxation ratios (in parentheses) relative to Hit = 80 
Calculated 
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biologically significant way, we must make sure that 
lanthanide(II1) binding does not affect to any great extent 
the stacked-unstacked nucleotide distribution in solution 
and its conformations. Although no n.m.r. study of the 
effect of La111 binding on the ApA coupling constants 
was undertaken we found no major effect of La111 binding 
upon the dimerization shifts of ApA protons at pH ca. 5.0. 
Also an investigation using the c.d. technique found no 
major effect of the binding of EuIII on the conformation 
of ApA in solution, at pH 5.7 with [ApA] 6 0 p ~  and 
[Eu3+] lOmM and also at pH 1. 

We start by analysing the lanthanide data at high 
temperature (343 K) where ApA is only 20% stacked. 
The shift data of Table 3 indicate again that the back- 
bone conformations of the Ap- and -pA moieties of ApA 
and of the corresponding mononucleotides Ap and pA 
are very similar, but the relaxation data of Table 5 
indicate that the conformations of the adenine bases are 
different . 

By performing on the shift and relaxation ratios 
(extrapolated to high temperatures, see Figure 4 and 
Table 8) of ApA a conformational analysis similar to the 
one described for +ApA+, we obtained the conformer 
populations for the phosphodiester (Table 6) and the 
other bonds (Table 8) of the unstacked farms of ApA: 

TABLE 8 

Conformational analysis of ApA from observed and calcu- 
lated shifts and relaxation ratios (shift ratios relative 
to Hi, = 100, relaxation ratios relative to Hg, = 80); 
T 2 343 K;  shift ratios extrapolated to high tampera- 
tures (see Figure 4) ; shift data a t  pH = 5.8, relaxation 
data a t  pH 6.5 

Calculated 
average 

Observed conformation a 

Proton Alp- -pA2 Alp- -pA2 
r-A- 7 7 - 7  

HI. 30(10) 1403) 4o 30(4) 25 14P) 
41 22 

65 
21 

31 
38 64 34 

Ha, 
H, 
H, 
H6. 

H2 -2P) 3(4) 2(2) 2(2) 

115 36 115 

lOO(80) 22 lOO(80) 
H6#* 22 103(80) 25 103( 71) 
Hll 7PO) 34(20) 9(14) 34(25) 

R factor 0.04 (0.11) 
*Alp-: 45% 3E, #1(3E) 210", #1(2E) 270", 70%gg. X1(3E) 

330°, Xl(2E) 270"; -pA2: 45% 3E, lOO%g'g', 70%gg, X2(3E) 
30°, X2(eE) 30"; P2 = A, = 0 % ;  P1 = S, = 10%; P3 = S3 = 
20% ; A, = 40% 

45% 3E for both ribose rings, ca. 70% gg conformers, 
100~o g'g' for the -pA residue, and conformations of the 
C3.-0, bond dependent on sugar ring conformation 
[+1' (3E) 210", 41' (,E) 270'1, The glycosidic bond 
torsion angle depends on sugar ring conformation, 
viz. -pA anti (X, 30" for 3E and ,E) and Ap- a mixture of 
syn- and anti-conformations ( X ,  27" for and X, 330" 
for 3E). As far as the phosphodiester bonds are con- 
cerned, in the high-temperature unstacked forms of the 
dimer the gg conformations predominate over gt + tg, 
and tt is very unstable; the populations are A, 2 P3 > 

S,-P1 and very small populations of the other con- 
formers. 

We now discuss the low-temperature lanthanide data 
(Figure 4, Tables 1 4 ) .  The observed variation of the 
ApA proton shift ratios (Figure 4, Table 1) when the 
temperature is lowered reflects the formation of one or 
more base-stacked conformations in solution. The 
proton relaxation ratios do not change as clearly with 
temperature (Table 3). At 277 K the proton shifts of 
Ap- and -pA moieties of ApA are no longer similar to the 
same parameters of the mononucleotides Ap and pA 
(Tables 2 and 4), again a reflection of ApA base stacking 

Dimerization shift studies on dinucleoside mono- 
phosphates led to contradictory postulations by different 
authors 15916918 of different numbers and geometries of 
stacked forms for these systems. A more recent studyIH3 29 

combining c.d. and n.m.r. methods, and which differenti- 
ates between intramolecular stacking shifts and bi- 
molecular association shifts, rules out the existence of 
left-handed stacks and defines the conformational 
equilibrium of m,6ApU as one between a right-handed 
single-helical stacked conformation and a set of unstacked 
conformations. In our study we started by performing 
calculations of shifts and relaxation ratios for the various 
models proposed as an independent test of their con- 
clusions. 

Equilibria I1 l6 and 
111 l8 are ruled out on the basis of their high relaxation R 
factors, in opposition to equilibria I and IV, which give 
very small shift and relaxation R factors. Equilibrium 
I l5 considers a three-state equilibrium, as it postulates 
the existence of two stacked conformations (P3 and A,), 
with the additional constraint that both sugar rings in 
the dimer possess exclusively 3E-type geometries. The 
calculated data for the fully stacked forms of ApA, when 
compared with the experimental values at 277 K (where 
only 50-60% of ApA is stacked) give low R factors, but 
there are notable disagreements for some of the shift 
ratios, specially the base protons. The low-temperature 
shift and relaxation ratios for ApA can also be explained 
by equilibrium IV, a two-state equilibrium consisting of 
a mixture of 50% right-handed helix [P,; 3E, g-, gg, 
x1 0"; 3E, gg, g'g', x, 0'1 and a blend of unstacked forms 
whose populations of ribose puckers and (a1', ol) angles 
are obtained from theoretical work: 38 a sum of equal 
populations of 
(A, + A, + S3), and ,E 2E (A, + S,). The glycosidic 
angle values for the open forms are X, (3E) = X ,  (3E) = 
20" and X, (,E) = X, (,E) = 270" indicating a synlanti 
equilibrium for both glycosyl  bond^.^^^^' 

CorccZzcsions.-The present study shows that the 
lanthanide probe method, used together with analysis of 
coupling constants and chemical shifts, can be a power- 
ful conformational method in solution, even for a mole- 
cule with many degrees of conformational freedom like a 
dinucleoside monophosphate. The approach taken here 
is one of very few that allow some insight into the con- 
formational properties of nucleic acids in the region of 

(50-60%). 

These are summarized in Table 9. 

3E (A, + Sl), 3E 2E (P, + S,), 2E 
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TABLE 9 

Comparison of obsevved shift (pH 5.8) and relaxation (pH 6.5) ratios of ApA at low temperature (277 K) with calculated 
data for various conformational equilibria described in the  literature (shift ratios relative t o  Hi) = 100, relaxation 
ratios relative to Hi. = 80). 60" (gg), pA2 has d2 180" (g'g'), 3E 
ribose pucker, & 60" (gg) 

I n  equilibria 1-111 Alp- has in all cases X ,  O", 

Calculated 
h 

t 

IV d 
r 

Observed 1 0  I1 b I11 
P r--7 r - A p  7 -- r-- 

Proton Alp- -PA* A'p- -pA2 A'p- -PA' Alp- -pAe 

3 5 )  J3) 25 
14(3) 12 12 y i38'4' 
68 

8(10) 1y3)  Hl* 25(10) $7) 
46 

142 31 127 34 126 27 129 36 139 30 
H,: 71 30 45 30 40 27 47 26 63 28 

H6,, 32 96 40 98(68) 38 100( 140) 34 1 0 1 ( 1 23) 20 106 

H Z #  
H,. 

16 100 38 lOO(80) 27 100 (80) 47 lOO(80) 12 100 
H6' 

-2(8) 20(23) 7(6) lO(40) - lO(7) 22(43) 8(6) 23(15) 4(7) 26(24) 
17(2) 6(1) 3(3) -8'3L 

* -v L 
14(3) O(2) L 9(2) 2(1)2 

Ha 
Ha -11(4) - lO(2) 

L--?---J 0.02(0.03) . 
R factors 0.004 (0.03) O.Oa(0.27) 0.05(0.15) 

Kondo and Danyluk: l6 50% conformer with A'P-(~E ribose), $,, = 210°(g-), -pA2(Xa = O O ) ,  (o1.,o1) = (330",320°) (P3); 50% 
conformer differing only in (ol..ol) = (50",80") (A,). three conformers with same characteristics as in a, differing only 
in (wl.,wl) values: 30% P,, (ol,,ol) = (280",285"); 30% A,, (ol,ol) = (80",80°); 40% P,, (ol.,ol) = (90",270°). e Lee and Tinoco: 18 
40% of conformer with (ol,,ol) = (300",290") (P3), 3E pucker of Alp-, 4, = 210°, X ,  = 0"; 40% of conformer with same characteristics 
differing in (ol,,ol) = (30",100") (Al); 20% of conformer with $,, = 260"(g+), *E ribose pucker for Alp- X ,  = looo, (w1,,w1) = 
(60",220") (P,). 6 See text. 

b Lee et al. : 

the P-O ester bonds and will be very useful in the study 
of overall conformations of pyridine nucleotidyl units, as 
such rings have almost no ring current effects. 

The conformations of the P-0 ester bonds in the 
unstacked +ApA+ (gg < gt + tg) and in ApA (gg > gt + 
tg) are different, possibly due to repulsion of the adenine 
bases in +ApA+. In relation to the low-temperature 
data at neutral pH, various conformational models were 
tested, but the method cannot differentiate between the 
three-state l6 and the two-state model of A l t ~ n a . ~ ~  
However c.d.& and recent lH n.m.r. data24 indicate a 
two- and not a three-state equilibrium for dinucleoside 
monophosphates. Assuming this later model to be the 
true one, we analysed the conformations of the open 
forms on the basis of published theoretical work 38 and 
concluded that the conformation of the P-0 ester bonds 
can be summarised by gg-(,, __ (gg, gt + tg)(ul where the 
populations of the unstacked forms are (gt + tg) 2 gg 
( A ,  2: S, > P, - A, - S,), in agreement with recent 
independent work. 25 

We finally point out that the similarity of the shift 
ratios for the ApA protons at  pH 4.3 (where 30% of ApA 
is monoprotonated) and at pH 5.8 (where all ApA is 
unprotonated) indicates that the stacked forms (ApA) 
(unprotonated) and (ApA) + (monoprotonated) have 
similar conformations. Further support for the stacked 
half-protonated conformation can be found in the similar 
values, so 2: sl, of the stacking equilibrium quotients for 
(ApA) and (ApA)+ 3o which show that the stacked forms of 
ApA and (ApA)+ have almost the same stability, and in 
the helical ApA+ fragment demonstrated by the X-ray 
crystallographic analysis of the Ap +ApA+ crystals .& 
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