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Dynamic Structure of Pyrimidine-polyribonucleotides

in Solution.

'HNMR Studies®
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Temperature dependent conformations and molecular motions of pyrimidine polyribonucleotides, poly(C)
and poly(U), have been studied in 2H,O solutions (pH 5.84-0.3, 5—72 °C) by measuring *H NMR intensities,

chemical shifts, coupling constants, and spin-lattice relaxation times.

Below 50 °C, poly(C) exists as a slowly

exchanging mixture of double-stranded and single-stranded forms of which only the single-stranded form is ob-

servable by 1H NMR.

In this temperature range, the single-stranded poly(C) shows a strong base-stacking with

dominated Cy/-endo anti conformation, whereas above 50 °C it takes partly C,-endo conformation with destabi-

lization of the helical structure.

and the bases are nearly unstacked with 58%, of C,/-endo conformer.

Poly(U) exists as single strand within the whole temperature range studied,

Poly(U) is more flexible than poly(C), which

was characterized with rotational correlation times in the order of 10-9—10-10s,

Conformation of synthetic homopolynucleotides has
been studied by many investigators as the first step
toward the understanding of the structure of nucleic
acids. In aqueous solution, each homopolynucleotide
shows unique behaviour characteristic of its purine
and pyrimidine bases:®3 Nuclear magnetic relaxa-
tion measurements of 3P showed different motions
for different polynucleotides.¥ However, their de-
tailed structures in solution are still unknown although
some of their structures in fiber states have been an-
alyzed by X-ray diffraction.’-?

At neutral pH, poly(C) takes single-stranded helix
stabilized by base stacking, while at acidic pH
(pH<5.0) it exists as a double-stranded helix in
which the bases are held together by three hydrogen
bonds, one of which can be formed only when a pro-
ton is added to N-3 for each pair of bases.8-19 In
general, the ordered double helical form of high poly-
mers does not give a high resolution NMR spectrum.?
Our previous 3P NMR study' exhibits that at acidic
pH the signal is too broad to be observed presumably
due to the double-stranded form, while at an inter-
mediate pH between acidic and neutral the exchange
between the double-stranded and single-stranded forms
is slow in the NMR time scale, so that the single-
stranded form and possibly partially double-stranded
form can be observed.

In the present work, temperature dependence of
1H chemical shifts, coupling constants and spin-lattice
relaxation times of poly(C) and poly(U) were meas-
ured and the conformational features of single-strand-
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t  Present address: Department of Materials Science and
Technology, The Technological University of Nagaoka,
Nagaoka, Niigata 949-54.

ed poly(C) are discussed together with those of poly-
(U) known to exist as a random coiled structure.

Experimental

The potassium salts of poly(C) and poly(U) (molecular
weight>10%) were purchased from Sigma Chemical Com-
pany. The samples were dialysed against a large volume
of 0.1 M (1 M=1moldm=2) sodium chloride to remove
low molecular species and paramagnetic metal ions. The
solution was lyophilized and the residue was dissolved in
2H,0 (99.7%). The lyophilization and addition of 2H,O
were repeated three times to reduce 'H,O background.
About 3 mM of EDTA was added to remove the effect of
the remaining paramagnetic metal ions. No buffer was
used. The final pH of the solution was 5.8+0.3 (direct
pH meter reading). The samples were evacuated on a
vacuum line and sealed in an NMR sample tube of 5 mm
diameter. The final concentration of poly(U) and poly(C)
were 92 mM and 53 mM in monomer unit, respectively,
as determined from the optical absorption at 261 nm and
269 nm by using the molar extinction coeflicients of 9600
and 6300 for poly(U) and poly(C), respectively.!®

Spin-lattice relaxation times (7;) were measured at 100
MHz on a JEOL PFT Fourier transform NMR spectrometer
using the inversion recovery pulse sequence (180°-t-90°).
T, values were deduced with a non-linear least square fit
method. Chemical shifts and coupling constants of poly(C)
were measured at 360 MHz on a Bruker HX-360 spectrom-
eter. Relative peak area was determined at 360 MHz by
averaging the values obtained by three independent methods,
i.e. measurement of peak height, integration of the peak
area, and weighing the spectral sheet.

Results and Discussion

Poly(C). Figure 1(a) shows the peak area
of the three protons (H;, H,, and H;') of poly(C)
at pH 5.8 as a function of temperature. It is noted
that the peak areca of each of the three protons shows
an abrupt increase at about 45 °C. The loss of signal
intensity below 45 °C seems to be best interpreted
as due to the formation of the double-stranded form
of poly(C) whose TH NMR signals are too broad to
be observed. Moreover, the exchange between the
single-stranded form and the double-stranded form of
poly(C) must be slow in the NMR time scale,-13)
so that the observed signals correspond to the poly-
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Fig. 1. Temperature dependence of 'H NMR param-
eters of poly(C) measured at 360 MHz (53 mM in
?H,0, pH=5.8-+0.3, [Nat]=0.1).

(a): Peak area of H; (@), Hy (A), and H,» (O),
(b): coupling constant Jr,r.

(C) in the single-stranded form and possibly in the
partially double-stranded form. This interpretation is
in accordance with the earlier observation that, in
the acidic pH range, the signal intensity of %P res-
onance decreases upon protonation of poly(C) by the
formation of a double strand.')

Figure 1(b) shows that the coupling constant be-
tween H;» and H, (J's) is almost nil below 50 °C.
From the Karplus relation, this result means that the
dihedral angle (£ZHyCy,Cy'Hyr) is close to 90°, z.e.,
that the ribose ring of the single-stranded poly(C)
takes exclusively Cy-endo (N) conformation below 50
°C. Jy'o shows a sharp increase in the narrow tem-
perature range of 50—65 °C, and above 65 °C be-
comes constant at 3.9 Hz. The increase in the cou-
pling constant reflects the increase in the population
of the Cy-endo (S) conformer under the assumption
of a rapid equilibrium between N and S conformers.14
The population of the S conformer above 65 °C is
then estimated to be 429, by using the equations
given by Altona and Sundaralingam.4)

In contrast, the chemical shifts of the three protons
of poly(C) increase rather monotonically in the tem-
perature range of 28—70 °C as shown in Fig. 2. This
observation implies that at low temperature these pro-
tons receive strong deshielding effects from the ring
currents of neighbouring bases, but that the effects
are relieved at higher temperatures by gradual un-
stacking of bases, in agreement with the conclusion
obtained from other methods.!3:15,16)

Lee and co-workers have suggested that the base
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Fig. 2. Temperature dependence of chemical shifts
of H;, Hg, and Hys of poly(C) as measured from an
internal standard of DSS (H, A, H; @, Hy,, O).

stacking arrangement prohibits the ribose ring to take
the S-conformation, based on the fact that the ribose
ring of dinucleotides has a large fraction of N-con-
former corresponding to the increase in the fraction
of base stacking.!” The present results have shown
that, similarly in poly(C), a single helical or partial
double helical form with stacked bases and exclusive
N ribose conformation is highly stabilized at low tem-
perature, but that upon destacking of bases, poly(C)
is allowed to take the S-conformation.

We may conclude that under the present experi-
mental conditions, the conformational equilibria in
poly(C) could be summarized in the following schemes:

rapid
Poly(C)y* + H+ —= Poly(C)y*H+

] l rapid ] l rapid
rapid

Poly(C)g* + H+* —= Poly(C)g*H*

rapid

Poly(C)y* + H+* == Poly(C)y*H+

(>65°C), (1)

(<50°C), @)

slow
Poly(C)y* + Poly(C)y*H+ =—
Poly(C)x*H+Poly(C)* (<50 °C), (3)

where Poly(C)* and Poly(C)*H+Poly(C)* represent
the single- and double-stranded forms of poly(C), re-
spectively, and subscripts N and S represent N and
S conformers of the ribose, respectively.

Figure 3 shows the temperature dependence of T;’s
of H;, Hy, and H;’ of poly(C). In spite of the re-
markable change of the coupling constant in the range
of 50—60 °C, T; shows no abrupt change in the cor-
responding temperature range. Akasaka showed that
the dynamic structure of a polynucleotide can be
studied from the temperature dependence of T77.18)
Namely, in an isotropic motional approach with a
single 7., the 77 minimum occurs at a rotational cor-
relation time 7. of 9.9x10-1%s at 100 MHz, and by
using this 7. and the minimum value of 73, relevant
interproton distances can be obtained. As shown in
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Fig. 3. Semilogarithmic plots of spin-lattice relaxation

times (73) of poly(C) against reciplocal absolute tem-
perature (Hy A, H; @, H;» O).

Fig. 3, Ty’s of all the three protons of poly(C) go
through minima. However, they occur at different
temperatures.

In principle, the occurence-of different T;.,, tem-
peratures indicates the possibility of differential mo-
tions of the three protons. The effect does not seem
to arise from the cross-relaxation effect among pro-
tons,1? since around 7;,,;,, where wr,=1 holds, the
cross-relaxation term is close to nil. By taking a
simple approach of isotropic motion, the value of
T,0psa Was obtained for each proton from the minimum
values of T, (see Appendix), and the results are shown
in Table I.

The values of r,,,,, may be compared with 7,,,.q
calculated with atomic coordinates given for 5'-CMP,20)
by taking into account of dipolar interactions within
the same nucleotide unit only. The 7,4 values were
computed for different torsional angles about the glyco-
sidic bond (2) varied at an interval of 10° and the
dihedral angle (£CyCyCyOy) (¢) at interval of 30°,
respectively. The ribose conformation was fixed to
Cy-endo. The values of 7,4 for Hg was not calculat-
ed since T; for Hg goes through minimum above
50 °C. where the fraction of Cy-endo conformer cannot
be neglected.

On computation 7,,,,,; showed little dependence on
¢. Therefore, the curves in Fig. 4 show r.,,., as
a function of x for a fixed ¢ (=60°).2) For H,,
Ticarea @aNd 7iop.q coincide in the whole region of %
within the experimental errors of T; (£59%,), as is
expected from the chemical structure of cytidine base

TABLE 1. 7j,p54’S DEDUCED FROM MINIMUM VALUES
or T, By usiné EQ. 3 N ApPPENDIX

rlobsd/A
H, H; Hy
Poly(C)  2.16+0.12  2.43+0.14  2.50-0.14
Poly(U) 2.154+0.12 2.48+0.15 2.4840.15

Molecular Structure of Poly(C) and Poly(U)
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J
angle about glycosidic bond ().
Ribose ring and ¢ are fixed to Cjr-endo and 60°, re-
spectively. The region where 73100 and riopsa COIN-
cide within experimental errors is shown by hatched
line for H,". The cross-hatched area shows the al-
lowed and plausible region obtained by taking ac-
count of the van der Waals exclusion.

where T, of H; is mainly determined by the dipolar
interaction with Hy. The hatched region between the
dotted lines in Fig. 4 shows where 7,.,,,q and 7,4
of H,r coincide within experimental errors of T77.
The allowed region of x for van der Waals contact
was estimated to be —130°—40°, where the exclusive
atomic radii for H and O were taken to be 0.95 and
1.1 A, respectively. Therefore, the allowed and plau-
sible region of x for H,;’ is in the range of —50°—
40° as is represented by the cross-hatched area in
Fig. 4, showing that the orientation of the base is
restricted to anti.

This result is consistent with the theoretical cal-
culation in mononucleotides which predicts that the
most probable value of x for the pyrimidine base
lies in the range of 0°—30° for the Cy-endo sugars.2V)
In solution, mononucleotides are shown to exist as
equilibrium mixtures of syn and anti conformers with
preference of anti. However, in CpC the angle de-
creases with increasing stacking of base.l” Our con-
clusion that single-stranded poly(C) takes predominant-
ly Cy-endo anti orientation of the base at low tem-
peratures is in accordance with these results. A con-
sistent result has also been presented for single strand-
ed poly(C) in the fiber state by X-ray analysis (Cy-
endo anti, x=80°)." The fraction of syn conformers,
however, might not be neglected above 50 °C, in view
of the coexistence of a substantial fraction of C,'-endo
ribose conformers (429%,).

Poly(U). In contrast with poly(C), no tem-
perature dependence of peak area of protons was ob-
served for poly(U). As shown in Fig. 5, neither the
chemical shifts of Hy; nor Hg of poly(U) show signi-
ficant temperature dependence, indicating that the
base-stacking is negligible in this polymer, in accord-
ance with the reported random coil property of poly-
(U).23

Temperature dependence of coupling constant J,y
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Fig. 5. Temperature dependence of chemical shifts of
H; and Hj of poly(U) as measured from an internal
standard of DSS (H; @, H; A).
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Fig. 6. Temperature dependence of coupling constants
Jrar and Ji of poly(U).
Jirar O, Jis6 (measured on Hj signal) A Jge (measure-
ed on Hg signal) A.

of poly(U) is shown in Fig. 6 together with that of
Jse  J1'e' is measured on the H,’ signal under homo-
decoupling H, proton, since the H; and H,’ signals
partially overlap in poly(U). Since [y, shows little
temperature dependence, it appears safe to conclude
that Jy'yr is also invariant with temperature within
the experimental accuracy of +1.5 Hz. Based on the
detailed analysis of coupling constants of ribose pro-
tons at 36 °C at 220 MHz by Kreishman and Chan,??
Davies and Danyluk have estimated ring-conformer
population of poly(U) to be 429 and 589, for N
and S conformers, respectively.?3) The result of Fig.
6 shows that such conformation of the ribofranosyl
ring of poly(U) does not change within the tempera-
ture range studied. Richards and co-workers*®) report-
ed that poly(U) could undergo a co-operative tran-
sition to an order form below 15 °C. However, since
their optical experiments were performed under high
salt concentration, it could not be compared directly
with the present results.
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Fig. 7. Semilogarithmic plots of spin-lattice relaxa-

tion times (7)) of poly(U) against reciprocal absolute
temperature (H; @, Hy; A, Hyy O).

Figure 7 shows the temperature dependence of T3
for H;, and Hg, and H,». T of the three protons go
through minima, but at different temperatures. In-
terproton distances, 7,,,,4 were obtained similarly as
in poly(C) (Table 1). These distances must reflect
local conformation of poly(U). The 7. values
were computed for many conformers and compared
with r,,,.s similarly as for poly(C). As the result,
the base orientation of poly(U) is restricted to ant:
and syn.

The population of S conformer above 65 °Cl is 169,
higher in poly(U) than in poly(C). This would arise
from the fact that poly(U) is free from base stacking
at all the temperatures studied, whereas poly(C) takes
partial base stacking even above 65 °C as judged
from Fig. 2, where N conformer is preferable to S
conformer discussed for poly(C).

From the 7T, values, rotational correlation times
7, were estimated to be in the order of 10-20—]10-%s,
corresponding to the local motions of polynucleo-
tides.418,25,26) The higher flexibility of poly(U) is im-
plied from the fact that 77 .,, of poly(U) protons
appear at lower temperature than those of poly(C).
The above observation is in accordance with the
earlier conclusion from 3'P 7, measurements.?

Appendix

When T of a proton i is determined by dipolar interaction
which is modulated by an isotropic rotation of the molecule
with a characteristic time constant 7., the following equation
is given for the interacting protons separated by a fixed
distance 7,29

r 74’52{_3_ 1 +_13 1 ) o
711—_J' Tl \10 1+ w27} 10 1+4w? Te»

where y and w are the gyromagnetic ratio and Larmor an-
gular frequency of a proton, respectively, and suffix i and
j represent the observed proton and the other proton in-
teracting with proton i, respectively. Equation 1 predicts
that T goes through a minimum when wt,~0.62 or 7,=
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9.9x10-2s. Therefore, for 7T; at the minimum, Eq. 1
could be rewritten as follows,
af2
L 57" c681x10-%, @)
Timm i Ty

Accordingly, with the minimum value of 7, we can evaluate
interacting proton-proton distance in a form of

ronsa = (T1miny 2 X 6.81 X 10-19)1/8  (in A), 3)

Chemical shifts and coupling constants of poly(C)
were measured at 360 MHz at the Max-Planck In-
stitut fiir Medizinische Forschung, Heidelberg, FRG.
The authors are grateful to Professor K. H. Hausser
for this opportunity.
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