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Conformational Studies on Polyriboadenylic Acid in

Ethylene Glycol*

Sue Hanlon and E. O. Major

ABSTRACT: The conformation of polyriboadenylic acid
in ethylene glycol in the presence and the absence of a
4- to 12-fold ratio of protons to adenine has been
examined by spectral and optical rotatory techniques.
When the glycol solvent is slightly basic, the stacking
of the adenine residues in polyriboadenylic acid is
completely abolished. In the presence of a small excess
of hydrogen ions, however, a base-stacked helical con-
formation is preserved at glycol concentrations as high
as 97-99.7%;.

The optical properties as well as the thermal
stability of this conformation in this nonaqueous
solvent are very similar to those exhibited by the confor-
mation of polyriboadenylic acid in acidified aqueous
solvents at low ionic strength. The form present in the
acid glycol solvent can be converted into the base-un-

A convenient index of the stability of an organized
polynucleotide conformation is the standard free-energy
change, AG?°, for the helix—coil transition

organized,
base stacked, “_><__ [random coil] €Y)
helical form

* From the Department of Biological Chemistry, College of
Medicine, University of Illinois, Chicago, Illinois. Received
April 2, 1968. This work was supported by a grant (GM 15180-01)
from the National Institutes of General Medical Sciences.

HANLON AND MAJOR

stacked conformation by the addition of approximately
1 mole of hydroxide ion/mole residue of polymer.
Despite the fact that glycol is normally a polynucleotide
denaturing solvent, the conformation of polyriboade-
nylic acid present in the acidified glycol is similar to if not
identical with the structures formed in acidified aqueous
solvents under comparable conditions of ionic strength
and acid concentration. The latter is presumably a
subtle variant of the structure proposed by Rich ef al.
(Rich, A., Davies, D. R., Crick, F. H. C., and Watson,
J. D. (1961), J. Mol. Biol. 3, 71). The stability of such a
structure in a solvent which normally destroys base-
stacked polynucleotide conformations can be ascribed
to the effect of the lower dielectric constant of ethylene
glycol on the strength of the internal ion pair which
maintains this conformation.

As information about polynucleotide conformations
in both solution and the solid state has accumulated, it
has become apparent that a unique conformation re-
flects a balance of many types of interactions of the
constituent parts of the polymer both with each other
and with the solvent. Thus, AG® for reaction 1 repre-
sents the difference in contribution of these constituent
interactions between the helix and the coil form.

There are three general categories of self-interactions
which make major contributions to the free-energy dif-
ference between the helix and the coil forms of poly-



voL. 7, No. 12, DECEMBER 1968

nucleotides in vacuo (DeVoe and Tinoco, 1962a). These
are: (1) the base-stacking interactions, i.e., the ten-
dency of purines and pyrimidines to associate plane to
plane, (2) hydrogen-bonding interactions involving the
functional groups and nitrogen atoms of the bases as
well as the 2’-OH and the phosphate oxygen of the poly-
nucleotide backbone, and (3) electrostatic interactions
between charged groups of the polynucleotide. The con-
tribution of these interactions to the free-energy change,
AG®, in reaction 1 can be formally represented as a sim-
ple sum

AG® = AGs® + AGr® + AGz® 2

where the subscripts, S, H, and E, refer to the base
stacking, the hydrogen bonding, and the electrostatic
contributions, respectively. The effect of solvent on con-
formation can be ascribed to perturbations of these self-
interactions. Conformational changes in a given poly-
nucleotide can be effected by an environmental reduc-
tion or change in sign of any one or all of the three
terms on the right hand side of eq 2.

There is, however, another consequence of eq 2.
Under conditions where the several categories of inter-
actions of a polynucleotide are affected in a compensa-
tory manner such that the magnitude of the total, AG®,
remains constant, the conformation of the polynucleo-
tide should remain unperturbed by a change in environ-
mental conditions.

The acid form of poly rA is a case in which the varia-
tions in the interaction free energies might be com-
pensatory. In neutral and alkaline aqueous solution,
the polymer possesses a partially stacked, single-
stranded helical structure (Holcomb and Tinoco, 1965;
Witz and Luzzati, 1965; Leng and Felsenfeld, 1966).
As the pH is lowered, with the consequent protonation
of the adenine residues, a double-stranded base-stacked
conformation forms (Fresco and Doty, 1957; Fresco,
1959; Fresco and Klemperer, 1959; Holcomb and
Tinoco, 1965). It has been assumed that this conforma-
tion is similar to if not identical (Fresco, 1959) with that
found by Rich and coworkers (1961) in fibers of poly rA
pulled from acid solution. This structure (on the average)
is a double-stranded helix with parallel chains which is
maintained by base-stacking, interchain hydrogen
bonds, and an internal salt linkage between the posi-
tively charged adenine residues in one strand and the
negatively charged phosphate groups in the adjacent
strand. When this particular conformation is sur-
rounded by an organic solvent whose polarizability is
greater than that of water, one would predict that the
AGs® term would be considerably reduced, perhaps to
Zero or even a negative value (Hanlon, 1966). If at all
significant, the AGgy° should become slightly more posi-
tive since most organic solvents are poorer competitors,
compared with water, for the functional groups of the
bases. The AGg® term in this particular case actually
consists of at least two parts, one accounting for the
electrostatic repulsion of the negatively charged phos-
phates in the adjacent strands of the helical conforma-
tion (Schildkraut and Lifson, 1965) and the other re-
flecting the attractive interaction of the internal ion

pair. In view of the ionic strength effects on the stability
of the acid conformation of poly rA (Steiner and Beers,
1961; Holcomb and Timasheff, 1968), the latter attrac-
tive term obviously predominates. Thus, if the effective
dielectric constant of this organic solvent in the neigh-
borhood of the polymer is lower than that of water,
the AGx° term should become correspondingly more
positive for reaction 1 as written. The total AG® for
reaction 1 might consequently remain unchanged in this
situation. Thus, the acidified form of poly rA, in con-
trast to other polynucleotides, should exhibit the same
conformation in such an organic solvent as it shows in
an agueous one.

In order to test this prediction, we undertook an
examination of the optical properties of poly rA in or-
ganic solvents whose dielectric constants were lower
than that of water. The solvent which was found to be
most suitable for these experiments was ethylene gly-
col. It is transparent in the ultraviolet region and it
solvates both the zwitterion and the basic form of the
polymer. In addition, there was already good evidence
in the literature that poly rA, in the acid form, could
maintain its base-stacked conformation at intermediate
concentrations (50%) of ethylene glycol (Rahn et al.,
1966).

Materials and Methods

All chemicals employed were reagent grade. Reagent
grade ethylene glycol (Fisher) was further purified by
distillation at reduced pressure, and the last half of the
distillate was used in the preparation of the glycol solu-
tions. In order to obtain reproducible results in both
the glycol solutions as well as those at low ionic strength
in HyO, it was necessary to employ doubly distilled
water in the preparation of all aqueous solutions as well
as in the cleaning of all glassware. Chromatographically
pure 5’-AMP from Sigma was used without further
purification. Concentrations of stock solutions of AMP
were estimated from the absorbance at the maximum of
aqueous dilutions in phosphate buffer at pH 7. The ex-
tinction coefficient at this position was taken from the
data provided in a Pabst publication (Pabst Laboratory
Circular, OR-7, 1955).

Two lots (15634 and 11740) of high molecular weight
poly rA (potassium salt) were purchased from Miles
Chemical Co. The s§,,, of these samples at pH 7 were
8.6 and 6.5 S, respectively. Using the data of Fresco
and Doty (1957), the molecular weights corresponding
to these sedimentation coefficients were estimated as
500,000 and 300,000, respectively.

Stock solutions of the polymer were usually prepared
at a weight concentration of 1 mg/ml in either 0.10 M
NaCl or 0.10 M NaClO.. In some instances they were
used without further purification. In other cases, these
stocks were dialyzed against successive changes of
0.01 M EDTA (sodium salt) at pH 7.5, 1 M NaCl, and
0.10 M NaCl. Essentially similar results were obtained
with these more elaborately purified samples as long as
the pH of the resulting stock solution was readjusted to
pH 7 after dialysis. Residue concentrations of these
stock solutions were estimated from the absorbance at
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TABLE I: Spectral Characteristics of Poly rA in Various
Solvents.

Eman)
X 10-3
+ 0.15
Amax  (I./(mole S H
Solvent (mu) cm)) += 1%

0.10 M NaCl-0.05 m 257 10.1 29
NaH zPO 4—NazHP (O R
pH 7 in H,O

0.10 M NaCl-0.10 m 252 8.57 38
CH,;COOH-CH;-
COONa, pH 4.6 in
H,O

24 X 10-* M HCl in 252 8.89 36
H;0,) pH 3.7

97% (CH.OH),-24 X 261 14.8 3.2
105 M NaOH?

97% (CH:OH),-24 X 254 9.19 31
10~°m HCl

97% (CH;OH),-75 X 253 8.77 33
10-5 M HCP

972 (CH:OH),-75 X 253 8.91 35
10-5 M HCIO ¢

99.7% (CH,OH)»-75 253 8.75 36
X 10~ M HCIO ¢

« Value taken from the data of Holcomb and Tinoco
(1965). ® Solutions also contained 240 X 10~ M NaCl.
¢ Solutions also contained 240 X 10=% M NaClO..
¢ Solution also contained 24 X 10~ M NaClO..

the maximum of a dilution in 0.10 M NaCl, 0.05 M
NaH,PO,, and Na,HPO, (pH 7) at 25°. An extinction
coefficient of 10.1 X 1032 1./(mole cm), taken from the
data of Holcomb and Tinoco (1965) at 22°, was em-
ployed in these calculations. All poly rA solutions were
prepared by diluting aliquots of the aqueous stock solu-
tion with the appropriate solvent containing acid or
base. For most of the studies in ethylene glycol, the
dilution factor was /4 which resulted in an ethylene
glycol concentration of 97.5% v/v. In a few cases, the
dilution factor was /4o, resulting in a higher glycol con-
centration of 99.7%. Concentrations of poly rA in
these solutions were 6 X 1078 or 6 X 107® M, respec-
tively. In order to keep the H,O concentration as low as
possible in the glycol solutions, the solvents were gen-
erally acidified by the addition of 1-3 ul of 1 N~ HCI or
1 N HCIO.. This usually introduced an uncertainty in
the final acid concentration of =4 X 1075 M.

Spectra were obtained in a Cary spectrophotometer,
Model 14CMR, equipped with thermostatted cell
adaptors and a 0-1- and 0-0.1-optical density slide
wire. The temperature of the cell contents was taken as
the temperature of the adaptors which was measured
with a thermistor and bridge assembly manufactured by
the Yellow Springs Instrument Co. Light paths of 1.00
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cm were normally employed. Difference spectra were
obtained in the conventional fashion with a matched set
of four cylindrical cells of 1-cm path length. Extinction
coefficients, E, are reported in terms of 1/(mole cm) at
25°. Spectra obtained at temperatures other than 25°
are so indicated and were corrected for the volume
change in the solvent if this change was significant. The
hypochromism, % H, of the polymer transitions be-
tween 230 and 300 mu in a given solvent was calculated
from the spectrum of poly rA and that of the monomer,
5’-AMP, under the same conditions. For these calcula-
tions, we employed a modified form of the equation
given by DeVoe and Tinoco (1962b). Our spectra are
recorded in terms of wavelengths, A, rather than fre-
quencies or wave numbers. Hence, we employed the
expression

300
A)\EEPO\)

230 A

SOOEm()\)

N

230 A?

o7 H=100{ 1 —

where Ep(\) and Ex(\) are the extinction coefficients at
A of the polymer residue and the isolated monomer,
respectively. The wavelength intervals, AX, were 2.50
my.

Optical rotatory dispersions were measured at 22°
with either a Jasco spectropolarimeter, Model ORD/
UV-5, or a Cary 60 spectropolarimeter. The Lorentz
correction was not applied to the molar rotations, which
are reported in (degrees deciliters per decimeter mole).

Sedimentation velocity experiments were performed
with a Spinco Model E analytical ultracentrifuge. Ab-
sorption optics were employed in following the poly-
nucleotide boundaries.

Results and Discussion

Optical Properties. The spectral properties of poly rA
were first examined in aqueous solvents in order to as-
sure ourselves that these particular samples exhibited
the optical characteristics reported by other (Brahms
and Mommaerts, 1964; Holcomb and Tinoco, 1965;
Van Holde er al., 1965; Leng and Felsenfeld, 1966).
The solvents selected for these studies were the buffered
media of moderate ionic strength, 0.10 M NaCl-0.05 M
NaH,PO,-Na,HPO, buffer (pH 7.0) and 0.10 M NaCl-
0.10 M CH;COONa-CH,;COOH (pH 4.6). Since the
polymer is not completely protonated in the latter sol-
vent at pH 4.6 (Steiner and Beers, 1961; Holcomb and
Timasheff, 1968), aqueous solutions at lower pH values
were also examined. To prevent extensive aggregation
and precipitation, we employed unbuffered aqueous
media of low ionic strength containing 25-73 X 105 M
HCI, 240 X 10—5M NaCl, or similar molarities of HCIO,
and NaClO,. These solutions were usually allowed to
stand for 1-3 hr before being examined optically.
Within the time period in which the spectra and optical
rotatory dispersion were obtained, the absorbance and
optical rotation were constant. The absorbance, how-
ever, usually decreased by about 29 over a 24-48-hr
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TABLE I1; Optical Rotatory Dispersion Characteristics of Poly rA in Various Acid Solvents.

Optical Rotatory Dispersion

Peak Trough
[o] X 10~4 ((deg [e] X 10~ ((deg
Solvent N (mu)  d/(dm mole)) N\ (myu) dl)/(dm mole))
0.10 M NaCl-0.10 M CH;COOH-CH;COONa, 281 +5.0 250 —10.6
pH 4.6 in H.O
24 X 1073 M HCI-240 x 1075 M NaCl, in H.O 280 +5.2 250 —-9.4
979, (CH,OH).-73 X 105 m HCI-240 X 10-3 279 +4.7 249 —8.4

M NaCl

period. The latter was probably caused by a slow ag-
gregation process.

The spectral characteristics of poly rA in some of
these solvents are reported in Table I. The optical rota-
tory dispersion characteristics of the polymer in acid
solvents are reported in Table II. As these data show,
the optical properties of the polymer in the buffered
solutions at moderate ionic strength compare reason-
ably well with those found by others in similar solvents.
In the unbuffered solution at low ionic strength, the ex-
tinction coefficient at the maximum was higher and the
over-all hypochromism was lower, compared with mod-
erate ionic strength solutions at acid pH. Correspond-
ingly, the residue rotation at the trough in the optical
rotatory dispersion, was also slightly reduced.

When the aqueous solvents were replaced by mixtures
of ethylene glycol and water containing a small excess
of NaOH (24 X 10~ M) to neutralize carbon dioxide or
other acid contaminants, the extinction coefficients of
the poly rA spectra increased as the volume per cent
ethylene glycol increased. In contrast to this situation,
however, similar experiments conducted in the presence
of a small excess of HCI (24-73 X 1075 M) revealed that
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FIGURE 1: Effects of ethylene glycol on the extinction co-
efficients at 260 mu of poly rA spectra. Data were taken from
spectra of poly rA at a concentration of 5.64 X 10~5 M in
mixed aqueous glycol solvents containing 240 X 10— M
NaCl and either 24 X 10~ M NaOH (®) or 24 X 105 m
HCI (O).

POLYRIBOADENYLIC ACID

relatively little change occurred in the absorption prop-
erties of the polymer as the solvent was changed from
an aqueous acid solvent to one containing 97-99%
ethylene glycol. These points are demonstrated in
Figure 1 which represents the behavior of the extinc-
tion coefficients of poly rA at a fixed wavelength (260
my) in the mixed ethylene glycol-H,O solutions as a
function of solvent composition.

In Figure 2 the spectra of the polymer and 5’-AMP in
the 9777 ethylene glycol solvent containing NaOH are
shown together with the spectrum in the aqueous sol-
vent at pH 7. As can be seen, ethylene glycol in the ab-

150

10.0

E=x10-3

5.0

FIGURE 2: Spectra of poly rA and 5'-AMP in the absence of
added acid. (---) Poly rA in 0.10 M NaCl-0.05 M NaH,PO,
Na,HPO, (pH 7) in H:O; (——) poly rA in 24 X 105 ™
NaOH-240 X 1075 M NaCl, in 97%, (CH,OH).; (-—~-) 5'-
AMP in 24 X 1075 M NaOH 240 X 105 M NaCl in 97%
(CH,OH):.
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FIGURE 3: Spectra of poly rA and 5’-AMP in the presence of
excess acid. (----) Poly rA in 0.10 m NaCl-0.10 M CHs-
COOH-CH;COONa, at pH 4.6 in H;0; ( ) poly rA in
73 X 1078 M HCI-240 X 1075 M NaCl in 97% (CH;OH),;
(---) 5’-AMP in 0.003 m HCI-0.0024 m NaCl in 97%
(CH:OH)s.

sence of any acidity, effectively abolishes the base-stack-
ing interaction. Its interaction with the polymer leads
to a conformation whose spectral properties are almost
identical with that of the monomer, 5'-AMP, in the
same solvent. The hypochroism of the polymer in this
solvent, reported in Table I, is only 3.2 = 1% and the
position and extinction coefficient at the maximum are
very close to 5'-AMP whose Ap.x falls at 262 mu and
whose E..x is 15.5 X 103 I./(mole cm) in the same sol-
vent.

In the presence of an 11-fold excess of hydrogen ions
(73 X 10-% M), however, the spectral properties in
ethylene glycol did not differ markedly from those in the
aqueous acid solutions and were clearly different from
the monomer in the same solvent. This is demonstrated
by the spectra shown in Figure 3 as well as the general
optical characteristics of poly rA in various ethylene
glycol-acid solvents reported in Tables I and II.

As was the case for the low pH-low ionic strength
aqueous solutions, small decreases in the absorbance of
the polymer in these acidified ethylene glycol solutions
(ca. 297) were usually observed after 24 hr. This was
also probably due to a slow aggregation. Even the
freshly prepared solutions (approximately 3-hr old)
seemed to be extensively aggregated as the major share
of the polymer sedimented at 10,000 rpm. There was
no visible turbidity or other macroscopic evidence of
aggregation in the glycol solutions, however, and the
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FIGURE 4: Difference spectra of poly rA in acid solvents.
Spectral experiments were conducted with 5.43 X 1076 M
poly rA in the solvents cited. (A) 73 X 1075 M HCI-240 X
10~% M NaCl in 97% (CH;OH), in sample chamber against
0.10 M NaCl-0.10 M CH;COOH-CH;COONa (pH 4.6) in
H:O in reference chamber. (B) 60 X 10— M HCI-240 X
105 M NadCl in H;O (pH 3.27) in sample chamber against
0.10 M NaCl-0.10 M CH;COOH-CH;COONa (pH 4.6) in
H.O in reference chamber, (C) 73 X 10~ M HCI-240 X
16% M NaCl in 97% (CH,OH), in sample chamber against
60 X 1078 M HCI-240 x 10-% M NaCl in H:;O (pH 3.27) in
reference chamber.

absorbance remained constant over the course of an
experiment.

Difference spectra, shown in Figure 4, proved to be
useful in selecting the appropriate aqueous solvent for
comparison with the ethylene glycol solvent. They could
also be used to detect small but significant changes in
the spectra themselves. For instance, a difference spec-
trum obtained by running a solution of poly rA in 73
X 10-5 M HCl in 97% (CH,OH), against the polymer
in 0.10 M NaCl-0.10 M CH;COOH-CH,COONa (pH
4.6) in H;O is shown in the upper part (A) of Figure 4.
This spectrum exhibits positive values of AE in the 260-
my region, as well as a negative value at 288 mu pro-
portionately greater in view of the smaller value of E
at this wavelength. A difference spectrum (Figure 4B) of
similar shape although somewhat different characteris-
tics was also observed when a solution of poly rA at
low ionic strength in the unbuffered aqueous solvent,
ca. 60 X 10~8 M HCI-240 X 10~5 M NaCl (pH 3.27), was
run against the solution of poly rA in 0.10 M NaCl-
0.10 M CH;COOH-CH ;COONa (pH 4.6).

When the poly rA in the acidified ethylene glycol sol-
vent was run against poly rA in the acidified aqueous
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FIGURE 5: Difference spectrum of 5'-AMP in aqueous sol-
vents. The spectrum above is observed when AMP in 0.01
M NaH;PO,~Na,HPO. (pH 7) in the sample chamber is
read against the same concentration in 0.01 M HCI-0.001
M NaCl (pH 2) in the reference chamber.

solvent at low ionic strength, the difference spectrum
shown in Figure 4C was observed. The spectrum shows
little change in the 290-mu region indicating that the
long-wavelength band has been equally affected in both
solvents. In general there appears to have been a red
shift of the entire absorption curve of the polymer in
ethylene glycol compared with water. This is reasonable
in view of the greater polarizability of the latter solvent
as well as its lesser capacity to hydrogen bond.

The general shapes of the difference spectra seen in
Figure 4A,B resemble, to a certain extent, a difference
spectrum of AMP or adenosine in the unprotonated
and the protonated forms. Such a spectrum for 5'-
AMP of the Jesser protonated vs. the more protonated
is shown in Figure 5. The AE values in this figure are
much larger than those observed in the difference
spectra of poly rA. If the extent of protonation in the
[(CH,OH),, HC] and in the [H,O, HCI] solutions of poly
rA was less than that in the reference, [acetate buffer,
pH 4.6], solution, then the negative absorption at 290
mu shown in Figure 4A,B might be merely a reflection
of the inequity in extent of protonation. However, this
cannot be true for the following reasons. (1) Titration
studies of other workers (Steiner and Beers, 1961;
Holcomb and Timasheff, 1968) have demonstrated
that the polymer is more protonated in the [H,O, HC]]
solvent than in the [acetate buffer, pH 4.6] solvent. (In
fact, at pH 3.27 and low ionic strength, all of the adenine
residues in poly rA are protonated.) If extent of pro-
tonation were a significant factor, one should, if any-
thing, observe a positive AE at 290 mu rather than the
negative one actually observed. (2) The negative absorp-
tion in the 290-mu region in Figure 4A,B is relatively
insensitive to acid concentration below the titration
end point in the [CH,OH, HCI] and the [H,O, HC]]
solvents.

The optical rotatory dispersions of the polymer in the
two aqueous acid solvents and in the ethylene glycol-

+i00

+50

{#]x107* (degrees-10°mI/dm - mole)

o]
50
-100
N ST S R
200 250 300
A (m,u)
FIGURE 6: Optical rotatory dispersion of poly rA in acid sol-
vents: ——, 0.10 M NaCl-0.10 m CH;COOH~-CH;COONa,
pH 4.6 in H;O; — - -, 24 X 10~ M HCI-240 X 1075 M NaCl,

pH 3.8 in H:0; O O O, 73 X 1075 m HCI-240 X 10~* m
NaCl in 977 (CH;OH)..

acid solvent are shown in Figure 6. The effects seen in
the absorption spectra in the 290-my region are also ob-
served in these curves. In Figure 6, there appears to be
the beginning of a Cotton effect at around 290 mu for
the polymer in 0.10 M NaCi-0.10 m CH;COOH-CH-
COONa (pH 4.6). These effects in that wavelength re-
gion seem to be reduced in the case of the polymer in
the low ionic strength aqueous solvent (24 X 107 M
HCl-240 X 10~3 m NaCl, pH 3.8) and in the acid-
glycol solvent (73 X 10~ M HCI-240 X 10~%* M NaCl in
97 % (CH;OH),). The shapes of the patterns for the latter
two solutions are quite similar, although the residue ro-
tations, [¢], for the polymer in ethylene glycol-HCI are
lower than those exhibited by the aqueous solution.!

In the presence of 24 X 10~% M NaOH, the values of
[y of the polymer in 97%; (CH,OH), were indistin-
guishable from that of the monomer, 5/-AMP.

Titration Studies. The conformation of poly rA in the
ethylene glycol-HCI solvent can be converted into the
form whose spectral properties are similar to that of
the monomer, 5’-AMP, by neutralizing the acid with
NaOH. The spectral changes accompanying this addi-
tion of base are presented in Figure 7.

A more precise titration experiment was conducted
with a solution of poly rA in excess HCIO, in 977
ethylene glycol. The poly rA solution was first prepared
at a concentration of 6 X 10~Min 73 X 1075M HCIO~
240 X 1075 M NaClO, in 979 (CH,OH),. The excess
acidity was partially neutralized by the addition of a
small volume of 1 M NaOH. The titration was then con-
tinued by the addition of 0.030 N NaOH to a 3.00-ml
aliquot of the solution containing 18.1 X 10~% mmole of
adenine. The results of a typical experiment are pre-

1On the scale employed in this figure, the rotation of the
monomer, AMP, in any of the solvents cited is negligible.
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FIGURE 7: Spectral changes in acid solutions of poly rA in 97 % (CH,OH); upon addition of NaOH: —~~, 73 X 10~¢ M HCl; —,
8 X 107MHCl; —-—,3 X 10~5MHCl; and - - -, 1 X 10-5 M NaOH. The NaCl concentration varied from 240 X 10-° mat the

highest acid concentration to 313 X 10~ M in 1 X 107% M NaOH.

sented in Figure 8 as a plot of the absorbance at 260 mu
as a function of the volume of 0.030 N NaOH added.
The optical transformation observed corresponds to the
spectral changes seen in the preceding figure (Figure 7)
as the HCI concentration changed from 8 X 1073 to
0 M. The end points of this transition are assumed to
fall at the position of the crosses. The difference be-
tween these two points corresponds to 16.2 X 1073
mmole of OH™, or, effectively, 0.9 mmole of hydroxide
ion per adenine residue. The average for several such
titrations in HClIO, as well as HCl was 0.95 = 0.05.
Similar results were also obtained in the low ionic
strength aqueous solvent. The titrations in the ethylene
glycol as well as in the aqueous solutions under com-
parable ionic strength conditions are only partially re-
versible within a 24-hr period? and, hence, attempts to
extract additional information from this type of experi-
ment were abandoned.

The disappearance of the optical rotatory dispersion

2 Reacidification of these titrated solutions will result in a
spectrum which shows marked hypochromism but does not go
through the isosbestic points exhibited in Figure 7.

HANLON AND MAJOR

properties shown in Table II also parallels the addition
of base to the acid form in ethylene glycol.

Melting curves for poly rA in the several solvents
employed in these studies are shown in Figure 9 as plots
of the extinction coefficients at 260 mu as a function of
temperature. The absence of a large change in the ex-
tinction coefficient in ethylene glycol-NaOH supports
the contention that there are no short-range stacking
interactions between the adenine residues when this
solvent is acid free.

If solutions of poly rA in ethylene glycol at acid con-
centrations of 73-24 X 103 m HCl are heated, precipita-
tion occurs. In order to avoid this, it was necessary to
titrate a small fraction of the residues in order to pro-
duce a slightly negatively charged species. Hence, the
data so obtained represent the behavior of the form at
the toe of the spectral transition shown in Figure 8.
Despite this, however, there is no evidence of melting of
such a poly rA structure in the organic solvent below
80°. (Above 80°, slow spectral changes appeared with
time, but these were probably due to thermal degrada-
tion.) The aqueous solution of poly rA, prepared in
24 X 105 M HCI-240 X 10—% m NaCl, was also ex-
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ceptionally stable, and did not exhibit a melting point
below 85°. We thus feel that the absence of thermal
changes below 80° justifies the assumption that the
polymer conformation exhibited at low ionic strengths
in HyO and in ethylene glycol is the most thermodynami-
cally stable form in those media.

Conclusion

The various optical properties of poly rA in the acidi-
fied ethylene glycol solutions clearly demonstrate that
a base-stacked helical conformation is present in these
solvents. The similarity of these properties as well as
the stability of this conformation (as reflected in its
absence of a T, below 80°) when compared with those
of the polymer in the aqueous solution at low ionic
strength support the conclusion that the two conforma-
tions are very similar if not identical. In view of the red
shift in the spectral properties exhibited in the ethylene
glycol solutions, it can also be concluded that the optical
properties of the polynucleotide bases are affected by
the solvent environment even though they are embedded
in the core of the polynucleotide helix.

The conformation found in the low ionic strength
aqueous solutions and in the acidified glycol solution is
somewhat different, however, from that formed at
moderate ionic strength in water at pH 4.6. We cannot,
at the present time, offer an unequivocal explanation for
these differences. The difference spectra taken alone
could be interpreted in terms of either a decrease in the
oscillator strength or a hypsochromic shift of a band
in the 290-mu region in the case of the conformation
present in acidified glycol and in acidified aqueous solu-
tions at low ionic strength. The optical rotatory dis-
persion properties, however, show no signs of a blue
shift in the rotational properties in this wavelength
range and hence we have concluded that the change in
the optical properties of the polymer in these two sol-
vents compared with similar properties in aqueous acid
solutions at moderate ionic strength is due to the reduc-
tion of both the oscillator and the rotational strength
of a transition around 290 myu. The latter may be an
n — 7* transition as it falls in a wavelength region
where one would expect to find such a transition in
purines and also exhibits hyperchromicity, when pres-
ent, in the helical conformation (Rich and Kasha,
1960). If so, it should be very sensitive to minor altera-
tions in the position of the adenine residues relative
to the helix axis. On the basis of this line of reasoning,
we tentatively offer the following explanation for these
results. In the model of the acid form of poly rA pro-
posed by Rich er al. (1961), the adenine bases are ar-
ranged as a propeller-like dimer about the helix axis.
The slight tilt facilitates van der Waals contacts be-
tween the planes of the bases. This arrangement would
tend to enhance the interaction properties of ann — 7*
transition, leading to hyperchromicity in the absorp-
tion spectrum and an increased rotational strength in
the optical rotatory dispersion properties in the spectral
region of the transition. Presumably this is the form
present in the aqueous solutions containing 0.10 M
NaCl-0.10 M acetate buffer (pH 4.6). The reduction of
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FIGURE 8: Spectrophotometric titration of poly rA in (CHs-
OH),. Absorbance at 260 mu of 3.00 ml of 6.03 X 1075 M
poly rA in 97%, (CH,OH), in excess HCIO, is plotted on the
ordinate against the volume (in microliters) of 0.030 N
NaOH added to this solution. The beginning and end of the
transition are indicated by the crosses. Complete neutraliza-
tion of the added acid should have occurred at the arrow at
24 ul.

these effects in the low ionic strength aqueous acid and
in the glycol-acid solutions leads to the conclusion that
in the conformation present in these solutions, the bases
have rotated so as to become more coplanar and more
perpendicular to the axis of the helix. The coplanarity,
however, had led to a slight increase in the center to
center distances between the bases. Since the n — 7*
band is more sensitive to contact distance (Schellman
and Oriel, 1962), this transition is more affected, on a
proportional basis, than are the = — 7* bands. The in-
crease in center to center distance between the bases,
however, also accounts for the increased hyperchromic-
ity and lower rotational strength of these latter transi-
tions in the 260-mu region.

The inability of the two strands to come together once
separated in ethylene glycol or in the low ionic strength
aqueous solvents is likely to be due to a high activa-
tion energy resulting from the approach of two or more
negatively charged phosphate ions as well as the large
viscous drag of the highly charged coils. Since both
these effects are particularly pronounced in ethylene
glycol, we may well ask how the base-stacked double-
stranded conformation is ever formed in this solvent.
We feel that the crucial point is the method of prepara-
tion of the solution. Upon diluting an aliquot of the
aqueous stock solution of poly rA in 0.10 M NaCl with
ethylene glycol containing acid, the more rapidly dif-
fusible protons from the glycol immediately protonate
the adenine residues in the water-rich drop. The base-
stacked helical conformation of poly rA thus quickly
forms at a moderate ionic strength as the aqueous drop
mixes with the glycol solvent.

The spectrum, in the absence of acid, shows that
ethylene glycol abolishes the base-stacking interaction
between the adenine residues and hence AGs° is approxi-
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F GURE 9: Temperature dependence of the spectral properties of poly rA in a variety of solvents. Extinction coefficients at 260
my are plotted as a function of temperature for poly rA at a concentration of 6 X 10~ M in the following solvents: @, 16 X 10-%
M NaOH-264 X 10~% M NaCl in 97% (CH,OH),; O, ca. 6 X 1075 M HCI-288 X 10~% M NaCl in 97% (CH,OH),; ¥, 24 X 10~%
M HCI-240 X 10~5 M NaCl, pH 3.8 in H;O; &, 0.10 M NaCl-0.10 M CH;COOH-CH;COONa, pH 4.6 in H;O.

mately 0 in this system. The energy of stabilization in
the acidified glycol solvent must derive principally from
the enhanced strength of the internal ion pair interac-
tion. We thus feel that we have supported our initial
predictions that under such conditions, where compen-
satory effects are possible, the grosser features, at least,
of an organized polynucleotide conformation will be
preserved. This approach may prove useful in provid-
ing model systems for the study of various optical and
thermodynamic properties of base-stacked helical
polynucleotide conformations in solvent environments
markedly different from water.
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