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The hysteresis observed in cyclic acid—base titrations of the three-stranded polyribonucleotide helix poly (A) - 2 poly (U)
strongly depends on ionic strength. For NaCl and at 25°C, hysteresis occurs in the limited concentration range between
0.03 M and 1.0 M(NaCl). The transition points associated with the cyclic conversions between the triple helix and the
poly (A) - poly(A) double helix and (free) poly (U) constitute a {pH fonic strength) phase diagram covering the ranges of
stability and metastability of the hysteresis system. Variations with NaCl conceniration of some hysteresis parameters can
be quantitatively described in terms of polyelectrolyte theories based on the cylinder-cell model for redlike polyions. The
results of this analysis suggest that the metastability is predominantly due to ¢lectrostatic energy barriers preventing the
equilibrium transition of the partially protonated triple helix above a critical pH value,

Ultraviolet absorbance and potentiometric titration data of poly (A) in the acidic pH range can be analyzed in terms of
two types of double-helical structuses. Spectrophotometric titrations reveal isosbestic wavelengths for structural transitions
of poiy(A). “Time effects”™ commonly obsarved in poly (A) titrations are suggested to reflect helix—helix transitions be-

tween the two acidic structures.

1. Infroduction

Several complexes of the polynucleotides polyribo-

adenylate, poly(A), and polyribouridylate, poly(U),
are kitown to exhibit thermodynamically metastable
states and hysteresis [1-—4]. Particularly pronounced
is the hysteresis loop found in acid—base titrations of
the three-stranded complex poly(A) - 2 poly(U) [5].
This triple helix is obtained if poly (A) and poly (U)
are mixed at neutral pH and sufficiently high neutral
salt concentration, in the molar ratio of polymers 1:2
[6,7]. The base residues in the (A - 2U) segments are
specifically associated by H-bonds (see fig. 1) and the
helical structure is stabilized by base-stacking interac-
tions.

At neutral pH, poly (4) is a partially stacked single
strand; at acidic pH the (A) residues of poly(A) are
{predominantly) protonated at the N-1 atom [8] and
double helical structures are formed [9, 10]. Further-

Fig. 1. Schematic representation of the (U - A - U) base pair-
ing in the (A-2U) segments of poly (A)-2 poly(U) (after

S. Amott and P.J. Bond, Nature New Biology 244 (1973}
99); the N-1 atom of the (A) residue is the protonation site.

more, there is evidence for at least two types of

poly (A) - poly (A) double helices, the so-called helix

B and helix A |11, 12];see also the appendix. On the
other hand, the (¥J) residues of poly (U}, which at tem-
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peratures higher than 20°C is a random coil, are prac-
tically not protonated at acidic pH values [13—16].

At constant temperature, the stability of the mutti-
stranded complexes of the poly(A)—poly(U) system
depends not only on the pH value, but also on the salt
concentration of the solution. These isothermal de-
pendences have been graphically expressed in nhase
diagrams [17]. However, these phase diagrams are in-
complete because they do not contain regions of me-
tastability. In these regions, the particular complex de-
pends, in addition, on the history of the system, i.e.
on the direction in which the state variables have been
changed [18]. Details on the thermodynamic aspects
of conformational raetastability in biopolymers are
summarized in a review {19]. In general, metastable
states are due to energy barriers which prevent equilib-
rium transitions; in some cases the resulting non-equi-
librium conversions give rise to hysteresis foops.

The loops obtained in acid—base titrations of the
poly(A)—poly (U) systems are due to metastability in
the triple helix poly (A)-2 poly (U) and are caused by
the following “‘hysteretic” reaction:

2[poly(4)-2 poly(U)] H¥" poly (A)-poly(4) +4 poly (U).

(1.1)

It has been suggested that the energy barrier causing
the metastability in the poly (A)-2 poly (U) complex
is of electrostatic nature [S]. Thus, it is expected that
variations in the salt concentration should affect the
“hysteretic” transition [eq. (1.1)]. Therefore, acid—
base titrations of poly(A)-2 poly(U) have teen per-
formed at various concentrations of NaCl. The results
of this study permit a detailed analysis of the (A)—2(U)
hycteresis in terms of polyelectrolyte theories.

2. Materials and methods
2. 1. Materials

The polymess used in the experiments were poly-
riboadenylate (K-salt) and polyribouridylate (NH -
salt), products of Miles Laboratories, USA.

The polynucleotides were separately dissolved in
0.01 M Na*-Cacodylate-NaCl solution (pH 7.1). The
concentrations of NaCl used were 0.05 M, 0.1 M, 0.2
M, 0.3 M and 0.5 M NaCl. The concentrations of poly-
nucleotides in solutions were determined spectrophoto-

Table 1

Molar extinction coefficients, in 103 (M~cm)_" units (= 0.1),
at 25°C for poly (A) at pH 7, poly(A)-poly (A) in helix B at
pH 5.5, poly (U}, and poly (A)-2 poly (U) at pH 7, respectively

A(nm) €(A) €(AA) §U)  €(A-20)
260 10.0 7.5 9.2 17.35
280 3.2 30 34 7.5
283.5 2.06 2.18 1.85 5.8

metrically, using the extinction coefficients listed in
table 1. (These values were determined previously [20]
by analysis of nucleotide content following alkaline
hydrolysis of polymers [21].)

The polynucleotide solutions were mixed in the
molar ratio 1:2 and allowed to equilibrate at 25°C for
10 days. Formation of poly(A)-2 poly(U) was spec-
trophotometrically observed at the appropriate wave-
lengths (see subsect. 2.2). The initial residue concen-
trations of poly (A)-2 poly (U) were C=4 X 10~4M
(A-2U) in the potentiometric titrations, and C'= 2
X 10~5M (A-2U) in the spectrophotometric titrations.

Sterile conditions were maintained during all the
experiments.

2.2. Methods

2.2 1. Potentiometric titrations

A Radiometer pH-meter 26 and a Metrohm EA-
147 combined electrode were used. Solutions were
titrated in a thermostated cell with magnetic stirrer.
Titrations were started with 6 ml solution. The acid
and base, 0.1 N HCl and 0.1 N NaOH, were added
from Agla microsyringes with Teflon needles. During
the titrations, N, was flushed over the titration solu-
tion in the sealed titration vessel to prevent CQO; ab-
sorption.

The results of potentiometric titrations are plotied
in terms of & as a function of pH; the mean degree of
protonation & is defined as the ratio between the num-
ber, An, of moles of bound protons and the number,
m, of moles of protonation partner (here the (A) resi-
dues): & = An/m. The number of bound protons, An,
is calculated from the difference in the amounts of
acid and base which are necessary to bring the solution
of the system, N, to the same pH value as a “blank”
solution, B. Titrations are started at pH 7.1 with the
same volume, vy, for both the system and the “blank™
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solution. The formulae for An are as follows:
(2) Acid titration:

An = (vy + vB) ! v My (0} ~ uB)I1,

where ug and v] are the volumes of acid needed to
biing the two solutions to that pH value and My is
the molarity of acid.

(b) (Subsequent) base titration:

An = [(UO+UH) ‘(’UgH] -1

oMoy *+ vy (fy + Moyl (G ~ vOr) -
where vy is the volume of acid which was added to
each solution before base is added, ugﬁ and v%H are
the volumes of base needed to bring the solutions to

the pH value of interest and #gy is the molarity of
base. ’

2.2.2. Spectrophotometric tirations

A Zeiss PMQ II and the same pH measurement de-
vice as for the potentiometric titrations were used.
Solutions were titratedina I X I X 3 cm quartz cell
placed in a thermostated cell-holder with magnetic
stirrer. Titrations were started with 2.5 ml solution.
The acid and base, IN HCl and 1N NaOH, were applied
from Agla microsyringes in the quartz cell. The meth-
od permits simultaneous determination of pH and ab-
sorbances.

The results of spectrophotometric titrations are
presented as selative absorbance as a function of pH.
The relative absorbance, rel. 4, at a given wavelength
A, is defined by rel. 4, =4 apu/4a prp 7> where 4, oy
is the absorbance at any pH and Ah.pH 7 the absorbance
measured at pH 7. The quantity 7 = rel. 4, —1 repre-
sents hyperchromicity when i/ > 0, and hypochro-
micity when H< 0.

The wavelengths of interest are 260, 280 and 283.5
nm; these are isochromic wavelengths for the four
known equilibria of poly (A), poly(U) and poly(A)-
poly(U) or poly (A)-2 poly (U) at neutral pH [22-25]:

poly (A)-2 poly(U) = poly (A)-poly(U) + poly (U) ,
poly(A)-poly(U) = poly (A} + poly (U) »
2[poly (A)-poly (U] = poly (A)-2 poly (U) + poly(A),
poly(A)-2 poly(U) = poly(A) + 2 poly (U) -

(2) At 260 nm, the hypochromic change is the same

for the association of poly(U) with poly(A) to poly(A)
- poly (U) as for the addition of one poly(U) to poly(A)

- poly(U) resulting in poly (A)-2 poly (U); thus, at
260 nm the hypochromic change is the same for the
reaction of the first (U) residue with the (A) base as
for the second one.

(b) At 280 nm, the absorbance change specifically
indicates a change in the equilibrium between
poly(A)-2 poly(U) and the separate single strands;

(c) At 283.5 nm, where poly (A)-2 poly (U) is iso-
chromic with its constituents, the formation of
poly (A)-poly (U) from poly(A) and poly (U) results
in a hyperchromic change.

The use of isochromic wavelengths may decide
whether the triple helix converts directly to poly (A)
-poly(A) and free poly(U) [according to eq- (1.1)]
or via formation of poly (A)-poly (U) as an intermedi-
ate. If the transition is direct, it is expected that the
absorbance change accompanying reaction (1.1) is
the sum of the absorbance changes for the two reac-
tions: poly (A)-2 poly (U) = poly(A) + 2 poly (U) and
2 poly (A) = poly (A)-poly (A). The absolute values
for these absorbance changes are known (see ref. [24],
table 1 and the appendix).

As outlined elsewhere [19], the metastable states
in poly(A)-2 poly(U) are extremely long-lived. There
is no observable change over several hours, neither in
the absorbance nor in the pH value.

3. Results
3. 1. Potentiometric transitions

An example of potentiometric acid—base titrations
of poly (A)-2 poly (U) at 25°C, at twa NaCl concen-
trations 0.06 M and 0.51 M [Na*] is presented in fig. 2.
It is observed that a decrease in pH, from 7 to about
2.5, results in an increase in the mean degree of pro-
tonation from O to 1, indicating the complete proton-
ation of tha (A) residues (which are the predominant
protonation partners in this pi range). When the sys-
tem is titrated from pH 2.5 to pH 7, a different &(pH)
curve is traced. We see that the acid &(pH) curve and
the base curve form a hysteresis loop. The shape of
the loop is different for the different NaCl concentra-
tions. This is mainly due to the differences in the cur-
vatures of the acid branches of the hysterasis loops.
Furthermore, both the zcid and the base branches are
shifted toward lower pH values for higher salt concen-
trations.
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Fig. 2. Hysteresis in the (A)—2(U) system. The mean degree,
& of (A) residue protonation as a function of pH for poly (A)
-2 poly (U) solutions at two NaCl concentrations, at 25°C.
The lower curve is the acid branch and the upper curve is the
base branch of the hysteresis loop.

3.2 "pectrophotometric titrations

The result of a spectrophotometric acid—base titra-
tion of poly(A)-2 poly(U) at 25°C, at two NaCl con-
centrations is presented in fig. 3. If the pH is decreased
from 7 to about 2.5, the relative absorbance at 260 nm
increases indicating a structural transition of the sys-
tem, accompanying the protonation of (A) residues
(see fig. 2). As in the potentiometric base titration,
addition of base to the acidic solution gives a rel.
A5g0(pH) curve which is different from the acid titra-
tion curve. Here, too, a hysteresis loop is obtained.
Similar to the potentiometric hysteresis, the acid and
base branches of the spectrophotometric hysteresis
loop are shifted to lower pH values for higher salt con-
centrations. In order to analyse possible intermediate
reactions during the acid titration, measurements at
A = 280 nm and A = 283.5 nm were performed (fig. 4).
It is observed that the relative absorbance at 280 nm
increases in the same pH range as rel. A9gq- At 283.5
nm a “sudden” increase of absorbance occurs at a cer-
tain pH value, denoted pH_; we see that pH_ is differ-
ent for the various salt concentrations. The maximum
changes of the relative absorbances at 260, 280 and
283.5 nm are independent of the salt concentration in
the range between 0.06 M and 0.51 M [Na*]: # =
+0.55 at 260 nm, H=+ 0.3 at 280 nm, and A =+ 0.06
at 283.5 nm.

T T T °
0.3114 [ra*]

1 'l 1 1 H 1 ] 1 1 1
30 40 50 60 70 30 40 S50 &0 7O

pH

Fig. 3. Relative absorbance at 260 nm, rel. Az69, as a function
of pH for poly(A)-2 poly (U} solutions at two NaCl concen-
trations, at 25°C. See text and fig. 2.

3.3. Salt concentration “‘jumps”™

It is found that not only changes in pH induce struc-
tural transitions at counstant NaCl concentration, but
also changes in salt concentration at constant pH. For
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Fig. 4. Relative absorbances, rel. A (acid branch), as a func-
tion of pH for poly (A)-2 poly (U) solutions at various NaCl
concentrations, at 25°C.
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Fig. 5. Changes in the relative absorbances at 260 and 280 nm
after a salt concentration “jump™ from .51 M to 0.11 M {Na¥}
at pH 3.3, at 25°C; the dotted lines represent the acid titra-

tions of 0.51 M [Na*] and 0.11 M [Na¥] solutions, respec-
tively.

instance, at 25°C, the salt concentration of a poly(A)
-2 poly(U) solution on the acid branch at pH 3.3 has
been decreased from 0.51 to 0.11 M [Na*] (by fast
dilution). This “salt jump” leads to an increase in the
absorbance at the wavelengths 260, 280 am (and
283,5 nm) within about 3 min (fig. 5).

In another example, the salt concentration of a so-
lution of the system on the base branch at pH 5.5 was
increased from 0.06 M to 0.31 M [Na*], at 25°C. As
2 result of this increase, (U) residues are incorporated
into base pairs with (A) residues as indicated, e.g. by
a decrease in rel. A (see fig. 6). The final values of

the absorbance changes are reached only after about
20 h.

pH

Fig. 6. Change in rel. 4350, after a salt concentration “jump”
from 0.06 M to 0.31 M {Na*} at pH 5.5 on the base branch,
at 25°C; the dotted lines represent the base titrations of

0.06 M [Na*] solutions, and 0.31 M [Na*] solutions, respec-
tively,

4. Discussion

4.1. Hysteresis in poly(A}- 2 poly(U) complex

4.1.1. Acid Hipration

Previous data for the poly{A)-2 poly (U) system
have suggested that the formation of poly(A)-poly(A)
[eq- (1.1)] is preceded by a (meiastable) protonation
equilibrium of unpaired (A) residues in the triple he-
lix [S]. In (A -2U) sequences, the potential protona-
tion site (the N-1 atom of adenine) is not “available™
for protonation because it is a part of an H-bond be-
tween (A) and one of the (U) residues (fig. 1). Since
the poly(A)-2 poly(U) complex, however, is charac-
terized by the internal helix—coil equilibrium (A -2U)
= (A) + 2(U), where (A) and (U) stretches comprise
open ends and loops fluctuating along the complex.
protonation can occur at the (A) residues in free ends
and loops of the complex. This leads to a partially
protonated triple helix. It appears from fig. 4 that if
a critical pH valne, pH,. (corresponding to a critical
degree of protonation &) is reached, this intermediate
transforms to the protonated poly(A)-poly (A) double
helix and poly (U). The conversion is abrupt because
poly(A) in the sbsence of poly (U) forms the double
helix in 2 pH range which is 2 to 3 pH units higher
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than the pH_ values for the (metastable) triple helix.

It thus seems that in (metastable) poly (A)-2 poly (U)
an electrostatic energy barrier (which prevents the
(A-A) formation) can be passed if the degree of pro-
tonation reaches a critical value. Recently it has been
suggested that this energy barder primarily resides in
the electrostatic molecular field properties of the
triple helix [26]. In addition, poly(A)-2 poly(U) com-
plexes, even when partially protonated, remain strong
polyelectrolytes which repel each other. Since the
nucleation of (A-A) stretches requires the approach
of two different (A -2U) sequences, repulsion tends
to hinder the formation of (A- A) nuclei. For small de-
grees of protonation, the (AHY) stretches in the triple
helix are short and nucleation of (A - A) sequences
would have to occur within the ionic atmosphere of
the neighboring (U} residues. This environment of
rather high ionic strength, however, does not favor
(A-A) formation. Only when (AHY) stretches become
long enough to protrude out of the regions of locally
high ionic strength and the repulsion between two par-
tially protonated complexes is sufficiently low, (A-A)
formation will start.

Before the critical pH is reached the protonation
of (A) residues is found to be reversible. Furthermore,
at all salt concentrations ranging from 0.06 M to
0.51 M [Na*], the first part (pH > pH,) of the acid
branch of the poly(A)-2 poly (U) titration curve can
be described by

pH = pK} +log[(1~-@)/a) , (4.1)

where pKj is an apparent pK value (see fig. 7). This
part of the acid branch corresponds to the metastable
protonation equilibrium: (A-2U) + H* = (AH%) +
2(U). The values of pK, &, pH, for several NaCl con-
centrations are listed in table 2. It is seen that &_ de-
creases with increasing NaCl concentration. This is ex-
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Fig. 7. The mean degree, &, of (A) residue protonation as a
function of pH (acid-branch) for poly (A)-2 poly (U) solutions
at various NaCl concentrations, at 25°C; pHyy,, the midpoint
of the acid branch, is the pH value correspanding to &= 0.5.
o, experimental results; 4, calculated data according to ¢q.
(4.1). (Experimental and calculated curves coincide for & <
¢ corresponding to pH > pHg; see text.)

pected, because at higher salt concentrations the tri-
ple helix is more stable and, additionally, repulsions
between the triple helices are more reduced. The de-

Table 2

Hysteresis parameters of the (A)—2(U) system at various NaCl concentrations at 25°C

M[Na¥) 0.06 0.11 0.21 0.31 0.51

pKi 4.15 = 0.05 3.6 +0.05 3.15 £ 0.05 2.9 =0.05 2.65 = 0.05
pH, 4.15 £ 0.05 36 +0.05 3.3 =0.05 3.05 = 0.05 . 2.85 2 0.05
pH(pot) 4.00 = 0.05 3.55 £0.05 3.35 = 0.05 3.15 £ 0.05 3.00 £ 0.05
pH_(spec) 4.00 = 0.05 3.55 £ 0.05 34 £0.05 3.15 £ 0.05 3.00 % 0.05
& 0.60 £ 0.02 0.55 = 0.02 0.45 + 0.02 040 =0.02 0.35 = 0.02
pK> = pHpy 5.05+0.05 4.7 x0.05 4.35 £ 0.05 3.90 £ 0.05 3.5 =0.05
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crease of & with increasing NaCl concentration is
responsible for the different curvatures of the acid
branches (and thus for the different shapes) of the
hysteresis loops.

Below the critical pH, i.e. for pH << pH,,, the acid
titration curve no longer behaves according to eq. (4.1).
At pH_, @ increases rather abruptly, indicating (irre-
versible) formation of (A-A) pairs. If we denote & the
extent of reaction (1.1) then, at any pH, the measured
degree of protonation & may be expressed by:

&= —§)eoy *ix;,

where a; is the mean degree of protonation of (A) re-
sidues in poly (A)-2 poly(U) and ¢ is the mean de-
gree of protonation in poly (A)-poly (A). (For the pH
region pH = pH_, where no (A-A) segments are
formed, eq. (4.2) is reduced to @ = ¢y .}

More direct information about the conformational
changes of paly(A)-2 poly(U) during titration can be
derived from the spectrophotometric data. As seen in
table 2, the pH,_ values obtained spectrophotometrical-
ly agree with those obtained from potentiometric data
[fig. 7, ¢f. eq. (4.1)]. We may thus use measurements
at 283.5 nm to determine pH_, conveniently.

It is found that for the acid branch, the total in-
crease in the relative absorbances at 260, 280 and
283.5 nm can be correlated with those calculated for
reaction (1.1) using the values of molar extinction co-
efficients listed in table 1.

If there is no interaction between poly (A)-poly (A)
and poly(U), it is expected that the absorbance of
this mixture is the sum of the absorbances of the two
components. Indeed, for 260 nm the measured ab-
sorbance is the same as that calculated for the mixture.
However, at 283.5 nm the measured hypochromicity
is not equal to that calculated for poly (UJ) and the A-
Sfarm of poly (A)-poly (A), which is dominant in a
poly (A) solution in this pH range. If, however, the ab-
sorbance of (A-A) kelix B is used, the calculated and
measured absorbances at 283.5 nm are equal. These
observations are reproduced when, for example at
pH 4, poly (A) and poly (UJ) are first separately brought
to pH 4, at 0.15M [Na*} and 20°C, and then mixed
in the molar ratio 1:2. Again, at 260 nm the absorbance
of the mixture is, indeed, the sum of the absorbance
of the constituents, indicating that no detectable
(A-2U) sequences were formed. However, at 280 and
283.5 nm, the measured absorbances are larger than

4.2)

the sum. If, instead, the absorbance of poly(A) in
helix B is used in the surnmation, we find that the ab-
sorbances of the mixture are equal to the sum of the
absorbances of poly (A) and poly(U). Thus, it appears
as if the addition of poly (U) causes the conversion of
structure A to B. This conversion cannot be seen at
260 nm, because 260 nm is an isosbestic wavelength
for the A—B transition (see appendix). Thus, the re-
sults of the spectrophotometric titrations and the
mixing experiments suggest some as yet unspecified
interactions between poly (U) and the poly (A)- poly(A)
double helix at low pH.

The increase in absorbance at 260 nm and 280 nm
with decreasing pH, clearly indicates that the triple
helix transforms according to eq. (1.1) and not via
long double helical (A -U) stretches as intermediates.

The absorbance data at 260 and 280 nm may be
used to calculate the fraction, f, of (U) residues de-
coupled from the base pairing equilibrium:

(A-20) = (A) + 2(U). (43)

In the acid pH range this reaction is coupled to the
protonation equilibrium:

(A) + H" = (AHY)

characterized by ¢ ; forpH=>pH_, &) =&

It is found that at pH values higher than pH,, f
coincides with &. Thus, the metastable protonation
equilibrium is quantitatively described by the coupling
between reactions (4.3) and (4 4).

In order to analyze the absorbance changes accom-
panying the hysteretic reaction [eq- (1.1)], in terms
of &, the following relationship may be used:

rel. 4, = [(1=N(1-£) g(q .oy + (1-E) fleay + 26q))

(“44)

“.5)

In eq. (4.5), rel. A, is assumed to be the sum of
the contributions of the triple- and double-helical se-
quences and the single-stranded stretches in the macro-
molecules [5]. As shown in the appendix, we may set
€aut) approximately equal to €y for A =260 and
280 nm. If eq. (£.5) is applied to the absorbance
changes both 2t 260 and 280 nm in the metastable
range (§ =0, &= q; =f), it is seen that the same curve
is obtained for the extent, £,, of (A-A) base pair for-
mation on the acid branch. Furthermore, £, increases
friom O to 1 in a very narrow pH range around pH,,

*Eleqa-a) + 2eqn)l/eqaa0) -
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Fip. 8. Extent, £,, of formation of poly (4)-poly(A) from
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of hysteresis); 0, £, calculated from eq. (4.5) using the ab-
sorbance data at 2. = 260 nm. 5, &, calculated from eq. (4.5)
using the absorbance data at A = 280 nm.

consistent with an abrupt irreversible formation of

(A-A) segments from the metastable triple helix (see
fig. 8).

4 1.2. Base titration

The reaction occurring along the base branch of
hysteresis is

L (AHF- AHY) + 2(U) = (A-2U) + HY . “.6)

We denote & the fraction of (A-A) base pairs on
the base branch; we may calculate this quantity from
the absorbance data at 260 nm using eq. (4.5). Fig. S
shows that &y, is gradually decreasing from 1 to 0 with
increasing pH from pH 2.5 to 7.

If the changes in the helix—helix transitions of
multi-stranded stretches are considered as ar: intra-
macromolecular equilibrium process [5], the pH de-
pendence of the equilibrium constant K5 associated
wiwn reaction {4.G), may be written as:

pK, = —log[(1-£p)/Ep] + pH. @n

It is recalled that in the pH range of interest oy =0;

thus for the base branch of hysteresis, eq. (4.2) re-
duces to

M. Spodheim, E. Neumann[Effect of Na(I an hysteresis in poly(A}- 2 paly (U}

&= £l 4.8)
As mentioned before, the presence of poly(U) changes
the degree of protonation of poly(A). Since &5”) is

not known from independent measurements, &, can-
not be calculated from eq. (4.8). We may, however,
determine a?} using & obtained from spectrophoto-
metric data. it is seen in fig. 9 that ag’) =0.95 £0.05
for the entire pH range where £ ¥ 0. In the pH range
where @y = 1 and &; =0, we find & = &, (compare
also fig. 2 with fig. 9); thus, the deprotonation curve

is a quantitative measure of the pH dependence of the
{A-2U) reformation. In consequence almost the entire
base branch is expected to be described by the relation:

pH = pK +log[(1-@)/a] , “9)
where & =& and pK3 = pH,, the pH corresponding
to&=0.5.

It is experimentally found that indeed eq. (4.9) ac-
counts for the base branch, except the first part where
@=off = 1 (see fig. 10).
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Fig. 9. o, extent of transition, £y, during the base titration
as 2 function of pH; & is calculated using eq. (4.5). &, degree
of protonation ag”, of (A-A) in the presence of (A-2U)
segments; oy, is calculated from eq. (4.2) using &pisee

text.
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Fig. 10. The mean degree of praotonation, &, of the (A) residues
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various NaCl concentrations, at 25°C. o, experimental results;
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In the pH range of the base branch of the (A)—2(U)
system, the degree of protonation «; of poly(A)-
poly (A) alone (i.e. in the absence of poly (U)) changes
linearly with pH (see appendix, fig. 15). However, in
the presence of poly (U), the deprotonation of (A-A)
strefches appears to be controlled by the formation of
(A-2U) sequences.

According to all these observations, the sequence of
events along the base branch may be sketched in the
following way: The system at low pH is a mixture of
poly (A)- poly (A) and poly(U). When the pH is in-
creased, first poly (A)-poly(A) is deprotonated (as in
a solution where only poly (A) is present). Then a pH
range is reached where the degree of protonation is

sufficiently low for the nucleation of (A-2U) seg-
ments. The “polyelectrolyte effect” of (A-2U) seg-
ments causes a local pH that is lower than the pH of
the bulk solution. The local environment of higher
proton concentration favors the protonated state of
(A) residues. Thus, these (A) residues no longer de-
protonate as in a solution of poly (A) alone. Instead,
with increasing pH, &3’ increases to about 1 and re-
mains close to 1 until around pH 5.5. It is observed
that at £ = 0, &§ decreases (suddenly) to zero. Fig.
11 shows how one may model a junction between
(A-2U) and (A - A) stretches of the system at an inter-
mediary pH: almost all the single-stranded (A) seg-
ments are deprotonated (&; == 0), and almost all the
(A) residues in (A - A) sequences are protonated

(o J=1).1f¢ approaches zero, the junction disap-
pears. The pH corresponding to £ == 0 is the critical
pH for the base branch. When titrating back to acidic
pH, one does not follow the base branch, but one
traces an acid branch. Thus, the last part of the base
branch appears to be irreversible.

4.1.3. Phase diggram

The results of the acid—base titrations at several
NaCl concentrations can be summarized in a phase
diagram showing the pH and salt concentration regions
of stability and metastability of the system at a given
temperature (fig. 12). Under isothermal—isobaric con-
ditions every equilibrinm state of the (A)—2(U) sys-
tem is completely determined by the two parameters

Fig. L1. Model for a section of the (A)—-2(U) system in the
cousse of the base titration.
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Fig. 12. Phase dizgram for the poly (A)-—poly {U) system,
molar ratio of the polymers 1:2, covering the pH and NaCl
concentration ranges of hysteresis, at 25°C. NaCl concentra-
tion is given logarithmically.

pH and ionic strength. However, in the domain of
hysteresis (shadowed area) a complete description of
the actual state requires, additionally, knowledge of
the history of the system, because a state within a
hysteresis field depends on the path on which this
area has been reached. For instance, if at a given NaCl
concentration the pH of a solution of poly(A)-

2 poly(U) is changed from pH 7 to lower pH values,
the hysteresis area represents the region of metastabil-
ity for the triple helix (see L = M). If, however, at the
same NaCl concentration, the pH of a solution of
poly (A)-poly (A) and poly (U) is increased from a low
(e.g. from point N} to a higher pH value (e.g- to point
M) the hysteresis area covers 2 pH range where (A-A),
(U) and (A-2U) sequences coexist in equilibdum.

On the other hand, when at a constant pH, the
NaCl concentration of a poly(A)-2 poly (U) solution
is changed from a high value (e.g- from point P) to a
lower one (e.g. to point R), a transition to poly(A)-
poly (A) and free poly(U) may be induced. The re-
quirement for such a sait concentration “jump” is that
the pH of the (metastable) triple helix solution (e.g.
at point P) is lower than the pH_ (at point S) corre-
sponding to the lower salt concentration. A salt con-
centration “jump”” has been performed according to
this requirement. Thus, at P(pH 3.3, 0.5 [Na®]),
poly(A)-2 poly(U) is in a metastable state. When de-

creasing the salt concentration to 0.11 M [Na*}], a tran-
sition to poly(A)-poly(A) and poly (U) is induced,
because pH, (0.11 M [Na*])=3.55>3.3.

4.2. A theoretical approach to some hysteresis
parameters

4.2.1. Acid ritration
It is recalled that the reaction accompanying the
reversible part of the acid titration

(A-2U) + H' = (AH) + 2(U) (4.10)
represents the coupling between two processes

(A-2U0)=(A)+2(1)), “.11)
(A) + Hf = (AHY). «.12)

The correspondmg standard frec energy changes
are ATG(Q) for reaction (4.10), AGh_c for the helix—
coil transition [eq. (4.11)], and AG for the protona-
tion reaction {eq. (4.12)]. Thus,

A£Gl = AG]. + AGY,. (4.13)

If (X} 1 )~} and (K')“1 are the apparent equilibrium
constants for the reactions (4.10) and (4.12), respec-
tively, we have

AGl)=—23RT pK] and AG) = —23RT pK'.
(4.19)

Introducing eq. (4.14) inte eq. (4.13) we abtain
pK] =pK' — AGh_°/2.3 RT. (4.15)

As mentioned previously, it has been found that
for pH = pH_,

pK} = pH — log[(1-@)/a] . (4.16)

In order to describe the variation of pX| with NaCl
concentration, we must consider its influence on
AGY__ and on the pK’ of protonation of the (A) resi-
dues. In particular we have to take into account that
the (A) residues are a part of a polyelectrolyte mole-
cule.

The poly(A)-2 poly (U) macromolecule is a com-
plex of negatively charged polyions (due to the phos-
phates of the backbone of the polynucleotide chains).

It is known that the titration of a polyelectrolyte
with negligible nearest-neighbor interactions hetween
protonated residues can be described by the following
equation:
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pH = pK +log[(1—@)/&] — 0.434 ed/&T, (417)
where K, is the apparent dissociation constant of the
isolated monomer residue, ¥ is the potential at the
site of protonation and & is the mean degree of pro-
tonation. The term 0.434 e /KT introduces the con-
tribution of the polyelectrolyte field to the free enes-
gy of protonation. For &= 0.5, pHg=¢g5) = pPK and
we derive pK = pKy + ApK, where ApK = —0.434
eYG=g _5)/kT-

It should be noted that the origin of the potential
in the case of poly(A)-2 poly(U) is the phosphate re-
sidues; thus for low degrees of protonation, ¥ of the
N-1 atom of adenine is only slightly affected by changes
ina.

Alexandrowicz and Katchalsky [27, 28] derived an
expression of ApK for polyelectrolyte solutiors in
which low molecular weight salt is in excess:

2 _1y2_g2
ApK = log (v/mz h) +log (A })) B .

(A =ve2/DnkT), (4.18)

where ¥ = number of negative charges of the polyion,
a = the radius (in cm) of the rod-like macromolecule
(cylinder model), 2 = the length (in cm) of the cylinder,
np = the concentration of the positive counterions
{moleculesfcm3) at the boundary surface between the
cells (cell-model of polyelectrolyte solution), D = the
dielectric constant of the polyelectrolyte solution,
B = integration constant (depending on ionic strength
via the Debye—Hiickel radius, 1/x).

We may apply a similar treatment to our case. For
reaction (4.12) we write

pK' = pKy + ApK,

(4.19)

where pK is an adenine pK of AMP, and ApK is the
pK shift due to the polyionic character of the (A-2U)
macromolecule (creating the polyelectrolyte field).

If the ionic strength of the solution is very high,
such that practically all the charges are screened, the
value of ¥ at the site of protonation is negligibly small.
Thus pKl = pKo.

With eq. (4.18) we may calculate ApK for any
NaCl concentration. Inserting eq. (4.18) into eq. (4.15)
one abtains

2 -3
pK} = pKo * log vina*hN X 10

mS
(7\—1)- -8 AG) . ,
1 73} 23RT’ (4.20)

where m is in moles/103cm3. (Since the concentra-
tion of salt is much higher than the concentration of
polymer, we approximate ny by the salt concentra-

tion of the bulk solution.)

The next step is to see how the helix—coil transi-
tion (eq. (4.11)) is influenced by the salt concentra-
tion. Qualitatively it is obvious that the higher salt
concentration will stabilize the triple helix by screen-
ing the repulsion between the opposite polyanions of
the complex. In the case of DNA a quantitative de-
scription of the ionic strength dependence of the free
energy of stabilization was given by Manning [29].

Applying a similar approach to our helix—coil
transition (4.11) we obtain

AGY_. = AGO(T) + 1.15 1RT log my, @21)

where n = Ec—l — ‘;‘gl (£ = e2/DkTb, where b is the
average spacing of the projection of the charged
groups onto the axis of the polyion for the coil and
helix state, respectively), AGO(T) is a reference value
AG(D) = AGg_c for the transition in 1 M salt solu-
tion). Introducing (4.21) into (4.20) we obtain

' I4
K, =pKa¥+log——— _
P17 R0 gn’aZhNX 103
(4.22
QA-1)?-62  AGUT) _ .
+log N 33RT (1 +0.5n7) logm, .

Denoting ApK the NaCl concentration dependent
term, one may write
ApK, =pK}] —pK§ =log — (1+0.5n)logmy,
(4.23)
where pK7T includes the NaCl concentration-indepen-
dent contribations. For our particular case, on aver-
age, b =6.84,and bh = 1.1 A, thus one obtains
n=0. 84 and A = 6. The values of 32 are obtained by
interpolating from a plot of §2 as a functmn of Ka at
constant X {27]. It is found that log(I(A—1)2—82]/2))
is also a linear function of log mz, thus

(-1)2-4>
22

ApK,;=const’-logm,—~(1 +0.5n)logm =const-logm .
(4.22)
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From ~gs. (4.23) and (4.24) it is derived that under
isothermal—isobaric conditions

dApK,/d logmg=d pK}/d logmg=const.  (4.25)

In_:ed, the experimental pK values are linearly de-
pendent on log m, with deLI/d logm,=1.5%0.1
(see fig. 13b). Furthermore, the calculated ApK; val-
ues are also linearly dependent on log m_ with
dApK; /d log mg = 1.6 (see fig. 12a). Thus within ex-
perimental accuracy, eq. {(4.25) is valid over the entire
range of NaCl concentrations in which hysteresis is
observed.

4.2.2. Base titration
It is recalled that the reaction accompanying the
base titration is .

(AH*-AHY) + 4(U) = 2(A-2U) + 2H*. {4.26)

This reaction may be formally split into three reac-
tions: a (small) opening of the double strand [eq.
(4.27)], deprotonation of (AH") [eq. (4.28)] and for-
mation of (A-2U) segments {eq. (4.29)}].

(AH*-AH") = 2(AH"). @27)
T T T T
{a)
2.0 -4
1
< 1.0 -
O —— t ~———
(3]
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2.0 005 01 0205 05
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Fig. 13. Dependence on NaCl concentration (a) of ApKj; cal-
culated according to eq. (4.23); (b) of pK'; o, pK} , derived
from experimental data of the acid titration (fig. 7); 5, pHp,
derived from experimental data of the base titration (fig. 10).

(AH*) = (A) + HY,
(A)+2(U)=(A-20).

(¢.28)
@.29)

The correspondmg standard free energy changes
are: ATG per mole residue for reaction (4.26);
-A) per mole (A) residue for reaction (4. 27)
AGge, for the deprotonation reaction (4.28); AGC h
for the helix formation (4.29):

A,G) = AGY, + AGY, + AGY, 4, - (4.30)
For eq. (4.26) we have
AGY, =23 RTpHy (a31)

Since & 2 £, we obtain pHy, = pK’ (where K, is
the apparent equilibrium constant for reaction (4.26)).
I K" is the apparent equilibrium constant of reac-
tion (4.28), we have
AGQep =23 RTpK". @.32)
Introducing eqgs. (4.32) and (4.31) into eq. (4.30)
(and using AGZ_;, = —AG&_C) one obtains
0
AG)_. AGl.a)
23RT 23RT ~

H, =pK" - “33)

At pH values around pK” the deprotonation of (A)
residues most likely occurs in juactions, i.e. near
(A-20U) segments. Fig. 14 shows the model (cf. fig. 11)
for such a junction between stretches of (A -2U) seg-
ments and a stretch of (A-A) segments. We now de-
note [ the cylinder of th: {A-2U) segments and II the
cylinder of the protonated (A -A) segments. Further-
more, we assume that a given (A) residue is either in

U‘\\_
S ot e

AH* AR

Fig. 14. Scheme for a junction between (A-A) and (A-2U))
cylinders.
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(1) or in (JI) except the few which may be single-
stranded at the junction between both cylinders.
Whereas cylinder I is highly negatively charged, cylin-
der II has almost no net charge, because at ag” =],
the protonated (A) residues compensate the charges
of the phosphate residues. Therefore, the potential
at the site of deprotonation of (A) is assumed to be
mainly determined by the charges of cylinder L.

The apparent pK for the deprotonation reaction
of (A) at such a junction may be split into an intrin-
sic pK and a ApK, ie., pK" = pK + ApK. The value
of ApK may be calculated as previously [see eq.
(4.18)] neslecting interactions between different junc-
tions.

Thus, analogous to eq. (4.22) we have for the base
branch:

H' =pKg+tlog—————— +1o
P¥m = P%o 22N X 103
0 0
AGh_c — AG(x.0)
23RT

To a good approximation, AG?A, A) is independent
of salt concentration, since AG?A. A) refers to the
“rupture” of H-bonds and unstacking of the proton-
ated electroneutral (A) residues without changing the
degree of protonation.

Denoting by ApK5 the NaCl concentration-depen-
dent terms, one may write:

(A-1)2-82
ZA

v (A-—-1)2-82
TN

— (1 £0.50) logm,. (4.34)

ApK, = pH,, — pK5 =log — (1+0.59)logm,,
4.35)
where pK3 includes all the contributions independent
of salt concentration. From a comparison of eq. (4.35)
with eq- (4.23) we see that ApK> = ApK,.
Thus, from €qs. (4.35) and (4.24) we derive

dpH_, /dlogm~dApK,/dlogm~=dApK/dlogm =const.
{4¢.36)

Fig. 13 shows that the experimental pH[, values are
indeed lineasly dependent on log myg, yielding dpH_, /d
log mg = 1.5 £ 0.1. The calculated values for ApK,
(=ApK}) also depend linearly on log m_ with
dApK,/d log m, = dApK;/d log in, = 1.6 (see fig. 13a).
Thus, eq. (4.36) quantitatively accounts for the salt
concentration dependence of the pHy, values.

In summary, the salt cuncentration dependence of
the pK values for the metastable p:otonation equilib-

rium (first part of the acid branch of hysteresis) as
well as for the equilibrium transition (base branch of
hysteresis) can be quantitatively expressed in terms
of the cylindercell model of polyelectrolyte theory.
Finally, our model for the hysteresis observed in acid-
base titrations of the poly(A)-2 poly(U) complex
describes the transition behavior in the entire salt-
concentration range in which hystertesis occurs. Thus,
the present analysis substantiates that the metastabil-
ity of the triple helix is predominantly caused by an
energy barrier which is electrostatic in nature.
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Appendix

Structural transitions of polyriboadenylate in the
acidic pH range

The analysis of the hysteresis observed in the
(A)—2(U) system requires proton binding and absorb-
ance data of poly(A) at acidic pH values.

It has been shown by X-ray diffraction studies on
fibers drawn from acidic solutions of poly (A) that,
depending on pH, two types of double helical struc-
tures, B and A, or a2 mixture of both, may exist [11].
Structure B (with 10 nucleotides in one turn of the
helix, spaced at 3.6 A) has been attributed to the less
protonated states and structure A (with 8.4 nucleo-
tides in one turn of the helix, spaced at 3.8 A), to the
more protonated one. It has been suggested that the
“more extended” character of structure A is caused
by repulsion between the protons on adjacent N-1
positions; this repulsion may open up the molecule.
In both helices, the interaction between the two
strands involve H-bonding, base stacking and etectro-
static contributions. Specifically, electrostatic attrac-
tion between the protonated (i.e. positively charged)
bases of one strand and the negatively charged phos-
phates of the opposite strand, is a stabilizing factor of
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the polyioric complex [9].

Optical rotatory dispersion studies suggest that, al-
so in solution, poly (A) exhibits two different acidic
structures [12]. It has been reported that “spectro-
photometric titrations do not reveal the presence of
the two forms™. Th= absorbance range covered in that
study was from 250 to 270 nm [12]. If, however, the
optical measurements are performed in the range from
260 to 285 nm, as in the present work, the absorbance
data do suggest the presence of twe acidic forms. Fur-
thermore, the proton binding curves of poly(A) can
also be analyzed in terms of the two structures.

Proton binaing curves of poiy{A)

Fig. 15 shows the results of potentiometric titrations
of poly(A) at various NaCl concentrations at 25°C. It
is seen that with increasing salt concentration the pro-
ton binding curves, &(pH), are shifted to lower pH val-
ues. In the pH range of the single-to-double strynd tran-
sition, the slope of the &(pH) curve depends on the
ionic strength of the solution. An increase of salt con-
centration causes a decrea:z of the slope. Due 10 the
different geometry of the pcly (A)-poly (A) helix types
we may assume that the two structures have different
proton binding curves. If the decrease in pH cauyses the
conversion of B to A, then in the course of the acid
titration we pass from the protonation curve of B to
that of A. Thus, the slope of the actual proton binding
curve of poly(A) is determined by the distance be-
tween the &(pH) curve of B and that of A (on the pH
scale). Because the distances between the charged

Lo 0.51 ]
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Fig. 15. Proton binding curves, @(pH), of poly (A) at various
NaCl concentration at 25°C; (A) residue concentration is
8X 10~% M (A) at pH 7.

groups of the two helical conformations are differ-
ent, the proton binding curves of B and A may be
differently affected by the ionic strength of the solu-
tion. It is recalled that B is 2 more compact structure
than A. Thus, the “inner salt bridges™ between phos-
phates and protonated (A) bases of opposite strands
are more effectively “buried” in the interior of the
double helix B than in the interior of helix A. The
“more extended” structure A is therefore expected
to be more sensitire to variations in salt concentration
than structure B. Hence, with increasing salt concen-
tration, the &(pH) curve of A is shifted to lower pH
values to a larger extent than the &(pH) curve of B.
Therefore, the distance between the &@(pH) curves of
the two (separate) strictures is Jarger for higher than
for lower salt concentration. Consequently, at higher
salt concentration the slope of the actual proton
binding curve of poly(A) is smaller than at lower salt
concentration. Thus, the assignment of different pK
values for the two helices accounts for the observed
protonation curves (fig. 15).

Drifts of pH with timme in the acidic pH range

A further experimental observation is the follow-
ing: a drift in pH with time was found in the region
between pH 5.55 and pH 4. When adding acid, there
is no immediate decrease of pH. After some seconds
the pH decreases and within about 5 min the pH
change seems to level off. This drift of pH with time
may be modelled also in terms of the B-to-A transi-
tion. If, for example, ane adds acid to poly(A) in
state M (see fig. 16), first protons are bound to struc-
ture B, and one obtains a short-lived metastable state
N.

os}-

Fig. 16. Scheme for the interpretation of “time effects™ in
the acid—-base titration of poly (4); see text.
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Subsequently, structure B partially transforms to struc-
ture A. In the course of this transition protons ase re-
leased because at that pH, structure A binds less pro-
tons than structure B. This results in a drift of pH to
lower values. The stable state, reached by the system
only after some minutes, is state Q. A similar observa-
tion of “time-dependent pH values™ has been reported
for the titration of poly(A) from acidic to neutral pH
values (at low ionic strength and low temperature)
[30]. This cbservation may be modelled in terms of 2
slow A-to-B transition. If, for example, one adds alkali
to poly (A) in state P, fisst the protons are released
from structure A and one obtains a shortlived metas-
table state R. Subsequently, structure A partially trans-
forms to structure B. During this transition protons

are taken up because at that pH, siructure B binds more
protons than structure A. This results in a drift of pH
to higher values. The stable state, reached only after
some time, is state Q.

Spectrophotometric acid titration of poly{A4)

For the analysis of the A—2U hysteresis, the wave-
Iengths 260, 280 and 283.5 nm are of particular inter-
est. Therefore the spectrophotometric titration of
poly (A) has been performed in the same wavelength
range. The results of the absorbance measurements
are presented in fig. 17. It is Seen that three pH regions
(separated by dashed lines) can be distinguished:

(2) At A~ 260 nm, the absorbance does not change
between pH 7 and pH 6.25. Between pH 6.25 and
pH 5.55 the absorbance decreases. This decrease cor-
respands to H = —0.25. For pH values lower than
5.55, there is no further change of absorbance at this
wavelength.

(b) At A= 280 nm, no absorbance change is ob-
served between pH 7 and pf 6.25. Between pH 6.25
and pH 5.55 one finds a value of H = -0.08; de-
creasing further the pH one obseives that A,gq also de-
creases. The total hypochromicity between pH 6.25
and pH 4 is = -013.

{c) At X = 282 am. no absorbance change is ob-
served between pH 7 and pH 5.55. If the pH is lowered
from pH 5.55 to pH 4, a hypochromicity of H = —0.09
is found.

(d) At A = 283.5 am, no absorbance change is ob-
served between pH 7 and pH 6.25. An increase in ab-
sorbance of H = + (.06 is obtained between pH 6.25
and pH 5.55. A further decrease in pH leads to a de-
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Fig. 17. Relative absorbances of poly (A) in D.01 M Nat
cacodylate, 0.1 M NaCl, at 25°C, as 2 function of pH (at a
poly(A) residue concentration of 8 X 10™5 M (A) at pH 7).

crease in absorbance, so that the absorbance at pH{ 4
is equal to the absorbance at pH 7.

We denote the three different pH regions by: (i)
from pH 7 to pH 6.25; (i1) from pH 6.25 to pH 5.55;
(iii) from pH 5.55 to pH 4. Region [ corresponds to
single-stranded poly (A). In this region there are no
absorbance changes at the wavelengths used, aithough
the proton binding curves show that (A) residues are
already protonated. Since at these wavelengths
€camrty is approximately equal to g4, there is appat-
ently no detectable change in single-strand base stack-
ing upon protonation of (A) residues. The transition
from the single-stranded poly(A) to the double-stranded
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helix B occurs in xegion I1. This transition gives rise to
changes in the absorbance spectrum of poly(A). For
example, the absorbance decreases at 260 and 280 nm,
but it increases at 283.5 nm. However, no change in
absorbance is seen at 282 nm. Thus, 282 nm is an
isosbestic wavelength for the transition of poly (A)
from single strand to helix B. In region III, structure
B transforms to structure A. Relative to region II,

this transition gives rise to a decrease in absorbance at
280, 282 and 283.5 nm, but no change is seen at 260
nm- Thus, 260 nm is an isosbestic wavelength for the
transition of poly(A) from helix B to helix A. The
use of isoshestic wavelengths may be exemplified in
the following way: if in a system where poly(A)isa
reaction partner, two procasses occur concomitantly,
one of them being, e.g., the helix B—-helix A conver-
sion, the other reaction may be specifically followed
at 260 nm. On the other hand, because 260 nm was
the only wavelength used in previous A—2U hysteresis
studies [5], the observation that poly (A)-poly(A) in
the presence of poly (U) is apparently in form B could
not be made.

When potentiometric and spectrophotometric titra-
tions data are combined, a relationship between the
degree of protonation and the acidic structures of
poly (A) is obtained. The potentiometric titration
shows that at 0.11 M [Na*}] and 25°C, the pH value
corresponding to & = 0.5 is 5.55 (cf. fig. 15). Itis seen
from the spectrophotometric data of poly(A) for the
same conditions that at pH 5.55 the conversion of B
to A starts to contribute to the absorbance (cf. fig. 17).
This indicates that at 0.11 M [Na*] and 25°C, struc-
ture A develops when on average one {(A) per (A-A)
base-pair is protonated. This finding is in agreement
with the results of ORD studies [12].

In summary, ultraviolet spectrophotometric and
potentiometric titrations of poly (A) in solutions of
various NaCl concentrations in the acidic pH range can
be analyzed in terms of two types of double-helical
structures (in line with the interpretation of X-ray dif-
fraction and ORD data). Furthermore, the spectro-
photometric titrations show some isosbestic wave-
lengths for the structural transitions of poly (A)- “Time
effects” commonly observed in titrations of poly (A)
are suggested as being caused by slow transitions be-
tween the two acidic structures.
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