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The hysteresis obsesved in cyclic acid-base titrations at the three-stranded polyriionucleotide helix poly(A) - 2 poly(U)
strongly depends on ionic strength. For NaCl and at 2s”C, hysteresis occurs in the limited concentration range between
0.03 hf and 1.0 M(NaCl). The transition pointsassociated with the cyclic conversions between the triple heiiv and the
p&r(A) - @y(A)
doubb helix and (free) ply(U)
constitute a (pH ionic slxengtbj phase diagram covering the rangesof
stabiity and metastabiiity of the hysteresis system. Variations with NaCl cona?n&Hion of some hysteresis parameters can
be! q~~~~ely
destxibed in terms of polyelec~o~ytetheoriesbaszdon the cylinderceil modelfor rodiike poiy
The
rest&S Qf this analysis suggest that the metsstabilityis predominantlydue to electrostatic energy barriers preventing the
equilibrium transition of the partWy psotonated triple helix abave 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-helicaI structures Spectrophotometric titrations reveal isesbestic wavelengths for structural transitions
of poIy(A). “Time effects” commonly observed in poly(A) titrations aLe suggested to reflect helix-he&x transitions between the two acidic stnxctures

ions.

Several complexes of the polynucleotides polyriboadenylate, poiy(A), and polyribouridyiate, poly(u),
are known to exhibit ~e~odyn~icaBy
metastable
states and hysteresis [l-4] _ Particularly pronounced
is the hysteresis loop found in acid-base titrations of
the three-stranded complex poly(A) - 2 poly(U) [S] .
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 L:2
[6,7]. The base residues in the (A - ZU) segments are
specifically associated by H-bonds (see fig. 1) and the
helical structure is stabilized by base-stacking interac-

Fig. f. Scft~tic
representation of the (U - A - U) base pairing in the (A-2f.Q segments of poly(A)-2 poly(u) (after
S. Amott and P.3. Bond, Nature New Biology 244 (19731
99); the N-L atom of the (A) residue is the protonation site.

tiOllS.

At neutral pH, poly(A) is a partially stacked single
strand; at acidic pH the (A) residues of poty(A) are
(predosminmtly~
protonated at the N-l atom [gs] and
dottbIe helical structures are formed [9, lo]. Further-

for at least two types of
poIy(A) - poIy(A) double hehces, the so-called helix
B and h&x A [I 1.121; see aiso the appendi.
On the
other hand, the (u) residues of poly(LJ), which at tem-
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at acidic pH values (13-161.

At constant temperature,
the stability of the multistranded complexes of the poly(A)--poly(U)
system

Table 1

hIol3.rextinction coefficients, in 10” (M-cm)-’ units (t O-l),
at 2PC for poly(A) at pH 7, poIy(A)-poly(A) in helix B at
pH 5.5,

pcdy(LD,

and p&-(A)-2

poly(W at pH 7,

respecttidy

depends not only on the pH value, but aIso on the salt
concentration
of the solution. These isothermal de-
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diagrams [ 17]- However, these phase diagrams are incomplete because they do not contain regions of me-
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tastability. In these regions, the particular complex depends, in addition, on the history of the system, i.e.

metrically, using the extinction coefficients listed in
table 1. (These values were determined previousiy (201
by analysis of nucleotide content following alkaline
hydrolysis of polymers [2 I] .)
The polynucleotide
solutions were mixed in the
molar ratio 1:2 and allowed to equilibrate at 25’C for
rium transitions; in some cases the resulting non-equi10 days. Formation of poly(A)-2 poly(U) was speclibrium conversions give rise to hysteresis loops.
trophotometrically
observed at the appropriate waveThe loops obtained in acid-base titrations of the
lengths (see subsect. 2.2). The initial residue concenpoly(A)-poly(u)
systems are due to metastabtiity in
trations of poly(A)-2 poly(U) were C&4 X lOAM
the triple helix poIy(A)-2 poly(U) and are caused by
(A - 2U) in the potentiometric
titrations, and C = 2
the foIlowing “hysteretic”
reaction:
X 10-s M (A- 2U) in the spectrophotometric
titrations.
Sterile conditions were-mainkned during all the
2[poly(A)-2 poly(U)] s
po:y(A)-poly(A)+4
polyy(LJ).
experiments.
(I-1)
on the direction in which the state variables have been
changed [ 18]_ Details on the thermodynamic aspects
of conformational metastability in biopolymers are
summarized in a review [ 191. In general, metastable
states are due to energy barriers which prevent equilib-

It has been suggested that the energy barrier causing
the metastsbility
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 [es_ (t-r)]- Therefore, acidbase titrations of poly(A)-2 poIy(U) have been performed 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. Mate&& and methods
2.1. Materials
The polymers used in the experiments were polyriboadenylate
(K-salt) and polyribouridyIate
(NH4salt), products of Miles Laboratories, USA.
The poiynucleotides
were separately dissolved in
0.01 M Naf-Cacodylate-NaCl
solution (pH 7.1). The
concentrations
of N&l used were 0.05 M, 0.1 M, 0.2
M, 0.3 M and 0.5 M NaCl. The concentrations
of polynucleotides

in solutions

were determined

spectrophoto-

2.2. Methods
2-2-l. Po ten tiometrk 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 HQ and 0.1 N NaOH, were added
from Agla microsyringes with Teflon needles. During
the titrations, N2 was flushed over the titration solu-

tion in the sealed titration vessel to prevent CO2 absorption.
The results of potentiometdc
titrations are plotted
in terms of & a~ a function of $3; the mean degree of
protonation Cris defined as the ratio between the number, dn, of moles of bound protons and the number,
m, of moles of protonation partner (here the (A) residues): B= Qrrlnz. The number of bound protons, Lln,
is calculated from the difference in the amounts of
acid and base which are necessary to bring the sohttion
of the system, N, to the same pK value as a “blank”
sohltion, B. Titrations are started at pH 7.1 v&h the
same voiume, UO,for both the system and the “blank”

solution. The formulae for dn are as follows:
(a) Acid titration:
dn = (u(j + uZ,-’

[v, &(rJ~

- tJ;>1: ,

where ug and ui are the vohrmes of acid needed to
bring the two solutions to that pH value and &f~ is
the molarity of acid.
(b) (Subsequent) base titration:
&r= [(IJgf”H)t”&&-t
EtQ-r,,

c +.&I

f&&l@&

- u&I 3

where UHis the volume of acid which was added to
each solution before base is added, V& and U& are
the volumes of base needed to bring the solutions to
;yscpH value of interest and i&R is the mofarity of

2.2.2. Spectroptrotometri~ tiiratiotzs
AZeiss PMQ IL and the same pH measurement device as for the potentiometric titrations were used_
Soiutions were titrated in a 1 X I X 3 cm quartz ceil
placed in a thermostated cell-holder with magnetic
stirrer. Titrations were started with 2.5 ml solution.
Tlte acid and base, IN HCI and IN NaOH, were appiied
from AgJa microsyringes in the quartz cell. The method permits simultaneous determination of pH and absorbances.
The results of spectrophotometric titrations are
presented as relative absorbance as a function of pH.
The reIative absorbance, rel. A,, at a given wavelength
X, is defined by rel. A, = Ahp~IAhp~
7, where A,,,,
is the absorbance at any pH and Ah pH7 the absorbance
measured at pH 7. The quantity H= rel. A,--1 represents hyperchromicity when H > 0, and hypochromicity when H< 0.
The wavelengths of interest are 260,280 and 283.5
run: these are isachromic wavelengths for the four
known equilibria of poly(A), po~y(~ and poly(A)poly(U) or poly(A)-2 poty(U) at neutral pH t22-251:
~o~Y(A)-ZP~IY(~=~~~YCA)-P~IY(U)*F~~Y(U),
WJ~Y~(A)-Po~YQ = ~01~(Al + POSYWI 9
~[po~y(A)-po~~Ql=
PO~YGW2 POIYWI f @Y(A),

poly@.I-2

@Y(U)

= @Y(A)

f 2 pol~(UI -

(a) At 260 nm, the hypochromic change is the same
for the association of poly(Uj with p&y(A) to poly(A)
- poLy(U) as for the addition of one ~01~~ 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 fist(U) residue with the (A) base as
for the second one.
(b) At 280 nm, the absorbance change specifically
indicates a change in the equ~ib~um between
poly(A)*Z poIy(v) and ti-reseparate single strands;
(c) At 283.5 nm, where poly (A) -2 poly (U) is isochromic with its constituents, the formation of
pol~(A)*poly(UI from poly(A) and poly(U) results
in a hyperchromic changeThe rise of isochromic wavelengths may decide
whether the triple helix converts directly to poiy (A)
-poly(A) and free poly(U~ [according to eq. (l.l)J
or via formation of po~y(A~.po[y(U~ as an inte~ed~ate. If the transition is direct, it is expected that the
absorbance change accompanying reaction (I. I) is
the sum of the absorbance changes for the two reactions: poly (A) - 2 poly (U) = poly (A)+ 2 poly (U) and
3, poly(A) = poly(A)-poly(A). The absolute values
for these absorbance changes are known (see ref. [241,
table 1 and the appendix).
As outlined efsewhere [lqf ,tin metastabb 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. Rest&s

An example of potentiometric acid-base titrations
ofpoly(A)-2 poly(U) at 2S”C, at two NaCl concentrations 0.06 M and 0.5I M [ha+] 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 protonation from 0 to 1, indicating the compkte protonation of the (A) residues (which are the predominant
protonation partners in this pH range). When the system is titrated from pH 2.5 to pH 7, a different G(pH)
curve is traced. We see that the acid 5(pH) curve and
the base curve form a hysteresis loop. The shape of
the loop is different for the different Nail concentrations. This is mainly due to the differences in the curvatures of the acid branches of the hysteresis laop~.
Furthermore, both the acid and the base branches are
sIBted toward lower pH values for higher salt concentrations.

Fig. 2. Hysteresis in the <A)-2(U)
system. The mean degree.
hof (A) residue protonation
as a function of pH for poly(A)
- 2 paIy (U) solutions at two NaCl concentrations. at 25°C.
The lower curve is the acid branch and the upper cume is the
base branch of the hysteresis loop.

Fig. 3. Relative absorbance at 260 nm, rel. A26o. as a function
of pH for poly(A)-2
poly(u) solutions at two Nail concentrations, at 2S°C. See text and fig, 2.

3-2 .TpectPophotomet

It is found that not only changes in pH induce structural transitions at constant NaCl concentration,
but
also changes in salt concentration at constant pH. For

titrations

The result of a spectrophotometric
acid-base
titration of poly(A)-2
poly(U) at 2S°C, at two NaCl concentrations 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 systern, 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.
A,,o(pH)
curve which is different from the acid titration 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 concentrations.
In order to analyse possible intermediate
reactions during the acid titration, measurements
at
X = 280 nm and X = 283.5 nm were performed (fig. 4).
it is observed that the relative absorbance at 280 nm
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increases in the same pH range as rel. A260_ At 283.5

nm a “sudden” increase of absorbance occurs at a certain pH valde, denoted pH,; we see that pH, is different for the various salt concentrations. The maximum
changes of the relative absorbanccs at 260,280 and
283.5 nm are independent
of the salt concentration
in
tht range between 0.06 M and 0.51 M [Naf] : H=
+ 0.55 at 260 nm, H= + 0.3 at 280 nm, and H= + 0.06
at 283.5 nm.
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Fig- 4. Relative absorbance% re1. Ah (acid branch), as a function of pH for poly(A).2
poly(u) solutions at various NaCl
c0ncentrations. at 25’C.
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F&. 6. Change in rel. A-J~o, after ;Lszlt concentration

“jump”
from 0.06 M to 0.31 Rl (Na+] at pH 5.5 on the base branch,
at 2SDC; the dotted lines represent the base titrations of
0.06 M (Na*j slutions, and 0.31 hf INa+] solutions, respectively.

4. Discu&on
Fig. 5. Changes in the relative absorbances at 260 and 280 nm
after a salt eoncentdicm
“jur$
from 0.5f hi to 0.11 M fI%*]
at pH 3.3, at u”C: the dotted lines represent the acid titrations of 0.51 hf [Nafl and 0.11 hf fNa*l solutians. respectively.
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 O-1 1 M [Na*l (by fast
dilution). Ibis “salt jump” leads to au increase in the
absorbance at the wavelengths 260,280 nm (and
283,5 rim) within about 3 min (fig- 5).
ln another example, the salt concentration
of a solution of the system on the base branch at pH 5.5 was
increased from 0.06 hf to 0.31 M [Naf] , a: 2S°C. As
a result of this increase. (U)’ residues are incorporated
into base pairs with (A} residues as indicated, e.g. by
a decrease in rel. A 26~ (see fig- 6). The final values of
the absorbance changes are reached only after about
20 h.

4. I. Hysteresis

in pofy (A/- 2

po!y(U)

complex

4. I_ 1. Acid timtion
Previous data for the poIy(A)-2
poly(U) system
have suggested that the forma~on of holy-poly(A~
[eq. (1 -I)] is preceded by a ~metastable) protonation
equilibrium
of unpaired (A) residues in the triple helix [5]. fn (A-W) sequences, the potential protonation site (the N-l atom of adenine) is not “‘availab!e”
for protonation
because it is a part of an H-bond between (A) and one of the (U) residues (fig. I). Since
the PO&(A)-2 poly(U) complex, however, is characterized by the internal helix-coil
equilib~um (A-2U)
= (A) f 2(U), where (A) and (UJ 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 Ieads to a partially
protonated
triple helix_ It appears from fig. 4 that if
a critical pH v&e, pH, (corresponding
to a criticai
degree of protonat~on &.} is reached, this intermediate
transforms to the protonated poIy~A).po~y~A)
double
helix and poly (U). The conversion is abrupt because
poly(A) in the absence of poIy(U) forms the double
helix in a pH range which is 2 to 3 pH units higher

than the pH, vahres for the (rnetastable) triple heIix.
It thus seems that in (me&table)
poly(A)-2 poly(U)
an electrostatic energy barrier (which prevents the
(A.A) formation) can be passed if the degree of protonation reaches a critical value. Recently it has been
suggested that this energ barrier primarily resides in
the electrostatic molecular field properties of the
triple helix [26J_ In addition, poly(A).2
poly(u) complexes, 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-2lJ) sequences, repulsion tends
to hinder the formation of (A-A) nuclei. For small degrees of proton&on,
the (Aw) stretches in the triple
helix are short and nucleation of (A-A) sequences
would have to occur within the ionic atmosphere of
the neighboring (v) residues. This environment of
rather high ionic strength, however, does not favor
(A-A) formation. Only when (AHf) stretches become
long enough to protrude out of the regions of locally
high ionic strength and the repulsion between two partially protonated complexes is sufficiently low, (A-A)
formation will start.
Before the critical pH is reached the proton&ion
of(A) residues is found to be reversible. Furthermore,
at all salt concentrations ranging from 0.06 M to
0.5 1 M [Na+] ,the first part (pH > pH,) of&e acid
branch of the poIy(A)-2 poly(U) titration curve can
be described by
pH = pK; f logICl+Y~I

(4-l)

,

where pK; is an apparent pK value (see fig. 7). This
part of the acid branch corresponds to the metastable
protonation equilibrium: (A-2U) + W = (m>
+
2(u). The values of pK;, SC, pH, for several Nat3 concentrations are listed in table 2. It is seen that CC decreases with increasing NaCl concentration. ‘Ihis is ex-

Hysteresis parameters of the (Al-Z(U)
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7. The mean degree. Z, of (A) residue protonation as ;1
function of pH (acid-branch) for poly(A)-2 poly(v) 5olutions
at MUCOUS N&l
COIIC~~~~O~S,
at 2ci°C; PH,.
the midpoint

Fig.

of the acid branch. is the pH value corresponding to Z= 0.5.
o, experimenti results; 4, calculated data according to eq.
(4.1). (Experimental and alculated curves coincide for BC
4 corresponding to pH ;b pH,; see text.)

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

COrICentratiOIlS
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Zs”C

0.11

0.21

0.31

3.6 i 0.05
3.6 •c0.05
3.55 * 0.05
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0.55 2 0.02
4.7 * 0.05
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0.05
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35

f 0.05
c 0.05
L 0.02
= 0.05
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E. Newnann~Effecr of NaCl on hysrereti in p&(A)-

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. I).
At pH,, E increases rather abruptly, indicating (irreversible) formation of (A-A) pairs. If we denote c the
extent of reaction (1.1) then, at any pH, the measured
degree of protonation 6 m~f be expressed by:
Z=(l

-.$)a1

+fcQ,

(4.2)

where a1 is the mean degree of protonation of (A) residues in poly(A)-2 poly(U) and ~2 is the mean degree 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 E = Q~_)
More direct information about the conformational
changes of poly(A)*2 poly(U) during titration can be
derived from the spectrophotornetric
data. As seen in
table 2, the pH, values obtained spectrophotometrically agree with those obtained from potentiometric data
[fig. 7, cf. eq. (4-l)]_ We may thus use measurements
at 283-S nm to determine pH,, conveniently.
It is found that for the acid branch, the total increase in the relative absorbances at 260,280
and
283.5 nm can be correlated with those calculated for
reaction (1-l) using the values of molar extinction coefficients 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 absorbance 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 (ri) and the Afarm of poly(A)-poly(A),
which is dominant in a
poly (A) solution in this pH range. If, however, the absorbance of (A- A) helk 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 (U) are first separately brought
to pH 4, at 0.15 M [Na”J and ZO”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

2 poly (U)

Il.5

the sum. If, instead, the absorbance of poly(A) in
helix B is used in the summation, we find that the absorbances of the mixture are equal to the sum of the
absorbances of poIy(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 results of the spectrophotometric
titrations and the
mixing experiments suggest some as yet unspecified
interactions between poly(U) and the pory(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 decoupled from the base pairing equilibrium:
(A-2U)

=(A)

* 2(U).

(4.3)

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

(A) f H+ = (AH+)

(4-4)

characterized by al ; for pH > pH,. 0~~= G-.
Lt is found that at pH values higher than pH,,f
coincides with E 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 accompanying the hysteretic reaction [eq- (1 -I)], in terms
of & the following relationship may be used:
rel.

A, = r(~--nc~--n"(&2U)
f(~-Eu-'(E(~~)f2qlJ))
+ gtE(A-A)

-l- 2E(JJ))l k(A-)V)

-

(4.5)

In eq. (4-S). rel. A, is assumed to be the sum of
the contributions of the triple- and double-helical sequences and the single-stranded stretches in the macromolecules [S] _As shown in the appendix, we may set
QH+) approximately equal to eCA) for X = 260 and
280 nm. If eq. (4.S) is applied to the absorbance
changes both st 260 and 280 nm in the metastable
range (t; = 0, S = aL = fi, it is seen that the same curve
is obtained for the extent, &, of (A-A) base pair formation on &e acid branch. Furthermore, <, increases
from o to 1 in a very narrow pH range around pH,,

As mentioned before, the presence of poly(u) changes
the degree of proton&ion of poIy(A). Since CY$”is
not known from independent me~~remen~, &, cannot be calculated from eq. (4.8). We may, however,
determine a$‘) using .$b obtained from spectrophotometric data. lt is seen in fig. 9 that GC$‘)= 0.95 t 0.05
for the entire pH range where 5 + 0. in the pH range
where (~2 z 1 and ~yrE 0. we find Z = &, (compare
also fig. 2 with fig- 9); thus, the deprotonation cume
is a quantitative measure of the pH dependence of the
(A-2l.l) reformation. in consequence almost the entire
base branch is expected to be described by the relation:

0
10

30

40

50

60

7~

pH = pK; + log[(l -C)/cZ] ,

Pf+

Fig. 8. Extent, Ea. of formation of poly(A)~poly(A) from

p&y(A)- 2 polyW3,~~ a function of pH, at w”C C&d branch
of hysteresis); o, f& c&uIated from eq. (Q-51using the absorbance data at ?. = 260 nm. A, &, calculated from eq. (4.5)
using the absorbante data at A = 280 nm.

(4.9)

where 5 = CY$‘)and pK; = pffk, the pH corresponding
toZG=o.s.
It is experimentahy found that indeed eq.. (4.9) accounts for the base branch, except the first part where
+o$@
= 1 (see fig. 10).

consistent with an abrupt irreversible formation of
(A-A) segments from the metastable triple helix (see
fig. 8).

The reaction occurring along the base branch of
hysteresis is
~~~-A~)~~(~~(A-2~~~-

(4.6)

We denote &, the fraction of (A- A) base pairs on
*he base branch; we may calculate this quantity from
the absorbance data at 260 nm using eq. (4.5). Fig. 9
shows that .$, is gradually decreasing from 1 to 0 with
increasing pH from pH 2.5 to 7if the cl-rangesin the helix-helix transitions of
multi-stranded stretches are considered as an intmmacromolecular equilibrium process [S], the pH dependence of the equilibrium constant &z associated
w-i& reaction (4&j, may be written as:
pfc’;! = -log~(~-~b)~~b~ f pH -

H.3

It is recalled that in the pH range of interest al s 0;
thus for the base branch of hysteresis, eq. (4.2) reduces to

Fig. 9.0, extent Of t~U&ti~n, Ebrduriag the baSe titration
as a function of pH; eh is cakulated using eq. (4.5). A, degree
of protonationo&b),of (A-A) in the present of (A-2U)
segments; ~$1, is falculafed from eq. c4.2) us&g &; see
text.
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sufficiently low for the nucleation of (A. XJ) segments. The “polyelectrolyte effect” of (A-N) segments causes a local pH that is lower than the pH of
the bulk solution. The local environment of higher
proton concentration favors the protonated state of
(A) residues. Thus, these (A) residues no longer deprotonate as in a solution of poly(A) alone. Instead,
with increasing pH, a’;b) increases to about I and remains close to 1 until around pH 5.5. It is observed
thatat.$=O,&$‘)d
ecreases (suddenly) to zero. Fig.
11 shows how one may model a junction

between

and (A, A) stretches of the system at an intermediary pH: almost all the single-stranded (A) seg
ments are deprotonated (a1 z 0), and almost all the
(A ;esidues in (A-A} sequences are protonated
b 4 E 1). If $ approaches zero, the junction disap-

(A-W)

3.0

40

50

60

70

pn

pears- The pH corresponding to e z 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 dti@-am
The results of the acid-base

titrations at several

NaCl concentrations can be summarized in a phase

Fig. 10. The mean degree of pratanaticm, G, of the (A) residues

in the <A)-2(UJ system as a function of pH (base branch) at
various NaCl concentrations. at 25°C. 0, experimental results;
P, calculated according to eq. (4.9); pK’!z= pH’m = pHeo.s-

diagram showing the pH and salt concentration regions
of stability and metastability of the system at a given
temperature (fig. 12). Under isothermal-isobaric
conditions every equilibrium state of the (A)-3_(U) system is completely determined by the two parameters

in the $3 range of the base branch of the (A)-2(U)
system, the degree of protonation cc2 of poIy(A) ply(A)
alone (i.e. in the absence of poly(LJ)) changes

linearly with $3 (see appendix, fig. IS). However, in
the presence of poly(LJ), the deprotonation of(A-A)
stretches appears to be controlled by the formation of
(A- 2UJ 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 increased, first poXy (A) - poIy(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

Fig. 11. Model for a section of

course of the base titration.

the

(A)-Z(U)

system in tie
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creasing the sah concentration to O-l 1 M [Nat], a transition to poly(A)-poly(A)
and poly(U) is inductid,
because pH, (0. I I M [Na*]) = 3.55 > 3.34.2. A theoretical approach to some hysteresis
parameters
4.2.1.

Acid tirrarion

It is recalled that the reaction accompanying

the

reversible part of the acid titration
(A-2U)
I

I

0.01

I

0.06

I
0.1

I

I

0.2 0.3

(4.10)

represents the coupling between two processes

i

0.5

-i-H+ = (AH+) f 2(U)

1.0

h4 LN0’3

Fis 12. E’~ZLW
diagram for the poly (Abpoly
WI system,
mob ratio of the polymers 1:2, covering the pH and N&l
concentration ranges of hysteresis, at 25°C. Nat3 concentration is given logarithmically.

pH and ionic strength. However, in the domain of
hysteresis (shadowed area) a complete description of
the actual ctste requires, additionally, knowledge of
the history of the system, beceuse a state within a
hysteresis field depends on the path on which this
area has been reached- For instance, if at a given Nat3
concentration the pH of a solution of poly(A)2 poly(tJ) is changed from pH 7 to lower pH values,
the hysteresis area represents the region of metastabiliry for the triple helix (see L+ M). If, however, at the
same Nat3 concentration,
the pH of a solution of
poly(A)-poly(A)
and po!y(W is increased from a low
(e.g. from point N) to a higher pH value (e-g- to point
M) the hysteresis area covers a pH range where (A-A),
(U) and (A-2v) sequences coexist in equilibrium.
On the other hand, when at a constant pH, the
NaCI 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 requirement for such a salt 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) corresponding to the lower salt concentration. A salt concentration “‘jump” has been performed according to
this requirement Thus, at P(pH X3,0-51
[Na+]).
poly(A)-2 poly(l_J) is in a me&stable state. When de-

(A-W)

= (A) + 2(H),

(4.11)

(A)+H+=(AH+).

(44.12)

The corresponding standard free energy changes
are &G& for reaction (4.10), AGE_c for the helixcoil transition [eq. (4.1 l)] , and AG$ for the protonation reaction [eq. (4- 12)J. Thus,
ArGOa, = AGE+

+ A@n .

.

(4.13)

If (Z&~)-’ and (K’)-’
are the apparent equilibrium
constants for the reactions (4.10) and (4.12), respectively, we have
4G&

= -2.3RT

ptil and AG: = -2.3RT

Introducing eq. (4.14)
pK; = pK’ - AGgJ2.3

into eq. (4.13)
RT _

pK’ (4-14)
we obtain
(4.15)

As mentioned previously, it has been found that
for pH 2 pH,.
pK; = pH - log[(l-EE/&]

.

(4.16)

In order to describe the variation of pdl with Nail
concentration, we must consider its influence on
AC;_, and on the pK’ of protonation of the (A) residues. In particular we have to take into account that
the (A) residues are a part of a polyelectrolyte moleculeThe poly(A) -2 poly (U) macromolecule is a complex of negatively charged polyions (due to the phosphates of the backbone of the polynucleotide chains).
It is knowrt that the titration of a polyelectroiyte
with negbgible nearest-neighbor interactions between
protonated residues can be described by the following
equation:

M
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pH = pKO f log[( l-&%/E] - 0.434 elLlkT,

(4.17)

where K. is the apparent dissociation constant of the
isolated monomer residue, I,!Jis the potential at the
site of protonation and E is the mean degree of protonation. The term 0.434 e+/kT introduces the contribution of the polyelectrolyte field to the free energy of protonation. For oC= 0.5, pHtZZos, = pK and
we derive pK = pKO f ApK, where ApK = -0.434
e+6~,,,>lkTIt should be noted that the origin of the potential
in the case of poly(A) - 2 poly&J) is the phosphate residues; thus for low degrees of protonation, I$ 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 solutiotis in
which low molecular weight salt is in excess:
*log

(M)2-B2
2h

poly

;

6; = P&J

flog

(A)-2 ply(U)

v/i&%lv x 1o-3
m,

f log (X-l)+9

-~ ML
2.3RT ’

2h

(44.18)

where u = number of negative charges of the polyion,
CL= the radius (in cm) of the rod-like macromolecule
(cylinder model), h = the length (in cm) of the cylinder,
rzi = the concentration of the positive counterions
(molecules/cm3)
at the boundary surface between the
cells (cell-model of polyelectrolyte solution), D = the
dielectric constant of the polyelectrolyte solution,
fl= integration constant (depending on ionic strength
via the Debye-Hiickel
radius, I/K).
We may apply a similar treatment to our case. For
reaction (4.12) we write
pK’=p&,

f ApK,

(4.19)

where pKO is an adenine pK of AMP, and ApK is the
pK shift due to the polyionic character of Ihe (A-2U)
macromolecule (creating th& polyelectrolyte field).
If the ionic strength of the solution is very high,
such that practically alI the charges are screened, the
value of $4at the site of protonation is negligibly smalI.
ThuspK’=ppKo_
With eq. (4-18) we may calculate ApK for any
NaCl concentration.
Inserting eq. (4.18) into eq. (4.15)
one obtains

(4.20)

where m, is in moles/103cm3.
(Since the concentration of salt is much higher than the concentration of
polymer, we approximate nfR by the salt concentration of the bulk solution.)
The next step is to see how the helix-coil transition (eq. (4.11)) is influenced by the salt concentration. Qualitatively it is obvious that the higher salt
concentration will stabilize the triple helix by screening the repulsion between the opposite polyanions of
the complex. In the case of DNA a quantitative description 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
AGg_c = AC0 (T) f 1 -15 qRT log m, ,

(X = we2/Dirkn,
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(4.21)

where q = &’ - ,$;I (g = e2/DkTb, where 6 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
(AGO(T) = AGE_, for the transition in 1 M salt solution). Introducing (4.21) into (4.20) we obtain

pK; = pKo f log

.v
Y&h N x 1o-3

+ log O-1)2-$2
2X

(4.22)

AGO(T)
-~-(1+0.5~)10gm,.

Denoting ApKl the NaCl concentration
term, one may write

dependent

(X-1)2-@
2x

- (1+0.5~)lognz,,
(4.23)
where pKf incllldes the NaCl concentration-independent contributions. For our particular case, on average, Kc % 6.8 A, and & s 1.1 I\, thus one obtains
q = 0.84, and X = 6. The values of fi’ are obtained by
interpolating From a plot offi as a function of Ka at
constant X [27]. It is found that log([(h-1 )‘-@I
/2X)
is also a linear function of log m,, thus

ApK,

= pK; - pK:

ApK1=const’-logm,-(1

= log

tOSrl)logm,=const-logm, .
(4.24)
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and (4.24) it is derived that under
conditions

log ms = d p&,/d

log m, = const .

(AH+)=(A)+H+,

(4.28)

(A)+Z(U)=(A-2U).

(4.29)

(4.25)

inked, the esperimental pK’ values are linearly dependent on log ms, with dp d l/d logm, = 1.5 5 0.1
(see fig. 13b). Furthermore, the calculated ApKl values are also hnearly dependent on log m, with
dApKI/d log mr = 1.6 (see fig. 13a). TIrus, within experimental accuracy, eq. (4.25) is valid over the entire
range of NaCl concentrations in which hysteresis is
observed.

The czrresponding standard free energy changes
are;ArGe)
per mole residue for reaction (4.26);
r
AG&VA’ pe mole (A) residue for reaction (4.27);
AGdep for the deprotonation reaction (4.28); AC!__,
for the hehx formation (4.29):
Arc&

the

(AHI-AH?)

(4.26)

= 2(~-2u)

f 2Hc _

This reaction may be formally split into three reactions: a (small) opening of the double strand [eq.
(4-27)1, deprotonation of(m)
[eq. (4-28)] and formation of (A- 2U) segments [eq. (4.29)].
(AH?-AH+)

= 2(AH+)

= AGodep * A@-,

f AG&,.,)

= 2.3 RTpHk

(4-3 L)

_

Since C Y $, we obtain pHL = pK> (where I$ is
the apparent equilibrium constant for reaction (4.26)).
If K” is the apparent equilibrium constant of reaction (4.28), we have
AG&

(4.32)

= 2.3 RT QK” .

Introducing e s. (4.32) and (4.3 1) into eq. (430)
one obtains
c_h = -AC:_,_
(and using A L%

(4.27)

-

(430)

-

For eq. (4.26) we have
4C$,

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

4.2-Z

+4(u)

2 pole

(4433)

At pH v&es around pK” the deprotonation of (A)
residues most hkely occurs in jcnctions, i.e. near
(A-2u) segments. Fig. 14 shows the model (cf. fig. 11)
for such a junction between stretches of (A-2U) segments and a stretch of (A. A) segments. We now denote I the cylinder of thr {A-2U) segments and IL the
cylinder of the protonated (A-A) segments. Furthermore, we assume that a given (A) residue is either in

2.0w
M [No+]

Dependence on NacI concentration (a) of QK; C&
cuiated according to eq. (4.23); (b) of pK’; 0, pfl’t. derived
Fig_ 13.

from exprimental data of tie acid titration (fii- 7); o, pH‘”
derived from experimental data of the be titration (fig. 10>-

AH’

AH*

Fig. 14. Scheme for a junction between (A-A) and (Ae2U)
cylinder%
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(I) or in (II) except the few which may be singlestranded at the junction between both cylinders_
Whereas cylinder I is highly negatively charged, cylinder II has almost no net charge, because at &’ zc 1,
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 I.
The apparent pK for the deprotonation reaction
of (A) at such a junction may be split into an intrinsic pK0 and a ApK, i.e., pK” = pK0 f ApK. The value
of ApK may be calculated as previously [see eq.
(4. r8)] nedecting interactions between different junctions_
Thus, analogous to eq. (4-22) we have for the base
branch:

pff:, = pi70
-

+ log

Y

AGO,_, - AG&.A,
2.3R T

+_

7ra2)21V
X

*og

10m3

(A-1j2-P2
2x

- (L f OSr)) log ?tts .

(L

1)2-@2
2~

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 acidbase titrations of the poly(A)-2
poly(u) complex
describes ths transition behavior in the entire saltconcentration
range in which hysteresis occurs. Thus,
the present analysis substantiates #at the metastability of the triple helix is predominantly caused by an
energy barrier which is electrostatic in nature.
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(4.34)

To a goad approximation,
AG&_A1 is independent
of salt concentration, since AG&.A, refers to the
“rupture” of H-bands and unstacking of the protonated electroneutral (A) residues without changing the
degree of protonation.
Denoting by ApK2 the NaCl concentrationdependent terms, one may write:
ApKz = pH:, - pK$ = log
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poly(U)

- (I+oS~)logms,
(4.35)

where pKz includes all the contributions independent
of salt concentration.
From a comparison of eq. (4.35j
with eq- (4.23) we see that ApK2 = ApK, _
T~IUS,from eqs. (4.35) and (4.24) we derive
dpH&/dlogms=dApK2/dlogms=dApKt/dlogms=canst.
(4.36)
Fig. 13 shows that the experimental pH’& values are
indeed linearly dependent on log m,, yielding dpH,&/d
log m, = 1.5 + O-L_ The calculated values for ApKa
(= ApKt) also depend linearly on log m, with
dApKzld log m, = dApK,/d Iogm, = 1.6 (see fig. 13a).
Thus, eq. (4.36) quantitatively accounts for the salt
concentration dependence of the PH’~ values.
In summary, the salt cuncentration dependence of
the pK values for the metastabb pzotonation eqnilib-

Appendix
Stnrctw-altrc~zsitions
of polyriboadenylate

in the

aczkiicpH range
The analysis of the hysteresis observed in the
(A)-2(U)
system requires proton binding and absorbance 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 structures, B and A, or a mixture of both, may exist [ 1 I].
Structure B (with 10 nucleotides in one turn of the
heI% spaced at 3.6 A) has been attributed to the less
protonated states and structure A (with 8.4 nucleotides 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-l
positions; this repulsion may open up the molecule.
In both helices, the interaction between the two
strands involve H-bonding, base stacking and eiectrostatic contributions. Specifically, electrostatic attraction between the protonated (i.e. positively charged)
bases of one strand and the negatively charged phosphates of the opposite strand, is a stabilizing factor of
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the poIyiodc

complex [9] _
OpticaI rotatory dispersion studies sugest that, also in solution, poly(_4) exhibits two different acidic
structures [ 121. It has been reported that “‘spectra-

photometric titrations do not reveal the presence of
the two forms”. ‘i-h%absorbance range covered in that
study was from 250 to 270 nm [I 21. 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 twc acidic forms. Furthermore, the proton binding curves of poIy(A) can
also be analyzed in terms of the two structures.

Proton binaing cumes of poiy(A)
Fig. 15 shows the results of potentiometric
titrations
of poiy(A) at various NaCl concentrations at 25OC. Lt
is seen that with increasing salt concentration the proton binding curves, S(pH), are shifted to lower pH vaiues. In the pH range of the single-to-double strand transition, the slope of the cU(pH) curve depends on the
ionic strength of the solution. An increase of salt concentration causes a decreazz of the slope. Due 10 the
different geometry of the pc!y(A)-poly(A)
helix types
we may assume that the two structures have different
proton binding curves. If the decrease in pH causes 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 between the b(pH) curve of B and that of A (on the piJ
scale). Because the distances between the charged

groups of the two helical conformations are different, the proton binding curves of B and A may be
differendy affected by the ionic strength of the solution. It is recalled that B is a more compact structure
than A. Thus, the “inner salt bridges” between phosphates and protonated (A) bases of opposite strands
ase more effectiveIy “buried” in the interior of the
double helix B than in the interior of helix A. ‘i&e
“more extended” structure A is therefore expected
to be more sensiti Ie to variations in salt concentration
than structure B. Hence, with increasing salt concentration, the Z(pH) curve of A is shifted to lower pH
vah.tes to a larger extent than the c&H)
curve of B.
Therefore, the distance between the E(pH) curves of

the two (separate) stnictures is larger for higher than
for iower sait concentration. Consequently, at higher
salt concentration the slope of the actual proton
binding curve of poIy(A) is smaller than at Iower salt
concentration. Thus, the assignment of different pK
values for the two hekes accounts for the observed
protonation curves (fig. 15).

Drifrs of pIi with rime in the acidic pH range
A fWther experimental observation is the following: a drift in pH with time was found in the region
between pff 5.55 and pH4. When adding acid, there
is no immediate decrease of pff. After some seconds
the pH decreases and within about 5 min the pH
change seems to level off. T&is drift of pH with time
may be modelled also in terms of the B-to-A transition. If, for example, one adds acid to poly(A) in
state M (see fig. 16), fust protons are boand to structure B, and one obtains a short-lived metastable state
N.

‘“c

I
Fig. 15. Proton biding curves, c{pH), of @y(A) at various
NaCl concentration at w”C; (A) residue concentration is
8X 104M(A)atpH7.
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16. Schemefcr the hterpretrtion of “time effects” in
tie acid-base titration of @y(k); see text.

Fig.
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Sub~~uen~y, strncture B partially transforms to strutA. in the course of this transition protons are reieased because at that $3, structure A binds less protons than structure B. This results in a drift of pH to
lower values. The stable state, reached by the system
anly after some minutes, is state Q_ A similar obsxvaBon of “time-dependent pK values” has been reported
for the titration of poIy(A) from acidic to neutral pH
values (at low ionic strength and low tem~era~re)
PO). ‘l&is observation may be mod&led in terms of a
slow A-to-B transition. Xf, for example, one adds alkati
to poly(A) in state P, first the protons are released
from structure A and one obtains a short-lived metastable state R. Sub~~ue~~y, structure A partially tsansforms to structure B. During this transition protons
are taken up because at that #-I, structure B binds more
protons than structure A. This results in a drift of pK
to h&her values. The stable state, reached only after
some time, is state Q.
tore

For the analysis of the A-2U hysteresis, the wavelengths 260,280 and 283 .S nm are of particular interest. Therefore the spe~~ophotomet~~ titration OF
paly(A) has been performed in the same wavelength
range. ‘ihe results of the absorbance measurements
are presented in fig. 17. It is seen that three pK regions
(separated by dashed lines) can be distingnisfied:
(a) At X = 260 nm, the absorbance does not change
between pK 7 and pH 6.25. Between pH ti.25 and
pH 5.55 the absorbance decreases. This decrease corresponds to Ii = -0.25. For pK values lower than
5.5.5, there is no further change of absorbance at this
~ve~~~~.
(b) At h 5 280 nm, no absorbance change is observed between PH 7 and pK 6.25. Between pH 6.25
and pK 5,55 one finds a value of H= --0.08; decreasing further the pH one observes that R2g0 also decreases- The total h~ac~ornic~~
between pK 6.2s
and pK4 is H= --0.13.
Cc) At X 5 282 nm. no absorbance change is observed between pH 7 and pK SSS. If the pK is lowered
from pH 5.55 to pH 4, a hypuchromicity of H ==-0.09
is found.
(d) At h s 283.5 urn, no absorbance change is observed between pri. 7 and pH 6.25. An increase in absorbance oFH= f Q-Q6is obtained between pH 6 25
and pK S-55. A further decrease in pK leads to a de-

Fig. 17. R&the absorbames of poly CA) in 0.01 M XN3f.
cawdy\rrte, 0.1 N NdX, ;It 2S°C, as r function af pW (a2 a
paly(A) residue concentrdion
of 8 X 1V5 M (A) at pH 7).

crease in absorbance, so that the absorbance at pK 4
is equal to the absorbance at pH 7.
We denote the three different pW regions by: (i)
from pH 7 to pE%6.2zs; Cii) fZOM pM 6.25 to pH 5.55;
(iii) from pM 5.55 to pK 4. Region I corresponds to
s&$+stranded poly(A). In this region there are no
absorbance changes at the wavelengths used, although
the proton binding curves show that (A) residues are
already proton&d.
Since, at these wavelengths
e(AKi.) is approximate& equal to e(A), there is appatently no detectable change in single-strand base stacking 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 %&on II. 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. ‘Ihus, 282 nm is an
isosbestic wavelength for the transition of poIy(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 isosbestic wavelengths may be exemplified in
the following way: if in a system where poly(A) is a
reaction partner, two processes occur coccomitantly,
one of them being, e.g., the helix B-helix A conversion, 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 [S], the observation that poly(A) -poly(A) in
the presence of poly(LJ) 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 0.1 I M [Na+J and 2S°C, the pH value
corresponding to E = 0.5 is 5.55 (cf. tig. 15). It is seen
from the spectrophotometric
data of poIy(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 [Naf] and 25”C, structure 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]-

h summary,
potentiometric

ultraviolet

spectrophotometric

titrations of poIy(A)

and

in solutions of

various NaCl concentrations in the acidic pH range can
be anaIyzed in terms of two types of double-helical
structures (in line with the interpretation of X-ray diffraction and ORD data)_ Furthermore, the spectmphotometric titrations show some isosbestic wavelengths for the structural transitions of poly(A)- “Time
effects” cammoniy observed in titrations of poly(A)
are suggested as being caused by slow transitions between the two acidic structures.

of Nail on hystererif h P&/A~

2 ~4.
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