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Abstract-Ultraviolet and circular dichroism spectroscopies were used to examine the acid3base equilib-
rium of a double-helix synthetic polyadenyl3polyuridyl Poly(A)3Poly(U) acid in neutral and alkaline aqueous
solutions. The deprotonation initially has a positive cooperativity which changes for negative at the deprotona-
tion degreea > 1/2. A model is proposed, that explains the titration curves and the complex dependence of
pKa on pH for Poly(A)3Poly(U) in going from the neutral to alkaline region. The model is based on the
allowance for the effect of immediate environment on the internal protonation constant of ideal polymer.

Studies on the acid3base properties of high-mole-
cular synthetic polynucleotides are important for un-
derstanding of the biological activity of the latterin
vivo [1]. Polyribonucleotides are applied as antitumor
drugs [2] and interferon inductors [3, 4]. Double-helix
polynucleotides are much more active than single
chains. It is assumed that the activity of double-helix
polymers is reduced by their disproportionation at
high ionic strengths of solutions [3, 4]. In this con-
nection of interest is the behavior of such polymers
as various pHs. In the present work as the object for
study we used a double-helix synthetic polyadenyl3

polyuridyl acid Poly(A)3Poly(U). The role of the
acid3base center in Poly(A)3Poly(U) in neutral and
alkaline media is played by the uracil N3 atom. This
uracil nitrogen atom comes into composition of
natural and synthetic nucleic acids and can be proto-
nated or deprotonated in aqueous solutions, depending
on pH [5]. The uracil N3 atom is involved in H bonds
that determine the structure and properties of nucleic
acids [6]. Therefore, it is interesting to find out how
the acidity of this atom affects H-bond formation in a
double-helix polynucleotide compared with a single
ribonucleotide chain.

Studies on the acid3base properties of a series of
polynucleotides showed that the formally estimated
protonation constants of the constituent bases of these
polynucleotides depend on the deprotonation degree
a [5, 7310]. The observed pKa(a) dependences were
qualitatively explained by the polyelectrolyte effect
and conformational changes in the course of protona-
tion3deprotonation. The concentration profiles in
[7310] were constructed using chemometric proce-
dures based on the factor analysis. A feature of the

factor analysis is that the calculations require no
postulated chemical model of the system, but, as a
consequence, the resulting profiles are purely analy-
tical and can only be interpreted on a qualitative level.
The present work was aimed at constructing a
mathematical model that would impart a physico-
chemical sence to the profiles obtained by the factor
analysis of spectrophotometric titration data for solu-
tions containing polynucleotides. By the least-squares
treatment of experimental titration data for solutions
of macromolecules one can obtain parameters for a
specific chemical model of the equilibrium. However,
the use of this method is complicated by the intricate
problem of constructing the mass balance equation
complying with the mass action law [11]. Binding
constants for polymers with regularly repeated struc-
tural units as binding centers are most commonly
estimated by the Scatchard method [12]. The im-
proved Scatchard method takes account of the co-
operativity of polymer saturation with ligand [13].

Relation of polymer intrinsic constant to forma-
tion function. The stability constant of a complex
formed by an ideal polymer PolyXk can, from statis-
tical considerations [14, 15], be written as follows.

Bk̀ = 7777777777777N(N 3 1)(N 3 2)...(N 3 k + 1)Kk3

k!
. (1)

Here
3
K = (BǸ)1/N is the internal constant measuring

the ability of a polymer Poly to add a ligand X;N is
the number of monomers in the chain; andk is the
number of added ligands. The sum of the formation
constants of all PolyXk complexes is a Macloren
power series in the intrinsic constant.
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1 + SBk̀ = (1 + K)N.
3N

(2)

As follows from Eq. (2), for an ideal polymer solu-
tion, the total component concentrations are obviously
related to the intrinsic constant.

N
CMon = [Mon](1 + SBk̀[X] k) = [Mon](1 +

3

K[X]) N, (3)

= [X] + 77777 (1 + K[X]) N31.
K[X][Mon] 3

N

3
CX = [X] + 777 SkB̀k[X] k[Mon]

N

N

(4)

Here CMon and CX are the total concentrations of
the monomer and the ligand and [Mon] and [X] are
the corresponding equilibrium concentrations. Sub-
stituting Eq. (3) into Eq. (4) we obtain Eq. (5) for the
formation function. The resulting equation relates
experimentally determined concentrations with the
intrinsic constant for ideal polymer.

nid = 7777 = 7777CX 3 [X]
1 + K[X]

3
K[X]
3

CMon
.3

(5)

Equation (5) is equivalent to the Scatchard equa-
tion for a monodentate ligand. Let us rewrite this equa-
tion in the logarithmic form for the protonation
process.

pKa = log 77779
�

� 1 3 nid
3

�

�
9

nid
3

+ pH.
3 (6)

The p
3
Ka value for ideal polymer is a constant that is

independent both on the number of monomers in the
chain and on the degree of polymer saturation with
ligand. With polynucleotides, the experimental
dependences for measured physical parameters general-
ly strongly deviate from those predicted for ideal
polymer. Linear deviations are interpreted in terms of
the polyelectrolyte theory [16] which predicts a linear
dependence of p

3
Ka on pH. Nonlinear deviations are

interpreted in terms of the Hill cooperativity theory
[17]. The cooperativity of interaction can be accoun-
ted for by the modernization of the Scatchard method
by introduction of the cooperativity factorw [13]. The
physical sence ofw is that the constant of ligand bind-
ing into a position neighboring to that occupied by
monomer is

3
Kw and into a position between those

occupied by monomers,
3
Kw2. With allowance for the

cooperativity and in agreement with [13], Eq. (5)
takes form (7).

nc = K[X](1 3 mnc) 77777777777(2w 3 1)(1 3 mnc) + nc 3 R3 3

(2w 3 1)(1 3 mnc)
3

�

�
99

�

�

m31

0 77777777
1 3 (m + 1)nc + R3

2(1 3 mnc)
39

�

�

�

�
9
2

. (7)

Here R = {[1 3 (m + 1)
3
nc]

2 + 4w
3
nc(1 3 m

3
nc)}

1/2, and
m is the number of ligated bases. The shape of the
profile described by this equation is determined by
one type of cooperativity. But, as noted in [7310],
protonation of polynucleotides is accompanied by the
polyelectrolyte effect, stacking, and conformational
changes. Combined interactions result is thata values
control not only the value but also the sign of coope-
rativity. At fixed m, the region of negative cooperati-
vity can be described separately, by introducing a
linear term in Eq. (7) [16]. To fit the entire titration
curve by a single equation at a fixedm, in the present
work we used the matrix method [18, 19]. The phy-
sical model is based on the allowance for interactions
between nearest neighbors in a polymer containing a
regularly repeated functional group capable of rever-
sibly binding ligands.

Ligands in complex PolyXk can bind with various
monomers, and the number of possible combinations
is equal to the number of combinations ofk in N (Sk

N
).

The stability constantBk of complex PolyXk is a sum
of Sk

N stability constants of separate configurations
(chain states)bi. To find bi, let us introduce a con-
figurational matrix M(N, 2N). The configurational
matrix M is, in essence, a set of 2N binary digits. The
matrix row Mi represents the possible configuration
of a polymer with a sequence of zeroes in positions
where monomers are free and with a sequence of units
in positions where monomer is bound with ligand.
The stability constant of the configuration formed by
complex PolyXk can be represented as follows:

N
bi = P (Mij

3

Kwj)Mij # 0. (8)
j=1

The correction for mutual effectwj was included in
the following way: for j from 1 to N, if Mij = 1 and
Mij + 1 = 1, then w

*
j = 1 3 wP andw*

j+1 = 1 3 wP, and
for j from 1 to N, if Mij = 1 andMij + 1 = 1, thenwj =
w

*
j wH and wj+1 = w

*
j+1wH, wherewP is a coefficient

relating to negative cooperativity, andw = wH, to po-
sitive cooperativity. For ideal polymer including no
neighbor effects, wH = 1, wP = 0, and, con-
sequently,Bk = B`k.

With account for the definition of configurational
stability constant, the formation function can be trans-
formed into the matrix form.

n = 7777773 .
[X] S0SBP

N(1 + [X]SBP

(9)

Here S =
N
SM, 0 is the sign of elementwise matrix

multiplication, andBP is the vector of stability con-
stants with elementsbi. As seen from Eqs. (8) and (9),
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3n depends on the polymer lengthN, the equilibrium
ligand concentration [X], and three independent
variables

3
K, wP, andwH. Whena tends to 1,3n 76

3nid, i.e. Eq. (9) gives the same as Eq. (5). Equation
(9) allows calculation of the formation function de-
termined by the vectorBP. The required parameters
3
K, wH, andwP are not correlated and can be correctly
calculated by a standard least-square method. In the
present work we used a Levenberg3Marquardt version
of this method [20]. In tests, the right convergence
was observed over a wide range of initial approxima-
tions for all the three parameters.

Calculation of concentration profiles from the
data matrix. According to the Bouguer3Lambert3Beer
law in the matrix form, the experimental absorbance
matrix A(Np, Nw) (Np is the number of experimental
points andNw is the number of experimental wave-
lengths) is a product of a molar absorptivity matrix
E(R, Nw) (R is the total number of spectral forms) and
a concentration matrixC(Np, R).

A = CE. (10)

The aim of the factor analysis is to find from the
experimetal absorbance matrix the concentration
matrix and the molar absorptivity matrix. To this end,
one should first of all determine the number of prin-
cipal factors, which is equal to the number of equilib-
rium forms whose interconversions give rise to ab-
sorbance dispersion. The singular diagonalization
procedure allows reproduction of theith matrix with
use of a fixed number of new variables which are a
linear combination of initial variables and give the
total dispersion.

Ai = USVT + ti = A*
i + ti (11)

Here U and V T are orthogonal matrices,S is a
diagonal matrix in which the number of nonzero dia-
gonal elements is equal to the rank of the matrixAi
(the number of principal factors),Ai

* is the matrixAi
recovered viaR factors, and ti is the recovered
error. The number of principal factors is chosen so
that the recovered errorti is lower or equal the
experimental error. In the present workR values were
calculated by the principal component method [21,
22]. To transform the virtual factors calculated by
Eq. (11) into factors having a physicochemical sence,
one should perform appropriate rotation in the
vector space. When there is selectivity in the system,
the matrixVT is related to the matrixEi of R of the
least correlated rows of the matrixA, which can be
calculated according to [23]. Similarly, the matrixUS
is transformed intoCi. The latter allows recovered,
within the experimental error, of the initial data matrix

by Eq. (10). Let us write the above-described calcula-
tion of the concentration profile as the matrix division
operator.

Ci = Ai/Ei. (12)

Similarly, for the molar absorptivity matrices we
can write the matrix division operator.

Ei = {Ai
T/Ci

T} T (13)

By alternately applying operators (12) and (13) one
can calculate optimal, in terms of the least-squares
method, values ofSi and Ei. Such optimization is
called the alternating least-squares (ALS) method.
This method provides the best fit to true profiles for
systems with concentration or spectral selectivity
[24, 25]. However, the ALS method is also suitable
when incomplete selectivity takes place. In this case,
calculated concentration profiles are fit to true ones
via imposition of the so-called[soft] [25328] (unimo-
dality of concentration profilesCi, non-negativity of
Ci and Ei, etc.) or [hard] restrictions on the mass
balance equations with compliance for the mass action
law [29331]. Correct application of the above restric-
tion allows one to lift the rotational uncertainty
characteristic of the factor analysis, and, when the
experimental error fits the normal law, the calculated
sets ofCi and Ei are normally distributed sets with
mathematical expectations ofC and E, respectively.

The goodness of fit of calculated matrices to
experimental ones was evaluated in the present work
by the Hamilton factor [32]. Taking account of the
uniformity of the absorbance dispersions are all the
wavelengths, the weight factors in the Hamilton equa-
tion were ignored. Expressing the Hamilton factor in
percent and ignoring the weight factors, the goodness-
of-fit criterion PE.

PE(Z, Z*) = 777777777Tr{( Z* 3 Z)(Z* 3 Z)T}
Tr{ ZZT}

9
99

3

3
9

9
99

3

3
90 100%. (14)

HereZ is a matrix to be compared with,Z* is the
calculated marix, andTr is the matrix trace.

Titration of Poly(A) 3Poly(U) by UV absorption
data. Absorption matrix AUV(45,131). Three titra-
tions of aqueous Poly(A)3Poly(U) with concentrated
alkali were performed. After addition of each suc-
cessive aliquote, the absorption spectrum in the range
2203350 nm at 131 wavelengths was measured. As a
result, an experimental absorbance matrixAUV(45,131)
was formed. By the principal component method we
found that the optical density dispersion inAUV is
determined by two factors. The model based on the
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Fig. 1. UV spectra of the (1) neutral and (2) deproto-
nated forms of Poly(A)3Poly(U), calculated from the
spectral matrixAUV by Eq. (13) and optimized by the
ALS method.

two principal components describes 99.92% of the
total dispersion (the rank of the matrixAUV is equal
to two).

The optical density dispersion in each titration,too,
is determined by two factors. Therefore, in agreement
with the Bouguer3Lambert3Beer and with account
for Eqs. (3) and (4), for the absorbance in each experi-
mental point at each wavelength, we have Eq. (15):

Abs 3 eX[X] = AMon(1 3 3n) + AMonX
3n. (15)

Here AMon = eMon/CMon is the absorbance of the
solution in the absence of ligand X (produced by ab-
sorption of uncomplexed monomeric units of the
polymer, andAMonX = eMonX/CMon is the absorbance
of the solution with excess ligand X (produced by
absorption of complexed monomeric units of the
polymer). Because of the correspondence between
Eq. (10) and Eq. (15) the matrix division operator can
be applied in the following form:

[3n; 1 3 3n] = (AUV 3 eX[X])/[ AMon; AMonX]. (16)

Here the matrix with the elements 13 3n and 3n can
be obtained by division of the experimental absorbance
matrix (corrected for the absorbance of uncomplexed
ligand eX[X]) by the matrix with the elementsAMon
andAMonX for all wavelenghs. Knowing the vector3n,
one can calculate the logarithmic function of the
intrinsic protonation function by Eq. (6). This function
is more descriptive of specific features of polymer
deprotonation.

pKa

9.6

9.4

9.2

9.8

9.0

8.8

8.6

8.4
7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0 pH

1
2
3

3

Fig. 2. Experimental dependence ofp3Ka on pH for
Poly(A)3Poly(U), calculated by substitution in Eq. (6) of
the results of matrix division (16).CMon0105, M: (1) 7,
(2) 5.2, and (3) 6. (Solid line) Theoretical dependence
calculated by Eq. (9) (3K 4.20108, wH 12.5, andwP 0.48)
and (dotted line) theoretical dependence calculated by
Eq. (7) (3K 1.30109, w 1.93, andm 1.04).

The electronic spectra of the protonated and de-
protonated forms of Poly(A)3Poly(U) and the p

3
Ka

values at various pHs, calculated from the experi-
mental spectral matrixAUV, are shown in Figs. 1 and
2, respectively.

As seen from Fig. 1, deprotonation is accompanied
by growing absorbance at 260 nm, i.e. by dis-
appearance of hypochromism. This fact suggests that
the shape of the Poly(A)3Poly(U) molecule changes
from a rod-extended double helix in neutral aqueous
solution [6] to statistical ball in alkaline solution.
Moreover, the theory of the helix3ball transition
predicts that even when the hypochromic effect is no
longer observed the helix chains are not separated [33].
When it comes to a homopolymer helix, such as
Poly(A)3Poly(U), than after most units of one chain
has separated from the complementary units of the
other chain, fluctuations of some unseparated units
are still possible. This is enough for the helix chains
not to separate and to continue to move in the medium
as a single kinetic unit [34]. In view of the aforesaid,
in constructing the model of the acid3base behavior
we assumed that Poly(A)3Poly(U), regardless of the
conformation, is a single molecule.

As seen from Fig. 2, Poly(A)3Poly(U) differs in
behavior from ideal polymer where neighboring pairs
of bases are protonated independently of one another.
At small a values, p

3
Ka increases with increasing pH,

on account of the polyelectrolyte effect. In the case in
hand, the polyelectrolyte effect increases the intrinsic
protonation constant by electrostatic attraction of
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proton to bases with deprotonated uracil N3 atom. The
p
3
Ka(pH) function passes through a maximum, and at
a > 1/2 a sharp decrease in p

3
Ka is observed. The

simplest qualitative explanation for the destabilization
at high a values is that the cooperativity of H-bond
formation prevails over the polyelectrolyte effect. It
is known that the total energy of H-bond complex
formation between polynucleotide chains is higher
that the total energy of pair interactions [6].

Applying Eq. (7) to the whole experimental data
set one obtains a cooperativity factor of about two
(see table); therewith, the polyelectrolyte effect shows
up in that the average number of protonated bases (m)
is higher than one.

If the formation function is calculated using opera-
tor (16) and then the parameters3n are calculated by
the least-squares method using Eq. (9), then the result-
ing p

3
Ka(pH) dependence better fits the experiment

than that obtained using Eq. (7). For the model com-
pound for calculations by Eq. (9) we took a cyclic
oligomer (N = 8). The cyclic oligomer and endless
polymer have almost the same formation functions.
For cyclic oligomers withN > 7, the dependence of
the formation function on the number of chain units
can be neglected, unlike the experimental error in the
determination of this function. Thus, the difference
between the model functions (Np = 100), calculated by
Eq. (7) (p

3
Ka = 0, w = 4, and m = 1) for endless

polymer and by Eq. (9) (p
3
Ka = 0, N = 8, wH = 2, and

wP = 0) for the cyclic polymer, wasPE(3nc, 3n) = 30
1033%. The Poly(A)3Poly(U) acid studied in the
present work is a high-molecular or an endless
polymer. The cooperativity parameters calculated for
the whole experimental data set by Eq. (9) are listed
in the table. Note that the intrinsic constant
calculated by this model is slightly lower than that
obtained by Eq. (7) or of that commonly used as
estimate under the ideal polymer assumption (p

3
Ka =

pH at 3n = 1/2). The deviation from ideality is
accounted for by a high positive cooperativitywH of
protonation ata values close to 1. At lowera, when
electrostalic effects are weakened (all bases pass into
the neutral form), negative cooperativitywP gets
prevailing giving rise to descending p

3
Ka(pH) function

at a < 1/2.

Titration of Poly(A) 3Poly(U) by curcular di-
chroism data. Spectral matrix ACD(9,131). Nine
circular dichroism spectra at various pH were measu-
red, which were used to construct a spectral matrix
ACD. The least correlated spectra at the lowest and
highest pHs were used as initial approximation for the
calculation by operators (12) and (13) of the ALS-
optimized profile of the formation function and of the

Cooperativity parameters for protonation of Poly(A)3
Poly(U), calculated from the experimental absorbance
matrix AUV by the factor analysis and the least-squares
method
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ
Parameter calculated by³

Eq. (7)b
³

Eq. (9)cthe least-squares ³ ³
methoda ³ ³

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄ
3Kd ³ 1.33109 ³(4.2+0.8)3108

w1/2 = wH
e ³ 1.93 ³ 12.5+3

wP
f ³ 3 ³ 0.48+0.03

mg ³ 1.04 ³ 3
PE(3nexp 3 3ncalc)

h ³ 2.3 ³ 1.7
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ
a The errors in parameters were determined by three indepen-

dent titrations at a confidence probability of 0.05.b Optimal
parameters for endless polymer, calculated by Eq. (7).c Op-
timal parameters for the cyclic oligomer (N = 8), calculated by
Eq. (9). d Internal constant.e Positive cooperativity.f Nega-
tive cooperativity (anticooperativity).g Mean number of
ligated bases.h Differences [see Eq. (14)] between the forma-
tion constants calculated by the factor analysis by Eq. (14)
from experimental data and optimized by the ALS method
(3nexp), and the theoretical values (3ncalc) obtained by Eqs. (7)
and (9).

pKa
3 12

10

8

6
4 5 6 7 8 9 10 11 12 pH

(a)

(b)
e 0 105

40

20

0
320

220 240 260 280 300 320l, nm

1
2

Fig. 3. Results of diagonalization of the spectral matrix
ACD: (a) p3Ka(pH) dependence; (circles) experimental
points,CMon 601035 M; and (b) circular dichroism spectra
of the (1) neutral and (2) deprotonated forms of Poly(A)3
Poly(U), calculated by Eq. (13) and optimized by the
ALS method.

spectra of the protonated and deprotonated forms of
Poly(A)3Poly(U). The p

3
Ka(pH) dependence [Eq. (6)]

and the cirsular dichroism spectra of the above forms
are shown in Figs. 3a and 3b. It can be noted that the
p
3
Ka(pH) function has the same shape as that calcula-

ted by absorbance data.
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The change in the circular dichroism spectrum in
going from the neutral and alkaline region suggests a
change in the conformation of the polymer, providing
evidence for the assumption that the macromolecule
passes into the statistical-ball state on deprotonation.

EXPERIMENTAL

Synthetic Poly(A)3Poly(U) (Sigma), NaCl (Merck),
NaOH (Merck), and HCl (Merck) were used as re-
ceived. All solutions were prepared with distilled
water free of CO2.

The UV absorption spectra were measured on a
Perkin3Elmer Lambda-19 spectrophotometer com-
bined with a personal computer. The temperature
(37oC) in the spectrophotometric cell was maintained
with a device which utilizes the Peltier effect. Titra-
tion and pH measurements were performed in a tem-
perature-controlled cell at 37oC in 0.15 M aqueous
NaCl under N2. The solution in the cell, after addition
of a further portion of alkali and measuring pH, was
pumped over into a hermetic spectrophotometric cell
by means of a peristaltic pump under air-proof condi-
tions. The circular dichroism spectra were measured
on a Jasco-720 spectropolarimeter in a temperature-
controlled cell at 37oC. pH measurements were per-
formed on an Orion-701A pH-meter.

The theoretical part of this work was financially
supported by the Competitive Center for Basic Natural
Science at the St. Petersburg State University [grant
no. 9-373 (1997)].
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