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ABSTRACT: This paper examines the relationship between the conformation and solvent for the poly(dA)/s-SPG
complex using circular dichroism in the 240–300 nm wavelength region. At the low temperature and low salt concen-
tration, poly(dA) in the complex is estimated to take C2′-endo with a different torsional angle from the anti form. With
increasing temperature, the circular dichroism (CD) spectrum starts to bear characteristics of C3′-endo and anti as a
minority among the majority of C2′-endo and anti. When the salt concentration is increased, the spectrum becomes
almost identical to that of the high temperature form under the non-salt condition. Therefore, addition of salt provides
the identical effect to increasing temperature. D2O induces the same effect as decreasing temperature.
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Conformational changes in polynucleotides play im-
portant roles in biological systems.1 A replication fork
in DNA undergoes a conformational change when it
interacts with a single-stranded polynucleotide bind-
ing protein (SSB).2 This change disables the replica-
tion fork to retrieve hybridization, which is crucial to
DNA replication. Powell and Gray3 explored the con-
formational change induced by SSB, using poly(dA)
as a model single-stranded DNA (ssDNA). Their circu-
lar dichroism (CD) data demonstrated that SSB induces
the same conformational change in poly(dA) as that of
heating poly(dA) or protonating the polymer at low pH.
It seems that ssDNAs conformational response to exter-
nal stimuli is one of the crucial issues to understand the
relationship between ssDNA conformation and biolog-
ical roles.1, 2

Sakurai and Shinkai4 are the first to demonstrate that
a neutral β-1,3-glucan schizophyllan (SPG) can bind
single homo-polynucleotides to change the conforma-
tion dramatically. Here, SPG is produced by Schizo-
phyllun commune and belongs to the β-1,3-glucan fam-
ily (Figure 1).5 SPG exists in a triple helix in wa-
ter and a single chain (s-SPG) in dimethyl sulfoxide
(DMSO).6, 7 When a s-SPG/DMSO solution is diluted
with water (renature), SPG can gain the triple heli-
cal conformation again.8 When some polynucleotide
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Figure 1. Chemical structure and repeating unit of schizophyl-
lan.

is present in the renaturing process, a new triple he-
lix consisting of one polynucleotide chain and two s-
SPG chains is formed instead of reforming the original
triple helix.4 Mizu et al.9 demonstrated that poly(dA)
forms a complex with s-SPG and the complex exhibits
the following features. (1) A critical base number is
necessary to induce the complexation. (2) When the
base number is > 60, the poly(dA) chain in the complex
undergoes structural transition upon heating below the
dissociation temperature (Tm) of the complex. This is
a distinct conformational transition and we denote the
low and higher temperature forms as HL and H, respec-
tively. (3) The hypochromic effect once ceases at the
transition temperature and appears again. Such com-
plicated CD spectral changes have never been observed
for single-stranded RNAs such as poly(C), poly(A), and
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Figure 2. Schematic illustration of the conformational notation of polynucleotides. (a) C2′-endo puckering. For this puckering, the
torsional angle of the glycosidic bond can be allowed to take two forms: anti and syn. The distance between the phosphate anions is 7.0 Å.
(b) C3′-endo puckering. This puckering allows only anti form and the distance between the phosphate anions is 5.9 Å.

poly(U).4, 10 This spectral diversity is characteristic of
poly(dA) and may be related to the conformational flex-
ibility of DNA.11 This paper examines the solvent ef-
fect of the complex made from poly(dA) and s-SPG to
clarify the nature of this unique structural transition.

CONFORMATIONAL NOTATION OF
POLYNUCLEOTIDES AND THE CD SPECTRUM

FOR POLY(DA)

According to conformational studies on polynu-
cleotides,1, 12 the ribose ring of ribonucleosides usually
takes the C3′-endo puckering and the ribose in deoxyri-
bonucleosides takes the C2′-endo puckering. Here,
the C3′-endo puckering (or N-type) is a ribose puck-
ering in which the C3′ carbon is out-of-plane project-
ing out toward the same direction of the base moi-
ety, and the C2′-endo puckering (or S-type) is defined
in the same manner (see Figure 2). Torsional free-
dom around the glycosidic bond greatly differs between
C2′-endo and C3′-endo. The C3′-endo puckering only
takes the anti conformation which causes the Watson–
Crick hydrogen-bonding sites to be directed far away
from the ribose ring. The C2′-endo puckering enables
the base to rotate rather freely and to take both anti
and syn conformations. The syn form is an almost
reverse position of the anti form, with Watson–Crick
hydrogen-bonding sites now oriented towards the ri-
bose. Generally, the anti form is more preferable than
the syn form, however, the stability difference depends
on the base molecules and the atmosphere surround-
ing the molecules. When the base is adenine, anti is
more preferable than syn. The energy difference be-
tween those (anti and syn) is only 0.3 kcal mol−1,12

small enough to convert each other. The electrostatic
interaction between the phosphate anions plays an im-
portant role to determine the polynucleotide conforma-
tion, especially, the salt concentration dependence of
the conformation. The distance between the adjacent
phosphate anions is about 5.9 Å for the C3′-endo puck-
ering, while 7.0 Å for the C2′-endo puckering.1 There-
fore, C2′-endo is more preferable in lower salt concen-
trations than C3′-endo, because electrostatic repulsion
is less sealed in the lower salt concentration. The sugar
puckering and the glycosidic bond angle are not de-
fined as one conformation, but as a group of confor-
mations having a similar steric parameter.12 Polynu-
cleotide chains contain C2′-endo and C3′-endo at the
same time.

Circular dichroism in the 240–300 nm wavelength
range reflects the spatial relationship between the ad-
jacent bases along polynucleotides through the interac-
tions between the induced dipole moment of the bases.
Olsthoorn et al.13, 14 extensively studied the relation-
ship between the CD spectra and the chain confor-
mation of poly(dA) determined by NMR, and found
that the poly(dA) chain consists of C2′-endo and anti
(SdA) as a major species and C3′-endo and anti (NdA)
as a minor one, and with increasing the chain length,
the population of NdA essentially vanishes.15 Since the
population of NdA–NdA should be negligible, only two
combinations for the adjacent bases essentially deter-
mine the CD spectra, that is, SdA–SdA and SdA–NdA se-
quences. The CD spectra for SdA–SdA and SdA–NdA

sequences are characterized to have a strong negative
band at 250 nm and a weak positive band at 280 nm,
and a strong negative band at 250 nm and a strong pos-
itive band at 260 nm, respectively.
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Figure 3. Comparison of the CD spectra in three solutions containing poly(dA) (non-salt and neutral: (a), 1 M KCl: (b), and 2 M KCl:
(c)) at 5, 60, and 95 ◦C. For reference, poly(A) is shown in panel (d). In all panels, the solid and dotted lines represent the CD spectra for
poly(dA) and the mixtures of poly(dA) and s-SPG.

EXPERIMENTAL

High-purity grades of NaCl, KCl, DMSO, D2O,
and formamide were purchased form Wako Chemical.
Poly(dA) and poly(dT) were obtained from Amersham
Phamacia and the degrees of polymerization, based on
reported sedimentation velocities, were about 250 and
300, respectively. According to the previous work,9

the poly(dA) base number of 250 was considered suf-
ficient to ignore the chain end effect. The schizophyl-
lan sample was kindly provided by Taito Co. in Japan.
The molecular weight of s-SPG was 1.5× 105, i.e., 231
repeating units. A mixture of poly(dA) and s-SPG
was prepared by adding a DMSO solution of s-SPG
to an aqueous solution of poly(dA). Final concentra-
tions of poly(dA) and s-SPG were 5.3× 10−3 g dL−1

and 5.0× 10−2 g dL−1, respectively. The volume frac-
tion of water in the mixture was 0.91 for all samples.
Before measurements, all samples were annealed at
5 ◦C for 6–10 d. The CD and ultraviolet absorbance
(UV) spectra in the 240–300 nm region were measured
at 0–95 ◦C on a Jasco J-720WI spectropolarimeter and
Jasco V-570 UV/VIS/NIR spectrophotometer, respec-
tively. The CD and UV spectra depended only on the

salt concentration, and the difference in cations did not
provided any change. Tm was determined according to
the established method.4, 9, 10

RESULTS AND DISCUSSION

Conformational Transition on Heating in Non-Salt and
Neutral Solutions

Figure 3 presents the CD spectra in three solutions
containing poly(dA) (non-salt and neutral: (a), 1 M
KCl: (b), and 2 M KCl: (c)) at 5, 60, and 95◦C. For
comparison, the poly(A) system is presented in panel
(d). In all panels, the solid and dotted lines repre-
sent the CD spectra for poly(dA) and the mixtures of
poly(dA) and s-SPG. Here, the mixture does not neces-
sarily means the complex, but it may just consist of s-
SPG and polynucleotide, individually. Hereinafter, we
denote the complex and mixture as poly(dA)/s-SPG and
poly(dA) + s-SPG, respectively. s-SPG is CD inactive
at this wavelength, so that all change in CD should be
ascribed to conformational changes in poly(dA).

In panel (a-1), there is considerable spectral differ-
ence between poly(dA) and poly(dA)/s-SPG. The spec-
trum of poly(dA) exhibits a typical feature for SdA–
SdA, showing a strong negative band at 250 nm and a
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weak positive band at 280 nm. Poly(dA)/s-SPG demon-
strates an exciton-couple type band, showing a strong
positive band at 283 nm and a new negative band at
265 nm. In the previous communication,9 this spec-
trum was denoted as HL (see appendix) and, as far as
we know, we have never seen such a spectral shape for
poly(dA) and its derivatives. This is characteristic of
the poly(dA)/s-SPG complex. On considering the ori-
gin of the CD spectrum in this range, the appearance
of the new spectra suggests that the spatial relationship
between the adjacent adenine moieties is drastically al-
tered upon the complexation. The movement of the
adenine in poly(dA) is achievable because the pucker-
ing in poly(dA) is C2′-endo. Thus the rotation around
the glycosidic bond is allowed. Although determination
of the exact torsional angel is impossible from CD data,
the vanishing 250 nm negative band (characteristic of
anti for both C2′-endo and C3′-endo) suggests that the
syn form is one possibility for this novel CD pattern in
the complex. We can thus conclude that the complexa-
tion induces the movement of the adenine from anti to
a completely new form (maybe syn); as a consequence,
the CD spectrum is drastically changed on the complex-
ation. The spectral changes upon the complexation for
poly(dA) are quite contrast with poly(A) (d-1) in which
the complexation does not change the spectral shape
but it only enlarges the intensity. This contrast between
poly(A) and poly(dA) can be ascribed to the difference
in the ribose puckering between poly(A) and poly(dA);
therefore, the puckering in poly(A) is C3′-endo so that
only anti is allowed.

At 95 ◦C in the non-salt and neutral solution, the
poly(dA) in the complex undergoes conformational
transition HL to H before the dissociation of the com-
plex. Panel (a-2) presents the CD spectrum for H at
60 ◦C (dotted line), clearly showing considerable dif-
ference from HL (dotted line in a-1). Comparing with
the CD spectrum of SdA–NdA reported by Olsthoorn et
al.,13 H is identical to their spectrum, having a strong
negative band at 250 nm and a strong positive band at
260 nm. Therefore, H can be ascribed to a poly(dA)
conformation containing C3′-endo and anti as a minor-
ity among the majority of C2′-endo and anti.

Salt Concentration Dependence of the Poly(dA) Con-
formation

When we increased KCl concentration at 5◦C (com-
pare (a-1), (b-1), and (c-1) in Figure 3), the poly(dA)
spectrum (solid line) increases the intensity around
275 nm with maintaining the 250 nm negative band.
This indicates that there is a new conformation in the
higher salt solution. Hereinafter, we label it as SA.
In comparison of the solid lines between (c-1) and (d-

1), the overall spectral shape of SA is quite similar to
that of poly(A). In the previous work,1 poly(A) takes
C3′-endo and anti, so that the similarity suggests that
poly(dA) also takes C3′-endo and anti in the 2 M and
1 M KCl solution. This is a reasonable conclusion from
the standpoint that the salts reduce the electrostatic re-
pulsion between the phosphate anions. The distance be-
tween the adjacent phosphate anions is about 5.9 Å in
C3′-endo, while it is 7.0 Å in C2′-endo. Therefore, in
the non-salt solution, C2′-endo is more preferable than
C3′-endo and this seems the main reason why poly(dA)
takes C2′-endo in the non-salt solution. When a suit-
able amount of salts is added, the electrostatic repulsion
becomes less important and other factors determine the
conformation.

When we examine the salt-concentration dependence
of the spectrum for poly(dA) at 5◦C [solid lines in (a-
1), (b-1), and (c-1) in Figure 3], the spectrum changes
from SdA to SA between 0 and 1 M KCl. The com-
plex maintains HL at 1 M KCl and the spectral change
occurs between 1 and 2 M. In 2 M KCl, the spectrum
of the complex seems to consist of H and SA. This in-
dicates that the poly(dA) chain in the complex takes
almost C3′-endo and anti in 2 M KCl. When we in-
creased temperature in 2 M KCl, H was maintained and
the 275 nm positive band disappeared, indicating that at
2 M KCl, the H conformation dominates at all temper-
atures. Therefore, there is no conformational transition
on heating in the 2 M KCl solution.

Figure 4 summarizes the salt concentration depen-
dence of the CD spectrum of poly(dA)/s-SPG, com-
pared with that of poly(dA). At the low temperature
and low salt concentration, the poly(dA) in the complex
takes the HL form, which is estimated to be C2′-endo
with the different torsional angle from the anti form.
With increasing temperature, HL changes to H, which
bears characteristics of C3′-endo and anti as a minor-
ity among the majority of C2′-endo and anti (i.e., SdA–
NdA). When the salt concentration is increased, the
spectrum changes to combination of SA and H, with
disappearing HL at 5 ◦C and H form is dominated at
60 ◦C.

Melting Behavior of the Complex and Comparison with
Poly(dA)/Poly(dT) Duplex

Figure 5 compares the temperature dependence of
UV absorbance at 257 nm for poly(dA), poly(dA) + s-
SPG in non-salt and neutral, and poly(dA) + s-SPG in
2 M NaCl. For poly(dA), the absorbance increases with
increasing temperature, due to the decrease in the helix
content in the original C2′-endo and anti form.1, 12, 13, 16

For poly(dA) + s-SPG in non-salt and neutral, the ab-
sorbance at 0 ◦C is lower than that of poly(dA) because
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Figure 4. Summary of the salt concentration dependence of the CD spectrum of poly(dA)/s-SPG, compared with that of poly(dA).

s―SPG

Figure 5. Temperature dependence of UV absorbance at
257 nm for poly(dA), poly(dA) + s-SPG in the non-salt and neutral
solution, and poly(dA) + s-SPG in 2 M NaCl.

of the hypochromic effect due to the complexation. On
heating, it stays at a lower value than that of poly(dA)
at T = 0–50 ◦C, then increases to the same value with
poly(dA), and again shows the lower absorbance than
that of poly(dA) in T = 60–95◦C before the dissociation
of the complex. The disappearance of the hypochromic
effect is consistent with the conformational transition
before melting. In sharp contrast to the non-salt and
neutral solution, the complex in 2 M NaCl dose not
show such disappearance. There is thus no conforma-
tional transition.

Figure 6 plots Tm against NaCl concentration com-
paring between poly(dA)/s-SPG and poly(dA)/
poly(dT). When NaCl concentration is less than 5 mM,
there is no hybridization for the poly(dA) + poly(dT)

s―SPG complex

Figure 6. Comparison of NaCl concentration dependence of
Tm for poly(dA)/poly(dT) duplex and poly(dA)/s-SPG complex.

mixtures, Because both poly(dA) and poly(dT) are
polyanions, so that the electrostatic repulsion between
the cations has to be shielded by salts in order to form
the duplex.1, 17, 18 With increasing NaCl concentration
([NaCl]), Tm increases 100 ◦C at [NaCl] = 2 M. Tm

of the complex is insensitive to [NaCl], compared to
the poly(dA)/poly(dT) duplex. For the complex, Tm

increases from 65 to 75◦C when [NaCl] increases from
0 to 2 M. This may be the schizophyllan chain having
no electrical-charge so that there is no electrostatic
repulsion between s-SPG and poly(dA). The small
increment in Tm in the complex is contrast to that of
PNA/DNA complex, in that Tm decreases slightly with
increasing [NaCl].19, 20 PNA is a peptide nucleic acid in
which the phosphodiester backbone has been replaced
by a pseudo-peptide chain, so that there is no electronic
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Figure 7. Temperature dependence of the CD spectra for poly(dA) and poly(dA) + s-SPG in (e) 10% formamide and (f) D2O solution.

change in the chain.21 The reason for increase Tm with
increasing [NaCl] is not clear, but possibly related to
the conformational change in poly(dA).

Addition of D2O or Formamide
Figure 7 shows the temperature dependence of the

CD spectra for poly(dA) and poly(dA) + s-SPG in aque-
ous solution containing 10 vol% formamide/DMSO
and in D2O/DMSO. Formamide cleaves the hydro-
gen bonding. Poly(dA) decreases the CD intensity at
250 nm, suggesting decrease in the helix content. As
shown in (e-1), the CD spectrum of the complex in the
formamide solution at 5◦C is quite similar to that of
the non-salt and neutral solution at 60◦C. On compar-
ing (e-1) and (a-2), formamide induces the same effect
as increasing temperature. The addition of formamide
enlarges the H conformation range.

When we exchanged the solvent for D2O (Figure 7
(f-1)), the CD spectrum at 5◦C is essentially the same
as that of the H2O system. However, the HL form is
not replaced by the H form at 60◦C (see (f-2)) and the
transition temperature form HL to H can be evaluated
to be 72 ◦C, which is 12 ◦C higher than that of the H2O
system. Therefore, D2O induces the same effect as de-
creasing temperature.

SUMMARY

The relationship between the conformation and sol-

vent for the poly(dA)/s-SPG complex was exam-
ined. The diverse and complicated CD spectra for the
poly(dA)/s-SPG complex can be explained by the con-
formational diversity of the ribose puckering and the
freedom of the torsional angle of the glycosidic bond
for the adenine. This new sight should broaden our
horizon to understand the novel interaction between
polysaccharides and polynucleotides.

APPENDIX

Figure 8 shows the CD spectral change on heating
for the poly(dA)/s-SPG complex. The spectra at 0◦C
are different from those reported in the previous pa-
per. The previous HL spectrum had a small negative
band at 250 nm, whereas, the present one, a positive
shoulder around 250 nm. The low temperature spec-
trum for poly(dA)/s-SPG (i.e., HL) was subsequently
found to depend on annealing conditions. The longer
annealing time provides the smaller negative band at
250 nm and one week is sufficient for saturation. In
this work, all samples were left at 5◦C for at least one
week and longer than one week did not provide an ap-
preciable change in the CD spectrum. As shown in the
figure, the spectra obtained in the temperature range of
0–60 ◦C (upper panel) have isosbestic points at 257 and
280 nm, and those at 65–90◦C (lower panel) have isos-
bestic points at 254 and 270 nm. The upper panel is
totally different from the lower panel. These isosbestic
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Figure 8. Temperature dependence of the CD spectra for
poly(dA) + s-SPG in non-salt and neutral solution. Upper panel
shows the changes between 0–60 ◦C and the lower panel, 65–90 ◦C.

points indicate that the CD spectrum involves two com-
peting conformations in equilibrium and one conforma-
tion becomes dominant on heating. Figure 8 thus con-
firms the poly(dA) chain in the complex undergoes a
conformational transition on heating below Tm of the
complex, and the low and high temperature forms are
designated as HL and H, respectively.
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