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Abstract—An oligomaltose-carrying polystyrene “‘glycoconjugate polystyrene” was synthesized by the homopolymerization of 4-
vinylbenzylamine oligomaltonic amides, derived from maltose, maltotriose, maltopentaose, and maltoheptaose. The resultant
amphiphilic glycoconjugate polystyrenes were dissolved in 0.1 M aqueous urea, and their structures characterized by small-angle
X-ray scattering and molecular modeling. “Glycoconjugate polystyrene” was found to behave as a “molecular bottle brush”, com-
posed of a large pseudo-helical polystyrene backbone and carbohydrate brushes. A large pseudo-helical polystyrene backbone is
formed by a random sequence of TT, TG, and/or TTGG. The results indicate that the cross-section of a backbone chain with smal-
ler oligosaccharide side-chains is obliged to expand more than that with longer side-chains. Even with rigid hydrophilic pendant
oligosaccharide chains, the larger pseudo-helix of the main chain could orient the side-chains so as to envelop the hydrophobic back-
bone in aqueous solution. Thus the conformation of the main chain is determined not only by the chemical nature of an oligosac-

charide chain but also by its length.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Considerable attention has been paid to the molecular
design of biofunctional materials carrying a ligand on
synthetic polymers.' Those novel materials are expected
to have biomedical applications in cell separation, cell
culture, as drug delivery agents, and as artificial anti-
gens. Carbohydrates are important candidates as
ligands or recognition signals, and thus efforts have
been focused on developing a convenient synthetic
route> for amphiphilic glycoconjugate polymers by
arranging hydrophobic polystyrene as a main chain
bearing pendant hydrophilic oligosaccharides. Such syn-
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thetic glycoconjugate polymers (oligosaccharide-carry-
ing polystyrene derivatives) have indeed been found to
function as highly sensitive ligands. Here, highly concen-
trated multiantennary glyco signals along the hydropho-
bic main chain enhance the interaction with various
types of carbohydrate-binding proteins. The enhance-
ment is also attributed to the presence of the hydropho-
bic phenyl component, but its active role has not been
clearly explained.® However, it can be postulated that
the activity depends on the chain conformation of a gly-
coconjugate polymer in water.

The glycoconjugate polystyrene derivative is classified
as a type of comb-shaped polymer termed a polyma-
cromonomer, where relatively long branches extend
from the backbone chain at a regular intervals. As has
been found in most densely grafted polymacromonomers
of various combinations, a maltopentaose-carrying poly-
styrene derivative assumes the shape of a bottle brush in
0.1 M aqueous urea.* This molecular bottle brush is
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composed of a large pseudo-helical polystyrene back-
bone and maltopentaose brushes. The molecular bottle
brush seems to be broken once or twice in segments with
no apparent inter-segmental spatial correlation. A large
helix of polystyrene is formed by a random sequence of
TT, TG, and/or TTGG, because the maltopentaose-car-
rying polystyrene derivative is atactic and its conforma-
tion should, in principle, be a random coil, that is, the
backbone-chain conformation is random as a whole,
but possesses distinct regions of pseudo-helical parts.

The present work examines the conformation of gly-
coconjugate polymers bearing pendant malto-oligosac-
charides by combining small-angle X-ray scattering
(SAXS) and molecular simulation. Particular attention
is paid to the effect of side-chain length on the main-
chain conformation, which may regulate the physiologi-
cal function of the side-chains.

2. Experimental
2.1. Materials

4-Vinylbenzyl malto-oligosaccharide amides (VMOA)
were synthesized from the respective malto-oligosacchar-
ides lactone by coupling with p-vinylbenzylamine, as de-
scribed elsewhere.” The radical homopolymerization of
VMOA yields malto-oligosaccharide-carrying polysty-
rene. Here we prepared four different types of malto-
oligosaccharide-carrying polystyrenes by varying the
number of maltose residues from 1 to 7. Those are malt-
ose-carrying polystyrene (PVMA), maltotriose-carrying
polystyrene (PVMTA), maltopentaose-carrying polystyr-
ene (PVMS5A), and maltoheptaose-carrying polystyrene
(PVM7A). The structures and sample codes of these
malto-oligosaccharide-carrying polystyrenes are sum-
marized in Figure 1.

2.2. X-Ray measurements

The SAXS measurements were carried out with the
SAXES?® installed at BL-10C of Photon Factory, Tsu-
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Figure 1. Chemical structures of PVMA, PVMTA, PVMS5A, and
PVMT7A.

kuba, Japan. The incident X-ray from synchrotron radi-
ation was monochromatized to 4=1488 A with a
double-crystal monochrometer, and then focused onto
the position of the detector with a bent focusing mirror.
The scattered X-ray was detected by a one-dimensional
position-sensitive proportion counter (PSPC) of a effec-
tive length 160 mm positioned at a distance of ~1.0 m
from the sample holder. The SAXS intensities were
accumulated for an appropriate period of time to attain
a sufficient signal-to-noise ratio. The exact camera dis-
tance was calibrated by using the diffraction peaks of
collagen fiber (the long period = 653 A) at the 6th, 9th,
and 11th orders. Data was collected on a CAMAC sys-
tem controlled by a personal computer system.

The scattered intensities were corrected with respect
to the variation of the incident X-ray flux by monitoring
the beam with an ionizing chamber placed in front of the
thermostated sample holder. The excess scattering
intensities were calculated by subtracting the scattering
intensities of solvents from those of solutions.

2.3. Modeling

A molecular model for maltopentaose-carrying polystyr-
ene (PVM5A) was generated by the use of the program
cerius2 ver 3.5 (BIOSYM/Molecular Simulations)
installed in a Silicon Graphics O2 series workstation.
The Universal Force field 1.02 was adapted for energy
minimization and molecular dynamics. The molecular
mechanics minimization was applied at first to a mole-
cular model constructed manually. The resultant model
from the molecular-mechanics minimization was
annealed by generating a thermal disturbance. The energy
minimization was then performed in a system containing
solvent by using a conjugate gradient algorithm, until
the root mean square force was less than 0.10 kcal/
mol A, or the number of minimization steps exceeded
3000 in the case of the initial minimization. The molec-
ular-dynamics simulation for annealing was conducted
in a constant volume under the conditions identical with
those described for energy minimization by molecular
mechanics. The temperature of the system was initially
fixed at 300 K, then increased to 500 K, and then cooled
to 300 K with the temperature increment or decrement
of 50 K per 50 steps. One cycle consisted of 50 steps at
each temperature from 300 to 500 K and then down to
350 K. The elapsed time for one step corresponds to
0.0010 ps. Thus the total simulation time amounts
2.05 ps.

The conformations of other glycoconjugate polystyr-
ene (PVMA, PVMTA, and PVM7A) were simulated
on the basis of that for PVM5A,* where the modifica-
tion was attempted by prefixing the pseudo-helical pitch
as described next in order to account for expansion of
the pseudo-helix with increase or decrease of the side-
chain length.



I Wataoka et al. | Carbohydrate Research 340 (2005) 989-995 991

The intrinsic scattering profile for glycoconjugate
polystyrene is proportional to the particle scattering fac-
tor, calculated from the atomic coordinates of the simu-
lated novel graft polymer molecule according to the
Debye formula Eq. 1.
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diq
where ¢ is the magnitude of the scattering vector given
by (4n/A)sin 0 with 0 and A being one half of the scatter-
ing angle and the wavelength of the incident X-ray,
respectively. g; Denotes an atomic scattering weight
approximately proportional to the atomic number, and
dy; is the distance between ith and jth atoms. The form
factor for the ith atom ¢{gq) is assumed to be given by
the form factor of a sphere having a radius equivalent
to a van der Waals radius of the ith atom as
bi(q) = 3[sin(R,q) — (R:q) cos(Rq)]
I (RiQ)3
with R; being the van der Waals radius of the ith atom.
Although the scattering interference term sin(d;;g/d;q) in
Eq. I implies an average over a statistical ensemble, the
particle scattering factor is calculated from a single mole-
cule simulated by the molecular dynamics. The system
is supposed to be ergodic, the space average should be
equivalent to the time average. Since the radius of gyra-
tion of a model molecule simulated by the molecular
dynamics hardly changes for the last 1000 steps, the con-
formation of a model molecule is regarded as almost
identical to the time-averaged conformation, which in
turn is equivalent to that averaged over a statistical
ensemble. The consistency of the present procedure
has been confirmed for several systems.®’ The observed
scattering profile should be modified by taking into
account the concentration-dependent factor and/or
the interference effect.

(2)

3. Results and discussion

Figure 2 shows the small-angle X-ray scattering (SAXS)
profiles from 2.0 wt. % PVMA, PYMTA, PVM5A, and
PVM7A in 0.1 M aqueous urea in the double-logarith-
mic plots. The effect of side-chain length was observed
in the intermediate ¢ range in the scattering profiles.
Here, as the side-chain is shorter, the decrease of scatter-
ing intensity in the intermediate ¢ range becomes less
marked. The SAXS profile reveals a characteristic mini-
mum, dependmg on the side-chain length at about
0.1A "< qg<0.2 A~'. The position of the scattering
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Figure 2. Double logarithmic plot for the glycopolymer solution with
PVMA, PVMTA, PVMS5A, and PVM7A in 0.1 M aqueous urea in
SAXS. The concentrations of each solution are the same (2 wt. %).

minimum seems to be characteristic of the type as well
as the length of oligosaccharide side-chains, as a lac-
tose-carrying polystyrene has shown the scattering min-
imum at ¢=0.23 A",

The scattering from a very long rod can be separated
approximately into two independent contributions of
the axial factor and the cross-sectional factor as®

I(g) = Lglc(q) (3)

where L is the length of a rod and I.(¢) the scattering
from a cross-section. The factor 1/¢ is characteristic of
the scattering from a needle with a negligible cross-sec-
tion. In the same way of the Guinier approximation,
the series expansion allows a following approximation
under the condition that gRy < 1.%

1e(q) ~ exp(—q’Rg./2) (4)

where Ry is the cross-sectional radius of gyration. Rg is
given by R, = R*/2 for a circular of a homogeneous
density, where R denotes a radius of the circular. Eq.
4 indicates that the cross-sectional radius of gyration
Ry can be evaluated from the slope in the plots of
In(¢l(q)) versus ¢° (the cross-sectional Guinier plot) in
an appropriate region of g (qRg. <1). The cross-sec-
tional Guinier plot is shown for a series of malto-oligo-
saccharide-carrying polystyrenes in Figure 3, and the
Rg. values evaluated from the scattering profiles are
summarized in Table 1. The longer the side-chain of
the malto-oligosaccharide-glycopolymer is, the larger is
the cross-sectional radius of gyration as qualitatively
expected.

The cross-sectional radius of gyration was found to
increase as

Ry o0x MY (5)

side-chain

in the polymacromonomer composed of a methylmeth-
acrylate main chain with polystyrene side-chains in
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Figure 3. Cross-sectional Guinier plots for PVMA, PVMTA, PVMS5A,
and PVM7A in 0.1 M aqueous urea (2% by wt). Full lines show the
Guinier approximation.

Table 1. Comparison of R, calculated from experimental profiles and
models having same backbone as PVM5A pseudo-helical model*

Sample R, From experimental (A) R, From model (A)
PVMA 14.6 10.9
PVMTA  15.6 13.7
PVMS5A 17.3 17.8
PVM7A 18.7 20.0

toluene, where Mgjge.chain denotes the molecular weight
of the side-chain.’ The cross-sectional radius of gyration
increases similarly as in Eq. 5 in malto-oligosaccharide-
carrying polystyrene as the molecular weight of side-
chains increases, but the exponent in Eq. 5 is smaller
in this case as evaluated to be 0.20, indicating a major
contribution to the cross-sectional radius of gyration
from the polystyrene backbone pseudo-helix, owing to
the insufficient length of pendant side-chains. The mal-
to-oligomers also assume a pseudo-helical conformation
composed of essentially random-coil sequences, so that
the characteristic ratio decreases somewhat with increas-
ing degree of polymerization (DP) up to DP ~ 7.'° The
decrease of the characteristic ratio is due to the small
increase of the end-to-end distance resulting from the
pseudo-helical nature of the malto-oligomer conforma-
tion. Since the side-chains are short (at most DP = 7),
the change of cross-sectional radius of gyration is pre-
dominantly due to that of the backbone pseudo-helix
composed of random-coil sequences. The formation of
a cylindrical shape is not due to the excluded volume
effect of side-chains as in the case of polymacromono-
mers,” but to the amphiphilic characteristics of the
glycoconjugate polystyrene composed of hydrophilic
side-chains and a hydrophobic backbone. Here the
hydrophilic pendant oligosaccharide should cover the
hydrophobic backbone polystyrene in water. That is,
the glycoconjugate polystyrene is thought to form a kind
of a cylindrical molecular micelle.

In order to elucidate the conformational characteris-
tics of a pendant oligosaccharide and a backbone
pseudo-helix, molecular models of three malto-oligo-
saccharide-carrying  polystyrenes (maltose-carrying
polystyrene PVMA, maltotriose-carrying polystyrene
PVMTA, and maltoheptaose-carrying polystyrene
PVMT7A) were constructed by computer on the base of
the skeletal pseudo-helix of maltopentaose-carrying
polystyrene PVMS5A. Here the skeletal pseudo-helix of
PVMOA serves as a standard, as it was proven by obser-
vation to yield an almost identical scattering profile.*
The cross-sectional radii of gyration of those malto-
oligosaccharide-carrying polystyrenes are plotted as
open circles in Figure 4. Pendant malto-oligosaccharide
chains are seen to stick out rigidly from the polystyrene
pseudo-helix. A large difference was observed between
the experimentally evaluated R, and the R, calculated
from the molecular models, based on PVM5A with
respect to the side-chain length dependence, indicating
that the conformational change may take place in the
backbone pseudo-helix as the length of pendant malto-
oligosaccharide varies. When the side-chain becomes
shorter, the backbone helix becomes thicker and shorter,
as indicated by the deviation of the calculated R, from
the observed R, being larger as in PVMTA and then in
PVMA. The cross-section of the skeletal pseudo-helix in
the lactose-carrying polystyrene is larger than that of
PVMS5A."" This result suggests that the conformation
of the main chain is determined not only by the type
of oligosaccharide chain but also by the length of the
oligosaccharide chain.

Further modification in each molecular model was
attempted by assuming an appropriate fixed length of
a cylinder (the end-to-end distance) to take into account
the observed tendency of conformational variation. At
first a molecular model composed of 32 monomers
was artificially constructed, where the end-to-end dis-
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Figure 4. The cross-sectional radius of gyration plots depends on the
side-chain length of maltose-carrying glycopolymer. Full circles denote
the experimental SAXS data. Open circles represent Ryc\, calculated
from the molecular model, based on a PVMS5A pseudo-helical
backbone chain.
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Figure 5. The molecular-weight dependence of the scattering profile
calculated for PVMA. No molecular-weight dependence was observed
when the DP exceeded 512. The dotted line, broken line, and line
represent DP = 256, 512, and 768, respectively.

tance was fixed at an appropriate length. The energy
minimization was performed by molecular mechanics
(MM) with constrain of the fixed end-to-end distance,
and then by the molecular dynamics (MD) under a con-
stant NVT in vacuum at 600 K with Universal Force
Field 1.02. In the second step, the end-to-end distance
was changed, and the energy-minimization process
repeated as just described. Eight molecular models com-
posed of 32 monomers were linked to yield a model of
degree of polymerization 256, and the energy minimiza-
tion was performed with constrain of the fixed end-to-
end distance by MM and then by MD as just described.
The scattering profile was calculated according to Egs. 1
and 2. The molecular weight dependence of the scatter-
ing profile was examined for PVMA (Fig. 5), where the
degree of polymerization was increased up to 768. Since
the molecular-weight dependence exhibits a minor effect
at ¢ <0.02 A™', the degree of polymerization was fixed
at 256 for further discussion, and the deviation at smal-
ler ¢ was corrected by taking into account large random
aggregates in terms of the Debye—Bueche type scattering
function:'?

a3

(1+aq)
where a denotes a measure for the average size of ran-
dom aggregates. Thus the total scattering profile is cal-
culated as the sum of a particle-scattering function,

Eq. 1, and the excess scattering due to random aggre-
gates Eq. 6 by

Tiotal (‘I) ~ Tintrinsic (q) + Lexcess (6]) (7)

The results are shown in Figures 6 (PVMA), 7
(PVMTA), 8 (PVM5A), and 9 (PVM7A), and summa-
rized in Table 2. Taking into account the effect of a small
amount of aggregation, the fitting is satisfactory, and

IR

Iexcess (Q) (6)
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Figure 6. Calculated and observed scattering profile for PVMA. The
dotted line and broken line represent Iliginsic(q) and lexcess(¢)s
respectively. A molecular model is shown at the bottom of the figure.

Ig)

Figure 7. Calculated and observed scattering profile for PVMTA. The
dotted line and broken line represent Iiginsic(q) and lexcess(9),
respectively. A molecular model is shown at the bottom of the figure.

the cylindrical shape of simulated molecular models is
consistent with the small-angle X-ray results. The results
confirm that the pitch of the pseudo-helical conforma-
tion of the backbone polystyrene becomes larger with
increasing length of the side-chain oligosaccharides,
although it is much smaller than that of polystyrene
crystals (see Fig. 10). That is, the glycoconjugate forms



994 1L Wataoka et al. | Carbohydrate Research 340 (2005) 989-995

T TTTTT

I@)

>

\ae,

G
\tfr‘ L

T

{0
@

5

Figure 8. Calculated and observed scattering profile for PVM5A. The
dotted line and broken line represent Iliginsic(q) and lexcess(q),
respectively. A molecular model is shown at the bottom of the figure.

Iig)
T T T

Figure 9. Calculated and observed scattering profile for PVM7A. The
dotted line and broken line represent Iiinsic(q) and lexcess(q),
respectively. A molecular model is shown at the bottom of the figure.

a thick cylindrical shape covered with carbohydrates.
Although the end-to-end distance of the malto-oligomer
side-chain scarcely increases with increasing DP at the
beginning, and not so much as expected from the
random-coil conformation,'” the radius of gyration
expands steadily, and the malto-oligomers become longer
with increasing DP.® In order to accommodate longer

Table 2. The pitch per degree of polymerization in models of fixed
length of a cylinder

Sample Pitch/DP (A)
PVMA 0.719
PVMTA 0.813
PVMS5A 0.903
PVM7A 1.094
2.0F TG
TTGG
1.5
<
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Figure 10. The side-chain length dependence of the pseudo-helical
pitch. The pitch of polystyrene helical structure is also shown in the
figure.

malto-oligomer side-chains, the main chain is obliged
to expand slightly in its axial direction and provide more
space for longer side-chains. The backbone chain is al-
most fully extended in the case of a polymacromonomer,
which possesses polymeric side-chains. The change of
pitch of pseudo-helical conformation seems to influence
the physiological activity of glycoconjugate polystyrene.
As observed by the circular dichroism data exhibiting
o-helix characteristics,’> a main-chain conformation
specifies the spatial arrangement of optically active
oligosaccharide side-chains (covalently linked by an
amide linkage to polystyrene backbone).

4. Conclusion

Glycoconjugate polystyrene assumes a pseudo-helical
conformation composed of random-coil sequences in
aqueous solution, where the oligosaccharide side-chains
stick out from the polystyrene backbone. The glycocon-
jugate polystyrene is optically active, and its whole
shape resembles a bottle brush. The diameter of the
pseudo-helix of the polystyrene backbone increases with
decreasing length of oligosaccharide side-chains in order
to cover the entire surface of hydrophobic polystyrene
backbone with side-chains. A specific physiological
activity (such as cell recognition) of glycoconjugate
polystyrene may depend on the length of the oligosac-
charide side-chains, which determines the spatial
arrangement of biofunctional carbohydrates.
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