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ABSTRACT: A marked shoulder observed around 300 pN in the force—extension curves of 1-carrageenan
is a fingerprint of a chair-to-inverted chair conformational transition of the 1—4-linked a-D-galactose
ring. This shoulder disappears in the force—extension curve when an oxygen bridge is introduced over
such a galactose ring in «- and (-carrageenan. This is due to the spatial barrier of the oxygen bridge
resulting in the inhibition of the conformational transition of galactose ring, as predicted by theory. Here
we demonstrate it experimentally by monitoring the fingerprint of this conformational transition in the

single molecule by atomic force spectroscopy.

Introduction

With the development of piconewton instrumentation,
a series of elegant single-molecule experiments have
been carried out, and much new information on the
molecular scale has been obtained by taking advantage
of atomic force microscopy—single molecule force spec-
troscopy,!=2 such as the chair-to-boat conformational
transition of individual glucopyronose ring, 246 the
splitting of the helical structure,”~1° the unfolding of the
immunoglobulin titin domain,?! and the host—guest
interaction force,? even accurately measuring the rup-
ture force of silicon—carbon and sulfur—gold bonds
which cannot be obtained accurately by conventional
methods.? The method has also been extended to study
the nanomechanical properties of synthetical polymers
and some natural biomaterials.}4~17

Force-induced transitions between the chair and boat
conformers of the glucopyranose ring structure of single
polysaccharide molecule have recently aroused increas-
ing interest.14~6 Pyranose-based sugars have two dis-
tinct conformations, chair and boat, separated by an
energy barrier of about 5—8 kcal mol~1.18 Under an
external force, the chair conformer, the most stable
conformation of the glucopyranose ring, can transform
into a boat conformer after passing over the energy
barrier. A conformational change between the chair and
boat form of the glucopyranose ring would present a
sudden elongation of the molecule in polymers of a-D-
glucopyranose, such as amylose, due to a prominent
enthalpic component of the elasticity of the molecule,4-%
as indicated by a marked shoulder in each force—
extension curve. This enthalpic component results from
an increase in the distance between glycosidic oxygen
atoms caused by a force-induced transition between the
chair and boat conformations of the glucopyranose
ring.14=6 But the 1—4-linked $-p-glucopyranose, such
as carboxymethylcellulose,>” a structure isomer of amyl-
ose, will not generate any torque during this conforma-
tional transition under an external force as a result of
no shoulder appearing in the force extension curves. In
the polysaccharides with galactose which has a 1a—4a-
linked polysaccharide chain, such as pectin, a chair—
boat—inverted chair conformational transition would
occur under the external force, and a two-step shoulder
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would appear in the force curve.® Theory predicts!® that
due to the spatial barrier, the force-induced conforma-
tional transition of the pyranose ring will not occur if
an oxygen bridge is introduced over this ring, but this
has not yet been demonstrated experimentally.

Here, taking advantage of an advanced piconewton
instrument—single molecule force spectroscopy and
monitoring the fingerprint of the conformational transi-
tion of galactose, it was possible to demonstrate that
the conformational transition is inhibited by the oxygen
bridge over the galactose ring.

Experiment Section

Sample Preparation. -Carrageenan from Eucheuma Spi-
nosa, k-carrageenan from Eucheuma Cottonii, and A-carrag-
eenan were all purchased from Sigma. Deionized water was
used in all preparation steps and experiments. «-, 1-, and
-carrageenan were all dissolved in deionized water directly
with stirring for half an hour (ambient temperature). The
concentration of all samples was about 0.15 mg mL~%. About
0.2 mL of solution was cast onto a clean glass slide (1.8 cm x
1.8 cm), which was cleaned by sonication for about 10 min in
toluene, chloroform, acetone, alcohol, and deionized water. The
sample was kept in a humid chamber for about 8 h, and then
the surplus solution was poured out and rinsed with deionized
water. The sample was then used directly for force measure-
ment. Deionized water was used as the buffer in experiment
(except special mentioned). The probability to get chain
stretching from the sample made above is very small, about 5
in 100 approaching and retracting cycles. This indicates the
possibility to obtain the single-molecule stretching upon the
sample made above. All experiments were conducted at
ambient temperature (about 20 °C).

Force Measurements. The experimental details on our
home-built AFM apparatus have been described elsewhere;?720
it has been demonstrated that the extensibility of individual
molecule could be measured. Briefly, when an AFM tip is
brought into contact with a polymer sample that was im-
mobilized on a substrate, binding of a single molecule can be
achieved due to the molecular dimensions of the tip apex. Upon
retraction, the polymer is stretched and the restoring force is
measured as a function of the separation distance, resulting
in a force—extension curve.

The spring constant of each individual AFM tip (DI, Santa
Barbara, CA) was calibrated in solution, by measuring the
amplitude of the thermal fluctuations.?*?? Spring constants
varied between 60 and 80 mN/m. The stretching and relaxation
rates both are 5.388 um/s in all experiments. Polysaccharide
molecules were picked up with an untreated SizNs AFM tip.
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Scheme 1. ldeally Repeating Units of the Primary
Structures of Three Kinds of Carrageenan?
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a All of them are identical in one part of the repeating unit,
the 1,3-linked -D-pyranose ring. There is an oxygen bridge
over the 1—4-linked a-p-galactopyranose ring in the other part
of the repeating unit of - and (-carrageenan, while no such
bridge exists in the main chain of A-carrageenan.
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Figure 1. Typical force—extension curves with a shoulder of
A-carrageenan.

Since the polysaccharide molecules were not anchored at the
ends, the apparent length of the molecule picked up varies.

Result and Discussion

Mechanic Properties of A2-Carrageenan. The pri-
mary structure of «-, -, and A- carrageenan are shown
in Scheme 1.2324 The typical force—extension curve of
A-carrageenan is shown in Figure 1, from which it can
be seen that a shoulder about 300 + 50 pN high
appeared in each force—extension curve. Since the
polysaccharide sample was polydisperse and the point
at which the polymer chain adsorbs to the tip is
distributed randomly along the polymer chain, the
contour of the polysaccharide chains stretched to dif-
ferent lengths.

To compare the force—extension relationship of poly-
mers of different contour length, the force—extension
traces normalized by their lengths and superimposed?
were plotted in Figure 2. The normalization process was
done as usual;®° herein, for each force curve we selected
a force value (for example 530 pN), then we obtained a
corresponding length value, and after that the extension
of the force curve was divided by that length. The good
superposition of these curves clearly shows that the
elastic properties of such polysaccharide chains scale
linearly with the contour length, and all filaments show
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Figure 2. Well normalization of the force curve shown in
Figure 1.
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Figure 3. Force curve with shoulder can be well fitted by the
modified FIC model before and after the shoulder (dotted line
is the fitted data).

a transition at the same force. This is one of the criteria
of single chain stretching.1.9.16.17

A modified freely jointed chain (FJC) model was used
to describe the extension of the polymer and the entropic
restoring force generated.14162526 The modified FJC
model treats a macromolecule as a chain of statistically
independent segments of lengths Ix (Kuhn length), and
the segment can be deformed under stress:

sOeoth( | R)- BN, )

I(.\‘eyment

where F is the external force acting on the polymer
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Figure 4. Reversible experiment of the single A-carrageenan
elongation, which shows the conformational transition is a
reversible process.

chain, x is the extension of the polymer chain (end-to-
end distance), Lcontwur iS the contour length of the
polymer chain, n is the number of monomers in the
filament, kg is the Boltzmann constant, and T is the
temperature. The deformability of segments is charac-
terized by a specific parameter, the segment elasticity,
Ksegment. The elasticity of a modified FJC chain is
dominated by the entropic contribution at low forces,
and at high forces the elasticity is dominated by
enthalpy.

Although the contour lengths Lcontour Of the polymers
varied, the force curve obtained from different experi-
ments with different cantilevers all can be fitted by the
modified FIC model before the shoulder and after the
shoulder. A typical simulation force curve is shown in
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Figure 3. The adjustable parameters of the modified
FJC model are the Kuhn (segment) length, I, and the
elasticity of each individual segment, Ksegment. In the low
force region (below the shoulder), the A-carrageenan
molecule is well described by the modified FIJC model
with a Kuhn length of Iy 1.05 nm and segment
elasticity Ksegment = 17 = 1 nN nm~2. In the high force
region (above the shoulder), it also can be fitted by such
model and get I, = 1.18 nm and Kgsegment = 41 £ 1 nN
nm~1. On the basis of the good normalization and almost
the same fit parameters from the modified FJC fit for
all measured A-carrageenan strands, we believe that
predominantly individual filaments are measured in the
experiment described.!

When single A-carrageenan molecules were repeti-
tively stretched and relaxed, as shown in Figure 4, there
was no hysteresis, indicating that the transition has
only a low activation barrier and that the experiment
is carried out under equilibrium conditions. To do such
reversible experiment successfully, a strand should ad-
sorb onto the tip first and should not detach from the
tip before relaxation. The reversible experiment also
strongly confirms that such a shoulder is a characteristic
property of single A-carrageenan molecules during the
elongation.

Sometimes a force curve such as shown in Figure 5a
was obtained. Three force signals appeared. They all
show a same character with a shoulder in each signal.
This is ascribed to multichain adsorption, the chains
being elongated one at a time. Each force signal can be
well normalized according to their contour length, as
shown in Figure 5b, which further confirms that such
a shoulder is a characteristic property of a single A-car-
rageenan molecule. We varied the velocity of stretching
and relaxing between 0.538 and 5.388 um/s; no obvious
change is observed in the force curve of 1-carrageenan.

.
4000 — 2
-2000 |
T T T T T
[ 0 400 500 800
2000 - Extension (nm)
(a)
z
2
] —
g 0
w
-2000 —
I I T I I
0 1 2 3 4

Normalized length (angstrom)

(b)

Figure 5. (a) Force curve with three force signals shows a shoulder in each force peak. (b) Well normalization of these three

force signals.
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Figure 6. (a) Typical force—extension curves of (-carrageenan without a shoulder. (b) Well-fitted force curve of -carrageenan by

the modified FJC model (dotted line is the fitted data).
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Figure 7. Well normalization of the force curves obtained in
the (-carrageenan.

Single-Chain Elongation of (-Carrageenan. The
typical force—extension curve of i-carrageenan is shown
in Figure 6a, which shows a sharp increase in each force
profile when the extension approaches the contour
length of the strand being stretched. The force curve
can be well fitted by the modified FIC model as shown
in Figure 6b and almost shown the same fitted param-
eters. The Ksegment Of t-carrageenan is around 40 + 2 nN
nm~1, and the Kuhn length is about 1.32 nm. Both the
normalization shown in Figure 7 and the use of fitted
parameters by the modified FJC reflect the stretching
realized of a single chain in the experiment.

Inhibition of the Conformational Transition of
the Galactose by the Oxygen Bridge. Comparing the
force profile obtained of (-carrageenan with those of
A-carrageenan, the remarkable difference is that no
marked shoulder appears for the (-carrageenan stretch-

ing. Since the primary structure of these two kinds of
carrageenan are the same except for an oxygen bridge
in the 1—4-linked a-p-galactose ring of (-carrageenan,
we conclude that the difference of the two kinds of force
curves may be ascribed to this oxygen bridge.

Marszalek and Li et al.1#~6 have thoroughly studied
the force-driven conformational transition of polysac-
charides and have shown that the glycosidic bonds are
equatorial (e); the torque is zero, causing no conforma-
tional change. However, when the glycosidic bond is
axial (a), a torque is generated, causing a rotation
around C—C bonds and a conformational change.® In
these three Kkinds of carrageenan, one part of the
repeating units is 1—3-linked -p-galactose, which has
both glycosidic and aglycon bonds in the equatorial
orientation. Such a 1e—3e-linked galactose would lead
no marked shoulder in the force curve. In A-carrageenan,
the O-4-substituted monomer has both glycosidic and
aglycon bonds in the axial orientation, which would lead
to a chair—inverted chair conformational transition
under the external force and yield a marked shoulder
in the force—extension curves, as shown in Figure 1.
However, no two-step shoulder has been observed,®
which may be attributed to the heteropolymer in the
main chain of A-carrageenan.?’” Because of the spatial
barrier, this marked shoulder disappears when an
oxygen bridge has been introduced over the 1—4-linked
o-D-galactose ring as in «-carrageenan. The force profiles
obtained from (-carrageenan are well fitted by the
modified FJC (shown in Figure 6b), showing no measur-
able enthalpic component. Since the force curves of
-carrageenan do not show any marked shoulder which
is a criterion of the conformational transition of the
1—4-linked a-D-galactose ring during the stretching, it
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Figure 8. (a) Typical force curves obtained from «-carrageenan similar to those obtained (-carrageenan in shape. (b) Well-fitted
force curve by the modified FJC model (dotted line is the fitted data).
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Figure 9. Well normalization of the force curve shown in
Figure 8a.

may be concluded that the chair-to-inverted chair
transition of the 1—4-linked a-D-galactose ring in A-car-
rageenan is inhibited by the introduction of an oxygen
bridge over the galactose ring in (-carrageenan. The
stretching and relaxing experiments here also demon-
strate that this conformational transition is reversible.

To confirm this hypothesis, we used «x-carrageenan as
a control since it contains the same galactose links in
the main chain as «-carrageenan, differing only in the
number of the sulfate substituent. The force—extension
curve in Figure 8a is typical for «k-carrageenan, which
shows a similar elastic property, without a measurable
enthalpic component, as t-carrageenan. These force
curves with different contour length in Figure 8a also
can be well normalized as shown in Figure 9. The force
curves can also be well fitted by the modified FIC model
with same fitting parameters, as illustrated in Figure

8b, indicating that «-carrageenan behaves like an ideal
random coil.1617 The segment elasticity of «-carrageenan
is around 41 £+ 1 nN nm~%, similar to that of «-carrag-
eenan. It is understandable that the mechanical proper-
ties of these two polysaccharides are similar since they
contain the same galactose rings in the main chain. The
absence of a shoulder in the typical force profile of
k-carrageenan further confirms the hypothesis that the
disappearance of the marked shoulder in the (-carrag-
eenan is due to the oxygen bridge over the galactose.

In the single-molecule force spectroscopy of PEG and
PVA, the force curve with a kink has been observed
which is attributed to the unwinding of the inter- or
intrachain hydrogen bonds. To eliminate the probability
that the shoulder here in A-carrageenan is also ascribed
to the hydrogen bonds, 8 M urea was used in the
experiment due to break the hydrogen bonds. However,
a similar force curve with a plateau obtained also with
the sample in 8 M urea may indicate that the shoulder
in the force curve is due to the nature of the main chain,
also characterizing conformational transitions in other
polysaccharides.4~6

Conclusion

By comparing the force—extension curves obtained
from the three kinds of native carrageenan, we show
that the chair-to-inverted chair transition of the 1—4-
linked o-D-galactose ring is inhibited by the introduction
of an oxygen bridge over the galactose ring. Theoreti-
cally, it is understood that this conformational transition
of the six-member galactose will be inhibited by the
spatial barrier of the oxygen bridge over the galactose
ring. Here, we have proven it experimentally by taking
advantage of the advanced development of a piconewton
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instrument. By studying marked differences in the
mechanical properties of the same species and modifying
its structure, we may gain an understanding of the
nanomechanics and even related functions of biomac-
romolecules.
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