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Abstract

Single-molecule force spectroscopy, especially as implemented on an atomic force microscopy (AFM) platform is unique in its ability to apply

small (F!10 pN) and large (FO1000 pN) stretching forces to individual polymer chains and in this way examines their elasticity and also reports

force-induced conformational transitions in whole polymers and in their building blocks. In this paper, we briefly review recent applications of

single-molecule force spectroscopy to the study of polysaccharides elasticity. We provide examples illustrating AFM measurements of solvent

effects on the hydrogen bonding and the elasticity of individual polysaccharides and how molecular dynamics simulation can aid the interpretation

of AFM results. We also discuss the use of single-molecule force spectroscopy in exploring ordered secondary structures of individual

polysaccharide chains and their multi-strand complexes.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The development of laser trapping techniques in the 1970s

and surface probe microscopy scanning tunneling microscopy

(STM and AFM) atomic force microscopy, in the 1980s

revolutionized polymer research in that it allowed not only

visualization but also mechanical manipulations of individual

polymer molecules. The uniqueness of atomic force

microscopy, among these techniques is in its capability of

applying very large stretching forces to individual polymers,

and in this way measuring their elastic properties not only in

the entropic regime characterized by the freely jointed chain

(FJC)-like behavior but also in various enthalpic regimes

characterized by large deviations from the FJC-type behavior,

where force-induced conformational transitions of whole

polymer chains and their components are triggered. These

types of stretching measurements of polymers evolved into

single-molecule force spectroscopy, which examines the

relationship between a polymer length (end-to-end distance)

and tension. Among biopolymers studied with the use of
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AFM-based single-molecule force spectroscopy, polysacchar-

ides revealed a particular wealth of conformational behaviors

that could be controlled by external forces [1–11]. For

example, AFM stretching measurements captured forced

chair-to-boat transitions of the pyranose ring in a-1,4 and a-
1,6-linked glucose-based polysaccharides such as amylose, and

dextran [2,4,7,12], chair-to-inverted chair transitions of a-D-
galactose in such polysaccharides as pectin [8] and l-carra-
geenan [10,11] and forced rotations around the C5–C6 bond of

D-glucose in b-1,6-linked pustulan [3].

Because polysaccharides have an abundance of hydroxyl,

acidic and charged groups they are prone to form

regular/ordered structures such as single or multiple helices

that are stabilized by hydrogen bonds, ionic bridges and also

van der Waals interactions. AFM measurements proved

invaluable in determining fingerprints of helical structures

generated by polysaccharides such as carrageenans [13]

Curdlan [14], and Xanthan [9] and even differentiated between

their ordered and random coil structures. Consistent with

previous measurements of the bulk properties of these

polysaccharides, single molecule studies with the AFM also

determined that their structures are profoundly affected by

solvents and ionic conditions of the solution. The scope of this

paper is to briefly review the recent progress in elucidating

solvent effects on the hydrogen bonding and the elasticity of

individual polysaccharide molecules and their complexes
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(multiple helices) obtained primarily by AFM-based single-

molecule force spectroscopy and molecular dynamics

simulations.

2. Materials and methods

2.1. Materials

Several polysaccharides were used in this study: amylose

(type III, from potato, Sigma-Aldrich), pectin (from citrus,

Sigma), pustulan (from lichen, Carbomer, San Diego, CA),

dextran (Pharmacia/Pfizer, Peapack, NJ). Amylose triacetate

was kindly provided by Prof. Yasuhiro Takahashi of Osaka

University, Japan. Polysaccharides were first dissolved in

proper solvent to form a solution at a concentration of

0.02–5%. To adsorb polysaccharide molecules onto a substrate,

a drop of solution was placed on a clean glass substrate and

dried. The sample was then rinsed intensely with water to

remove most of the molecules and leave only these, which

adsorbed tightly to the substrate [9]. The sample was placed in

the AFM and proper solvent (such as water (dielectric constant,

3Z80), dimethyl sulfoxide (DMSO) (3Z47.2), hexadecane

(3Z2.0), or dimethyl carbonate (DMC, 3Z3.1)) was injected

into the liquid chamber.

2.2. Single molecule force spectroscopy

Force spectroscopy measurements were carried out on a

home-made AFM instrument. This AFM was equipped with an

AFM detector head from the MultiMode AFM (Veeco, USA)

and a single-axis piezoelectric actuator with an integrated

strain gauge sensor from Physik Instrumente (Germany). The

spring constant of each Si3N4 cantilever (Veeco) was calibrated

using the energy equipartition theorem [15]. To pick up a

single polysaccharide molecule for stretching measurements,

the AFM tip was pressed against the substrate at a force of

1–40 nN for several seconds and subsequently withdrawn.

2.3. Steered molecular dynamic simulations

SMD simulations [1,3,4,6] of amylose, pustlan and dextran

and data analysis were carried out with the programs NAMD2

[16], XPLOR [17], VMD [18] and a new CHARMM-based

carbohydrate solution force field [19]. Briefly, AFM stretching

measurements on individual polymers are modeled in the SMD

protocol by fixing one terminal of the polymer and applying an

external harmonic potential to the other terminal. The center of

this harmonic potential moves at a constant velocity in the

stretch direction simulating the movement of the AFM

cantilever. For details on these simulations refer to [4].

2.3.1. Normalization of force–extension curves

Because the contour lengths of each polysaccharide

fragment, which is picked up randomly by the AFM tip, is

different, force–extension curves obtained by the AFM need to

be normalized to compare the results. Briefly, this extension

normalization procedure is based on the property of the
FJC-model that predicts chain extension at any force to be

proportional to its contour length. Thus, by assuming that the

extension of a polysaccharide chain, at a given force that is

common to all the recordings, is equal to one, we can eliminate

the dependence of the shape of the force curve on the particular

value of the contour length. Details are available in our

previous papers [1,6]. In addition, for these polysaccharides for

which we carried out SMD simulations we can use the SMD

results to normalize the chain extension with respect to a single

sugar ring. This is done by measuring, from the simulation, an

average projection of the distance between the consecutive

glycosidic oxygen atoms on the direction of the force at the

highest stretching forces (w3000 pN), at which conformation-

al transitions (if any) of the sugar rings have already completed

[1]. For example, the average distance between the oxygen

atom # 4 on the first ring and the oxygen atom #1 on the 10th

ring of an amylose fragment, projected on the direction of a

SMD force of 3270 pN was determined to be 55.7 Å, and this

length was found to be independent on the dielectric constant

of the solvent used in the simulation. This result gives an

average extension of amylose at FZ3270 pN to be 5.57 Å per

ring, which then can be used to normalize the experimental

force curves (assuming that the stretching force of 3270 pN or

greater was achieved experimentally). This normalization is

very convenient because it reports the elastic properties of

polysaccharide chains ‘per ring’ and can be used to compare

the results obtained on different fragments, under different

(solvent) conditions. Details can be found in the supporting

material to Ref. [1].

2.4. Other methods

For more information on the materials and methods used by

other authors whose results are discussed in this review, the

reader is referred to the original papers.

3. Results and discussion

3.1. Amylose elasticity in high and low dielectric

constant solvents

Amylose is a linear 1/4-linkeda-D-glucan (Fig. 1(a), inset).
The force–extension curves of amylose obtained by AFM in

water (dielectric constant, 3Z80) display a characteristic

plateau feature at about 280 pN (see Fig. 1(a), black curve)

[2]. Thus, the elasticity of individual amylose chains deviates

strongly from the entropic elasticity expected of simple FJC-

type polymers. This plateau feature was attributed to the force-

induced chair-to-boat transitions of the glucopyranose rings,

which lengthen the contour length of amylose by about 17% [2].

The close proximity of hydroxyl groups from neighboring

rings in amylose implies that they should be able to form

hydrogen bonds (H-bonds). In water these bonds will not be

very strong because of the competition of glucose hydroxyls to

form hydrogen bonds with water molecules. However, we

expected that solvents with a very low dielectric constant

should stabilize these inter-residue H-bonds. To investigate if



Fig. 1. (a) Experimental force–extension curves of amylose in water (black

trace), in DMSO (gray trace) and in DMC (dashed trace). The inset shows the

structure of amylose and the dashed line indicates the inter residue hydrogen

bond. (b) SMD-obtained force–extension curves of an amylose fragment

composed of 10 rings stretched in water (black trace) and in vacuum (gray

trace). The arrows indicate the positions at which the individual rings undertake

chair-to-boat transitions. The inset shows the schematic illustration of force-

induced chair-to-boat transitions of the glucopyranose ring. (c) A typical SMD

trajectory of the O2–H3 0 distance between ring 2 and ring 3 of amylose in water

(3Z80). (d) Same as (c) but in vacuum (3Z1). Adapted from [1].
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such a stable H-bonding will affect the mechanical properties

of amylose, we measured its force–extension curves in

dimethyl sulfoxide (DMSO) (3Z47.2), dimethyl carbonate

(DMC) (3Z3.1) [1] and in hexadecane (3Z2.0). Fig. 1(a)

shows a comparison of typical force–extension curves of

amylose in water (black trace), in DMSO (gray trace) and in

DMC (dashed trace). The force–extension relationship

obtained in hexadecane (not shown in Fig. 1) was similar to

that obtained in DMC. The characteristic plateau at a force of

280 pN and extensions between 4.4 and 5.0 Å/ring, so

pronounced in water, is reduced in DMSO and almost
disappears in DMC, for which the force-curve runs below

that in water; while at higher extensions (O5.0 Å/ring), the

curve in DMC runs above the curve obtained in water. These

results indicate that the elasticity of individual amylose

molecules is solvent dependent. Although it is clear from

Fig. 1(a), that DMC strongly affects the elasticity of amylose

the mechanism of this change cannot be deduced just from

AFM measurements alone.

3.2. SMD simulations of amylose elasticity in high

and low dielectric constant solvents

To clarify the mechanism of solvent effects on amylose

elasticity and to reveal conformational details of the behavior

of the glucopyranose rings during the forced stretching process,

we carried out steered molecular dynamic (SMD) simulations

on an amylose fragment composed of 10 rings [1,12]. We

carried out our simulations using the simplest implicit models

for the solvents, namely by scaling the electrostatic and vdW

interactions with a fixed dielectric constant, which assumed a

value of 80 for water and one to represent other non-polar

solvents (vacuum conditions). The results of two such

simulations are shown in Fig. 1(b), where the force–extension

simulation curves in water (3Z80) are depicted by the black

solid line and the force curve obtained in a vacuum (3Z1) is

depicted by the gray solid line. In both simulations, the starting

conformation of the pyranose rings is the 4C1 chair [20], while

the final conformation of the stretched pyranose rings is a skew

boat [1,12]. Clearly, the curve of amylose in water (3Z80)

show an obvious plateau at the extension region of 4.4–5.0 Å/

ring; while in a vacuum (3Z1), this plateau is not present.

However, at higher extensions (O5.2 Å/ring), the curve

obtained in a vacuum runs above the curve in the water.

Thus, these simulation results are consistent with our AFM

measurements. In Fig. 1(b), we marked the positions where the

chair-boat transition occurred for each individual ring.

Evidently, the transitions in the vacuum occurred much later,

at higher extensions, than the transitions in water.

In the simulation process, we also monitored the length of

the putative hydrogen bonds O2–H3 0 (indicated in Fig. 1(a))

both in water and in vacuum [1] and we plot their history in

Fig. 1(c) and (d). In water, the O2–H3 0 distance oscillates

between 2 and 5 Å before the chair-to-boat transition occurs

and between 3.5 and 6.5 Å after the transition, indicating no

persistent hydrogen bond between these atoms throughout the

simulation (Fig. 1(c)) [1]. On the other hand, in vacuum, this

distance stays within a small range of 1.7–2.4 Å before the

conformational transition occurs. This result is indicative of a

strong hydrogen bond between O2 and H3 0 (Fig. 1(d)) [1].

During the conformational transition, this distance increases

abruptly to about 5 Å (Fig. 1(d)) [1] indicating that the

transition involves breaking of a bond between two rings. From

these simulation results, it can be concluded that in solvents of

high dielectric constant, the inter residue hydrogen bonds

O2–H3 0 are very weak as compared to solvents with very low

dielectric constants. As a result, the strong inter residue

hydrogen bonds between O2–H3 0 atoms on adjacent amylose
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rings rigidify the amylose backbone, clamp the rings together,

and inhibit their transition to a boat-like conformation. In

consequence these bonds modulate amylose elasticity by

shifting the chair-to-boat transitions to higher forces/exten-

sions as compared to the transitions, which occur in water in

the absence of such strong inter-residue H-bonds.
3.3. ATA elasticity is solvent-independent

To verify our hypothesis regarding the role of the inter-

residue hydrogen bonds in amylose elasticity, we performed

similar measurements on amylose triacetate (ATA) that has

three acetyl groups replacing three hydroxyl groups (Fig. 2,

inset) [21]. This replacement abolishes the ability of

neighboring sugar rings of ATA to form hydrogen bonds.

Fig. 2 shows ATA force–extension curves obtained in water

(black traces) and in hexadecane (gray traces). As we expected,

the curves obtained in water and hexadecane now overlap very

well. Similar results were obtained for ATA in DMC [1]. These

results suggest that the elasticity of ATA is solvent-

independent. Moreover, all of ATA force–extension curves

obtained both in water in hexadecane and in DMC display now

a prominent transition feature at w280 pN making them very

similar to the curves obtained on native amylose in water. This

result provides strong support for our hypothesis that solvents

affect amylose elasticity by modulating the strength of inter-

residue hydrogen bonds [1].
3.4. How strong are H-bonds in amylose?

By comparing the experimental force–extension curves

obtained in water and in DMC it is possible in principle to

estimate the relative strength of these bonds. This can be

achieved by calculating and comparing the work that the

external force performs to extend the amylose chain to the

same length per ring in both solvents. This work is equal to

the area under the force–extension curve (Fig. 1(a)). Our

SMD simulations show that the normalized extensions of
Fig. 2. Froce extension curves of amylose triacateate (ATA) in water (black

trace) and in hexadecane (gray trace). The inset shows the structure of ATA.
amylose in water and in DMC become truly equal only at

very high forces, FO3000 pN (Fig. 1(b)). Thus, in order to

correctly compare the work done in these two solvents it is

necessary to achieve such high stretching forces experimen-

tally. From the results shown in Fig. 1(a) and similar data,

we found that on average the external force needs to carry

out w1.5 kcal/mol more work per ring to fully extend the

amylose chain in DMC as compared to water [1]. This

number is a very reasonable estimate for the energy of a

single hydrogen bond in maltose (the building dimer of

amylose) in DMC as compared to water. We would like to

stress that this estimate is valid only for measurements such

as shown in Fig. 1(a), where the stretching forces indeed

exceeded 3000 pN. If, for example, the stretching forces had

reached only w 2000 pN, and one would erroneously have

assumed that amylose extensions in DMC and in water had

been already equal at 2000 pN, as a result the DMC curve

would have shifted right, and the area enclosed between the

two curves, at the extensions between 5.0 and 5.5 Å/ring

would have greatly decreased. Then, one could erroneously

conclude that less work was done to stretch amylose in DMC

than in water, contradicting the hypothesis about enhancing

the strength of the internal H-bonds in amylose in DMC.
3.5. Pectin elasticity is solvent dependent

Pectin is a polymer composed of 1/4-linked a-D-
galactopyranuronic acid (Fig. 3, inset). The galactopyranuronic

acid ring has the same basic ring structure as a-D-glucose.
However, while the C4–O4 bond is equatorial in glucose it is

oriented axially in galactose. Another difference between

amylose and pectin is that in pectin at C5 position an acid group

is attached instead of an alcohol. This acid group and other

hydroxyl groups have a strong tendency to form inter residue

hydrogen bonds. The possible hydrogen bonds are shown in the

inset of Fig. 3. To test whether these bonds could be strengthen

in a low dielectric constant solvent we performed force

spectroscopy measurements on pectin in DMSO and in
Fig. 3. Force extension curves of pectin in water (black trace), in DMSO (gray

trace) and in hexadecane (dashed trace). (Inset) The structure of the building

block of pectin.



Fig. 4. (a) Force extension curves of dextran in water (black trace) and in

hexadecane (gray trace). (Inset) The structure of dextran. (b) Force extension

curves of pustulan in water (black trace) and in DMC (gray trace). (Inset) The

structure of pustulan. Panel (b) adapted from Ref. [4].
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hexadecane, and in Fig. 3 compared the obtained force curve

(DMSO, gray trace; hexadecane, dashed trace) to that

measured earlier on pectin in water (black trace) [8]. The

force–extension curves of pectin obtained in water display two

distinct plateaus at about 300 and 800 pN, which were

attributed to the force-induced lengthening of the galactose

ring by the chair inversion transition [23], which is composed

of two reactions: chair-to-boat followed by a boat-to-an

inverted chair conformational transition [8]. The force–

extension curves obtained in DMSO and in hexadecane do

not reveal any clear plateau pattern but these traces deviate

from the curve in water indicating that the elasticity of pectin is

indeed solvent dependent. The force curve obtained for pectin

in hexadecane (3Z2.0) runs below the curve measured in water

(3Z80) at intermediate extensions (4.5–5.3 Å/ring), and above

the water force curve at higher extensions (O5.3 Å/ring)

suggesting a solvent-controlled mechanism, similar to that

experienced by amylose. Thus, it is tempting to speculate that

the solvent dependence of pectin elasticity is related to the

solvent-controlled modulation of the strength of inter residue

hydrogen bonds. In low dielectric constant solvents (e.g.

hexadecane), these hydrogen bonds are strong and, similar to

amylose, are expected to shift the conformational transitions in

the neighboring rings to higher forces/extensions as compared

to water. Although the solvent effect on pectin elasticity is

clearly similar to the effect observed for amylose, we did not

attempt to estimate the strength of H-bonds in pectin in

hexadecane. This is because the maximum experimental

stretching force for pectin in hexadecane that we reached so

far was only w 2000 pN, much less than 3000 pN at which we

expect the normalized length to be solvent independent. Thus,

it is likely that the length of pectin in hexadecane atw2000 pN

is actually less than in water at the same force and comparing

the areas under the force curves would not produce a reliable

estimation of the work per ring. To further verify these ideas

SMD calculations and new experiments, including control

experiments on substituted pectin are warranted.

3.6. The elasticity of 1/6-linked polysaccharides

is solvent-independent

So far we discussed the results of force spectroscopy

measurements and the effects of various solvents on the

elasticity of polysaccharides in which the neighboring rings are

linked by two bonds. Such linkages limit the distance between

various acceptors and donors of putative H-bonds and facilitate

their formation. However, some pyranose-based polysacchar-

ides exploit 1/6-linkages that increase the separation of the

rings by an extra bond (C5–C6). To test whether solvents with

a low dielectric constant affect the elasticity of 1/6-linked

polysaccharides, we performed a series of measurements on

dextran and pustulan, which are a-1/6-linked and b-1/6-

linked D-glucans, respectively (Fig. 4(a), inset, Fig. 4(b), inset).

The typical elasticity profile of dextran in water (3Z80) is

shown in Fig. 4(a) as the black trace, and somewhat like

amylose, it has a pronounced plateau, except that it occurs at a

higher force at about 800 pN [2,4,5]. Our work suggests that
this plateau reflects a force-induced lengthening of the O1–O6

distance through a compound conformational transition that

involves the rotation about the C5–C6 bond and chair-to-boat-

like transition of the glucopyranose ring [4]. The force–

extension curve of dextran obtained in hexadecane (3Z2.0) is

shown as a gray trace in Fig. 4(a). It is clear that the force curve

obtained in hexadecane is indistinguishable from the curve

obtained in water. Thus, we conclude that hexadecane does not

affect dextran elasticity.

The force–extension curve of pustulan in water is shown as

a black trace in Fig. 4(b). Although, the curve does not reveal

any plateau, which would be similar to those of amylose or

dextran, it does not follow the FJC model of entropic elasticity

either. Interestingly, at extensions between 4.7 and 5.9 Å/ring

pustulan elasticity is almost hookean, with tension directly

proportional to extension [3,4]. Our study proved that this

linear elasticity is solely caused by the forced rotation about the

C5–C6 bonds [3,4]. The force curve of pustulan in a low

dielectric constant solvent, dimethyl carbonate (3Z3.1), is also

shown in Fig. 4(b) as a gray trace. It is evident that like dextran,

pustulan elasticity is also solvent independent. These results

support our initial conjecture that low dielectric constant

solvents affect polysaccharides’ elasticity by modulating the

strength of inter-residue hydrogen bonds. If the formation of

such bonds is prevented geometrically by separating acceptors
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and donors, as seems to be the case for 1/6 linked

polysaccharides, then the solvent effects are nullified.

3.7. Regular structures of polysaccharides studied

with single-molecule force spectroscopy

3.7.1. The elasticity of random coils and helices of Xanthan

Xanthan is a bacterial polysaccharide whose primary

structure consists of b-D-glucose rings substituted with

trisaccharide side chains: O-b-D-mannopyranosyl-(1,4)-O-b-
D-glucopyranosyl-uronic acid-(1,2)-6-O-acetyl-a-D-mannopyr-

anosyl at C-3 position of every other glucose ring of the main

chain [9]. Native xanthan forms ordered multiple helical

structures with the number of strands in the helix presently

unknown. Xanthan melts into a disordered single-strand coil at

high temperatures (O90 8C) and this disordered state may be

maintained by quenching hot xanthan solution on ice

(denatured Xanthan) [9]. Li et al. used AFM-based single-

molecule force spectroscopy to study the elasticity of

individual Xanthan molecules in their ordered and disordered

states [9]. They found that the elasticity of denatured Xanthan

closely follows the FJC model. Interestingly, the elasticity of

native Xanthan displayed a large deviation from the FJC model

evident as a long plateau in the force–extension curve at a force

of 400 pN (Fig. 5). This plateau was attributed to separating the

strands within the multi-helical secondary structure of Xanthan

or to forcing the helix to a significantly elongated state, similar

to the B–S transition in the double helix of DNA [24]. This

study for the first time demonstrated that single-molecule force

spectroscopy could be very useful not only in investigating the

mechanical properties of single polysaccharide chains but also

their complexes forming regular secondary structures [9].

Since the native structure of Xanthan is stabilized by H-bonds

and electrostatic interactions [9], it would be very interesting to

test whether the elasticity of native Xanthan is affected by

solvents with a low dielectric constant that are expected to

further enhance these interactions.

3.7.2. The elasticity of random coils and helices of carrageenan

Carrageenans are linear polysaccharides composed of

alternating a-1/4 and b-1/3-linked galactose residues

[20]. It is well known that in water solutions carrageenan
Fig. 5. Typical force–extension curves of native Xanthan [9] (with permission).
exists as a random coil. However, carrageenans undergo

conformational transitions to more ordered, likely helical,

structures after supplementing their solutions with various

concentrations of salts, e.g. with 0.1 M NaI. Xu et al. studied

the elastic properties of individual molecules of type-I

carrageenan in pure water and in aqueous solutions containing

0.1 M NaI [13]. In water, carrageenan behavior was typical of a

freely jointed chain with some segment elasticity [13].

However, in 0.1 M NaI the force–extension curves of

carrageenan displayed a long plateau feature at 300 pN [13]

similar to that observed for native Xanthan by Li et al. [9]. This

plateau feature, which signaled a completely irreversible

conformational transition of carrageenan was attributed to a

forced unfolding of the carrageenan helix [13].
3.7.3. The elasticity of random coils and multiple

helices of curdlan

Curdlan is a linear polysaccharide composed of b-1/3-

linked D-glucose that crystallizes as a triple helix [14]. It

dissolves well in alkaline solutions. At low concentrations of

NaOH (!0.19 M) it exists as a triple helix and at high

concentrations (O0.24 M) it denatures and exists as random

coils. At intermediate concentrations curdlan structure is likely

to be a duplex with a third strand somewhat separated [14].

Recently, Zhang et al. used AFM-based single-molecule force

spectroscopy to investigate the elastic properties of curdlan in

its various states by stretching curdlan molecules in solutions

with varying concentrations of NaOH [14]. At high NaOH

concentrations they found that curdlan behaves as a simple

entropic spring, which is consistent with its predicted structure

to be that of a random coil [14]. However, at low NaOH

concentrations they found that the force–extension curves of

curdlan displayed a striking plateau at 60 pN (Fig. 6). These

very interesting results likely captured force-induced confor-

mational transitions within the triple helix of curdlan that very

much resemble the B–S transition plateau in DNA duplexes

[24]. The study also reported that the plateau force decreased to

40 pN when curdlan was stretched at intermediate NaOH

concentrations, and increased to 90 pN after the thermal

treatment of curdlan, which is believed to enhance the

hydrophobic interactions within the triple helix [14]. These

studies further indicate the usefulness of single-molecule force

spectroscopy in structural and conformational studies of

polysaccharides.
Fig. 6. Typical force–extension curves of curdlan in 0.10 M NaOH (aq) [14]

(with permission).
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3.7.4. Single-molecule force spectroscopy captures

the formation of V-amylose helix in butanol

and aqueous iodine solution

Amylose forms regular single stranded V-amylose helices in

precipitates and crystals obtained from butanol and aqueous

iodine solutions [25–30]. However, its structure in these

solutions remains elusive mainly because amylose does not

formmolecular solutions in these solvents [31]. We used AFM-

based single molecule force spectroscopy to stretch single

amylose molecules in these poor solvents and probed amylose

secondary structure in solution by examining its elasticity. We

found that in butanol amylose forms compact helices whose

elasticity is controlled by a network of intra-molecular

hydrogen bonds. We determined that the pitch of the amylose

helix in solution is 1.3 Å/ring, which is consistent with the

result of X-ray measurements on amylose crystals. We also

found that the force driving the formation of the helix in

butanol is 50 pN [22]. In aqueous iodine solution amylose was

found to form compact but mechanically weak helices whose

elasticity displayed a significant hysteresis. Our AFM results

were corroborated by SMD simulations of amylose elasticity in

the explicit butanol solvent. Thus, AFM-based single molecule

force spectroscopy, because of its unique capability of forcing

polymers into solvents in which they normally do not dissolve,

allowed us to capture regular conformations of amylose in

butanol and iodine aqueous solution, which has been very

difficult to obtain using traditional spectroscopic

techniques [22].

4. Conclusions

In this paper, we have reviewed recent single-molecule

force spectroscopy studies focused on solvent effects on the

elasticity of several polysaccharides. Our experimental results

reinforced by SMD simulations suggest that inter residue

hydrogen bonds between adjacent sugar rings play crucial roles

in solvent effects on the elasticity. Polysaccharides, which can

form inter residue hydrogen bond, such as amylose and pectin,

all display solvent dependent elasticity but the elasticity of

their derivatives such as ATA, in which the formation of inter-

residue H-bonds is inhibited chemically is solvent independent.

Similarly, when H-bonds cannot form because of geometrical

constraints, which exist in 1/6-linked polysaccharides such

as dextran and pustlan, the elasticity of these polysaccharides

does not depend on the dielectric constant of the solvent. Inter

residue hydrogen bonds are weak in solvents with a high

dielectric constant (e.g. water), but are strong in solvents with a

low dielectric constant (e.g. hexadecane and DMC). The

strengthened hydrogen bonds rigidify the polysaccharide

backbone, decrease the flexibility of the neighboring rings

around the glycosidic linkages and shift the conformational

transitions of the sugar rings to higher forces. In addition our

work and that of others suggest that single-molecule force
spectroscopy is ideally suited to study the structural and

mechanical properties of many polysaccharides in their ordered

(helical) states, which are frequently induced by various

solvents and solutes.
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