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Abstract

In this paper we review the conformational analysis of sugar rings placed under
tension during mechanical manipulations of single polysaccharide molecules
with the atomic force microscope and during steered molecular dynamics
simulations. We examine the role of various chemical bonds and linkages
between sugar rings in inhibiting or promoting their conformational transitions
by means of external forces. Small differences in the orientation of one chemical
bond on the sugar ring can produce significantly different mechanical properties
at the polymer level as exemplified by two polysaccharides: cellulose,
composed of -1 — 4-linked D-glucose, and amylose, composed of -1 — 4-
linked D-glucose. In contrast to S-glucose rings, which are mechanically stable
and produce simple entropic elasticity of the chain, «-glucose rings flip under
tension from their chair to a boat-like structure and these transitions produce
deviations of amylose elasticity from the freely jointed chain model. We also
examine the deformation of two mechanically complementary 1 — 6-linked
polysaccharides: pustulan, a 8-1 — 6-linked glucan, and dextran, a ¢-1 — 6-
linked glucan. Forced rotations about the Cs—Cg bonds govern the elasticity
of pustulan, and complex conformational transitions that involve simultaneous
Cs—Cg¢ rotations and chair-boat transitions govern the elasticity of dextran.
Finally, we discuss the likelihood of various conformational transitions in sugar
rings in biological settings and speculate on their significance.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Polysaccharides are polymers of sugar monomers, such as glucose, which is composed of
carbon and oxygen atoms connected into a ring-like structure with side groups made of oxygens
and hydrogens (Rao et al 1998). Carbon atoms of neighbouring rings are connected by oxygen
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atoms by the so-called glycosidic linkage to form very long polysaccharide chains (~10-10 000
units) whose common names depend on the unit sugar and the type of connection between the
sugar rings (Rao et al 1998). For example, when the sugar unit is S-D-glucose (figure 2(B),
inset) and the glycosidic linkage connects carbon atom No 1 on one ring to carbon atom No 4/
on the next ring, the polysaccharide formed is ubiquitous cellulose. However, when 1 — 4
linkages connect «-D-glucose units, the polysaccharide formed is amylose (figure 3(A), inset),
a component of starch. The only difference between 8- and «-D-glucose is in the orientation
of the C;—0; bond relative to the plane of the ring structure. In B-D-glucose, this bond
is equatorial (in the plane of the ring; figure 2(B), inset), but in «-D-glucose this bond is
axial, (perpendicular to the ring; figure 3(A), inset). Considering the very small chemical
difference between cellulose and amylose, a question is in order: why does cellulose play a
fundamental structural role for all land plants, while amylose does not play any structural role
but is commonly used to store energy in many plants (e.g. corn and potato are full of starches)?
Clearly, the anomeric configuration of the glycosidic bond of 8-D-glucose promotes the type
of crystallization that allows the formation of cellulose fibres. However, we hypothesize that
B-linkages have an additional role in that they mechanically stabilize the chair conformation
of the sugar ring under tensile forces, while «-linkages, under similar forces would induce
undesired conformational instability of the glucose ring. These different elastic properties
of the glucose ring rendered by «- and B-linkages were investigated in recent stretching
experiments on single cellulose and amylose chains that were carried out with the atomic
force microscope (AFM) (Rief er al 1997, 1998, Marszalek et al 1998, 1999a, 1999b, 2001,
2002, Li et al 1998, 1999, Brant 1999, Lee et al 2004a, 2004b). These studies point to the
linkage-dependent configurational flexibility of the sugar rings as an important determinant of
polysaccharide elasticity. Although the flexibility of monomeric sugar rings was investigated in
the past (Pensak and French 1980, French ef al 1990), the elastic properties of polysaccharides
have rarely been addressed by computer modelling. We present here some recent results of
steered molecular dynamics simulations of polysaccharide elasticity, which provide an insight
into conformational events triggered in sugar rings by applied forces and point to the origin
of the difference between the elasticity of cellulose and amylose. In the second part of this
paper, we present interesting mechanical properties of two 1 — 6-linked polysaccharides:
pustulan and dextran (Rief et al 1997, Marszalek et al 1998). Their elasticity is governed
by atomic cranks that rotate chemical groups and atomic levers that flip the sugar ring into a
boat-like conformation (Lee et al 2004a, 2004b). These studies, by examining the relationship
between sugar chemistry and mechanics, have expanded the conformational analysis of ring
structures (Barton 1970) to include force-induced structural changes as so far unrecognized
mechanochemical events that may have significance in biological systems (Marszalek et al
1998, 1999a, 1999b, Lee et al 2004a, 2004b).

2. Single-molecule force spectroscopy (SMFS)

Force spectroscopy examines the relationship between a molecule’s length and tension (Rief
et al 1997). Mechanical manipulations of single molecules with atomic force microscopy
(AFM) and optical tweezers revealed, through force spectroscopy measurements, a wealth
of interesting details about biopolymer elasticity (Fisher et al 2000, Bustamante et al 2000,
2003). It appears that biopolymers such as DNA, proteins and most polysaccharides behave
as freely jointed chains (FJC) (Flory 1953) or worm-like chains (WLC) (Bustamante et al
1994) with a simple entropic elasticity, only for a limited range of forces/extensions. At higher
forces they typically undergo a range of structural rearrangements, that reveal themselves as
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distinct deviations from the FJC/WLC models of entropic elasticity (Marszalek et al 1999b,
2003, Fisher et al 2000, Bustamante et al 2003).

3. Materials and methods

3.1. Polysaccharides

The experiments described in this paper were carried out on several commercially available
polysaccharides: methylcellulose (M-0512; degree of substitution DS = 0.4; Sigma); amylose
(A-0512, type III: from potato; Sigma); pectin (P-9135, from citrus fruits; Sigma); pustulan,
from the lichen Umbilicaria pustulata (#400507, lot# 5-662R3, Carbomer, Inc., San Diego,
CA); dextran (T500, T2000, Pharmacia/Pfizer, Peapack, NJ). Methylcellulose, pectin, pustulan
and dextran were dissolved in water at a concentration of 0.001-5% (w/v). Amylose was
solubilized by wetting with ethanol (100 mg ml~'), followed by treatment with sodium
hydroxide (10%) and heating. A layer of polysaccharide molecules was created by drying a
drop of these solutions on glass cover-slips. Then the dehydrated sample was rinsed extensively
with water to leave only those molecules that are tightly attached to the glass surface (Li et al
1998). After drying the sample and placing it in the AFM, the fluid cell was filled with an
appropriate solvent for force spectroscopy measurements. The measurements were carried out
in water (methylcellulose, amylose, pustulan and dextran) or in PBS buffer (pectin). In order
to pick polysaccharide molecules for stretching measurements, an AFM tip was pressed down
onto the sample for 1-3 s and at forces of 10—40 nN and then retracted.

3.2. AFM instruments

Force spectroscopy measurements were carried out on two AFM instruments: the PicoForce
from Veeco Metrology Group, (Santa Barbara, CA) and a home-built AFM, which was
equipped with a piezoelectric actuator with a strain gauge sensor from Physik Instrumente,
and the so-called low noise AFM head designed for the MultiMode AFM, from Veeco. This
latter AFM is similar to that described in (Oberhauser et al 1998). The spring constant of
each AFM cantilever (Si3Ny4, Veeco, Santa Barbara, CA) was calibrated in solution, using the
thermal noise method described in (Florin et al 1995).

3.3. Interpretation of SMFS results

Figure 1 illustrates the principles of single-molecule force spectroscopy as implemented on
the AFM platform. The figure shows examples of force—extension curves obtained by force
spectroscopy on methylcellulose (MC) in water and illustrates the molecular arrangements
between the substrate and the AFM tip that produce such force—extension relationships
(force spectrograms). In contrast to native cellulose, which is very difficult to dissolve, the
methyl derivative of cellulose can be easily dissolved in water and is a good polysaccharide
model for force spectroscopy measurements in the AFM. The trace shown in figure 1(A)
represents a force—extension curve obtained on several MC molecules that adsorbed to the
AFM tip, and were stretched simultaneously (in parallel). This situation is illustrated in
figure 1(B). Since the molecular fragments are picked up by the AFM tip randomly, they
are of different lengths. Upon the movement of the substrate away from the tip, the shortest
fragment is stretched first, while the other two molecules are still relaxed and generate little
force (figure 1(B)). With the substrate movement continuing, the other two molecules would
be stretched and detached successively. This situation creates a mechanically complex system,
which produces a complicated, very difficult to interpret, force spectrogram with several
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Figure 1. AFM measured force spectrograms of methylcellulose in water. (A) A force
spectrogram representing a simultaneous stretching of several molecules of different lengths. (B) A
schematic diagram illustrating the molecular configuration which generated the force spectrogram
shown in (A). (C) A single-methylcellulose-molecule force spectrogram. (D) A single-molecule
configuration for force spectroscopy measurements.

partially overlapping force peaks (figure 1(A)). However, when there is only one molecule
between the tip and the substrate, the force spectrogram is characterized by a flat baseline,
followed by a single force peak (figures 1(C) and (D)). Such spectrograms are characteristic
of single molecules and they overlap well after the normalization of the molecule extension.

3.4. Extension normalization procedures

Figure 2 shows several force—extension curves of single MC fragments obtained in separate
experiments and plotted on a common graph. The contour lengths of the MC fragments are
different and they vary over a wide range (figure 2(A)). To compare these recordings we need
to normalize the molecule extension. The freely jointed chain model states that the chain
extension, x, at any given force, F, is proportional to the contour length of the polymer, L.:

IxF kgT
x(F) = L.{coth K)o B
kgT IxF

where [ is the length of the Kuhn segment, kg is the Boltzmann constant and 7 is the absolute
temperature (Flory 1953). Thus, when we divide the FIC’s extension, x, by the extension x (Fp)
determined at a certain force, Fp, we obtain the relationship between extension and force,
independent of the chain contour length, L.. The extension at other forces then becomes
a percentage of the extension generated by Fy, which becomes (the extension) 1 after this
normalization. By choosing F; common to all recordings, e.g. the highest common force
achieved for a set of force spectrograms, and normalizing each recording, we can compare the
family of such recordings. Typically, the normalized recordings for the same type of polymer
overlap, regardless of their contour lengths (figures 2(B), 3(A)).
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Figure 2. (A) Force spectrograms of single methylcellulose molecules of various lengths.
(B) Normalized force spectrograms of five curves from (A). Inset: the structure of methylcellulose
showing two S-D-glucopyranose rings connected by 1 — 4 linkage. (C) The ab initio optimized
chair structure of B-D-glucose. This ground energy structure provides the maximum separation of
the glycosidic oxygen atoms O;—O4, and minimum torque on the ring when a stretching force is
applied to the C1-O1 bond. Therefore this structure is stable during stretching.
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Figure 3. (A) Typical force—extension curves of amylose. Inset: the structure of amylose showing
two a-D-glucopyranose residues connected by 1 — 4 linkage. (B) Ab initio optimized structures of
a-D-glucose in the chair and boat conformations. The separation of the glycosidic oxygen atoms,
0;-04, increases during stretching upon the chair—boat transition.

4. Cellulose elasticity: a freely jointed chain composed of rigid rings

In figure 2(B) we show the normalized force spectrograms measured by AFM on single
molecules of methylcellulose (Li ef al 1998, 1999, Marszalek et al 1999a, 1999b,2001). These
recordings overlap, supporting our assumption that they were obtained for single molecules.
Moreover, these recordings are indicative of simple entropic elasticity that can be described
by the FJC model, suggesting that single cellulosic chains behave as simple entropic springs.
Figure 2(C) shows the result of the ab initio geometry optimization of 8-D-glucose and of
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calculations of the separation of glycosidic oxygen atoms, O;—0,4. The results indicate that
cellulose monomers have the maximum O;—O4 length in the ground energy chair conformation,
and that this separation would decrease in other conformations higher in energy, such as boat-
like structures (not shown). Therefore, cellulose monomers do not undergo conformational
transitions during stretching, but only experience slight deformations (elongation).

5. Amylose elasticity: chair-boat transitions of sugar rings

5.1. Force spectrograms of amylose obtained by AFM

In contrast to that of cellulose, amylose elasticity shows a large deviation from the FIC model,
which is evident as a characteristic plateau feature that occurs at a force of 275 + 45 pN
(figure 3(A)) (Marszalek et al 1998, Li et al 1999). Clearly the axial (perpendicular) orientation
of the C;—0; bonds in amylose must be somehow responsible for amylose elasticity deviating
from that of a simple entropic (cellulosic) chain. The examination of forces acting on the
glucose ring during the stretch indicates that in the case of «-D-glucose (amylose), the force
attached at the glycosidic oxygen atom O; produces a significant torque on the ring structure,
with the C;—O; bond acting as the lever arm, and the C,—Os (ring) line acting as an imaginary
axis of rotation. This torque flips the ring structure from its ground energy ‘chair’ conformation
to a ‘boat-like’ conformation higher in energy. As shown by the ab initio quantum mechanical
geometry optimization, this boat conformation increases the separation of the O; and O4 atoms
by ~0.9 A, about 19% of the initial length (figure 3(B)) (Marszalek et al 1998). On the basis
of this simple mechanistic model supported by quantum mechanical calculations, we proposed
that the plateau feature in amylose elasticity represents a concerted transition of the glucose
rings from their short chair structures to their extended, boat-like configuration (Marszalek
et al 1998).

5.2. Steered molecular dynamics simulation of amylose elasticity

To gain additional insight into the behaviour of glucose rings in amylose subjected to tensile
forces and to verify our conjecture about force-induced chair—boat transitions, we carried
out molecular dynamics simulations of the stretching process. We used the so-called steered
molecular dynamics protocol (SMD) (Izrailev et al 1997, Isralewitz et al 2001, Gao et al
2002, Grubmiiller et al 1996). In this approach one terminal atom of the amylose chain
composed of ten rings is constrained and the other terminal atom is subjected to a harmonic
potential, whose centre is moving at a constant speed in the stretching direction, simulating
the AFM measurement. The results of our SMD calculations of amylose, using the program
NAMD (Kalé er al 1999) and X-PLOR (Brunger 1992) and a new force field developed for
carbohydrates (Kuttel er al 2002) and an implicit solvent model, are shown in figure 4(A),
which also compares the simulation with the AFM data. We see that the calculation produces
a plateau feature in the force—extension profile, which is similar to the plateau captured by the
AFM. The analysis of the trajectories of the ten rings of the amylose chain modelled by the
SMD simulation (cf an example of such an analysis for ring No 6, figure 4(B)), indicates that
40-50% of the rings undergo a transition to a boat-like structure during the plateau phase of
the stretch. These transitions account for the most of the amylose lengthening in the plateau
region, with some length contribution (~25%) generated also by rotations around the glycosidic
linkages. The rest of the rings flip to a boat-like conformation at somewhat greater extensions
immediately following the plateau feature. Our SMD result obtained with the use of an implicit
water model is similar to the result obtained on amylose using the quantum mechanics-based
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Figure 4. A 1 ps SMD simulation of amylose reproduces the AFM stretching curve. (A) A
comparison between normalized force—extension curves of amylose obtained by AFM (black trace)
and by SMD simulation (grey trace). Inset: the structure of amylose showing the numbering of
carbon and oxygen atoms and torsions, #; and f>. (B) The conformational dynamics of ring No 6
during the 1 s simulation as revealed by the two torsions: t; = O1—C1—C,—0, (dark grey trace)
and 1, = O5—C5—C4—C3 (black trace) which indicate the conformational status of the glucose ring.

SMD method and explicit water, where 50%—60% of the rings changed their conformation
during the plateau phase (Lu ef al 2004). Thus, our simulations support our model of amylose
elasticity as being governed by force-induced conformational transitions of a-D-glucose rings.

6. Comparison of the elasticity of cellulose and amylose

It is interesting that polymers, whose chemical structures differ only by the orientation of one
bond (C;—0y) and are otherwise identical, display such different mechanical properties. We
pointed out that the perpendicular orientation of this bond relative to the plane of the glucose
ring in amylose creates a conformational instability during stretching. In the case of cellulose
(B-D-glucose) this bond is equatorial (almost parallel to the ring) and the stretching force
produces minimal torque on the sugar ring. Therefore, the stretching forces do not trigger
any major structural change in the glucose rings, but merely cause their slight deformation
(Marszalek et al 1999a, 1999b, Li et al 1999, O’Donoghue and Luthey-Schulten 2000). In
addition, in B-D-glucose, the separation of the O; and O, atoms in boat-like structures, is,
unlike in amylose, actually shorter than in the ground energy chair conformation. Therefore,
under stretching conditions, chair—boat transitions are prohibited in cellulose. We hypothesize
that the increased conformational stability of the glucose rings rendered by -1 — 4 linkages
as compared to «-1 — 4 linkages contributes to the strength of cellulose-built structures.
Single molecules of cellulose are arranged in extremely strong and rigid microfibrils, which
are the building block of the cell wall in plant cells. In the fibril, cellulosic chains interact
among themselves through a network of hydrogen bonds (Jarvis 2003, Nishiyama et al 2003).
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If the glucose rings in cellulose were, as in amylose, prone to conformational instabilities,
the precise network of hydrogen bonds would be destroyed under tension and the fibril would
be severely weakened. This situation is illustrated in figures 2(C) and 3(B). The OH groups
marked as 2 and 3, which in cellulose participate in the intermolecular hydrogen bonding
with the rings from another chain, do not change their orientation under tension (figure 2(C)),
because the ring stays all the time in the chair conformation. However, in amylose, these
two groups reorient themselves from the equatorial position in the chair conformation, to the
perpendicular orientation in a boat-like structure (figure 3(B)). Thus, we postulate that 8-1 — 4
linkages not only promote the type of crystallization needed to form cellulose fibres, but they
also mechanically stabilize the conformation of the sugar rings required in strong fibres.

7. The molecular elasticity of pectin

The role of axial glycosidic linkages in the elasticity of polysaccharides was investigated further
by means of force spectroscopy measurements on single molecules of pectin (Marszalek et al
1999a). Pectin is a polymer composed of «w-D-galactopyranuronic acid sugar units linked
by 1 — 4 linkages (figure 5(A), inset). The basic structure of the galactopyranuronic acid
sugar ring of pectin is the same as that of «-D-glucose. However, while in glucose the C4—O4
bond is equatorial, in galactose this bond is oriented axially. The other difference between
glucose and galactopyranuronic acid is that there is an acid group attached to carbon atom
Cs. Since this group is not part of the linkage, its mechanical role is rather insignificant.
Thus, the most important structural feature of pectin is the axial orientation of both bonds of
the glycosidic linkage, i.e. C;—O; and O;—C4. In contrast to cellulose, where the stretching
forces produce minimal torque on the ring, and amylose, where only the force attached to
the C;—0; bond produces significant torque, we expect that in pectin both bonds, C;—0; and
0,-C4, will provide lever arms and will produce a pair of forces with significant torque on
the ring. Figure 5(A) shows normalized force spectrograms of pectin in water obtained by
AFM. These spectrograms reveal two distinct plateau features: one similar to that for amylose
occurs at around 300 pN and the second plateau starts at ~800 pN. It seems that the C;—O;
and O;—C4 bonds work as a pair of atomic levers, which flip the pectin ring from a chair to a
boat-like conformation, and this transition produces the first plateau. Then, they flip the boat-
like structure to an inverted chair conformation (Pickett and Strauss 1970) and that transition
produces the second plateau. This interpretation of pectin force spectrograms is supported by
the ab initio geometry optimization of the pectin ring in various conformations, which indicates
that the O;—0; distance increases during both transitions by amounts which are consistent with
the AFM data (figure 5(B)).

We summarize by observing that there seems to be a clear link between the number of
axial bonds (per monomer) in 1 — 4-linked polysaccharides and the number of plateaus in
their force spectrograms. Cellulose has all its bonds in the equatorial deposition and follows
the FIC model with no plateau, amylose has one axial bond (at C;) and reveals one plateau and
pectin has two axial bonds and two plateaus (Marszalek et al 1999a). We also note that the final
conformation of the sugar rings stretched by external forces has in each case the glycosidic
linkages oriented equatorially, which minimizes torque on the ring and provides the maximum
separation between the glycosidic oxygen atoms.

8. Dextran and pustulan: elasticity controlled by 1 — 6 linkages

In contrast to cellulose, amylose and pectin, which all exploit 1 — 4 linkages, dextran and
pustulan are two examples of glucose-based polysaccharides that exploit uncommon 1 — 6
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Figure 5. (A) Normalized force—extension curves of pectin. Inset: the structure of pectin showing
two «-D-galactopyranuronic acid rings connected by 1 — 4 linkage. (B) Ab initio calculations of
the separation of glycosidic oxygen atoms during chair inversion of the pectin monomer.

linkages, where carbon atom C; on one glucose ring is connected by a glycosidic oxygen
atom to carbon atom Cg on the next ring. These linkages deserve special attention for two
reasons. First, in contrast to 1 — 4 linkages, which transmit the stretching forces to the
pyranose ring along its axis of symmetry, I — 6 linkages attach the force vector to the sides
of the ring. Second, they include an additional bond in the linkage, Cs—Cg (figures 6, 7, 8,
inset), about which restricted rotations occur, increasing the mechanical complexity of I — 6-
linked sugars. Therefore, such linkages can generate complex deformations of the pyranose
ring, which defy simple analysis. Interestingly, pustulan and dextran are, like cellulose and
amylose, mechanically complementary. Pustulan is composed of 8-D-1 — 6-linked glucose
units (Lindberg and McPherson 1954, Hellerqvist et al 1968) and dextran is composed of
a-D-1 — 6-linked glucose units (Whistler and BeMiller 1993). We begin with the description
of the elasticity of pustulan, which was measured recently by Lee et al (2004a, 2004b).

8.1. Pustulan elasticity: AFM measurements

Pustulan, like cellulose, has B-linkages, but its elasticity (figure 6, middle trace) clearly deviates
from that of methylcellulose (figure 6, black dashed trace). This deviation is particularly
pronounced in the force regions of 100 and 700 pN, where pustulan elasticity displays almost
a Hookean relationship between force and length—a property typical of springs, not polymers.
This observation indicates that the mechanical properties of -1 — 6 linkages are significantly
different from the f-1 — 4 linkages of methylcellulose. In methylcellulose these linkages
behave as if they belonged to a freely jointed chain. Thus they must not experience any
rotational restrictions. It seems that the bonds in pustulan do experience rotational restrictions,
and higher forces, as compared to those in methylcellulose, are needed to fully extend the
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Figure 6. A comparison of normalized force—extension curves of pustulan (middle trace), dextran
(top trace) and methylcellulose (black dashed trace). Inset: ab initio optimized rotamers (gt, gg,
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for all rotamers. The second ring in the left panel shows the numbering of carbon and oxygen
atoms in the glucose ring used to define torsions w, ¢ and #, (see the text). (Adapted from Lee ef al
(2004b).)

pustulan chain (see figure 6). It seems that the rotation of the O¢—Cg bond about the C¢—Cs
bond is restricted, because this rotation occurs in pustulan but is absent in methylcellulose. This
rotation can be characterized by the torsional (dihedral) angle @ = Og—C—Cs—Os (figure 6,
inset). Three stable orientations are possible for the Cs—Og bond, which correspond to w = 60°
(gt); o = —60° (gg) and w = 180° (tg) (figure 6, inset). Structural measurements (x-ray and
NMR) and numerous calculations show a preference of the glucose monomer towards gt and
gg rotameric orientations, which are populated almost equally, with a nearly complete absence
of the tg rotamer (gg/gt/tg/ 60:40:0) (Weimar et al 1999, Barrows et al 1995, Momany and
Willett 2000, Kirschner and Woods 2001, Tvaroska et al 2002, Appell et al 2004). The
ab initio geometry optimization of the gt, gg and tg rotamers shows that the distance between
the glycosidic oxygen atoms is O;—Og = 5.88 A in the tg conformation, and this is about 19%
greater than in the gt and gg conformations (O;—Og = 4.95 and 4.96 A, respectively). The
length increase of the pustulan chain between 100 and 800 pN measured by AFM is ~23%
(figure 6, middle trace) suggesting that the Hookean elasticity of pustulan is governed by forced
gt — tg and gg — tg rotations. Thus, the Og—Cg bonds in pustulan seem to work as ‘atomic
cranks’ that swing and rotate between different positions when acted upon by external forces
(Lee et al 2004a, 2004b).

8.2. SMD simulations of pustulan: forced rotations about Cs—C¢ bonds

Figure 7(A) compares the results of the AFM stretching measurements of pustulan to the result
of a 1 us SMD simulation performed on a pustulan fragment composed of ten glucose rings
in an implicit water solvent (Lee er al 2004a, 2004b). The agreement between the experiment
and the calculation is very satisfactory. The conformational behaviour of the glucose rings and
the C¢—Og bonds during the 1 us simulation was followed by monitoring three dihedral angles:
w = Og—C—C5—05 indicates the rotameric status about the C¢—Cs bond, while 1, = O;—-C;—
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Figure 7. A 1 ps SMD simulation of pustulan reproduces the AFM stretching curve. (A) A
comparison between normalized force—extension curves of pustulan obtained by AFM (black trace)
and by SMD (grey trace). Inset: the structure of pustulan showing two B-D-glucopyranose rings
connected by 1 — 6 linkage. (B) The conformational dynamics of ring No 4 during a 1 us
simulation as revealed by the three torsions: @ = Og—Cg—Cs5—Os5 (trace 1), t; = O;-C1-C2-02
(trace 3) and 1, = O5—C5—C4—Cj3 (trace 2). (C) Two structures of ring No 4, immediately before
and after the gg — tg transition.

C,—0; and 1, = Os5—C5—C4—C3 (figure 6, inset) indicate chair-boat transitions. In figure 7(B),
we plot the values of these torsions as a function of the normalized extension of the chain for
ring No 4, which started in the gg state and whose behaviour is typical of all rings. First, we note
that the torsions #; and #, remained constant for all the rings indicating no chair-boat transitions.
Second, all the rings ended the stretching process as tg rotamers, which provide the greatest
separation for the glycosidic oxygens O; and Og. From the analysis of the SMD calculation,
it can be concluded that the Hookean elasticity of pustulan is governed by forced rotations of
the Og—Cg ‘crank’ about the Cs—Cg bond, which shift the distribution of the rotamers from the
less energetic and shorter gt and gg conformers to the more energetic and longer tg rotamers
(Lee et al 2004a, 2004b). It is important to emphasize that, in agreement with our expectations
about the equatorial bonds inhibiting chair-boat transitions, all the rings in pustulan preserve
their chair conformation during the stretching process.

8.3. Dextran elasticity: AFM measurements

Dextran was the first polysaccharide on which measurements by single-molecule force
spectroscopy were made using the AFM instrument (Rief et al 1997). Dextran elasticity,
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Figure 8. A 1 ps SMD simulation of dextran reproduces the AFM stretching curve. (A) A
comparison between normalized force—extension curves of dextran obtained by SMD (grey trace)
and by AFM (black trace). Inset: the structure of dextran showing two «-D-glucose rings connected
by 1 — 6 linkage. (B) The conformational dynamics of ring No 8 during 1 ps simulation as
revealed by the three torsions: @ = Og—C—C5—Os (trace 3) indicates the rotameric status around
the C¢—Cs bond, and t; = O—C|-C,-0; (trace 1) and r, = O5—C5—C4—C3 (trace 2) indicate the
conformational status of the glucose ring. (C) Two structures of ring No 8, extracted from the SMD
simulation, reveal transition from a chair to a twist-boat conformation.

shown in figure 6 (top trace), is somewhat similar to amylose elasticity, with a pronounced
plateau in the force—extension curve, albeit a plateau that starts at a much higher force ~700—
1000 pN in dextran (Rief et al 1997, Marszalek et al 1998). Similar to the pustulan case, forced
rotations about the Cs—Cg bonds are expected to contribute to dextran elasticity. However, the
axial deposition of the C;—O; bonds in dextran suggests that, unlike those of pustulan, its
ring structures may be susceptible to forced transitions to a boat-like conformation. SMD
simulations of the dextran stretching process are invaluable in providing atomic insights into
the behaviour of the glucose rings.

8.4. SMD simulations of dextran: forced rotations and chair-boat transitions

Figure 8(A) (grey trace) shows the results of a 1 s SMD simulation of dextran in an implicit
solvent (Lee et al 2004b). The SMD data closely follow the AFM measurements and this
agreement allows us to propose a detailed model of the stretching process. An example of the
behaviour of a dextran unit is shown in figure 8(B), which displays trajectories of the three
torsions of the glucose ring during the SMD simulation. First, we note that, similarly to ring
No 8 shown in figure 8(B), all the other rings end the stretching process in a boat-like, tg
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conformation. This result indicates that dextran combines the elastic properties of pustulan
(I — 6 linkages) and amylose (C;—O; axial). Second, unlike pustulan, which experiences
forced gt — tg transitions, dextran experiences gt — gg transitions, which occur at a very
early stage of the stretching process. This is because the gg rotamer in dextran, but not in
pustulan, provides an increased separation between atoms O; and Og in a conformation that
is equi-energetic to that of the gt rotamer. Therefore, these low energy transitions do not
contribute to the rising phase of the force—extension curve; they merely increase the contour
length of dextran during the initial phase of the stretch. Third, once all the rings are in the
gg state, stretching is dominated by a continuous bending of the w torsion which is clearly
captured by trace 3 in figure 8(B). This bending provides some chain extension and coincides
with the rising phase of the force—extension profile that precedes the plateau feature. A careful
analysis of the trajectories indicates that the onset of the plateau feature coincides with the
onset of gg — tg rotations and ring instabilities. gg — tg rotations occur rapidly, as shown
by a step-wise transition of trace 3 from —80° to —180°, accompanied by a flip of the ring to
a boat-like conformation, which is captured in trace 1 showing a flip of torsion #; from +60°
to —60°. The temporal analysis of the SMD trajectories, similar to that shown for ring No 8,
suggests that rings in dextran undergo compound transformations: *Cy go — Tig, Where *C| g,
represents the chair conformation with the Cs—Og bond in the gg state and T, represents a
twist-boat with the C4—Og bond in the tg orientation (figure 8(C)) (Lee ef al 2004a, 2004b,
Appell et al 2004). T, seems to work as a ratchet, which locks the ring conformation and
secures the gain in the O;—Og distance. Pure gg — tg rotations in the chair conformation also
occur and they precede the final compound transition of the ring. However, they generate little
gain in the O;—Og distance, and this gain is not permanent because of the reverse transitions to
the gg state. Itis the transition to the final T, twist-boat structure, with the Cs—Og bond in the
tg position and the C;—O; bond in the quasi-equatorial orientation, that provides the maximum
gain in the Og—O; length which is permanent.

From this analysis we conclude that the extensibility of dextran is governed by a series of
forced conformational transitions: the initial gt — gg transitions occur at very low forces and
are followed by small changes in the orientation of the C4—Og and C;—O; bonds. These are
followed by coupled chair-boat and gg — tg transitions to the final 7i, conformation of the
ring (Lee et al 2004b).

9. How much work do atomic cranks and levers perform during stretching of pustulan
and dextran?

From the normalized force—extension curves of pustulan, dextran and methylcellulose
(figure 6), it is possible to estimate the work which is needed to rotate the C—Og crank and to
flip the ring to a boat-like conformation. This work is in excess of the minimum work that is
necessary to reduce the entropy of a simple freely jointed chain (e.g. methylcellulose) during
stretching. This can be done by calculating, in each case, the increase in the free energy of the
polysaccharide chain, AG, when stretched to a given extension /max. AG can be calculated as
the reversible work of the stretching force:

Imax
AG = / Fdx.
0

This work can be measured by integrating the area under the force—extension curve.
By calculating the areas under the normalized force curves in figure 6 up to a force of
1500 pN we find that wey = 4.9 kcal mol’l/ring, Wpust = 10.7 kcal mol’l/ring and
Waex = 16.8 keal mol™! /ring (Lee et al 2004b). The work to rotate the C4—Og ‘crank’ to
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the tg orientation is, then, Wy = Wpust — Ween = 5.8 keal mol~!/bond. Similarly, the work
of the C;—O; ‘lever’ and the Cs—Og crank to flip the ring to the 7iy twist-boat conformation
1S We_pg = Wdex — Weell = 11.9 keal mol ! /ring (Lee et al 2004a, 2004b). Interestingly,
the difference between wc_p ¢ and wyy amounts to ~6 kcal mol~!, which is similar to the
~35 kcal mol~! necessary to flip the glucose ring to a boat-like conformation in amylose
(Marszalek et al 1998).

10. Can force-induced conformational transitions play a role in biological systems?

It is possible that the conformational transitions that we reviewed here occur in biological
systems, because polysaccharides and their sugar components are frequently placed under
various mechanical stresses. Examples include polysaccharides in the cell wall of plants
responding to changes in internal pressure. During adhesive interaction involving sugars and
proteins, forces amounting to several hundred piconewtons per single bond between cells may
occur (Puri ef al 1998). Another example is provided by the lysozyme reaction in the cell
walls of bacteria, where the enzyme forces the sugar ring into a highly strained conformation,
before it severs the glycosidic linkage. Yet another example is provided by the enzymatic
epimerization in seaweed alginates of f-D-mannuronic acid to «-L-guluronic acid by C-5
epimerase, with concomitant inversion of the pyranose ring from its *C; to the 'C4 chair
structure and reorientation of the hydroxyls at C1 and C4 from the equatorial to the axial
position. A similar reaction occurs in an important animal polysaccharide, heparin, where C-5
epimerase converts 8-D-glucuronic acid (GlcA) to «-L-iduronic acid (IdoA), whose structure
probably assumes a boat-like conformation in a functional complex between heparin and a
protein antithrombin (Hricovini et al 2001, Hagner-McWhirter et al 2000). When -1 — 6-
linked sugars are subjected to tensile forces, the forced rotation of the C¢—Og bond to the tg
orientation is expected to occur with a significant reorientation of the oxygen atom, Og, to a
new position where it could engage in a hydrogen bonding to stabilize a biologically important
interaction. In a-1 — 6-linked sugars placed under tension, a shift of the gt/gg equilibrium
towards the tg position is expected, with a similar effect. It is possible that strong adhesive
forces acting on @-1 — 4- and @-1 — 6-linked sugars could flip the sugar ring to a boat-
like structure (amylose, dextran) or an inverted chair conformation (pectin). Such a transition
would result in a significant reorientation of the side groups allowing them to engage in or
disengage from hydrogen bonding interactions with a protein (Drickamer 1997) to modulate,
in a force-dependent manner, some biological activity of the latter.

11. Conclusions

We reviewed the elastic properties of individual polysaccharides derived from AFM and SMD
experiments. We point to a significant role of axial glycosidic linkages in affecting the elasticity
of «-linked polysaccharides. These bonds act as atomic levers that mechanically control
the structure of the sugar rings and under tension can flip the ring to various high energy
conformations such as a boat (twist) or an inverted chair. We discussed the role of atomic
cranks and levers in forced rotations and complex chair-boat transitions coupled to rotations
in 1 — 6-linked polysaccharides. We provide an estimate for the work that needs to be
done by external forces to rotate atomic cranks and to flip atomic levers during the stretching
of polysaccharide chains. By exploiting SMD simulations we are able to correctly interpret
the results of single-molecule AFM measurements and gain insight into the conformational
mechanics of sugar rings. It is possible that the conformational transitions that are induced in
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sugar rings by AFM manipulations mimic the rearrangements that occur in polysaccharides in
biological settings.
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