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ABSTRACT The extension of 1–6 polysaccharides has been studied in a series of recent single molecule AFM experiments.
For dextran, a key finding was the existence of a plateau in the force-extension curve at forces between 700 and 1000 pN. We
studied the extension of the dextran 10-mer under constant force using atomistic simulation with various force fields. All the
force fields reproduce the experimental plateau on the force-extension curve. With AMBER94 and AMBER-GLYCAM04 force
fields the plateau can be explained by a transition of the glucopyranose rings in the dextran monomers from the chair (4C1) to
the inverted chair (1C4) conformation while other processes occur at smaller (rotation around C5-C6 bond) or higher (chairs
to boat transitions) forces. The CHARMM force field provides a different picture which associates the occurrence of the plateau
to chair-boat transitions of the glucopyranose rings.

INTRODUCTION

Carbohydrates and carbohydrate-containing biopolymers

play a very important role in living cells and have many

potential applications in pharmaceutical industry and mate-

rial science. Their high degree of structural and conforma-

tional flexibility leads to the rich conformational behavior of

these polymers, including a complex elastic response under

the action of an external force. There are several possible

ways of linking saccharide rings in a linear polymer, for ex-

ample 1–4 and 1–6 linkages (i.e., connecting C1 and C4 or

C1 and C6 carbon atoms of neighboring sugar monomers).

Polysaccharides with 1–6 linkage have greater flexibility and

more complex conformational behavior due to the additional

bond between neighboring rings.

The extension of 1–6 polysaccharides has been studied in

a series of single molecule AFM experiments (1–4). A key

finding for dextran was the existence of a plateau in the force-

extension curve. This plateau starts at forces of 700–900 pN

for native dextran and at 250–350 pN for carboxymethylated

dextran. These results sparked a debate concerning the origin

of this plateau. Rief et al. (1) initially attributed the plateau to

a rotation around the C5-C6 bond (i.e., to conformational

transition of O5C5C6O6 dihedral angle) in each monomer.

Marszalek et al. (2–4) suggested that the plateau occurs due

to a chair-boat transition of the glucopyranose rings during

the extension of dextran chain. To interpret the experimental

findings, Rief et al. (1) also performed molecular dynamics

(MD) simulations of a short chain consisting of five mono-

mers subject to a constant pulling speed. The force extension

curve extracted from the simulation showed a plateau but the

conformational transitions responsible for the plateau were

not characterized in detail. Marszalek et al. (2) estimated the

monomer extension Dd by using ab initio calculations of the

dextran monomer length (i.e., the distance d between O1 and

O6 atoms) in the chair (dchair ¼ 4.412 Å) and boat (dboat ¼
5.696 Å) conformations of the glucopyranose ring; the re-

sulting Dd ¼ dboat-dchair ¼ 1.284 Å, agrees well with their

average experimental extension of dextran per monomer.

In a recent article, Lee et al. (5) presented results from a

CHARMM-based (6) MD simulation of dextran and pustulan,

where extension was achieved by pulling the molecules at

constant speed. It was found that the extension in the dextran

plateau region occurs due to a chair-boat conformational

transition of the glucopyranose rings.

The conformational properties of simple sugars play an

important role in the structure-function relationships govern-

ing polysaccharides and glycoproteins. This has motivated

many efforts to calculate the conformational structure of dif-

ferent monosaccharides. Different methods were used for this

goal from ab initio and semiempirical calculations (7–10)

to atomistic simulations. In the latter case, the AMBER (11)

and CHARMM (12) force fields, originally designed for pro-

teins and nucleic acids have been most frequently employed.

In some molecular mechanics studies the MM3 force field

has been used (13). Due to the conformational complexity of

the carbohydrate monomers, these generic force fields give

results which are not always consistent with ab initio predic-

tions. To overcome this deficiency, several modifications of

AMBER and CHARMM force fields have been designed

specifically for saccharides such as united atom AMBER

(14), AMBER-Homans (15), AMBER-GLYCAM (16),

AMBER with GB/SA continuum model of water (17), and

CHARMM-Parm22/SU01 (18). The influence of water mole-

cules on the conformation of glucopyranose and the structure

of water around monosaccharides have also been studied

using quantum chemistry and force-field approaches (19,20).

The quality of 20 different force fields for monosaccharides

has been recently assessed (21) through a comparison of
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energies and geometries with those from ab initio and density

functional methods. Principal component analysis was used

for the quantitative evaluation of the force fields’ quality.

Even force fields specifically elaborated for carbohydrates

deviate considerably from the ab initio results. Surprisingly,

one of the best force fields in this review was found to be the

general AMBER94 force field (22), which was not specially

designed for carbohydrates.

Conformational properties of 1–4 and 1–6 linked disac-

charides have also been addressed by molecular simulation.

These simulations are important as they can be used as a

starting point for the prediction of the structure of linear poly-

saccharides. For 1–6 linked disaccharides, the FF400 force

field was used as early as 1980 (23). It was shown that

disaccharides with a 1–6 linkage have high conformational

flexibility. This was also confirmed by simulation with more

recent force fields (24–26) and suggests that linear 1–6

polysaccharides should have high conformational flexibility.

The goal of this work is to identify the conformational

transitions responsible for the plateau in the force-extension

curve of dextran by thoroughly analyzing a large number of

equilibrium simulations in a broad range of constant forces

applied to dextran. Three different force fields (AMBER94,

AMBER-GLYCAM04, and CHARMM) were used for this

goal to moderate between the relative merits of the force fields,

and to identify possible artifacts of individual force fields.

MODELS AND METHODS

Extension of linear dextran 10-mer consisting of 1–6 linked a-d-glucopyr-

anose monomers (Fig. 1) was studied in the presence of a constant force

applied to the ends (O1 atom of first monomer and O6 atom of last). Most cal-

culations were done without explicit solvent. We used the PUMA package

(27) with AMBER-like force fields (AMBER94 and AMBERGLYCAM04)

as it was found earlier that these force fields describe the puckering behavior

of glucopyranose ring better than other force fields. Some additional sim-

ulations were performed using the CHARMM program and force field

(CHARMM-Parm22/SU01).

The Verlet algorithm with a time step of 1 fs was used in all simulations.

The simulation length of for the dextran 10-mer was up to 1 ms at each con-

stant force in the interval 200–2000 pN. This interval of forces corresponds

to the experimental interval used in single molecule dextran extension by

AFM (28). To achieve suitable local equilibration of dextran, a Brownian

thermostat with a small friction coefficient (1 ps�1) was used. Most simula-

tions were performed at T ¼ 300 K temperature. Simulations at high tem-

perature (T¼ 600 K) were also performed to understand how the decrease of

effective barriers for internal rotation influences the simulation results.

Simulation of a dextran 10-mer in explicit water (TIP3P) was carried out

to investigate the influence of solvent on the extension mechanism and

puckering behavior of the pyranose ring. In this case, the dextran was

immersed in a rectangular box containing 4529 molecules of TIP3P water.

Simulations were performed at constant temperature (300 K) and pressure

(1 atm) using the Berendsen thermostat and barostat (29). Relatively short

(20 ns) simulations were performed at three different forces (F¼ 200, 1000,

and 1800 pN) to probe the main stages of dextran extension (before, during,

and after the plateau region).

RESULTS AND DISCUSSION

Force-extension dependence for 10-mer

Force-extension curves for the 10-mer (where the average

extension per monomer d is on the x axis and the constant

force F on the y axis) are shown for the AMBER94 in Fig. 2 A
and for AMBER-GLYCAM04 force fields in Fig. 2 B (cir-
cles). The end-to-end distance is normalized by the number

of monomers in the chain to provide an easier comparison

with experimental results (see Table 1). AMBER94 and

AMBER-GLYCAM04 give similar results, and a plateau on

the force-extension curves for both force fields is evident

in both cases. The only difference between these two force

fields is in the small shoulder in the force-extension curves

nearF¼ 1500–1800 pN (visible in Fig. 2A, and not in Fig. 2B).
Currently available experimental data (1,2,5) suggest that

this shoulder is an artifact.

To understand the molecular mechanism of dextran ex-

tension, it is important to discriminate the contributions from

the extension of each of the monomers and their mutual ori-

entation. It should be stressed that the carbohydrates’ norma-

lized end-to-end distance measured experimentally includes

both these contributions. In fact, particularly at small ex-

tensions, monomers are not perfectly oriented along the

direction of extension. The average monomer length was

calculated as the average 10-mer contour length divided by

the number of monomers. The force as a function of norma-

lized contour length (equal to the average length of one

monomer) is shown in Fig. 2 A and Fig. 2 B as triangles. At

forces .600 pN (when the orientation of the monomers is

strong) the difference between the two curves is small. How-

ever, at small forces the difference can be large; for example,

it is 0.37 Å at F ¼ 200 pN per monomer for the AMBER94

force field and 0.32 Å for the AMBER-GLYCAM04 force

field. Thus the orientation of the monomers contributes to the

extension of the dextran chain as a whole but only at low

forces and could not contribute to the plateau of force-

extension curve at higher forces (Fig. 2). The time series of

the length of all the inner monomers is shown in Fig. 3.

Although fluctuations are large, it appears that a discreet

number of states is populated. Two states are mostly

FIGURE 1 Single monomer of dextran (a-d-glucopyranose). Heavy atoms

are indicated using standard nomenclature for saccharides. Hydrogen atoms

not shown.
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populated, corresponding to a length of 5.7 and 5.9 Å, but con-

formations with a length of 6.1 Å are also rarely observed.

The next step is to check which processes contribute to the

extension of each monomer (i.e., the increase of the O1–O6

distances of the same monomer; see triangles in Fig. 2) at

different forces. An increase in monomer’s length can be

achieved through the extension of valence bonds and dis-

tortion of the valence and dihedral angles. To quantify the

contribution of the first two factors to individual monomer’s

extension we calculated the bond lengths and selected dis-

tances between second neighboring atoms (which define

valence angles) along the contour of extension (O1C1O5C5-

C6O6 between O1 and O6 end atoms, see Fig. 1). We found

that bond lengths along this contour extend by no more than

1.5–2% for forces F ¼ 700–1000 pN. The calculations of

distances between second neighboring atoms belonging to

the O1C1O5C5C6O6 contour allow the contribution of the

deformation of valence angles and bonds to be estimated.

Such extension of bonds and the distortion of valence angles

in the plateau region contribute by no more than 3–4% of the

total extension of monomers and thus do not play a signi-

ficant role in the overall extension.

Thus the extension of monomers must involve conforma-

tional transitions. To determine which conformational tran-

sition (i.e., a rotation around the C5C6 bond or a puckering

of the glucopyranose ring) is responsible for these steplike

transitions between three values of monomer length, in Fig. 3

we calculated dihedral angles that change their values in these

two processes. In the first case, O5C5C6O6 and C4C5C6O6

dihedral angles were calculated at different constant forces.

The Ramachandran-like plot of f2¼ C4C5C6O6 dihedral

angle as function of f1 (i.e., the O5C5C6O6 dihedral angle)

for all the inner monomers within the 10-mer are shown in

shading in Fig. 4, A–C, for AMBER94; in Fig. 4, D–F, for
AMBER-GYCAM04; and in Fig. 4, G–I, for CHARMM.

Fig. 4 A, D, and G are for F ¼ 200 pN; the Fig. 4, B, E, and
H, for F¼ 1000 pN; and Fig. 4, C, F, and I, for F¼ 2000 pN.

There are three possible conformational states of O5C5C6O6

and C4C5C6O6 angles (�60�, 60�, and 180�) that corre-
spond to the gauche minus (g�), gauche plus (g1), and

trans (t) rotation isomers of these angles. Because angles

O5C5C6O6 and C4C5C6O6 share three of four atoms there

are only three possible conformational states of this pair of

angles which are traditionally used for the description of

FIGURE 2 Force-extension curves for a dex-

tran 10-mer at temperature T ¼ 300 K. Circles

denote the normalized average end-to-end dis-

tance, d, whereas triangles represent the nor-

malized chain contour length, Lcont,, for (A)
AMBER94 and (B) AMBER-GLYCAM04

force fields.

TABLE 1 Parameters of dextran obtained from experiment

and simulation

Monomer

length

d (Å)

Plateau

force

F* (pN)

Energy

difference

kcal/mol

Distance

difference

(Å/monomer)

Appell et al. (10)y

(F ¼ 0, ab initio)
4C1(gt) 4.48 0
4C1(gg) 5.15 0.075
4C1(tg) 5.21 0.055

B14(tg) 5.48 8.717
1C4(tg) 5.58 7.91
14B(tg) 5.87 9.041

Rief(1)

(F , F*) 700–850 7.9 0.64

(F . F*)

Fernandez et al. (33)

(F , F*) 4.4 850 6 140 11.2 1.28

(F . F*) 5.7

Kawakami et al. (28) (AFM) 9.5 0.66

Lee et al. (5) (MD)

F , F*
4C1(gt) 4.4
4C1(gg, tg) 5.2–5.5

F . F*

T(tg) 6.30 1.1

Present (MD)

F , F*
4C1(gg, tg) 5.2

FF*
4C1(tg) 5.4–5.7
1C4(tg) 5.7–6.0

F . F*
4C1(tg) 5.9
1C4(tg) 6.0

T(tg) 6.3 1.1

yAppell et al. (10) for energies and private communication for distances, F*
is a force in plateau region of force-extension curve.
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rotation around the C5C6 bond. When the O5C5C6O6 angle

is in the g� state and the C4C5C6O6 is in g1 isomeric state,

the pair of angles (f1, f2) is in the g�g1 state. This is the

only region at force 200 pN that exists in our simulations for

all force fields (shaded dots around (�60�, 60�) in plots Fig. 4
A, D, and G). The second possible conformational state is

tg�. This area is well pronounced for AMBER-like force

fields (shaded dots around (f1, f2) ¼ (180�, �60�) in Fig.

4, A and D) and completely absent in the case of CHARMM

force field (Fig. 4 G). The third conformational state of this

pair of angles, g1t, is clearly seen (but less populated than

g�g1 and tg� states) only for the AMBER94 force field

(shaded dots near (f1, f2) ¼ (60�, �180�) in Fig. 4 A) .
At the intermediate force 1000 pN (Fig. 4, B, E, and H)

close to the end-of-plateau region in the force-extension

curve (Fig. 2, A and B), the state tg� becomes equally or

even more populated than g�g1 for both AMBER-based

force fields (shaded dots around (f1, f2) ¼ (180�, �60�) in

FIGURE 3 Length of the eight interior mon-

omers (excluding first and last) in a dextran 10-

mer at constant force F¼ 1000 pN and T¼ 300

K as a function of simulation time (averaged

over 10-ps window). (A) AMBER94 and (B)

AMBER-GLYCAM04 force fields. The length

of each monomer is represented by different

shade intensities.

FIGURE 4 Ramachandran-like plots

for two pairs of dihedral angles: first pair

O5C5C6O6 (f1) and C4C5C6O6 (f2)

(shaded), second pair C2C1O5C5(f1)

and C2C3C4C5(f2) (solid) in the dex-

tran 10-mer. (A) F ¼ 200 pN, (B) F ¼
1000 pN, and (C) F¼ 2000 pN. Values

for the eight interior dextran monomers

in a 10-mer are shown. Panels D–F, the

same as panels A–C, but for the AMBER-

GLYCAM04 force field; and panels G–I,
the same but for the CHARMM force

field.
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Fig. 4, B and E). For CHARMM at F¼ 100 pN the tg� state

also occurs (Fig. 4 H) but it is not as pronounced as for

AMBER-based force fields. The state g1t at this force dis-

appear even for the AMBER94 force field (Fig. 4 B).
At high force F ¼ 2000 pN (Fig. 4, C, F, and I) the state

tg� is the most prevalent for both the AMBER and

CHARMM force fields (shaded dots around (f1, f2) ¼
(180�,�60�) in Fig. 4, B, F, and I). The state g�g1 (shaded
area around (f1, f2) ¼ (�60�, 60�)) completely disappears

for AMBER force fields (Fig. 4, C and F) while for the

CHARMM force field (Fig. 4 I) the g�g1 state ‘‘moves’’ in

the direction of the tg� state.

In the g1t state, the monomer length is short (4.5 Å) while

in the two other states (g�g1 and tg�) the monomer has

nearly the same length (5.2 Å). The small population or the

absence of g1t state at 200 pN and greater means that the

monomer is always in its longest possible state. This result is

in agreement with Fig. 2’s result that the length of monomer

(triangles) at the smallest force used (F¼ 200 pN) is close to

5.2 Å. Further rotation around the C5C6 bond at higher forces

could not contribute to the monomer extension and to the

occurrence of the plateau region (at forces 700–100 pN).

Thus the only process that can lead to a significant exten-

sion of the monomer in the plateau region is the conforma-

tional transition of glucopyranose ring. The puckering of the

glucopyranose ring can be characterized by improper di-

hedral angles (30). Analogous information can be obtained

from pairs of dihedral angles inside the glucopyranose ring,

for example, f1 ¼ C2C1O5C5 and f2 ¼ C2C3C4C5. The

Ramachandran-like plots of the dihedral angle f2 ¼
C2C3C4C5 as function of f1 ¼ C2C1O5C5 are shown in

Fig. 4 by solid representation for different force fields where

Fig. 4, A–C, for AMBER94; in Fig. 4, D–F, for AMBER-

GYCAM04; and in Fig. 4, G–I, for CHARMM. Fig. 4, A, D,
and G, are for F ¼ 200 pN; the Fig. 4, B, E, and H, for F ¼
1000 pN; and Fig. 4, C, F, and I, for F ¼ 2000 pN. At F ¼
200 pN for all force fields (Fig. 4, A, D, and G), there is

only one populated region of (f1, f2)¼ (�60�, 160�)
corresponding to a well-known chair conformation (4C1) of

the glucopyranose ring in dextran monomers.

At F ¼ 1000 pN (Fig. 4, B, E, and H), the chair state (4C1)

is slightly displaced to (f1, f2) ¼ (�50�, 160�). At

the same time, two new populated areas arise at (f1, f2) ¼
(50�, �60�) corresponding to an inverted chair (4C1) and at

(f1, f2) ¼ (30�, 30�) corresponding to a boat state. The

‘‘inverted’’ chair 1C4 and boat conformations of glucopyr-

anose ring had a very small probability in the absence of

force and at forces F ¼ 200 pN (these conformations were

absent in Fig. 4, A, D, and G). Application of higher forces

increases the probability of the 1C4 inverted chair and boat

conformations. For both AMBER force fields in the plateau

region (F ¼ 700–1000 pN), the number of chairs in this 1C4

state (size of area marked by solid points around (f1, f2) ¼
(50�, �60�) in Fig. 4, B and E) becomes comparable with

that for 4C1 state (around (f1, f2) ¼ (�50�, 160�) on the

same plots). Thus the plateau on the force-extension curve

could be originated by chair-inverted chair transitions (from

chair 4C1 to
1C4 conformation).

These results contrast with those obtained using CHARMM

at intermediate forces (Fig. 4 H). At F ¼ 1000 pN, only one

additional region around (f1, f2) ¼ (30�, 30�) occurs that
corresponds to a boat state of glucopyranose rings in dextran

10-mer. The inverted chair conformation is completely ab-

sent (there are no points around (f1, f2) ¼ (50�, �60�) in
Fig. 4 H). An analogous simulation at high temperature

(600 K) gives for CHARMM three ensembles of conforma-

tions with angles f1 and f2 corresponding to chair (4C1,

f1 ¼ �60� and f2 ¼ 60�); inverted chair (1C4, f1 ¼ �60�
and f2 ¼ 60�); and boat (f1 ¼ 30� and f2 ¼ 30�) (not
shown). Thus, for CHARMM force field at high temperature,

the same conformational states of the ring as for AMBER-

like force fields at room temperature were obtained.

Further increase of force to F¼ 2000 pN (Fig. 4, C and F)
leads to a decrease in population in both chair states for both

AMBER force fields. The average absolute value of f1 ¼
C2C1O5C5 angle decreases to near 30� (area around (f1,
f2)¼ (�30�, 60�) in the chair 4C1 state and area around (f1,
f2) ¼ (30�, �60�) for inverted chair 1C4). For all force

fields, a significant increase in the number of points in boat

state (around (f1, f2) ¼ (30�, 30�)) occurs. The boat state

becomes dominant for AMBER94 (Fig. 4 C, see area around
(f1, f2) ¼ (30�, 30�)). This is in agreement with the occur-

rence of the shoulder region in Fig. 2 A. Thus we now can

attribute this shoulder to the transitions from chair to boat

conformation of glucopyranose rings for AMBER94.

This shoulder, observed only for AMBER94, is due to

chair to boat transitions occurring in a small interval of forces

between 1500 and 1800 pN. For AMBER-GLYCAM04, this

transition occurs in a broad interval of forces and thus it is

not evident in the force-extension curve. The absence of the

second shoulder is in agreement with available experimental

data for dextran extension (1,2,5) in single molecule AFM.

The broad range of positive (f1, f2) angles for boatlike states
at high forces suggests that it involves more than one boatlike

conformational state (e.g., boat and twisted boat conformations).

Kinetics of glucopyranose ring transitions

To get insight into the mechanism of conformational tran-

sition for the pyranose ring in plateau region of forces

(700–1000 pN), the time dependence (Fig. 5) of the monomer

length (Fig. 5,A andB), the diagonal lengths of glucopyranose
ring (Fig. 5, C and D), and some dihedral angles (Fig. 5, E
and F) for the same monomer are plotted at F ¼ 800 pN .

Fig. 5 A shows that in the case of the AMBER94 force

field, the transition is observed from a state with a monomer

length d¼ 5.5–5.6 Å to a second state with d� 5.8 Å (at time

near 5000 ps) and also rare transitions to a third short-lived

state with d � 6.0–6.1 Å (at times near 11,000 ps and

20,000 ps).

Dextran Extension by Molecular Dynamics 3583
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Similar transitions between three states (with length of

monomer d near 5.6–5.7, 5.9, and 6.1 Å) are observed at the

same conditions for the AMBER-GLYCAM04 force field in

Fig. 5 B. The starting conformational state for monomer in

both force fields (in Fig. 5, A and B) was the same. The first

transition from d¼ 5.5–5.6 Å to d¼ 5.9 Å in Fig. 5 B occurs

very quickly and lines overlaps with the vertical axis in

Fig. 5, B, D, and F.
To determine the identity of these states, reference is made

to the diagonal lengths and dihedral angles. In Fig. 5, C and

D, the lengths of three diagonals at T¼ 300 K are shown as a

function of time. For both AMBER94 (Fig. 5 C) and for

AMBER-GLYCAM04 (Fig. 5 D), the length of each diago-

nal fluctuates around three possible values. Transitions be-

tween these values occur at the same time as the transitions

of the monomer length in Fig. 5, A and B. The lengths of the
diagonals for states with d ¼ 5.6–5.7 Å and 5.8–5.9 Å are

close to each other and similar to those for chair and inverted

chair states. The length of the diagonals of the state with

largest monomer length (6.0–6.1 Å) is different and close to

the length of diagonals in boat state.

In Fig. 5, E and F, the time dependences of the pairs of

dihedral angles C2C1O5C5 and C2C3C4C5 for the same

monomer are shown. For the chair state (4C1), they should be

close to (�60�, 60�), for the inverted chair conformation

(1C4) to (60�, �60�), and for the boat to (30�, 30�). At times

FIGURE 5 Monomer length (distance be-

tween O1 and O6 atoms) (shaded line) as

function of time for (A) AMBER94 and (B)
AMBER-GLYCAM04 force fields. The black

line corresponds to data averaged over 100-ps

windows. (C,D) The length of each of the

three diagonals: C1–C4 (light shaded), C2–
C5 (solid), and C3-O5 (shaded) for the dex-

tran monomer as a function of time for (C)

AMBER94 and (D) AMBER-GLYCAM04

(averaged over 100-ps window). (E,F)
C2C1O5C5 (shaded), C2C3C4C5 dihedral

angle (solid) of the glycopyranose ring as a

function of time for AMBER94 (E) and

AMBER-GLYCAM04 (F). The force is 800

pN in all cases.
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,5000 ps in Fig. 5 E, C2C1O5C5 (shaded points) is close
to �60�, while C2C3C4C5 (solid points) is ;60�; i.e., the
glucopyranose ring is in 4C1 state. At times near 5000 ps,

they interchange signs so that C2C1O5C5 is 60� and

C2C3C4C5 is �60�; i.e., a transition to 1C4 occurs. Excep-

tionally both C2C1O5C5 and C2C3C4C5 are simultaneously

positive (e.g., in boat conformation at ;11,000 and 20,000

ps in Fig. 5 E for AMBER94 and more frequently in Fig. 5 F
for AMBER GLYCAM04). Thus comparison of bond

lengths, diagonal lengths, and dihedral angles of the same

glucopyranose ring confirms that the short state corresponds

to chair, the intermediate state to inverted chair, and the

longest state to the boat conformation.

Ab initio results of Appell et al. (10) confirm (see Table 1)

that the length of the monomer in chair conformation 4C1 is

minimal at ;5.2 Å, the length of the 1C4 inverted chair is

greater at;5.6 Å, and the boat conformation is the longest at

;5.9 Å (see Table 1). These values are consistent with our

monomer length (d ¼ 5.6, 5.8, and 6.1 Å, correspondingly;

see Table 1). The only difference is that the single monomer

length obtained from molecular dynamics simulations under

force is greater than ab initio values due to additional elastic

deformation of the monomer.

Representative structures

In Fig. 6, A–D, are shown the representative structures

chosen by determining the average f1 and f2 for each basin
in Fig. 4 B and by choosing the structures with f1 and f2
angles closest to these values. Glucopyranose ring confor-

mations in these states correspond to the chair 4C1 (Fig. 6 A),
the inverted chair 1C4 (Fig. 6 B), and the boat/twisted boat

conformations (Fig. 6 C) of the glucopyranose ring. The very
rare inverted boat conformation (Fig. 6 D) is also shown for

completeness.

Comparison of the probability of chair and boat
states for different force fields

The number of conformations in each of the glucopyranose

ring states (i.e., chair, inverted chair, boat, and inverted boat)

were obtained by dividing all trajectories into four parts

corresponding to each state. This division was made on the

basis of signs of pair of angles f1 ¼ C2C1O5C5 and f2 ¼
C2C3C4C5. We suppose that

State 1: If f1 # 0 and f2 $ 0, the ring is in chair

conformation.

FIGURE 6 Conformations of dextran monomer dur-

ing extension. (A) chair (4C1), (B) inverted chair (1C4),

(C) boat, and (D) inverted boat. Boat conformations

extracted from simulation are actually a mixture of boat

and twisted boat conformations. (E,F) Population of

glucopyranose ring conformation states: chair (4C1)

(circles), inverted chair (1C4) (triangles), boatlike

(squares), and inverted boatlike (diamonds) confor-

mations for inner dextran monomers in 10-mer: (E)

AMBER94 and (F) AMBER-GLYCAM04 force fields

at T ¼ 300 K.
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State 2: If f1 $ 0 and f2 # 0, the ring is in inverted

chair conformation.

State 3: If f1 . 0 and f2 . 0, the ring is in boat

conformation.

State 4: If f1 , 0 and f2, 0, the ring is in inverted boat

conformation.

The last conformation was almost absent in all simulations

but it is considered for completeness. This definition of four

‘‘main’’ conformations of glucopyranose ring is rather rough,

as it does not discriminate between all possible conforma-

tions but only between four main groups of conformations.

But it is reasonable because from Fig. 4 for theC2C1O5C5

and C2C3C4C5 dihedral angles we have seen that popula-

tion of these pairs is nonzero only at three compact areas

around 1), (f1, f2) ¼ (�60�, 60�); 2), (f1, f2) ¼
(60�, �60�); and 3), (f1, f2) ¼ (30�, 30�) corresponding to

chair, inverted chair, and boat conformations.

To extract the probability of each of these four states, the

number of conformations in each state was normalized by the

total number of glucopyranose ring states occurring during

entire simulation. The results are shown on Fig. 6, F and G,
for 10-mer as a function of external force. The qualitative

behavior of the populations of states of glucopyranose ring

for AMBER94 (Fig. 6 E) and for AMBER-GLYCAM04

(Fig. 6 F) force fields at T¼ 300 K is similar. The chair (4C1)

conformation state of the ring is dominant at low force and its

population decreases with force. The number of boat confor-

mations increases with force and become dominant at high

force. The inverted chair conformation for both force fields

occurs first at F¼ 600 pN and its population peak is at forces

800–1200 pN.

Comparison of populations of the same states for AMBER-

GLYCAM04 with CHARMM monomers at T ¼ 300 K (not

shown) reveals that for the CHARMM force field there is no

inverted chair conformation (1C4) and only an abrupt

transition from the chair (4C1) conformation to boat occurs

at forces near 1000 pN.

Thus the main result both for AMBER94 and AMBER-

GLYCAM04 is that, in the plateau region, only transitions

from chair to inverted chair (i.e., from 4C1 to 1C4) occur.

Transitions to a boat conformation occur mainly at higher

forces (F. 1500 pN). This suggests that in the experimental

plateau region (F ¼ 700–1000 pN), the glucopyranose

conformational transitions occur only from chair to inverted

chair. As transitions to the boat conformation occur at forces

F . 1500 pN they could not contribute significantly to the

occurrence of the plateau in the experimentally observed

range.

This result means that despite the existence of three main

states (chair, inverted chair, and boat) of the glucopyranose

rings over the experimental interval of force (200–2000 pN)

of single molecule dextran extension in AFM, a more coarse-

grained two-state model (such as a model of chain consisting

of bistable bonds (28)) may be sufficient for the theoretical

description of the plateau on force-extension curve because

only one process contributes to the transition in plateau re-

gion. However, our simulations using AMBER-type force

fields lead to the interpretation of this process as a chair to

inverted chair transition of ring as opposed to chair-boat tran-

sition proposed in previous CHARMM-based simulations.

Dextran 10-mer in explicit water

We performed simulations of dextran 10-mer in explicit

water solvent at three different forces (F ¼ 200, 1000, and

1800 pN), i.e., before, around, and after the plateau region on

the force-extension curve. For each monomer of the 10-mer,

the monomer length and dihedral angles reflecting the

rotation around the C5-C6 bond and the puckering behavior

of the pyranose ring were analyzed.

The average monomer length at F ¼ 200 pN (not shown)

is near d ¼ 5.2 Å, which is close to the value for the 4C1

conformation of the pyranose ring obtained at this force in

vacuo for both the dextran monomer and the 10-mer. As, in

vacuo, the gt substate of 4C1 conformation is less probable

than g�g and tg� even at this smallest force used (200 pN).

At intermediate extensions (F ¼ 1000 pN corresponding

to plateau in the force-extension curve) the distribution of

monomer length of 10-mer in water is bimodal (not shown)

with a first peak at d� 5.5 Å and a second broad peak at d�
5.9 Å. These two monomer lengths are close to those we

obtained in vacuo and correspond to a slightly extended 4C1

(g�g or tg�) chair and 1C4 (tg�) inverted chair. At the

highest force (F ¼ 1800 pN), the monomer length is close to

d � 6.2 Å. This length of monomer is also very close to the

monomer length obtained for the 10-mer in vacuo with

pyranose rings in a boat/twisted boat conformation.

The values of pairs of dihedral angles O5C5C6O6 and

C4C5C6O6 reflecting rotation around C5-C6 bond and

angles C2C1O5C5 and C2C3C4C5 reflecting conforma-

tional transitions of the glucopyranose ring are slightly dif-

ferent from the values obtained in vacuo but distributed (not

shown) between the same three compact areas as in Fig. 4.

The signs of the latter pair of angles were used to determine

the population of the chair, inverted chair, and boat states of

the glucopyranose rings of a 10-mer in water at F ¼ 200,

1000, and 1800 pN (open points in Fig. 6 E). At F ¼ 200 pN

all glucopyranose rings are in the chair conformation; at

F ¼ 1000 pN there is near 58% chair, 35% inverted chair,

and,10%boat conformations; at highest force (F¼ 1800 pN)

there is almost no chair conformation, near 10% of inverted

chair, and near 90% boat/twisted boat conformation. These

data are in good agreement with results obtained for the same

AMBER94 force field in the absence of water (Fig. 6 E). At
the same time, we can also make the preliminary conclusion

that the explicit water solvent at F ¼ 1000 pN decreases the

amount of inverted chair conformations and slightly increases

the amount of boat conformations in comparison with similar

simulation in vacuo.
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CONCLUSIONS

The equilibrium structural properties of dextran under force

have been determined using molecular dynamics with three

different force fields (AMBER94, AMBER-GLYCAM04,

and CHARMM), in vacuo. The main result is that, at forces

between 700 and 1000 pN, a third state of the glucopyranose

ring (inverted chair) not previously described for dextran is

observed beside chair and boat. Remarkably, the plateau on

the force-extension profile from both simulations and experi-

ments can be explained by the transition of the glucopyra-

nose ring from chair (4C1) to inverted chair (1C4).

Other processes occur at smaller (rotation around the

C5C6 bond) or higher (chair to boat transition) forces. These

results are observed with two different AMBER-based force

fields. For CHARMM at T ¼ 300 K, no inverted chair (1C4)

conformation of the pyranose ring are observed. However, at

T ¼ 600 K, CHARMM behaves similarly to AMBER-based

force fields, suggesting that CHARMM might possibly

overestimate the height of the barrier between stable states.

Thus, at room temperature, AMBER-based and CHARMM

force fields suggest different molecular mechanisms for the

plateau region in the force-extension curve: AMBER94 and

AMBER-GLYCAM04 associate the plateau to the chair-

inverted chair transition while CHARMM assigns the pla-

teau region to chair-boat transitions.

Simulations in explicit water of dextran 10-mer extension

confirm that the results above are not an artifact due to the

absence of solvation.

The subtle forms of the transitions of dextran under load

that we have identified in this work immediately motivate a

number of challenges for the experimentalists. Firstly, the

three-state nature of the monomeric length increase in the

range of 1000–2000 pN should be observable even in stan-

dard force spectroscopy with careful control of signal to

noise. In fact, while previous experiments never reported a

three-state mechanism, very recent experimental work (31)

has suggested a three-state structure to the dextran exten-

sional transition compatible with our findings. Using a novel

AFM approach based on the analysis of the variance of the

extension an intermediate was detected for a single dextran

molecule compatible with the intermediate conformation of

the glucopyranose ring revealed by our simulations. Fur-

thermore, the simulations suggest that a one-dimensional

reaction coordinate could not be an appropriate low-dimen-

sional description of the transition landscape. The two chair

states are well-separated along the predominant axis of

extension, but the boat state, which acts as a transition state

between them at low force and a basin of attraction at high

force, is, as we have seen, almost orthogonal to the exten-

sional axis, contributing much less to the extension of the

monomer. A minimal projection of the landscape would

therefore be two-dimensional, corresponding to the two

conformational angles that reflect the three states. Experi-

mental techniques that are sensitive to such structures in

transition landscapes are being developed. These include

extensions of force spectroscopy that themselves access

more than one degree of freedom as a function of extension

or force, and so are in principle capable of mapping out the

structure of configuration spaces with an equal number of

degrees of freedom (28,32). In particular, one consequence

of this two-dimensional model for dextran is that the tran-

sition state between the basins for chair and inverted chair

would appear to be very sharp when projected onto the

direction of extension. Experiments that are sensitive to the

rate dependence of conformational transitions should be able

to detect this feature.
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