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Hydrogen bonds (H bonds) play important roles in determin-
ing the structure and function of biopolymers. For example,
they are responsible for base pairing in nucleic acids, they
contribute to the stability of proteins folds, and they control
molecular recognition among proteins, DNA, and carbohy-
drates.[1] Polysaccharides, because of their abundance of
hydroxy groups and oxygen atoms, are prone to form
extensive networks of intra- and intermolecular hydrogen
bonds.[2] The ubiquitous polysaccharide cellulose extensively
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exploits intra- and intermolecular H bonds to form micro-
fibrils that provide impressive mechanical strength to the cell
wall in plants.[3] The existence of specific H bonds in
biopolymers, including polysaccharides, is not always easy to
detect directly. More typically H bonds are deduced based on
the positions of putative H-bond donor and acceptor atoms,
which are determined experimentally by X-ray/neutron
diffraction or NMR spectroscopy,[2–5] or they are identified
by computer modeling.[6,7] In solutions H bonds may be
disturbed or eliminated altogether because their donors and
acceptors may engage intermittently in hydrogen bonding
with solvent molecules. Therefore, the existence of H bonds in
a liquid phase is rather difficult to establish experimentally.

Herein we report a new approach to directly examine the
propensity of polysaccharides to form inter-residue H bonds
under various solvent conditions. This method involves single-
molecule force spectroscopy[8,9] to measure the effect of H
bonds on the elasticity of individual polysaccharide chains
using the atomic force microscope (AFM). This technique
was, for example, used to determine the role of water bridges
in the helical structure of poly(ethyleneglycol)[9] and to
measure the effect of H bonds on the elasticity of a modular
protein, titin.[10]

In force spectroscopy, single polymer chains are attached
at their extremities to a substrate and the AFM tip and are
stretched vertically in solution to determine their force–
extension relationships (force spectrograms). The force
spectrogram of a simple polymer is typically described in
the context of the entropic elasticity of the freely jointed
chain (FJC) model.[11] However, the majority of the polysac-
charides studied so far by AFM do not behave as FJCs.[8,12–14]

Their force spectrograms display various enthalpic features
that are mechanical fingerprints of force-induced conforma-
tional transitions, such as chair–boat transitions of the
pyranose rings[12] and forced rotations of the hydroxymethyl
group between various rotameric states.[13]

We propose that similar to force-induced conformational
transitions, the existence of intramolecular hydrogen bonds
should be revealed directly by force spectroscopy by register-
ing their effect on the molecular elasticity. To test this
hypothesis we measured force spectrograms of amylose, a
linear 1!4-linked a-d-glucan with the known propensity to
form inter-residue H bonds,[4, 5] in various solvents. These
solvents, by virtue of their widely different dielectric con-
stants g, were expected to either promote (low g values) or
inhibit (high g values) the formation of intramolecular
hydrogen bonds by controlling the electrostatic share of the
bonding energy. Thus, by immersing amylose in solvents such
as water (g = 80) and dimethyl carbonate (DMC; g = 3.1) we
expected to control its hydrogen-bonding ability. The exis-
tence of H bonds could be then tested mechanically in single-
molecule stretching measurements.

AFM stretching measurements were carried out on single
amylose molecules in deionized water, dimethyl sulfoxide
(DMSO, g = 47.2), and dimethyl carbonate (DMC). The
stretching of amylose in all these solvents is reversible (see the
Supporting Information). Figure 1 compares typical force
spectrograms of single amylose chains in these solvents. We
recorded a total of 16 single-amylose force spectrograms in

water, 11 in DMSO, and 11 in DMC, which displayed the
same features as the respective spectrograms shown in
Figure 1. From Figure 1 it is clear that the dielectric constant
of the medium strongly affects the molecular elasticity of
amylose. The difference between the recordings obtained in
water and other solvents increases with the difference in their
respective dielectric constants. The plateau feature, which is
characteristic of the force spectrograms in water,[12] disap-
pears progressively in the media of lower dielectric constant,
and the slope of the force extension curves at higher
extensions (> 5.0 � per ring) increases abruptly relative to
that determined in water. This behavior results in a crossover
of the force–extension curves, which at low extensions
(< 4.8 � per ring) run below and at high extensions
(> 5.0 � per ring) above the trace obtained in water.

To clarify the effect of the dielectric constant of the
medium on amylose elasticity we carried out molecular
dynamics simulations of the stretching process using the
steered molecular dynamics (SMD) protocol implemented in
the program NAMD[15] and a new CHARMM-based force
field for carbohydrates.[16] Similar SMD simulations per-
formed on 1,6-linked glucans (pustulan and dextran), using
the same force field, produced force–extension characteristics
that agreed very well with our experimental AFM data.[13] In
SMD one terminal of the molecule is fixed and the other is
pulled by a Hookean spring, thus simulating AFM stretching
experiments. The simulations were carried out on a chain
composed of ten glucopyranose rings, and we used the
simplest implicit solvent model, in which the solvent is
represented solely by the fixed dielectric constant, g, which
normalizes all the electrostatic interactions. We carried out
two 200-ns SMD simulations for two extreme cases, with g =

80 for water and g = 1 for vacuum (Figure 2). We note that in
both simulations the final conformation of the stretched
pyranose rings is a skew boat (Figure 2 a, inset). However, the
force–extension curves obtained from these simulations
significantly differ in a way that is consistent with our
experimental data. Similar to the force–extension curve
obtained in DMC, the curve obtained from the vacuum
SMD (g = 1) shows no hint of the plateau feature. In addition,

Figure 1. A comparison of typical force–extension relationships for
amylose in H2O (red trace), DMSO (black trace), and DMC (blue
trace). The extensions were normalized by the molecules’ length,
measured at a common force of 3270 pN and then multiplied by the
length of a single ring (O4–O1 distance) also determined at 3270 pN
(see the Supporting Information). The inset shows the structure of
maltose, a building block of amylose.
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at intermediate extensions this curve runs under, and at
higher extensions above, the curve obtained in the water
SMD (g = 80). Along the force–extension curves in Figure 2a
we marked positions at which the individual rings underwent
chair–boat transitions. It is evident that these transitions
occurred later during the stretching in vacuum than in water,
where 40 % of the rings flipped to a boatlike conformation
during the plateau phase. Our SMD result obtained in implicit
water is similar to the result obtained for amylose using the
quantum mechanics based SMD method and explicit water,
where 50–60% of the rings changed their conformation
during the plateau phase.[17] We conclude that in vaccum the
forced chair–boat transitions are shifted to higher forces and
thus require a higher energy input compared to the transitions
in water.

In Figure 2b and c we monitor the behavior of the
putative O2–H3’ hydrogen bonds (Figure 1, inset) between
adjacent rings in water and in vacuum and analyze the
trajectories of the ring conformation (dihedral angle y = O1-
C1-C2-O2). In water (Figure 2b) the distance between O2
and H3’ varies greatly and oscillates between 2 and 5 � before
the chair–boat transition and between 3.5 and 6.5 � after the
transition. The transition itself, monitored as an abrupt
change in y occurs at the normalized extension of � 4.6 �
per ring at a force of � 500 pN. Clearly, the O2–H3’ distance
between the second and third pyranose rings, which is
representative of other ring pairs as well, does not support a
hydrogen bond between these rings.

In vacuum the O2–H3’ distance (Figure 2c) covers a much
smaller range, 1.7–2.4 �, which is consistent with a fairly
strong hydrogen bond between these rings. Ring 2 flips to a
skew-boat conformation at the normalized extension of 5.4 �
per ring, corresponding to a force of � 2300 pN, close to the
end of the stretching cycle. During this transition there is an
abrupt increase in the O2–H3’ distance to � 5 �, which
permanently breaks the hydrogen bond between these two
rings. We conclude that in a medium of a low dielectric
constant, strong hydrogen bonds between adjacent rings are
formed in amylose, which involve the interaction between O2
and H3’ atoms. These bonds mechanically link adjacent rings
and rigidify the amylose backbone. They must be broken
before the rings can flip to an extended, skew-boatlike
conformation. As a result, chair–boat transitions occur on
average at higher extensions and forces and from already
highly deformed and extended chair conformations, in which
the O1–O4 distance is significantly greater than that in a
relaxed chair. Therefore these transitions contribute rela-
tively less to the chain contour length than those that occur at
low forces (as in water). This effect eliminates the plateau
feature from the force–extension curve.

We note that although the final conformations of the
stretched pyranose rings in water and vacuum are similar
(skew-boat), the conformational pathways leading to these
conformations are different. In the case of a vacuum (or a
medium of low dielectric constant) the stretching process, in
addition to reducing the configurational entropy of the chain
and flipping the rings to a skew-boat conformation, also
breaks the inter-residue hydrogen bonds that are not perma-
nently formed in water. Thus by comparing the experimental
force extension curves obtained in water and in a low-
dielectric-constant medium, it should be possible to estimate
the strength of these hydrogen bonds. This can be done by
calculating and comparing the increase in the free energy of
the amylose chain DG when stretched to the same extension
Lmax in water and in DMC. DG can be calculated as the
reversible work of the stretching force [Eq. (1)] This work can

DG ¼
ZLmax

0

F dx ð1Þ

be measured by integrating the area under the force-
extension curve. When the amylose extension x is normalized
for one ring, as in Figure 1, DG represents the change in the

Figure 2. a) A comparison of force–extension curves of amylose
obtained by 200-ns SMD simulations in water (red curve) and in
vacuum (blue curve). The arrows indicate positions at which the indi-
vidual rings flipped to a boatlike conformation. The inset shows the
structures of the ring shortly before and after the conformational tran-
sition (generated using the program VMD[19]). b) SMD trajectories of
the O2–H3’ distance (L) between rings 2 and 3 (blue trace, right axis)
and of the ring dihedral angle y = O1-C1-C2-O2 (red trace, left axis)
during the stretching process of amylose in water. c) Same as (b) but
in a vacuum.
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free energy per ring and DGH bond = DGDMC�DGH2O corre-
sponds to the strength of the inter-residue hydrogen bond per
ring (see the Supporting Information). We find that on
average DGH bond is 1.5 kcalmol�1 (see the Supporting
Information), which is a very reasonable estimate for the
energy of a single hydrogen bond in maltose. Recently, Chen
and Naidoo calculated the strength of this hydrogen bond in
vacuum to be 4.99 kcalmol�1.[7] If we assume that this energy
scales inversely with the dielectric constant of the medium, we
arrive at a value of 1.61 kcalmol�1 for DMC (g = 3.1), which is
very close to our estimate based on the AFM measurements.

Finally, if the interpretation of the results of our AFM
measurements on amylose in terms of the hydrogen-bonding
model is correct, eliminating the ability of amylose to form
inter-residue H bonds altogether should make its elasticity
solvent-independent. The ability to form H bonds can be
abolished by replacing the hydroxy groups with the groups
that cannot form H bonds, for example, acetates. In Figure 3

we show the force–extension curves obtained by stretching
single amylose triacetate (ATA)[18] molecules in water and in
DMC. It is now clear that there is no difference between the
recordings for ATA obtained in media of high and low
dielectric constants, which corroborates our original conjec-
ture. Moreover, all of the ATA curves (in DMC and water)
look similar to the curves obtained on native amylose in
water. This result suggests that: 1) water effectively elimi-
nates inter-residue H bonds of amylose; 2) the acetate
substituents do not affect the elasticity of amylose other
than by eliminating H bonds; and 3) once the possibility to
form inter-residue H bonds has been eliminated, the solvents
play no significant role in amylose elasticity. The last
conclusion also implies that the contributions to the force–
extension relationship from changes in the interglycosidic
torsion angles that accompany amylose stretching are similar
in water and in DMC and therefore cannot explain the
differences in the elasticity of native amylose observed in
these solvents.

In conclusion, amylose can form strong inter-residue
hydrogen bonds, which significantly rigidify the polymer, in
solvents with a low dielectric constant. However, these H
bonds are effectively eliminated in water. Single-molecule

force spectroscopy is an ideal method for directly examining
the hydrogen bonding in polysaccharides and accurately
measuring their strength under various solvent conditions.
The strength of our approach is in that once solubilized and
adsorbed to a substrate, polysaccharides can be examined by
AFM in a variety of solvents, including those they normally
“do not like”, because the AFM tip pulls the molecules into
these solvents. As polysaccharide structures and functions are
greatly affected by extensive networks of intra- and inter-
molecular hydrogen bonds, our method to directly detect and
examine such bonds may find widespread application in the
carbohydrate research and beyond.

Experimental Section
Force spectroscopy measurements on amylose were carried out in a
PicoForce AFM (Veeco Metrology Group, Santa Barbara, CA) and a
home-built force spectrometer.[12] Amylose (type III, from potato;
Sigma-Aldrich) was dissolved in water at a concentration of 0.001–
0.1% (w/v) by heating (� 90 8C). A layer of polysaccharide molecules
was created by drying a drop of these solutions onto glass coverslips,
which had been cleaned by boiling in HCl and then in H2O2. Then the
dehydrated sample was rinsed extensively with water to leave only
those molecules that were tightly adsorbed to the glass surface.[14]

After the substrate had been thoroughly dried and placed in the
AFM, the liquid chamber was filled with an appropriate solvent for
pulling measurements. To pick up amylose molecules, an AFM tip
(Si3N4; Veeco) was pressed down onto the sample for 1–3 s at forces of
1–20 nN. Frequently, no molecule adhered to the tip, and no force
extension curve (force spectrogram) was recorded in such a case.
Occasionally, several molecules with various lengths adhered simul-
taneously to the tip, and a complicated force–extension pattern was
recorded with several overlapping and irregular force peaks, which
correspond to simultaneous stretching and sequential detachment of
these molecules. Such recordings are difficult to interpret and are not
included in this communication (see the Supporting Information).
However, in � 10 % of the recordings a quite distinct pattern, which
can be attributed to individual amylose molecules, was registered. The
unmistakable features of these single-amylose force spectrograms
are: the characteristic plateau that always appears at a force of
� 270 pN in H2O, full reversibility of the stretching process (forward
and backward stretching traces are identical), and the overlapping of
all the recordings after they have been normalized to a common
extension (see the Supporting Information). The normalization
procedure is important as it allows the comparison of force spectro-
grams obtained on molecular fragments that vary in length. This is a
common procedure in AFM-based force spectroscopy, because AFM
tip randomly picks up polymer fragments to be stretched (see the
Supporting Information).[8,20]
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Figure 3. A comparison of AFM-determined force spectrograms of ATA
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traces, five different curves). The inset shows the structure of the ATA
monomer.
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