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Many common, biologically important polysaccharides contain
pyranose rings made of ®ve carbon atoms and one oxygen atom.
They occur in a variety of cellular structures, where they are often
subjected to considerable tensile stress1±6. The polysaccharides are
thought to respond to this stress by elastic deformation, but the
underlying molecular rearrangements allowing such a response
remain poorly understood. It is typically assumed, however, that
the pyranose ring structure is inelastic and locked into a chair-like
conformation. Here we describe single-molecule force measure-
ments7±12 on individual polysaccharides that identify the pyranose
rings as the structural unit controlling the molecule's elasticity. In
particular, we ®nd that the enthalpic component of the polymer
elasticity10,11,13,14 of amylose, dextran and pullulan is eliminated
once their pyranose rings are cleaved. We interpret these observa-
tions as indicating that the elasticity of the three polysaccharides
results from a force-induced elongation of the ring structure and a
®nal transition from a chair-like to a boat-like conformation. We
expect that the force-induced deformation of pyranose rings
reported here plays an important role in accommodating mech-
anical stresses and modulating ligand binding in biological
systems.

Polymeric molecules based on the pyranose ring form a wide
variety of polysaccharides that receive different names depending
on the type of the monomer(s) and the glycosidic linkages. X-ray
crystallography and neutron diffraction have shown that the most
stable conformation of the pyranose ring structures is the chair 4C1

conformer15±17. Molecular dynamics simulations have con®rmed
that the chair 4C1 conformer is the most populated structure: these
simulations also suggested that the ring structure in the chair
conformation is ¯exible because a range of chair distortions are
allowed without signi®cant changes in the conformational
energy18±20.

Some of these polysaccharides can be oxidized by periodate under
mild conditions. The reaction is highly speci®c and results in the
cleavage of the ring structure to form an acyclic backbone with
intact glycosidic linkages21. We have found that such ring cleavage
removes the enthalpic component of the elasticity of the three
polysaccharides we have studied, demonstrating the central role
played by the pyranose ring in polysaccharide elasticity. Figure 1
shows the effect, over time, of mild periodate oxidation on the
elasticity of single dextran (Fig. 1a), amylose (Fig. 1b) and pullulan
(Fig. 1c) molecules.

The dextran molecule is a polymer formed by glycosidic bonds
linking the carbon atoms number 1 and 6 of consecutive a-D-
glucopyranose rings (Fig. 1a inset). As previously shown by Rief et
al.10, dextran molecules have a large enthalpic component in their
elasticity that is evident as a prolonged plateau in the force±
extension curve (Fig. 1a, black trace). The dextran monomer has
two sites that are cleaved by periodate oxidation (2±3 and 3±4;
Fig. 1a, red arrows in inset). As the ®gure shows, periodate oxidation
causes a gradual disappearance of the enthalpic elasticity. The

elasticity of polymers such as dextran has been shown to be well
described by a modi®ed `freely jointed chain' (FJC) model that
predicts the relationship between the extension of the polymer and
the entropic restoring force generated10,13,22. The adjustable param-
eters of the FJC model are the contour length of the polymer, lc, the
Kuhn (segment) length, lK, and the elasticity of each individual
segment, Se. Fits of the FJC function to the force±extension curves
obtained for the polysaccharides adequately described their elasti-
city (thin lines, Fig. 1). The changes in the elasticity of the dextran
molecule during periodate oxidation can be followed by using the
FJC model. In the low-force regime, the native dextran molecule is
well described by the FJC model with a Kuhn length of lK � 0:44 nm
(corresponding to the size of a monomer; see Table 1), and segment
elasticity Se � 14;600 6 2;700 pN nm 2 1 (n � 23). However, after
periodate oxidation the Kuhn length becomes smaller,
lK � 0:2 6 0:026 nm (n � 13), and the segments become less exten-
sible (Se � 34;200 6 8;300 pN nm 2 1, n � 13).
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Figure 1 Force±extension curves for single polysaccharide molecules. These

curves show that cleavage of the pyranose ring by mild periodate oxidation nearly

eliminates the enthalpic component of the elasticity of these polymers. The insets

in a and b show the chemical structure of the monomers of dextran and amylose,

respectively. The red arrows mark the cleavage sites. t1±t4 represent the ring

torsion angles. Oxidation with 5mM periodate for up to 180min eliminated the

plateau region of the force±extension curves of dextran (a), amylose (b) and

pullulan (c) and altered their elasticity such that their force±extension curves

approached those of a chain made of rigid elements. In all cases, the extension, x,

was normalized by the contour length for each molecule, lc. To monitor the

changes in elasticity during oxidation, we ®tted the experimental force±extension

curves with the FJC model (thin lines). The FJC ®ts show that periodate oxidation

reduced the Kuhn segment length and increased the stiffness of the segments

(see text for details). These results demonstrate that the pyranose ring is the

principal extensible element of these polysaccharides.
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A large enthalpic elasticity is also observed in amylose, an
a-�1 ! 4� D-glucopyranose polymer (Fig. 1b). However, the plateau
observed in the force±extension curve for amylose has a much lower
force threshold (275 6 45 pN; n � 11) than that observed for
dextran (850 6 140 pN; n � 23). The amylose monomer has only
one site that is cleaved by periodate oxidation, breaking the
structure of the pyranose ring (2±3; Fig. 1b, red arrow in inset).
The polysaccharide pullulan is another polymer of glucose combin-
ing the a-�1 ! 4� and a-�1 ! 6� glycosidic linkages (2:1 ratio)
which also shows a pronounced enthalpic elasticity that appears to
result from a combination of those observed for dextran and
amylose (Fig. 1c). The pullulan monomers contain the combined
cleavage sites of both dextran and amylose (not shown).

Similar to the results with dextran, periodate oxidation elimi-
nated the enthalpic component of the chain elasticity of amylose
and pullulan (Fig. 1b, c) and made their segments more rigid.
Cleavage of the amylose ring reduced the length of the Kuhn
segment from 0.45 nm (Table 1) to 0:18 6 0:025 nm (n � 12) and
increased segment elasticity (from Se � 5;600 6 800 pN nm 2 1 to
34;000 6 7;300 pN nm 2 1; n � 12). Cleavage of the rings in pullulan
reduced the length of the Kuhn segment from 0.45 nm to
0:2 6 0:015 nm (n � 6) and increased their segment elasticity
(from Se � 10;200 6 930 pN nm 2 1 to 47;800 6 5;000 pN nm 2 1;
n � 6). In all cases, periodate oxidation alters the chain segments
such that they become shorter and stiffer.

The force±extension curves of dextran, amylose and pullulan are
all signi®cantly different, and seem to depend on the attachment
points of the glycosidic bond to the glucopyranose ring (Fig. 1).
However, cleavage of the pyranose ring converts the elastic beha-
viour of these polysaccharides into a simple entropic spring which is
similar for all three molecules (Fig. 2).

We note that the force±extension curves reported here for
amylose and pullulan are fully reversible and show a complete
lack of hysteresis, similar to what was observed earlier for dextran10.
This indicates that the enthalpic elasticity arises from the confor-
mation of the monomers rather than from breaking secondary
structure, as was proposed for the elasticity of DNA and xanthan,
molecules that show large hysteresis during extension±contraction
cycles13,23.

A prominent characteristic of the enthalpic elasticity of amylose
and dextran is a plateau region in the force±extension curve that
indicates that the molecule elongates at approximately constant
force. Our data show that this elongation must originate from the
ring structure. Indeed, a six-membered ring structure can acquire
several conformations: chair, boat, twist and half-twist24. The
glucopyranose ring is typically in the chair (4C1) conformation.
The free energy of interconversion between conformations ranges

up to 12 kcal mol-1 for the free monomers in solution25. The
distance between two consecutive glycosidic oxygens (a residue
vector, OiOj) Ðwhich determines the length of the monomer in a
polysaccharide chainÐis expected to vary with the pyranose ring
conformation. (This is evident on inspection of a simple ball-and-
stick model of the pyranose; Fig. 3a.) Stretching the polysaccharide
chain with an external force is likely to favour conformations of the
ring that provide a greater separation of the glycosidic oxygens, as
this will lead to an extension of the molecule. In order to verify this
view, we have made ab initio calculations of the length of the residue
vector OiOj in all thermodynamically accessible conformationsÐ
including the chair and boat conformations of the pyranose ring for
amylose and dextran (Table 1). For these molecules, the transition
from chair to boat conformation increases the length of the OiOj

initio calculations of the extension of the OiOj vector during the
chair±boat transition for amylose (16.2%) and dextran (22.5%)
closely match the experimental observations (Table 1; Fig. 3b).

Cellulose is a glucopyranose polymer identical to amylose except
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and dextran display identical elastic behaviour. Ring cleavage converts these

different polysaccharide chains into similar structures where all the bonds of the

polymer backbone, including those that were components of the closed ring

structure, can rotate and align under force, contributing equally to the (mainly)

entropic elasticity of the chain.
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Figure 3 Increased separation of glycosidic oxygen atoms during chair±boat

transitions of the glucopyranose ring explains the extensibility of amylose. a, The

diagrams show that the distance between two consecutive glycosidic oxygens

O1±O4 increases during a force-driven chair±boat transition when the glycosidic

oxygen O1 is in the axial position (amylose). Buy contrast, the O1±O4 distance is

already at a maximum when O1 is in the equatorial position (cellulose). Ab initio

calculations of the separation of glycosidic oxygen atoms during chair±boat

transitions (Table 1) accurately predict the extensibility of amylose, dextran and

cellulose. b, A force±extension curve for amylose (thick trace) was ®tted with the

FJC model using a Kuhn length of 4.533 AÊ before the plateau and a Kuhn length of

5.408 AÊ after the plateau region (see Table 1). The computed fractional increase in

contour length for this recording was 18%. The ®gure shows the data after

normalization by (O1±O4)/lc. The hatched area corresponds to the change in DG

per monomer to convert it from the chair to the boat conformation. The free

energy, DG, was determined to be 4.6 kcal mol-1 (range 2.5±4.8 kcal mol-1, n � 11).

Similar measurements made with single dextran molecules showed a DG of

,11 kcal mol-1.
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that it has an equatorial glycosidic bond to the pyranose ring
(b ÿ �1 ! 4� linkages). Ab initio calculations of the O1O4 vector
for cellulose show that the length of this vector is already at a
maximum in the chair conformation (Fig. 3a; Table 1). A transition
to the boat and other conformations would decrease the O1±O4

distance and is therefore prohibited in the molecule under a
stretching force. Hence, these calculations predict that the cellulose
molecule should behave as an entropic spring without showing the
plateau region which characterizes the conformational transition of
the ring structure. Indeed, recordings of the force±extension rela-
tionship for carboxymethylated cellulose (made using an atomic
force microscope, AFM) do not show a measurable enthalpic
component23. Similarly, the force±extension relationship for
methylcellulose, another soluble derivative of cellulose, does not
have a measurable enthalpic component (not shown). These obser-
vations are consistent with the known rigidity of cellulose.

We have demonstrated two components of enthalpic elasticity in
polysaccharides: under an applied force we observed a continuous
elastic deformation of the pyranose ring (for example, 0±200 pN for
amylose) and a transitional component (.200 pN). This latter
component occurs when the pyranose ring adopts extended con-
formations that are normally less populated due to their higher
conformational energies (chair±boat transition; Fig. 3a). The range
of forces required to trigger these conformational changes are found
in cellular systems, such as the bacterial and plant cell walls that
must accommodate the high tensile stress generated by changes in
turgor pressure5,6. For example, we have found that pectin, a
pyranose-based polysaccharide (an a-�1 ! 4� D-galactouronan)
and one of the main components of the plant cell wall, has a large
enthalpic elasticity, similar to that of amylose. Single pectin mol-
ecules undergo an abrupt extension by 18% (n � 7) of their length
at forces bigger than 200 pN (not shown). Hence, the structural
assembly of different types of polysaccharides such as pectins and
cellulose may allow plant cells to ®nely control the extensibility of
their cell wall.

Hydroxyl and other functional groups attached to the pyranose
ring coordinate the binding of lectins26. It is interesting to consider
that the force-induced ring deformations demonstrated here may
alter the reactivity of the pyranose ring, allowing or preventing the
binding of ligands.

Much of the recent progress in understanding the dynamics of
biological molecules, a central focus of modern biology, comes from
the manipulation of single molecules. The direct mechanical
manipulation of a pyranose ring, as demonstrated here, gives a
unique and unusual way to control ring conformations which are
conventionally governed by the nature of the substituents attached
to the rings. As demonstrated by Barton27, conformational analysis
of ring-based substrate and ligands such as steroids provided the
elements needed to understand their biological action27. Here, we
expand the boundaries of conformational analysis by including
force-driven changes in ring structure as important, but hitherto
unrecognized, biological events. M

Table 1 Ab initio calculation of the separation of glycosidic oxygen atoms
during chair±boat transitions

Calculated Experimental

Oi±O
F=0
j

(AÊ )
Oi±O

F
j

(AÊ )
¢
(AÊ )

¢

Oi±O
F
j

(%)
lmax 2 lmin

lmax

(%)

.............................................................................................................................................................................

Amylosea-1,4 4.533 5.408 0.875 16.2 16:8 6 1:8
(n � 11)

.............................................................................................................................................................................

Dextrana-1,6 4.412 5.696 1.284 22.5 19:5 6 2:1
(n � 23)

.............................................................................................................................................................................

Celluloseb-1,4 5.417 5.417 0 0 0 (n � 29)
.............................................................................................................................................................................

This table compares the distance between glycosidic oxygen atoms, in the relaxed (F � 0)
and stretched conformations, (Oi±O

F
j 2 Oi±O

F
j �=Oi±O

F
j , with the experimentally measured

extension of the contour length, �lmax 2 lmin�=lmax. The experimental values for lmin and lmax

were obtained from the ®ts of the FJC model to the force±extension curve before and after
the plateau region (thin lines in Fig. 3b).
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Methods

Single-molecule atomic force microscopy. Our custom-made AFM

apparatus, as well as its mode of operation, have been described elsewhere12:

it is capable of measuring individual molecules. The spring constant of each

individual AFM tip was calibrated in solution, using the equipartition theorem

as described by Florin et al.28. This method gives values for the spring constant

of the cantilever which are within 20% of the values obtained by other

methods28. The polysaccharides usedÐdextran T500 (Pharmacia Biotech);

amylose (type III: from potato; Sigma); pullulan (from Aureobasidium pull-

ulans; Sigma) and methylcellulose (Sigma)Ðare linear or .95% linear

(dextran) homopolymers of D-glucopyranose (relative molecular mass

Mr . 105). Dextran has short branches which frequently consist of just a

single glucose at the position 3. Pectin (from citrus fruits; Sigma) is an

a-�1 ! 4� D-galactouronan. Dextran, pullulan, methylcellulose and pectin

were dissolved in water at a concentration of 0.1±10% (w/v). Amylose was

solubilized by wetting with ethanol (100 mg ml-1), followed by treatment with

sodium hydroxide solution (10%) and heating. The ®nal concentration of

amylose was 0.2±1% (w/v). A layer of polysaccharide molecules was created by

drying a drop of these solutions onto glass coverslips followed by extensive

rinsing. This procedure leaves a monolayer of polysaccharide molecules tightly

adsorbed to the glass surface23. The measurements were carried out in water or

in PBS buffer (pectin). For ring cleavage, the polysaccharide samples were

treated with 5 mM sodium meta-periodate (Sigma) for up to 180 min. To pick

polysaccharide molecules, an AFM tip was pressed down onto the sample for

1±3 s at forces of several nanonewtons. A subsequent force±extension mea-

surement typically revealed a complex pattern with many overlapping force

peaks. By manipulating the polysaccharide concentration and the force and

duration of the tip±sample contact, it was possible to regularly obtain single

polysaccharide force±extension curves.

Ab initio calculation of the glucopyranose ring conformations. Different

conformations of the glucopyranose ring were generated by specifying all

discrete possibilities at increments of 60 degrees of arc in the range 0±3608 for

torsions t1±t4 (Fig. 1a). These conformers were optimized ®rst with molecular

mechanics calculation (Quanta97/CHARMm)29 and then with ab initio calcu-

lation (GAUSSIAN94, HF/6-31G*//HG/6-31G*)30. The length of the residue

vector in the relaxed state of a polysaccharide (no external force) was obtained

from the distance between the two consecutive glycosidic oxygen atoms (Oi±

Oj) in the most stable glucopyranose conformer (chair). The corresponding

length of the residue vector in the stretched polysaccharide was obtained from

the maximal Oi±Oj distance found in all the conformers optimized by the ab

initio calculation. The separations of the glycosidic oxygen atoms Oi±Oj in the

conformations representing the relaxed (F � 0) and stretched states of the

glucopyranose monomers in amylose, dextran, and cellulose are shown in

Table 1. For amylose and dextran, these maximal distances corresponded to the

boat conformation. For cellulose, the Oi±Oj distance is already maximal in the

chair conformation indicating that an external force will not trigger a chair±

boat transition.
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The Amazon Basin contains almost one-half of the world's
undisturbed tropical evergreen forest as well as large areas of
tropical savanna1,2. The forests account for about 10 per cent of the
world's terrestrial primary productivity and for a similar fraction
of the carbon stored in land ecosystems2,3, and short-term ®eld
measurements4 suggest that these ecosystems are globally impor-
tant carbon sinks. But tropical land ecosystems have experienced
substantial interannual climate variability owing to frequent El
NinÄo episodes in recent decades5. Of particular importance to
climate change policy is how such climate variations, coupled
with increases in atmospheric CO2 concentration, affect terres-
trial carbon storage6±8. Previous model analyses have demon-
strated the importance of temperature in controlling carbon
storage9,10. Here we use a transient process-based biogeochemical
model of terrestrial ecosystems3,11 to investigate interannual
variations of carbon storage in undisturbed Amazonian ecosys-
tems in response to climate variability and increasing atmos-
pheric CO2 concentration during the period 1980 to 1994. In El
NinÄo years, which bring hot, dry weather to much of the Amazon
region, the ecosystems act as a source of carbon to the atmosphere
(up to 0.2 petagrams of carbon in 1987 and 1992). In other years,
these ecosystems act as a carbon sink (up to 0.7 Pg C in 1981 and

1993). These ¯uxes are large; they compare to a 0.3 Pg C per year
source to the atmosphere associated with deforestation in the
Amazon Basin in the early 1990s12. Soil moisture, which is affected
by both precipitation and temperature, and which affects both
plant and soil processes, appears to be an important control on
carbon storage.

Carbon ¯uxes calculated using the Terrestrial Ecosystem Model
(TEM) include net primary production (NPP), microbial respira-
tion (RH) and net ecosystem production (NEP), all of which are
in¯uenced by climate. Net primary production, the net amount of
carbon captured by plants, is also in¯uenced by atmospheric CO2

concentration. The difference between NPP and RH equals NEP,
which is equivalent to annual net carbon storage or loss for an
ecosystem.

For regional or global extrapolations with TEM, we use input
data on vegetation, elevation, soil texture, monthly mean tempera-
ture, monthly mean precipitation, and monthly mean solar radia-
tion. The input data sets are gridded at a resolution of 0.58 latitude
by 0.58 longitude. The structure, parametrization, calibration and
performance of TEM have been documented previously3,11.

We ®rst ran TEM in equilibrium mode to generate an initial
condition for the transient runs, using the long-term mean of
monthly temperature, monthly precipitation, monthly solar radia-
tion and the level of atmospheric CO2 concentration at the begin-
ning of this century (296 p.p.m.y.). Then we ran TEM in transient
mode using historical input data from 1900 to 1994 including: (1)
historical mean atmospheric CO2 concentration generated from
atmospheric and ice core CO2 observations13, and (2) historical
monthly data for air temperature14 and precipitation15. The histori-
cal temperature and precipitation data were interpolated by the Max
Planck Institute for Meteorology to a 0.58 spatial resolution. Two
transient runs were made: one considering the climate and CO2

transients together, and one considering only the climate transient.
A comparison of these two runs was used to determine the effect of
CO2 `fertilization' on carbon storage. All other model analyses were
based on the combined climate and CO2 transient run. We used
the IGBP-DIS land-cover data set16 as a basis for adjusting the area of
undisturbed ecosystems in the Basin to account for land-cover
conversions such as forest to cropland. This reduces the area of
undisturbed ecosystems by 11%, which is in good agreement with
other land-cover change estimates for the Basin12,17.

For the Amazon Basin, TEM results (Table 1) show that annual
NEP varied from -0.2 Pg C (1015 g C) in 1987 and 1992, to 0.7 Pg C
in 1981 and 1993, because of the combined effects of climate
variability and increasing atmospheric CO2 concentration. A nega-
tive NEP means these ecosystems are a source of atmospheric CO2,

Table 1 Interannual variations in carbon ¯uxes in Amazonian ecosystems

Climate with CO2 Climate only
.............................................................................................................................................................................

Year NPP
(PgCyr-1)

RH

(PgCyr-1)
NEP

(PgCyr-1)
NPP

(PgCyr-1)
RH

(PgC yr-1)
NEP

(PgCyr-1)
.............................................................................................................................................................................

1980 5.0 4.7 0.3 4.5 4.5 0.0
1981 5.4 4.7 0.7 4.9 4.4 0.5
1982 4.9 4.8 0.1 4.3 4.5 -0.2
1983 4.8 4.9 -0.1 4.2 4.6 -0.4
1984 5.3 4.8 0.5 4.7 4.5 0.2
1985 5.0 4.8 0.2 4.4 4.4 0.0
1986 5.2 4.8 0.4 4.7 4.5 0.2
1987 4.7 4.9 -0.2 4.1 4.6 -0.5
1988 5.0 4.9 0.1 4.3 4.5 -0.2
1989 5.1 4.8 0.3 4.6 4.5 0.1
1990 5.1 4.8 0.3 4.5 4.5 0.0
1991 4.8 4.9 -0.1 4.1 4.5 -0.4
1992 4.6 4.8 -0.2 3.8 4.4 -0.6
1993 5.7 5.0 0.7 5.1 4.5 0.6
1994 5.3 5.0 0.3 4.7 4.6 0.1
s.d. 0.3 0.1 0.3 0.3 0.1 0.3
.............................................................................................................................................................................

The carbon ¯uxes between the atmosphere and undisturbed Amazonian ecosystems in
response to interannual climate variability and increasing atmospheric CO2 concentration
as estimated by the Terrestrial Ecosystem Model. NPP, net primary production; RH, hetero-
trophic respiration; NEP, net ecosystem production; s.d., standard deviation. A negative NEP
indicates a net ¯ux of carbon from the land to the atmosphere.


