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ABSTRACT The extracellular matrix polysaccharide hyaluronan has been examined by tapping mode atomic force micros-
copy. High molecular weight hyaluronan was deposited on mica from dilute aqueous solution and imaged in air. Long
unbranched chains could be observed and were found to be compatible with the known covalent structure of hyaluronan. In
addition, chains with evidence of intramolecular association were observed. In the simplest cases, the association took the
form of loops stabilized by antiparallel double-stranded (probably double-helical) segments. In other cases, the polarity of the
associated regions could not be determined. Extensive intramolecular association in long hyaluronan chains resulted in a
fenestrated structure of the same type as that formed by intermolecular association at higher concentrations.

INTRODUCTION

The extracellular matrix polysaccharide hyaluronan (HA) is
a high molecular weight linear polymer with the repeating
disaccharide structure poly[(1—3)-B-D-GIcNAc-(1—4)-3-
D-GIcA-] (Meyer, 1958). HA is responsible for the elasto-
viscosity of the joint synovial fluid and eye vitreus (Balazs,
1968; Balazs and Denlinger, 1985), participates in the con-
trol of tissue hydration and water transport, and serves as the
structural backbone of cartilage proteoglycan assemblies.
Via specific cell surface receptor proteins, HA affects nu-
merous biological processes, such as development, tumor
metastasis, and inflammation (Laurent et al., 1996).

In dilute aqueous solution at physiological pH and ionic
strength, HA behaves as a random coil with a large hydro-
dynamic volume. As a result of the chain stiffness and high
molecular weight of HA (generally 2 X 10°to 6 X 10°), the
coils touch and begin to entangle (i.e., reach the coil overlap
point) at a low concentration. For example, HA with a
molecular weight of 3 X 10° begins to entangle at a con-
centration of ~1 mg/ml (Morris et al., 1980; Yanaki and
Yamaguchi, 1990; Yu et al., 1992; Fouissac et al., 1993). To
study the structural properties of isolated HA chains, the
solution concentration should be much below this value.

HA has also been shown to self-associate in physiological
NaCl solution (Sheehan et al., 1983; Turner et al., 1988;
Cowman et al., 1998). Both intramolecular and intermolec-
ular self-association of HA can strongly affect solution
rheology, water retention, and water transport. It is also
likely that HA association alters the thermodynamics and
kinetics of interaction with binding proteins.

The mode of association between HA strands has been
the subject of considerable investigation. X-ray fiber dif-
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fraction data for the sodium salt of HA show single helices,
packed in an antiparallel manner (Guss et al., 1975; Sheehan
and Atkins, 1983). A double-helical structure, with antipa-
rallel chains, was observed under unusual counterion con-
ditions (e.g, Rb™, Cs™, mixed K", H") (Sheehan et al.,
1977; Arnott et al., 1983). Evidence for the existence in
physiological solution of a hairpin turn structure, stabilized
by interaction between two antiparallel chain segments, was
provided by light-scattering and spectroscopic studies of
HA fragments (Turner et al., 1988).

Imaging HA by electron microscopy (EM) has provided
a picture of extensively interacting networks (Scott et al.,
1991; Brewton and Mayne, 1992). The network structure
arises from intermittent formation of junctions containing
two or more chains. EM studies of HA also support the
existence of loops stabilized by double-stranded regions
(Scott et al., 1990), but image resolution has been insuffi-
cient to prove interaction along the length of a loop stem.
Atomic force microscopy (AFM) has the necessary resolu-
tion to establish interaction modes and provides a three-
dimensional image to establish structural details. Phillips
and co-workers (Gunning et al., 1996) provided the first
AFM data for HA. Network formation was predominant in
the images, which were obtained for HA samples dried on a
mica surface and overlaid with organic solvent. We have also
observed networks of HA chains under more hydrated condi-
tions, by using tapping mode AFM (TMAFM) in air, where a
thin layer of adsorbed gases and water covers the mica surface
(Cowman et al., 1998). In addition, we have used TMAFM to
visualize individual chains of HA at high resolution.

In the present study, we have continued and extended our
earlier TMAFM investigations of HA structure. These stud-
ies are part of a continuing effort to elucidate details of the
structure and stabilization of self-association in HA.

MATERIALS AND METHODS

Hyaluronan (HA) isolated from rooster combs (Healon) was obtained as a
1% (w/v) solution in physiological buffered saline (145 mM NaCl, 0.34
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mM NaH,PO,, 1.5 mM Na,HPO,) from Pharmacia and Upjohn (Piscat-
away, NJ). Its weight-average molecular weight was estimated by agarose
gel electrophoresis (Lee and Cowman, 1994) as 4.2 X 10°. Unless other-
wise noted, all images were obtained with this sample. HA isolated from
Streptococcus zooepidemicus was obtained as a dry powder from Sigma
Chemical Co. (St. Louis, MO). Its weight-average molecular weight was
estimated by agarose gel electrophoresis as 2.2 X 10° and also determined
by low-angle laser light scattering as 2.2 X 10°. For AFM studies, the
rooster comb HA was first diluted with distilled water to an HA concen-
tration of 100 wg/ml. Portions of this stock solution were mixed with 100
mM MgCl, and water to yield final HA concentrations of 1-4 ug/ml in 10
mM MgCl,. The bacterial HA was initially dissolved in physiological
buffered saline at an HA concentration of 500 wg/ml. Portions of this stock
solution were mixed with 100 mM MgCl, and water to yield a final HA
concentration of 5 pg/ml in 10 mM MgCl,.

A 4-pl drop of dilute (1-5 wg/ml) HA solution was applied to freshly
cleaved mica. After a waiting time of 1-2 min, the surface was rinsed with
either 2 X 200 pl or 3 X 100 ul of distilled water and then dried for
approximately 1 min under a gentle stream of dry N, until the surface
appeared dry. The mica surface was used immediately for AFM studies.
The AFM instrument was a Nanoscope IIla Multimode scanning probe
microscope, equipped with a type EV scanner (Digital Instruments, Santa
Barbara, CA). Images were obtained at ambient temperature and humidity.
The tapping mode was employed, using etched silicon cantilever probes of
125 wm nominal length, at a drive frequency of ~300 kHz. We generally
use a root-mean-square voltage of approximately 2.5-3.0 V and adjust the
set-point voltage for optimal image quality, which is generally ~1 V less
than the root-mean-square voltage. Both height and phase data were
recorded at a scan rate of 1-2 Hz and stored in either 256- X 256- or 512-
X 512-pixel format. Images were processed using the Nanoscope version
4.22 software. For images to be used in measuring heights, the only image
processing was zero order flattening. For any given image, the height was
analyzed in at least three distinct regions of the structure being analyzed.
For optimal image quality in visualizing chain features (and therefore for
use in figures), flattening of first order was used unless otherwise stated.
The only other image adjustments were setting the image height range,
color contrast, and color offset for best appearance of structural details.

RESULTS

TMAFM imaging of HA after deposition on mica from
physiological saline solution containing hyaluronan at a
concentration of approximately 100 wg/ml yielded a net-
work of overlapping and interacting strands (Cowman et al.,
1998). As solutions of high molecular weight (~10°) HA at
the same concentration are below the coil overlap point, the
intermolecular network is formed on the surface of the mica.
Similar observations had been made by electron microscopy
(Scott et al., 1990, 1991; Brewton and Mayne, 1992) and
AFM (Gunning et al., 1996) on dehydrated samples. The
artifactual network is a useful illustration of the strong
tendency of HA to self-associate as the local concentration
increases.

We have also previously reported the successful TMAFM
imaging of HA as an isolated extended chain (Cowman et
al., 1998). To do so, we found it necessary to use extremely
dilute HA solutions (1-5 pg/ml). It was also necessary to
promote the adhesion of HA to the mica surface by adding
a low concentration (10 mM) of MgCl, to the HA solution
(as is often done in imaging DNA). Excess ions are removed
in a washing step, and the surface was dried under nitrogen
flow. Under these conditions, the air-exposed mica surface
retains a thin layer (perhaps a few nanometers thick) of
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adsorbed gases and water. The HA is therefore in a more
hydrated state under these conditions than is the case for
electron microscopy studies or AFM under organic sol-
vents. Adhesive forces between the tip and water on the
surface makes contact AFM imaging in air difficult. Tap-
ping mode AFM allows the tip to drive through the water
layer and obtain high-quality surface images. Tapping mode
also allows the simultaneous acquisition of topographic
(height) information and phase information, the latter being
a function of factors such as surface adhesion and elasticity.
The phase image is derived from the phase lag of the
cantilever oscillation relative to the signal sent to the piezo-
electric driver, which induces the tip to oscillate at its
resonant frequency. Because the phase data accentuate
edges, it is occasionally useful in resolving fine details of
structure not seen in the height data. Using the above-
described procedures in the present study, we were able to
obtain images of individual HA chains illustrating a variety
of structural forms. These forms illustrate the manner in
which HA self-associates.

Isolated chains without intramolecular
self-association

Fig. 1 shows an isolated and extended HA molecule, with an
apparent loop near one end. Both the height and phase
images are shown, because a surface artifact caused the
height image to be degraded, whereas the phase image
allowed the complete chain to be better observed. The chain
length is estimated to be ~6.5 wm. If that length is assumed
to correspond to an extended HA conformation, for which
the projection of the disaccharide repeat along the chain axis
is expected to be 0.8—1.0 nm, then the chain would contain
6500—-8125 disaccharides, corresponding to a molecular
weight of 2.6 X 10°to 3.3 X 10°. In 18 images of different
HA molecules from the same sample, for which the chain
contour could be followed with reasonable confidence, the
length varied from 1.0 to 6.8 um. The number-average
length was 3.0 um, and the weight-average length was 4.1
pum. The weight-average length corresponds to a weight-
average molecular weight of 1.6 X 10° to 2.0 X 10° if the
chains are completely extended. The actual weight-average
molecular weight of the rooster comb HA sample employed
in these studies was estimated by gel electrophoresis as
4.2 X 10° The discrepancy probably indicates only that
long HA chains are difficult to image in the extended form
without chain collapse or association and that our 18-image
sample is much too small for statistical analysis.

The height of isolated HA molecules was analyzed in a
number of spots on each image. We found that the height
was approximately 0.6 = 0.1 nm if the measurements were
made from images with a data point density in the x-y plane
of at least 0.5 points/nm. Images with lower data density
(0.1-0.4 points/nm) gave a lower height (0.4 = 0.1 nm).
We speculate that this simply reflects the reduced likelihood
that data were obtained from the highest point in the chain
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FIGURE 1

TMAFM images of an extended HA chain near an artifact on the mica surface. (4) Height image, 5.1 wm X 5.1 wm (contrast enhanced),

with gray scale covering 1.5 nm in height; (B) Phase image, 5.1 wm X 5.1 wm, with gray scale covering 6° phase difference; (C) Height image of loop
region, 1.5 wm X 1.5 wm, with gray scale covering 1.5 nm in height; (D) Surface plot of the crossover point of the loop structure, 300 nm X 300 nm, with

2.5-nm height scale.

cross section, recalling that the chain diameter is presumed
equal to the sub-nanometer height. The height of 0.6 nm is
consistent with the expected diameter of a single HA chain.

The chain in Fig. 1 4 forms a loop near the top of the
image field, which is shown in more detail in Fig. 1 C. The
point at which the chain crosses itself is shown in a
300-nm X 300-nm X 2.5-nm surface view in Fig. 1 D. The
chain segments do not appear to interact over an extended
length but merely cross. The height at the crossover point in
this image is 1.1 = 0.1 nm, which is close to twice the
average height of an isolated HA chain.

Isolated chains with intramolecular association

HA chains with apparent self-association were more com-
monly observed than were extended chains. Fig. 2 4 shows
an HA chain with an apparent length of ~6.8 wm and a
height of ~0.6 = 0.1 nm (measured from high-resolution
images of sections of the structure without association). The
loop in the upper part of the image is shown at higher
magnification in Fig. 2 B. The structure appears to be that of
a hairpin-like turn. The loop end is composed of an approx-
imately 200-nm-long section of HA, which is formed into a
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FIGURE 2 TMAFM images of an HA chain with antiparallel chain
association as part of a hairpin turn structure. (4) Height image, 4 um X
4 wm, with gray scale covering 2 nm in height; (8) Higher-magnification
height image of the hairpin turn structure, 726 nm X 726 nm, with gray
scale covering 3 nm.

turn and stabilized by an extended length of double-stranded
self-association. The height of the structure in the double-
stranded region was measured to be 1.0 = 0.1 nm, indicat-
ing that the chain segments are not simply side by side. A
double-helical arrangement of antiparallel strands is consis-
tent with this observation.

Antiparallel chain association is also responsible for for-
mation of a large loop (containing an approximately 600-nm
segment of HA) near the end of the HA chain seen in Fig.
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3 A and, at higher magnification, Fig. 3 B. One end of the
chain seen in Fig. 3 A4 cannot be located in the image but
appears to occur in the double-stranded stem of the loop. It
is interesting to note that the HA chain in these images also
crosses itself several times without forming extended asso-
ciations at the junction points. The same type of simple
intersection had been seen in Fig. 1. Thus, collapse of the
chain on itself during the process of sample preparation does
not necessarily lead to the appearance of self-association.

FIGURE 3 TMAFM images of an HA chain containing simple crossover
points as well as antiparallel chain association in a loop structure stem. (4)
Height image, 1.2 um X 1.2 uwm, with gray scale covering 2 nm in height;
(B) Higher-magnification height image of the loop stem region and cross-
over points, 400 nm X 400 nm, gray scale covering 2 nm.
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Antiparallel chain association can aid in chain direction
reversal, in the formation of more compact HA structures.
Fig. 4 shows a collapsed and coiled HA chain structure,
with the appearance and appropriate dimensions for a stiff
random coil. (The bacterial HA sample used for this image
had a weight-average molecular weight of 2.2 X 10°, which
would be expected to have a coil diameter of ~500 nm in
the low ionic strength solution applied to the mica.) The
chain shows a double-stranded stem and loop at the left side
of the image, which effectively reverses the chain direction
abruptly.

It is not clear whether parallel associations of HA chains
can also occur. Fig. 5 could represent such a structure. Only
one chain end is visible. The chain could circle on itself,
with an extended region of parallel association. Alterna-
tively, the high spot at the bottom of the ring structure could
be a point at which two hairpin loops, one formed near each
chain end, touch each other.

More extensive self-association of HA chains is seen in
Figures 6-8. In structures such as these, it becomes impos-
sible to follow the course of the chain and to determine
chain directions in associated sections. The chain segments
alternately associate and separate, forming a fenestrated
intramolecular matrix. It appears that the interaction junc-
tions may contain more than two chains. Some apparent
chain branches, which we observed in a number of images
(see, for example, Fig. 8), are probably hairpin loops, as
there is no evidence for covalent chain branches in HA.

FIGURE 4 TMAFM image of a coiled HA chain in which antiparallel
chain association (left side of image) leads to rapid chain direction reversal.
Height image, 1 wm X 1 um, with gray scale covering 4 nm in height.
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FIGURE 5 TMAFM image of HA with ambiguous polarity in self-
association. A circular structure could arise from parallel association in an
overlap region, or loop-to-loop association of two hairpin turn ends, each
with antiparallel chain association. Height image, 1 wm X 1 wm, with gray
scale covering 1.5 nm.

DISCUSSION

The present study illustrates the power of AFM, especially
when used in the tapping mode, to visualize single mole-
cules of HA. HA molecules as long as 6—7 wm have been
observed in extended conformations on the mica surface.
The height of a chain, corresponding to its diameter, was
measured to be 0.6 = 0.1 nm. This is in good agreement
with the expected diameter of a single polysaccharide chain,
based on model-building studies.

HA molecules frequently appeared in less extended struc-
tural forms as a result of intramolecular association. Wide
loops and sharp hairpin-like turns were formed by antipar-
allel association of chain segments into stabilizing stem
structures. The double-stranded stem regions were found to
have a height of ~1.0 £ 0.1 nm. That height was main-
tained for large distances (approximately 400 nm in Fig. 2
B), indicating that the two chain segments must either lie
one on top of the other for the entire length or, more likely,
be wound about each other in a double helix. The measured
height is in excellent agreement with the diameter of the HA
double helix elucidated by x-ray diffraction studies (Shee-
han et al., 1977; Arott et al., 1983). The double-helical
structure found by x-ray diffraction contains only antipar-
allel chains. Our AFM studies are not conclusive with
regard to the possibility of parallel chain association, but in
all cases for which chain polarity could be definitively
assigned, the chains were antiparallel.

Intermittent intramolecular association of HA leads to the
formation of fenestrated structures. These structures are
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FIGURE 6 TMAFM image of an HA chain with extensive intramolec-
ular self-association leading to a fenestrated structure. (4) Height image of
complete chain, 1.6 um X 1.6 wm, with gray scale covering 1.5 nm; (B)
Higher-magnification height image showing the interacting chain seg-
ments, 700 nm X 700 nm, with gray scale covering 2 nm.

similar in appearance to the intermolecular meshworks
formed at higher concentrations of HA (Scott et al., 1991;
Brewton and Mayne, 1992; Cowman et al., 1998). The
associated regions in some such structures may include
more than two chains, the base unit of which may or may
not be double helical.

HA molecules that appear to be branched structures have
also been observed. The branches are proposed to be dou-
ble-helical hairpin turn regions, as there is no other chemical

FIGURE 7 TMAFM image of an HA chain with extensive intramolec-
ular self-association forming a meshwork structure. Height image, 1.5
pm X 1.5 wm, with gray scale covering 1.5 nm.

or physical evidence for branching in the covalent structure
of HA.

To what extent may the structures observed by AFM
reflect the physiological structure of HA? Consider the
possibility that the loop and turn structures do not exist in
HA when in solution but form as the polysaccharide chain

FIGURE 8 TMAFM image of an HA chain in which intramolecular
self-association leads to the appearance of loops and branches. Height
image, 1.5 um X 1.5 wm, with gray scale covering 1.5 nm.
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collapses on the mica surface. There are then two plausible
causes for the formation of the twisted double-helical seg-
ments. The first is a simple topological constraint, similar to
that seen in a long garden hose or telephone cord. If initial
attachment to the surface occurs at two distant sites along
the HA chain length, and if there is a twisting of the chain
between the adhesion sites that cannot be easily relieved by
rotation about the intervening glycosidic linkages, then the
topological strain leads to the formation of twisted loops.
This is analogous to the formation of supercoils in circular
DNA, but in our case the circle is completed by attachment
to the surface. As for DNA, the supercoils can be either
positive or negative. Thus, the HA loops and turns found on
the mica surface could have stems with either left-handed or
right-handed twists. The HA double helix found by x-ray
diffraction contains only left-handed helices. At present, our
resolution is not sufficient to discern the twist sense in the
double-stranded HA segments seen by AFM. It is neverthe-
less unlikely that this topological strain problem could ex-
plain all of the observed loops and turns observed. The
chain diameter would be expected to vary along the double-
stranded region if it arose from simple twisting of one chain
about another without the close contacts found in the dou-
ble-helix structure. Also, we have found loop structures
quite near the ends of HA chains, where the possibility of
topological strain is small.

A second possible cause of intramolecular associations
being newly formed when the HA chains attach to the mica
surface is the local high concentration of polymer chain
segments and reduced water content at the surface. This
possibility is supported by the observation that intermolec-
ular interactions are prevalent in images of dehydrated HA
deposited on mica from very dilute solutions (1 wg/ml)
(Scott et al., 1991; Gunning et al., 1996) as well as hydrated
HA deposited on mica from 100 ug/ml physiological saline
solution (Cowman et al., 1998), although these HA concen-
trations are well below the value required for significant
interpenetration of the polymeric coils. Furthermore, x-ray
diffraction analysis of HA conformation and packing shows
that both are sensitive to counterion type and hydration level
(Sheehan and Atkins, 1983). The chain association modes
and meshwork formation we have observed would, in this
view, represent the tendency of HA to adopt such structures
rather than their actual existence in the sample before ap-
plication to the mica surface.

The final possibility to be considered is that the intramo-
lecular loops, hairpin turn structures, and/or meshworks
pre-exist in the HA sample in dilute solution. Support for
this as a source for at least some of the observed structural
features comes from the physicochemical analysis of HA
polymer and segments in physiological solution. Thus, we
had previously presented strong evidence for the formation
of hairpin turn structures in HA segments containing a
minimal length of ~40 disaccharides (Turner et al., 1988).
Evidence for self-association of polymeric HA in physio-
logical saline solution has also been provided by light-
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scattering and rheological investigations (Welsh et al.,
1980; Sheehan et al., 1983).

It is likely that the form and degree of HA self-associa-
tion that we have observed by TMAFM are products of both
pre-existing interactions and newly formed structures. The
first level of the associated HA structure is found to pre-
dominantly consist of antiparallel strands in a double-helical
arrangement.

We thank Dr. Jianshe Liu, Polytechnic University, for analysis of hyalu-
ronan molecular weight.
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