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The birth announcement for hyaluronan occurred in a Journal of
Biological Chemistry article by Karl Meyer (Fig. 1) and his labora-
tory assistant John Palmer in 1934 (1).! They isolated a “polysac-
charide acid of high molecular weight” from bovine vitreous that
contained a “uronic acid, an amino sugar, and possibly a pentose”
but no sulfates (and as it turned out, no pentoses either). They
proposed “for convenience, the name ‘hyaluronic acid,” from hyaloid
(vitreous) + uronic acid.” It is fitting, therefore, that this minire-
view series on this fascinating, often enigmatic macromolecule is
being inaugurated by reproducing this classic paper from the
Journal.

This seminal work also established the research direction for the
rest of Karl Meyer’s long and highly productive career, namely
isolating and characterizing glycosaminoglycans. It is interesting
to pause and reflect on the combination of circumstances that
brought this study to fruition. Karl Meyer first came to the United
States in 1930 after accepting an offer from Herbert Evans to work
on anterior pituitary hormones as an assistant professor at Berke-
ley. After two productive years, he returned to Europe to attend a
scientific conference only to learn that his position at Berkeley was
being terminated. Thus, he was faced with the difficult decision of
whether to remain in Germany or to return to the United States.
He decided on the latter, perhaps sensing the storm clouds on the
horizon of World War II in the turmoil of his native country. After
arriving in New York, friends put him in contact with Hans Clarke
at Columbia University who provided him with an interim fellow-
ship until a position as assistant professor was arranged for him in
the Department of Ophthalmology in 1933. Under some pressure to
work on relevant tissue, Karl Meyer initiated studies on lysozyme
in tears and sought another, more relevant source for a “mucoid”
substrate for the enzyme. He considered the highly viscous vitreous
humor as a likely candidate, and the discovery of hyaluronan
quickly followed.

It would take almost 25 years before his studies would link the
two sugars together correctly in the disaccharide repeat unit that
forms the glycosaminoglycan we now call hyaluronan (see Ref. 2 for
a finale): glucuronic acid-B1,3-N-acetylglucosamine-B-1,4-.

Along the way, classic studies on the mechanisms of action of
hyaluronidases, both hydrolases and lyases, would prove essential
in defining the structures of hyaluronan. A true gem of a paper
published in Nature in 1954 (3) defined the structure of the disac-
charide (Fig. 2) isolated from bacterial hyaluronidase digests of
hyaluronan. The 4,5-unsaturated bond on the uronic acid provided
the key to unraveling the lyase mechanism. Those of us who have
labored hard to purify hyaluronan oligosaccharides can only ad-
mire the profile in Fig. 3, taken from another Journal of Biological
Chemistry classic paper (4), that shows separation of hyaluronan
oligosaccharides in a testicular hyaluronidase digest by ion ex-
change chromatography in the days when fraction collectors were
homemade, if available at all.

Today, research on hyaluronan is a growth industry, and this
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minireview series reflects the diverse biological functions that are
continuously emerging from its simple, repetitive structure. The
first minireview in this series, “Hyaluronan and Homeostasis: a
Balancing Act,” by Markku I. Tammi, Anthony J. Day, and Eva A.
Turley discusses the structure and metabolism of hyaluronan. Sig-
nificant milestones include the identification of hyaluronan-bind-
ing molecules with signaling properties, including CD44 and
RHAMM, and the molecular cloning of the family of prokaryotic
and eukaryotic hyaluronan synthases. Gene deletion by homolo-
gous recombination in embryonic stem cells demonstrates the es-
sential roles of hyaluronan in vertebrate development and in the
expansion of extracellular spaces. Studies with cells that are defi-
cient in hyaluronan synthase (and thus deficient in hyaluronan)
provide dramatic confirmation of the requirement for hyaluronan
in developmentally regulated transformation of epithelial cells to
invasive mesenchymal cells in morphogenesis of the heart. This
process requires Ras activation and argues compellingly for a hya-
luronan-mediated mechanism involving activation of intracellular
signaling pathways. This minireview also appraises the important
role of hyaladherins, proteins that bind to hyaluronan, in the
formation of the hyaluronan-rich pericellular matrix and in signal-
ing responses to hyaluronan. The provocative discovery of intracel-
lular hyaluronan and associated hyaluronan-binding proteins
opens a new chapter in hyaluronan biology.

In order for hyaluronan to function as more than simply a
viscous, space-filling glycosaminoglycan, it must interact with the
specific binding domains in hyaladherins. The second minireview,
“Hyaluronan-binding Proteins: Tying up the Giant,” by Anthony J.
Day and Glenn D. Prestwich reviews the current status of the
structures of proteins and proteoglycans that bind hyaluronan. The
tertiary structure of the link module, the best characterized hya-
luronan-binding domain, has been solved for one member of the
family of proteins that contain this domain, namely tumor necrosis
factor-stimulated gene-6 (T'SG-6). This module is found in extra-
cellular matrix molecules such as the proteoglycans aggrecan and
versican and on cell surface receptors such as CD44. However, a
number of other proteins without the link module also bind to hya-
luronan with high specificity. It remains to be seen if these proteins
have tertiary structural topographies similar to the link module
family that underlie their ability to interact with hyaluronan.

Exposure of certain cells to hyaluronan results in activation of
intracellular signaling pathways. The third minireview, “Signaling
Properties of Hyaluronan Receptors,” by Eva A. Turley, Paul W.
Noble, and Lilly Y. W. Bourguignon delves inside the cell to begin
to unravel these pathways and their consequences. CD44 is the
best understood hyaluronan receptor and can engage Rho and Ras
signaling pathways, interact with c-Src tyrosine kinase, and recruit
ankyrin and ezrin/radixin/moesin cytoskeleton proteins. Thus,
multiple cellular behaviors ranging from a highly structured cy-
toskeleton typical of an organized epithelium to ruffling and mi-
gration can potentially be induced by hyaluronan. For example,
low, physiological concentrations (nanomolar) of hyaluronan can
increase cell motility with both Ras-mitogen-activated protein ki-
nase and phosphoinositide 3-kinase pathways implicated. Simi-
larly, we have found that exposure of endocardial cells from ani-
mals deficient in hyaluronan synthase 2 to very low concentrations
of hyaluronan stimulates their migration and subsequent transfor-
mation to mesenchymal phenotype. This suggests that hyaluronan
can act as a co-stimulatory molecule with growth factors resulting
in pluripotent cellular outcomes depending upon the repertoire of
co-receptors present. Cells and animal models derived from hyalu-
ronan-synthase null mice will be valuable tools in unraveling the
signaling mechanisms underlying these outcomes. Another hyalu-
ronan receptor, RHAMM, has a peripatetic existence inside and on
cells, complicating elucidation of its protean signaling properties
and other potential roles, and this minireview presents a current
view of its localization and functions.
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Fic. 1. Photograph of Karl Meyer working in his laboratory at
Columbia University in the late 1950s (kindly provided by Gerard
Armand).

Alterations in hyaluronan production and organization are
widely implicated in pathologies. The fourth minireview, “Hyalu-
ronan-Cell Interactions in Cancer and Vascular Disease,” by Bryan
P. Toole, Thomas N. Wight, and Markku I. Tammi explores the
roles of hyaluronan in these processes. Increased production of
hyaluronan is associated with tumors, both in the surrounding
stroma and with the malignant cells; with vascular lesions, such as
in restenosis following angioplasty where the hydrated matrix re-
sembles that found in large vessels during development; and with
the response of smooth muscle cells in inflammatory diseases such
as Crohn’s disease as indicated in the confocal micrograph on the
cover of this issue. Hyaluronan accumulation is often a predictor of
patient survival, particularly in tissues normally low in hyaluro-
nan such as breast and ovary. The relationship between hyaluro-
nan and cell migration and proliferation is discussed in the context
of metastasis and of atherosclerosis of vascular smooth muscle
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Fic. 2. The structure of the 4,5-unsaturated disaccharide produced
by digestion of hyaluronan with a bacterial hyaluronan lyase. Taken
from Ref. 3 in an article entitled “Production of Unsaturated Uronides by
Bacterial Hyaluronidases.”
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Fic. 3. Separation of oligosaccharides in a partial digest of hyalu-
ronan with testicular hyaluronidase by gradient elution from a
Dowex formate ion exchange column. The peaks identified as I, II, I1I,
IV, etc. are di-, tetra-, hexa-, octasaccharides, etc., respectively. Taken from

Ref. 4 in an article entitled “Isolation of Oligosaccharides Enzymatically
Produced from Hyaluronic Acid.”

cells. The emerging instructive role of hyaluronan-based extracel-
lular structures in trafficking of inflammatory cells is also noted.

Collectively, these minireviews by established experts in hyalu-
ronan biology set the stage for an exciting era of discovery. Many
seminal questions remain, including elucidation of the structural
basis of hyaluronan binding by proteins and proteoglycans lacking
link modules; the molecular basis for signaling initiated by cellular
interactions with hyaluronan; the basis for the disparate biological
responses to high and low molecular weight hyaluronan; and the
identity of additional receptors for hyaluronan that mediate cell
migration and invasion. This knowledge will serve as a basis for
further rational manipulation of hyaluronan-mediated events cen-
tral to morphogenesis, extracellular matrix biology, and human
health.
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THE POLYSACCHARIDE OF THE VITREOUS HUMOR
By KARL MEYER axp JOHN W. PALMER

(From the Biochemical Laboratory of the Department of Ophthalmology of the
College of Physicians and Surgeons, Columbia University, New York)

(Received for publication, September 4, 1934)

Since the work of Mérner (1) the existence of a mucoid in the
vitreous humor has seemed well established. All subsequent
workers used his method of preparation: the precipitation of the
diluted native vitreous humor with dilute acetic acid. In his
recent book on the nature of the vitreous body (2), Duke-Elder
gives its concentration as 0.021 per cent, or about 30 per cent of
the total protein present. The only analysis we were able to find
on this mucoid is that of Mérner: N, 12.27 per cent; S, 1.19 per
cent.

The stability of a typical mucoid, as, for example, egg mucoid,
toward splitting into its polysaccharide and protein components
is very remarkable. Thus Levene and Mori (3) state that the
egg white must be hydrolyzed on the steam bath with 10 times its
volume of 10 per cent barium hydroxide for 7 hours.

In an effort to prepare the supposed vitreous mucoid for other
studies, we obtained, by very gentle methods, a free polysaccharide
acid of high molecular weight, which is apparently in the vitreous
humor in a salt-like combination. It appears to be a substance
unique in higher animals, and may be best compared with some
of the specific polysaccharides of bacteria.

EXPERIMENTAL

Our starting material was the acetone precipitate of fresh cattle
vitreous humor. Lots of 100 eyes were brought from the abattoir
packed in ice; the vitreous humor was immediately removed,
strained through loose cotton gauze, and poured into 10 times its
volume of cold acetone with vigorous stirring. After standing
overnight in the ice box, it was filtered by suction, washed abun-
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dantly with acetone and ether, dried ¢n vacuo over POy, and pow-
dered. The yield from 100 eyes was about 3.2 gm., containing
about 7 per cent nitrogen, 11 per cent moisture, and 40 per cent
ash (ashed with HoS0s). The pH of an aqueous suspension of
this powder was greater than 10, while the original vitreous humor
has a pH of about 7.8. This alkaline reaction cannot be explained
by loss of COs. The supernatant acetone after evaporation was
also alkaline. By a similar treatment, no carbonate was formed
from bicarbonate. Other protein solutions, e.g. serum, become
slightly more acid after acetone precipitation.

In the first experiments aqueous extracts of the acetone powder
were precipitated by acidified aleohol. The powders thus obtained
had 5 to 6 per cent nitrogen and 30 to 40 per cent reducing sub-
stances as glucose (Hagedorn-Jensen method (4) after 2 hours of
hydrolysis in sealed tubes with 2 ¥ H.80, in boiling water). Their
solutions were not precipitated by dilute acetic acid, barium hy-
droxide, or neutral lead acetate, but were precipitated by basic
lead acetate. The Molisch reaction was strongly positive. From
the analytieal figures and the reactions it was evident that the
substance was not a mueoid, but a polysaccharide.

For obtaining the purified polysaccharide acid, the acetone
powder from 100 eyes is extracted three times with 200 ce. portions
of 90 per cent acetic acid. The residue is washed with aleohol
until most of the acetic acid is removed, then suspended in water,
and neutralized with ¥ NaOH to facilitate centrifuging. This
extraction with water is repeated on the centrifuged residue.

This residue eonsists of a fibrous mass, insoluble in all solvents
except hot alkali, having a nitrogen content of 13.5 per cent (ash-
free), and giving a strong Molisch reaction after hydrolysis. It is
similar to collagen, and probably identical with the “residual
protein’’ of Duke-Elder (2). Its yield is between 0.7 and 1.0 gm.
per 100 eyes.

The combined aqueous extracts from above are poured into 6
times their volume of aleohol to which a few ce. of glacial acetic
acid are added. After standing cold overnight, the mixture is cen-
trifuged, taken up in a small volume of water, and poured into 15
times the volume of glacial acetic acid. The stringy material
stands overnight in the ice box, and is washed abundantly with
aleohol, acetone, and ether, powdered, and dried in vacuo over
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P:0s. The yield from 100 eyes is about 0.73 gm.; 7.e., 30 per cent
of the organic material. It contains a varying amount of inor-
ganic material (2 to 10 per cent), mostly CaS0,, most of which can
be removed by dissolving in 0.2 ¥ HCI and reprecipitating in
glacial acetic acid.

By a similar procedure no polysaccharide was obtained from
egg white.

In Table I are given some of the data on the preparations of
this acid for which we propose, for convenience, the name “hy-
aluronie acid,” from hyaloid (vitreous) + uronic acid.

Tasre I
Analysis of Preparations of Hyaluronic Aeid

t‘l:.uducing sub-

stance as per cent | Equiva-

Prepura- | Per cent - . Per cont

tion No. | nitrogen #aste lent ash Remarks

S — e [ S
(a) 1]

4-A 4.77 49.4 | 58.9 4607 | 4.04
20-A 5.16 | 40.0 | 61.2 464 3.48
27-111 | 4.41 52.6 | 60.7 446 10.1
30-1t 3.84 51.0 | 59.4 453 1.01

20,5% hexuronic acid

20.5% acetyl

* (a) indicates values obtained after precipitation of the neutralized
hydrolysate with Zn(OH)s; (b) indicates values obtained directly on the
neutralized hydrolysate.

t Kleetrometrie titration value 507,

 Prepared from Preparation 27-III by reprecipitating from 0.2 5 HCL
in glacial aeetie acid.

The free acid is very hygroscopie, but is not easily soluble in
water. The salts are very soluble, forming highly viseous solu-
tions. The following qualitative tests were positive: carbohy-
drate (Moliseh), pentose (Bial), pentose or hexuronic acid (Tol-
lens’ phloroglueinol), hexuronie acid (Tollens’ naphthoresoreinol),
amino sugar (Elson and Morgan (5)); the following were negative:
protein (biuret), galactose (mucic acid formation). The prepara-
tions contain no phosphorus, and those with a low ash content
contain only traces of sulfur (shown to be CaSOy).

Optical rotation in 2 per cent neutral solution in & 0.25 dm. tube,
sodium light, was 0°; after hydrolysis, in 1.13 per cent solution, in
a 1 dm. tube, —0.07° at 30°, sodium light.
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In one preparation (No. 20-A) we found 20.5 per cent uronic
acid calculated as hexuronic acid (6) (0.1995 gm. gave 0.01774 gm.
of CO,). As a check on the method, 0.2072 gm. of pure glucuronic
acid (for which we wish to thank Mr. L. L. Engel of the Depart-
ment of Biological Chemistry) gave 0.0480 gm. of CO. compared
with a theoretical of 0.0470 gm. In Preparation 30-I, acetyl esti-
mations by a slight modification of the method of Kuhn and Roth
(7) showed 20.5 per cent acetyl, indicating two acetyl groups per
equivalent weight.

The quantitative amino sugar estimation (5) was unreliable,
since the color from the glucosamine hydrochloride standard
(violet-red) did not mateh well with the color produced by the
hydrolysate (brown-red). With different standards we obtained
values between 46 and 64 per cent of total nitrogen as amino sugar
nitrogen, or 35 to 49 per cent of the total reducing substance as
hexosamine.

The reducing sugar content before hydrolysis indicated one
reducing group present for about fourteen after hydrolysis. The
hydrolysate yielded a mixture of phenylosazones which we have
not as yet been able to separate.

On electrotitration with the glass electrode in a current of hy-
drogen to exclude CO: we obtained an apparent equivalent weight
of 507 (18.56 mg. required 3.31 cc. of 0.01106 ¥ NaOH), while
the value by titration, with phenolphthalein as the indicator, was
between 446 and 464. The electrotitration was made in a volume
of about 80 cc., while the final volume in the colorimetric titration
was about 4 ce. With the electrotitration data the apparent
dissociation constant, caleculated from the formula of Van Slyke
(8), is 4.58 X 10~F at 32° and the acid is therefore about 2.5
times stronger than acetic acid. (We wish to thank Mr. F. Rose-
bury of the Department of Biological Chemistry for assistance
with the electrotitration.)

It is evident that hyaluronic acid is not identical with what
Levene and Lépez-Sudrez (9) considered a muecoitin sulfuric acid
prepared from vitreous humor by alkaline treatment. Their
material contained 3.6 per cent sulfur, while our material contains
only traces as an impurity (CaS0y).

One might suspect that the “mucoid” obtained by acidification
of the fresh vitreous humor should be in our insoluble residue,



Minireview: Hyaluronan Minireview Series

K. Meyer and J. W. Palmer 633
since the latter gives a strong Molisch reaction after hydrolysis.
However, the known mucoids retain their solubility in water after
treatment with acetone or similar agents.

When the 90 per cent acetic acid extract above is evaporated,
the residue taken up in water, and made alkaline with ammonium
or sodium hydroxide, a precipitate is obtained containing on an
ash-free basis 17.1 per cent nitrogen. The yield from 100 eyes is
about 0.25 gm. The material is soluble in dilute acids and is
reprecipitated by alkalies. On dialysis in 0.1 § HCI it passes
through the collodion membrane. It seems to be of the nature
of a histone or a simpler base.

It is noteworthy that, according to Redslob (10), Abé found in
vitreous humor two iscelectrie points, one at pH 3.8, the other at
pH 9.4. The latter would probably correspond to a complex con-
taining the above basic substance.

One may speculate as to the possible connection between the
polysaccharide acid and the problem of glaucoma. Redslob and
Reiss (11) have demonstrated that the injection of alkali into the
vitreous humor produces a long lasting rise in intraocular pressure,
while the introduetion of acid or neutral solutions causes only
transient changes. They also state that the introduction of acid
into a glaucomatous eye lowered the tension and relieved the
symptoms. They report the production in the rabbit of a picture
“with all clinical symptoms of glaucoma’ by isotonic sodium hy-
droxide injection. There is a possibility of the spontaneous occur-
rence of such an alkaline reaction by the lactonization of the poly-
saccharide acid and the simultaneous liberation of the base which
originally neutralized it.

SUMMARY

From the vitreous humor of cattle eyes a polysaccharide acid of
high molecular weight has been obtained by methods avoiding
strong hydrolytic agents. The acid has an apparent equivalent
weight of about 450, As constituents there have been recognized
a uronic acid, an amino sugar, and possibly a pentose. The dis-
sociation constant has been determined as 4.58 X 10-*at 32°. An
attempt will be made to relate the acid to the pathogenesis of
glaucoma.
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The authors wish to thank Dr. John M. Wheeler for his encour-
agement and interest in this work.
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