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SUMMARY

In veronal bufter at pH 8.6, hyvaluronic acid and bovine plasma albumin may form a
complex which s evidemt im efectrophoretic patterns as a peak intermediate between
those for the compoments. This peak is called the Pi complex.

The present study was andertaken to determine the effects of relative viscosity of
the solution, intmimsdc viscosity of the hyvaluronic acid and the relative concentrations
of the components on Pi complex formation. With solutions in which the ratio of
albumin to hyalurenmic acid was low, all the albumin was bound to hyaluronic acid to
form a Pi complex. Im solmtioms that contained higher ratios of albumin to hyaluronic
acid, the binding capacity of hyvaluronic acid was apparently exceeded and free albumin
was demonstrated im the solution. In contrast, some hyaluronic acid remained free
even in the presemce of am excess of albumin. Complex formation seemed to be directiv
related to the imtrinsic viscosity of the hyaluronic acid.

INTRODUCTION

Previous work i thes laboratory using electrophoretic analysis demonstrated that
purified hvalurenic acid willl combine with bovine plasma albumin. The electrophoretic
patterns showea a peak with intermediary mobility, termed the Pi peak!>2 The inter-
action took place readily at pH 8.6 in veronal buffer and under certain conditions
at pH 7.4 in phosphate buffer. This tvpe of complex was frequently observed in normal
human synovial fluids and pestmortern hurnan svnovial fluids classed as normal, but
was rarely found in symovial fluid from patients with rheumatic disease® %,

The present studies were undertaken in an effort to determine more quantitatively
the composition of the Pk comyplex and to establish the effects of the relative viscosity
of the solution, of the mtrinsic viscosity of the hyvaluronic acid and of the relative
concentrations of albmmin and hvaluronic acid.

¥ Present address: Department of Biochemistry, New York Medical College, New York 29,
N.Y.(UsS.A,.
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EXPERIMENTAL
Materials

Hyaluronic acid was prepared from bovine synovial fluid, collected from the
astragalo-tibial joint with Merthiolate as preservative, by a modification of the
electrodialysis method of RosEMAN AXD WaTtson3. The hyaluronic acid was stored at
—10° as a gel or as the lyophilized material. Prior to use, a weighed sample was
dissolved overnight with stirring at 2—4° in veronal buffer (pH 8.6) p = o.1. A small
amount of Celite wds added, and the solution was stirred for approx. 30 min. The
solution was centrifuged at 25000 rev./min {43000 > g) for 30 min, and the super-
natant fluid was decanted. This procedure gave a product that contained less than
2 9, protein by the Lowry phenol method. The crystalline bovine plasma albumin was
obtained from the Armour Laboratories. The buffers used were veronal (pH 8.6)
p = 0.1 and phosphate (pH 7.3) g = 0.2 (containing NaCl g = 0.15).

General procedures

For studies of the combining ratio of albumin and hyaluronic acid in the Pi
complex, solutions of albumin and of hyaluronic acid were mixed in different pro-
portions and dialyzed for 18-48 h at 0—4° against veronal buffer prior to electrophoretic
analysis. The shorter periods of dialysis were used for experiments in which minimal
degradation of the hyaluronic acid was desired. In every case the electrical resistance
of the dialyvzed product was the same as that of the buffer against which it v as dialyzed.
Electrophoretic analyses were carried out in a 6-ml cell in a Perkin-Elmer Tisehius
tyvpe apparatus in veronal buffer. An aliquot of the reaction mixture was analyzed for
protein by the Lowry phenol method® or by the biuret reaction?. Hyaluronic acid was
determined by analysis for uronic acid by the carbazole method using glucurone
as a standard®. The viscosity of the solution was determined with a No. 200 or 400
Cannon-Manning semi-micre viscometer at 30.00°. Limiting intrinsic viscosity was
determined by measurement of the specific viscosity of serial dilutions of aliquots of
the hyaluronic acid solution and plotting specific viscosity divided by concentration
of hyvaluronic acid against specific viscosity of the solution. This plot gave essentially
a straight line.

Reduction of viscostty of hvaluronic acid

To determine the effect of the intrinsic viscosity of hyaluronic acid on Pi compiex
formation. highly polymerized hyaluronic acid was degraded by ascorbic acid by the
following procedure. Two samples of approx. 160 mg each of lyvophilized hyvaluronic
acid with an intrinsic viscosity of 42 dl/g were weighed and dissolved at 2—4° cvernight
with stirring in 10 ml of phosphate buffer. A small amount of Celite was added. The
solution was stirred for approx. 30 min, and then centrifuged at 43000 < g for 30 min.
5 ml of ascorbic acid solution (0.22 mmolefl) was added to the supernatant and the
viscosity was measured at 30.00°. When the viscosity became relatively constant,
another 5 ml of {freshly prepared ascorbic acid solution was added. The decrease in
viscosity was again followed until the relative viscosity was 8.6 and 8.0 centipoises,
respectively. The samples were combined and dialvzed against veronal buffer for
18-24 h. The combined sample had an intrinsic viscosity of approx. g dl/g. This sample
was concentrated by dialvsis against a 25 % solution of polyvinylpyrrolidone to a
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relative viscosity of 31 centipoises. Albumin equal to 300 mg/100 ml was added to
10 ml of the concentrate. This solution was dialvzed against veronal buffer for 18 h
and analyzed electrophoretically.

Hyaluronic acid with an intrinsic viscosity of 42 di/g was degraded by heating
at 100° in a 10-ml volumetric flask in veronal buffer. Viscosities were determined before,
during, and after degradation. Albumin was added to the degraded samples of hyalur-
onic acid and the solution was dialyzed 40-64 h before electrophoresis.

RESULTS
Variations of concentration of albumin

When hyvaluronic acid of high intrinsic viscosity {64 dl/g) was mixed with bovine
plasma albumin, and an electrophoretic analvsis was made of the solutions, the ascend-
ing patterns showed three components when the concentration of albumin was
sufficient. This is shown in Fig. 1 E. The absolute mobilities were 7.9, 8.4 and 8.9- 102
cm? V-1 sec~! for albumin, the Pi complex and hyvaluronic acid, respectively. Patterns
1A and 1B are those for hyaluronic acid with a mobility of g.1 and the plasma albumin
with a mobility of 6.6. Patterns 1C and 1D, for lower albumin concentrations, show
only two components, but the slowest moving component had a mobility greater than
that for albumin alone. At the lowest concentrations, all of the albumin seemed to be
present as the Pi complex.

Fig. 1. The Pi peak: a complex of hyaluronic acid
| with aibumin. A, 160 mg hyalurontc acidfroo ml
with time of 195 min; B, 250 mg bovine plasma

B.

' albuminfioo ml; C, 114 mg hyaluronic acid per
M.A. M A wlha 10O ml + 250 mg bovine plasma albumin/ioo mt;
-« D, 98 mg hvaluronic acid/100 ml + 256 mg
b: AR’ bovine plasma albumin/ioco ml; E, 132 mg
hvaluronic acid/1oo ml + 306 mg bovine plasma
aibumin/roo ml. Time: B-E 225 min. Veronal

— buffer (pH 8.0), i = o.1.
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The effect of variations in the albumin concentration on the formation of the Pi
peak is also shown in Fig. 2. A series of electrophoretic patterns were obtained for
solutions which contained approx. 150 mg/100 ml hyaluronic acid having an intrinsic
viscosity of 46 dlfg. The albumin concentration was decreased progressively from
480 mg/100 ml {A) to 360 mg/100 ml (B}, 280 mg/100 ml (C) and 250 mg/roo ml (D).
At the greatest concentratior. of albumin, large albumin and hyvaluronic acid peaks
were observed in addition to the intermediate Pi peak. For the solutions which
contained progressively smaller concentrations of albumin, the size of the albumin
peak decreased with essentially no change in the size of the hyaluronic acid or Pi
peaks. The solution that contained only 250 mg of albumin (ratio bovine plasma
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albumin: hyaluronic acid, 1.74:1) gave a pattern {D) which had no definitive albumin
peak. Essentially all the albumin had reacted to form the Pi complex.

Variations in concentration of hvaluronic acid

The effect of variation of the hyaluronic acid concentration at an approximately
constant albumin concentration (73-103 mg/100 ml) is shown in Fig. 3. At the lowest
concentration (55 mg/100 ml of hyaluronic acid and 100 mg/100 ml of albumin (A)),

HA. : | HA.
" i .
AB ;
J |
L~ A L B iy C > D.

Fig. z. The effect of varying the albumin content with a constant hyaluronic acid content on the

Pi peak formation. A, 153 mg hyaluronic acid/100 mi 4+ 480 mg bovine plasma albumin/ivo ml

3 rel. 44 centipoises; B, 153 mg hyaluronic acid/100 ml + 360 mg bovine plasma albumin/10o0 ml

y rel 44 centipoises; C, 146 mg hyaluronic acid/100 m! + 280 mg bovine plasma albuminf/too ml

y rel. 46 centipoises: D, 144 mg hyaluronic acid/100 mi 4 250 mg bovine plasma albumin/1oo ml

2 rell 45 centipoises. Veronal buffer (pH 8.6) ¢« = o.1. The intrinsic viscosity of the hyaluronic acid
was 46 dl/g.

no definitive Pi peak was observed in the electrophoretic pattern. However, the al-
bumin peak was asymmetric with an increase in mobility of the leading edge as shown
in Fig. 3A. A small but definitive Pi peak was observed (3B) for a solution that
contained 89 mg/100 ml of hyaluronic acid and 76 mg/100 ml of albumin. With an
increase of the concentration of hyaluronic acid to 113 mg/roo ml and 189 mg/100 ml
as shown in Figs. 3C and 3D, the electrophoretic patterns showed hyaluronic acid and
Pi peaks but no peak for albumin. Thus, an excess of hyaluronic acid caused all of the
albumin to be complexed. Even in solutions that contained low concentrations of
hyaluronic acid, however, a peak having the mobility of ‘““free” hyaluronic acid
appeared in the electrophoretic patterns.

Electrophoretic analyses were made of a series of solutions that contained approx.
125-300 mg/100 m! of hyaluronic acid which had been degraded earlier by heat

HA

L». A L, B Ly, C L D

Fig. 3. Effecct of hyaluronic acid concentration on Pi peak formation. A, 7 rel. 6 centipoises hyalur-

onic acid 55 mg/100 ml + bovine plasma albumin 105 mg/100 ml; B, 5 rel. 14 centipoises hyalur-

onic acid 8g mg/100 ml + bovine plasma albumin 76 mg/ioo mil; C, 5 rel. 43 centipoises hyaluronic

acid 113 mg/100 ml 4 bovine plasma albumin 73 mgfico ml; D, g rel. 189 centipoises hyaluronic

acid 194 mg/ioo ml + bovine plasma albemin 100 mg/roo ml. The intrinsic viscosity of the
yaluronic acid was 42 difg. Veronal bufier (pH 8.6), u = o.1.
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treatment at 100° to a relative viscosity of between 29 and 7 centipoises. The results
are presented in Fig. 4. The solutions represented by Figs. 4A and 4B contained
127 mg/roo ml and 158 mg/100 ml of hyaluronic acid that had been degraded to
relative viscosities of 24 centipoises and 29 centipoises, respectively. Small Pi peaks
were present in the patterns for both solutions. The solutions represented by Figs. 4C,
4D and 4E contained progressively larger concentrations of hvaluronic acid which had
been degraded to progressivelv smaller relative viscosities. Pi peaks could not be
detected in these electrophoretic patterns. The results of this series of determinations
suggested that in solutions of low relative viscosity (7-13 centipoises), Pi peak for-
mation can not take place at concentrations of hvaluronic acid as high as 139-306 mg/
100 ml. Since the decrease in relative viscosity was achieved by physically degrading
the hyaluronic acid, the results did not indicate whether the failurc to obtain a Pi peak
was due to the low relative viscosity of the solution or to the low intrinsic viscosity of
the hvaluronic acid.
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Fig. 3. The effect of relative viscosity of hvalur-
onic acid degraded by heat on the Pi peak
formation. A, 127 mg hyvaluronic acid/roo ml
degraded from g rel. of 35 centipoises--24 centi-
poises + bovine plasma albumin 300 mg/ioo
ml; B, 158 mg hvaluronic acid/ 100 ml degraded
from »y rel. of 64-29 centipoises -+ bovine
plasma albumin 440 mg/too ml: C, 130 mg
hyvaluronic acid/too ml degraded from » rel. of
10-13 centipoises + bovine plasma albumin
180 mg/1oo ml; D, 169 mg hyaluronic acid per
100 ml degraded from 5 rel. of 136-12 centi-

Ly A

Fig. 5. The effect of concentration ot hvaluronic
acid degraded by ascorbic acid on the Pi peak
formation. A, 226 mg hyaluronic acid/100 ml
degraded from an intrinsic viscosity of 2
dlig to 9 dljg and concentrated to 5 rel. of
31 centipoises 4+ bovine plasma albumin 300
mg/too mi; B, 421 mg hvaluronic acid/ oo ml
degraded from an intrinsic viscosity of 32 dl/g
to 4 dljg and concentrated to g rel. of 36 centi-
poises -+ bovine plasma  albumin 309 mgi
100 ml. Veronal buffer (pH, 8.6} u = o.1.

Ly B

poises + bovine plasma albumin 3500 mg per 1oe ml: E, 306 mg hyaluronic acidf{1oo ml
degraded from g rel. of 1043-7 centipoises + bovine plasma albumin 620 mg/1oo ml. Veronal
buffer (pH 8.6), 4 = o.1.

In order to study this problem, two solutions of hyvaluronic acid that contained
226 mg/100 ml and 441 mg/roo ml were degraded with ascorbic acid to an intrinsic
viscosity of g dlfg and 4 dl/g, respectively. After concentration by dialysis to a relative
viscosity of 31 centipoises for the first and 36 centipoises for the second, and adding
approx. 300 mg of albumin to each, the solutions were analyzed electrophoretically.
The results are presented in Fig. 5. In Fig. 5A a small Pi peak may be present at the
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base of the hyaluronic acid peak. There is no evidence of a Pi peak in Fig. 5B. These
observations provide strong support for the concept that albumin combines only with
highly polymerized hyaluronic acid. The relative viscosity of the solutions appears to
be of importance primarily as it reflects the intrinsic viscosity of the polysaccharide.

DISCUSSION

Hyaluronic acid and bovine plasma albumin form a complex under the conditions of
Tisehus electrophoresis at pH 8.6 and ionic strength 0.1, in veronal buffer?. This is
shown as a peak, called the Pi peak, in the ascending pattern which migrates between
the hyaluronic acid and albumin peaks. The earlier work suggested that highly
polymerized hyaluronic acid was required for the formation of the Pi complex since
it could not be produced from some samples of hyaluronic acid and treatment of
svnovial fluids with hyaluronidase caused its disappearance!-®.

The present work demonstrates the influence of the degree of polymerization as
measured by the intrinsic viscosity on Pi complex formation. Whereas formation of the
Pi complex was demonstrated with highly polymerized hyaluronic acid, degraded
hyvaluronic acid had little or no capacity to form the complex, even in solutions with
relative viscosities equal to those that contained undegraded hyaluronic acid.

TABLE 1

THE RELATIONSHIP OF INTRINSIC VISCOSITY TO THE COMBINING RATIO OF HYALURONIC ACID AND
PLASMA ALBUMIN

Intrinsic Hyaluronic  Bovine plasma Bovine plasma
Figure Viscosity acid Ibumin Ibuminhyalur-
(difg) (mgfroo mil} {mg/roo mi) onic acid
1-C 64 [§ ¥ 250 2.19
2-D 16 144 250 1.74
3-C 42 Ii3 73 0.65

Free albumin existed in solutions of undegraded hyaluronic acid only when present
in excess of the amount required for saturation of tiie polysaccharide. On the assump-
tion of an equality of negative charges in hyaluronic acid with positive charges in
albumin at pH 8.6. the combining ratio can be calculated from the data of TANFORD?®.
Bovine albumin has 80 positively charged groups at pH 8.6 for a molecular weight
of 65000. Hyaluronic acid has one ionized carboxyl group for each repeating unit
of 379, assuming complete ionization. An equivalence of charges would be given by
2.17 g of albumia and 1.00 g of hyaluronic acid..

The electrophoretic patterns in Figs. 1 to 3 were used to estimate the amount of
albumin required to saturate the negative charges of hyaluronic acid. The results
given in Table I show that the amount of albumin seems to approach the calculated
ratio of 2.17 when the hyaluronic acid has a high intrinsic viscosity, but may decrease
for hyaluronic acid of lower intrinsic viscosity. However, a concentration effect may
also be involved as indicated by natterns 2D and 3C.

In addition, the patterns always showed a sharp peak corresponding to that for
free hyaluronic acid even when an excess of albumin was present. This suggests that
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the hyaluronic acid samples contained a fraction which could not complex with al-
bumin. Electrophoretic patterns of synovial fluid have always shown peaks corre-
sponding to free hvaluronic acid and have protein concentrations considerably
above those apparently required for saturation. Svnovial fluids thus appear to contain
some hyaluronic acid which does not complex with albumin. The polvdispersity of the
hyaluronic acid of synovial fluids has not been studied directly, but vitreous humor js
known to be polydispersell. ‘

The relation of the Pi complex of synovial fluids to other soluble complexes!®-16
formed under other conditions has not yet been clarified. In any case, the pH and
ionic strength would provide major influences on the type of complexing.

REFERENCES

. PLaTT, W. Piogman, H. L. HoLLEY AND F. M. DatTON, Arch. Biochewm. Biophys., 64 (1956) 152,
. Picvan, E. GRaMLING axp H. L. HoLLey, Biockim. Biophys. dcta, 46 (1961) 100,

E. PErLMANN, M. W. Rores, D). KavFvax axp W. Baver, J. Clin. Invest., 33 (1054) 319.
ScHURCH, G. VIOLLIER AND H. SULLMAN, Schweiz. Med. Wochschr., 80 (1950) 711,

/. Pioman, 5. Rizvi axp H. L. HOLLEY, Biochim. Biophyvs. Acta, 53 (1961) 254.

H. Lowry, N. J. RosEBroUcH, A. L. FArRr axD R. J. Ranpatt, J. Biol. Chem., 193 (1951) 205.
. L. RosextHAL AND H. I. CuxNDIFF, Clin. Chem., 2 (1956) 304.

DiscHE, in D. GLick, Methods of Biochemical Analysis, Vol. 2, Interscience, New York, 19535,
343.

Pratt, W. Piomax axp H. L. HovLeY, Biochem. J., 79 (1961) 605.

TANFORD, J. Am. Chem. Soc., 77 (1955) 6414,

C. LAURENT, M. RYaN AND A. PIETRUSZKIEWICZ, Biochim. Biophys. Acta, 42 (1g00) 476.

G. OgstoN aND J. E. STANIER, Biockem. f., 52 (1952) 149.

S. BLUMRERG AND A. G. OgsTON, Biochem J., 68 (1957) 183.

C. CUurTAIN, Biochem. J., 61 (1055} 685.

. CHARGOFF, M. Z1Fr AND D. H. MooRE, J. Biol. Chem., 139 {1941) 383.

. M. PaRTRIDGE, Biochem. J., 43 {1948) 387.

[ IV A

SAalNRZ e
MOWrHOCTNIOSON AT

1

w

Biochim. Biophys. Acta, 69 {(1963) 552-558



