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ABSTRACT:

The formation of a soluble complex of heparin and fibrinogen was observed in

0.05 M phosphate buffer at pH 7.0 in low ionic strength at 5°C. That is, the electrophoretic mobility,
slightly depending on heparin concentrations, of the complex was faster than that of fibrinogen,
and slower than that of heparin. Quantitative analysis on the complex was carried out by using
the free boundary electrophoresis. In the soluble complex, heparin was regarded to be bound
reversibly with fibrinogen and adsorbed to fibrinogen in the mode of the Freundlich adsorption
isotherm. The dissociation constant between heparin and fibrinogen was evaluated to be
7.4 x 10™*M, so that the interaction in the soluble complex with fibrinogen was considered to be
too loose to contribute toward the anticoagulant activity of heparin.
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Heparin is well-known to be a biologically
multifunctional molecule, interacting not only
various cells but such diverse proteins as are
participated in coagulation, adhesion, lipolysis,
and so on Particularly, heparin forms a
complex with antithrombin III,! and acts as
an extremely potent inhibitor against activated
coagulant factors of serine proteases. However,
interactions with plasma adhesive proteins such
as fibronectin,? vitronectin,® thrombospond-
in,2 von Wilbrand factor,* and etc., which
have heparin-binding domains, lead to increase
the administration amount of heparin nec-
essary for the anticoagulant therapy. On the
other hand, fibrinogen, a coagulable protein
and one of adhesive proteins, is contained in
much higher concentrations in plasma than

above-written adhesive proteins.

Heparin, a polyanion with relatively high
charge density, was observed to form various
complexes. That is, heparin was found to form
a soluble complex with albumin.>-® According
to Porter et al.,” however, heparin formed no
stable complexes with albumin and fibrinogen.
From the electrophoretic measurement,® hep-
arin was suggested to form a soluble complex
with fibrinogen in plasma at pH 8.6. Moreover,
Godal® also found that heparin bound to
fibrinogen, whereby spontaneous precipitates
were formed in a buffer of low ionic strength
(below 0.01) at pH below 7.0. Thus, it is
important to study on the interaction between
heparin and fibrinogen, although it seems weak
at neutral pH, even if it exists.
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Many acidic polysaccharides, different from
heparin, with high charge density and high
molecular weight were observed to cause
solid-liquid phase separation and to form
polyion complexes'® with fibrinogen at pH 7.0
and at low ionic strength. Although the whole
fibrinogen molecule is charged negatively at pH
7.0, positively charged microdomains which are
localized on fibrinogen, should play a role in
the formation of polyion complexes. The
purpose of this work is to study quantitatively
on interaction of heparin and fibrinogen in
0.05 M phosphate buffer at neutral pH by using
the free boundary electrophoresis and to relate
it with interactions of heparin and some plasma
proteins.

EXPERIMENTAL

Materials

Bovine fibrinogen, 95% clottable, was
purchased from Miles Lab. Inc. (Lot 24).
Heparin, sodium salt, (Lot. M6G5365) was
obtained from Nakarai Chemical Co., and had
anticoagulant activities of 152 units mg™'
solid. The molecular weight was estimated as
9000 from the viscometric measurement by
using the relation reported by Lasker and
Stivala!! and the number of anionic groups
per pyranose unit was estimated as 1.5.'°

Samples for Electrophoresis

Fibrinogen was slowly dissolved in 0.05M
phosphate buffer without stirring and ca.
1.2gdl~! fibrinogen solution was clarified by
filtration through a Millipore HA filter with
the pore size of 10 um. The fibrinogen solution
was kept for 10h in a refrigerator to remove
the cyrofibrinogen!? precipitated at low
temperature. The supernatant solution was
placed into a cellulose tube (membrane cut off
M., 10000) and dialysed against 0.05M phos-
phate buffer at 5°C for 24 h. After dialysis, the
concentration of fibrinogen solution as deter-
mined spectrophotometrically at 280 nm with
a Hitachi Model EPS-3T spectrophotometer
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by using the extinction coefficient® of 1.506 for
0.1gdl™! fibrinogen and 1cm light path. The
concentration of cryofibrinogen, precipitated
atlow temperature, estimated spectrophotome-
trically to be less than 10%.

Heparin was dissolved in 0.05M phosphate
buffer at pH 7.0 and 0.106 of ionic strength in
the concentration range from 0.05to 1.0 gdl1™?,
and dialyzed against 0.05 M phosphate buffer
by using a cellulose tube (membrane cut off
M., 3000) at 5°C for 24h. Mixtures of
fibrinogen and heparin were prepared by
mixing the dialyzed fibrinogen solution with a
dialyzed heparin solution at various mixing
ratios.

Electrophoresis

Electrophoresis experiments were carried out
by means of a Hitachi free boundary Tiselius
apparatus HTB-2A, equipped with a schlieren-
diagonal optical system. A 2 ml Tiselius cell of
the electrophoresis apparatus was kept at
5.0+0.05°C in a water bath so as to expect less
effects of molecular diffusion on the measure-
ment. The conductivity of solution was
measured at 5.0°C by using a Yanagimoto
conductivity outfit Model MY-8. A sample
solution was filled in descending and connect-
ing parts of a Tiselius cell. The photographs
were taken on a Polaroid 4 x S5cm land film
(Type 55 Positive/Negative). In addition to a
photograph of the initial boundary, 10
photographs of both the descending and
ascending sides were taken during the process
of electrophoresis. Electrophoretic mobilities
and peak areas were analyzed on the negative
films, enlarged by 20 times by using a Nikon
profile projector 6C-2.

When one component moves d cm during
ts at a field strength E (voltcm™!), the
electrophoretic mobility # (cm? volt™'s™!) is
represented by

Q)
where «x is the specific conductivity (ohm ™!
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cm~ 1Y), S is the cross-sectional area of the
cell, and i is the amperage.

When a component in a mixture is migrated
and the corresponding peak is sufficiently
separated from other peaks, the area of a
component (A4,) is obtained by integrating both
right and left sides (x;, x,) of its peak, and the
concentration gradient dc/dx is proportional
to the refractive index gradient dn/dx. Thus A4,
is expressed by

A,= j ’ (dn/dx)dx = J ka(dca/dx)dx = kacn
2

where k, is the refractive index increment
dn,/dc of the a component, and ¢, (gdl™?!)
indicates the concentration of the a component.

RESULTS AND DISCUSSION

Electrophoresis for a Single Component of

Fibrinogen or Heparin

Schlieren patterns of fibrinogen (Fbg) and
heparin (Hep) are shown in Figure 1(a) and
(b), respectively. Fibrinogen migrated as a
symmetrical sharp single peak. Since the
schieren pattern of a fibrinogen solution at 5°C
was identical to one, measured at 20°C, of
fibrinogen after dialysis at room temperature,
cryofibrinogen seems to have the similar
mobility as fibrinogen.

Heparin had a single asymmetric broad peak
until the migration time of 15min, and then a
slower peak appeared on the ascending side at
40min. A faster peak of heparin solutions,
however, did not migrate distinguishably from
the main peak of the mobility (1.9 x 10~ % cm?
s"'V™!) in the descending side (Table I).
Heparin used, however, does not mean to
consist of two species. Because it is well-known
that commercial heparin preparations, derived
from various sources, are composed of species
which have a broad molecular weight distribu-
tion'* and electrophoretic properties as well as
anticoagulant activities.!%16
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Figure 1. Electrophoresis schlieren patterns of fibrinogen
(Fbg) (a), and heparin (Hep) (b). The starting point of the
arrow expresses the position of the initial boundary.
[Fbg]=0.75gdl™!, field strength=5.04 Vem ™!, and mig-
ration time 120 min. (b) [Hep] =1.00 gdl ™, field strength =
5.21Vem™!, and migration time=35min. [ ] indicate
concentration.

Electrophoresis of Mixtures for Fibrinogen and

Heparin

Electrophoresis of mixtures were measured
for fibrinogen at a fixed concentration,
0.375gdl ™!, and heparin in the concentration
range from 0.25 to 0.50gdl~!. Schlieren
patterns of a mixture are changed with
migration time as is obvious in Figure 2. After
4 min migration, precipitates, shutting off the
light, occurred in the descending side, which
resulted in a black stripe in the schlierent
pattern. The width of the precipitate stripe was
spreaded with migration time, although
precipitates disappeared by the removal from
an electric field. Thus, detailed investigation on
the complex formation was carried out on the
analysis of schlieren patterns in the ascending
side.

Numerical values for the electrophoretic
mobility of two peaks of heparin, fibrinogen,
and mixtures of fibrinogen and heparin are
summarized in Table I. The mobility of
fibrinogen or heparin in a single component
solution exhibits a definite value each in the
ascending or in the descending side, while
mobility values for components in mixtures
decrease slightly with decreasing concentra-
tions of heparin in the ascending side. In a
mixture of fibrinogen and heparin, fast
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Table I. Electrophoretic mobility u of peaks in fibrinogen, heparin,
and mixtures of fibrinogen and heparin

Fibrinogen Heparin —ux107% cm?s" V™!
gdl™! gdi™! Ascending Descending
(Single component)
0.75 0 29+0.1 2.340.1
0.375 0 2.8+0.1 24+40.1
0 1.00 254+0.5 19+0.5
21+0.5 —
0 0.75 2410.5 19+0.5
20+0.5 —
0 0.50 24+0.5 1940.5
20+0.5 —
(Mixtures)
0.375 0.50 9.3+0.3 24+0.5 9.2)* 21+0.5
20+0.5 17+0.5
0.375 0.375 9.1+0.3 23+0.5 9.2 21+0.5
20+0.5 18+0.5
0.375 0.25 8.84+0.3 2340.5 9.2 21+0.5
1940.5 18+0.5

2 Estimated from the middle point of a migrating opaque stripe, correponding to precipitates.

T Y

Al o= da

+ - - +

Figure 2. Migration of electrophoresis schlieren patterns of a mixture of 0.375gdl™! fibrinogen and
0.50 gdl™! heparin at the initial boundary (a), 4 min (b), 20 min (c), 40 min (d), and 45min (e).
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asymmetric peaks in the ascending side should
be attributed to heparin because of almost the
same mobility numerals as ones of heparin. In
addition, the schlieren patterns were similar to
ones of heparin in shape, dependent on
migration time.

The mobility, —u=8.8—9.3x 10" 3cm?2s !
V™!, of the other peak is considerably
larger than that of fibrinogen (Table I).
Therefore, heparin molecules seem to bind
fibrinogen, resulting in the larger mobility of
a newly formed complex with fibrinogen in the
ascending side. On the other hand, the opaque
zone was formed reversibly in the descending
side, dependent on an electric field. The
precipitates owing to complex formation may
be attributed to the lack in sufficient amount
of heparin'? which had much faster mobility
than the complex and passed over the migrating
region of the complex with the passage of
time.

Interpretation on Interaction of Fibrinogen and

Heparin

The area ratio of schlierent patterns of the
components was generally discussed on interac-
tion of fibrinogen and heparin according to eq
2.18:19 As described elsewhere, the area ratio
was evaluated from the ascending schlieren
pattern because precipitation occurred in the
descending pattern. Since the area ratio of the
complex against the free heparin molecules is
not changed during migration, the reaction of
fibrinogen with heparin seems to have already
reached -equilibrium before migration.

In a mixture of fibrinogen and heparin,
fibrinogen had own peak, the area ratio

between any pair of components was not
changed during migration, and furthermore,
the area of each component was confirmed to
be proportional to its concentration. Hence,
one can formulate the following equation,
assuming the additivity against components.

AHep — CHep - X= (CHep - X)kHep
Ar-n Cr-p  Cripkpin+ Xkyep

(€)

where the subcript F-H corresponds to the
complex of fibrinogen and heparin, X denotes
the concentration of heparin incorporated in
the complex, Cy,, and Cg; are the total
concentrations of added heparin and fibrino-
gen, and ky,, (=1.22x1073dlg™!)? and kg,
(=1.80x1073dlg"1)2° are the refractive
index increment of heparin and fibrinogen,
respectively. From the area ratio of free heparin
molecules against the complex, the amounts of
bound heparin can be calculated by using eq
3, and are summarized at corresponding
concentrations of added heparin in Table II.
With increasing concentrations of heparin, the
ratio of heparin bound to fibrinogen decreases
against concentrations of added heparin but
the number of bound heparin molecules per
fibrinogen molecule increases.

In kinetic study on the effects of acidic
polysaccharides on the interaction of fibrin-
ogen and thrombin,?! we have applied the
interaction between fibrinogen and acidic
polysaccharides to the Freundlich-type adsorp-
tion isotherm. That is,

Cu

ep

=k(Cyep— X)" “4)

Table II. Results from electrophoresis on a complex of fibrinogen and heparin

Criv Chep [X] Number of bound Hep/Fib
AHep/AF -H - [X]/C}lep

gdl™! gdl™!? gdl™!? mol/mol

0.375 0.50 0.695 0.0673 0.136 6.8

0.375 0.375 0.510 0.0608 0.164 6.2

0.375 0.25 0.324 0.0529 0.214 5.4
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where [X,] is the concentration of heparin
adsorbed to fibrinogen at adsorption equi-
librium, and k and v are constants. The symbol
[X.] has substantially the same meaning with
X in eq 3 and may be replaced to X, written
in eq 3. It was found that the Freundlich
adsorption isotherm was valid with v=1/3,2!
under experimental conditions of Cg;,=0.03 g
dl™! and Cy,, from 0.00147 to 0.0739 gdl™*
in the same buffer as investigated in this work.

On the basis of eq 4, values for log X are
plotted to numerals for log(Cy,,— X) (Figure
3). In the plots, a linear relationship was valid,
and the exponential numeral was estimated to
be 0.305 from the slope. This result indicates
that the interaction between fibrinogen and
heparin is in obedience to the Freundlich
adsorption isotherm. The numeral 0.305
obtained in this electrophoretic work is
somewhat smaller than 1/3, possibly because
of much higher concentrations investigated
here than in our previous work.?!

Binding between fibrinogen (F) and heparin
(H) in the soluble complex (F— H) is regarded
as non-covalent but reversible. At equilibrium
eq 5 is written with a dissociation constant, K
of the complex.

K,
F-H % F+H %)

From eq 5, the following equation, which is
used as the Scatchard plot analysis,?? is
derived.

Hp_ 1 [H], L Fol

H Ky Ky

(6

where subscripts b, f, and o imply reversibly-
bound, free, and added states, respectively. A
constant n’ is the number of binding sites on
fibrinogen. From slope and intercept obtained
on plots of numerals for ([H],/[H];) against [H],
values, listed in Table II, both constants were
evaluated, i.e., K;=7.4x10"*M and n' =4.2.

A soluble complex, worked on our elec-
trophoretic study, may be drawn as shown in
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log X
-1.20 ]
-1.25 ]
-1.30 +
-08 -06 -04
log(cHep -X)

Figure 3. Double logarithmic plots of concentrations
gdl™! for incorporated heparin in the complex as a
function of concentrations gdl~! of free heparin, derived
from eq 4.

Figure 4. Schematic model for a soluble complex of
fibrinogen and heparin, formed under experimental
conditions of this work.

Figure 4. Binding number of heparin molecules
per one fibrinogen molecule was estimated as
4.3 from our sedimentation study,?3 while no
experimental traces for interaction of fibrin-
ogen and heparin were observed from the
viscometric measurement. In Figure 4, heparin,
suggested to be substantially flexible,*! and to
be partially helical,?* in solution is drawn as
the ellipsoidal shape. Plausible binding sites of
heparin on fibrinogen are presumed to be
located in the vicinities of hydrolysis sites by
thrombin and polymerization sites, because
heparin inhibited not only the thrombin
reaction®!?5 to fibrinogen but also retarded
the conversion reaction?! of fibrinogen to
fibrin. In other words, the hydrolysis sites?®
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FnsVp,LDL-H LT "
Figure 5. Interactions of heparin with various plasma

proteins. Abbreviations; AT, antithrombin III; T,
thrombin; F_, fibronectin; V_, vitronectin; LDL, low
density lipoproteins; K;,** and K,,,, ** inhibition constant
and Michaelis constant K, obtained from turbidimetry
applied to enzyme kinetics.

and polymerization sites on fibrinogen were
found to be located on the E and D domains,?’
ie., the central domain?® and both end
regions,?® respectively. The structure of fibrin-
ogen is drawn, by taking into consideration
one 2-fold axis symmetry,3%3! and its twisted
major axis in the central domain.3?

Interactions of heparin with various plasma
proteins such as antithrombin III,>? throm-
bin,25 fibronectin,? vitronectin,®> and low
density lipoproteins,®S as well as fibrinogen
may be summerized as seen in Figure 5.
Heparin is considered to influence on sig-
nificant inhibitory effects of anticoagulant
activities such as the fibrinogen-fibrin conver-
sion, on reactions catalyzed by thrombin and
other serine proteases, and on binding with
plasma adhesive proteins. Moreover, the
complex formation of heparin and anti-
thrombin III inhibits with so small an
inhibition constant as to be regraded as an
irreversible reaction in plasma. Thus, the
formation of a soluble complex of heparin and
fibrinogen is considered to be negligibly small
amounts at concentrations for heparin admin-
istered from 1 to 30 units ml~! in therapy,
corresponding from 0.0067 to 0.2mgml~! of
heparin used in this work (drawn by broken
line in Figure 5).
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