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Kinetics of the Precipitation of Human Fibrinogen by ZnCl; and CuCl,
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Kinetics of the precipitation of human fibrinogen by the addition of ZnCl, was followed by the turbidity
at 350 or 500 nm. Fast or slow precipitation occurred depending on whether the metal concentration (Cy) was

higher or lower than its critical value.
about 30 min.

In fast precipitations, the turbidity reached the stationary value within
From the stationary values of the turbidity the critical concentration could be determined. A

sigmoidal increase of the turbidity was often observed at low protein concentrations (Cp); the lag time decreased

with both Cy and Cp.

At the final stage of the precipitation, the turbidity reached the stationary value expo-

nentially; the characteristic time constant was almost independent of both Cy and Cp. These kinetic behaviors

were consistent with the gelation model proposed to the present precipitation.

When CuCl, was used in place

of ZnCl,, similar kinetic behaviors were obtained in many respects, suggesting the similar mechanism of precip-

itation for both ZnCl, and CuCl,.
was lowered.

In the preceding paper,!) the precipitation of human
fibrinogen was examined and the process was shown
to be best understood as a kind of gelation where
the extent of reaction did not exceed a limit even
when gelation was completed. Also an interesting re-
sult was obtained in the study that the turbidity was
linearly related to the ‘solubility’ of the protein.)
Here and throughout the present study, the term solu-
bility does not refer to a thermodynamic phase equi-
librium but only represents the protein concentration
in the supernatant. The time course of the turbidity
can be interpreted as the time course of the solubility
in the precipitation of human fibrinogen by ZnCl,.
This situation is different from that frequently en-
countered in the kinetics of coagulation of colloids,
where the turbidity is a complex quantity and only
its initial changes are used to extract information on
the coagulation. In the present study, kinetics of pre-
cipitation of human fibrinogen was followed by the
turbidity at different protein concentrations and at
various ZnCl, or CuCl, concentrations.

The interaction of fibrinogen with CuCl, could not
be studied in the previous study,! because the meas-
urement of the solubility was hampered by the inter-
action of CuCl, with Tris buffer.?) Since the absorb-
ance at 350 or 500 nm is little affected by the inter-
action of CuCl, with Tris buffer, the effect of CuCl,
on the precipitation of human fibrinogen can be studied
in the present study by following the time course of
the turbidity.

Experimental

Fibrinogen, ZnCl,, CuCl,, and Tris were the same as
used in the previous studies.l»?

In the kinetics of precipitation, the mixing of ZnCl, (or
CuCl,) solutions was carried out by pushing down a plunger
until it reached the bottom of a cell followed by pulling it
up. The cell was placed in the light path of a spectropho-
tometer. In this way, 0.01 to 0.1 cm® of metal chloride
solution in a basket attached to the end of a plunger could
be mixed with a protein solution (3—4 cm3) contained in
a cell. The change of the absorbance (turbidity) was auto-
matically recorded on a recorder (chart speed 0.2 cm/s).
It took less than one second for this single down and up
manual motion. The extent of uniform mixing was checked
using a dye solution. It was found that about 999, of the

Changes from slow to fast precipitation were observed when ionic strength
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Fig. 1. Time courses of the turbidity at 350 nm at
the protein concentration of 0.078 g dm-3.
ZnCl, concentrations (mol dm—3) (from top to bot-
tom): 3.75x 10-%, 1.88x 10-4, 9.68 x 103, 7.79x 10-3,
6.84x 105, 4.92x10°5 and 2.97x10-5. In (B),
AOD represents a change from the original level
(t=0) at each ZnCl, concentration. Stationary values
obtained at 25—30 min are indicated with horizontal
bars in (A).

final absorbance was obtained by a single down-up motion.
It took less than 2 s for two successive motions, which gave
a practically complete mixing. Absorption spectra and the
turbidity were both measured with a Shimadzu UV-200
S spectrophotometer using a cell of 1 cm light path.

The protein concentration (gdm=—3) was determined as
described in the preceding paper.V ZnCl, or CuCl, con-
centration was denoted as Cy and expressed in M (mol
dm-3).

Results

1. ZnCl,. Time Course of the Turbidity: The time
course of the turbidity was followed at two protein
concentrations, 0.078 and 0.93—0.94 g dm-3. The
data obtained at an intermediate concentration (0.23
g dm-3) were given in the preceding paper.l)

Characteristic time courses were most evident at the
lowest protein concentration (0.078 g dm=3) as shown
in Figs. 1 (A) and (B). At a ZnCl; concentration
(Cy) of 3.0x10-%M, the turbidity increased slightly
and linearly with time. At Cy;=4.9x10-% M, how-
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Fig. 2. Time courses of the turbidity at 500 nm at the
protein concentration of 0.93—0.94 g dm-3,
ZnCl, concentrations (mol dm—3) (from top to bot-
tom): 1.88x 104, 9.68x10-% 7.79x10-5, 6.84x
10-%, 5.88x10-%, 4.92x 10-%, 2.97x10-5 and 1.99X
10-%. In (B), AOD represents a change from the
original level (¢=0) at each ZnCl, concentration.
Stationary values obtained at 25—30 min are indicated
with horizontal bars in (A).

ever, a sigmoidal shape began to appear; after a lag
time the turbidity began to increase and reached a
stationary value after 25—30 min.

Typical sigmoidal patterns were clearly observed for
a range of (6.8—9.7) x10-5 M. At ZnCl, concentra-
tions larger than 1.9 x10-¢ M, a sigmoidal shape could
not be recognized any more in Fig. 1(A). However,
when initial stages were closely examined, as shown
in Fig. 1(B), then the presence of a lag time was noticed
up to 3.8x10~* M, since initial slopes at these con-
centrations (1.88 to 3.75x10~* M) could not be ex-
trapolated to zero time. Accordinly, the time course
can be characterized by a sigmoidal increase when
Cy is larger than about 5x10-5 M. In this concen-
tration range, the lag time became shorter and the
turbidity in the second phase became larger as Cy
increased.

At the intermediate protein concentration (0.23 g
dm~2), essentially the same kinetic behavior was ob-
served, which was already reported in the preceding
paper.t)

At the largest protein concentration (0.93—0.94
g dm=3%), the turbidity at 500 nm was followed.
Sigmoidal changes were not observed except at Cy=
2.97 x 10~® M, as shown in Figs. 2(A) and (B). How-
ever, we assume that the kinetics follow the sigmoidal
pattern and that the lag time is only too short to be
detected in the time scale of the present experiment.
It is to be noted in Fig. 2(A) that the turbidity in-
creases only slightly but rather linearly with time at
Cy=1.99%x10-*M. A slow phase was thus present
even at this high protein concentration. This clearly
indicates that the slow phase is not identical to the
first step of the sigmoidal pattern but it is a different
process other than the fast phase.

The Critical ZnCl, Concentration Cy*: As shown in
Figs. 1 and 2 and as suggested in the preceding paper,
a critical ZnCl, concentration Cy* can be defined from
kinetics, above which the turbidity increases rapidly
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Fig. 3. Stationary turbidities as functions of ZnCl,
concentration Cy.
Protein concentrations (g dm~3):
0.22—0.23 (O), and 0.078 (@).
nm (O,®) and 500 nm (D).

0.93—0.94 (),
Wavelength: 350

but in a sigmoidal shape and reaches a stationary
value. To evaluate the critical concentration more ac-
curately, the stationary values of the turbidity are
plotted against C, for three protein concentrations in
Fig. 3. The data at the intermediate concentration
were taken from the preceding paper.) When the
stationary turbidities obtained from the fast phase are
extrapolated to the original level (protein solution in
the absence of ZnCl,), the value of abscissa corresponds
to Cy*. The values are (4—5) x 10~ M ((3—5) x 10-5
M), (3.5—4.0) x10-5 M ((3—4) x10-5 M), and (2.5—
3.5)x10-° M ((2—3)x 10~ M), for the protein con-
centrations of 0.078, 0.23 and 0.92—0.94 g dm~3, re-
spectively. The values in parentheses are those es-
timated from a change of the kinetic patterns (from
a slow to a fast pattern).

In a previous study, critical concentrations were de-
termined by turbidimetric titrations.?> At a protein
concentration of about 1.1 gdm=3, Cy* was reported
as about 4x 10~ M for ZnCl, at pH 7.4, which ap-
proximately coincides with Cy* determined in the pre-
sent study for the concentration of 0.94 g dm=3. Ac-
cordingly, it is shown that the critical concentrations
were adequately assessed in the previous study.?

Lag Times for the Turbidity: In Fig. 4, lag times
obtained at different protein concentrations are shown
in a logarithmic scale against ZnCl, concentration C,,.
The kinetic data exhibiting no sigmoidal pattern were
interpreted as having lag times smaller than 15,
and represented on a horizontal line below 1 s in Fig.
4.

At the protein concentration of 0.078 g dm-3, lag
times could be determined directly from the kinetic
patterns if C,<1x10*M. For Cy,>1x10-¢M, the
lag times were determined as follows. The kinetic
data given in Fig. 1(A) were plotted according to
the first-order kinetics. A good linearity resulted be-
tween log(amplitude) and the time not only at a later
stage of the reaction, which will be discussed in a
later section, but also at some initial stage. Here the
amplitude of the reaction is defined as [OD(o0)—
OD(t)]. However, when the linear relation at the
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Fig. 4. Dependence of the lag time for the turbidity
on ZnCl, concentration GCy.
Protein concentrations (g dm=3): 0.93—0.94( O, on
the lowest horizontal line), 0.22—0.23 (@), 0.078
(O). The points on the lowest horizontal line only
represent that lag times are less than 1 second. A
vertical chain line indicates the approximate location
of the critical ZnCl, concentration Cy* (for details
see text).

initial stage was extrapolated up to the total amplitude
[OD(e0) —OD(0)], the time at the intersection was
larger than zero and it was taken as the lag time.

The lag time decreases with an increasing C, at
a given protein concentration; fairly sharply at low
ZnCl, concentrations and afterwards it becomes al-
most independent on Cy. The ‘transition range’ of
Cy undoubtedly decreases as the protein concentration
decreases. At a protein concentration of 0.93—0.94
g dm-3, the range is probably lower than the critical
concentration Cy*; the precipitation switches from the
slow to the fast phase when C, exceeds Cy*, never-
theless lag times are not observed since they are too
short to be measured. The dependence of lag times
on Cy will be discussed later, where another inter-
pretation of the dependence will be presented. Ac-
cording to the interpretation, the lag times decrease
with Cy rather continuously instead of changing in
a sharp ‘transition’ manner.

Initial Rates of the Precipitation: Generally, initial
rates of the coagulation of colloids are plotted against
the coagulant concentration in a double logarithmic
way to find a critical concentration, at which a slow
coagulation changes into a fast one. The same pro-
cedure is applied to the present kinetic data. When
sigmoidal patterns appeared, initial rates were obtain-
ed from the slope of the second step.?) For the con-
centrations lower than Cy*, initial rates were evaluat-
ed as [OD(¢)—OD(0)]/t, where ¢t was taken as 20—
30 min.

In Fig. 5, these initial rates are plotted against C,
for three protein concentrations in a double logarithmic
way. Unexpectedly, similar results are seen as found
in the coagulation of colloids. At each protein con-
centration, the logarithm of the initial rate linearly
increases with log Cy and then reaches a constant lev-
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Fig. 5. Log [dOD/dt];~, against log Cy for the pre-
cipitation of fibrinogen with ZnCl,.
Protein concentrations (g dm=2): (a) 0.93—0.94, (b)
0.22—0.23, (c) 0.078. Optical density: 350 nm (b
and c) and 500 nm (a).

el, thus defining a break. It may be argued that
the concentration at the break would represent a criti-
cal concentration between a slow and a fast coagula-
tion. However, the critical concentration in this sense
is given by Cy* in the present case. It is to be noted
that there is no break around Cy* in Fig. 5. At the
lowest protein concentration (curve c), another break
occurs around log Cy= —4. At the concentration low-
er than this point, typical patterns were observed as
shown in Figs. 1(A) and (B).

It is not fully understood, at present, why the initial
rates of the present precipitation formally resemble
those of the coagulation of colloids. This point will
be discussed later.

Final Stage of the Precipitation: It is stressed in the
introduction part that the kinetics of the present pre-
cipitation is closely related to that of the solubility.
Therefore, the whole time course of the turbidity can,
potentially, provide useful information of the present
precipitation. However, it is too complicated to be
analyzed properly, at present. In the preceding two
sections, the initial stage of the kinetics is examined;
the lag times and the initial rates.

It was found that the final stage of the present ki-
netics, shown in Figs. 1 and 2, could be described
in terms of a single exponential function of time.
Therefore, the amplitude A4(¢), which is equal to [OD-
(0) —OD(t)], can be expressed as Eq. 1.

A(t) = A(t) + Ay exp (—1/7) (1)
The contribution from the term Ay(¢) generally be-
comes negligible about 3—4 and 6—8 min after the
addition of ZnCl,, at low and high ZnCl, concentra-
tions. Consequently, a fraction larger than 3/4 of the
entire time region can be described in terms of a single
exponential at all Cy (if Cy>Cy*) and protein con-
centrations examined. The relative contribution from
the exponential term, A,/4,, is shown in Fig. 6(A)
as functions of C, at three protein concentrations.
The total amplitude A4, is defined as A4,(0)44;.
At a low protein concentration of 0.08 g dm-3, the
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Fig. 6. Relative kinetic amplitude (4,/4;) (A) and the
characteristic time constant (B) of the final stage
of the precipitation as functions of ZnCl, concentration
Cy.

Protein concentrations (g dm-3):

0.22—0.23 (@), and 0.078 (O).

0.93—0.94 (),

ratio A4,/A4, is unity if Cy;<7x10-> M. Under this
condition, the entire time course can be represented
by Eq. 2 using a lag time ¢,,

A(t) = Ayexp (—(—to)[r] (t=1o)- 2)
When Cy becomes larger than 7x10-% M, the relative
contribution of the exponential term 4,/4, becomes
smaller than unity and decreases further as Cy in-
creases and reaches as low as 0.2 at large G, values.
In other words, the contribution from other fast pro-
cesses is dominant for Cy larger than 1x10-* M. As
the protein concentration increases, the contribution
from the fast processes becomes significant even at
lower Cy values as shown in Fig. 6(A).

The time constant 7 characterizing the final ex-
ponential change is independent of Cy; and only slightly
dependent on the protein concentration as shown in
Fig. 6(B). At the final stage of precipitation, it is
likely that the growth of gel occurs as a unimolecular
reaction with respect to a monomer protein (P) in
solution.

P + gel(n-mer) L» gel[(r+ 1)-mer]
d(P)/dt = —k(P), (P) = (P), exp (—4). 3)

It is quite reasonable, then, that this rate constant
k, which is the reciprocal of 7, is independent of both
Cy and protein concentration under the present con-
dition of excess Zn?+ ions.

1. CuCl,. The time courses of the turbidity
were also measured in the case of CuCl, at three pro-
tein concentrations: about 0.045, 0.23—0.26, and 0.94
gdm-3. Two different kinetic patterns, fast and slow,
were also found in the case of CuCl, depending on
whether CuCl, concentration (C,) was larger or
smaller than the critical value Cy*. Generally, ki-
netic behavior was similar to that found in the case
of ZnCl,. These results suggest that the essential mech-
anism for the fast precipitation is also common to
both cases, ZnCl, and CuCl,.

The critical concentrations obtained from the ki-
netic studies were: (3—3.5) x10*M ((3—3.9) x 10—
M), (1.8—2.0) x 104 M ((1.3—1.8) x10-* M), and (1
—1.5) x10%M ((1—2) x 104 M) for the protein con-
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Fig. 7. Effects of ionic strength on the kinetics of
precipitation in the case of CuCl,.
NaCl concentrations (mol dm-3): 0.15 (A) and 0.015
(B). Protein concentrations (gdm=3): 0.23 (A) and
0.26 (B). CuCl, concentrations (mol dm-3) (from top
to bottom): (A) 3.87x10-%, 3.78x 104, 2.76x 104,
1.82x 104, and 1.25x10-% (B) 2.86x10-%, 2.35%
104, 1.82x 1074, 1.25x 104, 6.45x 10-5.

centrations of 0.045, 0.23, and 0.94 g dm~3, respective-
ly. The values in parentheses were estimated from
the change of kinetic patterns.

In the case of CuCl,, the effect of ionic strength
was also examined at the protein concentration of about
0.23—0.26 g dm—3.

The kinetic data obtained at 0.15 and 0.015 M NaCl
are presented in Figs. 7 (A) and (B), respectively.
At 0.015 M NaCl, a fast pattern was already observed
even at C,=6.5x10"% M. The critical concentration
was thus reduced considerably as ionic strength de-
creased. This result is consistent with the previous
finding®. The critical concentration at 0.015 M NaCl
was estimated as about (0.5—1.0) x10-*M from the
stationary values of the turbidity.

Discussion

Lag Time for the Turbidity. In the preceding
paper, a gelation model was proposed to account for
the characteristic features of the present precipitation.
The validity of the proposed model is further confirmed
in the present kinetic study, since sigmoidal increase
of the turbidity is best understood as representing a
gelling process. The lag time for the turbidity is no
more than the time interval before the extent of reaction
reaches the gel point.

According to the classical kinetics of gelation,*~%
the lag time ¢, is given by Eq. 4% for the gelation of
N units having f identical functional groups (‘homo-
gelation’).

to = LA~ 2K )
Here £ denotes the association rate constant, which
is not necessarily identical to the rate constant intro-
duced in Eq. 3.

In the present model, gelation among various species
has to be considered, such as A , A, ;B, A,_,B,, and
so on. Here x denotes the total number of binding
sites per fibrinogen, which was tentatively assumed
as three in the preceding paper.!) The interconversion
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Fig. 8. A double lagarithmic plot of the dependence

of the lag time on ZnCl, concentration Gy.
Protein concentration: 0.078 g dm-3.

among these species occurs through the binding equi-
libria with Zn2+ ions. Moreover, the ‘bond’ is formed
only between A and B groups. Therefore, Eq. 4
cannot be applied to the present model in a strict
sense. Instead of following the exact kinetic equations
relevant to the present model, only a brief discussion
is presented here to help understanding the obtained
results on the lag time.

The number of units N in Eq. 4 may be approxi-
mately equated to the number of various species other
than A, (no zinc ions are bound to it), which is given
as

N = N,KCy(1—KCy)-1. (5)
Here N, denotes the total number of fibrinogen mole-
cules in solution. If species A, considerably contrib-
utes to the aggregation, then we have to set N=N,.
Generally, we may write N=N,(KCy)*', where o’
varies between 0 and 1. Since KC, is much smaller
than unity as examined in the preceding paper?), the
number of B groups is much smaller than that of
A groups. Consequently, the number of ‘functional
groups’ f in Eq. 4 is roughly proportional to KCy x.
Because K(Cy<1, the term (f—2) in Eq. 4 exhibits
a complex dependence on Cy. However, for the mo-
ment, we are allowed to write as follows with another
parameter a.

t, = N;(KCy)-0t (0<a<]l). (6)
At a constant protein concentration, i. e., at a constant
N,, Eq. 6 predicts that log(lag time) varies linearly
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with log C,, with a slope between —2 and —3. The
data at the lowest protein concentration (0.08 g dm-3)
shown in Fig. 4 are replotted in a double logarithmic
way in Fig. 8. An approximately linear relation holds
with a slope of about —2.6, consistent with Eq. 6.
Unfortunately, the validity of Eq. 6 at higher protein
concentrations cannot be examined, since lag times
could not be obtained for a wide range of Cy.

Initial Rates of the Precipitation. It is suggested
in the preceding paper that the present precipitation
is a kind of gelation.!) Nevertheless, the initial rates
of the present precipitation apparently exhibit typical
dependence on the ‘coagulant’ concentration Cy. Al-
though the implication of this unexpected result is
not fully understood, the following consideration pro-
vides an interpretation of the result.

When Figs. 3 and 5 are compared, it is found that
both concentration dependences are very similar. A
close relation between the initial rate and the kinetic
amplitude (the stationary turbidity) can be shown in
the simplest manner, if the turbidity A(¢) can be ex-
pressed in a single exponential form.

A(t) = 4, exp (—t/7) (7)

Then the initial rate [—(d4/dt),.,] is given as A4./z.
In this assumed situation, the logarithm of the initial
rate is related to log 4, and logz. Accordingly, it
can happen that the dependence of the initial rates
on Cy is totally ascribed to the dependence of the
kinetic amplitude 4, on C). Consequently, if the
initial stages of the present precipitation can be de-
scribed by Eq. 7, with a proper 7, then the results
shown in Fig. 5 can be understood as essentially iden-
tical to those given in Fig. 3.

We thank Professor M. Tagawa, Nara Women’s
University, for her kind advice in the construction
of the mixing device.
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