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The rate theory for enzyme-triggered coagulation reactions, such as the clotting of fibrin or casein, is extended to the 
case of an arbitrary rate of production of the clotting species. It is shown that the general expression for the growth of the 
weight-average molecular wei&t of the clotting product, %v+ is given by J&v = Mr {l f k, {&,PW2 dt‘)lP@)>, where Nr is 
the “monomer” molecular weight, ks the srnoluchowskian flocculation rate constant and P(r) the total number of monomers 
produced by the enzyme in r. In the purely smoluchowskian case P(t) strnds for the total number of monomers at the be- 
-ginning of the clotting process. Numerical esamples in which the rate of enzymic production is governed by complete 
Michaelis--Menten kinetics, are compared to cases in which this rate equals Vmax. It is shown that after exhaustion of the 
substrate the system continues to coaeulate in a pureiy smoluchowskian way. Turbidimetric experiments on the clotting 
of micelles of whole and K-casein are presented which suggest imctivation of the enzyme by non-productive binding in the 
ffocs formed. 

1. Introduction 

Enzyme-triggered coagulation reactions usually are 
set going by proteinases, which by the limited prote- 
olysis of their substrate, yield an unstahia product 
that starts to clot. Well-known examples are the clott- 
ing of fibrin and casein brought about by thrombin 
(EC. 3.4.21.5) and chymosin (EC_ 3.4.23.4) respec- 
tively [la] _ The formation of ~l~albu~n from 
ovalbumin by subtiiisin (EC. 3.4.21.14) is another 
example [3]. Also the precipitation of pectic acid by 
pectin esterase (EC. 3.1 ,l .I 1) in the presence of cal- 
cium ions, which was studied extensively by Krop and 
Pihrik [4], falls in the same category of coagulation 
reactions. 

r To whom correspondence should be addressed. 

Most striking$ these reactions are characterized by 
the occurrence of a lag in the coagulation, the length 
of which is widely used to assess the activity of the 
clotting enzyme. In a number of previous publications 
[S-S] we have analyzed the kinetics of such clotting 

processes and shown that the time necessary for the 
clotting to occur, t,, to a fair extent is given by 

where k, is the flocculation rate constant of the clott- 
ing species and Jr,, the maximum rate of proteolysis 
of the substrate_ 

The above relation is obtained by accounting for 
the enzymic production of the “monomer” species in 
NOR Smoluchowski’s rate theory for the coagulation of 
unstable cslloids [9,1 O] and the lag phase was shown 
to be due to the second order of the coagulation reac- 
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tion per se. 
A drawback of the above theory is that it has been 

set up for a constant rate of production of the clotting 
species, i.e. at V,, . In the present study this restric- 
tion is removed and the theory extended to the case 
of arbitrary V. It has been worked out for complete 
Michaelis-Menten kinetics and numerical examples 
pertaining to the clotting of micelles of whoie and K- 

casein by milk-clotting chymosin are given. 
The previous theory predicts that the turbidity of 

the total clotting system is a cubic function of the re- 
action time [7]. The experiments, especially those at 
relatively high enzyme activity, show, however, that 
the turbidity often ends up to increase linearly with 
time (e-g_ fig. 2 of ref. [S] and figs. 2 and 3 of ref. 

[l 11). We shall demonstrate that such linear behaviour 
sometimes can be explained by substrate exhaustion 
and continued smoluchowskian flocculation of the 
enzyme product. Deviations from the theory are dis- 
cussed Ln terms of non-productive binding of the en- 
zyme in the floes formed. 

2. Theory 

2.1. The rime-dependence of the weigh t-average mo- 

IecuIar weight of the clotting emymic product 

Since the clotting of fibrin or casein usually is mon- 
itored by the absorbance or light scattering of the 
system, we are first of all interested in the rate of 
change of the weight-average molecular weight, @v , 
of the clotting species [ 12]_ By defmition we have 

where Mt is the “monomer” molecular weight of the 
clotting product and Pi the number concentration of 
particles of degree of aggregation j. Obviously in eq. 
(2) the denominator 

EjPj e P(r) 
i 

(3) 

represents the total number of monomers produced 
by the enzyme in t. 

According to von Smoluchowski 193 we have for 
the rate of change of the number concentration of 
particles of degree of aggregation i: 

i = 2, 3, _._, (4) 

where X-s is the so-called flocculation rate constant. 
The solution to eq. (4), satisfying the boundary condi- 
tion Pi = 0 at t = 0, reads 

where X(r) is defined as 

X(r) = exp C-k, j Cpi(t> dt} . 
0 j 

Consider the generating function \k(z, t), defined as 

*(z 7 t, = z$ ziPi( t, J (7) 

which, after inserting eq. (5) and some manipulations, 
(cf. ref. [6], Appendix II), can be rewritten as 

* W(z t) 
q(z, t) = zPl (r) + $k,X(r) j- ) dt 

0 X(t) - 

From the definition of \k(z, r) we further have 

5 j'Pj(?) = 3g .iPj@) -t s j ==, 
.j=l 

= P(r) + a&Y I _ (9) 
&’ iz=l 

The second term on the right-hand side of this relation 
can be calculated as follows_ By successive differentia- 
tion of eq. (8) we find for the last term of eq. (9): 

a% -I az2 ==I 

i-29 _ I a% 
-- I I dt 

2=2 az 2 .Z=l 

=k$(?)Jx~(pO1 +~j(Ow~lz=l)dr- 
(~0) 

Defining the function h(f) as 

I a2* 
h(t) = - - 

X(0 az2 z=~ ’ I 
one finds, after substituting (lo), that 

(11) 
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d.k(t)/dt = k$‘(t)z/X(t) + k, cPj(t) - h(t) _ 
i 

(12) 

It can readily be verified that the solution to this equa- 
tion reads 

Iz(t) = exp {k, j Cpi(t) dt) * ks jP(t)2 dt , 

0 j 0 

which by the definition of X(t) given above (163) 
becomes 

A(t)=k,([P(t)2dt]/X(t). 

Combining (11) and (13) we finally obtain * 

(13) 

(14) 

For the reduced weight-average molecular weight, 
@v/M1, we thus find from eqs. (3) (9) and (14): 

In the purely smoluchowskian casethe function 
P(t) = EjjPj, eq, (3), is constant, say So. Inserting this 
constant value for P(t) in (15) yields 

&JM, = 1 + k&t _ (16) 

This indeed is the smoluchowskian weight-average 
molecular weight as can be verified from refs. [9] and 

[lOI. 

2.2. T!ze tittze-depetzdeme of tJze weig!z t-average 
nzoIecular IveigJzr of tJze total solute 

Since by light scattering one can only observe the 
weight-average molecular weight of the whole solute, 
the above result has to be completed with the contri- 
butions of the residual substrate (if any) and the pep- 
tide(s) split off by the enzyme to this average. This 
correction can easily be made, because there exists a 
stoichiometric relationship between the substrate, the 
clotting product and the peptide split off by the 
enzyme. 

Let the-molecular weights 01 substrate, product 

monomer and peptide be MO, MI and M2 respectively 
and the original substrate concentration co (g/ml). 

The masses of product and peptide per ml, which 
are produced by the enzyme then are given by 
MI ZjjPj and MzZjjPj respectively (Pi now in moles/ 
ml). The residual substrate concentration is (co - 
MO ZZjjPi> and the weight-average molecular weight of 
the total solute thus becomes 

+M; cj2Pj+M$ cjPj co _ (17) 
3 3 11 

Defining the ratio of the molecular weights of the pep- 
tide(s) split off to that of the original substrate as 

f =M21MQ , (1 s> 

and substituting for ZjjPj and Zjj2Pj from eqs. (3) 
and (15), eq. (17) reduces to 

- 
(M,/%Aotal = 1 - Mo(1 - 0 P(r) 

X (*f-(1 -f)k,( [P(t)2dt)/P(t))/& . (19) 

If the rate of enzymic production is ccnstant and 
equal to V,, we have 

k, (d P(t)Zdt)/P(t) = $ksVm,t2 (20) 

and, after defining the enzymic clotting time, r, as 

r = (2/ks Vmas)l12 , (21) 

we find on substituting (20) and (21) in eqs. (15) and 

(19) that 

M,\,/M: = 1 + $(r/r)’ (22) 

and 

(~w/Mo)toti = 1 -M& -f)(SVm,/k,)“” 

x mm - (1 -f )(t/mWc~ 9 (23) 

which are identical to the expressions found previous- 
ly for the case of constant V [6,7]. 

* The combined equations (9) and (14), as one of the referees 
points out to us, can also be obtained directly from eq. (4) 
by the calculation of d/at (Zii(i- 1)Pi). 
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2.3. Nwnetical examples; influence of substrate 
exktush~on on tke rate of dotting 

The influence of substrate exhaustion on the kinet- 
ics of the clotting process is certainly the most inte- 
resting case to be investigated by the above theory. 
In the following numerical examples we shall restrict 
ourselves to the clotting of micelles of whole and K- 

casein by chymosin [2,5,7,13] _ Theoretical and exper- 
imental work on the thrombin/fibrin system is in pro- 
gress and will be dealt with in a future publication. 

According to Hem-i and Michaelis-hlenten [14,15] 
we now have for the rate of production of the clotting 
species 

dP(r)/dr = YmZ\ CS, - P(r)}/ U&j + So - P(r)) , (24) 

where So is the initial substrate concentration and 

K, the Michaelis constant (both in mhl). 
In the application of eq. (24) we are faced with the 

fact that the Michaelis-Menten parameters for the 
splitting of the chymosin-sensitive phe-met bond 
between residues 105 and 106 of K-casein are only 
poorly known. In table 1 we have collected some re- 
cent estimates of X, and kmt found with intact K- 
casein and K-casein analogs. The actual computations 
have been carried out using the data of refs. [16] and 
[ 171. The data for the synthetic peptides have not 
been considered, because they were obtained at an un- 
usually low pH and the>= probably, as a consequence 
of the shortness of these peptides, do not reflect the 
electrostatic enzyme/substrate interaction found with 
the intact K-casein 11 I]. 

To simulate the milk clotting reaction it was ac- 
cepted that the total casein concentration in milk is 
about 30 g/l, I2 per cent of which is K-casein [20]. 
Therefore, if all K-casein were accessible to the en- 

zyme, we have for the initial substrate concentration 
co = 3:6 X lO-3 g/ml. F urther, from the sequence 
studies of Mercier et al. [21] and the molecular weight 
determinations by Vreeman et al. [22] it is readily cal- 
culated that S o = 0.19 mM and f = 0.35-0.38. The 
previous measurements of the clotting time suggest 
that the flocculation rate constant of whole and K- 

casein is about 105-lo6 ml mol-* s-l [7,&l 11, 
which completes the set of parameters needed to 
simulate the course of the clotting process. 

The number of monomers produced by the enzyme 
in t can conveniently be computed by the recurrent 
difference equation 

P(t + At) = P(z) i- Ymax {So - P(t)} 

X Ai/{&, t So - P(f)} , P(0) = 0 , (25) 

whereas @‘(t)‘dt was obtained by trapezoidal inte- 
gration with a time-interval of 6.25 s. 

Slopes were calculated by Newton’s interpolation 
formula. All calculations were carried out on the 
Hewlett-Packard 9830 A/9862 A calculator/plotter 
system. 

The results of the computations, comparing the 
growth of the reduced weight-average molecular 
weight of the product and the total solute with and 
without substrate exhaustion taking place, are collect- 
ed in figs. l-4 and tables 2-5. They give rise to the 
following conclusions_ 

1) Exhaustion of the substrate can lead to a drastic 
decrease in the rate of clotting. As is obvious from 
eq. (24) this decrease is more pronounced the larger 
the ratio Km/SO _ 

2) The lag phase proper, oc:urring at the earliest 
stages of the clotting process, is not seriously affected 
by substrate exhaustion (cf. fig. 2). If, however, as is 

Summarizing recent estimates of hlichaelis-Menten parameters for the limited proteolysis of K-casein and K-casein analogs by 
chymosin. 

substrate residues Km 
(mM) 

&at 
(s-1) 

exptl. conditions 

PH r OC 

ref. 

wcasein l-169 0.004 10 6.7 0.08 37 [‘161 
tryptic peptide 98-112-08 0.025 48 6.6 0.05 30 1171 
synthetic peptide 103-112-OH 0.40 25 4.7 0.05 30 [ISI 
wnthetic pep;ide 103-108 Oh9e 0.85 18 4.7 0.05 30 1191 
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Fig 1. Comparing the product dotting of (K-)casein brought about by chymosin without (curve 1; eq. (22)) and with (curve 2; cq. 

(15)) exhaustion of the substrate. Computational parameters: T’,,, = lo-’ (mol/ml s), Km = 0.025 (mM) and the flocculation 

rate constant k, = lo6 (ml/mol s). A: mw/M.W. (product) versus i. B: #w/M.W. (product) - 1 versus t2. 

Table 2 
Kinetics of clottable product. 

t(s) VIT.‘mas PWSO &f(W)/iW(l) slope 

0 1 0 1 0 
100 0.81 0.45 3.91 0.06 
200 0.57 0.83 12.51 0.12 
300 0.06 0.99 27.37 0.18 
400 0.00 1.00 46.09 0.19 
500 0.00 1.00 65.09 0.19 
600 0.00 1.00 84.09 0.19 
700 0.00 2.00 103.09 0.19 
800 0.00 1.00 122.09 0.19 
900 0.00 1.00 141.09 0.19 

1000 0.00 1.00 160.09 0.19 
1100 0.00 1.00 179.09 0.19 
1200 0.00 1.00 198.09 0.19 
1300 0.00 1.00 217.09 0.19 
1400 0.00 1.00 236.09 0.19 

MoL weight of substrate = 19000 and substrate corm. = 0.19 
mMo1. The Michaelis-hlenten parameters are: V,,, = 10Wg 
mol/ml s and Km = 0.025 mhiol The flocculation rate con- 

stant KS = 1000 000 ml/m01 s. 

Table 3 
Kinetics of total solute. 

Ns) V/Vmax P(Z) /so nf(W/fif(O) 

0 1 0 1 
100 0.81 0.45 1.29 
200 0.57 0.83 4.27 
300 0.06 0.99 10.59 
400 0.00 1.00 17.86 
500 0.00 1.00 25.16 
600 0.00 1.00 32.47 
700 0.00 1.00 39.77 
800 0.00 1.00 47.07 
900 0.00 1.00 54.38 

1000 0.00 1.00 61.68 
1100 0.00 1.00 68.99 
1200 0.00 1.00 76.29 
1300 0.00 1.00 83.59 
1400 0.00 1.00 90.90 

hiol. weight of substrate = 19000 and substrate cont. = 0.19 
mMoL f = hZ\V. (peptide)/M.W. (substrcte) = 0.38. The 
Michaelis-Menten parameters are: V,,, = lo-’ mol/ml s and 
Km = 0.025 mMoL The flocculation rate constant KS= 1000 000 

ml/moL s. 
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Fis 2. Comparing the clotting of the total solute (K-jcasein 
brought about by c!~ymosin without (curve 1; eq. (23)) and 
with (curve 2; cq. (I 9)) eshaustion of the substrate. Compu- 
tational parameters: substrate cont. = 0.19 (mhl); substrate 
h1.W. = 19 OOO;f= h1.W. (peptide)/M.\V_ (substrate) = 0.38. 
Rate cmstants as with fig. 1. 

Table 4 
Kinetics of clottable product. 

i(S) V/J’rnas PWlSo nz(rrr)/M( 1) slope 

0 1 0 I 0 
100 0.98 0.09 1.55 0.01 
200 0.98 0.17 3.18 0.02 
300 0.97 0.26 5.90 0.03 
400 0.97 0.34 9.71 0.04 
500 0.96 0.43 14.60 0.05 
600 0.96 0.5 1 20.57 0.07 
700 0.95 0.60 27.63 0.08 
800 0.94 0.68 35.77 0.09 
900 o-92 0.76 45.00 0.10 

1000 0.88 0.84 55.36 0.11 
1100 0.80 0.92 66.94 0.12 
1200 0.52 0.98 SO.27 0.15 
1300 0.03 1.00 97.22 0.19 
1400 0.00 1.00 116.15 0.19 

Mol. weight of substrate= 19000 and substrate cont. = 0.19 
mMoL The Michaelis-Menten parameters are: Vma = 1.67 X 
10-r’ mol/m! s and Km = 0.004 mMoL The flocculation rate 
constant KS = 1000 000 ml/m01 s. 

Table 5 Kinetics of total solute. 

Ns) v/vntax 

0 1 0 1 
too 0.98 0.09 0.98 
200 0.98 0.17 1.06 
300 0.97 0.26 1.36 
400 0.97 0.34 1.99 
500 0.96 0.43 3.03 
600 0.96 0.51 4.61 
700 0.95 0.60 6.82 
800 0.94 0.68 9.76 
900 0.92 0.76 13.51 

1000 0.88 3.84 18.17 
1100 0.80 0.92 23.77 
1200 0.52 0.98 30.31 
1300 0.03 1.00 37.49 
1400 0.00 1.00 44.79 

Mol. wei$t of suktrate= 19000 and substrate cont.= 0.19 
mMol. f = M.W. (peptide)/M.\V. (substrate) = 0.38. The 
hlichaelis-Menten parameters are: V,,, = 1.67 X IO-r0 mol/ 
ml s and Km = 0.004 mMoL The flocculation rate constant 
KS = 1000 000 ml/m01 5. 

customary practice [7,23], its length is determined by 
extrapolation of the steepest part of the turbidity plot 
to the time of zero turbidity increase, it could be seri- 
ously in error. 

3) After practically complete exhaustion of the 
substrate, the clotting product continues to grow Tin- 

early with a slope equal to the product k,$o (cf. tables 2 
and 4 and eq. (16)). This is exactly what was predicted 
by Troe!stra 1241 and Oster 225, see also refs. 9 and 
IO] for the behaviour of a purely smoluchowskian sys- 
tem. Furthermore we see from fig. 3 that for a small 
ratio K, /So the curves which do and do not allow 
for substrate exhaustion are almost coincident on the 
time interval under consideration. This could be ex- 
pected from eq. (24) The “exhaustion theory”, how- 
ever, predicts an eventual smoluchowskian behaviour 
(see table 4), whereas in a “constant production 
theory” the slope of ii?,v/B~l retains a constant varia- 
tion (see eq. (22)). 

4) The final slope of the growth curve of the total 
solute after exhaustion of the substrate is considerably 
lower than that of the growing product (cf. figs. 1 and 
2), because of the contribution of the non-aggregating 
peptide to the total weight-average molecular weight. 
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Fig 3. Comparing the product clotting of (K-)casein brought about by chymosin without (curve 1; eq. (22)) and with (cufle 2; 
eq. (15)) exhaustion of the substrate. Computational parameters: Vma, = 1.67 X lo-*’ (mol/ml s), Km = 0.004 (mM) and the 
flocculation rate constant ks = 106 (ml/m01 s). A: R,/M.W. (product) x’ersus f. B: fii,/hI.lV. (product) - 1 versus t2- 
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Fig. 4. Comparing the clotting of the total solute (K-)casein 
brought about by chymosin without (curve 1; eq. (23)) and 
with (curve 2; eq. (19)) exhaustion of the substrate. Compu- 
tational parameters: substrate cont. = 0.19 (mht); substrate 
h1.W. = 19000 f = M.\V_ (QeQtide)/hl.\V. (substrate) = 0.38. 

_ _*__A_ ___z*- ‘z-z- -8 

3. Discussion; comparison with expkiment 

Thz present theory generalizes the previous descrip- 

tion of enzymic clotting processes 16-81 t.o cases in 

which the rate of production of the clotting species is 

arbitrary. As its predecessor it makes clear that the 

lag phase in the clotting is due to the second order of 

the coagulation reaction proper (see eq. (4)). In the 
beginning of the clotting process the concentrations 
of the clotting species are simply too low for appreci- 
able aggregation to occur. Moreover, the flocculation 
rate constants involved, without exception, are very 
low [S,llJ. 

At this point it should be mentioned that von 
Smoluchowski in his original theory used the assump- 
tion that the number of coagulakg particles is prac- 
tically infinite, whereas in clotting processes we start 
with a zero concentration. The application of von 
Smoluchowski’s theory becomes justified, however, 
when it is reliazed that under the usual enzymic con- 
ditions, the enzyme produces already a very large 
number of such particles in a very short time. 



The computations demonstrate that exhaustion of 
the substrate ultimately leads to purely smoluchowskian 
flocculation of the clotting product. Since the course 
of the clotting had to be computed numerically, the 
nature of the clotting time is not immediately appar- 
ent from the present calculations. If, however, we in- 
troduce a time-average rate of enzymic production: 

(26) 

where te is the time at which the substrate is practical- 
ly exhausted, then it is readily seen that the analytical 
expressions (22) and (23) can be maintained with the 
time-average of r defined as 

(r> = (2/x_s!v>)tf~ _ (27) 

Substituting <r> for r in eq. (23) shows that an explo- 
sive increase of the weight-average particle weight is 
only ?o be expected for reaction times exceeding (7). 
The clotting time, t,, is therefore given by 

1, = (T) . (W 

As an example: from the figures given in table 2 it is 
readily calculated that at practically complete exhaus- 
tion 09 = 5 X 10-*O(mol ml-l s-l) to be compared 
wit11 vmax = lop9 (mol ml-t s-r)_ The clotting 
times estimated by eqs. (21) and (27) therefore differ 
by less than a factor of 1.5. The calculation demon- 
strates that still fairly reliable estimates of the clotting 

time can be made using the simple theory based on 
V max (cf. eq. (23)). It also justifies the former con- 
clusions based on that theory with regard to the floc- 
culation rate constants of fibrin and casein [7,8,3 l]_ 

It has been mentioned above that the turbidity 
plots of the clotting of fibrin and casein often end up 
with a linear slope instead of following the cubic equa- 
tion (23). The present calculations show that such be- 
haviour could be explained by the exhaustion of the 
substrate and continued smoluchowskian flocculation 

of the product formed. The following examples may 
serve, however, to illustrate that in practice substrate 
exhaustion may be difficult to diagnose_ 

In fig. 5 the clotting of micellar whole casein at 
ionic strengths of 0.04 and 0.08 hl and under other- 
wise identical conditions are compared. It has been 
shownbefore [ 111 that the increase in re at I = 0.08 
should be ascribed to a reduction of the rate of 
proteolysis by the electrolyte_ By comparing figs. 5a 
and b it is seen that the plot at the highest enzyme 
velocity indeed ends up with a perfect linear slope, 
whereas at I = 0.08 it remains curved upto the highest 
absorbance measured. This suggests indeed that the 
enzymic reaction has come to an end at I = 0.04 after 
about 200 s. 

Consider now the clotting experiments with micel- 
les of ic-casein at different enzyme concentrations 
shown in fig. 6. They all end up with a more or less 
linear slope of the turbidity plot, which at first sight 

Fig. 5. Clotting of casein micelles by chymosin. Absorbance measuremehts with the Cary 14 spectrophotometer at 500 nm in 0.5 
cm cuvettes. Total scale expansion: O-O.2 abs, switching at 0.1 abs. Skim milk powder diluted 15 times wjth 0.01 M CaCj2; jonjc 
strength adjusted with NaCi; 35°C. A: 1= 0.04 M. B: I = 0.08 Ill. Note the minimum in the absorbance at I= 0.04 in agreement 
Gih eqs. (19) and (23). Enzyme addition indicated by arrow; time flows to the left 
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I-‘;& 6. Clotting of miccks of I;-casein by chymosin. Absorbance measurements with the Cary 14 spcctrophotomcter at 500 nn> in 
1 cm cuvettes. Total scale expansion 0-l abs. 71_4°C_ V max (from left to right): O-3, O-47, 0.6, 1.2 and 2.4 X 10eg (mol/ml s). 

suggests exhaustion of the substrate_ The theoretical 
expectation is, however, thl;t after substrate exhaus- 
tion we are always left with the same system, consist- 
ing of particles completely stripped off by the enzyme 
and the non-aggregating peptides. Such particles 
would obviously possess the same flocculation rate 
constant and, since their concentration is the same, 
the turbidity would ultimately increase at the same 
rate. This behaviour is exemplified in fig. 7, where the 
graphs computed at three different enzyme concen- 
trations are seen to end with parallel slopes. The final 
slopes in fig. 6 yet are found to decrease with de- 

creasing enzyme concentration. In itself this observa- 
tion is in good agreement with the earlier conclusions 
[6,1 l] about the validity of the so-called law of 
Segelcke and Starch: the flocculation rate constant 
of the micelles is roughly proportional to the concen- 
tration of the enzyme. A plausible explanation for 
the decreasing slopes is that they are due to non- 
productive binding and inclusion of the enzyme in the 
floes already formed. Such binding would certainly be 
enhanced through electrostatic interaction between 
the positively charged product particles [21] and the 
negatively charged enzyme. It could lead to complete 

immobilization of the enzyme and the effect would 
be most pronounced at the lowest enzyme concentra- 
tions, where the micelles of the lowest flocculation 
rate constants would remain. The final linear slopes 
therefore do not only reflect the eshaustion of the 
substrate but rather a combination of exhaustion and 
the inactivation of the enzyme by non-productive 
binding in the floes. 

An alternative, though less likely explanation of 
the different final slopes is that they are related to the 
restricted validity of Rayleigh’s scattering law and dif- 
ferences in the structure of the floes formed, a point 

amply discussed by Overbeek [9]. Whether such ab- 
normal scattering really contributes to the turbidit) 
differences observed can only be decided via true 
light scattering measurements after correction for the 
dissymmetry of the scattered light. Such measurements 
are presently undertaken and will be dealt with in due 
course. 
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