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VISCOMETRIC ASSAY OF COLLAGENASE A CTIVITY
USING A STOP REAGENT TO TERMINATE ENZYME A CTION

ABSTRACT

A simple, precise viscometric assay procedure has
been developed for the assay of true collagenase
activity. The substrate is a commercially available
pepsin-treated mammalian skin collagen. It comes
as a solution which needs no treatment other than
pH adjustment and dilution prior to its incorpora-
tion into the assay medium. Viscosity is measured
after enzymatic action is terminated with a Stop
Reagent. Any one of a wide variety of viscometers
can be used, including a simple Ostwald-type
viscometer. Other advantages of the procedure are
also discussed. The temperature during incubation
and viscometry should be controlled within
+ 0.1°C. Such control! is easily achieved with an
inexpensive controller.

INTRODUCTION

Some 40 years ago, Gallop, Seifter, et al.'* developed a
viscometric procedure for assay of collagenase activity. The
substrate was a collagen preparation (ichthyocol) made
from carp swim bladder. The procedure appears not to have
been widely used, perhaps because preparation of the
substrate and the assay itself are labor intensive. Simpler
“collagenase” assay procedures utilizing synthetic peptides
were also developed.** However, while useful for screening
purposes and during enzyme purification, these procedures
cannot be relied upon to yield a measure of true
collagenase activity.™®

I[n a previous publication from this laboratory,” we demon-
strated the suitability and advantages of using a commer-

cially available pepsin-treated collagen from the skin of

young pigs as substrate for the assay of true collagenase
activity, and we subsequently reported' on the design of a

capillary viscometer for monitoring the hydrolysis of the
above substrate. We have more recently developed and
herewith report a simple, precise assay procedure utilizing
the pepsin-treated collagen in which the viscosity is mea-
sured after stopping the enzymatic reaction with a stop
reagent. The advantages of this approach will be discussed.

MATERIALS AND METHODS

Incubation of enzyme with substrate was carried out in an
Orbit Shaker Bath, model 3540, manufactured by LabLine
Instruments, Inc., Melrose Park, IL. To achieve adequate
control of temperature, the original temperature control unit
was replaced with a digital RTD Temperature Controller
and a 100 ohm RTD platinum probe purchased, respective-
ly, from Cole-Parmer Instrument Co., Niles, IL, and Omega
Engineering Co., Stamford, CT. Samples with a volume of
ca. 20 ml were contained in 25 x 150 mm screw-capped test
tubes. These were placed in plastic test-tube racks having
holes 3 cm in diameter; the racks were fastened to the rotat-
ing platform of the Orbit Shaker-Bath and the platform was
set to rotate at 100 rpm. When a volume of ca. 250 ml was
to be incubated, it was contained in an Erlenmeyer flask.
which was immobilized on top of the platform. Viscosity
measurements were made with a size 200 Cannon-Fenske
Routine Viscometer purchased from Cannon Instrument
Co., State College, PA. An 8.0 ml aliquot of the sample
was introduced into the viscometer. The temperature was
controlled (+0.03°C) by a Cannon model M-1 Constant
Temperature Bath.

The buffer was 50 mM in Tris. pH 7.00  0.05. and 5.0 mM
in CaCl,. Pepsin-treated porcine collagen, produced by
Pentapharm Ltd., Basel, Switzerland, was purchased from
Centerchem, Inc., Stamford. CT, as Natural Soluble
Collagen (Dermacol), a solution with the following compo-
sition: 1.0 = 0.1% collagen, 3.3% sodium citrate, 0.19%



sodium benzoate, pH 3.6. The stock solution was frozen in
100 ml plastic bottles. After thawing, an equal volume of
double-strength buffer was added, and the pH was adjusted
to 7.0 = 0.05 by the slow addition of NaOH while stirring.
The resulting solution was diluted with an equal volume of
buffer, giving a nominal collagen concentration of 2.5 g/l.
This is referred to below as the Substrate Solution.
Collagenase from Clostridium histolyticum was purchased
from Sigma Chemical Corp., St. Louis, MO, as the “crude”
type IA product, with a specific activity of 550 units/mg
(vs collagen). The enzyme was dissolved in the buffer to
yield a Collagenase Solution of the desired concentration.

The Assay Procedure

After pre-equilibration of the Collagenase Solution and the
Substrate Solution to the desired incubation temperature
(usually 22.0 £ 0.1°C), 19 volumes of the latter were added
to | volume of the former. After incubation for the desired
time (usually 20.00 min), enzyme action was stopped by
adding 1.30 ml 1.00 M glycine « HCI (the Stop Reagent)/
20.0 ml reaction mixture. The viscosity of the resulting
solution was measured as described above.

RESULTS AND DISCUSSION

Extensive measurements have been made of the viscosity of
collagen solutions at pH 3.4." Since many enzymes are
virtually inactive at a pH so far below neutrality, the ability
to measure the viscosity of collagen solutions at this pH
suggested to us that we could (1) terminate the hydrolysis
of collagen at neutral pH by lowering the pH to 3.4, and
then (2) determine the extent of the hydrolysis which has
taken place by measuring the viscosity of the resulting solu-
tion. However, in an early experiment. a heavy precipitate
developed when we lowered the pH. The incubation medi-
um we were using at that time contained 0.25 M Tris.
0.12 M citrate, and 10 mM CaCl,.* The high Tris and citrate
concentrations were suspected as possible causes of the
precipitation.” When the incubation buffer was changed to
50 mM Tris, pH 7.0, 5.0 mM CacCl,, the solution remained
perfectly clear after the reduction of the pH. The levels of
citrate and benzoate introduced by the Substrate Solution
did not give rise o precipitates.

To determine the time course of the hydrolysis. the outlined
assay procedure (Materials and Methods) was followed.
with an initial reaction mixture of 250 ml, a collagenase
concentration during incubation of 50.6 U/ml. and an
incubation temperature of 22.0 + 0.1°C. At times T =0, 1.
2.4, 10, 20 and 40 min a 20.0 ml aliquot was withdrawn

from the reaction mixture and added to 1.30 m] Stop
Reagent. The viscosity (outflow time) was measured as
described (Materials and Methods) at 22.0 + 0.03°C. A
curve with the equation:

7 = ninf + nleexp(-klecsT) + N2¢exp(-k2+cT) H

was fitted to the data by non-linear least-squares analysis,
using Axum software (MathSoft, Inc., Cambridge, MA).
In equation 1, 0} is the measured outflow time (“viscosity™)
from the viscometer; N1, n2, k1, k2, and ninf are parame-
ters; c is the concentration of collagenase; and T is the time
of incubation. The resulting curve is shown, together with
the data in Figure la. The parameters of the fitted curve are

ninf = 0.193, 01 = 1.163, k1 = 6.61 x 10*,
n2 =0.871, and k2 = 1.543 x 102

The asymptote ninf is indicated, in Figure la, by the dotted
line. The standard deviation of the data from the fitted curve
is 0.040 min. Equation | thus described the data well,
in agreement with van Hippel et al."* and Mihalyi (ref. 14,
p. 138). The three components of the fitted curve of
Figure la, corresponding to the three terms on the right side
of equation 1, are shown in Figure 1b, viz., the asymptote
(ninf), a slow exponential decay [nleexp(-kleceT)], and a
fast exponential decay [n2¢exp(-k2+c*T)].

The success of the proposed assay procedure (Materials and
Methods) depends on the relationship between the mea-
sured viscosity (outflow time), and the concentration (c) of
collagenase during the incubation. To test this relationship
the assay procedure was run with ¢ = 0 to 200.U/ml.
Incubation was at 22.0 = 0.1°C for 20.0 min, and viscosity
was measured at 22.0 + 0.03°C. Curve fitting was done as
described above for the experiment of Figure 1. The results
are shown in Figure 2a. The standard deviation was 0.016
min, i.e., 0.8% of the initial viscosity.

To facilitate comparison of runs made at different times. the
data and fitted curve for each run are normalized with the
equation

nn = n-nint (2)
no-ninf

where n = the measured outflow time for for any sample.
Nno = the outflow ume (from the fitted curve) for ¢ = o.
and nn = the normalized viscosity.

The normalized data and curve for Figure 2a are shown in
Figure 2b.
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FIGURE la. — Time course of the hydrolysis of the substrate, a pepsin-
treated mammalian skin collagen, by Clostridial collagenase. using the

proposed assay procedure described in the Materials and Methods section.

N (min) is the measured outflow time (in minutes) from the viscometer.
The data are shown as black circles (®). The curve is the best fitting
double exponential decay curve. the dotted line is the asymptote
approached by the curve as T—e. The enzyme concentration was
50.6 U/ml (vs. collagen), the temperature 22.0 = 0.1°C.
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FIGURE 2a. — The dependence of the measured outtflow time
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FIGURE 1b. — The three components of the fitted curve of Figure la
ninf, the asymptote; 1 1eexp(-kl+c+T), the slow exponential decay:
n2¢exp(-k2+c*T), the fast exponential decay.

The parameters of the components are shown

nn
1.2

0.8 +

0.6

04+

0.2t

0.0 A i . 1 i i 1 I i " i
0 20 40 60 80 100 120 140 160 180 200 220

C

FIGURE 2b. — The dependence of the normalized viscosity 1n on the
concentration of collagenase. The data are those of Figure 2a. normalhized
For the curve fitted to normalized data, njinf = 0: nn = 1 at ¢ = 0: the
exponential decay constants (k In and k2n) are the same as those of
Figure 2a (k1 and k2); and the sum of the coefficients of the
exponential terms is 1. nin+n2n = 1.



flor our pUrposcs, specific viscosity can be defined as
)

nsp = n—nmf
ninf

15, p. 700). The normalized viscosity therefore

(Cf. Kel. ). e . .
he specific viscosity by a constant factor:

diffcf" fromt

nn = _ﬂi_"g_)nsp.
no-ninf

viscosity (outflow time) of the solution (+Stop
ter hydrolysis is complete (T = eo). The solvent
in our assay 1> the solution (+Stop Reagent) without c_olla-
sen or its hydrolysis products. It is noted that,.in gquauon 2
tnd in the definition of msp, we have used ninf msteaq of
the viscosity of solvent (Cf. ref. 15), bec§use the cclmlnt?u-
tion of the products of collagen hydrolysis l9 Fhe viscosity
of the solution cannot be assumed to be negligible.

nm[ is the
Reagent) af

To test the pcrforrhuncc of the proposgd assay procedure in
the mcasurernent of small conccnl'rauonvs of. collagenase,
the experiment described in connection with Figures 2aland
2b was repeated. except that the enzyme concentrations
were reduced by a factor of 10. The normalized results are
shown in Figurc 3. The standard deviation was 0.7% of full
scale (1). The sensitivity of the procedure is approximately
I unit of collagenase per ml.

An important question concerning the proposed assay pro-
cedure is: how good does temperature control have 1o be?
Temperature affects the measured viscosity in (wo ways:
(1) indirectly. via its cffect on the activity of the enzyme,
and (2) directly. by its cffecton the viscosity of the solution
measured. Dealing first with the indirect effect: Figure 4a
shows the relationship obtained for the dependence of the
normalized viscosity (nn) on the collagenase concentration
during incubation at three temperatures, 20.0. 22.0. and
. 24.0°C. The viscosity measurements were all made at 22.00
2 0.03°C. Let it now be assumed that an unknown yiclded
Nn = 0.456. s indicated by the dotted line segment | in
Figure 4a. Let it further be assumed that the experimenter
mistakenly thinks that the incubation temperature was 22.0.
when it was. in rcality, 24.0°C. From the 22° curve the
€xperimenter concludes (vertical line segment 3) that the
Collagenase concentration during the incubation (¢) was
25.00 U/ml. The 24" curve indicates that actually ¢ = 14.76
EI_U/m! (line seecment 2. The 2~ error in temperature therefore
‘8AVE fise 10 an error of almost 70% [(25-14.76)/14.76] in
l!)c collagenase concentration of the unknown, or 35%/°C.

S lhc above analvsis, it was assumed that nn = 0.456.
* CITOr analvsis can be generalized as follows: For the

normalized viscosity, Tinf (the asymptote) in equation 1
becomes 0 and nn =1 Ineexp(-kl*c*T) + N2neexp(-k2+c+T).
considering n to be the independent variable, for any given
value 1n, the 22° curve (in Figure 4a) yields a value ¢ as the
corresponding (dependent) collagenase concentration and
the 24° curve yields a value ¢” as the corresponding (depen-
dent) collagenase concentration. Nn ranges from 1, for
which ¢ =¢” =0, to 0 for which ¢ = ¢” = . (For nn = 0.456,
¢ =25.00 and c” = 14.76). The above equation for nn can be
written as

f(mn,c) = nlnsexp(-klec*T) +
n2neexp(-k2¢c*T) -nNn =0 (3a)

and f(nn,c’) = nin’eexp(-klec’T) +
n2n"sexp(-k2c¢T) -nn =0 (3b)

For a given value of nn, the corresponding values ¢ and ¢’
are the roots of f (nn, ¢) and f(nn, ¢’). Knowing ¢ and ¢,
the relative error (re) for the given nn can be calculated:
re = (c-c’)/c’.

The above calculations were made for 46 values of nn in
the range of 0.1< nn <I, using Mathcad software (Mathsoft
Inc., Cambridge, MA). The results were plotted using
Axum, and are shown in Figure 4b. The relative error varies
between 0.27 (27%, at nn = 1) and 0.70 (70%. at Nn =
0.46). Since this was for an error in temperature of 2°C, the
relative error in the calculated concentration is thus
35%/°C. To ensure results with an error of <5% (absolute
value), temperature control during incubation should there-
fore be within 0.1°C. Fortunately, this level of control is not
difficult to achieve (See Materials and Methods).

The direct effect of temperature on the viscosity observed is
shown in Figure 5a for an “enzyme blank.,” i.e.. an assayv
solution containing substrate but no enzyme [such as the
sample in Figure 2a for which ¢ =0 (and n = 2)]. As always.
viscosity (outflow time) was measured after addition of the
Stop Reagent. The slope of the line in Fig. Sais -5.80 x 10-*
min/°C.

To illustrate the eftect of an error in
temperature control during the mea- no - 2.220
S no(23) + 2.162
surement of viscosity on the calculated
concentration of collagenase. let it be
assumed that the temperature control 1%
set at 22.00°C and that it functions
properly during standardization, yield-
ing values no = 2.22 (min) for the
enzyme blank and ninf = 0.22 for a ninf + 0.220
totally hydrolyzed sample. Let it be

N’ 4+ 1.250

n -+ 1.220
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FIGURE 3. — The normalized viscosity as a function of collagenase
concentration for low values of the latter An enzyme concentration
of I U/ml (vs. collagen) 1s detectable
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temperature at various values of the normalized viscosity.
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FIGURE 4a. — The effect of incubation temperature on the normalized
viscosity. All viscosity (outflow time) measurements were made at
22.00 = 0.03°C. For line segment |, nn = 0.456. That normalized
viscosity corresponds to an enzyme concentration of 14.76 U/ml at
an incubation temperature of 24°C (line segment 2) and an enzyme

concentration of 25.00 U/ml at 22°C (line segment 3).
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FIGURE 5a. — The dependence of outflow time on the
temperature of the solution being measured The solution was
an “enzyme blank,” i.e.. it contained the usual concentration
of substrate (and all other assay components). but no enzyme



assumed further that the subsequent measurement of the
viscosity for an unknown sample yielded a value of 1.22,
but that, due to a malfunction of the control unit (of which
the investigator was unaware), the temperature during the
last measurement was actually 23.00°C. From the value of
o and the slope of the line in Figure 5a we infer that, if the
enzyme blank had been measured at 23°, a value

Nno(23) = 2.220-0.058 = 2.162

would have been obtained. Now, the normalized scale is
defined by no = 2.220 — non = | and njinf = 0.220 = ninfn
= 0. On normalization of the remaining values we obtain
no(23) = 2.162 = no(23)n = 0.9710, and = 1.220 = 1n
=0.500. The outflow times (in minutes) are summarized in
the adjacent illustration. Assuming that nn/nn” = 0.9710 for
any sample, we can conclude that, if the temperature
control unit had not malfunctioned, the investigator would
have obtained a normalized viscosity for the unknown of

nn” =nn/0.9710 = 0.515
Referring to equation 3a, we can write

f(c) = nlneexp(-klec*T) +

nN2neexp(-k2+c*T) -0.500 = 0 (4a)
and  f(c") = nnlneexp(-klec’*T) +
n2neexp(-k2+c’*T) -0.515=0 (4b)

Using the known values of the parameters at 22°C (n1n =
0.4132, k1 =0.262; n2n = 0.5868, k2 = 0.012), the root of
equation 4a is ¢ = 17.454, and that of equation 4b is ¢” =
15.526. The relative error is therefore re = (c-c’)/c” = 0.124
(12.4%).

This analysis can be generalized to any observable value of
n (at 23°C) as follows [still assuming the same values of
ninf and no (at 22°C) and the validity of Figure Sa]:
Instead of equations 4a and 4b, we then have

f(nn,c) = nlneexp(-klecT) +

n2neexp(-k2¢c*T) -nn =0 (5a)
and f(mn’,c’) = nlneexp(-klec’T) +
N2neexp(k2sc*T) -nn" =0 (5b)

where nn = 0.9710+1n".

Each value of nn” yields a root ¢, the correct calculated
concentration, and each corresponding value nn yields a
root c, the erroneous calculated concentration. The differ-
ence Ac = c-c” is plotted against n” in Figure 5b (0). The
relative error re (O) is also plotted against nn”. It should be
noted that for nn" = 0, ¢ = o, and for nn" = 1, ¢ = 0.
Remembering that the analysis was done assuming a
temperature error of 1°C, we can conclude that. except at a
very low enzyme concentrations, temperature control to
within 0.1°C is adequate to yield concentration values with
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FIGURE 5b. — The effect of a 1°C error in temperature during the measurement of viscosity on the collagenase concentrauon (c) inferred trom the
measurement. Ac (O) is the resulting error in collagenase concentration, re (C) is the relative error. Thesc are plotted as functions of the correct
normalized viscosity nn’". Note that nn" = () corresponds to an enzyme concentration of es, and nn’ = I w the absence of enzyme.



an error <5%. Viscosity baths available commercially
provide control with a precision of ca. 0.03°C.

In the procedure of Gallop, Seifter, et al.,'? outflow time
was measured periodically during the incubation of the sub-
strate with the collagenase, i.e., while the viscosity of the
reaction mixture was decreasing as a result of the hydroly-
sis of the collagen. [The incubation time (the time elapsed
since the mixing of enzyme and substrate) for a given out-
flow time from the viscometer was taken to be the midpoint
between the incubation times at the beginning and end of
the outflow.] In the procedure of Mozersky et al.,'” flow
rates, whose reciprocal is a measure of viscosity, were also
measured while the reaction between enzyme and substrate
was proceeding. By uncoupling the incubation of enzyme
with substrate from the viscosity measurement, the proce-
dure described in the present paper achieves the following
advantages: (1) the precision of the measurements of both
incubation time and viscosity are improved, (2) the incuba-
tion time can be as short as desired, (3) numerous samples
can be incubated simultaneously (with time-staggering), (4)
any one of a wide variety of instruments can be used for the
viscosity measurement, from the very sophisticated to the
simplest, (5) the viscosity measurements can be made at
any convenient time, and (6) the viscosity measurement on
any sample can be repeated, if necessary.

CONCLUSION

A viscometric procedure for the assay of true collagenase
activity is. presented (Materials and Methods) 1n which the
viscosity is measured after termination of the enzymatic
reaction with a Stop Reagent. The substantial advantages of
the procedure are documented. They include excellent
precision and simplicity of operation.
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DIScusSION

Steve Yanak, Buckman Laboratories: Can you briefly
explain the difference between Oswald, Cannon Fenske,
and Brookfield viscometers.

Oswald is a general term that includes the Cannon-Fenske
viscometer that I showed a picture of earlier, the piece of
glass capillary apparatus that I have used. There are a whole
variety of sophisticated viscometers which include rotary
viscometers such as the Brookfield. It doesn’t matter which
type of viscometer you use but the simplest kind, of course,
is based on the glass capillary.

Steve Yanak, Buckman Laboratories: Do you feel that it is
safe in the packing house where you want to analyze some
hides for collagenase activity? Did your method describe
an extraction process or solution preparation where you
could do it right there?

I have that worked out but I didn’t describe anything in the
paper. I would be happy to supply that information if you
want it.

Ann Stanley, BLC: | also would be interested in tha;
information. 1 have a question related to the halophiles
when you are actually testing those. Do you make a prepa-
ration of the halophiles from bacteria or do you extract the
enzyme? I didn't catch that part of the presentation.

We are not sure that they are producing them because we
have not been able to pick it up yet, but these enzymes are
producing collagenases presumably into the medium. So
that what we do is spin down the bacteria at the end of the
culturing operation and work with the supernatant.

Ann Stanley, BLC: You work with the medium that the
bacteria were grown in?

Yes.

Bill Marmer, Eastern Regional Research Center: Just 1o
reiterate. Sam is really showing you a very simple technique
that could be applied in the packing house or in the tannen
and we are very willing to work with anybody who wants to
try this technique. We invite collaboration of that sort. We
already have some. We invite others to participate t00.



