COLLAGENASE ZYMOGEN
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The Zymogen of Tadpole Collagenase”

Elvin Harper,t,} Kurt J. Bloch, and Jerome Gross

ABSTRACT: A precursor of tadpole collagenase, enzymatically
inactive and incapable of binding to collagen, has been isolated
from extracts of tadpole tail-fin tissue by fractionation
techniques used to isolate the active enzyme from the media
of tail-fin cultures. Both enzyme and zymogen have been
purified by ammonium sulfate precipitation and agarose
chromatography and appear as single bands of protein on
polyacrylamide disc gel electrophoresis. The molecular weight
of enzyme and zymogen, as estimated by sodium dodecyl
sulfate-polyacrylamide electrophoresis in 5 and 109 gels,
was 104,000 and 115,000, respectively; that of zymogen in 5

T:e animal collagenases have generally required tissue
culture methods for both detection and isolation. Collagenoly-
tic activity was first detected in the culture media of living
tadpole tissue incubated on a collagen substrate in physiologic
salt solutions (Gross and Lapiere, 1962). Freezing and thawing
of the explant or the application of low concentrations of
puromycin (Eisen and Gross, 1965), blocked the appearance
of the enzyme. In addition, collagenolytic activity could
not be demonstrated in tissue extracts. These observations
led to the tentative conclusion that the enzyme was synthesized
de novo in the cultured tissues, or that a zymogen requiring
protein synthesis for activation (Lapiere and Gross, 1963)
was the source.

By employing the methods devised for detection, isolation,
and characterization of the tadpole collagenase, it has been
possible to obtain collagenolytic enzymes with very similar
properties from a variety of animal tissues, including inflamed
gingiva (Fullmer and Gibson, 1966), human rheumatoid
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and 10 %7 gels was 106,000 and 120,000, respectively. Activation
of the zymogen was accomplished by incubation with col-
lagenase-free tail-fin culture medium, but not with trypsin
or chymotrypsin. The unidentified activator in the medium
is heat labile and nondialyzable. The degradation products
of soluble native guinea pig skin collagen produced by ac-
tivated zymogen are similar to those produced by the purified
tadpole collagenase obtained from tissue culture medium.
The vG fraction of rabbit anti-collagenase antiserum blocked
the activity of the activated zymogen as well as that of the
purified tadpole collagenase.

synovia (Evanson et al., 1968), resorbing rat uterus (Jeffrey
and Gross, 1967, 1970), human skin (Eisen et al., 1968),
skin wounds (Grillo and Gross, 1967; Donoff er al.,
1971), regenerating newt limb (Grillo et al., 1968; Dres-
den and Gross, 1970), middle-ear cholesteatoma (Abram-
son, 1969), bone (Shimizu er al., 1969; Fullmer and Lazarus,
1969), and corneal ulcerations (Brown et al., 1969; Slansky
et al., 1969). These enzymes all have neutral pH optima, are
inactive at low pH, and cleave native collagen molecules
below the denaturation temperature in a limited and charac-
teristic manner (Gross and Nagai, 1965; Sakai and Gross,
1967; Eisen et al., 1968 ; Jeffery and Gross, 1970). The ongoing
studies of tadpole collagenases continue to serve as a proto-
type for other collagenases in normal and diseased tissues.

Continuing investigations on the control mechanisms for
the elaboration of the tadpole collagenase led to a search
for an inactive enzyme precursor using an antibody prepared
against highly purified tadpole collagenase (Harper et al.,
1970). The present study reports the detection, partial char-
acterization, and activation of the zymogen found in ex-
tracts of tadpole tail fin.

Materials and Methods

Preparation and Purification of Collagenase from Tail-Fin
Culture Medium. Crude tadpole collagenase in lyophilized
form was prepared as described previously (Nagai et al.,
1966). Briefly, bullfrog tadpoles in late legless stages were
sterilized for 24 hr with antibiotics added to the aquarium
water. Strips of tail fin were placed on Whatman No. 1
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filter paper floating in sterile amphibian Ringer solution
in 105-mm plastic Petri dishes and incubated at 37°. The
culture medium was removed and replaced with fresh fluid
daily. The fluid obtained from as many as 20 dishes was com-
bined, dialyzed against 0.01 M Tris-0.001 M calcium chloride
buffer (pH 7.4), and then lyophilized. Purification of the en-
zyme from the crude powder was accomplished as described
previously (Harper, 1970; Harper and Gross, 1970), with
certain modifications. In general, 500 mg of lyophilized third-
day culture medium was dissolved in 70 ml of 0.05 M Tris—
0.005 M CaCl, buffer (pH 7.4) (Tris-CaCl,) and centrifuged
at 27,000¢ at 0° for 20 min. The supernatant was brought
to 30 %7 saturation by the gradual addition of solid (NH).SO,
(special enzyme grade, Mann Research Laboratories, New
York) in an ice bath. The resulting precipitate was dissolved
in a small volume of Tris~-CaCl, and dialyzed against 0.01 M
Tris~0.001 M CaCl, buffer (pH 7.4). After dialysis, 5 ml of
solution containing approximately 4 mg of protein/ml was
applied to an 8% Agarose column (1.5 X 70 cm) and 1.5-ml
fractions were eluted every 6 min with the latter buffer made
0.2 M with respect to NaCl.

Preparation of Tadpole Tail-Fin Extract. The fin tissue
from five tadpole tails was minced and homogenized in 10
ml of Tris-CaCl, using a glass homogenizer maintained at
ice-bath temperature. The homogenate was centrifuged at
18,000g for 15 min at 2° The supernatant was purified
by (NH,),SO; fractionation and Agarose column chromatog-
raphy following the protocol outlined above. A peak of
protein, devoid of collagenase activity, was eluted in the
same region of the chromatogram as the active enzyme from
the culture medium. Protein fractions constituting the ascend-
ing portion of this peak were fractionated by gel slab elec-
trophoresis (Raymond, 1962; Harper and Gross, 1970); at
least five bands of protein were resolved by this method. Of
these bands, one corresponded in electrophoretic mobility
to that of the enzyme. Protein constituting this band will be
referred to as “peak 1 extract” and the corresponding active
enzyme from the culture medium as “peak 1 enzyme.” This
latter designation is useful since a second collagenase fraction
of lower molecular weight has been reported in fractions
obtained by Agarose chromatography (Harper and Gross,
1970).

Preparation of “*Activator” from Culture Medium. A sus-
pension of insoluble purified guinea pig skin collagen fibrils
in Tris-CaCl, buffer was added to crude culture medium
in an ice bath in order to remove active collagenase by ad-
sorption to solid substrate. The ratio of suspended collagen
to protein in solution was 1:1 on a weight basis. The mixture
was gently stirred for 1 hr, followed by centrifugation at
18,000g for 20 min at 2°, and separation of the clear super-
natant.

Preparation of Antisera to Collagenase. Peak 1 enzyme (1
mg) was dissolved in 1 ml of saline and combined with 1
ml of complete Freund’s adjuvant; the resulting emulsion
was injected into the four footpads of rabbits. Antisera were
obtained 4-6 weeks after the start of immunization. Anti-egg
albumin antisera were similarly prepared; anti-sheep eryth-
rocyte antisera were obtained from rabbits initially injected
with 1.0 ml of 509 sheep erythrocytes emulsified with 1.0
ml of complete Freund’s adjuvant.

Rabbit antiserum was fractionated by the method of Camp-
bell er al. (1964). The fractions representing the initial peak
of protein eluted from a DEAE-cellulose column were pooled
and tested by gel diffusion and immunoelectrophoresis using
goat antisera to rabbit serum proteins or rabbit ¥yG-globulin.
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The pooled eluate was found to contain only yG-globulin,
no other serum proteins were detected.

Hemolysin titration was performed as outlined in Kabat
and Mayer (1961).

Measurement of Enzyme Activity. Collagenolytic activity
was assayed by the decrease in viscosity of undenatured guinea
pig skin collagen in solution at pH 7.4 at 27° using an Ostwald
capillary viscometer (flow time for water about 90 sec at
20°). The release of [1*Clglycine-containing collagen degrada-
tion products from a reaction mixture containing enzyme
and reconstituted acetic acid extracted guinea pig skin collagen
fibrils (Nagai et al., 1966) was also used as follows. Gels
were prepared in plastic Microfuge tubes (Beckman-Spinco
Instrument Co., Wakefield, Mass.) containing 200 ug of
labeled collagen in 2 umoles of NaCl in Tris-CaCl. buffer;
the total radioactivity per tube varied from 1200 to 1800 ¢cpm.
The tubes were incubated for 16 hr at 37° in a water bath
and the gels that formed were disrupted by use of a vibratcr
and reincubated for 1 hr at 37° Solutions to be assayed
were added to these suspensions, mixed by vibration, and in-
cubated at 37° for varying periods of time, usually for 4 hr.
The reaction was terminated by centrifugation in a Beckman-
Spinco 152 microfuge for 5 min at 15,000 rpm. Aliquots
of the supernatant were suspended in Brays’ (1960) solution
for determination of radioactivity in an automated liquid
scintillation counter.

Polyacrylamide Disc Gel Electrophoresis. Protein fractions
from tissue extracts and culture media were examined by
the method of Davis (1964) and Ornstein (1964). For this
procedure, riboflavin was substituted for ammonium persulfate
(Brewer, 1967; Fantes and Furminger, 1967). Disc gel clec-
trophoresis of collagen reaction products were performed
as described by Nagai ef al. (1964). The split gel electrophoresis
procedure of Clarke (1964) as modified by Schwabe (1969)
was used for comparison of mobilities of peak I enzyme and
peak I extract.

Molecular Weight Determinations. The method of Dunker
and Rueckert (1969), based on the electrophoretic separation
on polyacrylamide gel of urea-denatured protein treated
with sodium dodecyl sulfate, was employed for estimation
of molecular weight of peak I enzyme and peak I extract.
Molecular sieve gel filtration using Sephadex G-200 according
to the method of Andrews (1965) was also used for this pur-
pose. In both procedures, calibration was accomplished with a
series of proteins ranging in molecular weight from 12,000
to 160,000.

Preparation of Segment Long Spacing for Electron Micros-
copy. Samples of the mixture resulting from the reaction of
activated peak I extract and soluble collagen substrate were
dialyzed overnight against 0.1 M acetic acid at 4°. An equal
volume of 0.4% adenosine triphosphoric acid was added
to 0.5 ml of the above reaction mixture and drops of the
resulting suspension were deposited on carbon-coated grids,
drained, and positively stained with uranyl acetate. A Voelco
100B electron microscope was used.

Results

Column Chromatography of Tadpole Collagenase. A rep-
resentative chromatogram of the redissolved 3077 saturated
(NH,).SO, precipitate, containing the peak I enzyme is sh wn
in Figure 1A. Collagenolytic activity was estimated by mea-
suring the release of [!*Clglycine-containing peptide from
guinea pig skin collagen. Protein fractions constituting the
ascending portion of peak I were combined and examined



COLLAGENASE ZYMOGEN

(

)

T
Absorbance (= )
at CPM
280 mpa
o7 4A 1 [18 B
0.6l - — —1200
051 n ~ 1000
04 - u —| 800
03} = - — 600
13
0.2 l — - - 400
04| H \’v e o — 200
Ll .J L |kf"1"fm TR . o . .
0 1 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80

FRACTION NUMBER

FIGURE 1: (A) Third-day culture medium was brought to 30 % saturation with (NH).SO,, the redissolved precipitate applied to an 8 7 Agarose
column, and eluted with Tris-CaCl, buffer made 0.2 m with respect to NaCl. Solid line represents protein content of the eluted fractions;
broken line represents collagenolytic activity as determined by [!*Clglycine-containing peptide release from collagen. (B) Fresh tadpole
tail-fin extract was treated with (NH,).SO, followed by chromatography as above.

by polyacrylamide disc gel electrophoresis. A single band
of protein was seen; this protein is referred to as peak I
enzyme.

Chromatographic Analysis of Extract. A peak of protein,
also from a 309 saturated NH(SO;)4 precipitate, but devoid
of collagenase activity, was eluted in the same region of
the chromatogram as peak I enzyme (Figure 1B). Protein
fractions constituting the ascending portion of this peak
were fractionated by gel slab electrophoresis (Raymond,
1962 ; Harper and Gross, 1970); at least five bands of protein
were resolved by this method. Of these bands, one correspond-
ing in electrophoretic mobility to the peak I enzyme, is
referred to as “‘peak I extract.” Peak I enzyme and peak I
extract were compared by split gel electrophoresis as shown
in Figure 2; a single band of protein with similar electro-
phoretic mobility was seen in each half of the gel. A large

FIGURE 2: Polyacrylamide split gel electrophoresis of peak I extract
(left) and Qeak I enzyme (right); 58 ug of extract and 22 ug of en-
zyme protein were applied to the gel.

amount of peak I extract fraction was deliberately applied

in order to reveal any minor components; none was seen.
Reaction of Purified Enzyme with the -yG Fraction of Rabbit

Anti-collagenase Antiserum. Peak I purified enzyme was sub-

FIGURE 3: Polyacrylamide disc gel electrophoresis in 7% gel of
peak I enzyme (left); 65 ug of enzyme protein was applied to the
gel. Following electrophoresis the gel cylinder was embedded in
agar and reacted with the ¥G fraction of anti-collagenase antiserum
(20 mg of protein/ml in trough, right). A single line of precipitation
is seen in the gel adjacent to the enzyme band.
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FIGURE 4: Viscometric assay of collagenolytic activity of peak I
enzyme alone (®), and peak I enzyme preincubated with the vG
fraction of anti-collagenase (O) or anti-egg albumin antiserum (x).
The reaction mixture consisted of 0.1 ml of peak I enzyme solution
containing 92 ug of enzyme protein, 0.3 ml of collagen solution
containing 1200 ug of collagen in 0.4 M NaCl, and 0.6 ml of Tris-
CaCl, buffer. For the inhibition studies, enzyme solution (0.1
ml) and the ¥G fractions (0.1 ml containing 2.0 mg of protein) were
mixed and held at 27° for 30 min prior to the addition to the colla-
gen solution. Collagenolytic activity was inhibited by preincuba-
tion of peak I enzyme with antibody.

ected to electrophoresis in polyacrylamide gel. The gel
cylinder was then embedded in agar and reacted with the
vG fraction of rabbit anti-collagenase antiserum. A single
precipitin line formed in the agar gel in the region adjacent
to the band of enzyme protein localized in the polyacrylamide
gel (Figure 3).

The ability of the vG fraction of anti-collagenase antiserum
to interfere with the action of the enzyme was demonstrated
by its ability to block the enzymatic cleavage of native guinea
pig skin collagen in solution, thus preventing a fall in viscosity
(Figure 4). Preincubation of enzyme with the vG fraction
of rabbit anti-egg albumin antiserum did not inhibit the
enzyme. Antibody to collagenase also inhibited the degrada-
tion by enzyme of !“C-labeled collagen fibrils. Table I illus-
trates the progressive decrease in inhibitory activity as a
function of dilution of the antibody. The ¥G fraction of anti-
collagenase antiserum also inhibited collagen gel degradation
by live explants of tadpole tail-fin tissue; no inhibition occurred
in control gels containing the yG fraction of rabbit anti-egg
albumin antiserum (Figure 5). It should be noted that the
¥G fraction, rather than whole anti-collagenase antiserum
was used in these studies in order to avoid the inhibitory
effects of normal serum « globulins (Eisen et al., 1970).

Evidence for a Collagenase Zymogen. In the course of these
studies it was observed that incubation of the vG fraction
of rabbit anti-collagenase antiserum with freshly extracted
tadpole tail-fin tissue removed the antibody. Although such
extracts did not contain collagenolytic activity, they might
have contained proteases capable of degrading mammalian
antibodies in vitro. To test this possibility, tissue extracts
werg incubated with rabbit anti-sheep erythrocyte antiserum;
no loss of antibody activity was observed.

On the assumption that the component of tissue extracts
responsible for removing inhibitory activity from an anti-
collagenase antibody fraction might be an inactive precursor
of collagenase, fresh tadpole tail-fin extracts were subjected
to the same procedure followed for the isolation of active
enzyme, plus certain additional steps outlined in Methods.
The fraction isolated by this method, peak I extract (Figure
1B) was compared to peak I enzyme by diffusion in agar gel
vs. the yG fraction of anti-collagenase antiserum. A reaction

3038 BiocHEMISTRY, VoL 10, No. 16, 1971

HARPER, BLOCH, AND GROSS

TABLE I: Inhibition of Tadpole Collagenase by the ¥G Fraction
of Rabbit Anti-collagenase Antiserum.

Dilution of Cpm Inhibn
¥G Fractions Released (%
Collagenase 14504
Collagenase + vG 1:1¢ 0 100
(anti-enzyme) 1:10 530 64
1:100 1270 12
1:1000 1440 0
1:10,000 1460 0
Collagenase + vG 1:1 1520 0

(anti-egg albumin)

= The reaction mixture consisted of 0.1 ml of peak I enzyme
solution containing 85 wg of protein, 0.05 ml of collagen
solution containing 100 ug of [*4Clglycine-labeled guinea pig
skin collagen (1800 cpm) in 0.4 M NaCl, and 0.25 ml of Tris-
CaCl,. For the inhibition studies, 0.1 ml of peak I enzyme
plus 0.1 ml of vG-globulin fraction were incubated at 37°
for 15 min prior to being added to the labeled collagen fibrils.
¢ Initial concentration of the vG fraction was 20 mg of protein/
ml.

of identity was observed (Figure 6). Incubation of peak I
enzyme with insoluble collagen at 0° resulted in binding of
the enzyme to the substrate and its removal from solution;
the supernatant did not yield a precipitin line with antibody.
In contrast treatment of peak I extract with collagen fibrils
at 0° did not remove the antibody. Based on these experiments
it was tentatively concluded that peak I extract might con-
stitute a collagenase precursor which does not bind to a
collagen substrate.

Activation of Peak I Extract. Peak I extract was incubated
with trypsin and chymotrypsin (three-times crystallized
Worthington Biochemical Corp.) at a ratio of 1:100 of en-
zyme to substrate (Hartley, 1964 ; Charles er al., 1963) for 10,
20, 30, and 60 min at 0, 24, and 37° prior to assay for col-
lagenolytic activity. No collagenolytic activity was obtained.

Successful activiation was achieved using culture medium
in which living tadpole tail-fin tissue had been maintained
for several days. Third-day culture medium was pretreated
with collagen in an ice bath in order to remove the active
collagenase present in such media. Following such treatment,
the medium was devoid of enzyme activity as detected by
the release of fragments from labeled collagen fibrils. Incuba-
tion of peak I extract with this medium at pH 7.4 for 15
min at 37° produced collagenolytic activity detectable by
viscometric assay (Figure 7) and by labeled fibril assay, as
well as by the appearance of typical reaction products, TC"
and TC®, precipitated in the form of segment long spacing,
and visualized in the electron microscope (Figure 8). A further
examination of the effect of time and temperature of incuba-
tion of activator with peak I extract is outlined in Table L.
There was a progressive increase in collagenolytic activity
generated from 162 ug of protein at both 27 and 37°. A peak
value was attained after incubation at 37° for 60 min, this
value corresponded to the collagenolytic activity of 180 pug
of peak I enzyme under identical conditions. Incubation
for 90 and 120 min did not increase the collagenolytic activity
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FIGURE 5: Incubation of tadpole tail-fin tissue explants on collagen gel (left), and collagen gel cont'aining 10 mg/ml of the yG-globulin frac-
tion of anti-collagenase (center) and anti-egg albumin antiserum (right). No lysis of the gel occurred in the center well.

FIGURE 6: Agar gel diffusion reaction between the ¥G fraction of
rabbit anti-collagenase antiserum (20 mg of protein/ml in wells
labeled 1) and peak I enzyme (920 ug/ml) before (3a), and after
(3b), exposure to collagen fibrils; as well as peak I extract (800 ug/
ml) before (2a) and after (2b) exposure to collagen fibrils. A reac-
tion of identity is shown between antibody and peak 1 extract;
only the peak I enzyme was removed by adsorption to collagen.
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FIGURE 7: Viscometric assay of collagenolytic activity generated
by treatment of zymogen with “activator.” Zymogen (0.1 ml) con-
taining 124 ug of protein and activator (0.1 ml) containing 1200 ug
‘of protein were mixed and incubated for 30 min at 27°. Thereafter,
0.1 ml of this solution, 0.3 ml of collagen solution containing 1200
pg of collagen in 0.4 M NaCl, and 0.6 ml of Tris—CaCl, buffer were
combined and assayed at the intervals shown.

generated at 37° The characteristics of the activator have
not been determined; it is known that activity persists upon
dialysis of the absorbed culture medium at 4° for 24 hr,
but is destroyed by heating at 55° for 10 min.

FIGURE 8: Electron micrographs of segment long spacings of colla-
gen fragments obtained by the action of activated collagenase
zymogen: (left) native tropocollagen, polymeric form (TC); (cen-
ter) TCA segment ; (right) TCPB segment (dimeric form).

Incubation of the activated peak I extract with the vG
fraction of rabbit anti-collagenase antiserum, under condi-
tions in Table I, completely inhibited collagenolytic activity;
the vG fraction of anti-egg albumin antiserum had no effect
(Table III). On the basis of this evidence, it is appropriate
to refer to peak I extract as a collagenase zymogen.

The molecular weight of enzyme, as estimated by
sodium dodecyl sulfate-polyacrylamide electrophoresis in
5 and 10% gels, was 104,000 and 115,000, respectively;
that of zymogen in 5 and 10% gels was 106,000 and
120,000, respectively. A molecular weight of 100,000 for
enzyme was obtained using molecular sieve chromatography.

The slight difference in molecular weight of enzyme and
zymogen was reflected in the sodium dodecyl sulfate gels
in which both substances were tested separately and as mix-
tures; the latter revealed a double band as seen in Figure 9.

Discussion

Although Lapiere and Gross (1963) had originally con-
sidered the possibility of a collagenase zymogen which might
require protein synthesis for activation, they preferred the
alternative possibility namely, that the enzyme was synthesized
de novo by living cells as needed. The latter view accounted
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FIGURE 9: Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis of collagenase, 0.5 ug (left); collagenase, 0.2 ug plus zymo-
gen, 0.2 ug (center); and zymogen, 0.5 ug (right).

for the apparent absence of enzyme from tissue extracts,
as well as from the culture medium of dead or puromycin-
treated tissues. The evidence presented here strongly supports
the other hypothesis, namely that a zymogen is present in
the tissue which can be extracted and activated by a factor
found in the culture medium from living tissues.

The activating factor was a thermolabile, nondialyzable
component present in the culture medium of living tissues;
it has not yet been further characterized. Trypsin and chy-
motrypsin did not substitute for this component in the ac-
tivation process. Activation was demonstrated by showing
the ability of the newly formed enzyme to degrade native
collagen in both viscometric and radioactive fibril assays,
and by demonstrating typical reaction products, TC* and
TCP, by electron microscopy. Furthermore, the activated
zymogen was inhibited by antibody to enzyme. The evidence
for a zymogen, is further strengthened by the observation
that the molecular weights of both the active and inactive
forms are almost identical, and that in purified form they
each appear as a single component on sodium dodecyl sulfate
gel electrophoresis.

Eisen et al. (1971) have reported the presence of an im-
munoreactive collagenase in human skin extracts that had
no dectable enzyme activity. Gel filtration of the skin extracts

TaBLE H: Effect of Temperature and Time on Zymogen
Activation.

Cpm Released

Incubn (min)» 27° 37°
15 0 0
30 80 320
60 260 660

= The reaction mixture consisted of 0.1 ml of zymogen,
containing 162 ug of protein and 0.1 ml of “activator,” con-
taining 1425 ug of protein; these reactants were mixed and
incubated under the conditions indicated prior to addition to
labeled collagen fibrils (total cpm/tube 1500). Control tubes
containing 180 ug of peak I enzyme or 1425 ug of ““activator™
were treated similarly; under all conditions tested, the former
released approximately 620 and 25 cpm of solubilized collagen,
respectively.
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TABLE 1i1: Inhibition of Activated Zymogen by Antibody to
Enzyme.

Cpm Released;

Expt I Expt 11
Zymogen 0 0
Activator 0 0
Activated zymogen 404 380
Activated zymogen -+ 0 0
vG (anti-enzyme)
Activated zymogen -+ 568 528

vG (anti-egg albumin)

« The reaction mixture consisted of 148 ug of zymogen,
1400 g of activator, 0.1 ml of vG (anti-enzyme) fraction
containing 20 mg of protein/ml or 0.1 ml of yG (anti-egg
albumin) fraction containing 20 mg of protein/ml, in a final
volume of 0.2 ml. These components were mixed and incu-
bated at 37° for 15 min prior to addition to labeled collagen
fibrils (total cpm/tube 1500).

permitted the separation of collagenase in its active form
from other proteins in the mixture; the latter included the
serum antiproteases, «2M macroglobulin and «l anti-trypsin.
In the present study, no evidence was found for an enzyme-
inhibitor complex in tadpole tissues. It is possible that the
initial purification step employing differential precipitation
with ammonium sulfate, removes both activator and protein
inhibitors. By contrast, the procedures followed by Eisen
et al. (1971) may not separate activator and zymogen; thus
enzyme activated in the process of extraction may be available
for inhibition by serum proteins also present in the extract.

It is of interest that the zymogen has neither catalytic nor
substrate binding capacity and that activation uncovers both
properties. Based on the difference in molecular size between
zymogen and enzyme of approximately 10,000, it would appear
that removal of a small portion of the zymogen molecule
reveals both sites,

Acknowledgment

We acknowledge the excellent technical assistance of Mr.
Ralph Cygan.

References

Abramson, M. (1969), Ann. Otol. Rhinol. Laryngol. 78,
112.

Andrews, P. (19653), Biochem. J. 96, 595.

Bray, G. A. (1960), Anal. Biochem. 1,279,

Brewer, J. M. (1967), Science 156, 256.

Brown, S. I., Weller, C. A., and Wassermann, H. E. (1969),
Arch. Ophthalmol. 81, 370.

Campbell, D. H., Garvey, J. S., Cramer, N. E., and Sussdort,
D. H. (1964), Methods Immunol. 122.

Charles, M., Rovery, M., Guidoni, A., and Desnuelle, P.
(1963), Biochim. Biophys. Acta 69, 115.

Clarke, J. T. (1964), Ann. N. Y. Acad. Sci. 121, 428.

Davis, B. (1964), Ann. N. Y. Acad. Sci. 121,404.

Donoff, R. B., McLennan, J. E., and Grillo, H. C. (1971),
Biochim. Biophys. Acta 227, 639.



PARTIAL AMINO ACID SEQUENCES OF FLAVODOXINS

Dresden, M. H., and Gross, J. (1970), Develop. Biol. 22, 129,

Dunker, A. K., and Rueckert, R. R. (1969), J. Biol. Chem.
244, 5074.

Eisen, A. Z., Bauer, E. A., and Jeffrey, J. J. (1971), Proc. Nat.
Acad. Sci. U. S. 68, 248,

Eisen, A. Z., Bloch, K. J., and Sakai, T. (1970), J. Lab. Clin.
Med. 75, 258.

Eisen, A. Z., and Gross, J. (1965), Develop. Biol. 12, 408.

Eisen, A. Z., Jeffrey, J. J., and Gross, J. (1968), Biochim.
Biophys. Acta 151,637.

Evanson, J. M., Jeffrey, J. J., and Krane, S. M. (1968), J. Clin.
Invest. 47, 2639.

Fantes, K. H., and Furminger, 1. G. S. (1967), Nature (London)
215,750,

Fullmer, H. M., and Gibson, W. (1966), Nature (London)
209, 728.

Fullmer, H. M., and Lazarus, G. S. (1969), J. Histochem.
Cytochem. 17,793.

Grillo, H. C., and Gross, J. (1967), Develop. Biol. 15, 300.

Grillo, H. C., and Lapiere, C. M., Dresden, H. M., and
Gross, J. (1968), Develop. Biol. 17, 571.

Gross, J., and Lapiere, C. M. (1962), Proc. Nat. Acad. Sci.
U.5.48,1014,

Gross, J., and Nagai, Y. (1965), Proc. Nat. Acad. Sci. U. S.
54,1197,

Harper, E. (1970), in The Chemistry and Molecular Biology
of the Intercellular Matrix, North Atlantic Treaty Organi-
zation Advanced Study Institute, Santa Margherita, Italy,

1969, Vol. 3, Balazs, E. A., Ed., London, Academic Press,
p 1653,

Harper, E., Bloch, K. J., and Gross, J. (1970), Amer. Rheum.
Assn. Meeting, No. 28, 33.

Harper, E., and Gross, J. (1970), Biochim. Biophys. Acta
198, 286.

Hartley, B. S. (1964), Nature (London) 201, 1284.

Jeffrey, J. J., and Gross, J. (1967), Fed. Proc., Fed. Amer.
Soc. Exp. Biol. 26, 670.

Jeffrey, J. J., and Gross, J. (1970), Biochemistry 9, 268.

Kabat, E. A., and Mayer, M. M. (1961), Experimental Im-
munochemistry, Springfield, Ili., C. C. Thomas, p 153.

Lapiere, C. M., and Gross, J. (1963), in Mechanisms of Hard
Tissue Destruction, Sognnaes, R. F., Ed., New York,
N. Y., American Association for the Advancement of Sci-
ence, Publication No. 75.

Nagai, Y., Gross, J., and Piez, K. A. (1964), Ann. N. Y. Acad.
Sci. 121,494,

Nagai, Y., Lapiere, C. M., and Gross, J. (1966), Biochemistry
5,3123.

Ornstein, L. (1964), Ann. N. Y. Acad. Sci. 121, 321.

Raymond, S. (1962), Clin. Chem. 8, 455.

Sakai, T., and Gross, J. (1967), Biochemistry 6, 518,

Schwabe, C. (1969), Biochemistry 8, 783.

Shimizu, M., Glimcher, M, J., Travis, D., and Goldhaber, P.
(1969), Proc. Soc. Exp. Biol. Med. 130, 1175,

Slansky, H. H., Gnadinger, M. C., Itoi, M., and Dohlman,
C. H. (1969), Arch. Ophthalmol. 82, 108.

Amino- and Carboxyl-Terminal Amino Acid Sequences of the
Peptostreptococcus elsdenii and Clostridium pasteurianum

Flavodoxins®

Masaru Tanaka, Mitsuru Haniu, Gary Matsueda, Kerry T. Yasunobu,} Steven Mayhew,

and Vincent Massey

ABSTRACT: The NH;-terminal sequences of 2 flavodoxins
were examined in the protein sequencer. The first 51 residues
of the Clostridium pasteurianum and the first 41 residues of
the Peptostreptococcus elsdenii flavodoxin were determined.
The carboxyl-terminal sequences of the two flavodoxins were
found to be Leu-Val-COOH and Lys-Ala-COOH for the
C. pasteurianum and P. elsdenii proteins, respectively. The
cysteine residue which is involved in binding the single FMN
is not in the portion of the molecule which was sequenced. A
number of constant residues were observed for the flavo-
doxins but the most interesting portion was a 12-residue
section from residues 6 to 17 in the P. elsdenii protein and

I lavodoxin, a FMN protein, was initially isolated in
crystalline form from Clostridium pasteurianum (Knight et al.,
1966; Knight and Hardy, 1966). These investigators dem-

from residues 7 to 18 in the C. pasteurianum protein which
probably has an' important function. The flavodoxins have
a relatively low molecular weight of 14,000 and are ideal
proteins for studying the structure—function relationships and
should serve to act as a model for other flavoproteins whose
structures are as yet unknown. The fact that the X-ray struc-
tural studies of crystalline flavodoxin are in progress simply
added further impetus for investigating the primary structure
of flavodoxin. In addition, the capabilities of the sequencer
are of general interest to biochemists at this time and the
sequencer results obtained in our laboratory with different
proteins are presented.

onstrated that flavodoxin was produced by C. pasteurianum
when the iron content in the growth medium was low (Knight
et al., 1966; Knight and Hardy, 1966, 1967). Furthermore,
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