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Human Skin Collagenase in Recessive Dystrophic
Epidermolysis Bullosa

PURIFICATION OF A MUTANTENZYMEFROMFIBROBLAST CULTURES

GEORGEP. STRICKLIN, HOWARDG. WELGUS,and EUGENEA. BAUER, Division of
Dermatology, Department of Medicine, Washington University School of
Medicine, St. Louis, Missouri 63110

A B S T R A C T Recessive dystrophic epidermolysis bul-
losa, a genodermatosis characterized by dermolytic
blister formation in response to minor trauma, is char-
acterized by an incresaed collagenase synthesis by skin
fibroblasts in culture. Since preliminary studies of par-
tially purified recessive dystrophic epidermolysis bul-
losa collagenase suggested that the protein itself was
aberrant, efforts were made to purify this enzyme to
homogeneity, so that detailed biochemical and im-
munologic comparisons could be made with normal
human skin fibroblast collagenase. Recessive dys-
trophic epidermolysis bullosa skin fibroblasts obtained
from a patient documented to have increased synthesis
of the enzyme were grown in large scale tissue culture
and both serum-free and serum-containing medium
collected as a source of collagenase. The recessive dys-
trophic epidermolysis bullosa collagenase was purified
to electrophoretic homogeneity using a combination
of salt precipitation, ion-exchange, and gel-filtration
chromatography. In contrast to the normal enzyme,
the recessive dystrophic epidermolysis bullosa colla-
genase bound to carboxymethyl-cellulose at Ca2" con-
centrations at least 10 times higher than those used
with the normal enzyme. Additionally, this enzyme
was significantly more labile to chromatographic ma-
nipulations, particularly when serum-free medium
was used. However, rapid purification from serum-
containing medium yielded a preparation enzymati-
cally equivalent to normal human skin collagenase.
Like the normal enzyme, the recessive dystrophic
epidermolysis bullosa collagenase was secreted as a set
of two closely related zymogens of -60,000 and
-55,000 daltons that could be activated by trypsin to

form enzymically active species of -50,000 and
' 45,000 daltons, respectively. Amino acid analysis
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suggested slight variations between the normal and
recessive dystrophic epidermolysis bullosa collage-
nases. Cyanogen bromide digests demonstrated pep-
tides unique to the enzyme from each source. The
recessive dystrophic epidermolysis bullosa proenzyme
was significantly more thermolabile at 60°C than the
normal, a finding that correlated with an approximate
fourfold decrease in the affinity of the mutant enzyme
for Ca2+, a known activator and stabilizer of human
skin collagenase. Aside from the altered affinity for
this metal cofactor, kinetic analysis of the structurally
altered recessive dystrophic epidermolysis bullosa col-
lagenase revealed that its reaction rates and substrate
specificity for human collagen types I-V were identical
to those for the normal enzyme. Likewise, enzymes
from both sources displayed identical energies of ac-
tivation and deuterium isotope effects. Antisera were
raised to the normal and putatively mutant procolla-
genases respectively, and, although they displayed a
reaction of identity in double diffusion analysis, im-
munologic differences were present in enzyme inhib-
ition and quantitative precipitation studies. These
studies indicate that recessive dystrophic epidermo-
lysis bullosa is characterized by the increased synthesis
of an enzymically normal, but structurally aberrant,
collagenase.

INTRODUCTION

Epidermolysis bullosa (EB)l comprises a group of her-
itable skin disorders characterized by blister formation
in response to minor trauma (1, 2). The four major
varieties-recessive dystrophic EB (RDEB), recessive
junctional EB, dominant dystrophic EB, and dominant

'Abbreviations used in this paper: CM, cellulose, carbox-
ymethylcellulose; EB, epidermolysis bullosa; RDEB, reces-
sive dystrophic epidermolysis bullosa.
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EB simplex-are clinically and histologically distin-
guishable and present a variable expression ranging
from mild blistering of the hands and feet to severe
generalized involvement (2).

RDEBcharacteristically begins at birth or in infancy
with blistering of the skin and mucous membranes fol-
lowing trivial injury. Its clinical severity ranges from
debilitating to mutilating or fatal. Both ultrastructural
studies, showing collagen degradation and macro-
phagic ingestion of collagen in RDEBskin (3, 4), and
short-term organ cultures of RDEBskin, showing in-
creased collagenase in blistered (5, 6) and uninvolved
(5) areas, have suggested that mechanisms involved in
collagen breakdown might be important in this disease.
Further evidence of a pathogenic role for collagenase
was obtained with the demonstration of up to a 12-
fold increase in tissue levels of immunoreactive col-
lagenase in blistered and nonblistered skin (7). Thus,
a fundamental aberration in collagenase expression,
as manifested by increased synthesis and/or enzymic
activity, would seem to provide a plausible mechanism
for the excessive blistering and tissue fragility that
clinically characterize RDEB.

In this regard, using biosynthetic techniques, we
have shown that RDEB fibroblasts synthesized in-
creased amounts of collagenase in vitro (8, 9). This
biochemical phenotype was unique for RDEB, since
skin fibroblasts derived from patients with other ge-
netic types of EB did not display increased synthesis
of the enzyme (8, 9). Interestingly, additional studies
using partially purified collagenases from two patients
with RDEB provided preliminary evidence for the
existence of an aberrant form of the enzyme (10).
Taken together these observations suggested the in-
triguing possibility that RDEBcould be biochemically
characterized by the increased synthesis of a structur-
ally abnormal form of collagenase.

In this report we have used fibroblasts derived from
a clinically typical patient with RDEBwhose cells have
been documented by biosynthetic methods to have in-
creased synthesis of collagenase (9). Our major aims
were twofold: (a) to develop reproducible methods for
purifying the putatively mutant RDEBprocollagenase
to homogeneity and (b) to compare the resultant en-
zyme with the collagenase derived from normal skin
fibroblasts in terms of biochemical and immunologic
parameters.

METHODS

Fibroblast cultures. RDEB fibroblast cultures were es-
tablished from skin punch biopsies after obtaining informed
consent. All biopsies were taken from normal-appearing pos-
terior trunk skin. The RDEBpatient, a 4-yr-old male, dis-
played all of the characteristic features of RDEB (2) in-
cluding onset of widespread blistering at birth, oral mucosal

and esophageal lesions, dystrophic nails and teeth, scarring,
milia, flexural contractures, and acquired syndactyly. His
cells have been used previously in biosynthetic studies to
demonstrate enhanced collagenase synthesis (see ref. 9, cell
strain WUE76114). Control skin fibroblast cultures (cell
strain CRL 1224) were purchased from the American Type
Culture Collection (Rockville, MD).

All fibroblasts were subcultivated at 370C in glass roller
bottles (1585 cm2, Bellco Glass, Inc., Vineland, NJ) in 50-
100 ml of Dulbecco's modified Eagle's medium-high glucose
+ glutamine containing 0.03 M N-2-hydroxyethyl-pipera-
zine-N'-2-ethanesulfonic acid (Hepes) buffer (pH 7.6), 20%
fetal calf serum, and 200 U of penicillin and 200 ,g of strep-
tomycin/ml. At visual confluence, the cells were put through
several 24-h cycles of maintenance in serum-free medium
as described previously (11, 12). After each 24-h cycle, the
serum-free medium was made 0.05 M in Tris-hydroxyami-
nomethane-HCl (Tris-HCl) (pH 7.5) and concentrated 10-
to 20-fold by vacuum dialysis using a hollow fiber device.
Serum-containing medium was processed separately for pu-
rification (see below) and was buffered with 0.05 M Tris-
HCI (pH 7.5) for storage without concentration. All medium
was stored at -20°C until processed for purification.

Collagenase assay. The activation of latent collagenase
was accomplished proteolytically with trypsin at 250C for
10 min as described previously (11, 12). For each proenzyme
preparation, a range of trypsin concentrations, usually 0.1-
5.0 Mg trypsin per 50-,ul sample, was used to ensure that
maximal collagenase activity was achieved. After trypsin
preincubation, at least a fourfold molar excess of soybean
trypsin inhibitor was added to inhibit further trypsin activ-
ity. The mixture was then assayed for collagenase activity
at 370C in 0.05 MTris-HCl (pH 7.5) in the presence of 10
mMCaC12 using reconstituted [14C]glycine-labeled guinea
pig skin collagen fibrils as a substrate gel (13). The '4C-col-
lagen had a specific activity of -30,000 cpm/mg.

Other assays. Protein concentrations were determined
spectrophotometrically by the method of Groves et al. (14)
using bovine serum albumin as a standard. Statistical analysis
was performed using Student's t test.

Purification procedures. Electrophoretically homoge-
neous normal human skin fibroblast procollagenase was pre-
pared as detailed previously by Stricklin et al. (12) for com-
parison with the putatively mutant RDEBprocollagenase.
Concentrated serum-free RDEBfibroblast culture medium,
typically an amount harvested from 25-50 roller bottles, was
made 1 mg/ml in bovine serum albumin and dialyzed at
4°C against several large volumes of a buffer containing 10
mMTris-HCI (pH 7.5) with 10 mMCaCl2 (Tris-CaCl2
buffer). This material was then applied at 4°C at a flow rate
of -50 ml/h to a 1.5 X 15-cm column of carboxymethyl-
cellulose (CM-cellulose, CM-52, Whatman, Inc., Clifton, NJ)
equilibrated in the same buffer. After the absorbance at 230
nm returned to base line, a 300-ml linear gradient of 0.0 to
0.3 MNaCl in Tris-CaCl2 buffer was used to elute the pro-
tein.

Serum-containing RDEB fibroblast culture medium was
processed in a slightly different manner. Initially 8-10 liter
of crude medium obtained from 80-100 confluent 1585-cm2
roller bottles of cells were brought to 55% saturation with
(NH4)2SO4 at 4°C, and the precipitate was harvested by cen-
trifugation at 9,000 g. The supernatant was discarded, and
the precipitate was dissolved in the smallest practicable vol-
ume of Tris-CaCl2 buffer, usually 200-300 ml per 10-liter
batch, and dialyzed against the same buffer. The sample was
then applied at 4°C at a flow rate of -80 ml/h to a 2.5
x 20-cm column of CM-cellulose equilibrated in Tris-CaC12
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buffer. After the absorbance at 280 nm returned to base line,
elution of the bound protein was accomplished with a step-
wise increase in NaCl concentration to 0.4 M.

The partially purified procollagenase preparations were
next applied to two columns, each 1.5 X 100 cm, packed in
series with Sephadex G-100 (Pharmacia Fine Chemicals,
Piscataway, NJ) which had been previously equilibrated
with 50 mMTris-HCI (pH 7.5) containing 10 mMCaCl2
and 0.15 M NaCl (Tris-CaCl2-NaCl buffer). Proteins were
filtered at a rate of 8 ml/h.

Electrophoresis. Sodium dodecyl sulfate (SDS) gel elec-
trophoresis was performed by the method of King and
Laemmli (15) using a 10 or 15% gel. Proteins were stained
with Coomassie Brilliant Blue.

Determination of kinetic constants. Kinetic properties
of RDEBcollagenase including specific activity, substrate
binding constants (Kin), catalytic rates (kcat), energy of ac-
tivation (Ec,,t), and the deuterium isotope effect (kH2o/kD2o)
were determined as previously described by Welgus et al.
(16, 17) for the normal human skin fibroblast collagenase.
Briefly, trypsin-activated RDEBcollagenase was assayed at
25°C with the five genetically distinct human collagens in
solution. Quantitation of the reaction was accomplished by
densitometry of the Coomassie Blue-stained collagen deg-
radation products separated by SDSgel electrophoresis (16).
Under these conditions, collagenase follows classical Mi-
chaelis-Menton kinetics (16) and thus both K. and kca, can
be determined. In addition, assays using fibrillar collagen
were performed at various temperatures and an Arrhenius
plot was produced in order to derive an energy of activation
(Eact). Lastly, fibrillar collagen assays were performed in so-
lutions consisting of 90% deuterium oxide (D20) and the
reaction velocity compared to those obtained in H20.

Isoelectric focusing. Isoelectric focusing was performed
either in a sucrose density gradient stabilized column (LKB
Instruments, Inc., Rockville, MD) or horizontally on acryl-
amide slabs using the LKB Multiphor apparatus. 2% Phar-
malyte (Pharmacia Fine Chemicals, Uppsala, Sweden), pH
3.5-10.0, and 6 Murea were incorporated in the liquid col-
umn. Precast acrylamide slabs (pH 3-10) were also obtained
from LKB Instruments, Inc. The liquid column was drained
and proteins were monitored at 280 nm. Coomassie Brilliant
Blue was used to detect the protein bands in the acrylamide
slab.

Amino acid analysis. Amino acid analyses were per-
formed by the method of Spackman et al. (18) with a Beck-
man 119C automated amino acid analyzer employing a sin-
gle column. Samples were hydrolyzed in vacuo in 6 N
HC1 at 110°C for 24, 48, or 72 h. Tryptophan was deter-
mined separately by the method of Simpson et al. (19) and
half-cystine was determined as cysteic acid as described by
Moore (20).

Cyanogen bromide digestion. Immediately following
purification, procollagenase was lyophilized and redissolved
in 1-2 ml of deionized 8 M urea to prevent degradation.
Following exhaustive dialysis against 1 Macetic acid at 4°C,
the sample was again lyophilized and redissolved in 70%
formic acid (1 mg/ml). A 30-fold weight excess of solid cy-
anogen bromide was added, and after incubation in the dark
for 24 h, the reaction mixture was diluted fivefold with
water, flushed with N2, and lyophilized. SDSpolyacrylamide
gel electrophoresis was performed according to King and
Laemmli (15) using 15% cylindrical acrylamide gels. Sam-
ples (200 Mg) were dissolved in 100 MA of sample buffer con-
taining 652 ,g of dithiothreitol and boiled for 5 min before
electrophoresis.

Thermal stability. As a further probe to the structure of
the RDEBprocollagenase, we compared its thermal stability
with that of the proenzyme harvested from control fibro-
blasts. For these experiments, the metal cofactor, Ca2",
which functions as a thermostabilizer of the enzyme (21),
was removed by extensive dialysis at 0-2°C against 0.05 M
Tris-HCI (pH 7.5) with 0.15 M NaCl (Tris-NaCl buffer).
Ca21 was then restored in concentrations ranging from 0.1
to 10 mMand the preparations were heated at 60°C for 0-
10 min (10). After this incubation, Ca21 was added to each
proenzyme preparation to reach a saturating concentration
of 10 mM, and the mixture was briefly placed on ice prior
to assay for residual collagenase activity as described above.

Affinity of collagenase for Ca21. To assess the extrinsic
metal cofactor requirements, Ca21 was removed by exhaus-
tive dialysis against Tris-NaCI buffer at 4°C. For kinetic
analysis, Ca2" (as CaCl2) was replaced in varying concen-
trations prior to assay (10). The apparent Km for Ca21 was
determined from double reciprocal plots using a program-
mable calculator.

Preparation of antiserum to RDEBprocollagenase. An-
tiserum to the RDEBprocollagenase was prepared essen-
tially as described for preparation of the antiserum to normal
human skin procollagenase (22). Briefly, adult male white
rabbits weighing 2-3 kg were immunized initially with
-0.5 mg of purified proenzyme emulsified in complete

Freund's adjuvant. Rabbits were given booster injections of
0.25 mg of collagenase after 4 wk and test bled 1 wk later.
Rabbits that showed the presence of precipitating antibodies
were again boosted and after bleeding, the sera were pooled
and taken to 33% saturation with (NH4)2SO4 at 0°C in order
to obtain the y-globulin fraction. The resulting precipitate
was dissolved in Tris-NaCl buffer in a volume equal to the
initial serum volume. Residual (NH4)2SO4 was removed by
dialysis against Tris-NaCl buffer. A preimmune rabbit -y-
globulin preparation was made in the same manner.

Immunodiffusion and enzyme inhibition by antibody.
Immunologic comparison of the RDEBand control procol-
lagenases was performed using gel diffusion in 0.75% lonagar
(Colab Laboratories, Glenwood, IL) as described by Ouch-
terlony (23). Inhibition of collagenase activity by antibody
was performed by preincubating anti-collagenase 7y-globulin
in dilutions ranging from undiluted to 1/64 with a constant
amount of procollagenase for 2 h at 37°C before assaying
for residual enzyme activity. Controls were routinely in-
cluded which contained an equal concentration of preim-
mune rabbit y-globulin.

Quantitative precipitation of enzyme by antiserum. To
compare the relative specificity of the anti-control collage-
nase serum for its immunogen and for the RDEBcollagenase
and that of the anti-RDEB collagenase serum for its im-
munogen and for the control collagenase, we carried out a
quantitative precipitin analysis. The equivalence point of
each reaction was determined by titrating a constant amount
of antiserum against an increasing amount of electropho-
retically homogeneous carrier enzyme. The mixture was in-
cubated in disposable plastic tubes at 370C for 30 min fol-
lowed by an overnight incubation at 4°C. The resulting
precipitates were harvested by centrifugation and washed
twice with Tris-NaCl buffer containing 0.5% bovine serum
albumin as described previously (24). For these studies the
efficiency of the precipitation was monitored by the addition
of a constant tracer amount of [3H]leucine-labeled normal
or RDEBprocollagenase (24). The 3H-labeled procollagenase
was prepared biosynthetically by incorporating [3H]leucine
into the culture medium as described earlier (8) followed by
purification of the 3H-labeled proenzyme as detailed above.
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RESULTS

Purification. To address the question of whether
the RDEBcollagenase might be structurally abnormal,
we used fibroblasts grown in mass culture for purifi-
cation of the putatively mutant enzyme. Initially, we
used only serum-free RDEBfibroblast culture medium
for purification to minimize contamination with ex-
traneous proteins. Since our previous studies of normal
human skin fibroblast collagenase (12) indicated that
the critical step in purification was cation-exchange
chromatography, we used CM-cellulose chromatog-
raphy as a first step with starting buffer concentrations
identical to those used for purification of the normal
proenzyme, i.e., 10 mMTris-HCl containing 0-0.1
mMCaC12 (12). Although these conditions resulted in
efficient binding of RDEBproenzyme to the ion ex-
changer, in contrast to the stability of the normal en-
zyme (12), we encountered almost complete loss of
activity, presumably due to the marked lability of the
RDEBenzyme in the low Ca21 concentrations. Ac-
cordingly, we next attempted to enhance the yields by
raising the Ca21 concentration of the starting buffer.
As shown in Fig. 1A, the RDEBproenzyme, but few
other proteins, bound to CM-cellulose in the presence
of 10 mMCa2+, a chromatographic condition which
was strikingly at variance with the normal procolla-
genase, where the inclusion of even 1 mMCa21 in the
starting buffer resulted in failure of the enzyme to
bind to the matrix. After gradient elution from CM-
cellulose (Fig. 1A), the RDEBproenzyme preparation
was next applied to a gel filtration column of Sephadex
G-100 (Fig. 1B) to complete the purification.

A similar series of steps was used for the purification
of the RDEBprocollagenase from serum-containing
culture medium (Fig. 2). The major differences were
twofold. First, 55% ammonium sulfate precipitation
was used for concentration of the large volumes of
medium (- 10 liter) prior to CM-cellulose chromatog-
raphy, and second, a stepwise elution of the enzyme
bound to CM-cellulose (Fig. 2A) was used rather than
a gradient. This allowed us to elute the enzyme rapidly
and in small enough volumes (e.g., fractions 96-99 in
Fig. 2A) for direct application to the Sephadex G-100
(Fig. 2B).

After gel filtration and pooling of the fractions con-
taining enzyme activity (e.g., fractions 44-51 in Fig.
2B), the RDEB procollagenase preparation was ex-
amined by SDS polyacrylamide disc gel electropho-
resis (Fig. 3A). The electrophoretically homogeneous
RDEBenzyme was found to represent a set of two
proenzymes (noted as "U" in Fig. 3) of approximate
Mr of 60,000 and 55,000. These forms were not sub-
units, but rather-in a situation analogous to the nor-
mal procollagenases (12, 22)-represented two distinct
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FIGURE 1 Chromatography of serum-free RDEB culture
medium. (A) Approximately 5 liter of serum-free medium
was concentrated by ultrafiltration, made 1 mg/ml in bovine
serum albumin and exhaustively dialyzed against Tris-CaCl2
buffer. It was then applied to a 1.5 X 15-cm column of CM-
52 equilibrated in the same buffer at a flow rate of 50 ml/
h. After the absorbance at 230 nm returned to base line, a
300-ml gradient of 0.0 to 0.3 M NaCl in Tris-CaCl2 buffer
was applied to elute the protein. Aliquots of the fractions
were assayed as described in Methods and tubes 7-16 were
pooled. (B) The enzyme pool from ion-exchange chroma-
tography was concentrated by ultrafiltration to 15-20 ml
and applied to a column 1.5 X 200-cm of Sephadex G-100
equilibrated in 0.05 Tris-HCI, pH 7.5, containing 0.01 M
CaCl2 and 0.15 MNaCl and flowing at 8 ml per h. Fractions
were assayed as in A. Tubes 45-54 constituted the enzyme
pool. Absorbance 230 nm (-); Collagenase activity
(O - - - 0); conductivity (- A).

holoenzymes. These proenzyme forms could be pro-
teolytically activated by trypsin to forms 10,000
daltons less than their respective precursors (not
shown). As in the case of the normal enzyme (12), a
small amount of species corresponding in M, to the
trypsin-activated forms could be observed in some of
the preparations (noted as "'L" in Fig. 3). Fig. 3B dem-
onstrates the electrophoretic appearance of the puri-
fied RDEBcollagenase in an SDS slab gel system. In
this case, although the gel was overloaded with protein
(85 gg) in an attempt to detect minor contaminants,
only the same collagenase species were found. The
limits of this system in our laboratory are 0.1-0.2 jig
of protein; thus, by this criterion the RDEBcollagenase
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FIGURE 2 Chromatography of serum-containing RDEBcol-
lagenase. (A) 3.6 liter of serum-containing medium was salt
precipitated, redissolved in Tris-CaCl2 buffer, and dialyzed
exhaustively against this buffer before application to a 2.5
X 12-cm column of CM-52 equilibrated in the same buffer.
A flow rate of 80 ml/h was maintained, the absorbance at
280 nm was monitored, and the column was kept at 4°C.
After the absorbance returned to base line, 0.4 M NaCl in
Tris-CaC12 buffer was used to elute the enzyme, which was

assayed as previously described. Fractions 96-99 constituted
the enzyme pool. (B) The above enzyme pool was applied,
without concentration, to a 1.5 X 200-cm column of Seph-
adex G-100 equilibrated in 0.05 MTris-HCl, pH 7.5, con-

taining 0.01 M CaCl2, and 0.15 M NaCI. A flow rate of 15
ml/h was established as was a temperature of 4°C. 20-min
fractions were collected as the absorbance was monitored at
280 nm. Aliquots were assayed as previously described and
tubes 45-51 were pooled. The column was calibrated for
molecular weight using ovalbumin (Ova), pepsin (Pep), chy-
motrypsinogen (Chy), and Blue Dextran (see insert). Ab-
sorption 280 nm ( ); collagenase activity (@ *).

was >99% electrophoretically homogeneous. SDSpoly-
acrylamide gel electrophoresis revealed no significant
differences in the Mr between comparable species of
enzyme from the normal and RDEBsources. In ad-
dition no differences in electrophoretic mobility were

observed upon reduction of the samples with dithio-
threitol.

Table I summarizes the purification scheme for
RDEBprocollagenase. As seen with the two represen-

upu
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FIGURE 3 SDS polyacrylamide gel electrophoresis of puri-
fied RDEBcollagenase. (A) 50 gg of pure enzyme was ap-

plied to a 10% cylindrical acrylamide gel and electro-
phoresed as described in Methods. (B) 85 sg of pure enzyme
was applied to a 10% acrylamide slab gel. Samples were

applied that contained both proenzyme (U) in its charac-
teristic 60,000- and 55,000-dalton doublet form as well as

a small amount of the active enzyme (L) species. F denotes
the dye front.

tative purifications (from a total of 13) from serum-

free medium, the RDEBcollagenase proved to be sig-
nificantly more labile to purification than the normal
enzyme (12). Despite the fact that about twice as much
pure enzyme protein could be obtained from the
RDEBcultures as from the normal cultures, upon pu-

rification the yields and specific activities obtained
with serum-free medium, even using optimum Ca2+
concentrations, were lower than normal. However, the
use of serum-containing medium allowed us to ap-

proach values similar to those seen in the purification
of the normal enzyme suggesting that the presence of
other proteins during the initial steps of purification
may have helped to stabilize the enzyme.

Biochemical properties. Amino acid analyses were

performed on three different preparations using timed
hydrolysates consisting of either mixed proenzyme

species or mixed trypsin-activated enzymes for com-

parison with similar preparations of normal control
collagenase (Table II). The RDEBprocollagenase was

quite similar to the normal proenzyme, although the
data suggested that differences were present in the
quantities of proline (Pro), glycine (Gly), half-cystine
(Cys), methionine (Met), and tyrosine (Tyr) residues.
The trypsin-activated enzymes from both sources were

also quite similar. No glucosamine or galactosamine
was present in enzyme from either source.
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TABLE I
Purification of RDEBProcollagenase

Specific
Experiment Source Stage Protein activity Yield Purification

mg Ag/min/mg % fold

I Serum-free RDEBmedium Crude 140.8 20 100 -

CM-52 3.2 45 5.2 2.3
GM-100 1.0 147 5.2 7.5

II Serum free RDEBmedium Crude 154.9 7 100 -

CM-52 3.6 420 100 60
G-100 0.6 503 28 72

Serum-free control mediumt - - 736 - -

III Serum-containing RDEBmedium Crude 23,982 -§ -

CM-52 25.0 389 100
G-100 7.1 868 6811 2.2

Serum-containing control mediumt - 958 - -

a Specific activity represents micrograms of collagen solubilized at 37°C per minute per milligram enzyme protein.
I Values for activity represent those after complete purification (i.e., through the gel filtration step) (12).
§ Reliable assays not possible due to high concentrations of serum.

Values compared with preceding step only.

Fig. 4 shows the electrophoretic pattern of peptides
produced upon simultaneous parallel cyanogen bro-
mide digestions of the normal and RDEB procolla-
genases. The normal proenzyme, with nine resolved

TABLE II
Amino Acid Composition of RDEBCollagenase Species'

RDEB Control

Residue Proenzyme Active Proenzyme Active

Lys 33.1 26.3 32.2 20.7
His 17.0 10.8 18.4 14.6
Arg 25.8 19.9 27.1 21.5
Asx 62.1 50.4 59.6 51.9
Glx 56.2 42.4 53.4 41.9
Thr 27.1 22.7 28.0 24.3
Ser 27.2 24.0 27.4 25.5
Pro 33.2 25.6 30.7 27.1
Gly 42.8 34.8 39.3 36.1
Ala 32.1 28.1 33.4 28.0
'A-Cyst 5.5 4.6 6.8 4.9
Val 25.4 23.3 28.5 21.7
Met 9.4 5.1 8.2 6.3
Ile 19.4 18.9 19.7 18.6
Leu 30.2 25.8 30.9 26.3
Tyr 23.6 21.3 20.0 18.2
Phe 34.6 32.0 35.9 29.2
Trp§ Trace - Trace -

Data are expressed as residues per molecule.
Determined by performic acid oxidation.

§ Determined by methanesulfonic acid hydrolysis.

peptides, which we arbitrarily numbered from the top
of the gel, revealed the presence of one major peptide
(Fig. 4, normal gel, number 9) which was not seen in
the RDEBprocollagenase. In contrast, the RDEBpro-
collagenase showed 10 resolved cyanogen bromide

FIGURE 4 Cyanogen bromide peptides of normal and RDEB
procollagenase. CNBr digestion was performed on 1-mg al-
iquots of purified enzyme as described in Methods. 200-,g
samples of normal (N) and RDEB(EB) origin were applied
to cylindrical 15% acrylamide gels and electrophoresed as
described in Methods. The peptides were arbitrarily num-
bered from the top of the gel for each enzyme source and
the unique peptides in the normal (9) and RDEBdigest (2,
5) are indicated.
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peptides, two of which, Fig. 4, EB gel, numbers 2 and
5, were not present in the digest of the normal proen-
zyme. The remaining peptides were identical to those
seen in the normal procollagenase. Although it is pos-
sible that some of these peptides could represent com-
plex peptides, the pattern nevertheless represented a
constant, distinct variation from the pattern observed
in the normal enzyme under identical experimental
conditions. The same cyanogen bromide peptide pat-
terns were observed in two different normal and RDEB
procollagenase preparations, indicating that the diges-
tion and analysis systems were highly reproducible. In
addition, the same patterns were observed whether
reduction of disulfide bonds occurred before or after
cyanogen bromide cleavage. Thus, these data, provide
strong evidence for structural differences between the
normal and RDEBprocollagenases.

Isoelectric focusing was performed in two systems.
Using horizontal acrylamide sheets, both the normal
and RDEBproenzymes, when applied in native form,
displayed extremely high isoelectric points (>10).
However, when 4 M urea was incorporated as a de-
naturing agent, the normal and RDEBproenzymes
focused in a rather diffuse band in the range of pH
6.5-7.0. The resolution was improved slightly by using
a liquid column incorporating 6 M urea (Fig. 5). In
this case, in three different preparations the mean pI
of the RDEBproenzyme was 7.2 (7.2, 7.3, and 7.1)
compared to a pl of 6.7 (range, 6.7-6.8) for the normal
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FIGURE 5 Isoelectric focusing of RDEBprocollagenase. 5.5
mg of purified RDEBprocollagenase was electrofocused in
the presence of 6 M urea and 2% ampholyte at 4°C for 48
h. A final voltage of 600 V was achieved in a sucrose density
gradient-stabilized liquid column. The column was drained
at 75 ml/h and the absorbance at 280 nm was recorded. The
pH of each fraction was immediately determined. Absor-
bance 280 nm, -; pH, 0 0.

proenzyme under the same conditions (22). These val-
ues indicate that the normal and RDEBprocollage-
nases differed slightly in their isoelectric points; how-
ever, the poor behavior of these proteins, when
subjected to this methodology (22), including a ten-
dency to precipitate at or near the pl, precluded fine
comparisons.

As a further probe to structural differences between
the normal and RDEBprocollagenases we examined
their respective thermal stabilities (Fig. 6). Prior to
exposing the proenzymes to the thermal insult, Ca2",
which functions as a thermostabilizing metal ion (21),
was removed by exhaustive dialysis. After restoration
of a saturating amount of Ca2" (10 mM), the RDEB
proenzyme lost -60% of its activity after 10 min at
60°C compared with an '20% loss of activity in the
normal proenzyme (Fig. 6A). At a concentration of 0.1
mMCa2 , well below the apparent Km for Ca2+ (see
below), the differences in the two enzymes were
even greater (Fig. 6B). In this case the RDEBproen-
zyme lost almost 90% of its activity after 10 min at
60°C, whereas the normal enzyme lost only 30% of its
activity.

As noted previously, using partially purified RDEB
procollagenases (10), these data suggested an altered
affinity of the RDEBproenzyme for the metal cofac-
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FIGURE 6 Thermal stability of normal and RDEBprocol-
lagenase. Proenzyme was made either 10 mM(A) or 0.1 mM
(B) in Ca2" and incubated for the indicated times at 600C.
Following this, the CaCl2 concentration was adjusted to 10
mMand aliquots activated and assayed as described in Me-
thods. (A) 10 mMCaCl2; Normal (-); RDEB (0). (B) 0.1
mMCaCl2; Normal (U); RDEB(O).
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tor. Thus, again using the electrophoretically homo-
geneous RDEBcollagenase, an apparent Km for Ca2"
was determined (Fig. 7). A value of 3.97±1.01 mM
(mean±SE) was obtained, significantly higher than the
value of 1.06±0.09 mMdetermined for the normal
enzyme (P < 0.002).

Kinetic properties. A number of the kinetic pa-
rameters of normal collagenase have been determined
(16, 17); thus, similar studies were performed using
RDEBenzyme in order to assess the catalytic function
of this protein. In the absence of a thermal insult and
under saturating conditions for Ca21 (i.e., 10 mM), the
normal and RDEBproenzymes displayed essentially
identical specific activities with average values of 818
,ug guinea pig skin (type I) collagen fibrils solubilized
at 37°C/min per mg enzyme protein for the RDEB
collagenase as compared with a value of 836 for normal
enzyme. As seen in Table III, using the homologous
human collagens in solution as substrates, both en-
zymes displayed similar binding constants (Ki) as well
as similar catalytic rates (kc5,). It is of interest that the
substrate specificities were identical; thus, type III col-
lagen was preferred to type I collagen. Type II col-
lagen (cartilage) was a poor substrate, and types IV
and V collagens were not degraded by either enzyme.

Normal collagenase is characterized by an extraor-
dinarily high (101,050 cal) energy of activation (EA,t);
thus, its activity on fibrillar collagen triples with a 2°C
increase in temperature (17). RDEBcollagenase was
found to have a similar high value of 95,600 cal. As
shown previously (17);, the normal enzyme also dis-
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FIGURE 7 Affinity of RDEBprocollagenase for Ca2". After
exhaustive dialysis at 4°C to remove Ca2 , the metal was
restored in varying concentrations as described in Methods.
Aliquots of RDEBprocollagenase were then activated and
assayed. A double-reciprocal plot (inset) was made to estab-
lish the apparent Km value for Ca2" (3.97 mM).

TABLE III
Kinetic Constants of Normal and RDEBCollagenase

Collagen
Enzyme substrate K. k,

AM per h

RDEB Human I 1.1 58.4
II 1.9 1.3
III 1.5 496.0
IV -
V

Normal Human I 0.8 53.4
II 2.1 1.0
III 1.4 565.0
IV - -

V - -

o Denotes undetectable levels of activity against designated sub-
strate.

plays a marked deuterium isotope effect (kH2o/kD2o
= in 90% D20) on collagen fibrils, which suggests that
hydrolysis of the collagen peptide bond is involved in
the rate limiting step of the reaction. A kH2O/kD2o of
10 in 90% D20 was obtained for the RDEBcollagenase,
indicating yet another functional similarity to the nor-
mal enzyme.

Immunologic properties. Antiserum was produced
in rabbits using the electrophoretically homogeneous
mixed RDEBprocollagenase species as the immuno-
gen. Fig. 8 demonstrates the precipitin bands pro-
duced when the anti-RDEB and anti-normal procol-
lagenase antisera were reacted in an Ouchterlony
double diffusion system with the proenzymes from the

FIGURE 8 Immunodiffusion comparison of normal and
RDEBprocollagenases. Double diffusion was performed in
agar as described in Methods. A reaction of identity is ob-
tained in all combinations of antigen (normal and RDEB
procollagenase) and antisera (anti-normal and anti-RDEB
procollagenase). Normal procollagenase (N); RDEBprocol-
lagenase (EB); antinormal procollagenase antiserum (N Ab);
Anti-RDEB procollagenase antiserum (EB Ab).
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two sources. In each case (i.e., anti-normal collagenase
serum vs. normal collagenase and RDEBcollagenase
or anti-RDEB collagenase serum vs. RDEBcollagenase
and normal collagenase), a reaction of identity was
obtained.

The specificities of the antisera were further defined
by examining the ability of each to inhibit the activity
of the two enzymes (Fig. 9). A y-globulin preparation
of the antiserum to the normal enzyme displayed a
slight preference in inhibiting the activity of its normal
collagenase immunogen with half-maximal inhibition
occurring at a dilution of -1/32 compared with half-
maximal inhibition of the RDEBenzyme between 1/
16 and 1/32 (Fig. 9A). Similarly, the anti-RDEB col-
lagenase 7y-globulin preferentially inhibited its en-
zyme antigen (Fig. 9B). In this case, half-maximal in-
hibition of the RDEBenzyme occurred at a dilution
of -1/32 compared with -1/16 for the normal en-
zyme.

These subtle immunologic differences were further
reflected in quantitative precipitin analysis (Fig. 10).
The antiserum raised against the normal enzyme rec-
ognized both the normal and the RDEB enzymes
equally as reflected by precipitation in approximately
the same zone of equivalence (Fig. 10A). In contrast,
the antiserum raised against the RDEBenzyme im-
munologically recognized its own antigen (i.e., RDEB
enzyme) in an equivalence zone totally distinct from
that seen with the normal enzyme (Fig. lOB). Here,
the zone of equivalence for the RDEBenzyme antigen
ranged from 0.06 to 0.5 gg compared with precipi-
tation at <0.03 Ag of antigen in the case of the normal
enzyme.
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FIGURE 9 Inhibition of enzyme activity by anti-normal and
anti-RDEB collagenase 'y-globulin. (A) Antinormal collagen-
ase antibody was incubated at the indicated dilutions with
a constant amount of procollagenase for 2 h at 37°C. After
this, the samples were assayed for residual activity. Enzyme
used was normal (E) and RDEB(0). (B) Anti-RDEB colla-
genase antibody was incubated at the indicated dilutions
with a constant amount of procollagenase for 2 h at 37°C.
After this, the samples were assayed for residual activity.
Enzyme used was normal (-) and RDEB(0).
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FIGURE 10 Quantitative precipitation of enzyme by anti-
normal and anti-RDEB procollagenase antiserum. (A) An-
tinormal collagenase antiserum was used to precipitate both
normal and RDEBenzyme. 3H-labeled collagenase of either
normal (S) or RDEB(0) origin was used as a marker of this
process. (B) Anti-RDEB collagenase antibody was used to
precipitate both normal and RDEBenzyme. 3H-labeled col-
lagenase of either normal (0) or RDEB(0) origin was used
as a marker of this process.

DISCUSSION

In this study we have used fibroblasts from a typical
patient with RDEB, known to have increased synthesis
of collagenase (9), to determine conclusively whether
this disease, at least in some patients, is also associated
with the biochemical phenotype of a structurally ab-
normal collagenase. In order to obtain the RDEBcol-
lagenase in a sufficiently pure form to carry out de-
tailed comparative analyses with the normal enzyme,
we modified the original three-step procedure of salt
precipitation, ion exchange chromatography, and gel
filtration chromatography to utilize conditions favor-
able to preservation of the activity of the RDEBen-
zyme. This resulted in RDEBenzyme preparations
that were, by the criterion of SDS polyacrylamide gel
electrophoresis, even using an "overloaded" slab gel
system (Fig. 3B), >99% homogeneous. The high degree
of purity was further indicated (a) by the fact that the
antiserum raised against these preparations formed a
single precipitin band when reacted both with pure
and crude enzyme preparations and (b) by the ob-
servation of kinetic parameters equivalent to those of
the normal collagenase. Here, it is important to em-
phasize that, despite the lability of the RDEBenzyme,
which could be detected using thermal insult as a
probe, under standard assay conditions the purified
RDEBenzyme displayed essentially the same kinetic
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properties as the control enzyme. Thus, both enzymes
had the same specific activity as measured with fi-
brillar guinea pig skin (type I) collagen. More impor-
tantly, their binding constants, reaction rates, and col-
lagen type specificities were very similar, if not
identical, when measured against homologous sub-
strates in solution, the human collagens (Table III).

The differences between the normal and RDEBcol-
lagenases, while in some cases subtle, were significant
and reproducible. Chromatographically, the RDEB
protein was remarkable in its ability to bind to CM-
cellulose at a Ca2` concentration (10 mM) at which no
normal enzyme would bind. This property was of sec-
ondary benefit in that the high Ca2` levels aided in
stabilizing the enzyme. The fact that the pure RDEB
procollagenase displayed a marked decrease in ther-
mal stability (Fig. 6) can, in large part, be attributed
to the decreased affinity for Ca2` (Fig. 7), a metal
cofactor known to stabilize the enzyme (21). The ob-
servation of these two properties, diminished thermal
stability and decreased affinity for Ca2 , in the pure
RDEBcollagenase, thus lends considerable strength to
our previous studies of two other RDEBcollagenases
in which similar properties were seen using only par-
tially purified enzymes (10). The data further suggest
that these biochemical abnormalities, coupled with
overproduction of the enzyme (8, 9), might serve as
a triad of in vitro genetic markers for RDEB.

While the present studies were derived from the
cells of only one patient, they nonetheless appear to
be representative of at least three patients from three
different kindreds, who clinically and histologically
have typical RDEB (10, 25). Indeed, in this patient
and in one of those described previously (10), skin fi-
broblasts have been obtained at two different times,
and in each case the increased synthesis of a structur-
ally abnormal collagenase has been observed, thus fur-
ther indicating a genetically stable trait.

Taken together, the biosynthetic (9) and purification
data indicate that in RDEBthere is increased synthesis
of a structurally abnormal collagenase. Although the
precise mutation leading to these combined features
is unknown, the coexistence of a synthetic rate abnor-
mality with a structural defect suggests a mutation
spanning both regulatory and structural portions of the
gene. Alternatively, it should be noted that although
increased enzyme synthesis and/or activity have been
observed in a variety of genetic circumstances, both
primary and secondary mechanisms have been cited
as the basis for such increases (26-32). In the situation
perhaps most directly analogous to RDEB, examples
of genetically increased synthesis of abnormal gene
products, both intracellular and extracellular, have
also been described (33-39). The most detailed study
to date has been in the Hektoen variant of glucose-6-

phosphate dehydrogenase in which a single amino acid
substitution in the enzyme was found to be associated
with a fourfold increase in synthesis of the gene prod-
uct (37), representing a so-called quantitative mutant
(38). As discussed by Yoshida (37) and in a later review
by Goldberger (39), the data might also be interpreted
as representing defective autogenous regulation of syn-
thesis, a mechanism known to exist in both prokaryotic
and eukaryotic systems (39). Indeed, recent studies
using human skin fibroblasts indicate that the amino-
terminal extension peptide of procollagen inhibits col-
lagen synthesis both in intact cells (40) and in cell-free
translation (41), suggesting that just such a mechanism
exists in the same type of mesenchymal cells used for
our studies.
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