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Susceptibility of Type V Collagen to Neutral Proteases: Evidence That the
Major Molecular Species Is a Thrombin-Sensitive Heteropolymer,

[21(V)],e2(V)!

Helene Sage, Pam Pritzl, and Paul Bornstein*

ABSTRACT: The susceptibility of human type V collagen to
several neutral proteases was examined. Thrombin cleaved
both the @1(V) and «2(V) chains of this protein at 34 °C,
producing two pairs of fragments with apparent molecular
weights of 95000 and 10000 on sodium dodecyl sulfate-po-
lyacrylamide gel electrophoresis. Two-dimensional '2I-labeled
peptide mapping of the larger fragments demonstrated that
the upper band [which comigrated with a1(I)] was derived
from both the a1(V) and a2(V) chains, while the other com-
ponent [which comigrated with a2(I)] was a product of a1(V)
alone. Cleavage of type V collagen, containing a3(V) chains,
with thrombin produced an analogous pattern with three high

Collagens associated with basement membranes or with cell
surfaces (types IV and V)! are not substrates for human skin
collagenase under conditions which result in cleavage of in-
terstitial collagens (types I, II, and III) (Woolley et al., 1978;
Crouch & Bornstein, 1979; Sage et al., 1979; Sage & Born-
stein, 1979; Liotta et al., 1979). These observations have
prompted several investigations of the reactivities of other
neutral proteases toward types IV and V collagens and con-
sideration of the possible significance of such processes in
inflammation, wound repair, and metastatic invasion. The
concept that specific collagenases exist for certain collagen
types has been reinforced by the finding of a granulocyte
collagenase which exhibited preferential activity toward type
I as compared to type III collagen (Horwitz et al., 1977) and
by the isolation of a collagenase from a metastatic murine
tumor which cleaved only type IV collagen (Liotta et al.,
1979).

The collagen triple helix is unusually resistant to proteolytic
attack. However, recent reports from several laboratories have
shown that enzymes other than “classical” collagenases are
capable of degrading native, triple-helical collagen molecules.
Trypsin and neutrophil elastase cleaved type III collagen at
or near the collagenase-sensitive site (Miller et al., 1976; Gadek
et al., 1980). In addition, a neutral protease extracted from
human leukocytes degraded native type IV collagen into several
products of M, <70000 (Uitto et al., 1980), and an elastase
purified from polymorphonuclear leukocyte granules digested
type IV collagen at 37 °C into several fragments (Mainardi
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molecular weight bands. Chymotrypsin and trypsin cleaved
type V collagen at 37 °C but not at lower temperatures.
Digestion of type V collagen with elastase at 37 °C resulted
in selective proteolysis of a2(V), leaving «1(V) essentially
intact. Pepsin treatment of type V collagen from which a2(V)
had been removed by elastase treatment resulted in nearly
complete degradation of a1(V). These data support the hy-
pothesis that a major fraction of native type V collagen is a
heteropolymer with the chain composition [al1(V)],a2(V).
Cleavage of type V collagen by thrombin may have physiologic
significance in that breakdown of pericellular matrix may be
an important step in the response of a tissue to injury.

et al., 1980). Native type IV procollagen and collagen, but
not types I, III, and V, were degraded by a neutral serine
protease present in the secretory granules of rat mast cells
(Sage et al., 1979; Crouch et al., 1980; Woodbury & Neurath,
1980). It should be noted, however, that the helix in type [V
collagen is interrupted in several places by sequences that
cannot form the triple helix (Shuppan et al., 1980) and that
proteolysis may occur preferentially in these locations.

The collagen protein family is comprised of at least nine
structurally distinct genetic chain types, three of which are
found in type V collagen [for a review, see Bornstein & Sage
(1980)]. This collagen type has been purified from a number
of tissues which are enriched in basement membranes by
solubilization with pepsin (Burgeson et al., 1976; Chung et
al., 1976) and from cells in culture with which it appears to
be preferentially associated (Sage et al., 1981b; Poschl & von
der Mark, 1980). However, although immunoferritin studies
at the ultrastructural level have shown that types IV and V
collagens are codistributed in kidney basement membranes
(Roll et al., 1980), a distinction has been made between the
localization of type IV collagen, which exists as an integral
structural component of morphologically defined basement
membranes, and that of type V collagen, which may be a
ubiquitous pericellular collagen found in the extracellular
matrix or exocytoskeleton (Gay et al., 1980).

Type V collagen consists of two or three « chains, depending
upon the tissue of origin; the molecular organization of the

! Collagen containing B and A chains and previously described as type
AB has been referred to as type V collagen, and the chains as al(V) and
a2(V), respectively (Bornstein & Sage, 1980). Type V collagen from
some tissues contains an additional chain, «3(V), which was previously
referred to as the C chain (Sage & Bornstein, 1979).

© 1981 American Chemical Society
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protein has been controversial. From denaturation-renatu-
ration studies, Bentz et al. (1978) concluded that fetal mem-
brane type V collagen was a heteropolymer of the formula
[a1(V);]a2, while Rhodes & Miller (1978) proposed [al(V)]s
and [a2(V)]; on the basis of the biphasic melting curve of
placental collagen. A variable distribution of the two chain
types in different tissues has provided additional evidence for
the existence of homopolymers (Rhodes & Miller, 1978; Deyl
et al., 1979), and a recent report has demonstrated the syn-
thesis of [@1(V)]; in vitro (Haralson et al., 1980). Studies
have not been performed on the molecular organization of type
V collagen containing o3 chains, as described by Brown et al.
(1978) and Sage & Bornstein (1979).

The present study describes the sensitivity of type V collagen
to several neutral proteases. Thrombin cleaved type V collagen
at 34 °C, producing a limited number of specific fragments.
At 37 °C, chymotrypsin and trypsin degraded both chains of
type V collagen to one or two major fragments. In contrast,
incubation with elastase at 37-39 °C resulted in the selective
proteolysis of a2(V). The remaining «1(V) components were
subsequently degraded by pepsin and were therefore non triple
helical. These results provide evidence for the existence of
native type V collagen as a heteropolymer composed of two
different chain types, a1(V) and a2(V), in the same molecule.

Materials and Methods

Preparation of Substrates. Native types I and IV collagens
were prepared from pepsin-treated human placenta by salt
fractionation as previously described (Sage et al., 1979). Type
V collagen containing «1 and «2 chains, prepared from human
amnion and chorion by similar techniques, was a gift from Dr.
D. Horlein. Native type V collagen containing al, a2, and
a3 chains was purified from human placenta according to Sage
& Bornstein (1979). Collagens were dissoived at a concen-
tration of 1 mg/mL in 0.1 M acetic acid at 4 °C and were
subsequently dialyzed against Tris—saline? buffer at the same
temperature. Prior to incubation with enzyme, the samples
were clarified in a microfuge at room temperature.

Enzymatic Digestions. a-Chymotrypsin (bovine pancreas,
3X crystallized, 65 units/mg, Worthington), trypsin (bovine
pancreas, TPCK, 241 units/mg, Worthington), and elastase
(porcine pancreas, 8.2 units/mg, Worthington) were dissolved
at a concentration of 1 mg/mL in Tris-saline at 0 °C and were
further diluted 1:10 with Tris—saline. Fresh solutions were
prepared prior to each incubation. Human a-thrombin (factor
IIa, 0.25 mg/mL, 2000 units/mg), in 0.2 M sodium phosphate
buffer, pH 6.5, containing 1 uM DAPA to prevent conversion
to the 8 form, was a gift from Drs. W. Kisiel and W. Canfield
and was prepared according to Fenton et al. (1977). Ap-
proximately 95% of the enzyme was present as the « (active)
form. It was completely inhibited by 5 mM diisopropyl
fluorophosphate at pH 8.3 in 5 min. The preparation was
demonstrated to be plasmin free by the lack of activity toward
the synthetic substrate S-2251 even in the presence of soybean
trypsin inhibitor. The enzyme, which was used at a concen-
tration of 2.4 ug/mL (4.8 units/mL), was stored frozen in
small aliquots and was thawed only once, immediately before
use.

Aliquots corresponding to 25 ug of collagen in Tris-saline
were transferred to 1-mL plastic microfuge tubes. A 2.5-uL
sample of enzyme solution [corresponding to 0.25 ug of chy-

2 Abbreviations used: DTT, dithiothreitol; NaDodSO,, socdium do-
decy! sulfate; Tris—saline, 0.15 M NaCl and 50 mM Tris-HC, pH 7.5;
DAPA, diethylaminonaphthalenesulfonylaminopropionate.
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motrypsin, trypsin, and elastase, and to 0.06 ug (0.12 unit)
of thrombin] was added, the mixtures were vortexed, and the
reactions were incubated for various time intervals at tem-
peratures ranging from 30 to 39 °C in a circulating water bath.
The final enzyme to substrate ratio, by weight, was 1:100 for
chymotrypsin, trypsin, and elastase, and 1:400 for thrombin.
Control incubations were conducted at all temperatures in the
absence of enzyme. For termination of the digestion, samples
were diluted with an equal volume of 2X NaDodSO,—poly-
acrylamide gel electrophoresis sample buffer containing 50
mM DTT (Laemmli, 1970) and were heated at 100 °C for
5 min. The digest, containing 25 ug of protein, was subse-
quently analyzed by NaDodSO,—polyacrylamide gel electro-
phoresis on composite 4%/7.5%/12.5% slab gels, as previously
described (Sage et al., 1979). Protein-containing bands were
visualized by staining with Coomassie blue, and the extent of
cleavage was quantitated with a Joyce-Loebl scanning den-
sitometer.

In order to test whether the type V collagen which remained
intact after elastase digestion had retained its native confor-
mation, samples were treated with pepsin. Aliquots of solution
containing 50 pg in 50 uL of type V collagen were incubated
with elastase for different time intervals (10 min—1.5 h) at 37,
38, and 39 °C. The digest was cooled to either 4 or 20 °C
and was subsequently diluted with an equal volume of 1 M
acetic acid at the same temperature. A 25-uL aliquot was
transferred to a separate microfuge tube, and 2.5 uL of a
solution of pepsin A (porcine, 2X recrystallized, Worthington;
freshly prepared at 1 mg/mL in H,O at 4 °C) was added to
this digest. The remaining 25 uL. was used as a control. The
samples were incubated at 4 or 20 °C for 21 h and were
subsequently lyophilized directly. Control pepsin digestions
were performed by using solutions of type V collagen which
had been incubated at the temperature of the reaction but not
exposed to elastase and by using collagen which had been
denatured by heating at 40 °C for 10 min. In addition, type
I collagen was incubated with elastase, followed by pepsin,
under the same conditions as used for type V. The lyophilized
samples were dissolved in 25 uL of sample buffer and were
analyzed on 4%/7% NaDodSO,—polyacrylamide slab gels.

Identification of Cleavage Products. The chain of origin
of the major fragments produced by cleavage of type V col-
lagen with trypsin, chymotrypsin, and thrombin was identified
with a two-dimensional peptide mapping technique as de-
scribed by Sage et al. (1981a). For these experiments, a 1:40
ratio by weight of thrombin to type V collagen was used (as
shown in Figures 1 and 2), to maximize the extent of cleavage
and to ensure that the fragments to be mapped were stable
to higher concentrations of enzyme. Bands representing the
cleavage products were cut from the gel, radioiodinated with
the Bolton-Hunter reagent, and incubated with proteinase K
(EM Biochemicals). The resulting peptides were resolved on
cellulose-coated thin-layer plates by using high-voltage elec-
trophoresis in the first dimension followed by chromatography
in a butanol/pyridine/acetic acid/water buffer system. The
patterns were visualized by fluorescence autoradiography.

Results

Susceptibility of Collagens to Thrombin. Type V collagen
exhibited a unique sensitivity to thrombin. At an enzyme to
substrate ratio of 1:40 or 1:400 by weight, approximately 90%
of type V collagen was cleaved within 2 h at temperatures
between 34 and 37 °C (Figure 1). The major fragments of
type IV collagen (140K and 70K) were also partially sus-
ceptible to degradation by this enzyme (Figure 1). In contrast,
type I collagen was not cleaved at 37 (Figure 2) or 38 °C, and
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FIGURE 1: Incubation of types IV and V collagen with thrombin at
different temperatures. Solutions of native collagen were incubated
with thrombin at a 1:40 enzyme to substrate weight ratio for 2 h at
various temperatures. Control digestions (indicated by -) received
no enzyme and were incubated at 37 °C for 2 h. The reaction mixture
was diluted with an equal volume of sample buffer containing 50 mM

DTT, heated at 100 °C for 5 min, and analyzed by NaDodSO,~

polyacrylamide gel electrophoresis on a composite 4%/7.5%/12.5%
slab gel. A 25-ug sample of collagen was loaded per slot, and protein
was visualized by staining with Coomassie blue. Lane on the far left
contains type I collagen standard. The mobilities of several collagen
chains and of thrombin are indicated.
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FIGURE 2: Incubation of types I and V collagen with thrombin at 37
°C. The type V collagen used for this cleavage was isolated from
placenta and contained a1, o2, and a3 chains. Solutions of native
collagens were incubated with thrombin at a 1:40 enzyme to substrate
weight ratio at 37 °C for 2 h. Control incubations were conducted
at 37 °C in the absence of enzyme. The digests were diluted with
an equal volume of sample buffer and analyzed by NaDodSO~

_ polyacrylamide gel electrophoresis on a composite 4%/7.5%/12.5%
slab gel. Each sample contained 25 ug of collagen, and visualization
was by staining with Coomassie blue. The mobilities of types I and
V collagen chains and of thrombin are indicated. Bands which were
cut out of the gel and mapped as shown in Figure 3 have been identified
by letters A-F.

less than 10% cleavage occurred at 39 °C (data not shown).

The cleavage products of type V collagen appeared as
doublets on NaDodSO,—polyacrylamide gel electrophoresis,
one set of which comigrated with «1(I) and o2(I) chains and
the other migrated as components of approximately 10000
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FIGURE 3: '%]-Labeled peptide mapping of cleavage products resulting
from digestion of type V collagen by thrombin. Bands indicated A-F
in Figure 2 were cut from the gel, radioiodinated, and digested with
proteinase K. The cleavage products were resolved by electrophoresis
at pH 1.7, followed by thin-layer chromatography (TLC) on cellulose
plates. Spots were visualized by fluorescent autoradiography. Origin
was in lower left corner. Directions of electrophoresis, (+) — (-),
and ascending thin-layer chromatography have been indicated.

molecular weight. This estimate was based in part on the
position of migration of TC® fragments (M, 25000), produced
by the action of vertebrate collagenase on type I collagen; these
fragments migrate with thrombin on a 7.5%/12.5% gel. There
appeared to be an abrupt and reproducible transition in the
structure of type V collagen at 34 °C which rendered it sen-
sitive to limited proteolysis by thrombin. The fragments were
stable for as long as 6 h at temperatures as high as 38 °C. All
the other enzymes tested, including mast cell protease (Sage
& Bornstein, 1979), trypsin, chymotrypsin, and elastase, failed
to cleave type V collagen at temperatures below 37 °C. This
collagen was also found not to be a substrate for vertebrate
collagenase (Sage & Bornstein, 1979).

When placental type V collagen, composed of al, &2, and
a3 chains, was incubated with thrombin, the major cleavage
products appeared as a triplet which comigrated with type I
collagen chains and with the doublet produced by thrombin
cleavage of type V collagen from amnion and chorion (Figure
2). The low molecular weight fragments present in Figure 1
(M, ~10000) are not seen in Figure 2. It has been observed
that these fragments are occasionally lost from the gel during
the staining process.

The fragments generated by thrombin (labeled D, E, and
F in Figure 2) were subjected to '>’I-labeled peptide mapping
and compared to maps of the starting material (labeled A, B,
and C in Figure 2). This technique, which includes cleavage
of the radioiodinated chains by use of proteinase K, produces
a unique fingerprint for each collagen chain type (Sage et al.,
1981a). The results of this experiment are shown in Figure
3. The largest fragment (panel D), which comigrated with
al(I), appeared to be a mixture of both a1(V) (panel A) and
a2(V) (panel C), although the majority of the material in
panel D appeared to have arisen from the a1(V) chain. The
fragment represented in panel E was most similar to the a3(V)
chain (panel B), and the cleavage product which comigrated
on NaDodSO,~polyacrylamide gel electrophoresis with a2(I)
(panel F) appeared to be derived solely from the a1(V) chain
(panel A). Similar mapping experiments performed on
thrombin-cleaved type V collagen containing only the a1 and
a2 chains produced the same results, in that the larger frag-
ment appeared to be a mixture of both chains while the smaller
fragment arose from the a1(V) chain alone.

Digestion of Type V Collagen with Chymotrypsin, Trypsin,
and Elastase. Type V collagen was not digested by chymo-
trypsin, trypsin, or elastase to any appreciable extent at tem-
peratures below 37 °C. However, limited proteolysis of type
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FIGURE 4: Cleavage of type V collagen by neutral proteases. Solutions
of native type V collagen were incubated at 33, 37, and 39 °C for
30 min with chymotrypsin, thrombin, or trypsin at a 1:100 enzyme
to substrate weight ratio. Control incubation was performed at 37
°C in the absence of enzyme. Each reaction mixture was diluted with
an equal volume of sample buffer containing 50 mM DTT, and equal
aliquots containing 25 pg of collagen were resolved by
NaDodSO,-polyacrylamide gel electrophoresis on composite 4%/
7.5%/12.5% slab gels. Protein was detected by Coomassie blue
staining. Lane on far left represents control incubation; type V collagen
chains are identified. T1 and T2 refer to trypsin cleavage products,
and C1 refers to a chymotrypsin cleavage product(s).

V collagen was observed at 37 °C (Figures 4 and 5A) under
conditions where type I remained intact. Incubation of type
V collagen with chymotrypsin at 37 °C produced a major
fragment, C1 (Figure 4), which migrated very similarly to
al(I) on NaDodSO,-polyacrylamide gel electrophoresis.
When C1 was subjected to '>I-labeled peptide mapping, it
was found to be a mixture of al(V) and «2(V) chains (not
shown). C1, as it appears in Figure 4, is therefore composed
of more than one band. °

Incubation of type V collagen with trypsin at 37 °C pro-
duced a doublet which migrated more rapidly on NaDod-
SO,—polyacrylamide gel electrophoresis than that generated
by thrombin cleavage (Figure 4). When these fragments (T1
and T2) were mapped, it was found that T1 most closely
resembled a1(V), while T2 appeared to be derived from a2(V)
(not shown). At 39 °C, both the chymotrypsin- and tryp-
sin-derived fragments were further degraded (Figure 4),
producing patterns similar to those observed when denatured
type V collagen was used as a substrate. In contrast, the larger
fragments produced by thrombin digestion were partially re-
tained at 39 °C, even after 4 h (Figure 4).

When type V collagen was incubated with elastase at 37
°C, a selective digestion of the a2(V) chains occurred, while
the a1(V) chains remained largely intact (Figure 5A, lane 2).
Longer incubations at 37 and 38 °C resulted in essentially total
digestion of a2(V) with far less proteolysis of al1(V) (not
shown). However, raising the reaction temperature to 39 °C
caused partial digestion of a1(V) (Figure 5A, lane 3). If the
type V collagen sample was first denatured briefly at 40 °C
for 10 min, exposure to elastase resulted in complete proteolysis
of both chains to peptides of very low molecular weight.

Evidence for the Presence of al(V) and o2(V) Chains in
the Same Molecule. Since elastase digestion under controlled
conditions resulted in apparently selective removal of a2(V),
we used this reaction to determine whether type V collagen
composed of only a1 chains existed as a native molecule in
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FIGURE 5: Cleavage of type V collagen by elastase followed by pepsin.
Equal quantities of native type V collagen (50 ug) were incubated
for various time intervals at 37, 38, or 39 °C with elastase (1:100
enzyme to substrate weight ratio). The samples were cooled to 4 or
20 °C and diluted with an equal volume of 1 M acetic acid. A 25-ug
sample of each digest was subsequently incubated with pepsin (1:10
enzyme to substrate weight ratio) at 4 or 20 °C for 21 h. The samples
were lyophilized and resolved by NaDodSO,—polyacrylamide gel
electrophoresis on a 4%/7% slab gel under reducing conditions.
Protein-containing bands were visualized by staining with Coomassie
blue. (A) Incubation of type V collagen with elastase. (1) Incubation
control at 37 °C; a1 and o2 chains of type V collagen are identified.
(2) Elastase at 37 °C for 30 min. (3) As in lane 2 except at 39 °C.
(B) Incubation of type V collagen with elastase and pepsin. (4)
Control, 38 °C for 30 min followed by incubation with pepsin at 4
°C; (5) elastase at 38 °C for 15 min; (6) sample in (5) was cooled
to 4 °C and digested with pepsin at 4 °C; (7) elastase at 38 °C for
30 min; (8) sample in (7) was cooled to 20 °C and digested with
pepsin at 20 °C; (9) elastase at 38 °C for 30 min; (10) sample in
(9) was cooled to 4 °C and digested with pepsin at 4 °C. Double
arrows refer to position of migration of pepsin.

this preparation. Type V collagen from fetal membranes,
containing a1 and «2 chains in a nearly 2:1 ratio (Bentz et
al., 1978), was first incubated at 38 °C for 30 min without
elastase and was subsequently digested with pepsin at 4 °C.,
Little or no degradation was observed (Figure 5, lane 4).
Incubations with elastase were then performed for different
periods of time and at different temperatures. These incu-
bations resulted in nearly complete removal of «2(V) and little
or no degradation of a1(V) (Figure 5, lanes 5, 7, and 9). The
digests were then incubated with pepsin either at 4 °C (lanes
6 and 10) or at 20 °C (lane 8). Intact triple-helical collagen
molecules would be expected to be resistant to the action of
pepsin, while those in which chain cleavages had occurred
might not be capable of resisting the action of pepsin. It can
be seen in Figure 5B (lanes 6, 8, and 10) that the «1(V) chains
which remained after elastase digestion were subsequently
degraded by pepsin. This degradation occurred at both 4 and
20 °C. It should be noted that type V collagen was not
completely degraded by pepsin and that some of the a1(V)
chains were cleaved into large fragments as evidenced by a
band migrating between a1(V) and «2(V). The resistance
of a small fraction of type V collagen to pepsin may be due
either to incomplete removal of «2(V) by elastase prior to
pepsin digestion or to the ability of some molecules with nicked
a2(V) chains to resist the action of pepsin at 4 or 20 °C. The
extent of cleavage was quantitated by scanning densitometry.
In lanes 5 and 6 (Figure 5), elastase cleavage accounted for
a 6% loss of a1(V) and an 87% loss of a2(V), while pepsin
cleavage accounted for an 80% loss of «1(V) and a greater
than 95% loss of a2(V). These results therefore provide ev-
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idence for the existence of &1(V) and a2(V) chains in the same
triple-helical molecule.

Type V collagen from placenta is composed of al, &2, and
a3 chains in ratios of 1:0.9:0.4 (Sage & Bornstein, 1979).
When this collagen was incubated with elastase, the a2(V)
chain was selectively degraded, and subsequent pepsin digestion
resulted in proteolysis of a major portion (>70%) of both
al(V) and a3(V) chains (not shown). These results suggest
that at least a fraction of the starting material contained
molecules in which «2(V) chains participated in the formation
of helices with a1(V) and/or a3(V) chains.

Discussion

Several laboratories have provided evidence for the existence
of two homopolymeric forms of type V collagen, [a1(V)]; and
[@2(V)]; (Rhodes & Miller, 1978; Deyl et al., 1979; Haralson
et al., 1980), while others have proposed that both hetero-
polymers and molecules with the composition [al1(V)]; are
present (Bentz et al., 1978; Bornstein & Sage, 1980). The

_selective digestion of the a2(V) chain by elastase provided an
opportunity to examine the molecular organization of type V
collagen in fetal membranes and placenta. Since the al(V)
chain which remained after incubation with elastase was labile
to pepsin, we surmise that limited proteolysis with elastase
selectively nicks a2(V) chains in molecules which retain a
helical structure at neutral pH. However, at acidic pH, these
molecules unfold, exposing «1(V) chains to digestion by pepsin.
We therefore conclude that a major fraction of type V collagen
in fetal membranes contains a1(V) and a2(V) chains in the
same molecule, presumably with a chain composition [«1-
(V)],a2(V). An analogous observation was made for placental
type V collagen which contains «2(V) chains in association
with al1(V) and/or a3(V) chains.

The enzyme used in this study, porcine elastase 1, is a
neutral serine endopeptidase and hydrolyzes peptide bonds at
amino acids having short aliphatic side chains, preferentially
with an alanine N terminal to the cleaved bond. Granulocyte
elastase is capable of solubilizing native types I and II collagen
by cleaving in the regions of telopeptides, thus removing se-
quences containing cross-links at the end of molecules (Starkey
et al,, 1977). Its action on native type III collagen is similar
to that of vertebrate collagenase (Gadek et al., 1980), while
native type IV collagen was cleaved into several fragments
(Uitto et al., 1980). Recent studies on the degradation of the
adhesive cell-surface protein fibronectin by granulocyte elastase
have suggested that alterations in tissue morphology at sites
of inflammation may be due in part to the disruption of
cell—cell and cell-connective tissue matrix interactions which
involve both fibronectin and collagen (McDonald et al., 1979;
McDonald & Kelley, 1980). Because elastases exhibiting
elastolytic and collagenolytic activity have been described in
polymorphonuclear leukocyte granules and in aortic smooth
muscle cells, this family of enzymes has been postulated to
play an integral role in the degenerative changes accompanying
acute phase inflammation and arteriosclerosis (Kobayashi &
Nagai, 1978; Bourdillon et al., 1980).

In contrast to the effects of elastase, we find that type V
collagen undergoes a different type of limited cleavage by
trypsin and chymotrypsin at 37 °C (Figure 4). Both the «¢1(V)
and a2(V) chains were digested by chymotrypsin to fragments
of similar size which comigrated with «l1(I) on NaDod-
SO, —polyacrylamide gel electrophoresis. In contrast, trypsin
cleavage produced a doublet which migrated on NaDod-
SO,~polyacrylamide gel electrophoresis with the TCA frag-
ments of type I collagen produced by the action of human skin
collagenase (M, ~70000). Miller et al. (1976) have reported
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that trypsin cleaved native type ITI collagen at 15 °C near the
collagenase-sensitive site. In our experiments, type I collagen
was not digested by elastase, chymotrypsin, or trypsin at 37
°C, although type IV collagen did exhibit limited cleavage
under the same conditions.

The significance of the susceptibility of soluble type V
collagen to these neutral serine proteases is unclear. The
stability of pepsin-extracted collagen in solution is likely to
differ from that of a collagen that has been processed in vivo
and exists as part of an extracellular matrix. It is probable
that the cleavages produced by neutral proteases such as
trypsin, chymotrypsin, and elastase in pepsin-solubilized type
V collagen at 37 °C resulted from a localized unfolding of the
triple helix and subsequent exposure of labile sequences, a
process which might not readily occur in vivo.

Type V collagen, however, also exhibited an unusual sen-
sitivity to thrombin at 34 °C (Figure 1), although no cleavage
was observed at 22 °C during a 42-h incubation with an en-
zyme to substrate ratio of 1:40 (data not shown). For thrombin
to be considered as a “type V collagenase”, the reaction should
satisfy several criteria: (1) limited and specific fragments
should be produced, (2) the collagen substrate should be native,
and (3) very low (physiologic) enzyme to substrate ratios
should be effective. The production of fragments as shown
in Figure 1 which are stable at temperatures as high as 38 °C
for 6 h fulfills the first criterion.

The question of native conformation in this system is dif-
ficult to assess, but the data of Bentz et al. (1978), showing
a T, (midpoint melting temperature) of 37 °C for fetal
membrane type V collagen and of 35 °C for renatured a1(V)
chains [very similar to type I collagen and al(I) chains],
suggest that the type V collagen incubated with thrombin at
34 °C was not completely unfolded. In addition, heat—gelation
experiments at 37 °C have been reported not to denature the
type V triple helix (Trelstad & Carvalho, 1979). However,
Rhodes & Miller (1978) have shown a biphasic melting curve
for placental type V collagen (containing the a3 chain) with
an inflection at 33-35 °C, suggesting that this collagen could
be partially unfolded in this temperature range. Presumably,
the susceptibility of type V collagenase to thrombin at 34 °C
reflects a subtle localized unfolding of the protein.

The a-thrombin used in this study exhibited potent coagu-
lant and esterase activity and has a specificity for peptide bonds
between Arg and Gly residues. At physiologic concentrations
of approximately 1 unit/mL, it has been reported to clot fi-
brinogen, cleave prothrombin and «1-antithrombin, and ac-
tivate factor XIII [plasma transglutaminase; Mosher et al.
(1979)]; however, it cleaves few other proteins at this con-
centration, including plasma proteins and fibronectin (D.
Mosher, unpublished experiments; Teng & Chen, 1976). The
concentrations which produced degradation of type V collagen
were as low as 1 pg/mL (2.0 units/mL), although most in-
cubations were performed with 2.4 ug/mL (4.8 units/mL)
enzyme, representing a 1:400 enzyme to substrate ratio by
weight. Approximately 90% of the type V collagen was cleaved
in 5-10 min, or (2.5-5) X 10% umol of collagen (umol of
thrombin)~! h™!, as compared to the rate reported for degra-
dation of fibrillar type I collagen by human skin fibroblast
collagenase, approximately 25 umol of collagen (umol of
collagenase)™’ h™! (Welgus et al., 1980).

In addition to its codistribution with type IV collagen in
certain basement membranes (Roll et al., 1980), type V
collagen has been found to be preferentially associated with
several kinds of cell layers (Poschl & von der Mark, 1980).
Vascular-derived type V collagen was localized pericellularly
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to smooth muscle cells and pericytes (Gay et al., 1980). In
addition, types V and III have been identified as the principal
collagens associated with bovine aortic endothelial cell layers
(Sage et al., 1981b). Endothelial cells are highly polarized
both in vitro and in vivo and present a nonthrombogenic
surface to the bloodstream. At the site of endothelial injury,
the formation of thrombin occurs as an integral step during
hemostasis and thrombosis. Platelet adherence, followed by
the release reaction and aggregation, occurs when the en-
dothelial cell surface is perturbed, exposing pericellular matrix
and subendothelium which contain types III and V collagen.
Fibrillar collagen, including type V, is a very potent throm-
bogenic substance and may bind multivalently to receptor sites
at the platelet cell surface (Chiang et al., 1980; Barnes et al.,
1980; Santoro & Cunningham, 1980).

In addition to its role as a zymogen activator in the coag-
ulation cascade, thrombin also binds to specific receptors on
both platelets and endothelial cells (Awbrey et al., 1979). The
enzyme causes platelet aggregation and serotonin release, but
on endothelial cells it stimulates secretion of prostacyclin, a
potent anticoagulant which may serve to protect the endothelial
cell layer from occlusion by platelets (Hoak et al., 1980). The
present report, which describes another function for thrombin
as a collagenolytic enzyme specific for type V, suggests a
possible role for this enzyme during injury to endothelial and
other tissues. Thrombin has been reported to release cell-
surface and pericellular fibronectin from cultured fibroblasts
(Mosher & Vaheri, 1978), and further experiments have de-
scribed the recovery of both intact fibronectin and fragments
of procollagen from fibroblast extracellular matrices after
exposure to low concentrations of enzyme (Keski-Oja &
Vaheri, 1980). Thrombin-stimulated release of fibronectin
(or other proteins) from cell surfaces and pericellular matrices
could be accomplished by cleavage of type V collagen which
would disrupt protein—protein interactions. Release of type
V collagen from the subendothelium may be necessary for
endothelial cell migration during wound repair or for smooth
muscle cell proliferation at the site of a vessel lesion.
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Amino Acid Sequence of pl5 from Avian Myeloblastosis Virus Complex'

Robert T. Sauer,* David W. Allen, and Hugh D. Niall

ABSTRACT: The complete amino acid sequence of the p15 gag
protein from avian myeloblastosis virus (AMYV) complex has
been determined by sequential Edman degradation of the
intact molecule and of peptide fragments generated by limited
tryptic cleavage, cleavage with staphylococcal protease, and
cyanogen bromide cleavage. AMYV pl5 is a single-chain

Retroviruses of the avian leukosis-sarcoma group are en-
veloped ribonucleic acid (RNA)! tumor viruses displaying the
characteristic morphology of C-type particles (Tooze, 1973).
The internal structural proteins of these viruses are encoded
by the viral gag gene and are designated p27, p19, plS5, and
pl2 (August et al., 1974) since their monomer molecular
weights are approximately 27 000, 19000, 15000, and 12 000,
respectively (Fleissner, 1971). gag proteins from avian
myeloblastosis virus (AMYV) complex, the Prague strain of
Rous sarcoma virus, avian myelocytamostosis virus (MC-29),
and avian sarcoma virus B77 have been isolated and partially
characterized (Niall et al., 1970; Fleissner, 1971; Herman et
al., 1975; Fletcher et al., 1975; Hunter et al., 1978; Reynolds
et al., 1978; Palmiter et al., 1978; Wiesemann et al., 1978).
The homologous gag proteins from these different species of
avian retroviruses are very similar in amino acid composition,
molecular weight, and, where studied, amino acid sequence.
The gag proteins are synthesized as a precursor polyprotein
(Pr76) of 76000 molecular weight which is subsequently
cleaved to generate the four known gag proteins (Vogt &
Eisenman, 1973; Vogt et al., 1975).

The structural locations of the gag proteins within the virion
and the general morphology of the retroviruses have been
recently reviewed [see Montelaro & Bolognesi (1978) and
references cited therein]. pl2 is a phosphoprotein which in-
teracts with the viral RNA to form the centrally located,
electron-dense ribonucleoprotein complex of the virus. p27
molecules form a core shell surrounding the ribonucleoprotein,
and p19 molecules form an ill-defined structure between the
core shell and the viral membrane. A small number of p19
molecules are also found associated with the viral genome (Sen
& Todaro, 1977) and may be involved in control of intra-
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E-73-3265).

protein containing 124 amino acids. The charged amino acids
tend to be clustered in the primary structure. pl5 contains
a single cysteine at position 113 which may be essential for
the pl35 associated proteolytic activity. However, pl5 shows
no appreciable sequence homology with papain or other
classical thiol proteases.

cellular processing of the RNA (Leis et al,, 1978). The
structural role of the pl5 molecule in the avian retroviruses
is poorly understood. pl5 is found with p27 in core structures,
but its recovery is low and variable when compared with that
of p27 (Bolognesi et al., 1973) and it has been termed *“core
associated”.

In contrast to its uncertain structural role, recent evidence
suggests an important regulatory role for p15 in the viral life
cycle. Highly purified preparations of p15 contain an asso-
ciated protease activity which cleaves the Pr76 polyprotein
precursor (von der Helm, 1977; Dittmar & Moelling, 1978;
Vogt et al., 1979). At least two of the mature gag proteins
can be generated by pl5-mediated cleavage of Pr76, and the
proteolytic activity appears to be moderately specific for Pr76
although certain other proteins also act as substrates when
denatured (Vogt et al., 1979; Dittmar & Moelling, 1978). The
idea that p15 may be an essential protease is supported by the
analysis of a temperature-sensitive mutant (LA 3342) of avian
sarcoma virus (Hunter et al., 1976). This conditional mutant
apparently codes for an altered pl5 protein (Rohrschneider
et al., 1976), and at the nonpermissive temperature (41 °C)
produces aberrant, noninfectious virions containing reduced
amounts of certain gag proteins and new proteins that appear
to be intermediates in the cleavage of Pr76. Cleavage of Pr76
in LA 3342 infected cells is slower at 41 °C than at the
permissive temperature (Hunter et al., 1976). It is unlikely
that the LA 3342 defect defines a cis-acting site where pro-
teolysis occurs since LA 3342 can be complemented at the
nonpermissive temperature by a nondefective avian leukosis
virus (Hunter et al., 1976). Moreover, certain defective re-
troviruses such as MC-29 and avian erythroblastasis virus
(AEV) produce gag-related fusion proteins lacking p15 (Bister
et al., 1977; Hayman et al., 1979). In nonproducer cell lines,
these fusion proteins are not cleaved as would be expected if
functional pl5 were necessary for such processing. The
gag-related fusion proteins from AEV and MC-29 can be

! Abbreviations used: RNA, ribonucleic acid; AMYV, avian myelo-
blastosis virus; NaDodSO,, sodium dodecyl sulfate; LC, liquid chroma-
tography; TPCK, tosylphenylalanine chloromethyi ketone; CM, carbox-
ymethyl.
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