COLLAGENOUS PROTEINS FROM SKIN CELLS

Identification of the Collagenous Proteins Synthesized by

Cultured Cells from Human SkinT

Jack R. Lichtenstein,} Peter H. Byers,§ Barbara D. Smith, and George R. Martin*

ABSTRACT: Cells cultured from human skin synthesize pre-
cursor forms of types I and III collagens. After denatura-
tion and reduction, the polypeptide chains obtained from
these molecules had molecular weights estimated to be
140,000 and 120,000. The larger chains, the pro « chains,

In vivo, the biosynthetic precursors of collagen are short
lived because they are efficiently converted to collagen
(Martin et al., 1975). In contrast, this conversion is ineffi-
cient in cell cultures so that precursor forms of collagen ac-
cumulate in the medium (Layman et al., 1971). Initially,
identification of medium proteins as precursors of collagens
was based on their greater solubility in physiological solu-
tions, on the demonstration of components of greater size
than « chains in the denatured protein, and on the conver-
sion of these proteins to collagen by limited proteolytic di-
gestion (Layman et al., 1971). Subsequently, it was demon-
strated that the chains in the collagenous medium proteins
were largely disulfide linked (Burgeson et al., 1972; Smith
et al., 1972) and that the reduced chains could be resolved
by electrophoresis into four components with molecular
weights ranging from 110,000 to 140,000 (Goldberg et al.,
1972). Since type 1 collagen contains both o1 and 2 type
chains, Goldberg et al. (1972) concluded that two of the
medium chains were precursors of ol and two precursors of
a2, Similarly sized components found during studies of col-
lagen biosynthesis (see Martin et al., 1975) are believed to
arise from the intact precursor, procollagen, containing
proal(I) and proa2 chains of about 140,000 molecular
weight and p-collagen, a smaller form produced from pro-
collagen containing p-al(I) and p-a2 chains of about
115,000 molecular weight.

Four genetically distinct collagens have so far been iden-
tified in various tissues. Type I collagen contains two a1(I)
chains and one a2 chain while types II, III, and IV contain
only a single chain species. Smith et al. (1972) separated
the medium proteins synthesized by fibroblasts into three
fractions by DEAE-cellulose chromatography and identi-
fied the major fraction as the precursor of type I collagen.
Church et al. (1973) identified one fraction isolated from
DEAE-cellulose as the precursor of a different collagen, an
(al); molecule. Here we demonstrate that human fibro-
blasts synthesize procollagen types I and III.
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are believed to be derived from the original precursor mole-
cules. The smaller chains arise from altered forms, p-colla-
gens, that may be normal intermediates in the conversion of
both procollagens to collagens I and I11.

Materials and Methods

Cells grown from biopsies of human skin were obtained
from the American Type Culture Collection, Rockville,
Md., and maintained in Dulbecco-Vogt medium supple-
mented with 10% fetal calf serum, penicillin, and gluta-
mine. The studies reported here were carried out on cell
strain 1146, derived from a 3-month old infant, obtained
between the fifth and eighth passages. However, similar re-
sults were obtained with several other strains derived from
normal human skin ranging in age from the 3rd month of
gestation to the adult.

Confluent monolayer cultures were labeled approximate-
ly 1 week after passage with 20 uCi each of [U-'“C]proline,
[U-'4C]lysine, and [U-'*C]glycine in 10 ml of Dulbecco-
Vogt medium lacking these amino acids but supplemented
with ascorbic acid (100 wg/ml) and S-aminopropionitrile
hydrochloride (50 ug/ml). The medium was harvested and
50 wug/ml of p-mercuribenzoate (PMB)' and phenylmeth-
anesulfonyl fluoride (PhCH,SO,F) were added to inhibit
proteolysis. Collagenous proteins were precipitated from the
medium with ammonium sulfate (20% saturation) at 4°
overnight. The cell layer was suspended in 1 M NaCl, 100
mAM EDTA, and 50 mf Tris-HCI (pH 7.4) containing 50
ug/ml each of PhACH,SO;F and PMB. After 24 hr, soluble
proteins were separated from insoluble materials by centrif-
ugation and collagenous proteins were precipitated from the
supernatant fluid with ammonium sulfate as indicated
above. The precipitates from medium and cell layer were
solubilized in 1% acetic acid and dialyzed exhaustively
against 1% acetic acid prior to chromatography or electro-
phoresis.

In some studies larger quantities of the medium were col-
lected from cells grown in roller bottles and stored at —20°.
After thawing, the medium was concentrated with an Ami-
con hollow fiber concentrator, with pores excluding proteins
with molecular weight below 50,000. Generally 20 1. of me-
dium was reduced to a volume of 1-2 1. and at this time ra-
dioactive medium from labeled cultures was added to the
concentrate. The collagenous proteins were then precipitat-
ed as described above.

The collagenous proteins were resolved by chromatogra-
phy on DEAE-cellulose in 50 mM Tris-HCl-2 M urea (pH

! Abbreviations used are: PMB, p-mercuribenzoate; PhCH,SO;F,
phenylmethanesulfonyl fluoride; SDS, sodium dodecyl suifate.
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FIGURE [: DEAE-cellulose chromatogram of the purified medium pro-
collagen Chromatography was performed at 8°, with an elution volume
of 600 ml and the gradient from 0 to 200 mM NaCl. Fractions of 10
ml were collected.

7.4) buffer with a linear gradient of 0-200 mAf NaCl over
a total volume of 600 ml at 8°. The fractions isolated by
chromatography were dialyzed exhaustively against dis-
tilled water and lyophilized prior to further procedures.

Electrophoretic separations in SDS were carried out ac-
cording to the procedures of Furthmayr and Timpl (1971).
Collagen (20 pg) prepared from the skins of lathyritic rats
was added to radioactive samples as carrier. After the com-
pletion of electrophoresis the gels were first fixed and
stained in a solution of 0.2% Coomassie Blue, 50% metha-
nol, and 5% acetic acid and then destained in 7% acetic
acid-5% methanol. To localize radioactive bands, the gels
were cut into thin sections (8 slices/cm of gel) which were
incubated in 0.7 ml of a solubilizing solution (NCS, Amer-
sham-Searle) for 2 hr at 50°. Subsequently, a toluene-based
scintillation fluid (Spectrafluor, Amersham-Searle) was
added and radioactivity in the sample measured by stan-
dard spectrometric methods.

To convert precursor forms to collagen-like molecules,
the samples were incubated with pepsin at 15° for 4 hr
(Layman et al., 1971). In some studies samples were digest-
ed with purified bacterial collagenase (Advanced Biof-
actures, Lynnwood, N.Y.) to distinguish which proteins
contained collagenous portions (Peterkofsky, 1972).

To isolate the chains of the collagenous proteins, samples
were first incubated for an hour in 8 M urea-10 mM Tris-
HCI (pH 8.0) containing 100 mM §-mercaptoethanol at
50° and then dialyzed for an hour against 20 mAf sodium
acetate adjusted to pH 4.8. Components were resolved
under denaturing conditions on CM-cellulose chromatogra-
phy according to the method of Piez et al. (1963) in 0.02 M
sodium acetate (pH 4.8) containing 4 M urea.

The identification of each type of procollagen was based
1590 1975
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on the profile of CNBr peptides. Prior to digestion with
CNBr, disulfide bonds were reduced and the free sulfhy-
dryls carboxymethylated (Monson and Bornstein, 1974).
Cleavage with cyanogen bromide (CNBr) was performed
after the addition of carrier collagen in 70% formic acid, for
5 hr at 30°. The resulting peptides were partially resolved
by CM-cellulose chromatography in 20 mAM sodium for-
mate-30 mAM NaCl (pH 3.8) at 45° using a linear salt gra-
dient from 30 to 140 mM NaCl over a total volume of 100
ml on a column with dimensions of 9 X 120 mm at 15 ml/
hr (Nicholls, unpublished data, 1974).

Type I collagen was prepared from lathyritic rat skins.
Type II collagen was prepared from a rat chondrosarcoma
as described by Smith et al. (1975). Type III collagen was
prepared by pepsin treatment of skin from a stillborn infant
(Chung and Miller, 1974). The pepsin-treated type I col-
lagen was precipitated with 1.5 M NaCl-50 mM Tris-HCI
{pH 7.4) and at this step contained 10-15% of type I colla-
gen as judged by electrophoresis. Pepsin-treated type 111
collagen was eluted from CM-cellulose as described by
Chung and Miller (1974). On subsequent electrophoresis a
trimeric component was obtained from the CM-cellulose
purified material which on reduction vielded only «l-type
chains. The amino acid composition of material purified by
chromatography was similar to those previously reported
for type @Il collagen (Chung and Miller, 1974; Epstein.
1974).

Results

Genetically Distinct Collagens in the Medium. As much
as 85% of the hydroxyproline containing proteins synthe-
sized by human fibroblasts in culture are found in the medi-
um. Ammonium sulfate (20% of saturation) precipitates
native collagenous proteins while most other proteins and
nonhelical collagen chains are eliminated at this step
(Church et al., 1973). The proteins in the precipitate are re-
solved into three main radioactive fractions by chromatog-
raphy on DEAE-cellulose (Figure 1). Peak 2 accounts for
75% of the radioactivity while peak 3 contains about 20%.

Previous studies have shown that @l and a2 chains are
obtained from peak 2 after limited cleavage with pepsin
(Smith et al., 1972). Further identification of the DEAE-
cellulose fractions from the human cells was established by
comparing the profiles of radicactive CNBr peptides with
those peptides obtained from type I, type 1l, and type Il
collagens. The profile of radioactive CNBr peptides from
peak 2 was identical with that of the carrier peptides of type
I collagen by chromatography on CM-cellulose, except that
less radioactivity than expected was recovered with the car-
rier a1(I)-CBé6 (Figure 2). Because the elution position of
al(I)-CB6 on CM-cellulose chromatography is variable
(Rauterberg and Kiihn, 1971), the peptides were partially
resolved by electrophoresis. The expected amount of ra-
dioactive a1-CB6 was recovered on 7.5% SDS acrylamide
gel electrophoresis (not shown).

The profile of the major CNBr peptides from peak 3 dif-
fered from the peptide profile of type I and type I colla-
gens, but corresponded closely to those of type III collagen
(Figures 3 and 4). On SDS acrylamide gel electrophoresis,
type III collagen had an identifying peptide not present in
type I collagen with a molecular weight of approximately
10,000, and an additional disulfide-linked peptide of molec-
ular weight of approximately 70,000 which reduced to a
peptide with a molecular weight of approximately 23,000.
These studies clearly indicate that peak 2 contains protein
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FIGURE 2: CM-cellulose chromatography at 40° of the radioactive CNBr peptides from the medium peak 2 and carrier type [ collagen. The elution
volume was 600 ml, with the salt gradient from 20 mAM NaCl to 150 mAM NaCl. Fractions of 4 ml were collected.

related to type I collagen and that peak 3 contains protein
related to type 111 collagen.

Precursor Chains of Type I Collagen. The collagenous
proteins in the cell culture medium have previously been re-
solved into several bands by SDS acrylamide gel electro-
phoresis (Goldberg et al., 1972). To relate these bands to
specific collagens we first isolated the type I and III collag-
enous proteins in native form by DEAE-cellulose chroma-
tography,-then separated the denatured chains on CM-cel-
lulose and finally sized each chain by SDS gel electrophore-
sis. Both radioactive procollagens and chemical quantities
of procollagen from the medium of roller bottle cultures
were used in these procedures. Approximately 10 mg of pu-
rified collagenous proteins could be obtained from 2 1. of
medium. The procollagens from roller cultures had the
same chromatographic and electrophoretic properties as the
radioactive procollagen prepared from smaller culture
flasks.

Two high molecular weight bands were obtained from
denatured peak 2 on electrophoresis; however, following re-
duction four bands are present (Figure 5). After limited
cleavage with pepsin the protein in peak 2 comigrated with
al and a2 chains, in the expected 2:1 ratio, independent of
reduction (Figure 5). No radioactivity was recovered in the
high molecular weight region or a-chain region following
incubation with purified bacterial collagenase. These results
indicate that all four bands are collagenous and are precur-
sor forms of al(I) or «2. When chains were prepared by
CM-cellulose chromatography from the protein in peak 2
after reduction and denaturation, three radioactive peaks
were resolved, two of which eluted in the al region and one
eluted near carrier a2 (Figure 6). The first peak eluting just
prior to ol migrated on electrophoresis with an estimated
molecular weight of 120,000 and was designated pal(l)
(see Martin et al. (1975) for a discussion of this nomencla-
ture). The second radioactive fraction from CM-cellulose
(eluting with carrier al) contained two components with
molecular weights estimated to be 140,000 and 110,000.
The higher molecular weight band was designated
proal(I). The labeled peak that eluted from CM-cellulose
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FIGURE 3: CM-cellulose chromatography of (A) type I collagen CNBr
peptides from rat skin and (B) pepsin solubilized type III collagen
CNBr peptides from human fetal skin and radioactive medium peak 3
CNBr peptides.
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in the o2 region, on subsequent electrophoresis, was found
to contain two components with molecular weights estimat-
ed (with @2 chain components as standards) to be 140,000
and 120,000. These were designated proa2 and pa2, respec-
tively.

Precursor Chains of Type III Collagen. The precursors
of type III collagen generated only a single high molecular
weight band on SDS gel electrophoresis prior to reduction,
and two bands following reduction, which comigrated with
proal(I) and pal(l) (Figure 7a). In some samples a third
band which coelectrophoresed with «1(I) was also present.
After pepsin treatment, most of the radioactive protein mi-
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FIGURE 4: 7.5% SDS gel electrophoresis of radioactive medium peak 3 and
captoethanol.
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FIGURE 5: 5% SDS gel electrophoresis of (a) rat skin type I procolla-
gen reduced with §-mercaptoethanol, (b) type I collagen standard, (c)
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um peak 2 collagenase treated.
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pepsin solubilized human type I11 collagen, after reduction with 3-mer-
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FIGURE 6: CM-cellulose chromatography at 40° after reduction and
denaturation of (A) cell layer peak 2, (B) medium peak 2, and (C)
lathyritic rat skin collagen. The elution volume was 800 ml, the gradi-
ent from 0 to 95 mM, and the fractions, 10 ml.
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FIGURE 8: CM-cellulose chromatography after reduction and denatur-
ation of the radioactivity material in medium peak 3.

grated near the origin; however, following reduction radio-
activity was found in a single band comigrating with mark-
er al chains (Figure 7b). Thus, peak 3 contains two precur-
sor forms, proa1(I11) and palI(III), with estimated molecu-
lar weight of 140,000 and 120,000, respectively.

The chains of type III procollagen were also separated by
CM-cellulose chromatography, after reduction and dena-
turation. Three proteins were separated, one major radioac-
tive peak eluting with «l, and two smaller peaks eluting
later (Figure 8). The smaller precursor chain, pal(III),
eluted first followed by proa1(III) and o1(III).

Precursor Chains of Type I Collagen in the Cell Layer.
The collagenous proteins extracted from the cell layer were
partially purified by ammonium sulfate precipitation and
then chromatographed on DEAE-cellulose (Figure 9). The
radioactivity applied eluted at the front and in additional
peaks corresponding to peaks 1 and 2 from the medium.
Little radioactivity was recovered in the region of peak 3.
The CNBr peptide profile from the material in peak 2 was
similar to that obtained with authentic type I collagen.
When electrophoresed without reduction both high molecu-
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FIGURE 9: DEAE-cellulose chromatography of the purified collage-
nous proteins extracted from the cell layer. Conditions were the same
as Figure 1.

lar weight bands (larger than 300,000) and bands which
comigrated with pa1(I) and pa2 were resolved. Electropho-
resis of reduced samples demonstrated only two bands of
radioactivity comparable to pa1(I) and pa2 (with estimated
molecular weight 120,000). Chromatography on CM-cellu-
lose after reduction and denaturation resolved two major
radioactive peaks (Figure 6A); the one preceding «1(I) mi-
grated with pal(I) on electrophoresis while the second peak
eluting with carrier o2 migrated with pa2 on electrophore-
sis. These results indicate that this protein is type I p-colla-
gen.

Discussion

Previous studies on the collagenous proteins synthesized
by cultured human fibroblasts indicated that precursor
forms of collagen (procollagen) accumulated in the medi-
um. The major component of the medium collagenous pro-
teins was identified as type I procollagen (Smith et al.,
1972). A second component was shown to give rise to only
1975 1593
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al type chains after limited proteolytic digestion (Church
et al., 1973). Presumably, these two components represent-
ed different gene products although this was not shown.

In this study these collagenous proteins were isolated and
the peptides, produced by digestion with CNBr, were com-
pared with the peptides from authentic genetically distinct
collagens. Little attention was paid to DEAE-cellulose peak
1 since the amount of material in this fraction was small
and probably includes material degraded during isolation.
Material in peak 2 was identified as type I collagen. Pep-
tides attributable to both «1(I) and a2 chains were sepa-
rated from the CNBr digest. Peak 3 was identified as a type
11 procollagen by CNBr derived peptides al(II1)-CB(3)
and «l(IIT)-CB4,5 which separate from the homologous
al(I) chain peptides, and by the absence of o2 CNBr pep-
tides (Miller et al., 1971; Chung et al., 1974). In addition,
CNBr digests of a1 (III) from the human contain a peptide
of approximately 113 residues, not found in digests of «1(I)
(Epstein, 1974). Epstein has used this peptide to estimate
the proportion of type I to type III collagen in digests of
skin, aorta, intestine, and other tissues. A peptide of this
size is resolved from CNBr digests of peak 3 by electropho-
resis.

As judged by the profiles of radioactive peptides pro-
duced by CNBr cleavage, peak 2 contains primarily type 1
collagenous protein and peak 3 primarily type III collage-
nous protein. This indicates that as a first approximation
DEAE-cellulose chromatography can be used to measure
precursors of type I and III collagens in cell culture and
perhaps other systems. Also, the electrophoretic separation
of CNBr peptides should prove useful for estimating tissue
contents of genetically distinct collagens since little tissue is
required. This procedure proved effective in recovering «l-
CB6 which was recovered in low yield from CNBr digests
of type I procollagen by CM-cellulose chromatography.

Subsequent efforts were directed toward identifying the
polypeptide chains in these proteins. The chains in peak 2
protein were resolved by chromatography on CM-cellulose
after denaturation and reduction. Two chains (140,000 and
120,000) chromatographed in the region of carrier «al(I)
and two chains of comparable size with «2. Previous studies
on the precursors of collagen (summarized by Martin et al.,
1975) indicates that procollagen contains chains with mo-
lecular weights of 140,000. A shortened form p-collagen has
been encountered in several systems and has chains of
110,000-120,000. Judged by their chromatographic proper-
ties and size, we suggest that the most acidic component
eluted from CM-cellulose is pal(I) and the chain chroma-
tographing with carrier a1(I) is proal(I). We suggest that
the chains chromatographing with carrier a2 are proa2 and
pa2. Both chain types are observed in the medium protein.
As judged by electrophoresis in SDS, the proa forms are
predominant in the medium while the pa chains are the ex-
clusive form of precursor extracted from the cell layer.

Analogous chains were identified in the type 111 procolla-
gen preparation. The largest chain, proal (111}, electrophor-
esed with proal(l) and eluted with «1(I) on CM-cellulose
chromatography. A chain tentatively identified as «1(11I)

1594 BIOCHEMISTRY. VOL. 14, NO. 8, 1975
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elutes with 2. Similar chromatographic properties have
been noted for the «1(IIT) chain from both rat and human
skin (Byers et al., 1974; Chung and Miller, 1974).

As previously stated, the undegraded precursor of colla-
gen is procollagen composed of three proa chains. While di-
rect evidence is lacking it is possible that p-collagen com-
posed of shortened proa chains is an intermediate in the
conversion of procollagen to collagen suggesting a multistep
conversion process. Both proa and pa chains are observed
in organ culture, cell culture, and intact tissues. p-Collagen
appears to be the major precursor form that accumulates in
animals with defective conversion [the dermatosparaxic
calves and patient having the type 7 form of the Ehlers-
Danlos syndrome (Lenaers et al. 1971; Lichtenstein et al.,
1973)]. Analogous chains are observed with both types |
and III procollagens. Furthermore, the physical properties
of these proteins differ since procollagen is soluble under
physiological conditions while p-collagen is sparingly solu-
ble and will precipitate. These observations are consistent
with p-collagen being a physiological intermediate.
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