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ABSTRACT Type I procollagen secreted by matrix-free
cells from chick embryo tendons was purified by DEAE-cellu-
lose chromatography. Electron microscopy of segment-long-
spacing aggregates of the procollagen demonstrated the pres-
ence of both NH2-terminal and COOH-terminal extensions not
found in collagen. The procollagen was digested with bacterial
collagenase and the COOH-terminal fragments were isolated
by gel filtration and polyacrylamide gel electrophoresis in so-
dium dodecyl sulfate. Analysis of tryptic peptides demonstrated
that the COOH-terminal extensions on the proal and proa2
chains had different primary structures.

Procollagen, the precursor of collagen, is larger than collagen
because the three polypeptide chains in the molecule contain
peptide extensions (for reviews, see refs. 1-4). Initial electron
microscopic studies demonstrated that the NH2-terminal ends
of the molecule contained extensions (5-7), and from data
available at the time it was assumed that the COOH-terminal
ends were about the same as the COGH-terminal ends of col-
lagen. Subsequently, Tanzer et al. (8) suggested that peptide
extensions were present at both the NH2- and COOH-terminal
ends of procollagen, and this suggestion has recently been
confirmed by chemical studies on Type 1 (9-11) and Type II
(11) procollagen from several sources.

METHODS
Partial Purification of Tendon Procollagen. Cells were

prepared by enzymic digestion of tendons from 17-day-old
chick embryos (12, 13). About 2 X 109 cells were incubated at
a concentration of 7.5 X 106 cells per ml at 370 for 2 or 4 hr with
100 ,gCi of either [14C]proline or a mixture of "4C-labeled amino
acids (New England Nuclear) in Krebs medium. The medium
was removed by centrifugation at 25° (12), protease inhibitors
(14, 15) were added (11), and protein in the medium was pre-
cipitated with 176 mg/ml of ammonium sulfate (Baker). The
precipitate was dissolved at 40 in 1/50 the original medium
volume of 0.4 M NaCl in 0.1 M Tris-HCl buffer, pH 7.8, and
frozen. About 25 ml of the samplie was dialyzed at 40 against
2 M urea and 0.1 M Tris-HCI buffer, pH 7.8, and chromato-
graphed (16) on a 1.6 X 14 cm column of DEAE-cellulose
(Whatman DE-52). The column was eluted at 40 and at a flow
rate of 78 ml/hr with a linear gradient prepared with 200 ml
of 2 M urea and 0.1 M Tris*HCl and 200 ml of the same buffer
containing 0.1 M NaCl. Fractions were 8 ml. The [14CGprocol-
lagen was dialyzed overnight at 40 against 0.4 M NaCl and 0.1
M Tris.HCl buffer, pH 7.8. Protein concentration was deter-
mined by amino acid analysis.
Sodium Dodecyl Sulfate (NaDodSO4)/Polyacrylamide Gel

Electrophoresis. This procedure was carried out in slab gels.
(17, 18). For examination of procollagen polypeptides a concave

Abbreviations: NaDodSO4, sodium dodecyl sulfate; SLS aggregates,
segment-long-spacing aggregates.

gradient gel was prepared with 4.5% polyacrylamide at the top
and 22.5% polyacrylamide at the bottom. The concentrations
of N,N,N',N'-tetramethylethylenediamine (TEMED) and
ammonium persulfate were reduced according to the procedure
of O'Farrell (19) and the stacking gel was replaced with a strip
of 4.5% separating gel. The slabs were stained with 0.25%
Coomassie Blue and 20% trichloroacetic acid for 1-15 hr at
room temperature, and then they were destained in 7.5% acetic
acid and 15% methanol. For examination of the COOH-ter-
minal peptides, a gel of 15% acrylamide was used (11). For
fluorography, the gels were impregnated with the organic
scintillator 2,5-diphenyloxazole (PPO) to convert the energy
of fl-particles to visible light, which forms an image on blue-
sensitive x-ray film (20).

Preparation of Segment-Long-Spacing (SLS) Aggregates.
["4C]Procollagen in 0.4 M NaCl and 0.1 M Tris-HCl buffer, pH
7.8, was dialyzed overnight at 40 against 0.01 M acetic acid and
0.2% disodium ATP (Sigma). The SLS aggregates were collected
on carbon-coated grids, and were stained with either 1% sodium
phosphotungstate, pH 7.0, or 1% ammonium molybdate, pH
5.0. The specimens were examined in a JEM-100B electron
microscope.

Isolation of COGH-Terminal Peptides. About 2 mg of
procollagen purified by DEAE-cellulose chromatography
(above) was incubated at 370 for 3 hr with 250 lug of collagenase
(12, 21). The digest was chromatographed at 40 on a 1.5 X 90
cm column of 8% agarose (Bio-Gel, A-1.Sm) equilibrated and
eluted with 0.1 M Tris-HCl, pH 7.8 (12). The peak containing
the disulfide-linked COOH-terminal peptides (11, 12) was then
taken for NaDodSO4 gel electrophoresis using 15% polyacryl-
amide. The gel was stained for 10 min at room temperature
with 0.25% Coomassie Blue in 20% trichloroacetic acid, and it
was destained for 5 min in 7.5% acetic acid and 15% methanol.
Portions of the gel containing the two COOH-terminal peptides
were cut out separately and extracted at room temperature in
0.1% NaDodSO4 and 0.01 M NH4HCO3 (22). The extracted
peptides were precipitated with 10 volumes of cold HCl/ace-
tone (23), the pellets were re-dissolved in 1 ml of 2% NaDodSO4,
reduced with 18 mM dithiothreitol, and carboxymethylated
with 20 mM iodoacetic acid. The samples were re-precipitated
with HCI/acetone and then dissolved in 1 ml of 0.1 M
NH4HCO3. Tryptic peptides were prepared by digesting the
samples with 20 ,ug of tosylphenylalanylchloromethyl ketone
(TPCK)-treated trypsin (Worthington) at 370 for 4 hr. After
lyophilization, the peptides were fingerprinted according to
the method of Bates et al. (24).

RESULTS
Purification of Procollagen. Proteins secreted into the

medium by the tendon cells were precipitated with ammonium
sulfate and then chromatographed on DEAE-cellulose (Fig. 1).
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FIG. 1. DEAE-chromatography of [14C]procollagen. Conditions

are as described in text. 0, Absorbance at 226 nm; 0, 14C-labeled

protein. Arrow indicates start of gradient elution.

About 25% of the '4C-labeled protein applied to the column was

recovered in the break-through volume and about 75% was

recovered in a peak in fractions 35-50. Fractions 35-50 also
contained a peak of ultraviolet-absorbing material. The major
peak of radioactivity (fractions 35-50) was dialyzed and ex-

amined by NaDodSO4 gel electrophoresis (Fig. 2). After re-

duction with 2-mercaptoethanol, most of the protein was re-

covered in two bands, one in the same electrophoretic position
as proal chains and the other in the same electrophoretic po-
sition as proa2 chains (see ref. 11). A smaller amount of protein
of higher mobility was also seen. When the same samples were
examined by NaDodSO4 gel electrophoresis without reduction,
most of the protein was recovered in a single band of low mo-
bility (Fig. 2). When the gel was examined by fluorography (not
shown), essentially all the 14C in the gel was found in the major
bands stained by Coomassie Blue.
SLS Aggregates of Procollagen. SLS aggregates were pre-

pared from the procollagen secreted into the medium. The
structure of the aggregates was the same when they were pre-
pared from the ammonium sulfate precipitate of the medium
and when they were prepared from procollagen purified by
DEAE-cellulose chromatography. The NH2terminal extensions
on the SLS aggregates (Fig. 3) were the same as the NH2-ter-
minal extensions on partially degraded procollagen observed
previously (5). The COOH-terminal ends, however, differed
from those of the SLS-aggregates previously obtained from the
same source in that they had large additional extensions (Figs.
3 and 4). The presence of the COOH-terminal extensions ap-

peared to spread out the aggregates in a fan-like array, and the
structures appeared to adhere to each other at the COOH-ter-
minal ends. The length of the NH2-terminal extensions was

about 130 A or about the same length as reported previously (5),
but it was difficult to estimate the length of the COOH-terminal
extensions because of their irregular shape. As indicated (Fig.
4), the NH2-terminal extensions were missing from many of the
SLS aggregates when protease inhibitors were not added before
precipitating the medium with ammonium sulfate. The

FIG. 2. NaDodSO4 gel electrophoresis of procollagen purified by
DEAE-chromatography. Well 1: 7 Asg of procollagen, reduced. Well
2: 15 ,gg of procollagen, reduced. Well 3: blank sample well. Well 4: 7
Ag of procollagen treated with 50 mM iodoacetamide to minimize
disulfide exchange. Well 5: 7 ,tg of procollagen. Well 6: 15 Ag of pro-
collagen. Migration is toward the anode, at the bottom.

COOH-terminal extensions were, however, largely intact. In
previous experiments carried out without protease inhibitors
(5), the NH2-terminal extensions were retained, apparently
because the procollagen was not re-precipitated under neutral
conditions, but instead the pellet from the first ammonium
sulfate precipitation was dispersed in 0.1 M acetic acid. In the
same experiments (5), the COOH-terminal extensions were

largely (5) but not completely lost (see Fig. 1 in ref. 25), ap-
parently because the procollagen was dialyzed for 24 hr against
0.01 M acetic acid before the SLS aggregates were formed by
dialysis against 0.1% disodium ATP in 0.01 M acetic acid.

Isolation of Two Types of COOH-Terminal Extensions.
To isolate the COOH-terminal extensions, tendon cells were
incubated with a mixture of fifteen 14C-labeled amino acids,
the medium procollagen was isolated as described above, and
it was digested with bacterial collagenase (12). A disulfide-
linked trimer was then isolated by gel filtration of the digest (11,
12). The trimer was previously shown to be derived from the
COOH-terminal region of procollagen (11, 12); here the trimer
was examined by NaDodSO4 gel electrophoresis (Fig. 5). When
examined without reduction with 2-mercaptoethanol, the
fragment migrated as a single band with an apparent molecular
weight of about 100,000 compared to standards of globular
proteins. After reduction, two bands of slightly different
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FIG. 3. SLS aggregates of procollagen from the medium of tendon cells. Protease inhibitors were added to medium from tendon cells and
the procollagen was precipitated with 176 mg/ml of ammonium sulfate (see Methods). The pellet was dialyzed against 0.4 M NaCl and 0.1 M
Tris buffer, pH 7.8, and used to prepare SLS aggregates (see text) which were negatively stained with 1% sodium phosphotungstate. The NH2-
and COOH-terminal ends of the SLS aggregates were identified by comparing the banding pattern to SLS aggregates of collagen (see ref. 5).
Large arrows: COOH-terminal ends of SLS aggregates. Small arrows: NH2-terminal ends of SLS aggregates. Examination of the SLS aggregates
at higher magnification (not shown) indicated that the NH2-terminal extensions were similar to those seen previously (see Fig. 5 in ref. 5).
Magnification X87,000.

mobilities were observed, and these had apparent molecular
weights of about 35,000. In order to estimate the relative
amount of peptide in the two bands, the fluorograms were
scanned (11) and the optical densities of the two peaks were
integrated. The results indicated that the ratio of 14C label in
the two bands was 2:1.
The COOH-terminal peptides in the two bands obtained

after reduction were eluted from the gels and examined by a
microscale fingerprinting technique after cleavage with trypsin
(24). A distinct fingerprint was obtained from each COOH-
terminal peptide (Fig. 6).

DISCUSSION
As discussed elsewhere (1), matrix-free cells prepared from
embryonic tendons offer several advantages over other cell
systems for studying the synthesis and secretion of procollagen.
The results presented here demonstrate that little purification
is necessary to obtain intact procollagen from the medium of
this cell system. When a mixture of protease inhibitors (11, 14,
15) was added to the medium at the end of the incubation pe-
riod, partial degradation of the protein was prevented and most
of the "4C-labeled protein recovered from the medium consisted
of protollagen containing both NH2- and COOH-terminal
extensions (8-11). Major contaminating proteins were removed

by DEAE-cellulose chromatography (16).
The COOH-terminal extensions seen in SLS aggregates of

the procollagen were similar but were more readily visualized
than the COOH-terminal extensions seen in SLS aggregates that
Tanzer et al. (8) obtained from a cloned line of fibroblasts and
that contained a heterogeneous population of procollagen
subunits. The COGH-terminal extensions seen here were large
and irregular, and they appeared to prevent close packing of
the molecules in the SLS aggregates. In retrospect, it is now
apparent that if protease inhibitors are not added to the medium
immediately after incubation of the cells, the procollagen se-
creted by freshly isolated tendon cells readily undergoes partial
digestion by endogenous proteases. If the protein is exposed to
acidic conditions, the COOH-terminal extensions are more
readily lost through proteolysis (5). If the procollagen is pro-
cessed under neutral conditions, the NH2-terminal extensions
of the molecule are more likely to be lost (11).

After digestion of the purified procollagen with bacterial
collagenase, the largest collagenase-resistant fragment in the
digest consists of three disulfide-linked peptides which originate
from the COOH-terminal region of the molecule (11, 12). The
size of the fragment appears to be about the same as that of the
fragment recently isolated from chick bone procollagen di-
gested with bacterial collagenase (26). Murphy et al. (26) re-
ported on amino acid analysis of the similar fragment from

Proc. Natl. Acad. Sci. USA 73 (1976)
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FIG. 4. SLS aggregates of procollagen from the medium of tendon cells. Procollagen was prepared with same technique as in Fig. 3 except
protease inhibitors were not added before precipitation with ammonium sulfate. Also, the ammonium sulfate precipitation was repeated after
the first precipitate was dissolved in 0.4 M NaCl and 0.1 M Tris buffer, pH 7.8. The samples were negatively stained with 1% ammonium molybdate.
Examination of the SLS aggregates at high magnification (not shown) indicated that the NH2-terminal extensions were missing.
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chick bone procollagen but they were unable to resolve the
question of whether the fragment as isolated by them contained
identical or nonidentical peptides. As indicated here, reduction
of the bacterial-collagenase-resistant fragment gave rise to two
kinds of peptides which separate by NaDodSO4 gel electro-
phoresi (17), and fingerprinting of the peptides demonstrated
that they had different amino acid sequences. Also, based on
incorporation of "4C-labeled amino acids, the two peptides
appeared to be present in a 2:1 ratio. It seems likely, therefore,
that one of the peptides originates from the COOH-terminal
end of the proal chain and the other from the COOH-terminal
end of the proa2 chain. The function of the peptide extensions
in procollagen is not defined. As suggested previously (see refs.
1, 2, and 27), however, the extensions probably direct association
of the chains, and structural differences between proal and
proa2 extensions may explain why each Type I collagen mol-
ecule contains two al chains and one a2 chain.

FIG. 5. NaDodSO4 gel electrophoresis of COOH-terminal pep-
tides from isolated procollagen. Slot 1: about 8700 cpm of "4C-labeled
trimer obtained after digestion of procollagen with bacterial colla-
genase. The sample was not reduced prior to application to the gel.
Slot 2: about 7500 cpm of the same fragment after reduction with
2-mercaptoethanol. Slot 3: about 8000 cpm of "4C-labeled peptide,
which was extracted from the upper band in Slot 2 and re-examined
by NaDodSO4 gel electrophoresis. Slot 4: about 7000 cpm of the lower
band in Slot 2. Fluorograms were prepared as described in text.
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FIG. 6. Tryptic peptides obtained from collagenase-resistant COOH-terminal peptides. Chromatography was carried out in the vertical
direction with water:acetic acid:pyridine:1-butanol (302:76:378:344). Electrophoresis was carried out in the horizontal direction for 60 min at
450 V with water:acetic acid:pyridine (890:100:10), pH 3.5. The plates were treated with 7% diphenyloxazole in ether (28). (A) About 8000 cpm
of the tryptic digest of the COOH-terminal peptide of proal (Slot 3 in Fig. 5). (B) About 8000 cpm of the tryptic digest of the COOH-terminal
peptide of proa2 (Slot 4 in Fig. 5). The samples were applied to the lower right-hand corner of each plate. Superimposition of the plates as well
as analysis of the mixture of the two tryptic digests on the same plate (not shown) indicated that there was no overlap in the fingerprints.
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