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ABSTRACT The structural heterogeneity of rabbit
lung collagen was examined by extracting labeled collagen
from short-term cultures of lung minces with 1 M NaCl-
50 mM Tris HCI (pH 7.4), 0.5 M acetic acid, or 0.4 ionic
strength phosphate buffer. The extracted collagens were
purified by carboxymethyl-cellulose chromatography,
and their cyanogen bromide peptides were mapped by
ion exchange chromatography and acrylamide gels. Rabbit
skin al(1) and a2 chains and rabbit sternal cartilage
al(II) chains were used as markers.
The peripheral lung, containing alveoli, small blood

vessels, and small airways, synthesized al(I) and a2
chains. The trachea and the bronchial tree (first through
seventh order branches) both synthesized al(H1) chains.
Lung al(l), a2, and al(II) chains all have a molecular
weight of about 100,000 and are all sensitive to Clostridial
collagenase.
The extraction and purification methods used isolate

only 50% of the collagen synthesized by these structures
in vitro. Once all collagen types in lung can be described
and quantitated, it should be possible to utilize lung
collagen types as biochemical markers to study normal
lung development and to define the lung fibrotic diseases.

The connective tissue of the lung is fundamental to the
growth, development, and ultimate structure and function of
this organ. Implicit in an understanding of the mechanisms
involved in the development of lung structure is an under-
standing of the connective tissue matrix comprising it. Col-
lagen is the most abundant protein of this matrix, and it com-
prises 10% of the dry weight of adult lung (1). Morphologic
studies have demonstrated collagen in association with the
tracheobronchial tree, blood vessels, and alveolar interstitium
(2, 3). Some of this collagen can be extracted from rabbit or
human lung by conventional techniques, and its amino-acid
composition is similar to that of collagen from other sites in
the body (1).

Several structurally distinct collagen chains have been
described in other organs (4). The most completely described
is acid-soluble collagen found in skin, tendon, and bone. Ths
collagen is composed of two chains, al (I) and a2, making up
a trop)ocollagen molecule of composition [al (I)]a2 (5-10).
In cartilage, al (II) (tropocollagen [al (II) 13) predominates
(11-17). In human skin, uterine leiomyoma, and aorta, al-
(III) (tropocollagen [al(III)]3) has been found (18, 19). In
addition, another type, al(IV) (presumed tropocollagen
[al(IV)13), has been described in basement membrane from
the renal glomerulus and lens capsule (20, 21).

In tissue culture, specific cell types have been associated
with the synthesis of specific collagen types. For example,
fibroblasts derived from skin synthesize al(I) and a2 (22,
23) and epithelial cells derived from lens capsule synthesize
al(IV) (24). The lung theoretically may have all types of
collagen present, since it is a complex organ comprised of more
than forty cell types (3). This study demonstrates the syn-
thesis by lung of three structurally distinct collagen a chains.
Two of these chains, al (I) and a2, appear identical to skin
al (I) and a2; and the third chain, al (II), appears identical
to sternal cartilage al (II).

MATERIALS AND METHODS

New Zealand white rabbits, all from an inbred strain, were
used as the source of lung, skin, and cartilage. Skin al(I)
and a2 chains were extracted and purified as described (1,
25). Cartilage al(II) chains were extracted from ribs and
sternae of 9-week-old lathyritic rabbits (17).
Lung Collagen Synthesis In Vitro. Lungs were removed from

exsanguinated rabbits and washed in phosphate-buffered
saline (pH 7.4) at 4°. Three types of incubations were done,
each under the same conditions and each usinig ten 3-week-old
rabbits but with different lung structures. Peripheral lung
preparations consisted of the lung remaining after removal of
the major airways and blood vessels. Tracheal preparations
consisted of the trachea from just below the larynx to the
carina. Bronchial preparations consisted of the bronchial tree
(first through seventh order bronchi) dissected free from sur-
rounding tissues with the aid of a microscope. In each case,
the material to be incubated was minced with scissors and
the mince was washed with incubation medium (equal parts
Dulbecco's modified Eagle's medium and phosphate-buffered
saline; 0.5 mM ascorbic acid; 0.7 mM ,3-aminopropionitrile,
BAPN) (1). The mince was then incubated in fresh medium
for 45 mill at 370 under 95% 02-5% C02. This medium was
aspirated, replaced with fresh medium containing [5-3H ipro-
line (5-13 AM, 25 Ci/mmole), [3H]glycine (5-13 jAs1\, 33 Ci/
mmole), or both, and the incubation -with isotope continued
for 4 more hours. After incubation, the collagen synthesized
in vitro was extracted (1) in the buffers described below.

Extraction and Purification of al (I) and a2 Synthesized In
Vitro from Peripheral Lung. The labeled collagen was ex-
tracted from peripheral lung with 0.5 M acetic acid for 24 h
at 4°. The insoluble material was discarded, and the super-
natant dialyzed against 0.5 M acetic acid. The collagen was
precipitated from the supernatant with 5% (w/v) NaCl, and
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labeled a1 (I) and a2 chains were isolated on a carboxymethyl
(CM)-cellulose column as described for the skin a1 (I) and a2
chains (1, 25). Alternatively, the labeled al (I) and a2 chains
were extracted from peripheral lung with 0.4 ioiiic strength
phosphate buffer (26) and subsequently chromatographed on
CM-cellulose as described above.

Extraction and Purification of al (II) Synthesized In Vitro
from Trachea and the Bronchial Tree. From the incubations
of trachea or bronchi, the labeled collagen was extracted by
stirring for 24 hr at 40 in 1 MI NaCl-50 mM Tris HCO (pH
7.4). The insoluble material was discarded and the supernatant
was dialyzed against 20 mM sodium acetate, pH 4.8-1 M
urea before chromatography on CM-cellulose as described for
cartilage al (II) chains (17). Alternatively, after extraction, the
tracheal preparations were dialyzed against 0.2 M NaCl-50
mM Tris * HCI, pH 7.4 for 12 hr at 40 and applied to a diethyl-
aminoethyl (DEAE)-cellulose column equilibrated with the
same buffer at 4°. The labeled al (II) chains were eluted with
the equilibrating buffer (13) and further purified on CM-cellu-
lose as described above. Tracheal and bronchial al (II) chains
could also be extracted with 0.4 ionic strength phosphate
buffer as described for cartilage al (II) (26).

Purified labeled al (I), a2, and 1(11) chains were subjected
to electrophoresis on 5% sodium dodecyl sulfate-acrylamide
gels (1, 27). After electrophoresis, the gels were either stained
and scanned (1) or fractionated and counted in Aquasol (New
England Nuclear Corp.) with an efficiency of 30%. Sensitivity
of labeled lung collagen chains to purified Clostridial col-
lagenase was tested as described (1, 28).

Cyanogen Bromide Cleavage and Peptide Mapping. Cyanogen
bromide (CNBr) cleavage was performed on purified skin,
cartilage, peripheral lung, tracheal, or bronchial a chains dis-
solved in 70% (w/v) formic acid (18). The resulting peptides
were freed of reagent and formic acid by passing the reaction
mixture over a column of Biogel P2 (100-200 mesh) equili-
brated with 0.1 WI acetic acid. The fractions containing the
peptides were lyophilized to dryness, and stored at -20°.

Separation of the peptides was done on a 1.5 X 5-cm column
of CMI-cellulose equilibrated with sodium citrate (75 mM, pH
3.8) at 430 and eluted at 50 ml/hr with a linear NaCl gradient
(0.02-0.2 M, 500 ml total) (7). The major peptides were
pooled, chromatographed on a Biogel P2 column in 0.1 M
acetic acid (7), and lyophilized to dryness.

These individual peptides were then subjected to electro-
phoresis on 7.5% dodecyl sulfate-acrylamide gels (5 hr, 8
mA per gel). After electrophoresis, the gels were either stained
and scanned or fractionated and counted in Aquasol as
described above. Aliquots of the original peptide mixture
were subjected to electrophoresis in parallel gels.

RESULTS
The peripheral lung synthesized at least two collagen chains
in vitro. These can be extracted with 0.5 M acetic acid and
separated on CM-cellulose under the identical conditions
used to separate skin al (I) and a2 (5, 6, 25). Peripheral lung
al and skin al(I) cochromatographed as did peripheral lung
a2 and skin a2 (Fig. 1A). When peripheral lung collagen was
extracted with 0.4 ionic strength phosphate buffer, pH 7.6,
the result on a CM-cellulose column was similar.
The trachea synthesized at least one collagen chain in vitro.

When this material was extracted with 1 M NaCl-20 mM

Tris HCl, pH 7.4, and chromatographed on DEAE-cellulose
at 40, a large peak of radioactive labeled protein eluted with
0.2 M NaCl. When this material was subsequently chroma-
tographed on CM-cellulose, only one peak was seen, chro-
matographing with sternal cartilage al(II) chains (Fig. 1B).
If the DEAE-cellulose purification step was omitted, there
was still only one peak on subsequent CM-cellulose chroma-
tography. If the trachea was extracted with 0.5 M acetic
acid or with 0.4 ionic strength phosphate buffer, there was
still only one peak on subsequent CM-cellulose chroma-
tography. The same extraction procedures demonstrated one
collagen chain synthesized by the bronchial tree (Fig. 1C).

Extraction of the in vitro product of minces of whole lung
(including peripheral lung and the bronchial tree) with 0.5 M
acetic acid or 0.4 ionic strength phosphate buffer yielded a
variable ratio of al to a2 chains on CM-cellulose (al/a2 >
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FiG. 1. CM-cellulose chromatography of rabbit lung collagen
chains synthesized in vitro. (A) After incubation with [3H1pro-
line, peripheral lung collagen was extracted with 0.5 M acetic
acid and precipitated with 5% NaCl before chromatography.
Lathyritic rabbit skin collagen (10 mg) extracted with 1 M
NaCI-20 mMI Tris * HCI, pH 7.4, was used as carrier (see Materials
and Methods). (B) After incubation with [3H]proline, tracheal
collagen was extracted with 1 MI NaCl-20 mM Tris - HCl, pH 7.4.
This material was first chromatographed on DEAE-cellulose at
40. The material in the radioactive peak eluting with 0.2 M NaCl
was dialyzed against 20 mMI sodium acetate, pH 4.8, denatured
at 450 for 20 min, and then chromatographed as shown here.
Sternal cartilage al(II) (10 mg) was used as carrier. (C) After
incubation with [3Hlproline, bronchial collagen was extracted
with 0.4 ionic strength phosphate buffer and precipitated with
2.2 MI NaCl. The precipitate was solubilized in 20 mM sodium
acetate, pH 4.8, and chromatographed with 10 mg of sternal
cartilage al(II) chains as carrier. Columns A-C were run under
identical condition (see text). Ten-milliliter fractions were col-
lected and counted in Aquasol with an efficiency of 30%. cpm/
fraction (0) and absorbance at 230 nm (solid line) are shown.
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citrate and on 7.5% dodecyl sulfate-acrylamide gels. The
1.5 peptide pattern on CM-cellulose of lung al(I) was similar to

that of rabbit skin al(I) (Fig. 3A). Although the CNBr pep-

1.0 tides of rabbit skin al and a2 have beei only partially de-
scribed (29), the absorbance pattern on CM-cellulose was so

0.5 similar to the pattern of rat skin al (I) (5), human skin al (I)
(6), and chick bone al (I) CNBr peptides (9), that the peaks
were arbitrarily numbered in an analogous fashion. Amino

1.5 acid analysis of lung al chains extracted with 0.5 M acetic
CD acid [most likely al(J) chains as the ratio of al to a2 was

1.00 2:1 (1)] has demonstrated 8 methionine residues/1000 resi-
CD dues. This would yield 9 CNBr peptides, similar to those

0.5 z described for other al(I) chains. Rabbit skin al chains also

m have 8 methionine residues (29).
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Fic,. 2. Sodium dodecyl sulfate-acrylamide gel electrophoresis
of rabbit lung collagen chains synthesized in vitro. The gels were

subjected to electrophoresis for 6 hr at 8 mA per gel. (A) al(J)
chains synthesized by peripheral lung (0) electrophoresed with
rabbit skin al(I) chains (solid line). Exposure to Clostridial
collagenase electrophoresis hydrolyzed the lung al(I) chains (0).
(B) a2 chains synthesized by peripheral lung (0); preincubation
with co'lagenase (0); with rabbit skin a2 chains as a marker
(solid line). (C) al(II) chains synthesized by trachea. These
chains electrophoresed with rabbit sternal cartilage ql(II) chains
(solid line) and were hydrolyzed by collagenase (0). (D) Identical
to (C) but with al(II) chains synthesized by the bronchial tree.

2). Presumably, the increased amount of al chains was sec-

ondary to a mixture of al(I) and al(II) (or other) chains
eluting at the al position. Attempts to use the technique of
Trelstad et al. (26) to identify al(I) and al(II) from this
peak yielded radioactive peaks (containing hydroxyproline)
in the positions described by these authors for al(I) and
al(II) chains. However, the recovery of labeled lung al(I)
and al(II) chains from this column was poor and only some

of the recovered material was still intact al(I) and al(II)
chains (data not shown).
The al (I) and a2 chains synthesized by peripheral lung

both have molecular weights of about 100,000 (Figs. 2A and
B). These chains electrophoresed with skin al(I) and a2
chains, respectively, and they were completely destroyed by
Clostridial collagenase. The al (II) chains synthesized by
trachea or bronchi also have a molecular weight of 100,000
and were sensitive to Clostridial collagenase (Fig. 2C and D).

Further identification of peripheral lung al as al(I) was

done by CNBr peptide mapping oil CM-cellulose in sodium
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FIr.. 3. CM-cellulose chromatography of cyanogen bromide
peptides of rabbit lung collagen chains synthesized in vitro. (A)
[HH]Proline-peripheral lung al(I) peptides isolated from the al
chains of Fig. 1A. The carrier was CNBr peptides of rabbit skin
al(I). (B) [3H]lProline-peripheral lung a2 peptides isolated
from the material in the a2 peak in Fig. 1A. The carrier was
CNBr peptides of rabbit skin a2. The peak labeled 5 + L con-
tains two components, one of molecular weight 57,000, the other
of molecular weight 23,000 (see Fig. 4B). (C) [3H]Proline-tracheal
al(II) peptides isolated from the material in the al(II) peak in
Fig. 1B. The carrier was CNBr peptides of rabbit sternal cartilage
al(II). (D) [3HlProline-bronchial al(II) peptides isolated from
the al chains of Fig. 1C. The carrier was CNBr peptides of
rabbit sternal cartilage al(II). Columns A-D were run in an
identical fashion. Five-milliliter fractions were collected, and
aliquots were counted in Aquasol. cpm/fraction (0) and ab-
sorbance at 230 nm (solid line) are shown. Identification of the
CNBr peptides was made by analogy to known al(I), a2, and
al(II) CNBr peptides (see Results).

A. Peripheral (11 rln (i(Al~uengpea (#b3H] praline-a1(I)~-
2 lung +collagenase

B. Peripheral ([3H] praline-a2-
C.Trachea[H collgenese---

C. Trachea (3H] proline-a(])
tree +collagenase-
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FIo. 4. Sodium dodecyl sulfate-acrylamide gels of cyanogen

bromide peptides of rabbit lung collagen chains .synthesized inl
vitro. The peptides placed on gels A-D were identical to those

chromatographed on CM/-cellulose (Fig. 3A-D). All gels were

.subjected to electrophoresis ulnder identical conditions (6 hr, 8

mA per gel). (A) ['HiProline-peripheral lung tl (I) peptides

with rabbit skin al(I) peptides as carrier; (B) [31Hlproline-
peripheral lung ax2 peptides with rabbit skin ar2 peptides as

carrier. The peptide labeled L is probably pept~ide 3-.5 (see text);

(C) [3H]prolinetracheal al(II) peptides with rabbit sternal

cartilage axl(II) peptides azs carrier; and (D) [3H]proline-bron-
chial axl(II) pept~ides with rabbit sternal cartilage al(II) pep-

tides as carrier. cpm/mm of gel (0) and absorbance of stained gels

at 570 nm (solidli2e) are shown. Identification of CNBr peptides

was made by isolating the major peptides of Fig. 3 and subjecting

them to electrophoresis on individulal gels in parallel (see Results).

The molecular weight estimates (top of figure) were made with

known skin axl(I) CNBr peptides.

The CNBr peptides of peripheral lung al and rabbit skin

a 3(I)also coelectrophoresed on dodecyl sulfate-acrylamide

gels (Fig. 4A). The identificationl of the major lpeptides was

made by isolating the major peaks from the CMI-cellulose
CNBr peptides and subjecting them to electrophoresis sepa-

rately O1 parallel dodecyl sulfate gels. By analogy to the known

sequence of bone al (I) CNBr pelptides (30, 31), a putative

identification of the larger, probably uncleaved, lpeptides has

been made (CNBr 8-3 and 3-7, Fig 4A). The molecular weight

estimates (Fig. 4, top of figure) of the major peripheral lunlg
alo(I) CNBr peptides agree closely with the known molecu-

lar weights of collagen CNBr pepAtides subjected to electro-

phoresis ioparallel gels. By the criteria used, it appears that

the al chains synthesized by peripheral lung are very similar,
if not identical, to skin a1 (I) chains.

Likewise, the CNBr peptides of the a2 chains synthesized
by peripheral lung were very similar to rabbit skin a2 pep-
tides (Fig. 3B and 4B). In all a2 chains that have been closely
examined [including newborn rabbit lung a2 chains (1, 4)1,
there are 5 methionine residues/1000 residues. For that rea-
son, the CNBr peptides mapped on CM-cellulose have been
arbitrarily numbered as shown. When these peptides were
individually recovered from this column and subjected to
electrophoresis on dodecyl sulfate-acrylamide gels, the pep-
tide eluting last on CM-cellulose gave two major peaks, one
of a molecular weight of about 57,000 (labeled L in the figure),
the other of about 25,000. By analogy to sequence of known
skin a2 CNBr peptides, the larger peptide is probably the
result from an uncleaved methionine between CNBr 3 and 5.
CNBr cleavage of bone a2 also results in higher molecular
weight peptides, presumably from incomplete cleavage (see
Fig. 3 in ref. 30). It is possible, however, that the rabbit lung
and a2 peptides may have a methionine missing, as has been
described for pig skin a2 chains (32).
The al chains synthesized by trachea and bronchi were

identified as al (II) chains when the CNBr peptides of these
chains were chromatographed on CM-cellulose (Fig. 3C and
D) and dodecyl sulfate-acrylamide gels (Fig. 4C and D). By
these criteria, lung al (II) chains are very similar to rabbit
sternal cartilage al (II) chains. The CNBr designations on
CM-cellulose are by analogy to bovine and human cartilage
al (II) CNBr peptides (16). The molecular weight estimates
on dodecyl sulfate-acrylamide gels were as expected for these
peptides. While the identities of CNBr 8, 10, 11, and 12 are
clear by these criteria, that of CNBr (9, 7) is only by analogy
to elution position and molecular weight estimate of bovine
and human a1 (II) CNBr (9, 7) (16). We do not know the iden-
tity of the leptide eluting on CM-cellulose before CNBr 8,
although its molecular weight is about 9,000-11,000.

DISCUSSION
The finding of a1 (II) chains in the lung tracheobronchial tree
is expected since there is morphological evidence of cartilage
from the trachea to ninth order bronchi (3). The finding of
al (I) and a2 chains in the lung, while not unexpected (1),
is interestinog since, besides skin they have been fully char-
acterized only in bone and tendon. Chung and Miller have
noted al (I) and a2 chains in human aorta (19), and we have
noted them synthesized by rabbit pulmonary arteries and
veins in vitro (data not shown). Whether the al (I) and a2
chains synthesized by peripheral lung were synthesized by
blood vessels present in peripheral lung and/or were syn-
thesized by cells in the alveolar interstitium is not known.

Early in our observations on the synthesis of lung collagen
in vitro, two facts stood out: (1) the conventional techniques
used to extract collagen extract variable amounts of the lung
collagen synthesized in vitro and (2) only a portion of ex-
tracted lung collagen will appear on a CM-cellulose column
under conventional conditions. About 40-50% of the labeled
hydroxyproline l)resent in an incubation of lung mince will
appear on a CM-cellulose column by these methods. The
composition of the "insoluble" collagen is not known. Pre-
liminary attempts to identify these components by CNBr
peptide maps on CMI-cellulose and dodecyl sulfate-acrylamide
gels have been thwarted by the complexity of the resulting
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patterns. They may be al(I), a2, and/or al(II) chains that
are made insoluble by association with other lung components
such as proteoglycans (13, 33). Alternatively, the "insoluble"
collagen may represent additional types of collagen chains
that are not solubilized by the methods used. For example,
although the trachea appears to synthesize only al (II) chains
it could synthesize al(I), a2, al(III), and/or al(IV) chains
that were not solubilized under the conditions used to demon-
strate a1 (II) synthesis.
The heterogeneity of lung collagen provides biochemical

markers to follow collagen gene expression during normal lung
development. For example, morphologic evidence suggests
that tracheobronchial tree development is completed early in

fetal life, followed by blood vessel and finally alveolar devel-
opment (34). With a major biochemical component of these
tissues now defined, it should be possible to study the control
of formation of these structures.
The fibrotic lung disorders represent 20% of the noninfec-

tious diseases of the lung (35). It is a heterogeneous group of
disorders with many etiologies including inorganic dusts,
organic antigens, physical injury, infection, and in association
with systemic disease. Although these disorders stem from a

broad group of primary insults, at least part of the lung's
response in all these disorders includes the synthesis of colla-
gen (35). The fact that lung collagen itself is heterogeneous
suggests the possibility that the fibrotic lung disorders may
be grouped with respect to the relative amount of types of
collagen being synthesized. For example, the fibrosis result-
ing from airway injury may include an overproduction of
al (II), while the fibrosis resulting from systemic disease may
include an overproduction of al (I) and a2. A similar approach
has been useful in examining the types of collagen synthe-
sized by osteoarthritic cartilage (36), embryonic notochord
(37), and osteogenic cartilage (38).
Because of the complexity of the lung, this will be possible

only when methods can be developed to quantitate the amount
of each chain synthesized. Preliminary experiments have
suggested that the combination of a denaturing agent and a

reducing agent, such as that used by Grant et al. to extract
lens capsule collagen (39), will extract all the labeled hy-
droxyproline from a lung mince incubation. It is most likely
that additional collagen types will be demonstrated in the
lung once methods can be developed to extract them intact.
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