ganic phosphate or parathyroid hor-
mone, can effect a change from the
1-hydroxylation system to the 24-
hydroxylation system. Because this
changeover is slow (3, 4), requiring
days, it seems possible that new en-
zyme synthesis and enzyme turnover
are involved.
Y. TANAKA
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Collagen Polymorphism: Characterization of Molecules

with the Chain Composition [a@1(I!I)], in Huinan Tissues

Abstract. Collagen molecules with the chain composition [al(111)]; have been
isolated from pepsin-solubilized collagen of dermis, aorta, and leiomyoma of the
uterus by differential salt precipitation. On denaturation, approximately 90 percent
of this collagen is recovered as a y component (300,000 daltons). Reduction and
alkylation of the high-molecular-weight component yields al(Ill) chains (95,000
daltons). In addition to containing cysteine, al(Ill) chains exhibit several other
compositional differences when compared to o«I(I), al(Il), or o2 chains from

human tissues.

The majority of the triple-stranded
collagen molecules in several connective
tissues such as bone, mature dermis,
tendon, and dentin contain two distinct
« chains. These chains, «1(I) and o2,
occur in this type of molecule in a
ratio of 2 to 1; that is, the chain com-
position is [al(I)]ea2 (1).

In contrast, cartilage collagen is com-
prised almost entirely of molecules con-
taining three identical a chains, which
differ from «1(I) and &2 chains with
respect to amino acid composition and
sequence as well as to the content
of hydroxylysine-linked carbohydrate.
These identical chains have been desig-
nated a1(II) chains (2). The predomi-
nance of collagen molecules with the
chain composition [«1(II)]; has been
established for several cartilaginous
structures in a number of species (3-5).

In addition, evidence has been pre-
sented for the occurrence of yet another
genetically distinct « chain in interstitial

1200

collagens. This chain, designated «1(III),
has heretofore been detected only in
the form of two cyanogen bromide pep-
tides derived from insoluble collagen
of infant dermis (6). We report here
the isolation of collagen molecules with
the chain composition [al(IID)];, with
the amino acid composition of a1 (III),
and indicate some of the tissues in
which this type of molecule occurs.
Samples of skin, aortic arch, and
thoracic aorta were obtained post-
mortem from both premature and nor-
mal infants who had died from respira-
tory complications. Uterine leiomyoma
was obtained from several cases at
surgery. Samples of skin, vascular tis-
sue, and leiomyoma were pooled,
cleaned of adhering tissue, and sliced
into small pieces approximately 1 mm3
in size. Each sample was extracted for
4 days at 4°C in 100 volumes of 1.0M
NaCl containing 0.05M tris-HCl, pH
7.5, and for an additional 4 days at

4°C in 100 volumes of 0.5M acetic
acid. As indicated previously, these sol-
vents were capable of solubilizing a
portion of the collagen in infant skin
(7); however, none of the vessel or
leiomyoma collagen was brought into
solution.

After the extraction procedures, the
tissues were lyophilized and portions
(1 g) were stirred in 0.5M acetic acid
containing pepsin as described for carti-
lage collagen (8). Collagen rendered
soluble by incubation of the tissues with
pepsin was precipitated from the diges-
tion mixture by the addition of NaCl
to a concentration of 0.9M. The pre-
cipitates were redissolved in 1.0M
NaCl, 0.05M tris, pH 7.5, and dialyzed
exhaustively against 0.5M acetic acid
at 4°C and lyophilized. The proportion
of original tissue collagen recovered as
soluble native collagen by this proce-
dure was 65, 55, and 20 percent for
skin, leiomyoma, and vessel, respec-
tively.

Collagen samples were redissolved at
a concentration of 5 mg/ml in 0.02M
(Na+) sodium acetate, pH 4.8, con-
taining 1.0M urea, denatured by warm-
ing to 45°C for 30 minutes, and chro-
matographed on a column (1.8 by 10
cm) of carboxymethylcellulose as de-
scribed for cartilage collagen (4, 8). A
representative elution pattern (Fig. 1A)
indicates the presence of three major
peaks which were identified as con-
taining o1(I), «1(III), and &2 chains
by examination of the cyanogen bro-
mide peptide pattern obtained from the
material in each peak (6). Although
Fig. 1A depicts the elution pattern of
collagen from leiomyoma, collagen
from the vascular tissue and dermis
showed the same pattern. Some hetero-
geneity was observed in each peak, and
this may be ascribed to chemical hetero-
geneity introduced by the activity of
pepsin as well as to the presence of a
small amount of B, cochromatograph-
ing with «1(III).

The above results suggesting that
pepsin-solubilized collagen from these
tissues is comprised of a mixture of
molecules with the chain compositions
[al(I)]se2 and [al(IIT)]; were con-
firmed by the use of differential salt
precipitation similar to the technique
used to fractionate mixtures of [al1(I)],-
a2 and [al1(II)]; molecules (9). For
this purpose, the collagen samples were
redissolved at 4°C in 1.0M NaCl,
0.05M tris, pH 7.5; and the NaCl con-
centration was increased in successive
steps by 0.1M over the range 1.1 to
3.0M. Utilizing this procedure we ob-
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Table 1. Amino acid composition of the
«l(1I1) chain derived from human tissues.

Residues per 1000

Amino acid total residues
4-Hydroxyproline 125
Cysteine* 2
Aspartic acid 42
Threonine 13
Serine 39
Glutamic acid 71
Proline 107
Glycine 350
Alanine 96
Valine 14
Methionine 8
Isoleucine 13
Leucine 22
Tyrosine 3
Phenylalanine 8
Hydroxylysine 5
Histidine 6
Lysine 30
Arginine 46

* Analyzed as carboxymethylcysteine; samples in
which the reduced protein was oxidized with per-
formic acid (I/0) and cysteine was determined as
cysteic acid gave identical results,

tained an initial precipitate at 1.5M
NaCl, which on denaturation and chro-
matography on carboxymethylcellu-
lose revealed the presence of a single
major component chromatographing in
the position of «1(III) (Fig. 1B). An
additional precipitate was obtained at
2.4M NaCl, which on denaturation was
shown to contain «1(I) and «2 chains
as well as a small quantity of By,.
To further characterize the ol (III)
chain obtained after carboxymethyl-
cellulose chromatography (Fig. 1B), the
material was rechromatographed on a
standardized column (1.5 by 155 cm)
of agarose beads (Bio-Gel A-5m, 200-
400 mesh, Bio-Rad Laboratories) with
2.0M  guanidine-hydrochloride, con-
taining 0.05M tris, pH 7.5, as the
eluant. Approximately 90 percent of
the protein applied to the column chro-
matographed in the position corre-
sponding to y components, and there
was an absence of components of
smaller molecular weight. Since amino
acid analyses (8) showed the presence
of half-cystine in the y component, ad-
ditional portions of the material eluted
from carboxymethylcellulose were dis-
solved at a concentration of 20 mg/ml
in a solution of 5.0M urea, 0.1M 2-
mercaptoethanol, pH 8.0 (attained by
the addition of tris-free base). The
solution was allowed to stand at room
temperature for 4 hours at which time
the solution was made 0.2M in iodo-
acetic acid  (sodium  salt) con-
taining sufficient [1-'*Cliodoacetic acid
(New England Nuclear, NEC-222) to

22 MARCH 1974

give a final concentration of 200 wuc/
ml. The reaction mixture was allowed
to stand at room temperature for an
additional 10 minutes and a 1-ml por-
tion was applied directly to the agarose
column. Portions of the column effluent
were mixed with Aquasol (New Eng-
land Nuclear) and counted in a liquid
scintillation counter (model LS-233,
Beckman Instruments). The agarose
elution pattern of the reduced and
alkylated preparation showed that ap-
proximately 90 percent of the protein
originally chromatographing as the vy
component or components of higher
molecular weight is recovered as radio-
active a chains. Rechromatography of
the reduced and alkylated «l(III)
chains on carboxymethylcellulose gives
an elution pattern indistinguishable
from that in Fig. 1B for the y com-
ponent.

Amino acid analyses of the reduced
and alkylated «1(III) chain were ob-
tained on an automatic amino acid
analyzer (8) and the composition of
the chain when derived from dermis,
aorta, and uterine leiomyoma is pre-
sented in Table 1.

These data indicate that molecules
containing the «1(III) chain can be
effectively solubilized from human tis-
sues by incubation with pepsin under
conditions in which the enzyme activity
would be confined to short, nonhelical
segments at the extremities of the mole-
cule (8). The data further indicate that
the al(III) chain occurs in these tis-
sues in the form of molecules with the
chain composition [«1(III)],, since all
of the collagen containing «1(II)
could be separated from [al(I)],a2
molecules by differential salt precipita-
tion.

The observation that collagen con-
taining the «1(III) chain is comprised
entirely of y— and higher molecular
weight components was somewhat un-
expected. Our data demonstrate, how-
ever, that these high-molecular-weight
complexes are maintained through in-
terchain disulfide linkages. At the mo-
ment it is impossible to assess the
physiological significance of these bonds
in terms of intra- or intermolecular
cross-linking since they could have been
formed at the time of denaturation. In
any event, the data indicate that «1(III)
contains cysteine in pepsin-resistant and,
presumably, helical portions of the
native molecule.

The amino acid composition of
al (III) presented in Table 1 clearly
indicates that it is a distinct type of «
chain. When compared to human «1(I)
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Fig. 1. (A) Carboxymethylcellulose elu-
tion pattern of 30 mg of pepsin-solubilized
collagen from uterine leiomyoma after de-
naturation. (B) Carboxymethylcellulose elu-
tion pattern of the portion of uterine leio-
myoma collagen which precipitates at
1.5M NaCl, pH 7.5. The amount of de-
natured protein chromatographed was 10
mg.

and a2 (7) as well as «1(II) (5), in
addition to containing cysteine, the
al (III) chain exhibits significant differ-
ences in the content of several amino
acids, most notably alanine, valine,
isoleucine, phenylalanine, and histidine.
In some respects, namely, the relatively
high content of hydroxyproline and the
presence of cysteine, «1(III) resembles
the «l-like chain of basement mem-
brane (/7). However, the many other
compositional differences apparent in
«al (IIT) and the basement membrane
chain serve to distinguish these types of
chains.
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