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Characterization of a Novel Collagen Chain in Human Placenta and 
Its Relation to AB Collagent 

Helene Sage* and Paul Bornstein* 

ABSTRACT: A novel collagen chain, termed aC, has been 
isolated from human placenta by limited pepsin digestion. The 
collagen containing the a C  chain copurifies with placental AB 
collagen during selective salt precipitation but is virtually 
absent from fetal birth membranes, which contain relatively 
larger amounts of AB. Both native AB and aC-containing 
collagens are resistant to human skin collagenase under 
conditions that support cleavage of type I by greater than 90%. 
The a C  chain was separated from a B  by phosphocellulose 
chromatography and subsequently from a A  by chromatog- 
raphy on CM-cellulose. Its amino acid composition is distinct 
from a A  and a B  although all three chains possess compo- 

R e c e n t  studies on vertebrate collagen types have contributed 
to an understanding of these proteins as members of a family 
of closely related but structurally distinct gene products. 
Evidence for this concept has been provided by detailed 
structural analyses of collagens isolated frorll a variety of in 
vitro and in vivo systems [for reviews see Miller (1976) and 
Kefalides (1 975)]. Present knowledge supports the existence 
of three interstitial collagens (types I, 11, and 111) and at least 
two basement membrane types (IV and AB)’ although further 
studies are necessary to establish the extent to which these 
categories are distinct. Only type I collagen has been shown 
to be a heteropolymer comprised of two different chains; 
however, the subunit structure of the basement membrane 
collagens has not been resolved (Bentz et aI., 1978; Rhodes 
& Miller, 1978; Burgeson et al., 1976). 

By amino acid composition AB collagen more closely re- 
sembles type IV, purified from isolated basement membranes, 
than it does the interstitial types (Burgeson et al., 1976; Chung 
et al., 1976; Rhodes & Miller, 1978; Bentz et al., 1978). 
However, there are consistent structural differences between 
types IV and AB which argue for the latter protein as a unique 
isotype in the multigene collagen family. The ubiquitous 
distribution of AB collagen has been suggested by its presence 
in diverse locations such as fetal membranes (Burgeson et al., 
1976), skin (Chung et al., 1976), placenta and bone (Rhodes 
& Miller, 1978), synovial membranes (Brown et al., 1978), 
lung parenchyma (Madri & Furthmayr, 1979), smooth muscle 
cells in culture (Mayne et al., 1978), dedifferentiated chon- 
drocytes (Benya et al., 1977), embryonic tendons (Jimenez 
et al., 1978), and possibly neural retinal cells in culture 
(Linsenmayer & Little, 1978). Its specific localization to 
morphologically distinct basement membranes has therefore 
not been established. One interesting role for this collagen 
has been proposed by Stenn et al. (1979), who suggest that 
migrating epitheliuh synthesizes AB collagen and that such 
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sitional features in common; the carbohydrate content of the 
aC chain was intermediate between those of a A  and aB. 
Analysis by NaDodS0,-polyacrylamide gel electrophoresis 
of peptides produced by CNBr cleavage and by limited di- 
gestion with the enzyme mast cell protease indicated different 
and unique products for the aA, aB, and a C  chains. The data 
support the existence of another collagen chain which is related 
to the a A  and a B  chains but which is structurally unique. The 
proteins containing these chains may in turn comprise a 
subfamily of collagen isotypes which represents a divergence 
from and/or specialization of the type IV basement membrane 
collagens. 

activity is necessary for continual movement of these cells. 
Questions concerning the possible importance of AB collagen 

in cell surface associated phenomena, as well as its significance 
both structurally and functionally as a unique collagen type, 
have prompted us to continue studies on this collagen. In the 
course of these studies, a collagen chain was encountered which 
appeared to be different from cxA, aB, and the chains com- 
prising types I-IV collagens. This novel collagen chain be- 
haved similarly chromatographically to a chain called “aC”, 
which was copurified with AB collagen from synovial 
membranes by Brown et al. (1978), and to minimize confusion 
we have chosen to retain that nomenclature. This paper 
describes the location, isolation, chromatographic purification, 
and preliminary structural characterization of the a C  chain 
and its comparison with the a A  and aB chains to which it 
appears to be related. Additional information concerning the 
quantitation of AB collagen in several tissues and its sus- 
ceptibility to vertebrate collagenase is also presented. The data 
strongly suggest that types AB and C collagens form a distinct 
subfamily within the group of basement membrane collagens. 

Materials and Methods 
Isolation of Collagen. AB collagen was isolated from 

human amnion, chorion, and/or placenta according to the 
procedure outlined in Figure 1, which represents a composite 
of methods described by Burgeson et al. (1976) and Rhodes 
& Miller (1978) for purification of these collagens. The aC 
chain containing collagen is either absent or present in very 
low concentrations in amnion and chorion but is extractable 
from placenta and copurifies with native AB collagen. 

Washed fetal membranes were extracted in distilled water 
containing 0.2 mM PMSF2 and 0.02 M EDTA at 4 OC for 

’ As the stoichiometry of the aA and a B  chains and their possible 
relationship to each other have not yet been resolved, we refer to the native 
type as AB collagen. Similarly, native collagen molecules containing the 
aC chain (regardless of the presence of any other chain type) are referred 
to as C collagens even though such proteins may also contain aA and/or 
aB chains. 

Abbreviations used: NaDodSO,, sodium dodecyl sulfate; PMSF, 
phenylmethanesulfonyl fluoride; MalNEt, N-ethylmaleimide; DTT, di- 
thiothreitol; GlcGalHyl, glucosylgalactosylhydroxylysine; GalHyl, ga- 
lactosylhydroxylysine. 
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PEPSIN DIGEST OF FETAL MEMBRANES OR PLACENTA 
I 

11 M NACL, PH 2 , 8  

PRECIPITATE SUPERNATE 

A 
PREC FP ITATE SUPERNATE 

DISSOLVE I N  1 M NACL, 
50 MM TRIS-HCL, P H  7,s. 
2 M NACL 

LY PRECIPITATE SUPERNATE 
(TYPES I ,  111, I V )  I 3 M NACL, PH 7,s. 

(TYPES i AND i l l )  I 4.5 M NACL, P H  7.5 

DISSOLVE AT 1 MG/ML I N  0.1 M 

0.7 M NACL 
ACETIC ACID. 

SUPERNATE 
I 

@ PRECIPITATE A 
(TYPE i )  

1 1 . 2  M NACL, PH 2 , 8  

DISSOLVE AT 0.1 MG/ML 

0,7 M NACL 
IN 01 M ACETIC ACID. 

A @ PRECIPITATE SUPERNATE 
(TYPE I V )  I 1,2 M NACL, PH 2 , 8  

(NATIVE AB AND 
C COLLAGEN) 

FIGURE 1:  Procedure for the isolation of AB and C collagens. 
Numbers 1-7 identify the successive precipitates examined in Figure 
2. 

48 h, filtered through cheesecloth, homogenized in a VirTis 
homogenizer, and lyophilized. All subsequent procedures were 
also performed a t  4 "C. The dried tissue was suspended in 
0.5 M acetic acid and digested with pepsin A (Worthington) 
for 24 h (10 g of tissue-l L of 0.5 M acetic acid-1 g of pepsin) 
(Miller, 1972). Alternatively, placentas dissected free of 
amnion and chorion were washed with distilled water, dispersed 
in a meat grinder, and sequentially extracted with four changes 
each of distilled water (24 h), 1 M NaCl, 50 mM Tris-HC1, 
pH 7.5 (4 days), and 0.5 M acetic acid (3 days), as described 
by Epstein et al. (1971). Each change was accomplished by 
filtering the tissue through a colander. The extracted tissue 
was then squeezed through cheesecloth, weighed, suspended 
in 0.5 M acetic acid, and digested with pepsin for 24 h (400 
g of tissue-2 L of 0.5 M acetic acid-1 g of pepsin) (Rhodes 
& Miller, 1978). Pepsin digests were clarified by centrifu- 
gation for 1 h at 7100g prior to salt fractionation. Subsequent 
procedures are outlined in Figure 1 and are described in detail 

for the fractionation of type IV collagen from placenta (Sage 
et al., 1979). 

In order to assess purity and recovery, we monitored the 
protein a t  each precipitation step by NaDodS0,-polyacryl- 
amide gel electrophoresis, weight of lyophilized precipitates, 
and amino acid analysis. For studies involving quantitation 
of AB collagen in different tissues, this collagen was recovered 
from several other precipitates in which there were small 
amounts of AB (1 M NaC1, pH 2.8, and 3 M NaC1, pH 7.5) 
by solution in 0.1 M acetic acid and fractionation with 0.7 and 
1.2 M NaC1. Ratios of A/B/C were calculated from den- 
sitometric scans of these chains after resolution by 
NaDodS0,-polyacrylamide gel electrophoresis and from peak 
areas after resolution by ion-exchange chromatography. 

Levels of AB collagen were also measured in membranes 
from 72- and 135-day-old fetuses according to the procedures 
described above. 

Treatment of Native Collagens with Vertebrate Collage- 
nase. Purified native AB and C collagens were dissolved in 
0.1 M acetic acid a t  a concentration of 1 mg/mL and dialyzed 
against 0.15 M NaCl and 50 mM Tris-HC1, pH 7.5, con- 
taining 5 mM CaCI,, 0.2 mM PMSF, and 10 mM MalNEt 
at 4 O C .  The solution was clarified by centrifugation and 
incubated at 22 "C for 24 h with highly purified human skin 
collagenase (a gift of Dr. A. Eisen) at an enzyme to substrate 
weight ratio of 1:lOO. Another aliquot of enzyme was sub- 
sequently added, producing an enzyme to substrate weight 
ratio of 1:50, and incubation continued for an additional 24 
h. Digestion of type I human skin collagen was performed 
in parallel. The reaction was stopped by addition of an equal 
volume of NaDodS04-urea sample buffer containing 50 mM 
DTT, and the products were analyzed by NaDodS0,-poly- 
acrylamide gel electrophoresis on 10% or composite 7.5%/ 
12.5% separating gels (Laemmli, 1970). 

In addition, the reactivity of this enzyme toward denatured 
type I and a A  and a B  chains was examined as described for 
the native protein by using collagens which had been purified 
by ion-exchange chromatography in the presence of 6 M urea. 
The samples were heated a t  45 OC for 30 min prior to in- 
cubation with the enzyme. A second collagenase, isolated from 
rabbit articular synovial membranes (a gift of Dr. E. Harris), 
was also tested on native collagens by using the same conditions 
as described for human skin collagenase. 

Chromatography on Phosphocellulose. Collagen comprised 
of the aA, aB, and a C  chains was chromatographed on 
phosphocellulose (Whatman P- 1, Whatman, Inc.) essentially 
as described for the a A  and aB chains by Rhodes & Miller 
(1978). A sample (6-10 mg) was dissolved at a concentration 
of 0.5 mg/mL in 0.1 M acetic acid at 4 OC and dialyzed 
against the column buffer (30 mM dibasic sodium phosphate, 
pH 6.3) a t  room temperature. Prior to column loading, the 
sample was heated a t  42 O C  for 30 min and clarified by 
centrifugation. Gradient elution was performed as described 
by Rhodes & Miller (1978). Appropriate fractions were 
pooled, dialyzed against 0.1 M acetic acid, and lyophilized. 
Type I collagen from lathyritic rat skin was used as a standard. 

Chromatography on CM-cellulose. aA and aC collagen 
chains, which coelute on phosphocellulose, were dissolved in 
0.1 M acetic acid and dialyzed against CM-cellulose buffer 
(6 M urea and 40 mM sodium acetate, pH 4.8) (for lyophilized 
samples) or dialyzed directly from phosphocellulose buffer. 
Samples were heated at 42 O C  for 30 min and clarified by 
centrifugation before application to a column ( 1  .O X 10 cm) 
of CM-cellulose (CM-52, microgranular) maintained a t  42 
"C. Bound protein was eluted with a linear gradient from 0-80 
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mM NaCl in 200 mL at  a flow rate of 30 mL/h. Samples 
of the a B  chain were 'chromatographed under identical 
conditions. Fractions were p l e d ,  dialyzed against 0.1 M 
acetic acid, and lyophilized. Type I lathyritic rat skin collagen 
was used as a standard. 

Amino Acid Analysis. Lyophilized protein (100-500 p g )  
was dissolved in 0.5-1 mL of constant boiling HCI, flushed 
with N2, and hydrolyzed in sealed glass ampules in vacuo a t  
108 "C for 24 h. Samples were analyzed on a Beckman 121 
amino acid analyzer which had been modified for single- 
column microanalysis. Cysteine was determined as cysteic acid 
(Moore, 1963). Alkaline hydrolysis for determination of 
hydroxylysine-linked carbohydrate was performed according 
to  Odell et al. (1974). Tryptophan was not determined. 

Peptide Mapping Using CNBr Cleauage and Mast Cell 
Protease Digestion. CNBr digestion of lyophilized aA,  aB, 
a C ,  and type I collagen, followed by analysis on 
NaDodSO,-polyacrylamide gel electrophoresis, was performed 
according to Crouch & Bornstein (1978). In addition, some 
samples (IOG-200 p g )  were incubated in 250 pL of 0.2 M 
acetic acid containing 5% 0-mercaptoethanol (v/v) at 37 OC 
for 24 h to reduce methionine sulfoxide (Hudson & Spiro, 
1972). These samples were diluted 1:s with deaerated water, 
lyophilized, and subsequently digested with CNBr as described 
above. 

Native AB and C ellagens were dissolved in 0.15 M NaFl 
and 50 mM Tris-HCI, pH 7.5, and digested with mast cell 
protease (a gift of DE. R. Woodbury) under conditions identical 
with those described above for vertebrate collagenase. De- 
natured aA,  aB, and a C  chains in the same buffer were also 
incubated with the enzyme at an enzyme to substrate weight 
ratio of 1:lOO at 37 "C for 5-60 min. The reaction was 
terminated by adding an equal volume of NaDodS0,-urea 
sample buffer containing 50 mM DTT, and the cleavage 
products were resolved by NaDcdS0,-polyacrylamide gel 
electrophoresis using a 10% separating gel. 

NaDodS0,-Polyacrylamide Gel Electrophoresis. Proteins 
were analyzed by NaDodSO,-plyacrylamide gel electro- 
phoresis according to the methods of Laemmli (1970) and 
Studier (1973) as described by Crouch & Bornstein (1978). 
Protein was stained with 0.25% Coomassie Brilliant Blue R 
(Sigma) in 20% trichloroacetic acid (w/v), 45% methanol 
(v/v). and 9% acetic acid (v/v). and the gels were destained 
in 5% methanol and 7.5% acetic acid (v/v). Protein bands 
were scanned at 595 nm in their linear range by using a 
scanning densitometer (Quick Scan, Helena Laboratories). 

Results 
Isolation and Recouery of AB and C Collagens from 

Different Tissues. NaDodS0,-polyacrylamide gel electro- 
phoresis illustrating a typical purification of AB and C col- 
lagens from pepsin-treated human placenta is presented in 
Figure 2. At pH 7.5, a concentration of 2 M NaCl resulted 
in the precipitation of principally types I and 111 collagens (lane 
I ) .  However, two additional bands corresponding to apparent 
molecular weights of 140000 and 70000 were also visible; 
these proteins have recently been characterized as products 
of type IV collagen (Sage et al., 1979). Fractionation a t  I 
M NaCl resulted in additional precipitation of types I and 111 
and some coprecipitation of AB and C (lane 2). but the latter 
collagens were significantly enriched for in the. 4.5 M NaCl 
precipitate (lane 3). When the latter precipitate was frac- 
tionated at a concentration of 0.1 mg/mL at acidic pH, type 
I was removed at a NaCl concentration of 0.7 M (lane 4), 
leaving relatively pure AB and C collagens which were 
precipitated a t  1.2 M NaCl (lane 5). However, a second 
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FIGURE 2 Purification of native AB and C collagens from human 
placenta. Pepsin-treated collagen was selectively salt-precipitated at 
neutral and acidic pH as described in Figure I ,  Protein was resolved 
by NaDodS04-polyacrylamide gel electrophoresis on composite slab 
gels (6%/10%) in the presence of 50 m M  DTT and stained with 
Cwmassie Brilliant Blue. Numbered lanes refer to precipitates 
identified in Figure 1. Each lane contained 20 ,cg of protein. ( I )  
NaCl (2 M) precipitate, pH 7.5; (2) NaCl (3 M) precipitate, pH 7.5: 
(3) NaCl (4.5 M) precipitate, pH 7.5; (4) NaCl (0.7 M) precipitate, 
pH 2.8; (5) NaCl (1.2 M) precipitate, pH 2.8; (6) NaCl (0.7 M) 
precipitate, pH 2.8; (7) NaCl (1.2 M) precipitate, pH 2.8. Positions 
of migration of several collagen chains isolated from this tissue are 
indicated by arrows. 

exposure of this material, dissolved at 0.1 mg/mL, to 0.7 M 
NaCl resulted in the removal of the remaining type IV collagen 
(lane 6), allowing isolation of a preparation containing AB and 
C collagens which was pure by the criterion of NaDodS0,- 
polyacrylamide gel electrophoresis (lane 7). The aB, aA, and 
aC chains were recovered from placenta by using the pro- 
cedure described in Figure 1 in a ratio of 1:0.9:0.4. The 
relative mobilities of these chains on NaDodS0,-polyacryl- 
amide gel electrophoresis were not altered by the absence of 
reducing agent. 

Purification of AB collagen from fetal membranes also 
proceeded as described in Figure 2. We were unable to detect 
any type IV or C in amnion, but very low levels of these 
collagens were present in chorion (<O.Ol% of total collagen). 
In this regard it is interesting that we have observed, in 4.5 
M NaCl precipitates of pepsin-treated human fibroblast and 
amniotic fluid cell layers, two nonreducible bands on 
NaDodS0,-polyacrylamide gel electrophoresis with the 
characteristic mobility of the a A  and a B  chains (data not 
shown). In bovine endothelial cell layers which were analyzed 
in the same manner, a band corresponding to the olC chain 
was seen, in addition to those comigrating with aA and YB 
chains (H. Sage, E. Crouch, and P. Bornstein, unpublished 
experiments). 

Recoveries of AB collagen from different tissues are listed 
in Table I. The results indicate that the yield of total collagen 
was greater from amnion (28%) than from both chorion and 
placenta (17 and 20%. respectively). However, the percentage 
of AB collagen in total collagen was the same for both fetal 
membranes hut was significantly diminished in placenta (6.5 
vs. 2%. respectively). Each value reported in Table I was 
calculated from triplicate determinations on several prepa- 
rations of each tissue. The tissue combinations (rows 3 and 
5) were included as a measure of the reproducibility of the 
methods and to assess the contribution of each tissue to the 
mixture in terms of recovered amounts of AB collagen. 

The ratios of a B  to a A  in amnion and chorion were found 
to be 1.21 and 1.28, respectively, while this value for the 
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Table I: Recoveries of a A  and UB Chains from Amnion, 
Chorion, and Placentaa 

recovery of 
total collagens % AB in 

from dried total 
tissue tissue (%)* collagensb uB/uAc 

(1) amnion 28.3 f 2.5 6.5 t 0.5 1.21 
(2) chorion 17.1 f 2.0 6.5 f 0.6 1.28 
(3) amnion + chorion 19.0 i 1.9 6.8 f 0.5 1.28 
(4) placenta 19.5 f 4.4 2.0 i. 0.7d 1.14 
(5) amnion + chorion + "de 3.0 f O.Sd 1.15 

placenta 
a Expressed as the mean f standard deviation. Quantitation 

was based on the weight of protein recovered and an amino acid 
analysis. 
and a B  chains resolved by NaDodS0,-polyacrylamide gel electro- 
phoresis and stained with Coamassie Brilliant Blue. * Includes C 
collaeen. e Not detected 

The ratios were based on densitometric scans of a A  
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FIGURE 4 Phosphocellulose chromatography of AB and C collagens. 
The column was equilibrated in 30 mM dibasic sodium phosphate. 
pH 6.3, and maintained at 42 OC. Protein was eluted with a 0-200 
mM NaCl linear gradient over 400 mL at a flow rate of 100 mL/h. 
Conductivities were read at room temperature. Recovery from this 
column was 60%. Positions of migration of rat al(1) and chains 
are indicated. Peak fractions were pooled as indicated (1-111). 

I 2 I n u x  

__ 
I TC' - 

FIGURE 3: Comparative susceptibility of native type I and AB and 
C collagens to human skin collagenase. Samples were incubated in 
buffer or with enzyme for 48 h and were analyzed by NaDodS0,- 
polyacrylamide gel electrophoresis.on a composite (7.5%/ 12.5%) slab 
gel in the presence of SO mM DTT. Protein was stained with 
Cmmassie Brilliant Blue. Each lane wntained 20 pg of protein. Type 
I collagen chains and their cleavage products are indicated. 

placental material was 1.14 (Table I). When AB collagen was 
analyzed from 72- and 135-day-old fetal membranes, the aB 
to a A  ratio in amnion was the same as that which had been 
calculated for the term amnion, but the chorionic aB to a A  
ratio was significantly increased (1.5-1.6) over the value seen 
in the term tissue (data not shown). Recoveries of total 
collagen were similar to those reported from term tissue in 
Table I, but the percent of AB in this collagen was 1-2%. 

Digestion with Vertebrate Collagenase. The susceptibility 
of native AB and C collagens to vertebrate collagenase is 
shown in Figure 3. Under conditions that support 90% 
cleavage of type I human skin collagen, the AB and C col- 
lagens were found to be resistant to human skin collagenase. 
Identical results were obtained with AB collagen when rabbit 
synovial collagenase was used and when denatured chains were 
substituted for native collagen (data not shown). A similar 
lack of susceptibility of type IV collagen to vertebrate col- 
lagenase has also been reported (Sage et al., 1979; Woolley 
et al., 1978; Crouch & Bornstein, 1979). 

~ G U R E  5:  NaDodS04-polyacrylamide gel electrophoresis of collagens 
resolved by phosphocellulose chromatography. Samples 1-111 as 
indicated in Figure 4 were analyzed on a fomposite (6%/10%) slab 
gel in the presence of 50 mM DTT, and protein was visualized by 
staining with Coomassie Brilliant Blue. ( I )  Human type I collagen: 
(2) AB and C collagen sample applied to the Qhosphccellulose column: 
(1-111) wlumn fractions pooled as indicated in Figure 4. 

Characterization of the a C  Chain and Comparison to aA 
and aB Chains. ( a )  Phosphocellulose Chromatography. 
Figure 4 shows an elution profile which includes three peaks. 
When analyzed by NaDodSOhpolyacrylamide gel electro- 
phoresis, peak I contained some residual type t V  collagen, as 
evidenced by two bands which migrated with apparent mo- 
lecular weights of I40000 and 70000 (Sage et al., 1979) 
(Figure 5). Peak I1 contained two bands corresponding to 
the aA and a C  chains, while peak 111 contained the a B  chain 
which appeared homogeneous by NaDodS04-polyacrylamide 
gel electrophoresis (Figure 5) .  Complete separation of the aB 
chain by phosphocellulose chromatography was previously 
described by Rhodes & Miller (1978). In spite of the disparity 
in size between peak I1 and peak 111 in Figure 4, quantitation 
of the chains obtained in this system by weight recovery and 
amino acid analysis has indicated that the ratio of a B  to a A  
is 1:0.9, the same value obtained for the native material before 
phosphocellulose chromatography. 

(b)  CM-cellulose Chromatography, Chromatography of 
the protein in peak I1 from the phosphocellulose column on 
CM-cellulose resulted in the appearance of two peaks (Figure 
6A), which were identified by NaDodS04-polyacrylamide gel 
electrophoresis as the a A  chain and aC chain, respectively 
(Figure 7). The aB chain was eluted as a single peak from 
CM-cellulose at only a slightly higher ionic strength than that 
observed for &-chain elution (Figure 68).  
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?TOUR@ 6 CM-cellulase chromatography of aA, aB, and aC collagen 
chains previously fractionated by phosphocellulose chromatography. 
The column was equilibrated in 40 mM salium acetate and 6 M urea, 
pH 4.8, and maintained at 42 OC. Protein was eluted with a linear 
gradient of 0-80 mM NaCl in 200 mL at a flow rate of 30 mL/h. 
Conductivities were read at room temperature. Recoveries were 
75585%. (A) olA plus aC collagen chains ( p l e d  fraction I1 from 
the phosphocellulose column; see Figures 4 and 5). (B) aB collagen 
chain (poled fraction I11 from the phosphocellulose column; see 
Figures 4 and 5). Positions of elution of type I collagen chains isolated 
from lathyritic rat skin are indicated. 

I 2 3 4 ,  

aI1I)- 
a2- 

FIGURE 7: NaDodSO,-pIacrylamide gel electrophoresis of aA and 
a€ collagen chains after resolution by CM-cellulare chromatography. 
Protein from each peak obtained after CMscllulose chromatography 
was analyzed on a composite (6%/10%) slab gel in the presence of 
50 mM DTT and stained with Coomassie Brilliant Blue. ( I )  Human 
type I wllagen; ( 2 )  sample prior to CM-cellulose chromatography 
(see Figure 5, lane 11); (3)  aA (see Figure 6A); (4) UC (see Figure 
6A). 

(c)  Amino Acid Analysis. Amino acid compositions of the 
EA, aB, and a C  chains which had been isolated from placenta 
and purified by phosphwellulose and CM-cellulose chro- 
matography are shown in Table 11. The analyses for the a A  
and a B  chains agree very closely with those reported by 
Rhodes & Miller (1978) for the same proteins from placenta. 
However, we were able to detect approximately 1 residue of 
Cys per 1000 residues in the a B  chain by performic acid 
oxidation (Table 11). Our compositions generally support the 
compositional features reported by Brown et al. (1978) for a A  
and a B  chains isolated from synovial membranes, although 
we have not observed the difference in glycine level between 
a A  and a B  nor the lower arginine content reported by these 
investigators. The amino acid compositions of the placental 

Table 11: Amino Acid Compositions of aA, aB, and aC 
Collagen Chain? 

residues1 1000 

CXA aB aC 

Hyl 23 46 43 
LYS 13 15 15 
His 9.9 6.3 14 
Arg 52 42 42 

4-Hyp I07 99 91 
3-Hyp 1 . 1  0.9 0.9 

Pro 
GIY 
Ala 
Val 
Ile 
Leu 
Cysb 
Metd 

105 125 99 

5 6  39 44 
ndc 1.2 1.3 
in  6.8 8.1 

T y r  2.1 2.5 2.4 
Phe 1 1  12 9.2 
GlcCalHyl 9.5 18 17  
C.IU"l A 7  17 6 5  _"...,. ...  . _  " . ., - 

Each analysis rcpre*ent- the mean of thrce to five dcicrmin3- 
tions an several different preparations. in which the cdcfficiznt of 
variation far each amino acid was from 0.2 to 2.4%. Analyses 
were not corrected for incomplete hydrolysis or for hydrolytic 
losses. Determined as cysteic acid. e Not detected. Deter- 
mined as methionine ~ l u s  methionine sulfoxide and sulfone 

a A  and a B  chains are also very similar to those of the same 
chains isolated from fetal membranes by Burgeson et al. (1976) 
and Bentz et al. (1978). Comparison of analyses from pla- 
cental and fetal membrane orA and a B  chains prepared in our 
laboratory indicated only minor compositional differences, 
principally in the levels of prolyl and lysyl hydroxylation. 

The amino acid composition of the aC chain is similar to 
those of the a A  and aB chains, although it exhibits from 
10-15% fewer Pro plus Hyp residues and a higher Leu content 
(Table 11). A small amount of Cys is also present. All the 
compositions reported in Table 11 are distinct from that of the 
al (IV) chain isolated from lens capsule basement membrane 
(Dehm & Kefalides, 1978). The hydroxylysine-linked car- 
bohydrate content of aC is intermediate between that of a A  
and that of aB and reflects the generally elevated levels 
previously observed for the type IV collagens (Kefalides, 1975). 
The differences in carbohydrate composition may in part 
influence the mobilities seen for the aA,  aB, and a C  chains 
on NaDodSO,-polyacrylamide gel electrophoresis (Figure 2). 
(d) Digestion with CNBr. The results of an incubation of 

the aA, aB, and a C  chains with CNBr, followed by analysis 
of the cleavage products by NaDodS0,-polyacrylamide gel 
electrophoresis, are shown in Figure 8. The patterns obtained 
from a A  and a B  chains are quite similar to those reported for 
the same proteins isolated from fetal membranes by Burgeson 
et al. (1976). The peptide pattern obtained from the a C  chain, 
however, was quite distinct. Although some lower molecular 
weight bands were visible, the major cleavage product migrated 
more slowly than the peptide a2-CB3-5 from the rat skin a2  
chains. Numerous digestions under a variety of conditions, 
including 24-h incubation, prior denaturation of the a C  chain 
by heating at 60 OC for 20 min, and digestion both with and 
without previous treatment to reduce methionine sulfoxides, 
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FIGURE 9: NaDodS0,-polyacrylamide gel electrophoresis of mast 
cell protease digests of type I and of =A, aB, and aC collagen chains. 
Collagen was digested with mast cell protease for I5 min at 37 “C 
as described under Materials and Methods. The cleavage products 
were resolved by NaDodS04-plyacrylamide gel electrophoresis on 
a 10% separating gel in the presence of 50 mM DTT and stained with 
Coomassie Brilliant Blue. Protein (20 rg) was applied to each lane. 
a(1) and a2 chains in a type I collagen incubated control are indicated. 

The AB collagen described in this study was isolated from 
both fetal membranes and placenta and is, by several criteria, 
the same protein which has been characterized by other 
laboratories (Burgeson et al., 1976; Rhodes & Miller, 1978; 
Bentz et al., 1978). This collagen comprises only 6.5% of the 
total collagen that can be recovered after pepsin treatment of 
both amnion and chorion and only 2% of the total collagen 
from pepsin digests of placenta (Table I). Reduction, al- 
kylation, and repepsinization of material that was not solu- 
bilized by the initial pepsin digestion (Dehm & Kefalides, 
19781, in addition to Hyp/Pro determinations on this residue, 
indicated that 85 i 5% of the total tissue collagen in fetal 
membranes and 75 i 5% in placenta, containing essentially 
all of the AB components, had been released by the first pepsin 
treatment. Very similar recoveries of AB collagen have been 
reported by Rhodes & Miller (1978), using combined fetal 
membranes and placenta, and by Jimenez et al. (1978). using 
chick embryo tendons. 

I t  is of greater interest, however, that the data in Table I 
support the contention that the a A  and a B  chains need not 
exist in a ratio of 1:2. These data are based on several criteria, 
including scanning densitometry of protein resolved by 
NaDodS0,-polyacrylamide gel electrophoresis, weight re- 
coveries of purified chains, and phosphocellulose chroma- 
tography. Rhodes & Miller (1978) have also reported variable 
ratios for the chains isolated from different tissues and argue 
that differences in stoichiometry, as well as data obtained from 
thermal denaturation studies, are most consistent with the 
presence of a A  and a B  chains in separate molecules. Ratios 
differing from 1:2 for mA and a B  have also been reported by 
others (Jimenez et al., 1978; Brown et al., 1978). In contrast, 
Burgeson et al. (1976) and Bentz et al. (1978). working with 
fetal membrane collagen, have reported an invariant 2 1  ratio 
for a B / a A  chains and have suggested the existence of the 
heteropolymer B2A; , It is possible that tissue-specific dif- 
ferences and variability in the conditions of pepsin digestion 
are at least partially responsible for the present disagreement 
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FIGURE 8: NaWSO,-plyacrylamide gel electrophoresis of cyanogen 
bromide digests of aA, aB, and aC collagen chains. Collagen was 
digested with CNBr as described under Materials and Methods, and 
the cleavage products were resolved by NaDodS04-plyacrylamide 
gel electrophoresis on a 12.5% separating gel in the presence of 50 
mM DTT. Protein was stained with Coomassie Brilliant Blue. The 
major cyanogen bromide peptides from el(]) and a2 collagen chains 
are identified. The principal band in the aC lane migrates more rapidly 
than the aC chain. 

all produced the same cleavage pattern. Amino acid analysis 
of the CNBr digest of the a C  chain amunted  for 82% of the 
methionine content as homoserine; the recovery of methio- 
nine-derived compounds was 93%. Thus, extensive cleavage 
at methionyl residues had occurred. 

(e) Digestion with Mast Cell Proteose. Mast cell protease 
isolated from rat skeletal muscle was found to be unreactive 
toward native AB and C collagens (Sage et al., 1979). 
However, digestion of the denatured chains at 37 “C produced 
very reproducible and limited cleavages, resulting in char- 
acteristic peptide “maps” which are distinct for each chain 
(Figure 9). The major cleavage products derived from each 
chain clearly differ from each other on the basis of molecular 
size. Time course digestions showed that these profiles re- 
mained essentially unchanged for up to 2 h, indicating that 
the differences observed among the chains as illustrated in 
Figure 9 were not due merely to unique reaction rates exhibited 
by the enzyme toward the substrate (data not shah). 

Discussion 

Preliminary structural studies have been presented which 
partially characterize the aC chain. This collagen or collagen 
chain has been compared to AB collagen during the course 
of this work as it was felt, on the basis of solubility and amino 
acid composition, that the a C  chain more closely resembled 
a A  and a B  than it did any other known chain types. It is 
possible that olC chains exist in association with a A  and/or 
a B  chains in the same molecule, since AB and C collagens 
were copurified by salt fractionation from placenta. However, 
the absence of aC from fetal membranes indicates that it is 
not invariably associated with a A  and/or a B  chains. An 
analogy to the arrangement observed with type I collagen and 
type I trimer [al(I)3] may exist; modulation of molecular 
composition could be a function of development or tissue 
specificity (Crouch & Bornstein, 1978). 
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in the literature. Also, molecular species such as ~ B ( ( Y A ) ~  and 
(aB), may exist, in addition to (c~B)~cuA, and the proportion 
of these species could differ from tissue to tissue and with age, 
etc. Finally, if a C  can substitute for a B  or a A  within a 
molecule, even greater variability may exist, compounding the 
difficulties in establishing a consistent stoichiometry. 

a C  is present as a minor component in preparations of native 
AB collagen (aA/aC is approximately 2:l). Since it displays 
identical solubility properties with those of AB, it has not been 
possible to purify it in native form. Phosphocellulose chro- 
matography does not resolve a A  from aC,  but complete 
resolution of these chains from the a B  chain can be achieved 
(Figures 4 and 5 ) ,  as described by Rhodes & Miller (1978). 
Since these authors did not separate a A  and aC,  however, the 
proportion of a A  determined in their studies may be somewhat 
overestimated. 

Our preliminary observations suggest that a C  is associated 
with basement membranes, particularly those of vascular 
origin, as it has been detected in endothelial cell layers, and 
its occurrence in amnion, chorion, and placenta appears to be 
related inversely to the degree of vascularity of these tissues. 
A localization of AB collagen to pulmonary basement 
membranes was recently demonstrated by immunofluorescence 
(Madri & Furthmayr, 1979). However, the results of Brown 
et al. (1978) are not in accord with these findings. These 
authors claim that a C  (in addition to a A  and aB) is present 
in tissues which do not have basement membranes and that 
equal amounts of this chain can be recovered from both skin 
and placenta and from inflamed and normal synovial mem- 
branes, observations which infer an origin of a C  independent 
from vascular tissue. Further experiments, including char- 
acterization of collagens synthesized by endothelial cells, are 
in progress in an attempt to resolve this apparent discrepancy. 

Incubations of the aC chain with CNBr under a variety of 
experimental conditions invariably produced the same cleavage 
pattern on NaDodS04-polyacrylamide gel electrophoresis 
(Figure 8). Although all of the starting material was cleaved, 
only one major high molecular weight band was seen, in 
addition to some material which migrated at the dye front. 
Amino acid analysis of CNBr digests of a C  has indicated that 
approximately 80% of the methionine in this chain is recovered 
as homoserine. The CNBr digestion pattern as analyzed in 
Figure 8 does not account for all the methionines reported in 
the a C  chain (Table 11). It is possible that these amino acids 
are clustered in the sequence and that cleavage with CNBr 
yields one very large peptide and a number of smaller ones 
which are not visible in Figure 8. In this regard we have 
noticed, particularly with respect to the TCB peptides and the 
N- and C-terminal extensions of type I procollagen, that these 
smaller peptides tend to be eluted from the gels during de- 
staining, making their visualization and quantitation very 
difficult. There is precedence for a very large collagen-derived 
CB peptide, in that the a 2  chain from calf skin collagen is 
lacking a methionine between a2-CB3 and a2-CB5 and 
produces upon CNBr digestion a single peptide, a2-CB3,5, 
containing 653 amino acids (Fietzek & Kiihn, 1974). 

The use of mast cell protease provided an additional criterion 
for establishing structural differences among the CIA, aB, and 
a C  chains. The enzyme which was isolated from rat skeletal 
muscle (Woodbury et al., 1978) has a chymotrypsin-like 
activity and produces specific and limited cleavages in de- 
natured collagen chains. The cleavage maps generated for 
types I, AB, and IV collagens have demonstrated that the 
method is useful for detecting structural differences among 
these collagens (Sage et al., 1979). The cleavage patterns 
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observed for aA, aB, and a C  are different from one another 
and from that of type I (Figure 9). Each chain gives rise to 
a limited number of peptides which appear largely distinct 
when resolved by NaDodS04-polyacrylamide gel electro- 
phoresis. 

It is intriguing to speculate on the origins of this subfamily 
of collagens which contains the aA,  aB, and a C  chains. The 
exact relationship of these chains to one another will only 
emerge from studies on precursor molecules which have not 
been truncated by pepsin treatment. Additional confusion 
could result from such isolation procedures if AB and/or C 
collagens contain pepsin-sensitive sites within the triple helix, 
as has been shown for several type IV collagens (Sage et al., 
1979; Schwartz & Veis, 1978; Timpl et al., 1978). 

The data presented in this study are consistent with the 
existence of a novel collagen chain, aC, which appears 
structurally distinct from types I-IV and AB collagen chains. 
The overall similarity in the amino acid compositions among 
aA,  aB, and a C  indicate that these chains are closely related 
and belong to a distinct subfamily of proteins which are in turn 
related to the type IV collagens found in basement membranes. 
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Interaction of a Paramagnetic Analogue of Oxaloacetate with 
Citrate Synthase? 

Stuart W. Weidman* and George R. Drysdale 

ABSTRACT: Electron paramagnetic resonance studies have 
indicated that nitrosodisulfonate binds to pig heart citrate 
synthase. Titration of the enzyme with nitrosodisulfonate 
revealed several binding sites for the probe per subunit with 
one site ( K ,  = 0.1 mM) having a greater affinity than the 
others. The substrate, oxaloacetate, competed very effectively 
for one of the nitrosodisulfonate binding sites (KD < mM) 
at the same time eliminating the weaker probe binding sites. 
Citrate and (R)-  and (S)-malates also displaced the probe. 
Failure to resolve low- and high-field shoulders in the high 
gain-high modulation electron paramagnetic resonance spectra 
of the enzyme-nitrosodisulfonate system indicated that the 
bound probe was “weakly immobilized”. However, the 
electron paramagnetic resonance spectrum of the bound probe 

Spin-labeled coenzymes or substrates of enzymes have been 
utilized as active-site probes by several groups [for a recent 
review, see Morrisett (1976)]. We have previously examined 
the interaction of a spin-labeled analogue of acetyl-coA 
(R-CoA,’ I) with the enzyme citrate synthase (Weidman et 
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changed to one typical of a “strongly immobilized” nitroxide 
upon the addition of a saturating concentration of the substrate 
acetyl coenzyme A (acetyl-coA) to the enzyme-nitrosodi- 
sulfonate system, indicating the formation of a ternary ace- 
tyl-CoA-enzyme-probe complex. Titration of the acetyl-coA 
saturated enzyme with the probe indicated one binding site 
per subunit (KD = 0.38 mM). Thus, nitrosodisulfonate may 
be considered as a paramagnetic analogue of oxaloacetate in 
its interaction with citrate synthase. These results are 
compared with our previous studies with this enzyme, em- 
ploying a spin-labeled acyl coenzyme A (acyl-CoA) derivative 
[Weidman, S. W., Drysdale, G .  R., & Mildvan, A. S .  (1973) 
Biochemistry 12, 1874-18831. 

al., 1973). These studies with R C o A  indicated that citrate 
synthase bound many di- and trinegatively charged organic 
ions which could be considered diamagnetic analogues of the 
substrates oxaloacetate (molecule 11) or citrate. These ob- 
servations aroused our interest in obtaining a paramagnetic 
analogue of oxaloacetate. Organic nitroxide analogues were 
not favored because of their large, steric bulk. Consideration 
of size, structure, and charge led to the choice of nitrosodi- 
sulfonate dianion (NDS, molecule 111) as a possible analogue 
of oxaloacetate. Previous use of this substance in the field of 
biochemistry appears to have been limited to a reagent for 
modification of tyrosine and tryptophan residues in proteins 
(Cloughley et al., 1974). To our knowledge this paper is the 
first report of the application of NDS as an active-site enzyme 
probe. 

Experimental Procedure 
Materials. Acyl-CoA esters were obtained from P-L 

Biochemicals. Using citrate synthase and oxaloacetate to 
convert acetyl-coA or propionyl-CoA to citrate and methyl 
citrate, respectively, and analyzing the trimethyl esters by 
techniques previously described (Weidman & Drysdale, 1979), 

’ Abbreviations used: R-CoA, 3-carboxy-2,2,5,5-tetramethyl-l- 
pyrrolidinyloxy-CoA thioester; NDS, nitrosodisulfonate dianion. 
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