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Collagen and its denatured derivative gel-
atin have been considered classic examples
of proteins weak or lacking in antigenicity
(1, 2). In the last decade, several laborato-
ries have demonstrated the development of
complement-fixing antibodies against vari-
ous extractable portions of the collagen
fibril. Watson and Rothbard (3-9) showed
that antibodies to acid-soluble collagens
possess considerable species specificity, a
finding confirmed in more recent studies
(10, 11). Schmitt et al. found that antigenic
determinants of tropocollagen solutions
could be removed by proteases which re-
move peptides essential for several aggrega-
tion phenomena unique to the collagen sys-
tem but which do not affect the helical por-
tion of the molecule (12). These reports
suggest that collagen is sufficiently antigenic
to permit the development of immunologic
techniques to study normal and perhaps ab-
normal collagens in quantities less than
those necessary for precise structural
studies. This report describes the prepara-
tion of precipitating and complement-fixing
antibodies to acid-soluble calfskin collagen;
these antibodies precipitate collagen and its
derivative gelatin quantitatively from solu-
tion. The antibodies show species specificity
and also subunit specificity for a portion of
the collagen molecule different from the ma-
jor subunits of collagen. The subunit to
which the antibodies react has been impli-
cated in the cross-linking process by previous
investigators (13, 14).

Materials and Methods. Collagen prepa-
rations. Acid-soluble collagens were prepared
from bovine and human skin. Term or near-

* This work was carried out during the tenure of a
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Development Award (1-KO3-AM 28369-01) and was
supported by grants from the U.S. Public Health
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term fetal calf skin was obtained immediately
following the commercial slaughter of preg-
nant cows. The skin was removed, packed in
ice, and transported to the laboratory. All
further preparation and storage were carried
out at 1-4°C. The skins were cleaned by dis-
section; minced dermis was ground with dry
ice in a hand meat grinder. Citrate-soluble col-
lagen was prepared by the procedure of Gal-
lop, and purified by repeated (3X) precipi-
tation by dialysis against 0.02 M Na,HPO,
(pH 9.0) and redissolving in 0.1 M sodium
citrate buffer, pH 4.3 (15, 16). The precipi-
tated collagen was washed free of salt, lyo-
philized and stored iz vacuo over P;0O; at
4°C. The skin of stillborn infants was re-
moved, cleaned, extracted, and stored in an
identical manner.

Analytical  techniques. Hydroxyproline
was measured by a previously described
procedure (17). Disc electrophoresis was by
the method of Nagai et al. (18). Optical
rotation was measured with a Landolt-
Lippich half shadow polarimeter with a
filtered sodium arc light source. Collagen
subunits were prepared by carboxymethyl
cellulose chromatography (19, 20). Highly
purified Clostridial collagenase (obtained
from Worthington Biochemical Corp., Free-
hold, N. J.) was determined to be free of
nonspecific protease activity using the
caseinolytic procedure of Kunitz (21, 22).

Collagen antisera. Rabbits were immu-
nized with acid-soluble calfskin collagen in
complete Freund’s adjuvant as outlined in
Table I (see legend to Table I for details of
immunization).

Immunological techniques. Double agar
diffusion was carried out in Ouchterlony gels
(0.7% agar Noble (Difco) in pH 7.6
Veronal buffer containing 0.33 M glycine).
Immunoelectrophoresis was by the microme-
thod of Scheidegger (23). Complement
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TABLE I. Immunization Schedule and Antibody Formation.®

Antibodies

Frequency of Period of Antigen Complement-fixing

Route of injection injection injection dose (mg)  Precipitating (1:100 dilutions of sera)
"T'oe pad weekly 1 month 0.5 trace —
Subcutaneous, back weekly I month 1.3 14+ weak (659, with 300 ug of Ag)
T'oe pad weekly I month 0.5 4 strong (809, with 10 gg of Ag)
Intravenous 3% /week 2 weeks 5.0 44 strong (957 with b ug of Ag)

e Immunization schedule and antibody formation in four male albino rabbits (2.5-3.0 kg). One-tenth
ml of a 0.05¢] solution of purified acid-soluble calfskin collagen in complete Freund’s adjuvant was in-
jected into a toe pad of cach paw weekly (X4) both before and after dorsal subcutaneous injection of
0.5 ml of the same collagen adjuvant solutions. After 10 days 1.0 ml of 0.1%, collagen in saline was in-
jected into the ear vein threc times a week for 2 weeks. The final bleeding was 7 days after the last
intravenous injection. Precipitating antibody levels were similar in all 4 rabbits: the quantitative com-
plement-fixing data given in parentheses was obtained with M-13 antiserum. The last two bleedings
were comparable in all respects and used interchangeably in the studies presented. Sera were stored
at —20°C with 1/10.000 merthiolate as preservative.

fixation was measured with guinea pig com-
plement and sheep erythrocytes using the
micromethod of Wasserman and Levine
(24).

Results. The acid-soluble calfskin col-
lagen was characterized by disc gel electro-
phoresis, optical rotation, and hydroxypro-
line content. The disc gel electrophoresis
pattern of acid-soluble calfskin collagen is
shown in Fig. 1. The preparation contained
predominantly « and B subunits with only
a trace of y or higher aggregates. No fas-
ter migrating breakdown products were
seen; also, there were no detectable bands
when this collagen was subjected to disc gel
electrophoresis at pH 9, the system com-
monly used to detect serum or other acidic
proteins. The optical rotation (asse>') of
the collagen preparation was —341° : this
value fell to —180° after denaturation at
56°C for 3 hours. These data are similar to
those of earlier investigations (25, 26). The
hydroxyproline content of the collagen
preparations was 10% of the dry weight,
and remained constant after threefold recon-
stitution by salt precipitation.

Precipitating and complement-fixing anti-
bodies were produced after repeated immu-
nization of 4 rabbits with native calfskin
collagen (see Table I). Three antisera gave
weak reactions against either bovine serum
albumin or bovine gamma globulin when

reacted against bovine serum in immunoe-
lectrophoresis. These reactions could be re-
moved completely by absorption of the an-
tisera with 5-10 ul of bovine serum per
ml of antiserum. A single antiserum, desig-
nated M-13 in this study, gave a single line
in immunoelectrophoresis with bovine serum
and in double diffusion experiments this
line showed a reaction of convergence or
identity with the single line obtained with
native calfskin collagen. Only antiserum M-
13 was used for the remainder of the study.
The specificity of antiserum M-13 for
calfskin collagen was confirmed by three
types of evidence: (a) Antiserum M-13 re-
peatedly gave a single precipitin line in diff-
usion and in immunoelectrophoresis when
reacted with native calfskin collagen. A di-
rect photograph of the unstained immunoe-
lectrophoresis slide is shown in Fig. 2. These
lines were completely abolished by diges-
tion with highly purified bacterial col-
lagenase which was free of nonspecific pro-
tease activity. Furthermore, bovine serum
albumin and bovine IgG globulin prepara-
tions had no precipitin or complement-fixing
activity with antiserum M-13. (b) An-
tiserum M-13 precipitated 95% of collagen
hydroxyproline from solution. To study
this, native collagen was converted to ‘“par-
ent gelatin” by heating at 56°C for 30 min
to prevent the spontaneous precipitation of
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F1c. 1. Disc gel electrpohoresis at pH 4.2 of 200 ug
of purified acid-soluble calfskin collagen stained
with aniline blue black. The lower, darker band
contains both «; and a3 subunits which are partially
resolved. The upper, lighter band contains 81 and Bis
subunits. A trace of  or higher aggregates is at the
top of the gel. The spacer gel was removed in
washing. The band at the bottom of the gel is
tracking dye. ( see Ref. 18).

collagen at 4°C. The results are shown in
Table II: the experimental details are given
in the legend to Table II. Large volumes of
antisera were required to precipitate col-
lagen quantitatively from solution; these
volumes precluded study of the antibody
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TABLE II. Quantitative Precipitation of Acid-
Soluble Calfskin Collagen by M-13 Antiserum.®

Antigen in precipitates

Antigen  Antiserum
(ug ofhypro)  (ml) (ugofhypro) %
32 0.15 1.9 6
32 0.3 29 9
32 12 5.3 17
10.7 0.2 22 21
10.7 08 5.7 54
10.7 3.2 10.1 9%
32 - 0 -
- 15 0 -
32 1.2° 0 -

¢ Quantitative precipitation of acid-soluble calf-
skin collagen by M-13 antiserum. Lyophilized acid-
soluble calfskin collagen was dissolved in pH 7.6
Veronal buffer by heating at 56°C for 15 min. The
concentration of collagen was determined by hy-
droxyproline measurement (X 7.46). Varying ratios
of collagen and antiserum were mixed, heated to
37°C for 30 min and allowed to stand at 4°C for
10 days with the appropriate controls (including
nonimmune rabbit serum). The mixtures were cen-
trifuged, washed (X3) with several volumes of cold
saline, hydrolyzed in acid, and hydroxyproline was
determined by a procedure specific for hydroxy-
proline in the presence of several thousand parts
of other amino acids (17).

®* Nonimmune rabbit serum.
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F16. 2. Microimmunolectrophoresis of bovine se-
rum (upper well) and acid-soluble calfskin collagen
(lower well) reacted against M-13 antiserum.
The single line with both serum and collagen was
absent after treatment with protease-free bacterial
collagenase.
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Fig. 3. Complement-fixation of calfskin collagen
and human skin collagen in the presence of M-13
antiserum (1:100 dilution). The antigen concentra-
tion was determined by hydroxyproline measurement
(X 7.46).

excess portion of the curve. (c) The reac-
tion of antiserum M-13 with calfskin col-
lagen was found to be species specific. Col-
lagen was purified from young bovine and
young human skin by identical procedures.
No precipitin reaction was noted when the
antibody to calf collagen was reacted with
human collagen in double diffusion agar ex-
periments. Also, quantities of human skin
collagen in 10-fold excess of the amount of
calf collagen required to fix complement
completely fixed no detectable complement,
as shown in Fig. 3.

In an attempt to see if the antibodies to
collagen would be useful in studying the
cross-linking regions of the collagen mole-
cule, calf -collagen was fractionated into
subunits by carboxymethyl cellulose chro-
matography (19). A representative pattern,
monitored by the optical density at 230
my, is shown in Fig. 4. Three major peaks
were consistently obtained. Disc gel electro-
phoresis of the leading and trailing portions
of Peaks 2 and 3 demonstrated «, 8, 8, and
B plus o subunits, respectively. The pre-
cipitating activity of the collagen prepara-
tions was found only in Peak 1. Figure 5
shows the reaction of convergence obtained
when antiserum M-13 was reacted with un-
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fractionated calf collagen and concentrated
Peak 1 material. Also, the complement-
fixing activity was substantially enriched in
the Peak 1 eluates. As shown in Fig. 6, the
complement-fixing activity of a concentrate
of Peak 1 was 5-10-fold stronger than un-
fractionated acid-soluble calfskin collagen.

The nature of the Peak 1 material is
unknown. It has virtually no hydroxypro-
line, does not react with the Folin-
Ciocalteau protein reagent or absorb light in
the region of 280 mpu (suggesting little or
no tyrosine or tryptophan), has very little
ninhydrin reactivity prior to hydrolysis but
substantial amounts of ninhydrin reactive
material after hydrolysis and the immunolog-
ically active material or materials are not
dialyzable and are retained inside collodion
tubes in ultrafiltration concentration. The
immunological activity is lost at 4°C in
acetate buffer (pH 4.8), is lost on lyophili-
zation in this buffer, but is retained for
several weeks if the pH is adjusted to 7.6

0.5 Peak 2
0.4 - Peok 3

N

M 0.3 Peok ! .\\

[ 4

by 0.2 \.\'
O,I-'j

L] L] T L] L}

60 120 180 240 300

FRACTION NUMBER

Fic. 4. Carboxymethyl cellulose chromatography
of denatured calfskin collagen. A 3.5 X 40-cm jack-
eted column of Whatman CM 32 microgranular
carboxymethyl cellulose was used to fractionate 250
mg of acid-soluble calfskin collagen which was dis-
solved overnight in 50 ml starting acetate buffer at
4°C and heated at 40°C for 30 min. A continuous
ionic gradient was used to elute with 2 conical
chambers and a limiting buffer of 0.1 N NaCl (19).
Total gradient volume was 3000 ml. Ten-ml frac-
tions were collected and read separately in a Zeiss
spectrophotometer. The Peak 1 fractions were
pooled, the pH was adjusted to 7.6, and the sample
was concentrated to 4 ml at 4°C under vacuum in
collodion bags. The 15 fractions on either side of
peak fractions of Peak 2 and Peak 3 were desalted
on G-25 Sephadex with a pyridine_acetate buffer and
lyophilized. Weighed samples were analyzed by
disc gel electrophoresis.
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Fic. 5. Ouchterlony gel diffusion comparing the
precipitin reactions of denatured calfskin collagen
and concentrated Peak 1 material. Ab = undiluted
M-13 antiserum, 0.2 ml; Peak 1 = concentrated Peak
1 material (see legend, Fig. 4), 0.2 ml, containing
16 ug of leucine equivalents on quantitative nin-
hydrin analysis. Coll = acid-soluble calfskin collagen
in Veronal buffer heated at 56°C for 15 min, 0.2 ml,
containing 440 ug of denatured collagen (hypro X
7.46). A reaction of convergence was consistently
observed; the Peak 1 precipitin line was sharper
than the denatured collagen line.

with sodium hydroxide prior to concentra-
tion by ultrafiltration and storage is at
—20°C. Further studies attempting to
elucidate the chemical nature of the immu-
nologically reactive Peak 1 material are in
progress.

Initially it seemed possible that the Peak
1 material consistently obtained by many
laboratories from the fractionation of
calfskin, rat skin, or rat tail tendon collagen
was not related to collagen but was simply
a more antigenic impurity persisting after
extraction and multiple purification steps.
To test this possibility, a carboxymethyl cel-
lulose fractionation was carried out on acid-
soluble calfskin collagen not subjected to
denaturation at 40°C in an unjacketed
column at room temperature (23°C).
There was a broad peak absorbing at 230
mg but no immunologically reactive mate-
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rial was present when tested in double diffu-
sion agar after concentration of eluates.
This suggests that although the Peak 1 ma-
terial is not a well recognized and already
characterized subunit of collagen, it is an
integral part of collagen which is separated
from the other subunits by denaturation.
These data are confirmatory in all respects
with the data of Kessler et al. (13, 14) who
suggest that this material is related to the
nonhelical cross-linking regions of collagen
which have been termed telopeptides by
Schmitt et al. (12). The amino acid data of
Kessler show sufficient glutamic acid res-
idues to account for the acidic nature of the
material (14).

Discussion. Moderately potent antisera to
acid-soluble calfskin collagen have thus
been raised in rabbits by extended immuni-
zation with native, particulate antigen mixed
with complete Freund’s adjuvant. These
are the first antibodies to native collagen
with precipitating ability; this ability will
permit more quantitative techniques to
study the interaction of collagen and its
antibodies. The realization that collagen is
antigenic is a relatively recent one. The ab-
sence of tryptophan and the presence of
tyrosine in only trace quantities were the
basis for the early presumption that collagen

was nonantigenic. Initial attempts to
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Fic. 6. Complement fixation of calfskin collagen
and concentrated Peak 1 material. Antiserum M-13
was used in 1:100 dilution. Antigen concentration of
collagen was hydroxyproline content X 7.46; Peak 1
material was hydrolyzed, ninhydrin reactive material
was determined, and results were expressed as
leucine equivalents. The Peak 1 material was
5-10-fold more active than collagen.



346

document this hypothesis used gelatin or
other forms of denatured or altered collagen
as the immunizing and identifying antigen
(1, 2, 27, 28). The introduction of tech-
niques to extract or solubilize collagen without
denaturation (29) led to the successful
production of antibodies which fixed com-
plement in the presence of collagen in 1930
(30). Extensive studies on the antigenicity
of collagen have been carried out more re-
cently by Rothbard and Watson, who have
produced complement-fixing antibodies to
several types of native collagen. These
studies have shown that the collagens of
several species differ considerably in their
antigenic character and presumably there-
fore in primary structure. These studies
have also shown the presence of a material
reacting with collagen antibodies in the re-
nal glomerular basement membrane of the rat
and man (9). A crucial feature of the anti-
genicity of tropocollagen, the major consti-
tuent of all extractable or “soluble” col-
lagens, was the demonstration by Schmitt et
al. that the antigenic determinants of tro-
pocollagen reside largely in regions of the
molecule essential to the cross-linking of col-
lagen monomers into the various polymers
which can be formed (12). These “telopep-
tide” regions are not in the helical backbone
of collagen and do not contain the typical
collagen repeating sequence; they do con-
tain the only precisely demonstrated cross-
link yet shown in collagen, the intramolecu-
lar linkage which has been carefully de-
lineated by Bornstein and Piez (20).

It is possible but as yet unproved that the
antibodies described in this report are react-
ing to peptides of the telopeptide type de-
scribed by Schmitt et al. Because the immu-
nological techniques used are several hun-
dred times more sensitive than analytical
techniques of identification, it has not yet
been possible to obtain sufficient immuno-
reactive material to characterize chemical-
ly. It is tempting to speculate that this ma-
terial may be essential both to in vitro ag-
gregation, as suggested by Kessler, and to in
vivo determination of the function of col-
lagen in the various connective tissues.

Summary. Rabbits immunized with acid-
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soluble calf skin collagen develop antibodies
with both precipitating and complement-
fixing activity specific for bovine collagen.
The antigenic determinants reside in acidic
portions of the collagen molecule which are
removed by heat denaturation and may be
implicated in the collagen cross-linking pro-
cess.

I thank Dr. Charles L. Christian for his continued
advice and support. Mrs. Esther Gudes and Miss
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The production of antibodies in laborato-
ry animals to adrenocorticotropic hormone
has been demonstrated by several tech-
niques including neutralization of the biologi-
cal activity of ACTH (1-4), hemagglutina-
tion inhibition (5) and binding of 3T la-
beled ACTH (6). Radioimmunoassays for
ACTH in plasma have been developed
based upon the displacement of !*'I from
specific antibody by the cold ACTH of plas-
ma (7, 8). Widespread use of these assays
has been somewhat inhibited because of the
difficulty in regularly obtaining antisera of
sufficient titer and appropriate binding
properties. Difficulty in obtaining antisera to
ACTH can be readily understood. Firstly,
ACTH is a small polypeptide of 39 amino
acid residues. It is well known that small
polypeptides are poor immunogens per se.
This may be due to their rapid renal excre-
tion or perhaps other less well understood
properties affecting initiation of an immune
response.

In addition, and perhaps more significant-
ly, free ACTH is, of course, steroidogenic
and the steroids thus elicited result in de-
pression of antibody synthesis (9). This

* Supported by USPHS Grants AM-10428, 2-T01-
AM-05389, and 5-R01-AM-05581.

problem has been partially circumvented
by the use of mepirapone, a chemical agent
which blocks 11-8 hydroxylation of the
steroid nucleus (7).

We postulated that both of these prob-
lems might be overcome by (i) coupling
ACTH to a larger molecule such as serum
albumin, and (ii) that in analogy to studies
with bradykinin coupled to polylysine (10)
the complex might be biologically inactive.

Materials and Methods. Coupling of
ACTH to bovine serum albumin (BSA). A
solution was made containing 20 mg of BSA
(Armour fraction V) and 6 mg of porcine
ACTH (Wilson lot No. 137106) dissolved
in 2 ml of 0.1 M phosphate buffer pH 7.0.
One ml of a glutaraldehyde solution, 0.021
M, was added dropwise to this BSA-ACTH
solution with constant stirring. Under these
conditions essentially all the ACTH is coupled
to BSA. This was proven in 2 ways: (i)
Ultracentrifugation of the above complex re-
vealed complete disappearance of slowly sedi-
menting ACTH. (ii) Gel filtration of the
coupled material demonstrated complete dis-
appearance of strongly retarded ACTH from
the elution profile of a calibrated Sephadex G
100 column. This Sephadex column complete-
ly resolves free BSA from free ACTH. After



