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Studies of collagen from experimental animals
have led to a considerable understanding of the
biological function and mode of biosynthesis of
this important connective tissue protein (2, 3).
The amino acid composition and sequence of col-
lagen (3, 4), the helical structure of the triple-
stranded collagen monomer (4, 5), and the rela-
tionship between collagen and gelatin (4) have
also been subjects of intensive investigation. Solu-
ble collagen, when denatured by heat to break
secondary bonds, has been shown to exist mainly
in the form of a (single-chain) - and /8 (double-
chain) - components (6-8). There is evidence in-
dicating that two of the chains (al) comprising
the collagen monomer are identical in amino acid
composition whereas the third (a2) is different
(9-11) .1 Although a number of linkages have
been proposed (4), the nature of the covalent
bonds involved in the intramolecular cross-linking
of collagen and the relationship, if any, of such
bonds to intermolecular cross-links have not been
conclusively established.

Although distinct species differences in collagen
chemistry have been demonstrated, it is reasonable
to expect that much of the information obtained
from the examination of other mammalian col-
lagens will have direct relevance to the study of
the protein in humans. However, the precise ap-

* Submitted for publication April 21, 1964; accepted
May 15, 1964.

Presented in part at the Forty-eighth Annual Meeting
of the Federation of American Societies for Experimental
Biology, April 1964. A portion of this work has been
published in preliminary form (1).

t Research Associate, National Institutes of Health.
1 The previously described 8-components (8, 11) are

designated a,, for al-al and 8in for al-a2. The two al
chains are assumed to be identical, since this fraction
appears homogeneous. Direct evidence, however, is
lacking on this point.

plication of such information to the elucidation of
the possible role of altered collagen in certain
pathological conditions must await the study of
collagen chemistry in normal subjects. The need
for careful base-line studies has prompted us to
subject human collagen to some of the same pro-
cedures used to elucidate the structure of other
mammalian collagens. In addition, since disturb-
ances in the cross-linking process may play a role
in some of the disorders of connective tissue, an
attempt has been made to study certain aspects of
the intra- and intermolecular covalent bonding
of collagen and thus the relation of the collagen
monomer to the polymeric forms in which it
largely exists in tissues.

Materials and Methods
a) Source and preparation of collagen. The collagen

used in this study was extracted from a sample of 32.5 g
of skin (wet weight of cleaned skin) obtained from
the back and abdomen of an infant who had died 36
hours after birth because of a cardiac malformation
(single ventricle) incompatible with extrauterine life.
The pregnancy was reported to have been normal, and
no other pathological findings of note, with the exception
of those resulting from the cardiac dysfunction, were
encountered. Weight at birth was 2,600 g.

Neutral salt-extracted collagen. The subcutaneous fat
and epidermis were carefully removed with a scalpel,
and the corium was ground to a coarse mince with a
mechanical grinder. All procedures were performed
at 5° C. After washing with distilled water, the tissue
was extracted for 48 hours with constant stirring in 650
ml of 1 M NaCl in 0.02 M Tris buffer at pH 7.4. The
residue was removed by filtering through several layers
of cheesecloth and the supernatant liquid further clarified
by filtration through a Celite filter cake on a Buchner
funnel. Solid NaCl was added to the supernatant fluid
to a final concentration of 20% and the solution allowed
to stand for 30 to 60 minutes until precipitation of col-
lagen was complete. The collagen was removed by cen-
trifugation at 13,000 X g for 20 minutes. Sufficient dis-
tilled water was added to redissolve the collagen, and
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precipitation with NaCl was repeated. After redissolving
the precipitate by reducing the salt concentration to 1 to
2% with distilled water, the collagen was precipitated a
third time by lowering the pH to 4.0 with a small quan-
tity of acetic acid. The precipitate was removed by cen-
trifugation and dissolved in 0.5 M acetic acid. After
exhaustive dialysis against distilled water the collagen
was lyophilized and stored over CaCl2 at 50 C.

Acid-extracted collagen. The residue obtained after
extraction with 1 MNaCl was washed with distilled wa-
ter and suspended in 650 ml of 0.5 M acetic acid. Ex-
traction was carried out for 48 hours with constant stir-
ring. After filtration, collagen was precipitated by the
addition of NaCl to a concentration of 107o. The pre-
cipitate was separated by centrifugation and dissolved
by the addition of distilled water and exhaustive dialysis
against 0.15 M acetic acid. The collagen solution was
lyophilized and the dry salt-free protein stored as above.
Acetic acid extraction was repeated a total of five times.
The quantity of collagen obtained during each of the
last three extractions was too small to permit its char-
acterization by lyophilization and chromatography on
carboxymethylcellulose. Hydroxyproline determinations
(12) were performed on these extracts.

Guanidine-extracted collagen. The tissue remaining
after sequential extraction with salt and acetic acid was
suspended in 500 ml of 5 M guanidine,2 which had been
neutralized to pH 7.5 with NaOH and clarified with
activated charcoal. Extraction was carried out with
stirring for 72 hours. After filtration the filtrate was
dialyzed exhaustively against distilled water to insure
removal of all guanidine. The remaining protein, which
had largely precipitated, was lyophilized as a suspension
and stored. Extraction with guanidine was repeated a
second time with 250 ml of 5 M guanidine.

b) Chromatography on carboxymethylcellulose. A
weighed quantity of dry collagen, usually 50 to 100 mg,
was suspended in 20 to 30 ml of starting buffer, 0.06
ionic strength Na acetate, pH 4.8, and stirred overnight
at 50 C. The sample was denatured by warming to 400
C for 30 minutes and any insoluble material removed
by centrifugation or filtration. The method of chroma-
tography was essentially that of Piez, Eigner, and Lewis
(11). Carboxymethylcellulose 3 was equilibrated with
starting buffer and poured under pressure into a jacketed
2.5- X 20-cm column, maintained at 40° C. The sample
was applied to the column with a finger pump (Sigma
motor) and elution started. A linear gradient was ob-
tained by utilizing a constant level two-chamber device
with 410 ml of Na acetate buffer, 0.06 ionic strength, pH
4.8, in one chamber and an equal weight of limiting buf-
fer, 0.06 ionic strength Na acetate and 0.1 M NaCl, pH
4.8, in the other. The optical density of the effluent at
230 m/t was monitored continually by the use of a flow
cell (1-cm light path, 0.07-ml volume) in a Beckman DB

2 Guanidine HCl obtained from Eastman Organic
Chemicals, Kingsport, Tenn.

3Lot no. 109798, exchange capacity, 0.59 mEq per g,
Bio-Rad Laboratories, Richmond, Calif.

spectrophotometer. A simultaneous recording was ob-
tained by the use of a Sargent SRL chart recorder with
logarithmic gears run at a speed of 3 inches per hour.
Ten-ml fractions were collected. Elution was carried out
at a flow rate of 120 ml per hour. All buffers were pre-
warmed and deaerated to avoid the formation of air
bubbles in the system. At the conclusion of a run the
column was washed for 30 minutes with a solution
0.01 N in NaOHand 0.5 N in NaCl, followed by start-
ing buffer until a stable base line was achieved.

Rechromatography was performed in essentially the
same manner as described above. Protein fractions
were dialyzed in the cold against starting buffer and then
warmed to 400 C before being pumped on the column.
When large volumes of sample were involved, the flow
rate was increased to 250 ml per hour and reduced to
120 ml per hour at the start of the gradient.

Protein fractions were separated from buffer salts
by passage through a column of Sephadex G-25 equili-
brated with a pyridine acetate buffer, pH 4.4 (4.0 ml
pyridine and 6.7 ml acetic acid per L). The volatile na-
ture of this buffer permitted the preparation of dry salt-
free collagen by lyophilization.

c) Amino acid analysis. Three mg of collagen or one
of its components was hydrolyzed in 6 N HCl under
nitrogen at 1080 C for 24 hours. The acid was removed
by distillation under reduced pressure at 600 C and the
residue dissolved in distilled water. A sample repre-
senting about 1 mg of protein was analyzed on an auto-
matic amino acid analyzer utilizing a column of Dowex
50 X 12 resin (13). Appropriate corrections were made
for loss of the labile amino acids, threonine, serine, tyro-
sine, and methionine, and for incomplete release of valine
(8). All analyses were performed in duplicate and the
results averaged.

d) Ultracentrifugation. Lyophilized a- and f8-compo-
nents of collagen, separated and purified by chromatog-
raphy, were dissolved in 0.15 M potassium acetate, pH
4.8, by warming to 40° C. Sedimentation velocity pat-
terns were obtained by centrifugation in 12-mm stand-
ard and wedge window cells at 40° C and 59,780 rpm
in a Spinco model E ultracentrifuge employing Schlieren
optics. Protein concentrations were obtained by meas-
uring areas under sedimentation curves, this method hav-
ing been standardized by polarimetry (see below) and
Kjeldahl nitrogen determinations. Sedimentation coeffi-
cients at 400 C in buffer were derived by conventional
calculations and corrected to zero concentration at 200 C
in water.

The molecular weights of al and 812 were measured
by the method of sedimentation equilibrium as described
by Richards and Schachman (14) and adapted to col-
lagen components by Lewis and Piez (15). The Spinco
model E ultracentrifuge was used with Rayleigh optics.
The molecular weight of al was determined in 0.15 M
potassium acetate, pH 4.8, at 400 C; that of pf in 5 M
guanidine, pH 7.5, at 60 C. After extensive dialysis
against buffer, the concentrations of the collagen solu-
tions were determined as a function of the number of
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TABLE I

Collagen obtained by sequential extraction of 32.5 g of human
(infant) skin with salt, acid, and guanidine solutions

Quantity of
collagen %0-com-

Solvent extracted ponent

mg %
650 ml 1 MNaCl in 0.02 MTris, 33 32

pH 7.4
650 ml 0.5 Macetic acid 232 61
500 ml 0.5 Macetic acid 150 67
250 ml 0.5 Macetic acid 16* t
250 ml 0.5 Macetic acid 16* t
250 ml 0.5 Macetic acid 9* t
500 ml 5 Mguanidine 8601 74
250 ml 5 Mguanidine 95* 78

Total 1,411§

* Calculated from hydroxyproline determinations.
t Not determined.
T Corrected for noncollagenous impurities by hydroxyproline deter-

minations.
§ This represents 23% of the total collagen present in the sample

[based on the data of Clausen (17) assuming a water content of 65%
for skin].

interference fringes measured in a double sector synthetic
boundary cell of the capillary type. Equilibrium stud-
ies with six dilutions of each component were per-
formed, and 1.8-mm liquid columns with a false bottom
of FC-43 were employed. The equilibrium speed for
al was 6,995 rpm; that for Bs2 was 8,225 rpm. Rayleigh
patterns were measured in a Nikon comparator and mo-
lecular weights calculated as described by Richards and
Schachman (14). The partial specific volume was taken
to be 0.705 (15). Computations were performed with
the aid of a Minneapolis Honeywell 805 computer.

e) Polarimetry. Optical rotation was measured in a
Rudolph photoelectric spectropolarimeter equipped with
a monochromator and an oscillating polarizer. Samples
of acid-extracted collagen were dissolved in cold 0.15 M
potassium acetate, pH 4.8, and dialyzed at 50 C against
a large volume of the same buffer for 24 hours. Shortly
before use samples were clarified by centrifugation at
5° C and 100,000 X g in a Spinco model L centri-
fuge for 3 hours. Readings were taken in a 1-deci-
meter jacketed cell with a capacity of 2 ml. Tempera-
ture control to + 0.05° C was provided by a circulating
water bath. Melting curves were obtained by a stepwise
increase in temperature. Each change was achieved
within 5 minutes, and a total of 30 minutes was allowed
for equilibration. Most measurements were made at
the 313 mmHg line. The specific rotation at 589 m~uwas
measured with a zirconium light source. Protein con-
centrations were determined by the use of a micro-
Kjeldahl method, a nitrogen content of 18.6% being
assumed for collagen.

f) Viscometry. Viscosity measurements were made at
15° C in a coiled capillary viscometer with a flow rate
of about 50 seconds for water. Samples of acid-extracted
collagen were dissolved in cold 0.15 M potassium acetate,

pH 4.8, and dialyzed at 50 C against a large quantity of
the same buffer. Solutions were clarified shortly before
use by centrifugation in the cold at 100,000 X g. Nitro-
gen concentrations were measured by the micro-Kjeldahl
technique.

Acrylamide gel electrophoresis. Acrylamide gel elec-
trophoresis was performed according to the method of
Nagai, Gross, and Piez (16). This technique, which
utilizes a polymerized acrylamide gel, permits the diag-
nostic separation of a- and a-components in very small
samples of soluble collagen (of the order of 100 fig).

Results

Extractability of collagen. Although precau-
tions were not taken to achieve completely quan-
titative recoveries, some idea of the relative quan-
tities of collagen extractable by salt, acid, and
guanidine may be obtained by reference to Table
I. It can be seen that after exhaustive extrac-
tion with salt and acetic acid solutions, the use of
guanidine resulted in the solubilization of a quan-
tity of collagen that far exceeded the total previ-
ously extracted. Similar increases in yield have

200 400
EFFLUENT VOLUME, ML

FIG. 1. ELUTION PATTERNS OF SALT-, ACID-, AND
GUANIDINE-EXTRACTED COLLAGENS. Chromatography per-
formed on carboxymethylcellulose at 400 C. A linear
gradient of ionic strength varying from 0.06 to 0.16, at
a constant pH of 4.8, was employed.
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FIG. 2. SEDIMENTATION PATTERN OF PURIFIED j82 (upper pattern, wedge
window cell). A sample of 8n3 purified to a lesser degree (lower pattern,
standard cell) is included for comparison. Centrifugation performed in
12-mm cells at 59,780 rpm in 0.15 M potassium acetate, pH 4.8, at 400 C;
phase plate angle 70°, sedimentation from left to right, exposure at 106
minutes. The relative quantities of a-components are exaggerated due to the
effect described by Johnston and Ogston (19).

been observed in the extraction of collagen from
the skins of growing rats and guinea pigs (18).
The a- and /3-components derived from guanidine-
and acid-extracted collagens, respectively, are
identical in their behavior on carboxymethylcellu-
lose column chromatography and acrylamide gel
electrophoresis, and in their amino acid compo-
sition, indicating that covalent bonds are not dis-
rupted during the course of guanidine extraction.

Chromatography on carboxymethylcellulose.
Representative chromatograms of salt-, acid-, and
guanidine-extracted collagen are illustrated in
Figure 1. The elution patterns resemble those ob-
tained with collagens from rat tail tendon and
skin, carp swim bladder, and dogfish shark skin
(11). It is apparent that the proportion of double
chain /3-components increases as the extracting
solvent changes from salt to acid to guanidine, in-
dicating that the latter solvent is most effective in
extracting cross-linked material. The percentage
of ,3-components in the extracted collagens was
estimated by planimetry of areas under the curves
in elution patterns. The results are listed in Table
I. /-Components and higher aggregates of col-
lagen consistently accounted for more than Awo-

thirds of the collagen in guanidine extracts. Since
these estimates include only that fraction of col-
lagen that could be eluted from carboxymethylcel-
lulose, the percentage may be higher.

Lyophilized samples of salt- and acid-extracted
collagens in general dissolved completely in the
0.06 ionic strength sodium acetate, pH 4.8, used
as starting buffer, and estimation of the total
protein eluted from the column during the course
of chromatography indicated that 90 to 95%o of
the protein placed on the column could be eluted
with the gradient system used. Guanidine-ex-
tracted collagen was less easily redissolved in start-
ing buffer. In one experiment 27%o of the lyophi-
lized protein failed to dissolve. However, 60%o
of the residue proved to be noncollagenous by hy-
droxyproline measurement. Since hydroxypro-
line assay indicated that the starting material was
only 75% collagen, apparently much of the non-
collagenous material was excluded from the col-
umn by its insolubility in the starting buffer,
whereas the soluble fraction should, by exclusion,
consist almost entirely of collagen. Measurement
of protein eluted after the soluble fraction was
placed on carboxymethylcellulose revealed that

Illinois.. O. 06060 M. O.
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only 54%o of the material was recovered. The
soluble collagen that failed to be eluted probably
consisted of high molecular weight aggregates
resulting from the ability of guanidine to extract
intermolecularly cross-linked collagen (see Dis-
cussion).

The identification of /322. Chromatograms of
guanidine-extracted collagen consistently revealed
a small peak after a2 in the effluent of the car-

boxymethylcellulose column (Figure 1). A peak
in this region had not previously been detected
in the chromatography of other collagens ex-

tracted by the usual techniques. However, its
presence was subsequently noted in chromato-
grams of rat and guinea pig collagens extracted
with 5 Mguanidine (18).

The protein contained in the chromatographic
fractions represented by this peak was purified
by rechromatography. The purified protein was

examined in the ultracentrifuge (Figure 2) and
was found to consist largely of a single component.
The small amount of slower sedimenting material
is exaggerated in size as a result of the anomaly
first described by Johnston and Ogston (19) and
is estimated to represent about 10%o of the total
protein. For comparison a sample of /,3 puri-
fied to a lesser degree from contamination with
al is included in the double cell Schlieren pattern.
The calculated value for the sedimentation con-

stant of the protein in question agrees closely with
values obtained for /12 and /38 (see below). The
mobility of this material on acrylamide gel elec-
trophoresis was found to be identical with that
of the /312 and f13 components of collagen. That
this new /3-component is a dimer of the a2 chain
is indicated by the finding that its amino acid
composition is identical to that of a2 (see below
and Table II). Its chromatographic behavior is
consistent with this structure in that it has the
same position in the effluent relative to a2 that

311 has to a1.
Amino acid analyses. The amino acid composi-

tion of human skin collagen and its a- and /8-com-
ponents are listed in Table II. The values for
whole collagen are the average of two determina-
tions performed on acetic acid-extracted collagen.
The compositions of the a- and /3-components
were determined three or four times. The identity
in composition, within the errors -of measurement,
Of /22 and a2, and of /13 and al is apparent. The-

composition of /,12 is compatible with its structure
as a dimer of al and a2, whereas the composition
of whole collagen is in accord with the conclusion,
previously derived from work with other verte-
brate collagens (9-11), that the monomer consists
of two al and one a2 chains.

The amino acid composition of human skin col-
lagen and its components resembles the corre-
sponding constituents of rat skin, although small
but significant differences exist. Hence the ala-
nine is somewhat higher in human collagen,
whereas the methionine and isoleucine are some-
what lower. As in the rat, significant differences
in the contents of 4-hydroxyproline, glutamic
acid, proline, alanine, valine, isoleucine, leucine,
hydroxylysine, lysine, and histidine may be found
in comparing the al and a2 chains. Human skin
al and a2 chains differ considerably in their tyro-
sine content, whereas this is not true in the rat.
On the other hand, the rat a2 chain lacks 3-hy-
droxyproline, whereas both human al and a2
chains contain one residue of this amino acid per
chain.4

Ultracentrifugational studies. The values for

TABLE II

Amino acid composition of human skin collagen and its
constituent components

Residues/i,000 residues

Collagen* al 1ii1 612 a2 !22

3-Hydroxyproline 1.1 0.8 1.0 1.0 0.9 1.0
4-Hydroxyproline 93 91 91 82 82 83
Aspartic acid 45 43 43 46 47 48
Threonine 17.5 16.5 16.3 17.9 19.2 19.3
Serine 35.6 36.8 36.7 35.2 35.1 34.1
Glutamic acid 73 77 76 72 68 68
Proline 128 135 136 123 120 118
Glycine 330 333 332 338 337 339
Alanine 110 115 116 112 105 104
Valine 24.4 20.5 20.6 28.8 33.3 31.1
Methionine 6.2 4.9 5.0 5.0 5.2 5.4
Isoleucine 9.5 6.6 6.5 11.6 14.8 13.7
Leucine 24.3 19.5 19.1 26.1 30.1 30.7
Tyrosine 2.8 2.1 2.0 3.8 4.6 4.6
Phenylalanine 12.0 12.3 12.5 12.3 11.7 12.2
Hydroxylysine 5.8 4.4 4.4 6.1 7.6 8.0
Amide nitrogen (36.9) (37.9) (37.2) (44) (45) (45)
Lysine 26.9 30.0 30.1 25.2 21.6 21.3
Histidine 4.8 3.0 2.0 6.3 9.7 10.7
Arginine 51 50 51 49 51 50

* Extracted with acetic acid after neutral salt extraction (see
Methods).

4The mean residue weight of collagen is 91. Since
the a chains have a molecular weight of about 100,000,
there are about 1,100 residues per chain.
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TABLE III

Measured physical-chemical constant of a sample of human
skin collagen and its constituent chains*

Collagen a

Intrinsic viscosity 16.6 deciliters/g
Specific rotation

[a]313 -2,540° -8310
[aj689 -4280 -1420

Denaturation temperature 38.50 C
Molecular weight 103,000 170,000
Sedimentation coefficient, S'20,, 3.0 S 4.0S

* All determinations with the exception of the molecular weight of
the a-component were performed in 0.15 Mpotassium acetate, p)H 4.8.
The latter determination was performed in 5 Mguanidine.

the reciprocal of the sedimentation coefficients for
a- and /l-components at several concentrations are
plotted in Figure 3. Extrapolation to zero con-
centration and conversion to sedimentation coeffi-
cients at 200 C in water resulted in values of 3.0 S
for the a chains and 4.0 S for the /3-components
(Table III). The present data are not sufficiently
extensive to permit the calculation of a sedimenta-
tion coefficient for each individual chain. Extra-
polation to zero concentration for both a- and
/3-components was based on the assumption that
the sedimentation coefficients for a l and a2, and
for /312, /1, and /322, if not identical, were rea-
sonably similar. In more extensive experiments,
values of 3.16 S and 3.08 S were obtained for rat

3.0

0

0

2.01

1.5
2

skin collagen al and a2 chains (15). The small
difference may be within experimental error.
The value for rat skin collagen B12 was found to
be 4.20 S.

Molecular weight determinations, using the
technique of sedimentation equilibrium, were per-
formed on samples of al and B12. The results
are listed in Table III. The value of 103,000 for
al was obtained in potassium acetate buffer and
agrees closely with that of 98,000 obtained for rat
skin al by use of the same technique (15). Be-
cause /3-components tend to degrade when kept
at 400 C for the periods of time needed to achieve
equilibrium (16 to 24 hours) and aggregate at
lower temperatures, it was necessary to perform
molecular weight determinations in 5 Mguanidine.
With this technique, errors of measurement are
considerably greater. The value of 170,000 is the
result of a single determination and is within the
experimental error of the value of 196,000 ob-
tained in more extensive studies with rat skin 312
(15).

Optical rotatory properties. The striking levo-
rotation of native human skin collagen solutions is
characteristic of solutions of this protein. Values
for specific rotations similar to those listed in Ta-
ble III have been found in studies of rat skin and
calf skin collagen (4). The marked contribution

3 4 5

mg/ml

FIG. 3. SEDIMENTATION COEFFICIENTS OF a- AND ,8-COMPONENTS PLOTTED AS A FUNC-

TION OF CONCENTRATION. The ordinate represents the reciprocal of coefficients deter-
mined at 40' C in 0.15 M potassium acetate, pH 4.8. The values for m, fall close to
the straight line plot determined by values for all #-components.

° 4,2 OO/

* 922 =
-

o

_ 0

0
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of the helical structure of collagen to its optical
rotation can be seen in the finding that heat-de-
natured collagen or gelatin, in which chains ex-
ist as random coils, exhibits a specific rotation
which approaches that of the mean residue rota-
tion of the component amino acids. In Table III
the specific rotation of gelatin is listed in the col-
umns headed a and /3.

Denaturation temperature. The collagen to
gelatin transition or melting curve was determined
by following the change in optical rotation that oc-
curred when a dilute solution of native acid-ex-
tracted collagen was warmed in a stepwise fash-
ion (Figure 4). TM, or the temperature at the
midpoint of transition, was found to be 38.50 C, a
value similar to that obtained for other mammalian
collagens (4).

Viscometric studies. The intrinsic viscosity
was determined by plotting the reduced vis-
cosity (-8p/C) against concentration and extra-
polating to zero concentration. Specific viscosities
[-sp = (j' -sq)/v, where I' is the viscosity of
the protein solution and v7 the viscosity of the sol-
vent] were determined at several concentrations.
The value of 16.6 deciliters (dl) per g obtained
for the intrinsic viscosity of human skin collagen
is in the range of 13 to 17 dl per g obtained by a
number of investigators for mammalian and fish
collagens (4). The precise value of the intrinsic
viscosity is influenced by the buffer used and by
the degree of aggregation present in the prepara-
tion of collagen tested.

Discussion

The study of human collagen has been hampered
by difficulty in obtaining material suitable for bio-
chemical investigation. Bakerman (20) has stud-
ied the variation in yield of acid-extractable human
skin collagen with age. His data indicate a maxi-
mumof 1.2 to 1.8 mg of citric acid-soluble col-
lagen per gram of skin in term fetuses, with a
rapid decrease in extractable collagen with in-
creasing age. Skin from individuals older than
15 years yielded less than 0.5 mg per g. In the
present work a considerably larger quantity of
collagen (11.8 mg per g skin) was extracted with
dilute acetic acid from the skin of a young infant.
The difference in extracting solvent, precise con-
ditions, and inherent individual variation may

35 40

TEMPERATURE,*C

FIG. 4. THERMAL DENATURATION CURVE OF ACID-EX-
TRACTED SKIN COLLAGEN. Tm represents the temperature
at the midpoint of transition from the ordered helical
structure of collagen to random coil gelation as followed
by a change in optical rotation.

account for the difference in yield. The additional
use of 5 M guanidine resulted in a twofold in-
crease in the collagen obtained. In other experi-
ments, however, the yield of guanidine-extracted
collagen from samples of skin of older individuals
was significantly less than that obtained from in-
fant skin. Such collagen did not chromatograph
on carboxymethylcellulose under the conditions
described in this work and may well exist in the
form of highly cross-linked material. Since
much of the pathological human material avail-
able for biochemical investigation is likely to be
of this nature, the resolution of higher aggregates
of collagen remains an important problem.

Eastoe in 1955 (21) determined the amino acid
composition of human bone and Achilles tendon
extracted as gelatin. The differences in the na-
ture of the material examined as well as differ-
ences in techniques do not permit a precise com-
parison of results. However, the amino acid
composition of a number of purified vertebrate col-
lagens has now been studied, and in general they
have been found to be similar, although species-
specific differences exist. The composition of a-
and /3-components from several species has also
been studied in detail with findings analogous to
those reported in this work (11).

It would be of interest to compare the amino
acid composition of human collagen reported- in
this work with similar studies of other normal
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specimens. Minor amino acid substitutions might
well occur in a protein like collagen, which exists
largely in a repeating helical structure, without
compromising its function. Such variation could
complicate the detection of disorders of collagen
structure in which a crucial amino acid substitu-
tion may have taken place. However, the effec-
tive comparison of normal collagens and collagens
suspected of being abnormal must probably await
the elaboration of smaller reproducible fragments
of the collagen molecule, since the problems in-
volved in performing precise comparative amino
acid composition or sequence studies on struc-
tures of the size of a chains remain formidable.

The data obtained by ultracentrifugation, polar-
imetry, and viscometry closely parallel similar
studies in the rat and confirm the similarities in
molecular structure indicated by studies of amino
acid composition. The relatively high denatura-
tion temperature, 38.50 C, is generally consistent
with the high percentage of imino acids (222
residues per 1,000). Bakerman and Hersh (22),
in referring to work that has appeared in abstract
form, indicate a denaturation temperature of 360
C for human skin collagen. These authors found
an optical rotation of - 4140 at 589 mtt and an
intrinsic viscosity of 13.5 dl per g for citric acid-
soluble material. Boucek, Noble, Kao, and Elden
(23) determined the intrinsic viscosity and sedi-
mentation coefficients of acetic acid-extracted hu-
man collagen and attempted to derive its molecu-
lar weight from these data. Their values varied
widely and differ considerably from the results
of many investigators working with other col-
lagens. Their use of unpurified collagen extracts
may in part account for this discrepancy.

The use of solvents such as neutral salts and
acidic buffers at pH 3 to 5 has yielded extractable
collagens from skin and other tissues whose pre-
cise relationship to the much larger insoluble frac-
tion (as revealed by hydroxyproline determina-
tions on the residue) has not been entirely clear.
This is reflected in the use of a number of terms
such as procollagen, tropocollagen, and neutral
salt-extractable collagen to specify the conditions
under which the collagen was obtained. Jackson
and Bentley (24) on the basis of their experi-
ments involving the incorporation of glycine-C14
into collagen, as well as their analysis of the re-

sults of other workers, have suggested that col-

lagen exists as a spectrum of aggregrates of vary-
ing stabilities and that the nature of the collagen
fraction extracted by any given solvent depends
on its relative ability to dissociate these aggre-
gates. The ease of extraction seemed to corre-
late inversely with the time elapsed since the con-
stituent polypeptide chains had been synthesized.
This concept has found some measure of support
in studies in which acid-extracted collagen could
be shown to contain a higher percentage of ,8-com-
ponents (i.e., was more highly cross-linked) than
did neutral salt-extractable collagen (9, 25).
Orekhovich, Shpikiter, Kazakova, and Mazourov
(26) and Martin, Piez, and Lewis (27) also
demonstrated that glycine-C14 was incorporated
into a chains before it appeared in /3-components.

While the process of intramolecular cross-link-
ing has undergone considerable scrutiny and is
understood in terms of a- and /3-components, the
manner in which this process may be extended to
intermolecular cross-linking, as well as the nature
of the covalent bonds involved, has not been de-
termined. Indeed the concept of intermolecular
covalent cross-linking has been based largely on
reasoning deduced in part from the marked in-
solubility of a large proportion of collagen in tis-
sues. Although the triple-chain covalently bonded
y-component identified by several investigators
(28-31) could well arise entirely by intramolecu-
lar cross-linking, Veis, Anesey, and Cohen (32)
have been able to demonstrate more highly ag-
gregated species in fractions of bovine skin gela-
tin that could not be broken down to smaller f rag-
ments by heat or chemical denaturation and sedi-
mented homogeneously in the ultracentrif uge.
These presumably represent covalently linked poly-
mers of the collagen monomer produced by a com-
bination of intra- and intermolecular cross-linking.

The similarity of intra- and intermolecular co-
valent bonds in collagen is indirectly suggested
by the work of Kuhn, Zimmer, Waykole, and
Fietzek (33) and Gross (34). The former work-
ers treated acid-insoluble bovine skin collagen with
alkaline solutions and recovered a material re-
sembling alkali-treated acid-extracted collagen on
the basis of its sedimentation in the ultracentri-
fuge, change in optical rotation with heat, and
ability to form specific aggregates on treatment
with ATP. The experiments of Gross indicate
that in experimental animals intermolecular as
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well as intramolecular cross-links (35) were af-
fected by lathyrogens.

Although the identity of intra- and intermolecu-
lar bonds cannot be established until the chemical
nature of these cross-links has been defined, the
present work provides additional strong presump-
tive evidence for their similarity. It is now gen-
erally accepted that the triple-chain collagen
monomer consists of two al chains and one a2
chain (9-11). /22, a dimer composed of two a2
chains, could therefore result only from the forma-
tion of an intermolecular bond. The similarity
in behavior of /22 to /19 and Al in its elution from
carboxymethylcellulose, in acrylamide gel electro-
phoresis, and in its sedimentation in the ultracen-
trifuge make it very likely that the three dimers
are formed as part of the same process. The ap-
pearance of 322 only in guanidine extracts is con-
sistent with the concept that this dimer can occur
only in intermolecularly bonded collagen. Neutral
salt and acid solvents lack the ability to break hy-
drogen bonds in the cold and therefore extract a
fraction of collagen that seems to be aggregated
to a very limited degree. The denaturing action
of guanidine, however, may enable this solvent
to disaggregate those chains which, although an
integral part of a complex polymeric structure,
have yet to become completely insoluble as a
result of multiple cross-links. The finding that
guanidine-extracted collagen contains more /3-com-
ponents than the theoretical maximum of 67%,
which could be expected if only intramolecularly
bonded collagen were solubilized, is consistent with
this concept.

It has seemed' reasonable to presume that the
elaboration of higher aggregates of collagen and
their orientation into fibrils involved the cross-
linking of triple-chain units, the component chains
having previously been covalently bonded. The
demonstration, in guanidine extracts, of double-
chain components that have resulted from the
formation of intermolecular covalent bonds sug-
gests, however, that intermolecularly bonded col-
lagen may result in part from collagen monomers,
some of whose component chains are not co-
valently linked. The recent finding from this
laboratory (18) that glycine-C14 is incorporated
into the guanidine-extractable fraction of colla-
gen parn pass with its incorporation into acetic
acid-extractable collagen supports this hypothesis.

Although a y-component could be demonstrated in
guanidine extracts of human skin (1), it con-
stituted only a small proportion of the collagen,
and it too could have arisen from intermolecular
bonding.

There is considerable speculation that the proc-
ess of aging and some degenerative diseases of
connective tissue may be associated with an in-
crease in the degree of cross-linking in collagen.
A change in the nature of the cross-links formed
could also occur. Gustavson (36) and Milch
(37) have pointed out the possibility that meta-
bolic products such as acetaldehyde and other
aldehydes may, with time, introduce new cross-
links in collagen, thus altering its physiologic
properties. The experiments of Levene (38) and
Veis and Drake (39) also indicate the importance
of aldehydes in the cross-linking process. Milch
(40), on the basis of in vitro experiments, has
made the interesting suggestion that autoxidized
polymerized homogentisic acid may be responsible
for the degenerative joint disease found in as-
sociation with alkaptonuria. The direct examina-
tion of the cross-linking groups as they exist in
both normal and pathological tissues is therefore
a matter of considerable importance.

Summary

1) Normal human skin collagen has been stud-
ied with regard to a) the amino acid composition
of the collagen monomer and its component
chains; b) the separation, by carboxymethylcellu-
lose chromatography, of the a (single chain) - and
,8 (double chain) - components from collagen frac-
tions extracted with different solvents; c) the
sedimentation coefficients and 'molecular weights
of the a- and /3-components; and d) the optical
rotation, intrinsic viscosity, and denaturation tem-
perature of acetic acid-extracted collagen. The
results are largely similar to studies performed
on other mammalian collagens, although small
differences exist that reflect the unique structure
of collagen in each species.

2) Collagen fractions extracted with neutral
salt, acetic acid, and 5 M guanidine were com-
pared. The analysis of guanidine extracts re-
vealed a higher percentage of /3-components than
could result from intramolecularly bonded colla-
gen alone, and the presence of 82,, a dimer of a2,
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which according to present concepts can arise only
from intermolecularly bonded collagen.

3) The extraction of intermolecularly bonded
collagen by guanidine results in ,8-components
that are indistinguishable by present criteria from
those extracted with salt and dilute acid solutions.
This observation, together with the finding that
the 122 double-chain component structurally re-
sembles the 312 and /3l double-chain components
formed as a result of intramolecular cross-linking,
suggests that cross-linking in skin collagen is a
single continuous process proceeding both intra-
and intermolecularly and progressing from the
formation of double chains to highly aggregated
polymers.
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