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Hydration and Density of Collagen and Gelatin*

I. GORDON FELS, Virginia Institute for Scientific Research, Richmond,
Virginia

Synopsis

The water sorption by adult and embryonic native and insoluble collagen was in-
vestigated, along with that of calfskin gelatin. Greater sorption was obtainable with
the collagen fractions than with gelatin, but the technique could not distinguish the
fractions themselves. The suggestion is made that the greater sorption by collagen
over gelatin and differences in apparent wettability between the adult and embryonie
insoluble collagen might be explained by the formation of helical grooves with aging.
Density measurements of the collagen fractions indicate that collagen becomes more
crystalline with aging. This also applied to the insoluble collagen. These results are
consistent with the view that differences in collagen solubility are due to differences in
molecular ordering. The density of the ingoluble collagens and gelatin passes through a
maximum at 3-49, sorbed water. The phenomenon is explained on the basis of water
bridges comprised of a single water molecule doubly hydrogen bonded to closely aligned
chains. A discussion is presented in this connection. A calculation based on the den-
sity yields a molecular volume of 4.32 X 10~% c¢m.? for tropocollagen. This is in agree-
ment with the molecular dimensions and consistent with the idea that collagen is formed
from an aggregation of the monomer.

1. Introduction

The prevailing thought concerning the formation of collagen is that the
soluble monomer tropocollagen, aggregates end to end! to form three
helically entwined polypeptide chains stabilized by interaction of the side
chains.? This view, referred to as the tropocollagen hypothesis by those
who formulated it,! has been summarized by Schmitt?® and Crick and Rich.*
A variation of this view is held by Huggins,® who postulates the formation
of a single strand folded back upon itself to form the helical structure.
Regardless of either interpretation, it has been known for a long time that
collagen may be extracted to yield soluble fractions in neutral salts, dilute
alkaline and acid buffers, in addition to an insoluble residue. The varia-
tion in solubility has been interpreted on the basis of differences in molec-
ular organization or crystallinity®” and chemical crosslinkages® which ac-
crue with aging. On the other hand, other workers®~!2 maintain that col-
lagen is not chemically identical throughout, and that its solubility charac-
teristics are a result of its formation from an acid-soluble “procollagen” and
an insoluble “metacollagen,” each of which has properties different from

* Supported by a contribution from the Old Dominion Foundation.
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those of native collagen, such as swelling, shrinkage, and electron micro-
scopical appearance.

With these different interpretations in mind, the water sorption of native
and insoluble collagen of the adult and embryo was undertaken to inves-
tigate possible surface differences. Precision density measurements were
also made of these fractions as a measure of crystallinity. A similar
parallel study was made with calfskin gelatin.

II. Experimental

The collagen was prepared from the hides of a 15-year-old bull and a 4-
month embryo. The same area (right front leg) was chosen for each to
eliminate differences due to location. The hides were washed with ice
water immediately after obtaining them from the animal, the major part of
the hair was clipped off, and the hides trimmed with a currier knife to ob-
tain the corium layer. The latter was cut into small rectangular pieces
which served as the starting material for the preparation. The method of
Veis, Anesey, and Cohen® was used because it caused minimal alteration
of the initial material. This was evidenced by the physical similarity of
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TABLE I
Summary of Data
3
N, Hypro., Tyr., Density, o

Substance % % % g./cm,3? Vo C
“Total”’ adult collagen 18.3 14.1 1.2 1.343 10.5 50.6
Insol. adult collagen 18.3 14.3 1.0 1.343,1.345 10.7, 21.0,
11.2 19.9
“Total’’ embryonic collagen 18.1 13.4 1.4 1.336-1.341 8.38 37.2
Insol. embryonic collagen 18.1 13.9 1.3 1.333,1.335 9.11 28.1
8.84 37.2
Calfskin gelatin 17.1 13.2 — 1.345 8.39 17.8

Bull’s Data't at 25°C.
“Hide Collagen” — — — — 9.52 17.8
Gelatin — — — — 8.73 17.4

the starting material and final product, despite the fact that soluble pro-
teins had been extracted. A flow sheet of the procedure is given in Figure
1. Minor changes from the original procedure, which does not mention
quantities or volumes used, might result from the following: a 200-500 g.
portion of corium was extracted in 10 liters of 109 NaCl. Buffer extrac-
tions were made with 250 ml.  All operations were conducted in the cold, as
mentioned in the procedure.

Two fractions are used in the following experiments. The first is the
native collagen, called total collagen in this paper because it consists of the
sum total of all the fractions. This is the residue prior to the first pH 8.0
extraction. The second is insoluble collagen, which has had all the soluble
collagen fractions removed. In the original procedure,® the insoluble
collagen is designated as purified intact collagen. These fractions were
dried after lyophilization in vacuo over P.O; for three weeks prior to use.
During this time they were outgassed at room temperature by intermit-
tently making and breaking the vacuum.

A chemical characterization of these fractions as well as that for a com-
mercially purified calfskin gelatin is given in Table I. Nitrogen was de-
termined by micro-Kjeldahl, hydroxyproline by the method of Woessner,!?
and tyrosine by the method of Folin and Ciocalteu.*

The sorption experiments were carried out in the manner devised by
Bull, whose investigation, conducted almost twenty years ago, on the
water sorption of proteins, including collagen and gelatin, is still the most
referred-to study.

Dried, outgassed samples were weighed in preweighed small vials which
were then placed in slightly larger vials, and partially immersed in H,SO,
solutions of varying concentrations. The latter were contained in screw-
capped jars which were sealed with grease, and the entire assembly sub-
merged in a waterbath at 20.1°C. for 30 days. This was sufficient time
for equilibrium to be established.’® At the end of this period, the jars
were removed from the bath and the water sorbed by the samples obtained
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from the weight change. This procedure yielded identical values for water
sorption as the procedure used by Bull. In the latter instance, the water
sorbed was obtained by difference after heating the sample to 105°C. for 24
hr. The equilibrium vapor pressure was obtained from the International
Critical Tables!s from the concentration of the HsSO, solution at equilib-
rium. This was determined by titrating a diluted aliquot with standard
alkali,

The density measurements were made by the gradient density method
of Linderstrom-Lang.’” The method which is one of three precision meth-
ods for the density determination of solids'® has been reviewed recently.!?
For the present system, mixtures of CCl, and xylene were used (5:2 overlaid
by 5:3, v/v). The gradient tube was immersed in a 33-gallon waterbath
held at 20.1 = 0.001°C. Glass floats, standardized against standard KBr
solutions whose densities were determined pycnometrically, were used to
establish the position of the gradient.* Using a cathetometer to determine
the position of the floats to the nearest 0.001 em., the gradient was found to
be linear in the range of 1.324-1.356.

The density determination of the collagen samples required the sample
size to be 4-8 mg. to give reproducible results. In spite of this precaution,
variation persisted among the density values for a particular sample.
Thus, although the gradient column was capable of reporting six signi-
ficant figures, the density for gelatin is good to 1 part in the fourth decimal,
adult collagen, 4 parts in the fourth; and embryonic collagen, 1 part in the
third. All densities will be reported to four significant figures for con-
sistency.

Considerable differences were encountered in the time required for par-
ticular samples to become wetted and submerge to a final position in the
column. Gelatin samples reached their final position in a few minutes;
adult collagen, in 30-45 min.; and embryonic collagen, in the neighborhood
of 6 hr. During this time, volume increases were detected in the case of the
embryonic collagen affecting the density to the extent of about two parts in
the third decimal. No correction for this change was made. No changes
were detected in gelatin and adult collagen.

III. Results and Discussion

The sorption isotherms for adult and embryonic insoluble collagen (A1C
and EIC, respectively) are combined with that of calfskin gelatin to Figure
2. When a BET plot® is made of the data, the resulting curves (Fig. 3)
exhibit linearity up to P/P, = 0.5. At greater vapor pressures, the water
sorption values depart markedly from linearity toward higher values.
Similar observations have been made previously by Bull.’® The volume
of H.0, V,, necessary to cover a monolayer of surface and the constant,
C, related to the heat of sorption, have been collected for the various

* The author is indebted and grateful to Dr. Henry Leidheiser for the preparation
of these floats. They are now available from the Scientific Glass Apparatus Co.,
Bloomfield, New Jersey.
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Fig. 2. Water sorption by insoluble collagen and gelatin.
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Fig. 3. BET plot of insoluble collagen and gelatin.

sorbentsin Table I. Included are values to indicate the extent of reproduci-
bility of a sorption experiment with a particular sorbent. In these in-
stances, the entire preparation procedure for AIC and EIC wasrepeated. A
satisfactory agreement is achieved with the AIC and the results compare
favorably with Bull’s data (Table I). Excellent agreement with Bull’s
data is present in the case of gelatin (Table I). On the other hand, sorp-
tions with all the embryonic collagen, insoluble and total, were charac-
terized by a considerable scattering of points. The sorption data re-
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Fig. 4. Effect of H.O content upon density of collagen and gelatin.

corded here for embryonic collagen are given with reservation because of
this, and no significant difference from the adult collagen is implied.

The density data for the anhydrous collagen fractions and gelatin are
given in Table I. The influence of sorbed water on the density is shown in
Figure 4. With the exception of the adult total collagen and corresponding
embryonic collagen (not shown), a definite density maximum occurs at
3-49, sorbed water. Similar behavior has been recorded for such diverse
substances as cotton,?! rayon,?® silk,? wool,? leather,? nylon,? g-lacto-
globulin,” and ovalbumin.? The possible significance of this density
maximum will be discussed shortly.

Returning to the density of anhydrous collagen, an appreciable dif-
ference is apparent between the insoluble collagen of the adult and the em-
bryo. The increased density of the older collagen suggests that age changes
associated with molecular ordering persist even after the formation of the
insoluble collagen. The data favor the views of Jackson® and Gross’ who
emphasize the variation of crystallinity with aging of collagen. The
soluble fractions of the adult collagen do not appear to influence the density
perceptibly. This is probably representative of a very old collagen, and
would probably be different for a younger adult. The total embryonic
collagen appears to be characterized by its disorganization. No representa-
tive density could be determined, only a range which included the em-
bryonic and adult insoluble collagen The same type of behavior was
evidenced in sorption isotherms with this material.

Previous determinations of the density of collagen are those of Pomeroy
and Milton? using nitrogen as displacement medium. They obtained 1.41
for hide collagen. Rougvie and Baer,?® using kangaroo tail tendon with
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bromoheptane and CCl,, obtained 1.34. No chemical analysis accom-
panied either preparation.

If it is assumed that the rodlike molecules of tropocollagen have the shape
of a right cylinder, 3100 A. long and 13 A. in diameter,* the volume of such
a cylinder will be 4.12 X 107!* em.* Assuming an aggregation of the
monomer to form the fibrous eollagen, the volume of the molecule as it ex-
ists in a hypothetical cell lattice will be V' /n, where

V/n = M/pN

and V is the volume of the unit cell, n is the number of molecules per unit
cell, p is the density (1.343 g./em.® for adult collagen), N is Avogadro’s
number (6.025 X 1023, and M is the molecular weight (350,000).%* V/n
comes out to be 4.32 X 10~!° c¢m.,® which is in good agreement with the
value obtained geometrically, and supports the validity of the above as-
sumptions.

The high density obtained for gelatin is surprising. Fessler and Hodge,*
in an ultracentrifugation study using a density gradient, found parent
gelatin more dense than collagen fibrils. The reason for this is obscure at
present.

The density maximum observed when various substances sorb small
amounts of water has received several interpretations. Hermans and co-
workers?% believe, in the case of cellulosic materials, that the water pene-
trates into pores inaccessible to organie solvents causing contraction of the
fibers. They further maintain that this is the region where the first hydrate
(cellulose hydrate I) is formed. Their data are interpreted in terms of the
apparent density for the sorbed water. In the case of cotton, the ap-
parent density of the sorbed water was calculated to be greaterthan2. This
high value which is acceptable to them in this instance was rejected by
them as an explanation for the high density values for cellulose in water
generally.??® A maximum in the depsity has been obtained for cotton
system with helium as the displacement medium.??

Alexander and Hudson?? believe that the volume contraction following
the chemisorption of water to form definite hydrates is sufficient to explain
the phenomenon of maximum density in the low moisture region. The con-
cept of hydrate formation for fiber—water systems was proposed initially
by Katz,** who pointed up the similarity of these systems with those of Hy-
S04 and H0O. Stamm and Loughborough® made a similar comparison.
One might add additional similarity, that the density of the H,SO,—H0O
system passes through a maximum at 39, H,0.3

Consistent with the hydrate concept is the high differential heat of wet-
ting (differential heat of absorption) for the fibrous material, including
collagen.®”

MeMeekin and co-workers? found the maximum density occurring at
about 149, H,0 for 8-lactoglobulin. They explained this on the basis of a
combined effect of the apparent packing of the protein and the electro-
striction of the water.
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TABLE II

Calculated Interatomic Distances Between Carbonyl Oxygens
Atom or group Distance, A. Model
Glycine-Proline 3.48 Rich and Crick,* Collagen 1I
Glycine-Hypro 3.06 “ ¢ “
0,-0; 3.47 Ramachandran et al.,%s Two-bonded
02_03 2 . 73 1 « I3
01—03 4 .87 0“ 13 13

It would seem that the hydrate concept neglects one important aspect,
and that is that a stoichiometric hydrate invariably has a lower density
than the anhydrous parent substance. Hence, it is difficult to see how the
formation of a less dense material would produce an increase in the density
without bringing in a concomitant event. More plausible, it seems, is the
postulation of the formation of water bridges, doubly hydrogen-bonded
structures joining accessible chains in closer alignment. Previous workers
have provided evidence that water molecules will fit into the geometry of
the collagen chains forming hydrogen-bonded bridges between adjacent
carbonyl groups.®—4 The innovation suggested at present is that in the
region of the density maximum, the water exists primarily as single mole-
cules.#® These then can fit into an available space, drawing the already
close chains closer together. At the higher vapor pressures, the water ex-
ists as chains and aggregates. These, upon entering a void, will expand
the structure. In the light of this explanation, the insoluble adult col-
lagen, in becoming more dense, creates more closely aligned chains for the
single molecules to bridge. The steeper maximum in this case as com-
pared to the embryonic counterpart is consistent with the explanation.
Similarly, the closely aligned chains of gelatin, as reflected by its high den-
sity, are capable of forming numerous water bridges because of the ab-
sence of the restrictive internal architecture possessed by collagen. On
the other hand, the total collagen of the adult and embryo, both of which do
not form the maximum, possess a greatly expandable structure of the soluble
collagen over an insoluble core. In the case of the embryonic total col-
lagen, as little as 0.03 g. H-O per gram caused the sample to float in the den-
sity column, indicating a density change from about 1.33 to 1.31.

In an often quoted paper, Esipova and co-workers® visualized water
bridges taking place between adjacent free carbonyls on the same chain.
This view has also been espoused by Harrington and von Hippel.#? The
positioning of a water bridge between two adjacent carbonyls on the same
chain necessitates a span of distance in excess of that usually attributed to
a hydrogen bond, and one which could not be achieved by a single water
molecule. Given in Table II are the calculated distances for the carbonyl
oxygens taken from the coordinates of the atoms given by Rich and Crick*
for their collagen IT model and from those of Ramachandran et al.® for
their two-bonded standard structure. In the Rich and Crick model, the
distances given are too great to be spanned by a single water molecule.



HYDRATION AND DENSITY OF COLLAGEN AND GELATIN 1821

The 3.06 A. between carbonyls of glycine and hydroxyproline was not
mentioned by the authors!* as a possible water position For the two-
bonded standard structure, only the distance O,~O; is favorable for hy-
drogen bond formation. However, this distance represents an interchain
distance and a hydrogen bond is postulated between O; and a neighboring
N.% From their x-ray data of rat tail tendon, Burge et al. suggested
two possible positions for water molecules, between two carbonyls on
neighboring chains, and a particular pair on the same chain. Both were
considered not entirely satisfactory by them and untenable by others.!
Esipova et al.® also mentioned the possibility of interchain bridging if the
chains are 5-6 A. apart. The main difficulty at present is due to the lack
of a universally acceptable model! for collagen. The interpretation of hy-
dration effects, which must rest upon such a model, must therefore dwell
in uncertainty. A certain amount of confusion, however, may be fore-
stalled by eliminating the all too common practice of equating tendon to
collagen. Another complication which may be surmised from the present
study is that collagen may be viewed as a system whose spacial atomic
positions change with time, tending toward an increase in density. Crys-
tallographie changes indicating greater crystallinity with aging have also
been observed.4 In the light of this, results of structural studies will be
dependent upon the age of the animal, and it is conceivable that changes
concomitant with aging may produce changes in interpretation.

The present work points up two apparent paradoxes. One might ask
with good reason why a crystalline substance like collagen is capable of
sorbing more water than an amorphous material like gelatin, each having
almost identical chemiecal composition. The question is appropriate since
1t is generally accepted that the reactive regions of a structure are amor-
phous. Almost identical results as recorded here have been obtained by
Bull,® although no comment was made concerning it. It seems con-
ceivable that in the molecular ordering which proceeds with the aging of
collagen, helical grooves are formed to accommodate more water. Evi-
dence for the presence of such grooves has recently been submitted.*

The second apparent paradox concerns the wettability of the embryonic
and adult insoluble collagen.  From the long time required for the em-
bryonic insoluble collagen to submerge in the organic medium, one would
surmise that it is much more lyophilic toward H>O than the adult counter-
part. The explanation cannot be due to their differences in density, since
one would expect the solvent to penetrate the less dense material, in this

"case the embryonic insoluble collagen, more readily. If one assumes a
more lyophilic surface for EIC than AIC, one would expect to obtain a
greater water sorption in the former instance. This is not the case. The
answer again may be the helical grooves. Although differences in the lyo-
philic nature of the surfaces may exist, the presence of the grooves in the
older collagen may permit a more rapid penetration of the solvent.

While it is possible to achieve reproducible results, it does not appear
that sorption experiments are sufficiently sensitive to differentiate between
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closely related chemical species such as the various collagen fractions.
This has been the case with ovalbumin and plakalbumin and collagen as a
film and a fiber.® On the other hand, the precision density measurements
offer concrete evidence that the molecular ordering of the collagen changes
with aging, presumably toward greater crystallinity. Evidence for this
has also been obtained from x-ray data.® This would tend to favor the
opinions of Jackson® and Gross’ who claim that the variations of solubility
of collagen are due to variations in the molecular organization or crystal-
linity. Although the present work does not eliminate the procollagen—
metacollagen hypothesis as a possibility, it makes it less plausible, for the
calculation of the molecular volume is consistent with the idea that collagen
is formed from an aggregation of the monomer.

Added in proof: Electron micrographic evidence of this has recently been published;
E. Borysko, “Collagen,” in Ultrastructure of Protein Fibers, Academic Press, N. Y., 1963,
p- 19.

The author is grateful to Dr. Henry Leidheiser and Dr. Melvin Hobson for reading
the manuscript, and for their suggestions.
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Résumé

On a étudié la sorption d’eau par le collagéne insoluble provenant d’adultes et d’em-
bryons, de méme que celui de la gélatine de la peau de veau. On a obtenu une plus
grande sorption avec les fractions de collagéne qu’avec la gélatine, mais la technique ne
peut distinguer les fractions elles-mémes. On suggere une plus grande sorption par le
collagéne vis-a-vis de la gélatine, et les différences dans le mouillage apparent entre
le collagéne insoluble adulte et embryonnaire s’explique par la formation de rainures
hélicoidales avec I'dge. Les mesures de densité du fraction de collagéne indiquent
que le collagéne devient plus cristallin avec P'dge. Ceci s’applique aussi au collagéne
insoluble. Ces résultats concordent avec le fait que les différences dans la solubilité
du collagéne sont dues aux différences dans lordre moléculaire. La densité du
collageéne insoluble et de gélatine passe par un maximum 3 349, d’eau sorbée. Le
phénomene s’explique sur la base de ponts d’eau d’un simple molécule d’eau doublement
liée & 'hydrogene pour aligner fermement les chaines. On présente une discussion dans
ce sens. Un calcul utilisant la densité conduit 4 un volume moléculaire de 4.32 X 1071°
cm? dans le tropocollagéne. Ceci est en accord avee les dimensions moléculaires, et avec
I'idée que le collagéne est formé 4 partir d’'une aggregation de monomere.
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Zusammenfassung

Die Wassersorption von natirlichem und unléslichem Erwachsenen- und Embryo-
nenkollagen sowie von Kalbshautgelatine wurde untersucht. Die Sorption der Kolla-
genfraktionen war grosser als diejenige von Gelatine, doch war die Methode nicht zur
Unterscheidung der Fraktionen selbst geeignet. Man nimmet an, dass die grossere
Sorption von Kollagen im Vergleich zu Gelatine sowie die verschiedene Benetzbarkeit
von unléslichem Erwachsenen- und Embryonenkollagen durch die Bildung helixférmiger
Rinnen beim Altern erklirt werden kann. Wie aus Dichtemessungen an den Kollagen-
fraktionen hervorgeht, nimmt die Kristallinitdt des Kollagens beim Altern zu. Dies
gilt auch fir unlésliches Kollagen. Dies Befunde stimmen mit der Ansicht iiberein, dass
die Léslichkeitsunterschiede der Kollagene auf Unterschiede in der molekularen Ordnung
zuriickgehen. Die Dichte von unloslichem Kollagen und Gelatine durchliuft bei einem
Gehalt von 3-49, sorbierten Wassers ein Maximum. Diese Erscheinung wird auf Grund
von Wasserbriicken erklirt, die aus einem einzigen, durch zweifache Wasserstoffbricken-
bindung an nahe aneinander gelagerte Ketten gebundenen Wassermolekiil bestehen.
Diese Annahme wird eingehend diskutiert. Aus der Dichte von Tropokollagen wurde
ein Molekiilvolumen von 4,32 X 10~!% em?® berechnet. Dies stimmt mit den Mole-
kiildimensionen iiberein und entspricht der Ansicht, dass Kollagen durch Zusammen-
lagerund des Monomeren gebildet wird.
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