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ABSTRACT

On the Structure and Properties of Collagen and Gelatin
in the Hydrated and Anhydrous Solid State

Dy
Nak-Ho Sung

Submitted to the Department of Mechanical Engineering
on May 5, 1972 in partial fulfillment of the requirements
for the Degree of Doctor of Science in Materials Science and
Engineering.

Quantitative characterization of the secondary and
tertiary structure of non-fibrous (but native) collagen and
its denatured form, gelatin is developed using wide-angle
x-ray diffraction, infrared spectroscopy and optical rotato-
ry dispersion (ORD).

Four Debye-Scherrer rings in the x=ray pattern
obtained with collagen films are identified as characteristic
of the triple helical structure (native collagen) in contrast
to the total absence of any Debye-Scherrer rings in amorphous
collagen films ( hot-cast gelatin ). The use of x-ray
diffracticen in the quantitative analysis of the helical
content of semi-native collagen ( cold-cast gelatin ) is
found to be unsatisfactory due to near identity of the
patterns of collagen films and cold-cast gelatin films.

The infrared absorption spectra of collagen, cold-cast
gelatin and hot-cast gelatin films are studied comparatively.
Multiplet bands of the Amide I and Amide II bands are resolved
into sub-bands, and sub-bands characteristic of the helical
structure of collagen and randomly coiled gelatin are
assigned. The infrared spectroscopic basis for the quantita-
tive estimation of helical content of semi-crystalline collagen
is developed using the ratio of absorbance of the 1235cm-1
band to the 1450 cm-1 band.

Particular emphasis is placed on the development of
solid state methodology for obtaining and interpreting ORD
spectra of solid specimens ( collagen films and fibers ).
Following recognition of the tensorial character of the opti-
cal activity, three non-zero diagonal components of the second
-rank tensor are resolved by independent measurements of the
optical activity along the three mutually orthogonal axes of
the rod-1like collagen molecule. The optical rotation along
the direction perpendicular to the axis of collagen helix
is found to be negative whereas that along the axis of
collagenhelix is positive.

Using the component values of optical activity, quanti-
tative comparison is made between the optical activity of
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collagen in dilute solution and in the solid state. It is
concluded that the triple helical structure of collagen is
virtually identical in the twe states. It is also suggested
that several unexplained cases of difference between the
optical rotation of various polypeptides and proteins in
dilute solution and in the solid state, which have been
reported by several workers can be interpreted quantitatively
by use of the solid state methodology for the measurement of
optical rotation developed in this work. A sensitive quanti-
tative assay of collagen nativity in the solid state is
developed based on the remarkable differences in optical
activity among the various specimens ( films of native, cold-
cast gelatin and hot-cast gelatin). By this method, cold-
cast gelatin film is found to possess 49 6% of the tertiary
structure of native collagen while the infrared spectroscopic
method yields the value 45 16 % for the same specimen.

The effect of dehydration on the structure of collagen
is studied using x-ray, IR and ORD. Dehydration of native
specimens to a water content less than 0.1%-wt. causes minor
distortion of the triple helical structure of collagen mole-
cules; such distortion is completely reversible upon rehyd-
ration. Contrary to current belief, water is found not to be
an integral part of the collagen helix since the helix sur-
vives severe dehydration. It is believed that the minor
distortion of the helical structure of collagen, caused by
dehydration, occurs primarily in the polar regions of the
molecule. :

It is found that soluble collagen becomes insoluble
when dehydrated below 0.3%-wt. moisture level by the forma-
tion of interchain cross-links. The mechanism of dehydrative
cross-linking is found to proceed neither by a free radical
mechanism nor by the aldol-condensation mechanism by which
intermolecular cross-links are formed biosynthetically in
collagen in vivo. It is suggested instead that dehydrative
cross-linking in collagen most likely proceeds via a conden-
sation reaction between carboxylic groups and amino groups
and/or hydroxyl groups.

Thesis Supervisor: Dr. Ioannis V. Yannas )
Title: Associate Professor of Mechanical Engineering
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CHAPTER I INTRODUCTION

Structure of Collagen; Collagen is one of the most abundant

structural proteins found in living systems as a constitu-
ent of connective tissue. The basic molecular unit of colla-
gen is a triple helix (51) composed of three similar, but
not identical polypeptide unit, termed tropocollagen(TC),

is a rigid rod-like macromolecule about 3000A° lorng with a
diameter of about 15A°, 'and has a molecular weight of about
300,000(25,53,54). A schematic diagram for different levels
of structure of collagen is shown in Figure I-1.

Several levels of structural complexity can be considered
in collagen;

Firstly, primary structure (the complete sequence of

amino acids in the polypeptide chain) of collagen is made

up of 18 amino acids of varying amounts. The amino acid
composition for many different species of collagen is well
known, but the amino acid sequences are still largely un-
determined. The composition of rat tail collagen is shown

in Table II-1.

Some of the characteristic features in primary structure of
collagen are as follows (figure I-1.A); (i) the content of
glycyl residues is about one-third of total and almost

every third residue of the polypeptide chain is glycyl; this’
provides for relatively free rotation around the chain,
thereby rendering flexibility £o it, (ii) the imino acids’
proline and hydroxyproline constitute about one-fourth of
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the residues, which provide the rigidity of the chain due

to the hindered rotation of the chain around the pyrrolidine
ring of the proryl residue, (iii) individual chains appears
to be made up of block sequences of '"polar' regions (mostly
a-amino acids) alternating with "apolar' regions (prolyl-
and WhYdrpiyprolyl—rich region) |

Secondly, conformation of individual chain (secondary st-
ructure) of collagen molecule is a left-handed helix, similar
to poly-L-proline II type which has a pitch of about 9A°
(Figure I1-1,B).

Thirdly, the tertiary structure (large scale folding of
the polypeptide chains of collagen) is a right-handed super-
helix, made up of a three individual chains of left-handed
helix, with a repeat distance of about 90A° (Figure I-1,C).

Finally, the quarternary structure (structure origina-
ting from the aggregation of TC molecules) of collagen
shows a variety of different forms of aggregation.

Depending on the conditions of aggregation process, differ-
ent crystallites are formed including the quarter-stagger-

ed native type, the segment long spacing (SLS) type, the
fibrous long spacing (FLS) type and others. A pattern of fine
" -cross striations with an axial period of about 690A°
(spacing D in Figure IL-1,E) for native and about 2800A° for
the FLS forms are the characteristic features of the trans-
mission electron micrographs of stained specimens of these

crystallites.
Y -17-
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Higher order structures as well as further details on
structure of collagen discussed above have been recently -

reviewed by Yannas(54) and by others(55).

Scope of this investigation

The secondary and tertiary structure of biological
polymers including collagen is commonly studied in the dilute
solution state using classical physicochemical methods such
as viscometry, light-scattering, osmometry, optical rotation,
‘ultracentrifugation, flow birefringence and several others.
By contrast, biopolymers in the solid state can be studied
fruitfully only in the form of single crystal or highly
ordered states(i.e.,fibers) using the x-ray diffraction * =
technique or electron microscopy.

Due to the fact that collagen can not be crystallized, the
gross features of the tertiary structure of this biopolymer
have been obtained largely from the x-ray diffraction pattern
of collagen fibers, a pattern which can provide only
limited information compared to the pattern of crystalli=-
zable proteins. Higher orders of structual order in collagen
fibers have been partly deduced by transmission and scanning
electronmicroscopy.

T he lack of methodology for the structual characteri-
zation of non-fibrous collagen in the solid state (eg. in
the form of films) is even more acute. Virtually no charac--
terizaticn of collagen films, cast from collagen solution
has been reported. Such characterization tools must be

-19-



developed before an effort is undertaken to use - collagen as
a material.

This thesis. attemps to develop and standardize the
method$ for quantitative characterization of the secondary
and tertiary structure of collagen in the solid state,
specifically, of two-component solid films and fibers based
on collagen and water. Systematic and comparative use is made
of wide-angle x-ray diffraction, infrared spectroscopy and
optical rotatory dispersion(ORD) in the quantitative

characterization of the native, helical conformation of

collagen chains which is contrasted with the denatured,
randomly-coiled structure of gelatin.

This study has focused its attention on two regions of
concentration range of the collagen-water system, namely,
dry(ca.15%-wt. water) and anhydrous (water less than 0.1%-
wt.) state. Anhydrous collagen poses an unsolved problem in
collagen science. When dehydrated below 0.3%-wt. water level,

soluble collagen becomes insoluble(ll). by a formation of
inter-chain cross-links. Water has been suggested to be an
integral part of the collagen structure, i.e., essential in
ité formation and maintenance(12).
Attempts were, therefore, made in this thesis to asses the
effect of severe dehydration on the structure of collagen
helix, using the techniques developed in this study, and
also to elucidate the mechanism of dehydrative cross-linking
by use of a variety of techniques.

Chapter II contains the quantitative characterization
=20- . . - .. o -




of the sample preparation techniques including the extrac-
tion process of collagen from rat tail tendon, the solution
casting process for the collagen and gelatin films and their
characterization. Also included is a comparative study of
moisture assay in collagen by the vacuum drying method on
one hand and the Fischer volumetric method on the other.

" Chapter TITI contains the methodology and results of

wide-angle diffraction and infrared specroscopic studies.

A brief review is made of diffraction theory by a helical
molecule followed by the discussion of the characteristic
fiber pattern of native collagen fibers. Debye-Scherrer
patterns of collagen, cold-cast gelatin and hot-cast gelatin
films are compared.

The infrared absorption spectra of collagen and hot-cast
gelatin are discussed. The five most intensive absorption
bands are studied in an attempt to establish the IR spectro-
scopic basis for differentiating the native helical confor-
mation of collagen structure from the randomly-coiled
structure of hot-cast gelatin. Quantitative assay of a nati-
vity of solid specimens is developed based on the absorbance
of the conformation sensitive bands.

Chapter IV presents the development of the systematic

application of ORD and CD to the secondary and tertiary
structure of collagen and gelatin in the solid state.
Comparative studies are made of the ORD and CD behavior

of collagen between dilute solution and the solid states.
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Analysis of the tensorial components of the optical
activity tensor of tropocollagen molecule is presented fol-
lowed by the measurements of each component using different
specimens of collagen films and fibers. Based on the compo-
nent values of the optical activity of collagen molecule,
quantitative comparison is made of the nativity of the col-
lagen between in dilute solution and in the solid state.
A method for assay of relative helicity of the solid speci-
men of collagen, cold-cast gelatin and hot-cast.gelatin
films is developed in this section.

- ChHapter V is devoted to the studies of the effect of
déhydratian on the structure and properties of collagen.
The effect of dehydration on the wide-angle x-ray diffract
tion patterns, infrared spectra and ORD of collagen is inves-
tigated and interpreted in relation to the structural chan-
ges. Finally the mechanism of dehydrative cross-linking in
collagen is investigated using a variety of techniques
including the use of free radical scavenger, EPR measurements,

chemical modifications as well as lathyritic collagen.

-22-



CHAPTER II
SAMPLE PREPARATION AND CHARACTERIZATION

IT-1 Quantitative Study of the Extraction Process

1.1 Introduction

The physicochemical studies to determine the struct-
ure, size and shape of the collagen molecule as well as the
chemistry of the protein, including amino acid sequence,
requires the isolation of collagen from its natural sources
in the form of either solid phase or solution.

Although most collagen in natural connective tissues
is insoluble, some of the collagen in certain tissues can
be extracted in native form. The amount of soluble colla-
gen depends on many variables such as the kind of tissue
and the age of animal. (1) In general, the extraction pro-
cedure involves grinding of tissues, pre-extraction of the
non-collageneous materials, extraction of the soluble frac-
tion of collagen and purification. Depending on the sol-
ﬁbilizing medium used, three different methods are known as
follows:

(1) neutral salt extraction

(2) acid extraction

(3) chemical or enzymatic solubilization
Detailed discussion of these methods can be found else-

where; (2) however, some aspects of each methods are dis-
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cussed here briefly.

When meutral or alkaline salt solutions are used as an
extracting medium, the yield is relatively low (around 15%
or less of total collagen in the tissue) and the collagen
thus extracted has been known as the fraction which has
been recently bio-synthesized; the latter is loosely aggre-
gated (3,4) and is suggested as the precursor of insoluble
collagen. (8)3 Phosphates, citrate and sodium chloride are
the commonly used salts. (3-8)

Acid extraction is also widely used; acidic solutions
of low ionic strength such as citrate buffer and acetic
acid are used as an extracting medium. (9,10) The yield
is, in general, higher than that from salt extraction. 1In
either method, the yield depends on various factors such as
the amount of extraction solution, duration of extraction,
state of subdivision of ground tissue and stirring effic-
iency as well as the pH of the solution.

The collagens from salt and acid extractions do not
differ in their chemical (amino acid composition) and phys-
icochemical properties; (10,11) however, they do differ in
their aggregation properties. (12) Acid soluble collagens
can be reconstituted to native type fibers by warming (heat
gelling) (50) much more readily than salt extracted colla-
gen. Some fractions of salt extractable collagen are re-
ported to be unable to be reconstituted by warming. (12)

Since most collagens in native tissues are insoluble
—24—



in the usual extracting solvents, methods have been sought
for altering the collagen to be solubilized. The attempt
has been made to increase the solubility of the collagen by
digesting polysaccharide components 6f the tissue with en-
zymes which may be combined with collagen, thereby prevent-
ing its solubilization. oa-Amylase (13) and hyaluronidase
(14) were reported to be successful in this respect. An-
other approach in applying enzymes to solubilize the col-
lagen is to use proteolytic enzymes such as pepsin and
trypsin (15) which cleave a limited number of peptide bonds
near the covalent cross-links. The application of other
enzymes which are responsible for the insolubility of col-
lagen and the action of these enzymes on native collagen

in solution is thoroughly discussed by Piez in his recent
summary. (2)

There are, therefore, many ways to prepare soluble col-
lagen from tissue. Selection of any particular method may
be determined by criteria, such as accessibility of tissue,
simplicity of extracting procedure, yield. On the basis
of these considerations, the method reported by Dumitru and
Garrett (16) was employed as a standard procedurg in pre-

paring soluble collagen from rat tail tendon in this study.

1.2 Preparation of Acid Soluble Coilagen from Rat Tail

Tendon

Rat tails from Albino rats of varying ages were the
—-25-



source of collagen in this work, except as otherwise indic-
ated. Tails, collected and stored in a regrigerator at
-10° C. were the stock supply for the extraction process.
Frozen tails, stored for about a month, were washed
with cold tap water until they became flexible. With a
pair of wire-stripping pliers, the tail was cut from the
narrow tip in such a way that skin and bone was cut but
not through the tendon. Tendon threads were then pulled
out together with tail tip from the remaining tail. Expos-
ed tendon was cut from the tail tip using a pair of scis-
sors and immersed immediately in 0.5 M NaH3;PO, Solution.
This was repeated at 1/2-inch intervals up to the base of
the tail. The weight of tendon in a tail varied from 130
mg to 400 mg (wet weight) depending on the size of the tail.
The solution of 0.5 M NaH,PO, was used as a pre-extraction
medium. (16) The reticular membrane surrounding the fib-
rils of the tendon was separated off by 0.5 M NaH,PO,, (24)
thereby increasing the speed of dissolution in acetic acid
solution in the next step. Approximately 100 ml of the so-
lution was used per gram of wet tendon and the pre-extrac-
tion step was carried out at room temperature over four
hours. After pre-extraction, tendons were taken out from
the solution and washed with distilled water several times
to remove any residual NaH,POy4 from the solution. Since
the tendon became swollen very quickly in distilled water,

each rinse did not last more than ten seconds. Tendons
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were then put into 0.05 M acetic acid to dissolve. Solu-
bilization was carried out for overnight at room tempera-
ture with occasional mild agitation. Tendon fibers diss
solved slowly yielding a very viscous solution. Approx-
imately 450 cc of 0.05 M acetic acid solution was used for
one gram of wet tendon to yield a solution containing ap-
proximately 0.08% collagen by weight after 24 hours of dis-
solution. Because of foreign materials and insoluble frac-
tion of tendon, collagen solution after dissolution is nor-
mally very turbid. Clear solution was obtained by filter-
ing the solution through medium and coarse glass frits.

The final solution, thus obtained, contained approximately
0.08% wt. of acid soluble collagen and material balance for
the overall extraction procedure is shown in Figure II-1
for the tendon from a medium-size rat tail.

Depending on the use intended for the collagen, fur-
ther purification was done by precipitating out the collar
gen with a 2 M KC1 solution, dialysing against distilled
water over 24 hours at 23° C. and redissolving in 0.05 M
acetic acid solution. The acid soluble rat tail tendon
collagen (0.08% wt. in 0.05 M acetic acid) was the standard

collagen solution used in later work in this study.

1.3 Characterization ~of “GCoIlkagen Sdliurtion

Before using the collagen prepared as described above,

certain critical physical quantities such as the collagen
-27-



MATERIAL BALANCE OF EXTRACTION PROCESS
OF COLLAGEN FROM RAT TAIL (MEDIUM SIZE)

Rat tail (3.8 g)

» Skin, bone, etc. (3.465 g)

/
Wet tendon (335 mg)

(Tendon 135 mg 40%, water 200 mg 60%)

l . Insoluble collagen

l Non-collageneous fraction
Soluble collagen (113 mg) (22 mg)
84% - - - - - - - -16%

|

v

Collagen solution (140 cc)

Final conc. = 0.08%-wt.

FIGURE II-1



concentration of the solution. The intrinsic viscosity [n],
the specific rotation {a] and certain other characteristics
of the dissolved collagen were determined routinely fol-

lowing each preparation.
A. Concentration of Collagen Solution

The final concentration of the collagen solution was
determined by the gravimetric method. A known amount of
solution was first air-dried at room temperature and sub-
sequently dehydrated at 105° C. under vacuum for three
days. The weight of dehydrated collagen was determined
with an analytical balance and the percentage of the dry
weight to the original total weight of the solution was
computed. Typical final concentrations of the collagen so-
lution centered around 0.08%-wt. ranging from 0.057%-wt.

to 0.098%-wt.

B. Intrinsic Viscosity [n ]

Intrinsic viscosity was estimated by a low shear rate
technique. Using an Ubbelohde viscometer (Model 13-614,
Fisher Scientific) the relative viscosity of the collagen
solution was obtained by measuring the flow times of the
solution at different concentrations in 0.05 M acetic acid
at 25° C. + 0.1° C. The flow time for the 0.05 M acetic
acid solution in the Ubbelohde viscometer used was 123

seconds at 25° C. Relative viscosity, nrei and specific
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viscosity Ngp were calculated from the flow times of the
collagen solution (t), of the solvent (to) and the concen-
tration (c) using the following equations:

Nrel = Nsolution/Nsolvent = t/tg

Nsp = Mrel - 1 = (t - t5)/t,
From the plot of nsp/c vs. ¢, the intrinsic viscosity [n]
was estimated by extrapolation to zero concentration.

[n] = éirg (nsp/C)

The intrinsic viscosity of acid soluble collagen from rat
tail tendon, obtained by the above method was 12.7 + 0.5
dl/g. The plot of nsp/c versus concentration at 25° C. is
shown in Fig. II-2. The intrinsic viscosity of vertebrate
collagens varies, in general, from 11.5 to 17.0 dl/g de-
pending on the collagen species, solvent, temperature and
the experimental techniques. Data for different collagen
species are summarized in Table II-1. The result obtained
is somewhat different from that of Noda (27) who reported
15 d1/g for rat tail collagen. Direct comparison is, how-
ever, of no significance due to the different cxtraction
procedure and also to the lack of information on the exper-
imental conditions used by Nada. Nevertheless, the results
are in fair agreement considering the large variability ob-

served in the data of other collagens.
C. Specific Rotation, [«&]

The specific optical rotation of the dilute collagen
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solution was determined with a Cary 60 spectropolarimeter.
It is possible to obtain the full spectrum of specific ro-
tation (ORD) of the collagen solution from a wave-length

of 190 mu to 600 mu with this instrument. However, for

the purpose of characterization, the optical rotation was
measured only at 365 mu and 589.5 mp (sodium D line); at
these wavelengths many independently reported values are
available for the comparison. Measurements were carried
out with a 1 cm quartz solution cell at room temperature
for different concentrations of the solution and the blank
solvent. (Details of the measurement procedure are to be
discussed in Chapter IV.) From the measured angle of opt-
ical rotation, the specific rotation, [@] was calculated as
follows: [a] = a/l-c (degrees cm>/decimeter g) where a is
the rotation angle measured, c -is the concentration of the
solution in g/cms, and 2 is the optical path length of the
solution in decimeters. The specific rotation of the rat
tail tendon collagen in 0.05 M acetic acid solution, meas-
ured at room temperature, was found to be:

R.T, = -1 +
Falies o 300 £ 50

o137 = -380 & 10

These values agree well with other .reported values (table
ITI-1) for many different species of collagen indicating

that the extraction method employed in this study yielded
a native collagen solution. (Harrington (33) reported a
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TABLE II-1 INTRINSIC VISCOSITY AND SPECIFIC

ROTATION OF

COLLAGEN

Collagen

Ichthyocol

Rat tail tendon

Ratskin

Calfskin

Perch swim
bladder

Cod swim bladder
Codskin

Dogfish sharkskin

*This work

Intrinsic Viscosity

(n) (di/g)
13.2 (citrate, pH 3.7)9

11.5 (citrate, pH 3.7)25
12-16 (neutral salts)26
15-17 (neutral CaClz)21
15 (acid)?’

12.7 (0.05 M HAG)*

16.5 (citrate, pH 3.7)28
13.7 (citrate, pH 3.7)29
13.5 (citrate, pH 3.7)30

15 (acetic acid)

12

13.2 (citrate, pH 3.7)2°

29
13.2 (citrate, pH 3.7)

12.8 (citrate, pH 3.7)1%

-33-

Specific
Rotation

degree/g-cm2

- 35032

- 33033

- 28933
- 380%

22
- 409

- 41530



value of -289 for rat tail collagen which is unusually

lower than other values.)
D. Stability of the Collagen in Solution

Collagen is well known for its characteristic helix-
coil transition in dilute solution where molecules are well
isolated from each other. This transition is often called
""denaturation'', a term referring to the disorganization of
the secondary and tertiary structures without affecting the
primary structure. (23) The denaturation of collagen in
dilute solution occurs at temperatures from 16° to 37°
C. depending on the collagen species. (21) Rat tail ten-
don collagen is known to have a relatively high denatur-
ation temperature, Tp of 379 C. (21) The helix-coil trans-
ition of collagen has been discussed thoroughly by von
Hippel. (19)

For the practical purpose of handling collagen in the
laboratory, it is necessary to know the extent to which col-
lagen denatures at room temperature during process such as
the casting of collagen film from dilute solution. The
optical rotation and the relative viscosity of the freshly
prepared collagen solution kept at room temperature (23°
C.), were determined at various intervals of time over a
two-week period. The change of Nrejp With time is shown in
Figure II-3. The ratio of initial specific rotation

Tiny t=0 ] t 3 -
[elzgc o to that at time t, [ot]365 mu 1S also plotted ag
—34—
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ainst time in Figure II-4. For the initial five days, dur-
ing which most experiments in this work were conducted (in-
cluding solution casting of films), the relative viscosity
changed from its original value of 1.94 to 1.92 while the
ratioof specific rotation decreased from 1.0 to 0.99.

The small changes in the relative viscosity and the specific
rotation indicates that the denaturation of collagen at

23° c. during the two-week period can well be taken as neg-
ligible (apprpximately 4.5% of the total collagen was est-
imated to be denatured in the two-week period based on the
specific rotation values). It is worthwhile to mention
that the optical rotation did not change when the collagen

solution was stored at 0° C. for more than two months.

E. Amino Acid Analysis of RTT Collagen

The tail tendon was removed from the freshly killed
rat tail, and pre-extracted with 0.5 M NaH,PO, solution
for four hours at room temperature. The tendon collagen
was hydrolysed with 6 M HC1 (1 mg collagen/5 ml 6.M HC1).
at 120° C. for 22 hours under vacuum. At the end of the
hydrolysis, hydrochloric acid was removed by evaporation
and the residual amino acids were washed three times with
distilled water. Dried amino acids were removed by dis-
solving in "Trisol'" buffer solution and were analyzed with
Beckman Automatic Amino Acid Analyzer. (Model 121, Beckman,

Fullerton, Calif.) The results are tabulated in Table II-2
-37=



TABLE II-2 AMINO ACID COMPOSITION OF RAT TAIL COLLAGEN

Amino Acid Neuman (3) piez et a1(P) This work(c)
Alanine 9933 107.0 102.0
Glycine 351.0 331.0 336.0
Valine 22.5 22.9 22.7
Leucine 22.5 23.6 27.4
Iso-Leucine 13.2 9.6 11.5
Proline 123.0  122.0 121.0
Phenylalanine 14.3 T11%9 13.5
Tyrosine 5.4 3.9 4.7
Serine 27.8 43.0 33.9
Threonine 19.1 19.9 18.0
Methionine 5.8 8.4 5.3
Arginine 46.5 50.0 (50)c
Histidine 3.3 4.1 3.9
Lysine 35.6 26.9 31.2
Aspartic Acid 47.1 45.0 46.3
Glutamic Acid 3.7 71.0 71.3
Hydroxy Proline 90.4 94.2 95.2
Hydroxy Lysine  ----- 6.6 7(6.6)%
Note: Data represent the number of amino acid residue/1000

amino acids.

a) Recalculated (Eastoe and Leach, 1958) from Neuman's data

b) Soluble rat tail collagen

c) Native rat tail collagen containing 10% insoluble col-
lagen

d) Experiment was incomplete. Data are taken from Piez et al
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together with other reported values for comparison. Our
data show very good agreement with those of others (19)

within the experimental error range.

II-2 Solution Casting Process for Collagen and Gelatin

Films

2.1 Introduction

In a two-component system of a solvent and a solute,
the dilute solution and the solid bulk state might be con-
sidered as the two extremes of the concentration range. In
the dilute solution state, the solute molecules are suffi-
ciently apart from each other so that the interaction be-
tween them is negligible. The structure of macromolecules
in dilute solution can be deduced from their hydrodynamic
properties (i.e. viscosity, sedimentation) or from their
interaction with electromagnetic radiation (i.e. light scat
tering, IR and UV spectroscopy). In the bulk state, on
the other hand, the molecules are closely packed together
in aggregates varying in degree of order and ranging from
completely amorphous solids to perfectly crystalline solids.
The methods applied to study the molecular structure in the
solid state differ, in general, from those applicable to
dilute solution. X-ray diffraction, electron microscopy
and IR spectroscopy are well known techniques for the study

of macromolecules in the bulk state.
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There is no guarantee that a macromolecule, which can
assume different structures, will have the same molecular
structure both in dilute solution and in the solid state.
Any projection of the structural information obtained from
dilute solution studies to the solid state should be made
with caution. The properties, such as mechanical or therm-
odynamic, of polymers in bulk depend not only on the char-
acteristics of isolated molecules but also on the inter-
actions between them (i.e. hydrogen bonding, cohesive en-
ergy, etc.). It should be realized that some properties
of crucial importance to the behavior of polymers in bulk
have little or no relation to their behavior in solution.
(39) _This requires us to study macromolecules both in di-
lute solution and in the bulk state in order to under-
stand the relation between molecular structure and physi-
cal properties.

In the solution casting process, where the solute
molecules are transferred from their original solution en-
vironment to the bulk state, it is of interest to study
the behavior of individual molecules and their interaction,
as well as to monitor the process as a whole in a quant-
itative manner. In this section, therefore, the solution
casting process for collagen and gelatin films is discussed

in detail.

2.2 Solution Casting of Collagen and Gelatin Films
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A. General Considerations

Collagen film can be prepared by two different methods
which yield different types of film morphology. A trans-
parent and optically isotropic film can be cast from a di-
lute collagen solution containing dispersed tropocollagen
molecules. Another type of collagen film, which is opaque,
can be cast from a suspension of collagen precipitates.
These two types of films differ from each other in that the
latter is composed of randomly oriented collagen fibrils
(200-2000 R in diameter) whereas the former is made up of
tropocollagen molecules (15 R in diameter).

It has been well known that tropocollagen can form
different types of fibrils Under different conditions of
aggregation fibrils of native type (quarter staggered),
segment long spacing type (SLS), fibrous long spacing type
(FLS), and fibrils with no evident periodicity can be pre-
cipitated. (36) It is, therefore, possible to prepare a
variety of different collagen films by evaporating water
from a suspension of collagen fibrils of different types.
Filmssof this kind are opaque and have a rough surface and
the electron micrographs of the surface of such films have
shown clearly that the film is a sort of "'felt', made up
of fibrils. (37) Because of the opacity and the rough sur-
face, this '"felt'-1like film is not suitable fpr spectro-
scopic work (IR, ORD, etc.). ‘
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A transparent and optically isotropic collagen film
can be cast from a clear solution of tropocollagen mole-
cules. Such films have proved to be suitable for infra-
red and optical rotation studies; and so, unless stated
otherwise, the collagen films referred to in this study

are of this kind.
B. Solution Casting Procedure

(i) Operational Parameters

Before describing the detailed steps of the casting
procedure, it is necessary to consider some general require
ments for a casting surface, uniformity of the film and
other operational «yaridbles such as temperature and rate of
evapofation of the solvent.

A suitable casting surface must meet certain criteria.
The surface must not react chemically with the solution,
it must adhere only weakly to the dry film after casting
and it must be non-toxic, non-flammable and easily avail-
able. The final product, the collagen film, must be op-
tically transparent, optically isotropic and it must have
uniform thickness in order to be suitable for spectroscopic
measurements. Preliminary experiments were carried out to
select an adequate substrate from several different sur-
faces including glass, mercury, aluminum, polystyrene and
polymethyl methacrylate. Glass surfaces were not useful

due to the strong adhesion between glass and the dry col-
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lagen film; it was almost impossible to remove the film
without fracturing it. Mercury, even though providing the
perfect levelled surface without a problem of adhesion,
was unacceptable because, on prolonged contact with the
collagen solution (in 0.05 M acetic acid), a greyish white
precipitate was produced at the interface and adhered
thereafter to the collagen film. This precipitate 1is be-
lieved to have been the product of a reaction possibly oc-
curing between acetic acid and mercury. An aluminum sur-
face also turned out to be a poor substrate since it did
not withstand the acidity of collagen solution but showed,
instead, evidence of corrosion during the casting operation
As recommended by Dumitru, (38) both polystyrene (PST) and
polymethylmethacrylate (PMMA) provided satisfactory sur-
faces for the casting of collagen solution into film. Dry
collagen film was easily removed from these hydrophobic
polymeric surfaces. PST was used in most of the times in
this work.

Two operational parameters, namely, the casting temp-
erature and the dehydration rate were controlled in order
to prepare different types of films. Three different films
were prepared and studied in this work. These are collagen
film, cold-cast gelatin film and hot-cast gelatin film.

Procedures for each case are as follows.

(ii) Collagen Film
—43-



Step 1l; A dilute collagen solution (ca. 0.08%-wt.)
prepared and stored as described earlier, was first
concentrated in a large beaker to approximately 0.5%-
wt. by blowing air over the solution at room temper-

ature (23° C.).

Step 2; The concentrated solution was then poured into
a shallow PST dish (about 10 cm in diameter) to the
desired amount of depth and the dish was placed on
the levelling table which had been carefully adjusted

with a levelling device (Figure II-5).

Step 3; Two different conditions were employed for the
subsequent evaporation of the solvent to minimize the
casting time. When the uniformity of the film is
not important, step 3-a was used and for the uniform
film suitable for the spectroscopic studies step 3-b
was used.
Step 3-a; For rapid casting, air was blown over
the casting dish with an air blower installed on
the casting box (see Figure II-5) at room temp-
erature (forced convection casting).
Step 3-b; For slow casting, the solution was al-
lowed to evaporate at 23° C. without any special
provision for forced convective flow over the sur-

face (normal convection casting).
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Step 4; The resulting dry, transparent film was re-
moved by peeling off from the surface of the casting
dish and stored in a PMMA container at ambient con-

ditions for future use.

(iii) Cold-Cast Gelatin Film
The steps involved in the casting of cold gelatin
film were the same as those in collagen film except for the
one additional step necessary to denature collagen.
Step 1; Same as step 1 in the preparation of collagen
film.

Step 2; A concentrated collagen solution was denatured
to gelatin by warming the solution at 50° C. for one
hour in a constant temperature water bath. The de-
natured solution was allowed to cool down to room

temperature.

Steps 3-5; These are the same as steps 2-4 in the pre-

paration of collagen film.

Disposable PST Petri dishes (10 cm in diameter, manufact-
ured by Falcon Plastics Co.) were used as casting dishes.
Dishes fabricated by another manufacturer (Fischer Scien-
tific Company) were not suitable because the surface was
not adequately flat. The estimated amount of solution
adequate for the desired film thickness was based on the -

concentration of collagen solution and the density of the
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dry film which was taken to be 1.32 g/cm3 (see Chapter 1IV);
i.e. for 5y thick film, 0.5%-wt. collagen solution was
needed to a depth of 1.32 mm.

Casting parameters both for fast (step 3-a) and slow
(step 3-b) casting were monitored at room temperature.
Figures II-6 and II-7 show a plot of the wéight of solu-
tion against casting time.for step 3-a and step 3-b res-
pectively. The concentration of collagen in solution was
also plotted against time (Figure II-8) and against the -=
rate of dehydration (Figure II-9) for fast casting. The
merits and drawbacks of the above two different evapora-
tion conditions as well as a discussion of the data ob-

tained will be presented in the later section.

(iv) Hot-Cast Gelatin Film
Step 1; Same as step 1 in the preparation of cold-cast

gelatin.

Step 2; Same as step 2 in the preparation of cold-

cast gelatin.

Step 3; The denatured gelatin solution was poured in-
to a casting dish and the dish was place on the level-
ing table which had been properly levelled in a temp-
erature-controlled environment ('"Stabil-Therm" Con-
stant Temperature Cabinet, by Blue M Electric Co.,
Blue Island, Illinois).
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Step 4; The temperature of the incubator was main-
tained at 65° #°1° C. and air circulation was pro-
vided inside the incubator by a fan in order to elim-
inate temperature gradients. The casting dish was
covered with perforated aluminum foil to reduce the

higher temperature and air blowing.

Step 5; Same as the step 5 in the preparation of the

cold-cast gelatin film.
2.3 Discussion
A. Rate of Evaporation

Collagen and cold-cast gelatin films were cast under
two different conditions as mentioned earlier in the pro-
cedure. When forced convection was used (step 3-a), the
initial rate of evaporation -dw/A-dt (w is the weight of
the solution, A is the area of the casting surface, and
t is the time) was constant at a value of 1.61 X 1072
g/cmz-hr as shown in Figure II-6. When casting was done by
use of natural convection (step 3-b), the evaporation rate
was 0.45 x 1072 g/cmz-hr, which is about one-fourth of
the rate observed when forced convection was used (Figure
II-7). The initial rate of evaporation remained unchanged
until the concentration increased to about 20%-wt. (Figure
I71-9); thereafter, the rate decreased rapidly from 1.6L X

1072 to 7.2 x 1072 g/cmz-hr as the collagen concentration
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increased approximately from 20% to 75%-wt. This trans-
ition occured in relatively short time (less than one hour)
compared with the entire casting period of about three days
(Figure II-8). It appears to be, therefore, at approxi-
mately 20%-wt. collagen, the surface skin forms, which has
a much slower diffusivity. At 80%-wt., the rate is almost
zero because the film is in equilibrium with ambient mois-
ture. In most of this work, 5-10u thick films were cast
from approximately 0.5%-wt. collagen solution within three

to four days.

B. Changes in Viscoelastic Behavior of Collagen During

the Casting

By incorporating increasing amount of diluent to a
glassy polymer, it has been shown that one can shift a
plasticized polymer to any of the well known five regions
of viscoelastic behavior at constant temperature. (49) If
we consider the solution casting operation as a reverse
process to the addition of diluent to polymer, it is appar-
ent that collagen should exhibit variable viscoelastic be-
havior during the casting.

The original viscous solution subjected to the cast-
ing operation contained about 0.5%-wt. collagen. As the
evaporation went on, the concentration of collagen increas-

ed and so did the viscosity. Approximately at 7-10%-wt.,
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the solution became very viscous and at 15%Wwtn became too
viscous to flow, gradually setting into a éél-like state
near 20%-wt. As shown in Figure II-8, the highly hydrated
gel-like state transformed rapidly to a solid, tenacious
film (€a. 75%-wt. collagen) and slowly underwent further
dehydration to yield a dry film, which contained approxi-
mately 15%-wt. water, a moisture content which was in
equilibrium with ambient conditions. Due to the small
thickness (~ 10u) of the film, the transition from rubbery
to glassy state occured much faster than could be observed
conveniently in greater detail. Although the information
is more qualitative than quantitative, it indicates the
main features of the viscoelastic behavior of collagen

film at different levels of hydration.
C. Birefringence in Collagen and Gelatin Films

As mentioned in section A. above, use of forced con-
vection provided much higher rate of evaporation compared
to the rate observed under conditions of normal convection
and thereby shortened the time of casting considerably.
However, films cast by forced convection often exhibited
significant optical anisotropy when studied with a Cary 60
Spectropolarimeter. The absolute magnitude of birefringence
was much smaller than 0.5 degree, the sensitivity limit of
a polariscope which had been used.to study the strain bi-

refringence of synthetic polymers. (The highest magnit-
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ude of the birefringence, in terms of angle of rotation of
the plane of polarization was less than 0.2 degrees in the
most anisotropic specimen which is shown in Figure II-10.)
For the study of optical activity, however, even a small
amount of birefringence became a serious problem because
the actual rotation angle due to optical activity alone

was about the same order of magnitude (0.20-0.3o as shown
in Figure II-11 where actual rotation angle is converted

to the specific rotation values. Notice that the average
rotation angle is in same order as birefringence) which has
been shown in Figure II-10. Considering the small mag-
nitude of the birefringence present in collagen films cast
by the forced convection method, this anisotropy is be-
lieved to be due to partial orientation of the collagen mo-
lecules attained during casting as a result of unidirec-
tional mechanical force exerted constantly by blowing air
on the surface of the solution. In fact, the effect of
forced convection on the optical anisotropy of collagen
films is clearly shown in Figure II-10, where two films pre
pared under different conditions are compared. The film
which was cast by forced convection {open circles) showed
highly variable optical rotation when it was rotated around
the axis of light propagation. The film cast under condi-
tions of normal convection (solid circles) showed fairly
uniform values of the optical rotation indicative of the

absence of any orientation in the film. Films suitable for
-55-
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the study of optical activity were, therefore, cast under
conditions of natural convection, whereas those for other
studies were prepared by forced air convection (step 3-a).
(Optical activity amnd features of tropocollagen during

the casting are presented in Chapter 1IV.)

II-3 Moisture Assay Methods for Collagen and Gelatin

3.1 Introduction

Due to the importance of moisture content as a para-
meter in characterizing and monitoring the collagen and
the gelatin in the solid state, an attempt was made to est-
ablish a standard technique of moisture determination.
Considering the complicated nature of interactions be-
tween water and non-aqueous constituents, even a clear de-
finition of moisture content is difficult to state. Con-
ceptually, water content could be defined as the relative
number of all Hy0 molecular units present in which the two
hiydrogen nuclei and the oxygen nucleus have the same inter-
nuclear disfances and bond angles as in the water molecule.
Practically, however, water content must be defined oper-
ationally in terms of the experimental technique; and the
results obtained by any one technique may not necessarily
coincide with water content according to definition.

Several physical and chemical procedures (40-42) are

available for the quantitative assay of water; however, at
-58-



present no satisfactory absolute method exists for moisture
assay in biopolymers. In general, the choice of techniques
best suited to a particular problem depends on several fac-
tors, including sensitivity, precision, accuracy required,
facilities available, the nature of materials to be ana-
lyzed and the level of moisture content. Absolute methods
now available are based on the principle of complete re-
moval of water from the sample by vaporization, by extrac-
tion, by chemical reaction or by any combination of these
processes. NMR (40, 41) and IR (42) techniques are also
available which do not require the removal of water and the
dichromate oxidation method (43) is also available for org-
anic samples. NMR method, however, can not provide a sens-
itive assay below 5%-wt. moisture level (40,41). IR method
(42) is also not sensitive compared to other methods be-
cause the water band at 3450 cmq-ariged from free water 1is
too close to the strong NH-band at 3300 cml and appears as
a small shoulder band, the resolution of which is very dif-
ficult. The bound water gives the same absorption band as
NH-stretching, 3300 cml and quatitative resolution is also
very difficult.

In this work, the vacuum drying method and the Fischer
volumetric titration method were extensively tested and re-
sults from them were cross-compared. The first of these is
a physical method while the second involves the water in

the specimen in a chemical reaction. Details in procedure
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as well as a comparison of these two methods are discussed

in the following sections.

3.2 Vacuum Drying Method

A. Introduction

The principle of this method is removal of water from
the sample by vaporization. In applying the vacuum drying
method, it is assumed that removal of water is complete
and effects of any chemical side reactions occurring dur-
ing the process are negligible. Complete removal of water
is not attainable because there always exists an equili-
brium moisture content of the system which depends on temp-
erature and pressure. The equilibrium moisture in most
cases, however, is very small under conditions of high va-
cuum at an elevated temperature. For practical purposes,
it therefore is quite acceptable to assume that the con-
stancy of weight of sample undergoing dehydration is an in-
dication of a state of complete dehydration.

The rate of approach to equilibrium moisture content
is, in general, very slow due to the characteristic slow
diffusion coefficient of water in most dehydrated sub-
stances. -(44,:345,746) To accelerate the rate of removal
of water, methods are used to either decrease the diffusion
path length (44, 45) by reducing the particle size of the

powdered sample or increase the diffusion coefficient by
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raising the temperature.
B. Experimental

Standard conditions
105 = 10 C. and a vacuum
oven (National Appliance

5830-4). The procedures

(i) Samples of collagen

(46)

for vacuum-drying were set at
of 3 x 1074 mmHg, using a vacuum
Co., Portland, Oregon, Model

involved the following steps.

or gelatin of various levels of

hydration were taken in a weighing bottle and weighed using

an analytical balance.

The original sample weight (W) was

obtained from the difference between the weight of the

bottle with and without sample.

(ii) Depending on the hydration level, different dehydra-

tion steps were used to dry the specimen fefore subjecting

it to final vacuum-drying.

(a) Specimen, containing more than 65%-wt. water

(swollen gel) was dried first by forced convection

at 23° C. The dried specimen normally contained about

15-20% moisture, which is in equilibrium with ambient

condition. This step is exactly the same as the cast-

ing procedure described an a previous section.

(b) A dry sample or the sample treated as above (a)

was transferred into a weighing bottle and dehydrated

further to about 4-5%-wt. moisture under vacuum at
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o
23 C. for about five hours (see Figure II-12).

(iii) The final step of vacuum-drying was carried out in
a vacuum oven until the weight of the specimen reached a

consistent value.

(iv) The completely dehydrated sample was taken out from
the oven together with the weighing bottle and was weighed

immediately to obtain the anhydrous sample weight (Wg).

(v) The moisture content of the sample was computed from

the ration (W-W/W x 100 = % -wt.moisture.

When the dehydration was completed the vacuum was
broken by introducing air that had been dessicated through
a series of drying tubes containing NaOH, CaCl,, Silica
gel and P,0;. The time required for complete dehydration
was found to depend on the size of the samples. For ex-
ample, the moisture in dry gelatin granules (diameters
ranging from 0.40-0.65 mm) was reduced from about 0.5%-wt.
to 0.3%-wt. in one hour and down to 0.1%-wt.
in two days and the constant weight was attained in five
days (Figure II-13). Gelatin and collagen films having
thickness less than 15u reached constant weight in three
days (Figure II-14).

When exposed to the atmosphere, an anhydrous specimen
quickly regained moisture and a correction for moisture re-

gain during weighing was necessary. Each weighing was
—-62-
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lasted approximately 12 seconds counted from the time that
the specimen was taken out of the oven to the time the
weight was read on the balance and corrections were made

by extrapolating the weight to zero time (the time when the
sample was taken out of the oven) using the moisture re-
gain curves (Figure II-15).

As expected, it was found that the level of moisture
regain during weighing dépends on the surface area of the
specimen exposed directly to the atmosphere rather than
on the weight of the specimen. Corrections were, therefore,

individually applied to each sample.

C. Results

Collagen and gelatin of different degrees of hydration
were tested for their moisture content using the vacuum-
drying method. The results of such determinations are
shown in Figure II-16 and compared with results obtained
by the Fischer volumetric method on samples with identical

water content.

3.3 Fischer Volumetric Titration Method

A. Introduction

Among the several physical and chemical procedures av-
ailable for determining water, the most widely applicable

chemical method is that based on the Karl Fischer reagent
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(KFR). The high sensitivity of the KFR and the rapidity
with which analysis can be performed are the main advant-
ages of this method. The basic principle, the method of
titration and the applicability have been the subject of
numerous publications including those by Mitchell (47) and
Smith (48). It is, therefore, considered unnecessary to
discuss these topics here in anything but a brief intro-
ductory manner.

In this method, the moisture in the samples is made
available for volumetric measurement by extraction with
a suitable anhydrous solvent. The solvent together with
the extracted moisture is, then, titrated with Fischer re-
agent which reacts exclusively with moisture stoichio-
metrically. The Fischer reagent is composed of iodine,
sulfur dioxide, pyridine and methanol and titration in-
volves the two-step reactions:

CgH NI, + CgHN"SO; + CgHgN + HpO—>2CgHgN"HI +

CgHgN-SO0- - (D)
and
C5H5N'SO3 + CHSOH—ﬁ>C5H5N(H)SO4°CH3 - - (2)

The reaction ) is accompanied by color change from canary
yellow to chromate yellow to the brown of unused iodine.
The titration end-point can be detected either visually or
electrometrically. The electrometric method is known to be
more sensitive but also more time-consuming and therefore

subject to greater error due to contamination of the spec-
—-68-~



imen by environmental moisture. The visual method re-
quires simple apparatus and was found to yield good re-

sults.
B. Experimental

In thiés work, the visual method for end-point detec-
tion was employed in the titration. The apparatus con-
sisted of a Machlett= automatic burett (2 liter). magnetic
stirrer, drying tubes and Erlenmeyer flasks (125 ml). The
entire apparatus was efficiently air-tightened against the

atmosphere by use of drying tubes containing silica gel.

(1) Standardization of Fischer Reagent

The exactly known amount (ca. 30 ml) of anhydrous
methanol (Merck Co.) was transferred into a well dried, 125
ml Erlenmeyer Flask. ABout 0.2 mg of Sodium Tartrate Di-
hydrate (Fischer Sci.) was weighed accurately and trans-
ferred into the flask containing the methanol. The flask
was then placed on the magnetic stirring apparatus and fit-
ted with a rubber stopper at the tip of an automatic buret
containing the Fischer reagent. After about 10 minutes

stirring, the sodium tartrate was completely dissolved and

titration was commenced by adding the Fischer reagent slowz' .

ly. During the entire titration period, the sample flask
was kept airtight. The end point was determined by the

color change from yellow to brown which persisted for more
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than 30 seconds. In exactly the same manner, a blank test
was made for anhydrous methanol. The titer "F'" of Fischer

reagent was calculated as follows:

F = 0.1566 x W x 1000 mg water/ml reagent
A -B

where 0.1566 is weight fraction of water in sodium tar-
trate dihydrate and W is weight of sodium tartrate. A and
B are the amount (ml) of Fischer reagent consumed in tit-
rating methanol-sodium tartrate and methanol alone, res-
pectively.

The average value for the titer "F" of the Fischer
reagent used in this work was about 5.3- 5.0 mg H20/m1 FR.
Because of the inherent instability of the Fischer reagent,
the titer "F'"' was measured on each day whenever the test
was made. Table II-3 shows the change of titer values dur-
ing storage; this represents the typical decay in activity
of Fischer reagent used in this study. Conditions for stor
age of the Fischer reagent included protection from direct

light and the moisture.

TABLE II-3

Change of the Activity of Fischer Reagent During Storage

Storage Time (Days) Titer "E" mgﬂzO/ml reagent
0 5.39
8 5.30
28 5.16
75 5.00
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(ii) Determination of Moisture in Sample

‘The overall procedure of determining moisture in gel-
atin and collagen is the same as the procedure used in
standardization of Fischer reagent except for the moisture
extraction step. The rate of extraction of moisture from
the solid samples depends primarily on the type of solvent
used, the size of sample (particle size or thickness of
films, etcl,) and the temperature. All the extraction pro-
cedures in this work were done at room temperature (23° C.)
with occasional stirring. Five different solvents were
tested for their efficiency in extraction. Extraction was
faster with methanol and pyridine (one day), moderately
fast with dimethyl formamide (three days) and much slower
with acetone and acetic acid. (never reached the end point
in five days). No appreciable differences were found in
extraction rate between methanol and pyridine. Methanol,
however, was chosen over pyridine as the standard extrac-
tion medium for gelatin and collagen based on its lower
toxicity and cost. Complete extraction of moisture from
films of thickness less than 25 required less than one
day whereas two days were needed for the gelatin granules
of sizes 0.4-0.65 mm at room temperature. The degree of
completeness of the extraction process was tested by deter-
mining the moisture content of identical specimens which
had been extracted in the solvent for different periods of
time up to five days. In general, throughout the entire
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experiment, extreme care was taken in dealing with samples
so that moisture’:absorption from the atmosphere was avoid-
ed as much as possible and all the glassware and titration

apparatus was dired completely and kept free of moisture.

C. Result and Discussion

Specimens with identical moisture content were used
to compare results obtained by the two methods. The comp-
arative results are shown in Table II-4 and illustrated in
Figure II-163 obtained with gelatin and collagen. In Fig-
ure II-16, the solid line represents the relation expect-
ed on the assumption of complete agreement. There is no
tendency for systematic deviation from the line of complete
agreement in the range of 0.3%-wt. to 10%-wt. moisture.
This leads to the conclusion that the vacuum drying method
and the Fischer volumetric method give results which close-
ly agree with either collagen or gelatin specimens.

With the vacuum drying method, five days were required
to obtain a result compared to only two days using the Fis-
cher volumetric method. However, the labor necessary to
obtain a result by the Fischer Volumetric method was about
three times more than the time required in vacuum drying
method which was a much simpler procedure.

Systematic errors are estimated at « 6% for the va-
cuum drying method and * 5% for the Fischer fitration

method. These errors are at a level of 1%-wt. -moisture
72—



TABLE II-4 MOISTURE CONTENT OF GELATIN AND COLLAGEN BY

DIFFERENT METHODS

Sample No. " Vacuum-Drying Fischer volumetric
1 1.80 2.08
2 0.76 0.56
3 0.81 0.74
4 0.92 0.90
5 1.09 1.01
6 0.81 0.81
7 0.61 0.58
8 0.89 0.93
9 0.60 0.40
10 0.64 0.71
11 0.73 0.67
12 0.75 0.79
13 0.28 0.31
14 0.38 0.27
15 0.31 0.32
16 0.93 0.71
17 ' 0.80 0.71
18 2.86 2.79
19 10.85 10.68
20 : 0.53 0.56
21 10.20 9.80

(Samples No. 1-19: gelatin granules

20,21: collagen films
-73—
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Figure II-16

Comparisons between the moisture contents
of collagen and gelatin determined by va-
cuum drying method and Fischer titration
method
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with a one-gram sample, based on the uncertainties in bal-
ance sensitivity, corrections for moisture reagain and in
detecting the end point of Fischer titration. Variability
in moisture content among samples of supposedly identical
moisture content was:zas much as 10% at a level of 1%-wt.
moisture higher than the estimated errors. Such varia-
bility accounts for the observed deviation of points in
Figure II-16 from the line which indicates complete agree-
ment between the two methods. When the sample has non-
aqueous volatile components, vacuum drying method is not
acceptable and Fischer volumtric titration has an advan-
tage. In gelatin and collagen, however, no problem with
non-aqueous volatile components was encountered. The Fis-
cher volumetric titration provides, therefore, no particu-
lar advantage compared to the vacuum drying method which is
considerably simpler in operation and, therefore, vacuum
drying method was the moisture determination method most

often used in this work.
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CHAPTER III
X-RAY DIFFRACTION AND INFRARED SPECTROSCOPY STUDIES OF
COLLAGEN AND GELATIN

ITI-1 X-ray diffraction Study of Collagen and Gelatin in

Solid State

1.1 Introduction

In 1951, Pauling and Corey (1) proposed a-helix as
the basic structure of a group of fibrous proteins, partly
basing themselves on the results of X-ray diffraction stu-
dies of single crystals of amino acids. Perutz (2), in
1953, discovered the method of isomorphous attachment of a
heavy atom to the hemoglobin molecules in single crystal
which produced changes in the diffracted X-ray intensities
thereby enabling him to identify the peaks. Using this
technique, Kendrew and his coworkers (3) first determined
the three dimensional structure of the protein, myoglobin.
In 1953, Watson and Crick (4, 5) proposed the double helix
structure for DNA, led by the X-ray diffraction studies of
it by Wilkinson and his coworkers (€). The structure of
viruses, such as tobacco mosaic virus, were also studied
by X-ray method first by Bernal and Fankuchen (7) and later
by Watson. (8) The events mentioned above are some of the
numerous X-ray studies in the field of molecular biology
which show how X-ray diffraction study played a key role in
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obtaining current knowledge of protein structures.

The understanding of the molecular architecture of
collagen triple helix was also primarily based on the study
of X-ray diffraction on collagen fiber. The characteris-
tics of collagen fiber pattern were recognized as early as
the 1920's (15) and since then, based on this pattern, many
attempts were made to work out a structure which would fit
the X-ray pattern. However, this was not successful until
the early 1950's when the Fourier transform theory of the
X-ray diffraction by helix was worked out by Cochran et al.
(16) and a greatly improved fiber pattern of collagen was
made available by Cowan et al. (23)

In 1954, Ramachandran and Kartha (9) proposed three
parallel stranded, left-handed helical chains for a struc-
ture of collagen. The same authors (1955) (10) proposed a
modified structure of a three-stranded non-integral coiled-
coil. The same basic three-stranded coiled-coil model for
collagen was derived by Rich and Crick (11) following their
study on a polyglycine II model. They proposed two possible
models which they called collagen I and collagen II. The
difference between them is in the sequence of hydrogen
bonds between the three helices forming the coiled-coil.
Cowan, McGavin and North (12) also arrived at the same two
forms of three-stranded coiled-coils as for the structure
of collagen based on their study on poly-L-proline. Bear

(13) also proposed the same two models.
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Therefore, four different groups of workers essential-
ly have come to similar conclusions but differ only in the
details of the conformation of peptide chains and their
interchain hydrogen bonding. A recent review by Ramachan-
dran (14) provides an excellent discussion of the details
of collagen structure as well as of the historical develop-
ment.

In the following sections, brief review of the diffrac
tion theory by helix and the interpretation of the fiber
diffraction pattern of collagen are presented followed by
a discussion of the Debye-Scherrer patterns of collagen and

gelatin films.

1.2 Theory of X-Ray Diffraction by Helical Array of Atoms

It is well known that the characteristic feature of
the X-ray diffraction pattern of a fiber, composed of long
chain molecules of helical structure, is not as simple as
those patterns found in a single crystal diagram. An in-
terpretation of this effect was not available until the
Fourier transform of X-ray diffraction by a helix was work-
ed out by Cochran et al. (16) The treatment was further
extended by the analyses of Crick (17), Lang (18) and Rama-
chandran. (19)

Details in analysis can be found in those original
papers and therefore, it is intended to give here only

those important consequences of the theory. A concise and
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brief review on the theory has been given by Wilson (20)

and mathematical aspects of the theory are also made avail-
able in the review of Alexander (21) while Ramachandran
(14) has also discussed the theory specifically in relation
to collagen.

As a first step in developing the theory, Cochran et
al. (16) calculated a Fourier transform of a continuous he-
lix of negligible thickness (The helical parameters are
shown in Figure III-1.) Using the cylindrical coordinates
for both real (r,¢,z) and reciprocal (R,¥,Z) spaces, they
obtained the following equation. The Fourier transform T
at (R,¥,Z) in reciprocal space is

T(R,¥,Z) = T(R,¥,n/P) = J, (2mRr) exp(in(¥+ m/2)] (1)
where Jn (27Rr) is a Bessel function of nth order. The
transform was non-vanishing only at

Z = n/P (2)
where n is integer and P is the pitch height of the helix.

From this analysis, the following were concluded.

(i) Since P is the repeat distance along the helix, the
transform is confined to layer lines at Z = n-*(1/P) in

reciprocal space.

(ii) The intensity distribution of the nth layer line or
at Z = n/P) is proportional to |T(R,‘i‘,n/P)[2 and hence
IJn(Zer)lz, which is independent of ¥.

-82~



P

r }l

P;PITCH OF THE HELIX

c;CRYSTALLOGRAPHIC IDENTITY
PERIOD PARALLEL TO Z-AXIS

p;VERTICAL DISTANCE BETWEEN
CONSECUTIVE EQUIVALENT

POINTS ON THE HELIX
r;RADIUS OF HELIX

N S

Cman—y - e o wm —

a)HELICAL PARAMETERS

Figure III-1
-83—

RECIPROCAL

b)CYLINDRICAL COORDINATES IN
REAL AND RECIPROCAL SPACE



(iii) Because of the properties of the Bessel function
Jn(x) (see Figure III-2), only the zero order Bessel func-
tion, Jo(x) has non-zero intensity at x = 0. Therefore,
the only meridional peak will be at the center of the dif-
fraction pattern and no other meridional intensities will

be present.

(iv) As order n increases in J,(x), the first maximum
moves further away from the center (see Figure III-2)
and therefore, the center of the diffraction pattern would

have a cross-like appearance.

Cochran et al. (16) also advanced one step further to
a real molecular model by calculating a transform of a dis-
continuous helix, i.e.; a set of scattering points equal-
ly spaced by a distance p along a helix (see Figure III-1).
At this point, it sould be mentioned that the number of
points per turn, P/p may or may not be an integer and a cry
stallographically identical period c must be introduced as
shown in Figure III-1. The number of turns of the helix
per crystallographic period c would be N= c/P and the num-
ber of scattering centers per period c would be M = c/p.
Since the helix repeats itself at a distance c, the layer
line spacing becomes 1/c in the reciprocal space and the
transform is finite only at

Z = 2(1/c) (3)

where 2 is an integer.
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Mathematically, a discontinuous helix was defined by a pro-
duct K:L where the function K is non-zero only on a con-
tinuous helix and the function L is non-zero on a set of
planes spaced by a distance p along the z-axis. The Four-
ier transform of a discontinuous helix is, therefore, the
transform of the product K-L, which is the transform of K
convoluted with the transform of L. Cochran et al. (16)
showed that the result of this transform is finite only in
the planes at

Z = n/P + m/p (4)
where m,n are integers. From (3) and (4), the transform

Is non-zero only at

Z = %/c = n/P + m/p (5)
and

2 =c¢c/P-* n+c¢c/p+-m=N'n+ Mm (5)~
and the transform at Z = (@ /c) (called f2th layer line) is:

T(R,¥,2/c) = ZT(R,¥,n/P) = anCZnR'r)exp[in(W+w/2)]
" (6)
The summations are over all values of n which satisfy the
condition (5) for all the possible values of m = 0, *1,
£2...
Two major differences are to be noted here between a

continuous and a discontinuous helix.

(i) The fundamental layer line spacing is 1/c¢ in a discon-
tinuous helix, compared to 17P.inra Ctoentimuous,. helix. .

Since ¢ is greater, in general, than P,
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1/c < 1/P and so the layer line spacing is much narrower in

reciprocal space.

(iii) Since only the zero order Bessel function Jo (x)

is finite at x = 0, the transform is finite at R = 0 only
0. From equation (5), therefore,

g/c = m/p = *1/p, *2/p.... (7)

and there should be diffracted intensities along the mer-

when n

yA

idian of the diffraction pattern (R = 0) at positions
Z = *1/p, *2/p, etc. (Notice that in a continuous helix
no meridional peak would appear as discussed previously.)

The theory of diffraction by a coiled-coil was first
developed by Crick (17) and was further studied by Lang
(18) and by Ramachandran (19).

Before presenting the results of the theory, it is
necessary to introduce the parameters used in describing
the major and the minor helices (see Figure III-3). Let
c be the repeat distance of coiled-coil in the z-direction
(crystallographically identical period) in which a total M
units of scattering centers exist. If No, N, are the num-
ber of turns of the major and the minor helix within a re-
peat distance c in their own frame of reference, the num-
ber of turns of the minor helix with respect to the ex-
ternal frame of reference (major helix coordinate) N, is
N; # Ny with positive sign, if the handedness of the major
and the minor helices are the same and negétive, if op-
posite. If h, Py and P are the vertical heights of the dis-

tance between the scattering centers, the pitch of the maj-
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or and the minor helices, respectively, than

¢ = M'h = NgP, = NP (8)
Now, the transform of the discontinuous coiled-coil, con-
taining M units in a repeat distance c, has the following
form according to Crick (17).

T(R, ¥, #/c) = ZZZXJ (2mR°Ty) Jg(27R-T1)Jg(2m(2/c)r sina)
pqsd

JdCZ‘H’RA)exp[i{p(Tr/Z *Y-¥) + q(m/2+yq-Y¥)
+ s(wl+w) + d(W+w1-¢o+n/z) - mwM + Z“Zo 2/c }]

(9)
with the condition
NoP + (N71-Ng)g + Njs + (Ny+Ng)d - Mm = £ (10)
where
T; = ry(l+cosa)/2
A = ry(l-cosa)/2
p,4,s,d,m and & aré éil'iﬁfégers

T r,; are radii of the major and the minor helices

o°
& is major helix angle

v,, ¥, are the cylindrical coordinate angles of the
scattering center at z = 0 in the major and the min=
or helix coordinates respectively

wM is the difference in coordinate angles between

the adjacent scattering centers

Interpretation of this result seems to be much more com-
plicated than for the single helix. However, due to the

properties of the Bessel function and the magnitudes of some
-88-



parameters, the problem of interpretation becomes simp-
lified. First, the helix angle o of the major helix is
considered to be small (< 10°) and therefore, cos a = 1
so that T71 = r and A = 0. In order to have a non-zero
value for Jd(ZwRA) in equation (9), since A = 0, d must be
zero. This gives a new condition (11) for equation (10).
Nop + (Nl-No)q + NiS + Mm = 2 (11)
or Ngp + Ng + Nys + Mm = & (1)
Now, the meridional intensity (at R = 0) could be observed
when p=q=s=0 but it could be also observed with s#0
( Jp(Zw-z/c-r-sin a) does not contain R). A detailed dis-
cussion of the cases where s=0 and s#0 has been given by
Ramachandran (19) and Crick (22) and the major conclusions

can be summarized as follows:

(i) When s = 0 equation (1) becomes

Nop + Nqg + Mm = 2 (12)
Comparing with the corresponding equation for the simple
discontinuous helix, i.e. the equation (5)' (& = Np+Mp),
equation (12) has an extra term Ngyp due to the coiled-coil
helix. Since Nq in equation (12) is equivalent to N, in
equation (5){ and Nyp < Nq’ there will be more layers

splitted and closely spaced between the layers given by

the simple helix.

(ii) When s # 0, we have
Nop *+ Ny + Nys + Ny = & (1)

The function Jg(27-g&/c-r-sin a), however, does not take
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appreciable values for small 2/c except when s = 0, and no
layer dine will occur at positions other than those given
by equation (12) (The contribution of Js for large value
of 2/c is not important because Bessel function Jn(x) has
a much smaller amplitude at larger value of x, which also
corresponds to the reflection far from the meridian).

In summary, the layer lines have only two types of
periodicities, namely, that due to the major helix pitch
(1/Py) and that due to the minor helix pitch (1/P). The
actual layer line spacings are given by equation (12) and
the corresponding values for z in reciprocal space are

Z = 2/c = Ny/c + p + N/c + q + M/c - m

= (1/Pg)p + (1/P)q + (1/h)m (13)
of these, p=¢=0 gives the intensity on the meridian with
Z = #1/h, *2/h... and others are non-meridional. Those
with q = 0 (p, m#0) have intensities near the meridional
with layer lines

Z = (1/Py)p + (1/h)m (14)
Therefore, the positions of layer lines depend only on the
reciprocals of the unit heights 1/h, 1/P45 and 1/P. The
strongest intensity will be that of the meridional peak
with p=q=0 and m = *1, so that Z = #1/h (negative sign of
Z represents the lower half of the diffraction pattern).
Next prominent intensity will occur from those with p = 0
and q = *1 so that Z = *1/p (m = 0) and Z = *1/p * 1/h
(m = *1).

If we consider the positive values of Z only (corres-
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ponding to those intensities above the equator in diffrac-
tion pattern) three prominent layer lines will be Zy = 1/h,
Z, = 1/p and Zz = 1/h - 1/P and Z, = Zz + Zz. This gives
a useful rule of thumb such that if the moleculé~= has a
helical structure, the layer line spacings for three pro-
minent intensities d;, d, and dz should have a relation-
ship 1/d; = 1/dz + 1/dz among them where d; is the layer
tine spacing on the meridian and d,, d3 are those of non-

meridional.

1.3 The Wide Angle X-ray Diffraction Pattern of Collage

Fiber

When a fiber pattern is obtained from native tendon
fibers using a flat camera, the following main features are
observed as shown in Figure III-4.

(i) A strong meridional reflection around a spacing

of 32
(1ii) Strong non-meridional reflections with spacings
around 10 R and 4 R
(iii) A strong equatorial reflection which changes
with moisture from about 10.4 R for dry to
about 14 R for wet tendon
(iv) A strong diffuse peak centered around a spacing
of about 4.5 R on the equator
As described in the previous section, the absence of a mer-
idional reflection between the equator and the 3 R reflec-

tion together with the relationship among the layer line
-91-



Meridian

layer line

10th

7th

3rd

Figure III-4 Wide-angle x-ray fiber pattern of
wet rat tail tendon collagen

—92-



Meridian

a

Tine



L d

spacings, 1/3 = 1/4 + 1/10 is characteristic of the X-ray
pattern of helical molecules. This led many workers to
believe that the structure of collagen must be helical in
nature. The theory itself, however, cannot differentiate
between a single, double or triple stranded helix. There-
fore, as Cowan et al. (24) described, there are three pos-
sible cases where the above reflections could be produced.
(Rich and Crick (25) showed similar alternatives). They
are: (i) a single chain having a pitch of 10 X and about

3 1/3 units per turn, (ii) two intertwined helices each
having a pitch of 20 R and about 6 2/3 units per turn, (iii
three intertwined ¢hains, each with a pitch of 30 R and

10 units per turn. The idea of a three-stranded helix
emerged from the considerations of diffracted intensities
and the density of collagen which requires three amino acid
residues per 3 X in the fiber direction (25). Consequent-
ly, all the reflections in the diffraction pattern were in-
dexed based on case (iii) above, where c is taken as 30 R,
and so the 3 R reflection is called 10th layer line

o
(2/30 = 1/3 .2 = 10) and the 4 A and 10 R reflections are

indexed as the 7th and the 3rd layer lines respectively
(&/30 = 1/4 .2 =7, 2/30 = 1/10 .2 = 3). In what fol-
lows, the 3 R, 4 R and 10 & reflections are called the 10th,
the 7th and the 3rd layer line and their layer line spacings
are designated as le’ d7 and dz respectively.

In describing the collagen helix, Ramachandran (19)

introduced two parameters, the unit height, h and the unit
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twist, t. The unit height is the vertical height of the re
peat unit (one amino acid residue hin collagen ) and the
unit twist is defined as the fraction of a full rotation
(3600) corresponding to one repeat unit and therefore equal
to the reciprocal of the number of units per turn. Us-
ing the two parameters, the helix can be generated by the
operation of rotating a unit by t turns about a helical ax-
is and translating it along the axis of helix by a distance
h. These two parameters are, therefore, the basic para-
meters in characterizing helix and it is of great impor-
tance to obtain their values from the diffraction pattern.
As described in the last part of the previous section,
the three prominent layer lines (dlo, d7 and d3) must cor-
respond to Z = 1/h, 1/P and 1/h - 1/P in reciprocal space.

Therefore,

dijp = b
d3 = P
and 1/d1q = 1/d5 + 1/d, (15)

Meridional reflection (dlo) gives immediately the value for
h and the unit twist t is obtained from the ratio of dlo/ds*
(= h/P), because P is the height of one complete turn of
the helix and P/h is the number of units per turn.

Table III-1 shows the layer line spacings and the he-
lical parameters for an unstretched collagen fiber, ob-
tained in our laboratory and those of the most recently re-
fined values by Ramachandran and Sasisekharan (14,26). (The

experimental part of the fiber pattern is presented in the
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TABLE III-1 WIDE ANGLE X-RAY DIFFRACTION PATTERN OF

COLLAGEN FIBER (UNSTRETCHED)

Layer o
Line Spacing (A) Remarks
(a) (b)

10 2.91 2.90+£0.02 True meridional reflection,
spacing corresponds to the
vertical height of one resi-
due

7 4.2 4.05%0.05 Non-meridional reflection

3 9.5 9.35 Non-meridional reflection

di00 10.4-14.6 Equatorial reflection, hy-
dration sensitive, spacing
corresponds to the lateral
packing distance of tropo-
collagen molecule

d200 ca. 1/2(d100)

---- centered around Strong, diffuse reflections

at 4.5 on and near the equator
t=d10/d3 0.308 0.310 Unit twist

(a) From Ramachandran and Sasisekharan (26)

(b) This work
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next section in which collagen and gelatin films are dis-
cussed.) The reported layer line spacings are different
from group to group (10-13), for example, d10 varies from
2.86 X to 2.95 R. The best account for this has been given
by Ramachandran in his review (14) and so will not be dis-
cussed.here.

The equatorial spacing (d in Figure III-4) re-

100
presents the mean distance between tropocollagen helices
packed in collagen fibrils. The spacing d100 has been well
known for its hydration sensitive nature and varies from
10.4 R for dry collagen to 14.6 X wet collagen (27). The

other equatorial reflection (d in Figure III-4) which

200
is not as distinctly clear as d100 also varies with hydra-

tion level. The d spacing is found to have a value

200
close to one-half of leO at all the hydration levels.
The effect of water molecules on the diffraction pattern
of the collagen fiber will be discussed later in Chapter V.
The diffuse "blob" of strong intensity which appears
on the equator is considered (14) to be the cluster of in-
tensities of the layer lines of mostly Oth, 1st and 2nd.
This is clear when we compare the diffraction pattern with
the intensity distribution of the different layer lines ob-
served as shown in Figure III-5. Ramachandran (14) sug-
gested that the spacing of this blob, 4.5 X, might repre-
sent the average distance between the planar peptide units
at the same height in the three chains. An accurate analy-

sis of this blob is, however, impossible due to the diffuse-

ness of the reflection.
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So far discussion has been made of the characterist-
ics of the fibrous pattern of coliagen, the identification
of each reflection and their relations to the helical struc-
ture. Other information, such as, the average orientation
of collagen molecules in the native tendon and the average
Ccrystallite size can also be obtained from the diffraction
pattern.

If the collagen molecules are perfectly oriented along
the fiber direction, the meridional peak would appearas a
well defined dot right on the meridian. The effect of dis-
orientation on the diffraction pattern is such that as
the disorientation increases, the spot will be spread out
into streaks to give a reflection arc. Therefore, from the
measurement of the angle of the arc (see Figure III-6 (a))
one can estimate the degree of disorientation. For the
quantitative expression of the average of the orientation
distribution, it has been the general practice to use the
"orientation function f" defined as (32)

£ = 3 cosZE -1 (16)
- 2

where a is the crientation angle and Cos23 is the average
v;iﬁé 6f tﬁé éd;za. In general, three different orientation
functions are used to describe the orientation of crystal-
lites in space. However, for the case of uniaxial orient-
ation, as is the case with the collagen fiber, only one
orientation function is needed.

As is well known, (29,30) the angles of the reflec-

tion atcs of either meridional or equatorial peaks repre-
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sent approximately the range of the angles of disorientation

25 however, one has

of the fibrils. In order to obtain cos
to know the intensity distribution within the reflection
arc, which can be obtained with a densitometer. Accord-

23 can be

ing to Stein (30,31), a good approximation of cos
obtained from the estimated half-width angle of the arc
(Figure III-6 (a)). Using this approximation method, the
average orientation 6f the collagen fibrils in unstretched
and stretched (strain = 6%) native wet tendon was esti-
mated and is shown in Table III-2, where the estimated
half-width angles of the meridional peak, Sos’a values and
the values for orientation function f are listed. The
half-width angle varied from 13° for unstretched to 9° for
stretched (strain = 6%) and the value of cos’a varied ac-
cordingly from 6.949 to 0.976. Corresponding values of f
varied from 0.923 to 0.964. Using the Scherrer equation
(33), the mean crystallite size of the crystalline powders
can be estimated from the breadth of the reflections.

This requires, however, the crystallites to be of relative-
ly perfect crystalline order so that no other source of
line broadening of the reflection exist. In the collagen
fiber diagram, it is not considered to be appropriate to
apply the Scherrer equation to estimate the crystallite
size because the breadth of the meridional reflection can
possibly result not only from the size effect but also from
the non-uniformity in the vertical height of peptide units

along the helical axis. Nevertheless, the line breadth can
~-100-



TABLE III-2 ORIENTATION OF COLLAGEN MOLECULES IN THE WET

RAT TAIL TENDON AND THE FILM

Tendon Fiber Film
un-
stretched stretched

Angle ¢ of .the

meridional arc 26° 18° 24°

Half-width angle 13° 9° 12°

cos2a 0.949 0.976 0.957
f=(3C0sd@-1)/2 0.923 0.964 0.936

Note: For tendon fiber, £ is for the uniaxial orientation
along the fiber axis. For film, f is for the planar orient-

ation in the plane of the film.
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be taken as a good indicatér. of the lattice imperfection

in general, and it will be seen in a later chapter how the
breadth of meridional reflection changes with water content.
The line breadth of the meridional feflection of the wet
coltagen fiber diagram was estimated to be 1.25° (or 0.0218
radians). (This is the angle Bo in Scherrer eguation,

L = KA/Bg'cos 6 (17) and is obtained from the difference in
Bragg angles of the meridional peak based on the outer and
the inner edge of the reflection arc.)

When the collagen fibers were shrunken in water by
heating at 65° C. for one hour, the structural order in the
fiber became completely destroyed and the diffraction pat-
tern changed dramatically to the pattern shown in Figure

III-6 (b).

1.4 Wide Angle X-Ray diffraction Patterns of Collagen and

Gelatin Films

A. Experimental

Materials: Three different types of films, collagen, cold-
cast and hot-cast gelatin films, were prepared by solution
casting from native and denatured collagen solutions as
described in the previous chapter on solution casting.

The films prepared varied in thickness from 0.25 to 0.5 mm
and contained about 10 - 15%-wt. moisture, the equilibrium

moisture content under ambient conditions.

Apparatus: A combination of a Norelco X-Ray Analytical
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Instrument (manufactured by Phillips Electronics Instru-
ments, N.Y.) and a flat-film camera (or Laue camera) was
used to obtain the transmission X-ray diffraction pattern.
The X-ray radiation used was Cu Ka (A = 1.5405 R), £fil-
tered through nickel and generated at 35 Kilovolts with a
current of 15 miliamperes. The beam collimator used was

6 cm in length and the beam cross-section was 1 mm in dia-
meter. The photographic films used were of the high-speed
type, Kodak No-Screen (NS-54T), supplied by General Elec-

tric, Medical Department, Wellesley, Mass.

Procedure: A rectangular specimen, (1 cm x 2 cm) was cut
out from the film, placed in a sample holder and held in
front of the collimator such that the X-ray beam was per-
pendicular to the film surface. The flat film camera,
loaded with the Kodak No-Screen film, was placed at a dis-
tance of about 6 cm from the specimen. Alignment of X-ray
beam was checked with a fluorescence screen and the X-ray
beam was exposed by opening the beam cap of the X-ray tube.
The exposure time was set by automatic timer at 50 min¢{-to
75 min., depending on the specimen thickness (eg., 1 hour
for 0.3 mm thick specimen with 35 Kvolts, 15 mA). At the
end of the exposure, the camera was taken into the dark
room where the negative photographic films were developed.
(A collagen fiber diagram (presented in Figure III-4) was
obtained in the same manner as above except for sample pre-

paration. Rat tail tendon fibers were removed from the
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tail, washed with 0.5 M NaH2P04 for two hours at room temp-
erature and then mounted on the sample holder. Tendon fib-
ers aligned in parallel of approximately 1.5 mm inkaiameten
were held vertically, with the fiber axis perpendicular to
the X-ray beam in front of the collimator. During the ex-
posure, tendon fibers were kept wet by a few drops of dis-
tilled water supplied at a constant interval of about 10
minutes.)

A specimen of collagen film used for the diffraction
pattern with the X-ray beam parallel to the plane of the
film was prepared as follows: strips of collagen film,
about I'mm x 15 mm in size, were cut out from the large
film and placed together by laying one strip on top of
others in a specially made sample holder. The detailed

steps are illustrated in Figure III-7.

B. Results

The wide angle X-ray diffraction patterns of the col-
lagen film, obtained with the beam perpendicular and para-
llel to the plane of films are shown in Figure III-9. The
patterns of cold-zand hot-cast gelatin films are present-
ed in Figure III-10.

In the collagen pattern, four Debye-Scherrer rings
were present with different intensities and sharpness.

The spacings for each ring (labelled as Ry, Ry, R3 and Ry
in Figure III-8) are 2.90 R, 4.0-4.3 &, 7.1-7.8 A and

(o] (o]
11-13 A. The Ry (d = 2.9 R) and R, (d = 13 A) reflections
-lo4-



Figure III-8 Debye- Scherrer rings (R R R4)
in the wide-angle x-Tay pa%tern ’
of collagen film
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are relatively sharp with strong intensities,'whereas R3
(d =7.1- 7.8 X) reflection is very weak. The R2 reflec-
tion ring (d = 4.0-4.3 R), often referred to as the amor-
phous halo, is very diffuse even though the intensity is
strong.

Exactly the same feature as above was found in the
diffraction pattern of the cold-cast gelatin film. The
diffraction of the hot-cast gelatin, however, exhibits no
crystalline Debye-Scherrer rings and only very diffuse

o
amorphous halo was present at 4.3-4.5 A. The results are

summarized in Table III-3.

C. Discussion

By comparison of the film pattern with the fiber pat-
tern, it can readily be recognized that reflections Rq
(a = 2.9 X) and R, (d = 11-13 R) in the film pattern cor-
respond to the meridional (10th layer line) and the equa-
torial reflections in the fiber pattern-respectively. The
diffuse RZ reflectijon (d = 4.0 ~ 4.5 R) would result from

both the 7th layer line (d = 4.0-4.2 X) and the large dif-
o
4.5 A) in the fiber

[}

fuse blob on and near the equator (d
pattern. The-R3 reflection (d = 7.1-7.8 R), which is rel-
atively weak, is expected to occur from the 3rd layer line
(d3 = 9.3-9.5 R) in the fiber pattern. It must be noted

o}
here that the d3 = 9.3-9.5 A is the layer line spacing, ob-

tained from the Bragg angle corresponding to the vertical

distance of 3rd layer line reflection from the equator in
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TABLE III-3 WIDE ANGLE X-RAY DIFFRACTION DATA OF COLLAGEN

COLD-CAST AND HOT-CAST GELATIN FILMS

Reflections Spacing (R)

Collagen Cold-cast gelatin Hot-cast gelatin

Ry 2.90 2.90 aee--
R, 4.0-4.5 4.3 4.3-4.5
Ry 7.1-7.8 7.3 e
R, 11.0-13.5 11.0-12.0  -----

Note: R, reflection is very diffuse
R reflection is very weak
Ry, Ry reflections are relatively sharper and

stronger in intensities
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the fiber pattern. When the spacing is calculated based

on the Bragg angle from the distance between the center of
the pattern to the 3rd layer line reflection, the value of
7.5 R is obtained and this is what is observed in the Debye-
Scherrer pattern.

The Debye-Scherrer pattern can be obtained from the
results of the fiber pattern by the spherical transforms of
each layer line intensity. This involves the summation of
all the intensity points on the different layer lines cor-
responding to the same d-value. Such calculations (35,36)
showed that the intensity peaks are expected at d = 3.0 R,
d =4.52 and at d = 12 & in the film pattern which is in
good agreement with the experimental observations. The
presence of the above four reflection rings, therefore, can
be used to identify the structure of collagen.

As shown in Figure III-9 (a), the intensity of the
reflection of each Debye-Scherrer ring is uniform all ar= .
ound, indicating that the tropocollagen molecules are uni-
formly distributed in the two dimensional space of the film
plane. The diffraction pattern obtained with the X-ray
beam parallel to the plane of the film (Figure III-9 (b))
shows a planar orientation of the molecules in the film
plane. The degree of orientation with respect to the plane
of the film is comparable to that of unstretched tendon
fiber in the fiber direction. The estimated half-width
angle of the 10th layer line (d = 2.9 R) reflection arc in

the film pattern is ca. 12° which yields the value of 0.045
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for the square of the directional cosine (EEEZE) between
the normal of the film plane and the axis of the tropocol-
lagen helix.

From the above two patterns (III-9 (a) and (b)), it is
clear that the tropocollagen molecules are lying in the
plane of the film, but are randomly oriented otherwise.

It is not clear, however, whether the tropocollagen mole-
cules are packed together as undeformed rigid rod-like
macromolecules or relatively flexible, therefore, locally
deformed macromolecules. Considering the high ratio (200
to 1) of the length to the diameter of the molecule (aspect
ratio) and the difference in the structural order of the
polar and apolar regions of tropocollagen (37), these
molecules are likely to be deformed, probably at the polar
regions (or the regions where prolyl and hydroxyl prolyl
residues are largely absent) as Yannas has suggested in his
review paper (37).

The diffraection pattern of cold-cast gelatin (Figure
III-10 (a)) showed exactly the same crystalline Debye-
Scherrer rings as that of collagen film. The hot-cast
gelatin pattern, on the other hand, shows total absence
of any Debye-Scherrer ring and only an amorphous halo 1is
shown at d = 4.5 R. This agrees well with the patterns
published by Bradbury and Martin (38) and Katz et al. (39).
The presence of the same Debye-Scherrer rings in cold-cast
gelatin (cast at room temperature) pattern as in the colla-

gen film pattern is direct evidence of the partly crystal-
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line nature of cold-cast gelatin.

As is well known, the randomly-oriented gelatin mole-
cules can undergo the transition to the helical conform-
ation in solution at temperatures below that of helix-
coil transition. Relatively clear understanding of the re-
naturation process (coil + helix) of the gelatin in solu-
tion has been obtained in the investigation of Harrington
and his coworkers (40,41) through the study of the asso-
ciated mutarotation phenomenon. The extent to which gel-
atin regains the collagen structure varies depending on the
temperature, and approaches an equilibrium with time (40).
Cold-cast gelatin is, therefore, a partially crystalline
form of collagen and depending on the casting conditions,
the degree of crystallinity can be varied. Hot-cast gel-
atin (cast at 65° C.) is totally amorphous indicating that,
during the casting process, coil~ helix transition of the
molecules did not occur as the casting temperature (65° c.)
was higher than the helix-coil transition temperature of
37° c.

As seen in Figure III-9 and III-10, the amorphous and
crystalline nature of hot-cast and cold-cast gelatin can
be clearly demonstrated by X-ray diffraction pattern.
Unfortunately, however, the X-ray diffraction technique
is not as sensitive as other experimental techniques (i.e.
optical rotation, to be discussed in later chapter) in
differentiating cold-cast gelatin from collagen. While the

X-ray patterns of collagen and cold-cast gelatin are nearly
-110-
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Both collagen and cold-cast gelatin films (cast at 23° C.)
showed identical diffraction pattern with four Debye-
Scherrer rings, when obtained with the X-ray beam parallel
to the normal of the film plane. Four reflection rings
are at spacings of 2.9 R (Ry), 4.0-4.3 R (Ry), 7.1-7.8 R
(RS) and 11-13 R (Rg), which are in good agreement with
the expected spacings based on the spherical transform of
the layer line intensities of fiber pattern. The presence
of these four Debye-Scherrer rings are, therefore, the in-
dication of the presence of the structure of collagen he-
lix. But it is not sufficient to show the nativity of the
molecule as seen by the identical pattern of collagen and
cold-cast gelatin. Hot-cast gelatin film showed no crys-
talline Debye-Scherrer rings and only an amorphous halo
was present at a spacing of ca. 4.5 X.

The pattern of a collagen film obtained with X-ray
beam parallel to the plane of the film showed a high degree
of orientation of collagen molecules in the plane of the
film The average out of plane orientation of the mole-
cules estimated by the half-width angle of the 10th layer
line reflections is about 120, yielding the average value
of the square of direction cosine, Cos%T to be 0.045.

Even ‘though X-ray diffraction technique showed a clear
distinction between amorphous and crystalline state of
collagen (hot-cast gelatin vs. collagen), it did not provide
a sensitive basis for the differentiation between collagen

and cold-cast gelatin (partially crystalline collagen).
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I11-2. Infrared Spectroscopic Studies of Collagen and Gel-

atin

2.1 Introduction

The major features of the infra-red absorption spectrum of
collagen have been known since 1950 (42,43). As is the case
with many other proteins, the interpretation of the spec-
tra of collagen was the major difficulty in the early ap-
plication of infrared to the study of collagen structure.
Even though a complete analysis of vibrational modes of
complex macromolecule is impossible, many of the charac-
teristie absorption bands common to a variety of proteins
have been assigned based on the vibrational analysis of
simple molecules (45-48, 54). The strongest absorption
bands in collagen spectrum are those of the amide peptide
group, a repeat unit of the polypeptide chain backbone, and,
for this reason, intensive studies have been centered on
these bands.

Advancement has been made thereafter in improving the
resolution and more accurate assignments of the spectral
bands have been made possible by the application of differ-
ent sample preparation techniques (55), by use of polar-
ized radiation (49,50,51,54) and deuteration studies
(50,52,53,54). The infra-red dichromic study of the major
amide absorption bands using polarized radiation has suc-
cessfully led to the screening of various molecular models

proposed for collagen (51,54). Deuteration studies com-
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bined with infrared spectroscopic analysis have provided ad-
ditional information on the identification of the vibra-
tions involving the movement of labile hydrogen, as well

as in the differentiation of the location of specific

group in amorphous and crystalline regions (50,52,53,54).
The current state of infrared spectroscopic studies of col-
lagen and gelatin has been reviewed by Yannas (37).

The main purpose of the study described in this sec-
tion was to provide the infrared spectroscopic basis for
the characterization of crystalline (native) and amor-
phous collagen (gelatin) in the solid state. Since the
same principal vibrations are found in both collagen and
gelatin, the small differences in frequencies, band con-
tours and intensities of the major peptide bands are of

importance and will be discussed this section.

2.2 Experimental

Materials: Films of collagen, cold-cast and hot-cast gel-
atin were prepared from the aqueous solutions of native
and denatured collagen as described in the previous sec-
tion on solution casting (Chapter II). The differences
in crystallinity between collagen and hot-cast gelatin
have been discussed in the preceding chapter on X-ray dif-
fraction studies.

The thickness of the films suitable for IR spectro-
scopy was found to be in the range of 1 - 3 microns.

Films were stored and subjected to the spectroscopic meas-
=116~



urements in ambient conditions. The equilibrium moisture

content of the films was in the range of 10 - 15%-wt.

Measurements: A double-beam grating infrared spectropho-

tometer (Perkin-Elmer Model 621) was used to obtain the
spectra in the frequency range of 200 cm ! to 4000 cm;l.
The scan speed was fixed at 16 minutes for the full spec-
trum. The spectra was recorded both in the transmission
and absorption mode. The resolution of the relatively
strong bands (i.e. those of amide I,II) was found to be

better in the absorption mode, whereas relatively weak ab-

sorption bands were resolved better in transmission mode.

Operational data on the instrument are as follows: slit
program: 1000, gain: 4.5, attenuator speed: 1100, scan
time: 16, suppression: 6, scale expansion: 1 and source
current: 0.8.

2.3 Results and Discussion

The infrared spectra of collagen and hot-cast gelatin
are shown in Figure II-11 recorded in the absorption mode.
The interpretation of some of the bands are summarized in
Table III-4. The changes in spectra brought about by de-
naturation of collagen into hot-cast gelatin, shown in Fig-
ure III-11, are summarized in Table III-5. Following is
the discussion on the five strongest bands (Amide I,II,III,
3330 cm-l and 1450 cm” ! band) in the collagen spectrum
and their changes in hot-cast gelatin spectrum.

First, the 3330 cm-l NH stretching vibrational fre-
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TABLE III-4 MAJOR BANDS IN THE IR SPECTRUM OF COLLAGEN (37)

Frequencies, cm~1 Interpretation Reference
4850-4890 Overtone of_§3do cm™1 42,51,52
R and 1550 cm
4550;4806 ' Combination of ¢ = 0 42,43,52
3400-3450 Free water 50,55
3290-3335 NH stretch 42,43,49,50,51,54,55
3100 Overtone of amide II 48,50
3060 NH tension 54,55
2930-2950 CH stretch 47,54,55
2870-2885 CH stretch 47,55
2850 CH stretch 55
1710 Non-ionized COOH 55
1640-1660 c = 0 stretch (amide I) 42,44 ,46,47,
- 48,51,54,55
1560 Coo 55
15351550 NH in-plane deformation 42,44,45,48,
and CN stretch (amide II) 51,54,55
1445-1455 CH, deformation and CH 47 ,54,55
assymmetric deformation
1407 Coo~ 55
1375-1390 CH3 symmetric deformation 54,55
1310-1340 CH2 wagging 54
1230-1270 CN stretch and NH in-plane 44 ,45,54,55
deformation (amide III)
1075-1082 COvbrations of hydroxyl groups 50
920-940 OH deformation of COOH (?) 55
650-700 NH out of plane deformation 51,54
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quency of collagen is shifted to 3300 cm~! in the hot-cast
gelatin spectrum. The value of 3330 em L of collagen

has been known to be significantly larger than the value
of 3300 cm™1 found in most other proteins, indicating the
NH---0 hydrogen bonds.in collagen is longer than those oc-
curring in other protein structures (14,56). Quantitative
correlation by Nakamoto et al. (56) of the hydrogen bond
length with the NH stretching vibrational frequency showéd
good agreement with the structural model proposed for col-
lagen (17). Because of the characteristic nature of this
frequency in the structure of collagen, the 3330 cm™1 ab-
sorption peak provides a simple test for the identifica-
tion of the collagen type structure.

Secondly, the amide I band, corresponding to the c=0
stretching vibration, consists of several component sub-
bands, the strongest having a frequency of 1665 em 1. The
nature of this multiplet peak is not clearly understood;
it indicatess; however, the existence of non-equivalent c=0
bonds, with stretching vibration indicative of different
vibrational energy levels, the difference due to the envir-
onment such as side-chains, polypeptide chain conformation
and inter- and intra-molecular hydrogén bonding (50).
Careful examination of the relatively well resolved amide
I band shows about 9 -10 sub-bands of different intensi-
ties which are listed in Table III-6. In the collagen
spectrum the strongest sub-band occurs at frequency of 1655
cm'l, whereas, that of 1635 cm ! is the strongest one in

the hot-cast gelatin spectrum. The reported shift of this
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band (50) from 1660 cm ! for collagen to 1640 em ! for gel-
atin is, in fact, an apparent shift resulting from the </
change in band contour due to the change in the relative
intensities of sub-bands (37), particularly, of 1655 cm ™t
and 1635 cm 1. From the observed increase in relative in-

! sub-band against the 1655 cm 1

tensity of the 1635 cm~
sub-band upon denaturation, the 1635 cm_1 sub-band can be
assigned as the c¢ = 0 stretching vibrational frequency of
the amorphous, random coil peptide (hot-cast gelatin) and
the 1655 c:m-1 peak as that of crystalline helical peptide
of collagen. This does not exclude the relative importance
of other sub-bands, whose apparent changes are not as

clear as for the above two sub-bands.

Similar observations can be made with the amide II ab-
sorption band. This band can be assigned to the NH in-
plane deformation and CN stretch of the amide groups.

This band is composed of many sub-bands (see Table III-6)
with the strongest peak at 1550 cm—1 in collagen and at
1535 cm ' in hot-cast gelatin. The apparent shift of fre-
quency (50) from 1550 cm ! to 1535 cm 1 is again due to
the change in relative intensity of sub-bands. The inten-
sity of the 1535 cm-1 sub-band is much weaker than the

L sub-band in collagen and increases significant-

1550 cm~
ly by denaturation.

The sub-band at a frequency 1550 em ! of the amide II
band can, therefore, be assigned as the characteristic

band of the structure of collagen, while the sub-band at
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1535 cm-1 can be assigned to the randomly coiled form of
collagen (hot-cast gelatin). The above assignment of the
sub-bands is in good agreement with the similar work by Huc
and Sanejouamd (55) who assigned the bands of frequencies

1

1650 cm™! and 1530 cm™' as those of the randomly coiled

structure of collagen.

The two absorption bands at frequency of 1450 cm” 1
and 1235 cm-l'(amide III) are the remainder two of the five
most intensive peaks in the spectrum. The band at 1450 cm
which corresponds to the CH, deformationrand CH3 asymmetric
deformation has changed neither in its frequency nor in
intensity upon denaturation. The amide III band at fre-
quency 1235 cm_l, however, shows a markedly reduced inten-
sity in the hot-cast gelatin spectrum compared to the in-
tensity in the collagen spectrum.

The spectrum of cold-cast gelatin is intermediate in
character between native collagen and hot-cast gelatin.
The NH stretch band frequency is 3320 cm—l, which is in
between the frequencies 3330 cm-1 of collagen and 3300 cm ™t
of hot-cast gelatin. The apparent frequencies of amide I

1 respectively.

1

and II bands are 1650 cm © and 1540 cm’
The intensity of the amide III band at 1235 cm ~ is much
stronger than in hot-cast gelatin spectrum but is signifi-
cantly smaller than in collagen.

An attempt was made to use the intensity of the amide

III band as an index of helical content. For this, the

absorbance of amide III band, A1235 was normalized by the
=-1l22-



TABLE III-S5 CHANGES IN IR SPECTRUM OF COLLAGEN DUE TO

DENATURATION (Comparison between collagen

and hot-cast gelatin spectra on five most

intensive bands)

Absorption Band Collagen Hot-cast gelatin
NH stretch 3330 cm™ 1 3300 cm *
Amide 1(2) 1655 1636

Amide 11(P) 1550 1535
1445-1455 cm” 1 (€) 1450 1450

Amide 111(d) 1235 1235

(a) and (b): Frequency shifts are apparent shifts due to
1

the changes in relative intensity of sub-bands, 1655 cm —,
1635 cm ! and 1550 cm-l, 1535 cm”1l.
(c): No change was observed in intensity.

(d): Intensity is much lower in hot-cast gelatin than in

collagen spectrum.
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TABLE III-6 SUB-BANDS OF AMIDE I AND IT ABSORPTION

BANDS IN COLLAGEN AND HOT-CAST GELATIN

SPECTRA

Band Frequencies, cm™ 1 Remarks

1655--------- strongest in collagen

1635--------- strongest in hot-cast gelatin

Amide II--------- 1580

1550--~------ strongest in collagen

1535--------- strongest in hot-cast gelatin
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absorbance of the 1450 cm ! band, A1450, because neither
the intensity nor the frequency of this band is changed
upon denaturation. Figure III-12 shows the absorbance of
these two bands for collagen and hot-cast gelatin. The
ratio, A1235/A1450, thus obtained was varied from 1.35 #*
0.10 for collagen to 0.89 * 0.03 for hot-cast gelatin and
cold-cast gelatin showed a value of 1.10 * 0.05. By assigm
ing the values 1.35 and 0.89 as the characteristic ratio of
A1235/A1450 for 100% helix and 100% random coil respective-
ly, the helical content of the cold-cast gelatin film was

estimated as follows:

%-Helix = (1.10#0.05)-(0.89*0.03) x 100 = 45 = 16%
.35%0. -(0.89%0.

(The '""%-Helix" obtained is the relative helicity with res-
pect to the helicity of native collagen and is not neces-
sarily the absolute helicity of the polypeptide chains in
cold-cast gelatin.)

The interpretation of the IR spectra of complex macro-
molecules, such as collagen, is far from being clear. Nev-
ertheless, it can be clearly shown that the qualitative id-
entification of collagen in different molecular confor-
mational states, namely, crystalline native and amorphous
denatured collagen, can be clearly shown by the infrared
spectrum. A quantitative characterization of the molecul-
ar.conformation of semi-crystalline collagen (cold-cast
1

gelatin) using the ratio of the absorbance of the 1235 cm~

band and the 1450 cm” ! band can provide reasonably good
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quantitative data. However, this method seems to be of
small practical importance considering the other sensitive
method, such as optical rotation measurements, demonstrated

in the next chapter.

2.4 Summarz

The infra-red spectroscopic basis for the characteri-
zation of crystalline (native) collagen and amorphous col-
lagen (gelatin) was established. From the IR spectra of
collagen and hot-cast gelatin films, the following major
changes were observed which lead to the assignment of cer-
tain characteristic absorption bands to different state of
collagen.

(i) NH stretch vibrational frequency of native col-

lagen is 3330 cm Y. It shifts to 3300 cm ' in hot- .
cast gelatin.

(ii) The amide I absorption band is a multiplet,
consisting of many sub-bands. Of these, the sub-

1

bands of frequency 1655 cm - and 1635 cm-1 are the

characteristic amide I bands for collagen and hot-
cast gelatin respectively.

(iii) Similarly, the amide II absorption band is mul-

1

tiplet, and the 1550 cm ~ sub-band is the character-

istic amide II band of collagen whereas the 1535 cm” 1

sub-band is characteristic of hot-cast gelatin.

(iv) The frequency of the amide III band, 1235 cm-l,

remains unchanged; however, the intensity of the band
-127-



reduces significantly upon denaturation of collagen

to gelatin.

(v) The IR spectra of cold-cast gelatin (semi-crys-
talline collagen) is intermediate in character be-
tween those of collagen and hot-cast gelatin.

(vi) The helical content of cold-cast gelatin is est-
imated to be 45% * 16%, using the ratio of the absor-

bance of the 1235 cm-1 band to the 1450‘émf%;band.
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CHAPTER 1V
OPTICAL ROTATORY DISPERSION (ORD) AND
CIRCULAR DICHROISM (CD) STUDIES OF COLLAGEN AND GELATIN

IV-1 Introduction

In the last decade, since the rebirth of interest in
optical activity (1), the study of optical activity has pro-
gressed very rapidly both in theories and instrumentation
and has become one of the most powerful tools for the con-
formational study of polypeptides and proteins. Initial
application of the optical activity method in the early
1950's was primarily on the structural, stereochemical and
conformational problems in rather simple organic mole-
cules (1). The revival of the optical rotatory dispersion
method in the study of proteins and peptides structures
occurred between 1955 and 1960, when new experimental and
theoretical tools became available. This was greatly en-
couraged by the fact that the helical structures, proposed
for polypeptides (2) and polynucleotides (3) in the last de-
cade, have asymmetry, which gives rise to the optical act-
ivity and that model substances of the polyamino acids were
synthesized (4) which helped the protein chemist consider-
ably in the interpretation of the data obtained with pro-
teins.

Major attempts were made in this period to classify
the proteins according to their conformations (5,6,7).

The semi-empirical equations of Drude (8) and Moffit-Yang
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(9) have been the major analytical tools in describing the
optical rotatory dispersion (ORD) data, particularly that
of helical macromolecules. However, neither of the two
equations was satisfactory for the studies of non-helical
proteins (10). Recent discoveries of Cotton effect of poly-
amino acids and proteins (11-13) in the far ultraviolet re-
gion provided more sensitive data than was the case with
the ORD data in the UV-visible region; this allowed more
insight into the conformation of non-helical proteins (10,
14).

In this chapter, we propose to outline the fundamental
principles of the optical rotatory properties of the colla-
gen molecule and to apply them to the study of collagen
structure in various conformational states (native and de-

natured) both in dilute solution and in the solid state.

IV-2 General Considerations of ORD and CD
]

2.1 Phenomenon of Optical Activity, Terms and Definitions

The phenomenon of optical activity was first discov-
ered by the French scientist, Biot, more than 150 years ago.
Since then, the theoretical aspect of the phenomenon and
its wavelength dependence (ORD) had been studied by many
scientists including Lowry (15), Drude (8), Kuhn (16),
Rosenfeld (17), Kirkwood (18), Eyring and his coworkers
(19), Moffitt (20) and Moscowitz (21). Many reviews have
also appeared both on theoretical and experimental aspects
of optical activity (6,22,24,50). It is, therefore, not
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intended here to discuss the details of the theory, but
to provide only a brief description of the phenomenon of
optical activity.

When plane polarized light enters an optically active
medium, it splits up into two circularly polarized waves,
known as a left- and a right-handed component. (See Fig-
ure IV-1 (a)). Due to the right- or left-handed character
of the medium (or asymmetricity in structure), these two
circularly polarized light waves travel through it with
slighfly different velocities, corresponding to the differ-
ent refractive indices n, and n_ for left- and right-handed
light (Figure IV-1 (b)); After passing through the medium,
there will be a phase difference between these two waves
and upon their recombination, the plane of polarization of
the emergent light will have been rotated (Figure IV-1 (b)).

In classical electromagnetic theory, the condition
for optical activity is given as follows (33):

-(8/c) 2 HAp t (1)
(Yc)? E/at (2)

where m, u are the induced electric and magnetic moments,

m

u

H, E are the magnetic and the electric field of the inci-
dent light, c is the velocity of light and B, y are cons-
tants determined by the structure. (B and ycan be shown

to be equal in magnitude and the contribution of electric
and magnetic fields to the optical activity is therefore
the same (33). The condition above indicates that the opt-
ically active material must have a property of inducing

electric and magnetic moments when light, an electromag-
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netic wave, enters the medium. It has been demonstrated
(25) that the induced magnetic and electric moments do
not vanish only when the molecule does not have symmetry.
This is why the asymmetric molecules are known to be opt-
ically active.

If the events occur at a wavelength far from the ab-
sorption bands, the difference in velocitiés of left-
and right-handed circularly polarized light can be expres-
sed in terms of the difference in refractive indices ng}and

n, and the degree of rotation therefore depends on the mag-

r

nitude of thelAn = n,-n.. If the events occur near and at
the absorption bands, however, unequal absorption of the
left and the right circularly polarized light occurs in
addition to the unequal velocity, which results in ellipt-
ically polarized light (Figure IV-1 (c)). This phenomenon
is known as circular dichroism and the combined phenomenon
of unequal velocity and unequal absorption of the left and
the right circularly polarized light is known as ''Cotton
effect" (26).

For the isolated single absorption band, general
spectra for the cases of absorption, optical rotatory dis-
persion (ORD) and circular dichroism (CD) are shown schem-
atically in Figure [V-2.

For the quantitative expression for ORD and CD,
several different terms have been defined. Biot intro-

1A

duced the term '"specific rotation [G]A- .
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a)

b)

OC---linearly polarized
light
OA,0B---1left- and right-
handed circularly
polarized light

linearly polarized 1light(OC’
rotated through an angle ¢
due to the phase difference
of 2¢ between OA' and OB'

elliptically polarized light
(0C"). rotation angle is due
to the phase difference bet=
ween OA"™ and OB". ellipticit
angle 6 is due to the differ
ence in absorption of OA"
and OB"

Figure IV-1 Schematic presentation of plane
polarized and circularly polarized

light
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100 - oy
[a]k = < (3)

where oy is a rotation angle of the plane of the polariza-
tion in degrees at a wavelength XA, 2 is the pathlength of
the sample in decimeters, c is the concentration of the op-
tically active medium in grams/100 m&. For 2' in cm and

c' in g/cm?,

[ - 1o - %), degrees-cm 3
@]y Lt . ! gram (3"
The '"molar rotation, [M] '" is related to the specific rota-
tion by
M, = o6 [a] (4)
A 100 A

where M is the molecular weight of the sample. For the
optical rotation of polymeric substances, the ''mean residue

rotation, (m]'" is defined as below

_ MRW degrees-cm
[ml, = 7o [ely decimole (4)

in which MRW is the mean residue weight. The ORD depends
significantly on the refractive index of the solvent and

a correction factor has been introduced (6) to eliminate the
variations in rotation due to the solvents (Lorenz correction
factor). The corrected rotation is then known as '""Reduced

mean residue rotation, [m']x”;

('], = gr=z [, = 577 100 [o] (6)

where n is the refractive index of the solvent. The
MRW/100 values vary between 1.0 and 1.2 for most proteins
(for collagen, 0.92) and the whole correction factor
MRW/100 - 3/(n? + 2) is approximately 0.79; (for collagen,
0.74) at the longer wavelengths (10). CD is also expressed
in a variety of different forms and the following quanti-

ties are among those most frequently appearing in the 1lit-
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erature.

The "Ellipticity, © " is defined as the arc tangent
of the ratio of minor to major axes of the elliptically
polarized light (Figure IV-1) so that

6 = tan 1 (b/a) (degrees) (7)

CK data are often reported in terms of the difference
in the extinction coefficient of the sample for left and
right circularly polarized light. This is known as ''Mo-
lar circular dichroism, Ae€'" and Ae = EL- €g (liters/mole-cm)
(8)

For the purpose of comparing the CK of different sam-
ples, a quantity called ''Molecular ellipticity, [6]" 1is
commonly used which is defined as

6] — 18 . M _ 6° .M degrees-cm? (9)
T Lo Tﬁfi,c, decimole

where 6 is the measured ellipticity (in equ. (7)) in radians

(6° is in degrees)
4' is the path length of the sample in cm
M is the molecular weight of the sample in daltons
c' is the concentration in grams per cm3.
@ in equation (9) is related to Ae in equation (8) in
the following manner.
& = 3300-Ae (10)

(For the derivation of this relationship, see reference 54,

page 154)

2.2 Drude Equation

As is true of many other optical properties, the op-
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tical rotation also depends on the wavelength of light, a
phenomenon known as optical rotatory dispersion (ORD).

A quantitative of ORD in spectral regions far from the ab-
sorption bands was first proposed by Drude (18). Using the
theory of classical electromagnetic interaction with elec-
trons, Drude derived the following equation (known as the
Drude Equation) based on a model of electrons moving along
a helical path.

, ! (11)
[Ot]lj—-;i;?.?_—

where XA, is the wavelength of the optically active absorp-
tion band and Kj is a constant proportional to the rota-
tional strength of the ith electronic transition. Each
term (called partial rotation) represents the contri-
bution of a single transition (ith) and the overall ro-
tation is the sum of all the partial rotations.
Experimental studies with many substances were shown
to obey the '"simple Drude equation" which is a simplified

form of equation (11):
A . (12)
la] = ——7
Tx AT-Ac

in which A_, called the dispersion constant, is the wave-
length corresponding to a dominant electronic transition
and A, named the rotatory constant, is a constant charac-
teristic of the given system.

The applicability of the simple Drude equation to a

given set of data as well as the determination of constants

A and AC are essentially based on a graphical procedure.
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If any of the plots of 1/ [aly vs A% (15), 1/ [a],-A" vs
1/)\2 (29), or [o_c])\.x2 Vs[ale (30), is a straight line,
the ORD is classified as '"simple dispersion" while data
which deviate from a straight line are classified as ''com-
plex dispersion'. 1In general, globular proteins (both na-
tive and denatured) and polypeptides with a random coil
conformation show simple dispersion whereas the helical
polypeptides (a-helix) exhibit the complex dispersion (6).
The values for Ae of many proteins were obtained in the past
and tabulated in the review paper by Urnes and Doty (6).
For most proteins, Ac varies from 180 my to 290 my. The
significance of this value in relation with the structural

characteristics of proteins is not clearly understood (10).

2.3 Moffitt-Yang Equation

As mentioned above, the ORD data of many proteins and
particularly those possessing a helical conformation show
complex dispersion. This can be treated adequately in
linear form by adding a second term to the simple Drude
equation as suggested by Lowry (15) and Heller (29).

This is known as the '""two term Drude equation'.

A . A

= 1 2 (13)

[“]x = 772 7/
AC-xg A%-x,

This treatment is good for empirical comparisons, but a
more theoretical approach was attempted by Moffitt (20) in
correlating ORD of proteins to the helical seconcary struc-

ture of the a-helix of Pauling and Corey. He deduced the
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phenomenological equation for ORD in wavelengths far from
the absorption bands in the following form:
2
m'], - £ 2i*i _ xbiti (14)
13252 1 (xz-x.z)Z
i i

The equation shows that the optical rotation per monomer
unit (or amino acid residue) is the sum of the partial ro-
tations from each i-th optically active electronic trans-
ition. The second term in the equation gives rise to the
curvature in ORD spectra. For the practical application of
the theory to experimental data, Moffitt and Yang (9)
modified the original equation to the simplified form

2 4
(m*1, ;:aoko + bolro (15)

(Az_xoz) (Az_loz)z

This equation has three adjustable parameters, namely, ag,
bo and A;. As with the Drude equation, the test of the

applicability and the determination of parameters ags bo
are normally done graphically by plotting [m']A(AZ-AOZ)
against 1/(A2-A02) using arbitrary values of A, and finding
out the A, which would yield the best straight line.

A significant volume of ORD study has been done with
synthetic polypeptides of a-helical form, of which the
structural information has been well established from
other studies such as X-ray diffraction, IR spectroscopy,
light scattering, hydrodynamic studies. Among many syn-
thetic polypeptides, poly-a- benzyl-L-glutamate (PBLG) and

poly-L-glutamic acid (PGA) are representative (9,30,32).
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Extensive CRD data for many synthetic polypeptides have been
well tabulated by Urnes and Doty (6).

In the light of theory, and on the basis of experi-
mental findings obtained from synthetic polypeptides of
known structure, the following generalization was made on

b, and

the characteristics of the Moffitt parameters, a o

o’
Xo (6). The constant a, represents the intrinsic rotation
of the constituent residues an& their interactions within
the structure. This is equivalent to the rotatory cons-
tant A in simple Drude equation (12) and varies with sol-
vent and side chain composition. The constants be and A,
are primarily a function of secondary structure and are re-
latively insensitive to the environment. The bo values of
many known « -helical polymers centered around -630, where-
as those of random coil polymers were near zero. The A5 of
most of the polypeptides which give the best straight line
in the Moffitt plot of ORD was 212 * 5 mu. By the use of
characteristic b, values of -630 for complete helix and 0
for random coil, helical content of the partially helical
polypeptides has been estimated from the ratio of measured
b, value to the value, 630 of the 100% helix (90,91) (i.e.
% Helix = (bo/630) x 100). This requires the fixed value
of Ay (212 mp) in the estimation of qj values. Many ex-
ceptions have been found, of course, for the above

general statement and, in particular, non-zero valuesof

b, were found in many random coil polymers (32, 34,35).

Despite some exceptions on the b, values of random coil and
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the question on the universally fixed value of Ay = 212 m
for both helix and random coil, the estimation of helix
content by the "b, method" is still being considered as the
best method (36). In summary, the Moffitt-Yang equation

is an explicitly phenomenological equation which can des-
cribe the ORD of many helical polypeptides at visible and

b

near UV regions with constants a and A,. The form

o? o’

of the equation has theoretical origin but is known to
be not unique to helix (37). However, in general, Ag, bo

and a_. can complete the characterization of any single set

o
of data by use of the Moffitt-Yang equation.

2.4 Cotton Effect and CD

So far, we have discussed the ORD in the visible and
near UV regions where the Drude and Moffitt equations are
valid. In the far UV region (180-240 mu), most proteins
have strong absorption bands and because of the fact that
the same electronic transitions are responsible also for
the optical activity, ORD appears with much more complex
dispersion than in the visible region.

Typically, as the wavelength approaches to the absorp-
tion band, the OR exhibits maximum (minimum), zero, min-
imum (maximum) around the absorption band. (Figure IV-2
(b)), which is very different from the ORD in visible re-
gion where the OR decreases montonically with increasing
wavelength. This was first discovered by Cotton in 1895,

who also found that plane polarized light became ellipti-
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cally polarized due to the unequal absorption of left-
and right-handed circularly polarized components of the
plane polarized light. This latter phenomenon (known as
circular dichroism) as well as the observation of anomal-
ous ORD in the far UV region are both called "'Cotton
Effect'".

The relationship between absorption, ORD and CD for
isolated optically active absorption band is shown schem-
atically in Figure IV-2.

The Cotton Effect is called ''megative' when the nega-
tive extremum occurs at the long wavelength side and is
"positive'" when the positive extremum is at the long wave
side. The theoretical treatment of OR in regions of ab-
sorption was carried out by Kuhn and Freudenberg (38)
based on a classical coupled oscillator model and also by
Moffitt and Moscowitz (39) by quantum mechanical approaches.
Details of these treatments can be found in many reviews
(24,41).

In brief, the following relations were derived between
the absorption, OR and CD parameters. Rosenfeld (19)
expressed OR as a sum of partial rotations as follows:

2
me], ~ 90TN 2 Ry S S (16)
(A2-2i%)
where hmf]l is the OR at A, N is Avogadro's number, h is
is Planck's constant, c is the velocity of light, Ai is
the wavelength of the absorption maximum of the ith elec-

tronic transition and Rj is the so-called 'partial rotation-
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al strength'". The rotational strength, Ry is related to
Cotton Effect parameters in the following manner.

he AiGi (17)

96 TN Xi

R:

1 =

in which G5 is called '‘damping factor" and Aj is magnit-
ude of Cotton effect which can be obtained from experi-
mental data as shown in Figure IV-3. The rotatiomnal
strength R; can also be related to the CD data according
to Moscowitz (21,27) who derived the following relation-
ship using the Kronig-Kramer's reciprocal relations.

o

= -42 e} .
R; = 0.696 x 10 w[e]i Al (18)

A

where [e]io,-Aio and A;° are the diagnostic parameters of
partial dichroism curves associated with the i-th transi-
tion which is assumed as Gaussian inform for isolated

transition (See Figure IV-4).
(615 = [01;° expl-(A-3;")2/(85)7} (19)

Aio is the half width and Aio is the wavelength at which
(015 is maximum. (Aio is equivalent to half width of the
absorption band or the damping factor Gj in equation (17),
and also in Figure IvVv-3). In principle, one can, therefore,
analyZe the Cotton effect and correlate OR with CD as iong
as the absorption bands are jsolated from each other so that

an assessment of Ri js possible: 1in practise, however, the

jdeal shape of the Cotton effect occurs very rarely (1),

~146-



[m']

[ . T S

Figure IV-3 Positive cotton effect and absorption
solid curve--OR, dotted curve---Absorption
Ai;amplitude of cotton effect

Gi;damping factor or half band width

el . B,
: i '
+ i\
(01,7 o /1N
[0 A L X
JTL

Figure IV-4 CD spectra in

-147-

Gaussian form



and mostly the curves are more complex due to the super-
postion of many partial rotations, each with its own Cot-
ton effect. The assessment of R;'s, accordingly,iis very
difficult.

Identification of absorption bands and their rela-
tion to the Cotton effect is further complicated by the
fact that not all the absorption bands are optically act-
ive; some weak absorption may have strong rotation and
vice versa (287. (This is because absorption is related
only to the electric moments of the transition whereas
optical activity results from a product of electric and
magnetic moments (33)).

In spite of the difficulties in interpreting the act-
ual experimental data, advances have been made in the ap-
plication:of the Cotton effect to the conformational feat-
ures of many synthetic polypeptides. In particular, CD
has been actively used in the study of a-helical, random
coiled and B-structure polypeptides (36,14,40). Recently,
CD has more popularity than the ORD due to the fact that
CD gives more discrete spectral bands than ORD, which nor-
mally gives strong overlap, and, therefore, CD provides
better resolution for absorption bands. Typical CD spec-
tra for three conformations (a-helical, B and random coil),
are shown in Figure 1IV-5.

These spectra are considered to be unique to each
conformation. Based on this, Greenfield and Fasman (40)

have developed a method for the estimation of a-helical
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FIgure IV-5 Typical CD spectra of polypeptides of a-

helical, B8, and randomly coiled conformations
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content in may proteins and peptides.

IV-3. ORD and CD of Collagen and Gelatin

3.1 Introduction

Despite the fact that the optical rotatory disper-
sion (ORD) technique has been actively used in the study
of conformations of the a-helix, of B-structure and of
random coil proteins (6), ORD of collagen has received
much less attention and has been considered as an excep-
tion to the generalization established empirically in other
proteins (6,42). Major characteristics in ORD of collagen
ind dilute solution which differ from other proteins are:

(i) ORD of collagen exhibits simple dispersion (fit

to a one term Drude equation) similar to that of ran-

dom coil proteins, whereas most other synthetic
helical polypeptides show complex dispersion (fit

to the Moffitt-Yang equation) (42).

(ii) Upon denaturation, the optical rotation of col-

lagen becomes less levorotatory ([algollagen = -400

and [a]gelatin = -90 to -120) while the o-helical

~

polypeptides show increased levorotation ([a]gelix

~

-20 to -40 and (a}%enatured = -90 to -120).

Because of the sensitive changes in OR values during
denaturation, OR studies of collagen have played an impor-
tant role in helix <+ coil transformation studies in dilute

solution (52).
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Most of the early studies (43-47) on OR properties
of collagen and gelatin were limited to the dilute solu-
tion state at a few wavelengths of light in the visible re-
gion. This work has been reviewed by Harrington and von
Hippel (42). Little effort was, however, made on ORD and
CD of collagen in the far UV region (250 mp to 190 mu).
Recent progress in ORD studies of collagen and gelatin has
been reviewed by von Hippel (54) and by Carver and Blout
(53). Application of this technique has, however, not been
made to the studies of collagen in solid state.

In this thesis, therefore, attempts are made to est-
ablish a basis for the systematic application of ORD to
the study of collagen and gelatin in the solid state.
Classical physicochemical methods such as viscometry,
light scattering, ultracentrifuge, flow birefringence, os-
mometry etc., which have been used for the study of macro-
molecules in the dilute solution state, are not applicable
to the solid state X-rays, infrared spectroscopy and elec-
tron microscopy which are commonly used for the study of
macromolecules in the solid state and are, in general, in-
appropriate for the study of the dilute solutions. The ORD
technique can, however, be applicable to studies in both
states and establishment of the ORD properties of collagen
in the solid state will provide the basis for direct com-
parison of the chain conformation of collagen in the two

different states.
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3.2 Experimental

A. Materials

Collagen solution was prepared from rat tail tendon as
described in Chapter II of the extraction process: Gel-
atin solution was prepared by heating the collagen solu-
tion at 50° C. for one hour and allowed to cool at room
temperature for several hours before its use. Collagen and
gelatin films were prepared from the solutions by evapora-
tion. Films used for the ORD measurement in the visible
to near UV regions were prepared in the manner described
in the section of solution casting in Chapter II. Films
for the measurements in the Cotton effect region (250 myu
to 200 mu) were prepared by casting directly on the quartz

plate.

B. Instrument Description

A Cary 60 Spectropolarimeter (manufactured by Cary
Instruments, Monrovia, Calif.) was used. Basic features
of this instrument are as follows: the light source is a
450-500 Watt Xenon lamp. The monochromator is double
prism. The angle of rotation is found by using the Fara-
day cell which is made of a silica cylinder, surrounded by
a coil through which an:alternating current is passed. The
polarizer and analyser prisms are made of ammonium dihy-
drogen phosphate and are immersed in cyclohexane. Details

of the instrument are described in a publication of Cary
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et al. (48). A schematic representation of the instrument
is shown in Figure IV-6. The Cary 60 was also equipped
with a CD dichrograph (Model 6002), an attachment for CD
measurements. The principal part in the CD dichrograph is
anelectrobirefringent crystal, known as a Pockell cell,
which resolves the plane polarized ray into two circularly
polarized parté. The principles of the CD measurements are

outlined in the book of Velluz, Legrand and Grosjean (54).

C. ORD Measurements from the Visible to Near UV Region

(600 mu - 250 mu)

Two factors are dominating in the precision of the
measurement of ORD aside from the quality of the machine.
They are the absorbance of the sample and the magnitude of
the OR of the sample. An ideal sample is one which has
high OR with negligible absorbance. Collagen and gelatin
solutions are good samples in this respect.

Measurements of the solution were done using a solutiaon
cell which is made of spectrograde fused quartz and has an
optical pathlength of 1 cm. The concentration of the solu-
tion was approximately 0.08%-wt. For each measurement, a
baseline was obtained with blank specimen (solvent only).
The baseline for 0.05 M acetic acid solution was the same
as the baseline for air. The rotation angle was recorded
in a continuous manner with changing wavelengths from 600
mu to 250 mu.

As in the dilute solution specimen, no difficulties
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arose from absorption in the measurements of the collagen
and gelatin films. The thickness of the film used for the
measurement of ORD in this wavelength region varied from 5
to 10 p for collagen and 10 to 100 u for cold- and hot-cast
gelatin. Thicker films were not appropriate because the
maximum rotation angle the Cary 60 can measure is limited
to two degrees, one degree each for positive and negative
rotation.

A round brass tube (the inner and outer diameters are
2.0 cm and 2.5 cm, 2.5 cm in length) with degree: scales en-
graved every 3°, 0° to 360°, on the outside wall, was used
for a specimen holder on which round specimens of the film
(2.5 cm in dia.) were mounted with Scotch Tape. The mount-
ed specimen was placed in front of the polarized light
beam such that the plane of the film was perpendicular to
the direction of the propagation of the light which passed
through the central area of the specimen. this was done
by placing the brass sample holder on the V-shaped solu-
tion cell holder; the solution cell holder has three ad-
justable legs and has been prealigned so that when a so-
lution cell or the brass film holder is placed, the beam is
normal to the plane of the cell of the film.

Measurements were carried out in three steps. First,
the baseline was obtained without a specimen. Second, the
OR was measured at a fixed wavelength (normally at 365 mu)
with the specimen rotated around the axis of light pro-

pagation. This step was necessary to examine the uniform-
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ity of the film and to detect any birefringence the film
might have (see Figures I1I-10, II-11 in Chapter II). If
the variation of OR values measured at different positions
of the specimen was within 10 % of its average value, the
specimen was considered as an acceptable one and a position
for the ORD measurement was selected which gave the exact
average value of OR. Third, ORD was run with a fixed spe-
cimen position from 600 m to 250 m and recorded in the

same chart paper on top of the baseline.

D. ORD Measurements in the Far UV Region (250 mu - 200 myu)

ORD measurement in the far UV region is more difficult
experimentally than in the visible region. Collagen and
gelatin, as most other proteins, have absorption bands in
this wavelength range which give rise to the Cotton effect.
Accordingly, the magnitude of OR increases enormously (i.e.
the maximum value of OR in the Cotton region is about 40
times higher than the OR at 365 mu) as the wavelength
approaches an absorption band. This requires a reduction
of sample size by the same order of magnitude. At the
same time, absorption of the light beam by the specimen in-
creases rapidly as the wavelength approaches 200 mp and
as a result the absclute noise level of the instrument rises
to the extent that reliable measurement becomes practically
impossible.

For a collagen solution, the appropriate concentration
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range was approximately 0.01 %-wt. and that of a gelatin
solution was about three or four times higher than colla-
gen. The solution samples were prepared easily by dilu-
tion. Film specimens were prepared by casting directly on
the quartz surface from the dilute solution. Measurements

were done in the same manner as described above.

E. CD Measureménts

The procedure for the measurement of CD is exactly
the same as that of ORD. The same specimens used for ORD
measurements in the Cotton effect region were used also
for CD measurements. CD was recorded in terms of the el-
lipticity 6, expressed in degrees (equation (7)). The
molecular ellipticity, [6 ]was calculated according to
equation (9). The CD measurements were made in the far
UV region (below 260 mpu) because collagen does not have
any CD effect in the higher wavelength region. Again, due
to the increasing absorption of 1light by the specimen,
as the wavelength approaches 200 mu, CD measurements were
not possible below ca. 200 mu, especially with gelatin

films, which have a lower CD and therefore, thicker films

were needed.

F. Other Measurements

In order to calculate the specific rotation [a], (equa-
tion (3)), the concentration of the solution, or the density

of the film and the optical pathlength of the specimen used
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for each measurement, must be determined.

The concentration of the solution was determined
by a gravimetric method as already described in Chapter
II. The optical path of the solution samples was 1 cm,
which is the fixed dimension of the solution cell used for
the entire solution measurements. The thickness of the
film was measured by a mechanical method using an Ames
dial guage (B.C. Ames Co., Waltham, Mass.) which has a
sensitivity of 1.25 u.

The density of the films was obtained by independent
measurements of weight, thickness and area of the film.
In order to reduce the relative errors involved in each
measurement, thdck films (about 100 p thick) were used.
When thin films were used, the apparent density appeared
to be much higher than that of thick films (see Figure
IV-7). This was interpreted as follows: the water absorb-
ed on the surface of the film will give an error in the
measured weight of collagen without affecting the thickness
of the film, and thereby yields a higher apparent density
due to the false, excessive weight. This effect will be
more significant when the film is thin. Therefore, den-
sity data were taken only from measurements with thick
films where absorbed water contributes a negligible error
to the total weight of the film. Average water content of
the films were about 15%-wt.

No appreciable difference was found between the dens-
ities of collagen and gelatin films obtained by this method,
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and the value of 1.32 was used as a standard density for
ORD calculation. The thickness of the films used for ORD
measurements in the Cotton effect region was too small
(order of 1 u) to be measureable by mechanical means and
therefore the ORD data was normalized by superposing the
data in the 240 muy - 300 mu regions on the already est-
ablished ORD curves in the visible—near UV regions which
were obtained from thick films. (Note: IR interference
fringes can be used to measure the film thickness, however,
the film used in this work was too thin (less than 1lu) to
be measured by this technitque, which is useful for thick-

ness larger than a few microns.)
3.3 Results

The optical rotatory dispersion of collagen and gel-
atin in solution is shown in Figure IV-8 for wavelengths
of 600 mp to 250 mp. The optical rotation is expressed
as the specific rotation [a] whieh has a dimension of de-
grees-cm3/dm-gr. The ORD of collagen and gelatin in so-
lution in the far UV region is shown in Figure IV-9.

Figure IV-10 shows the ORD of collagen, cold-cast,
and hot-cast gelatin films in the visible—near UV region.
The ORD of collagen film in the far UV region is present-
ed in Figure IV-11. Because of the excessive noise level
arising from absorption of the light beam by the collagen
film, measurement of ORD of the collagen film was not pos-

sible below 220 mu.
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The CD of collagen and gelatin solutions is shown
in Figure IV-12, and the CD of collagen and cold-cast gel-

atin films is shown in Figure IV-13.

3.4 Discussion

A. Dilute Solution Studies

The ORD of native and denatured rat tail collagen
shown in Figure IV-8 confirms earlier findings (42-47).
Gelatin, like many other random coil proteins (6,10,42),
shows an ORD of simple dispersion (Figure IV-14), which can
be expressed by a one term Drude equation. While the
helical polypeptides and proteins exhibit complex disper-
sion (6,42), the ORD of collagen is also that of simple
dispersion as illustrated in Figure IV-15. The dispersion
constants lc of collagen and gelatin were found to be
205 * 10 mu and 209 * 10 mp respectively. The difference
between the two values isrwithin experimental error and
AC does not change significantly upon denaturation, which
agrees well with earlier findings reported by Cohen: (43)
and Harrington (42). The rotatory constants A of collagen
and gelatin (obtained from Figures IV-14 and IV-15) were
~1.19 x 108 and -0.41 x 108 respectively (Table IV-1).

The high levorotation of collagen (i.e. [a %65 = -1300)
was, therefore, reduced by denaturation to about one third
of its value in gelatin (i.e. [a %65 = -450), indicating
that about two thirds of the optical rotation of collagen

comes from its conformational contribution.
-161-



As shown in Figure IV-9, collagen has a large negative
Cotton effect with a minimum peak at around 207-208 my,
and an inflection point (estimated from Figure IV-9) at
about 195 mu. Gelatin shows a similar Cotton effect with
a minimum at around 208-209 mup and an inflection point
(estimated) at around 200 mu. Both collagen and gelatin
appear to have a simple Cotton effect, but the magnitude in
gelatin is much lower than in collagen. This indicates
that the Cotton effect of collagen depends heavily on con-=
formation. The Cotton effect of rat tail collagen present-
ed here agrees well with those published for calf skin col-
lagen (49), guinea pig skin collagen (53) and ichthyocol
collagen (59). Blout et al. (49) studied the Cotton ef-
fect of both polyproline II and calf skin collagen and
concluded that the similarity in Cotton effects of the two
indicates that the structure of collagen is very closely
related to the left-handed poly-L-proline II helix, which
favors the earlier findings from X-ray diffraction stu-
dies (58). The absence of a 225 mu Cotton effect, which
is a characteristic of a-helical conformations (13,56,57)
was also recognized as evidence for the absence of an a-
helix in the collagen conformation (49).

Even though the Cotton effects of both collagen and
gelatin appeared to be simple, with one dominant absorption
band, and are also qualitatively the same in that the mini-
mum peaks are at around 207-209 mp, the CD spectra of col-
lagen and gelatin shown in Figure IV-12 are slightly dif-
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ferent from each other. The CD spectrum of collagen has
two distinctive peaks, a strong negative peak at 198 mu and
a weak positive peak at 222 mpu. On the other hand, that of
gelatin shows only a negative peak at about 200 mu and no
apparent positive peak is found. The apparent simple
Cotton effect of collagen is, therefore, a double Cotton
effect, where a weak positive Cotton effect of 222 mu is
overshadowed by a strong negative Cotton effect of 198 mu.
The Cotton effect of gelatin, however, seems to be a sim-
ple one. Recently, Timasheff et al. (14) reported the CD
spectrum of calf skin collagen, which is essentially id-
entical (a strong negative band at 198 mu and a weak pos-
itive band at 223 mu) with the CD of rat tail collagen
presented here. The CD spectrum of.ichthyocol collagen,
reported by Madison and Schellman (59), also showed a strong
negative peak at 198 mu and a weak positive peak at 220 myu,
which is in good agreement with our data on rat tail colla-
gen. The presence of the two prominent peaks in the ORD
and CD spectra of éollagen can, therefore, be recognized
as distinctive features of collagen in contrast to the ORD
and CD of gelatin, showing only one apparent peak. The
optical activity of.collagen in the wavelength regions
far from these bands is due to contributions from these
two bands.

The CD spectrum of denatured collagen has not been
reported previously. However, the CD spectra of many other
random coil polypeptides have been reported (14,36). It
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Figure IV-9 ORD of collagen and gelatin in dilute
solution(0.05M HAc) in far UV region
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Figure IV-12 CD spectra of collagen and gelatin
in dilute solution (0.0S5M HAc)
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has been found that the CD spectra of such polypeptides

as poly-L-glutamic acid in water and poly-L-lysine in water
(random coil conformations) (14,36) show three absorption
bands: a strong negative band at 196-202 mu, a weak pos-
itive band at 217 muy, and another* weak positive band at
235-238 mu. Considering these findings, it might be pos-
sible that gelatin also has three Bands and that twoof

the bands are too weak to be detected, due to the pre-
sence of the strong negative band and as a result 6nly a
negative band appears as shown in Figure IV-12. Whether

. or not this is true, it must be concluded that the CD
spectra of collagen shows two distinctive absorption bands,
whereas that of gelatin shows only one absorption band.

The difference is directly attributable to the difference

in chain conformations.

B. Studies of Films

The ORDof collagen and of cold-cast and hot-cast gel-
atin films, in the visible to near UV wavelength regions,
are shown in Figure IV-!0. As in the dilute solution,
the ORD of all three different films exhibit a simple dis-
persion which can be expresged by a one term Drude equation.
This is shown in Figures IV-16, IV-17 and IV-18 where
straight lines were obtained in the plot of 1/[a] against
AZ. Values of the dispersion constant Ao were obtained fram

the intercepts of the lines (intercept = -ACZ/A), and the

rotatory constant A was obtained from the slopes of the
=172~
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straight lines (slope = -1/A). These are summarized in
Table IV-1, together with selution data.

The values of A, are 204 * 10 my, 209 * 10 mu, and
200 * 10 muy for collagen, cold-cast and hot-cast gelatin
films respectively. The three values are not considered
to be significantly different from each other because they
are well within the 1limit of the error range. The values
of the rotatory comstant A show large differences among
the three films. At 365 muy, for example, the specific
rotation of the collagen film is -3200 * 200, those of the
cold-cast and the hot-cast films are -1700 * 150 and -260
* 30 as shown in Table IV-1.

The specific rotation of cold-cast and hot-cast gel-
atin films was reported earlier (43,93,94). Robinson and
Bott (93) found that gelatin film prepared by evaporation
of solution at room temperature (cold-cast) showed much
higher values of the specific rotation ([m]J)= -1000) than
£ilm cast at above 35° C. (hot-cast gelatin), which had
almost the same value ([a]D = -128) as the hot gelatin so-
lution. Cohen (43) also observed that the films formed by
evaporation in the cold showed very high specific rotation
([G]D = -600) whereas the films produced at higher temp-
erature (presumably at above 35° c.) gave too low rotation
to be measured. Elliott (94) also observed that cold-
cast gelatin films had significantly higher specific ro-
tation than hot-cast gelatin films.

All these results are consistent in that cold-cast
-176-



TABLE IV-1 ORD DATA OF COLLAGEN AND GELATIN IN VARIOUS

STATES
Ax 10780 AT [)56s

Collagen solutionb 1.19 205 = 10 -1300 * 50
Gelatin solutionP (cold)  0.40 209 * 10 -450 % 30
Gelatin solution® (hot) e -300 %= 30
Collagen filmd 2.97 204 + 10 -3200 * 200
Cold-cast” gelatin £ilm® 1.47 210 + 10 -1700 * 150
Hot-cast gelatin £ilm® 0.24 200 + 10 -260 * 30
Note:

a: A, AC are the rotatory constant and dispersion
constant in Drude equation [&] = A/l-kcz

b: Ca. 0.08%-wt. in 0.05 M acetic acid at 23° cC.
c: Measured at 65° C.
d: Cast at 23° C.

e: Cast at 650 C.
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gelatin films (prepared at 23° C.) showed specific rotation
values several times higher than the hot-cast gelatin
films (prepared above 35° C.). This is directly attri-
butable to the difference in secondary and teriary struc-
ture of the chain conformation in the two films. The pre-
sence of the helical structure of collagen in cold-cast
gelatin films, which was partially formed during the cast-
ing process, was already demonstrated by X-ray diffraction
patterns in Chapter III. While the specific rotation of
the hot-cast gelatin films is almost the same as that of
the gelatin solution (43,93), that of cold-cast gelatin
films is much higher than cold gelatin solution (43,93).
At 365 mu, for example, the specific rotation of hot gel-
atin solution (65° C.) is ca. -300, vs. -260 of hot-cast

gelatin films (65o C.Y, whereas the cold-cast gelatin film

shows ca. -1700, vs. -450 of gelatin solution at room temp-
erature. More significant differences were observed be-
tween collagen film (ca. -3200) and collagen solution

(ca. -1300).

No explanation has previously been give for such an
apparent discrepancy, the understanding of which seems to
be of great importance in the use of ORD data as a probe
to the conformation of molecular chains in these films.
Some of the details in ORD and CD data of collagen films
and solutions will, therefore, now be discussed in a comp-

arative manner in an attempt to answer this question.
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C. Comparison of Data Obtained in Solution and Solid State

In the visible to near UV regions, the ORD of col-
lagen in both dilute solution and film are of simple dis-
persion as shown in Figures IV-14 and IV-16. The disper-
sion constant AC has essentially the same value of about
205 m in both ORD data. Qualitatively, therefore, the
ORD of collagen film appears to be the same as the ORD of
collagen solution. However, the magnitude of the OR in
the film is much higher than the OR in the solution (i.e.
[ a ]ﬁéém = -3200, [a gg%‘”im = -1300). The ORD of collagen
film in comparison with solution is shown in Figures IV-
19 and IV-20. The OR of collagen film is consistently
higher than that of collagen solution in entire wavelength
from visible (Figure IV-19) to far UV region (Figure IV-
20).

The circular dichroism spectra of collagen film and
collagen solution are shown in Figure IV-21. As discussed
in previous section, the CD of collagen in solution
has two extrema which are characteristic features of the
collagen triple helix. The CD spectrum of film has also
two extrema, a strong negative band at about 198 mu and a
weak positive peak near 225 mu. This is exactly the same
feature as the CD of collagen in solution except a slight
shift in frequency of the positive peak from 222 mu to 225
mu. This strongly supports the presence of native collagen

molecules in the film. The magnitude of the molecular el-
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Figure IV-20 Comparison of the ORD of collagen
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film(far UV region)
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lipticity is, however, much higher in film (te]féém =

-93,000) than in solution ([e]§g§Uti°n = -25,000), which
is qualitatively consistent with the ORD data.

These apparent dicrepancies in the magnitude of the
values of ORD and CD of collagen in dilute solution and
the solid film immediately raise a question as to whether
the chain conformations in solution and in the solid state
are the same, even though the characteristic features of
ORD and CD spectra appear to be the same.

Recently, comparative studies of ORD and CD have
been reportéd (60:62, 66-68) on the conformations of
several polypeptides in dilute solution and the solid
film. The positive Cotton effect of poly-O-acetly-hydroxyl-
L-proline I film was reported to be shifted to lower wave-
lengths by ca. 40-60 mpy as compared with the ORD curves in
solution: (60). While the CD spectra of poly-L-proline I
and II have been reported to be the same in both film and
solution (61), the Cotton effect of poly-L-proline I in
solutien:was suggested to be negative (49) and that of
poly-L-proline I in the form of film was reported to be
positive by the same authors (68) which clearly contradicts
each other. The optical rotation of polyalanine in solu-
tion was found to be positive (67) but that of film was
reported to be negative by the same authors (66). The
reported CD spectra of poly-L-lysine (unordered form)
obtained with film and solution showed differences in both

magnitude and the position of peaks (62). The unordered
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poly-L-proline, however, has been suggested to have the
same CD spectra in solution and the solid film (61). No
Clear explanations are available at present for the account
of such discrepancies. Implications have, however, been
made of different conformations in dilute solution and the
solid state (62). The difference in magnitudes of ORD and
CD of collagen between in solution and the solid state
could.conceivably be due to the change in conformation of
collagen chains.

On the other hand, the aspect of anisotropy in the
optical activity of the macromolecules has been studied
both theoretically (65,70-72) and experimentally (63-65).
By applying the electric field to the solution of poly-

-benzyl-L-glutamate (PBLG) in 1,2,dichloroethane, Tinoco
(63) measured the optical rotation of the oriented PBLG
molecules in the solution. He showed that the specific
rotation of PBLG in solution was positive along the helical
axis (i.e.[ a ] ggs = +670) and was negative perpendicular
to the helical axis (i.e.[a B$® = -400). Similar study
was reported by Hoffman and Ullman (73) on PBLG. The de-
pendence of optical activity on the orientation of the
molecules attained by applying the static electric field
was also discussed by Troxell and Scheraga (74) on poly-n-
butyl isocyanate. These studies well demonstrated that the
optical activity of the anisotropic macromolecules is dif-
ferent along the different molecular axes and the meas-

ured rotation values depend on the direction and the degree
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of orientation of molecules with respect to the propaga-
tion direction of the light.

Direct comparison of the specific rotation of collagen
in solution and in film can, therefore, be further com-
plicated by the difference in orientation of collagen mole-
cules if the optical activity of collagen molecule is, in-
deed, different along the different molecular axes. Any
attempt to interpret the difference in ORD and CD in terms
of structural change of the molecule must be made with
the complete understanding of the aspect of anisotropy of
the molecule and the orientation of the molecules in the
sample. For this, analysis of optical activity tensor of
collagen molecule and the dependence of
the OR on the direction of the light propagation as well
as the orientation of the collagen molecule in solution

and film are discussed in the next sections.

3.5 Tensorial Character of Optical Activity

A. Gyration Tensor g. .
=J

In crystal optics, it is general practice to describe

the anisotropy of crystals by following a set of so-called

material equations which relates excitation vector D and
the field strength E (electric vector) by a linear vector
function (75,76).

D1 = €11E1 + elZEZ + 513E3
E. + €52Ep * €,53E3

E, + e_ E_ + (20)

1 5,8, * €33E3
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where subscripts 1,2,3 are the three mutually perpendic-
ular coordinates. (In the isotropic case, a simple propor-

tionality D = €E holds). The nine quantities 811’ €5
are constants of the medium and constitute the 'dielectric
tensor'" of rank two. In shorter form, equation (20) can
be written

D, = eijEj i,j = 1,2,3 (21)
The dielectric tensor is known to be '"'symmetric'" so that

€15 T &1

The material equation (20) is originally developed
for a medium which is homogeneous, non-conducting and
magnetically isotropic but electrically anisotropic (76).
For optically active medium, which is not only electric-
ally anisotropic but also magnetically anisotropic, the
real symmetric tensor €5k is replaced by the complex ten-
sor;

ejk * igjk (23)
The additional terms gjk is called "gyration tensor"
which represents the amount of optical activity. This
gyration tensor is supposed (76) to be small and does not
contribute to the electric energy Wes We = 1/2(D*E). Be-
cause of this requirement, gyration tensor forms an "an-
tisymmétric tensor" of rank two (76). Sommerfeld (76)
showed that only a crystal without symmetry can possess
gyration tensor.

The gyration G, which gives the amount of optical

activity, varies with direction and can be written in gen-
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eral form (72),

_ 2 2 2
G = gy1%1" * 832%,7 * 833%3  * 281814, * 28,:%7%3

: : 24)
+ 2. L ¢
* 28505 Y
or

G = gijlilj i,j, =1,2,3 (25)
where i1,j are the indices for coordinates and 21,22,13 are
are direction cosines between wave normal (or the direction
of light propagation) and the crystal axes.

The relationship between the optical rotatory power

R and the gyration G is given by Nye (72) for uniaxial cry-

stals,
R = _71G (26)
Aoﬁ
where is the wavelength of the light, n is the average

o
refractive index of the crystal along the optic axis for

ordinary and extraordinary waves (or left and right hand-

ed polarized light).

B. Gyration Tensor Components in a Uniaxial Crystal and

Collagen Molecule

Depending on the crystal symmetry, the gyration tensor

gij has some zero components and the number of independent
components are reduced. Extensive table was given by Nye
(72) for the forms of gyration tensor g5 for all different
classes of the crystal symmetry.

In this section, however, the form of gyration tensor
for the uniaxial crystal with a cylindrical symmetry and,
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specifically, for collagen molecule is discussed in detail.

Before applying the symmetry operation to the gyra-
tion tensor, it is neceésary to note the following: first,
conventionally, the rotatory power is called '"positive" if
the sense of the rotaticn is the same as the handedness of
the coordinate axes. If the symmetry operation changes
the handedness of the reference axes, rotatory power will
change sign too and such physical quantities are called
"pseudo-scalar''. Secondly, if the tensor chages its sign
when the reference axes changes its handedness, it is called
'"axial tensor'. The gyration tensor gij in equation (25)
is the '"'axial second rank tensor'.

Now, it is assumed that the tropocollagen molecule is
a uniaxial crystal with an optic axis along the axis of
helix and has a three-fold rotational symmetry. (It should
be noted that this assumption is reasonable, considering
the fact that the tropocollagen molecule is composed of
three polypeptide chains of left-handed helices which
intertwined each other to form right-handed super-helix.)
Under the assumption made above, and molecular axes assign-
ed as below, we want to find out the form of gyration tens-

or for collagen molecule.
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1

For the general case, where the incident light propagates
along the direction which has direction cosines of 2; =

cos &, L5
1,2 and 3 of collagen (See Figure above), the gyration G

= cos B and Lz = COS ¥y with respect to the axes

can be expressed according to° the:equation (24) which is

- 2 2 2
G = gy181° *+ 8% *+ 833%3° * 2812%1%3 * 282387483

* 2831821 (24)
where

21 = cos &

22 = COs B

23 = cOs y

If crystal is rotated around axis 3 by an angle of g (see

Figure 22), direction cosines will be changed accordingly

so that new directional cosines are li = cos a”, 25 =
cos B~ and 25 = cos Y~ and the gyration G~ will be
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3'

Figure 1IV-22

3--=--- original axes of collagen molecule
',3'--new axes of collagen molecule after

rotating around axis 3 by angle of
(to be continued in the following page)
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£1=cosd=cos(AOB) Q =cosX'=cos (AOB'")
92=cosp=cos(AOD) 2
£

Q3=co§Y=cos(A0E)

)
1
é=cosﬁ'=cos(AOD')

]

3=cosY'=cos(AOE)
If OA is taken as a unit length, from triangle OBC
OB=cosX, 0OC=sin Y and, therefore
cos@=0B/0C=cosX/siny ---------- (@)
The relationship is held in triangle OB'C so that
cos(P+6 )=0B'/0C=cos '/sin ----(2)
From (1) and (2),
cos'=cos(P+6) sinY=sinY[cosPcosh-singsinf]
=sinY[cosxXcosg/sinY-sin@sing]
=cosxXcos@-sinYsinPsin® ----- (3)
Now sin@=BC/OC=OD/OC=cosﬁ/sinT‘ ------------ 4)
By introducing (4) into (3),
Cosx'=coscosB-cosgsin@
In the same manner,

cospg'=cosgsinf+cosgcosé and

cosY'=cosY
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‘Ql=cosdﬁcos(AOB) Q
Qz=cosp=cos(AOD) 2
g3=cosY=cos(AOE) f

i=cosd'=cos(AOB')
é=cosﬁ'=cos(AOD’)

z=cosY'=cos (AQE)

If OA is taken as a unit length, from triangle OBC
OB=cosx, OC=sin Y and, therefore
cos@=0B/0C=cos&X/siny ---------- (1)
The relationship is held in triangle OB'C so that
cos(P+86 )=0B'/0C=cos '/sin ----(2)
From (1) and (2),
cosy'=cos(P+6) sinr=sinY[cosPcosB-singsing]
=sinY[cosXcosg/sinY-sin@Psiné]
=cosxXcosf-sinYsinPsin® ----- (3)
Now sin@=BC/0C=0D/0C=cosB/sin¥y  ------------ €3]
By introducing (4) into (3),
cos'=cos{cosf-cosgsin@
In the same manner,
cospg'=cosgsinf@+cosgcos@ and

cosY'=cosY

-191-



4 = ‘2‘ 427. 42 - - - -
G 811817 * 822837 * g3zl3zT o+ 28138187, *+ 2g33%7%;

+2g 27 1- (27)
+2g ;

31 1

The general relationship between original (21, 22, 23)

and new direction cosines (2{ » li ’ 25 ) can be represen-
ted by an adjoining matrix, (derivation of this is shown in

the text in Figure IV-22).

11 12 13
zi cos 6 -sin 6 0
l£ sin © cos: © 0
23 0 0 1 (28)

so that

zi = zlcos e -lzsin 8 = cos o Cos 6 -cos B sin 8
25 = llsin & + 2,cos 6 = cos « sin 8 + cos B cos 6
23 = 23.= cos vy (29)

Since the rotation of molecule around the axes 3 does not
change the hand of the reference axes 1,2 and 3, neither
the gyration G nor its component tensor gij changes its
sign. If rotation angle 6 is 120° (this operation will
bring the collagen molecule in identical position due to

the 3-fold symmetry), new direction cosines become

27 0= -1/294 -I3/2-2,
25 = I3/2-24-1/2-2,
23 = 24 (30)
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By substituting the eqs. (30) into eq. (27) and rearranging
the right hand side, we get

G! (1/4g,2 + 3/4+g2, - /3/4+g,,)01 + (3/4-gy1, +

+ 1/4-g,2 + Y3/4 glz)li + gsalz + 2( ¥3/2-g1, - t31-
- V3/2g22 - 1/2°g12)%12%2 + 2(-1/2°g53 - Y3/2+g,3)
2203 + 2( V3/2°g23 - 1/2°g13)%12%,
In the same way, if 6 = 240° (which will bring the collagen

molecule in the identical position), we have

G" = (1/4 g11 + 3/4 g»2 + Y3/4 glz)lf + (3/4 gy1 +

+ 1/4 gas - /3/4 g12)%s + gasls + 2(- Y3/2 gi1 +

+ /3/2 ga2 - 1/2 g12)%12%2 + 2(- Y3/2 go3 -

- 1/2 g13)212%3 + 2(-1/2 ga3 + V3/2 g13)2%12%3 (32)
Since the rotation around axis -3 by 120° and 240° should
not affect the gyration G,

G =G'" = G" (33)

By identifying each term in eqs (25), (31) and (32), we

get
€12 = g13 = g23 = 0 | (34)
g11 = g22 - (35)
Therefore, from six components of gyration tensor only
diagonal components g, , &, » £33 are non-zero and g, =g,,

and tensor reduced to

€11 0 0
G =10 g22 O , 811 = g22 (39)
0 0 gas3

The optical activity of the tropocollagen molecules can,

therefore, be described completely by three components

a22 and asz;3; which are associated with gyration tensor
_193_
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components gii1, g22 and g3s. The general expression is
from eq. (25), (26) and (39), (o is equivalent to rotatory
power R in eq. (26), the exact relation of which to the

gyration G is shown in eq. (16)),

2 2

2 .
o = 03121 + Q2283 + Q33ls (40)
2 2 2
or, since 2; -+ 2, + %3 =1,
2 2
a = a11(1-23) + azsls (40Y

where

@11, @2, are the optical rotation along the direction
perpendicular to the axis of the collagen helix,

a33 is the optical rotation along the axis of collagen

helix,
- 21, %22, %3 are the direction cosines of the incident

light with respect to the molecular axes 1, 2, 3 of collagen

molecule.

C. Interpretation of ORD of Collagen in Solution and in

Film
In dilute solution, collagen molecules are randomly
oriented in space and, therefore, the measured rotation
will be the average of the three components aj;i1, 0az2 and
d33. For random orientation in 3-dimension, the average

of the direction cosines will be equal in all directions

-2 Tz Tz
so that 2; = 22 = 23 = 1/3. The specific rotation of

collagen in solution is, therefore,
2 2
[*lso1ution = [*lsotution = [@11121 + [az2]%, +

+ [daa]li = 1/3([a11] + [aaa] + [233])

~194-



= 1/3( 2[a;,]+ [aas] ) ' (41)

In film, as discussed already in Chapter III of X-ray dif-
fraction studies, collagen molecules are mostly lying in
the plane of the film and randomly oriented with in the
plane. When such film is subjected to the measurement of
the optical rotation with the beam perpendicular to the
plane of the film, the angle between the axis of collagen
helix and the direction of the beam is 90 degrees and the
direction cosine £3 becomes zero. On the other hand,

the axes 1 and 2 of the collagen molecules are equivalent
to each other and randomly oriented with respect to the
direction of the incident beam so that 212 = 222 = 1/2.
The specific rotation of a collagen film assumed to possess

perfectly planar orientation, therefore, will be-

2

[0l gi1p = [og1121% * [ap,18,

1/2([a11] * [dzz]) = [alllsolid = [a22]solid

(42)
From equations (41) and (42), it is apparent that the spe-
cific rotation of collagen obtained with dilute solution
will be different from that obtained with solid film,
as long as [all] is not equal to [a33].
It is interesting to see how the measured optical
rotation will change when the film is tilted such that the

angle between the normal of the film plane and the light
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propagation direction is 6. The general relationship be-
tween the optical rotation and the angle of tilt 6 can be
derived as follows:

Let's consider the situation shown in Figure IV-23.
X,Y,z are the three orthogcnal laboratory coordinates,
where light propagates along the y direction and film is
tilted by an angle of 6 around the x axis. (When & = 0,
this is the case discussed above where equation (42) is
applied.) 1If OA represents the helical axis of collagen
molecule lying in the plane of the film, at an angle ¢ from
the x-axis, by tilting the plane by 6 degrees, OA will be
tilted to OA!. Now the direction cosine L5 between the
direction of the light propagation Oy and OA', becomes a
function of the angles 6 and ¢, namely,

25 = cos y = sin ¢ sin © (43)

at a fixed angle of 8, the average of the square of the
direction cosine, 232 for all possible values of the angle

will be
2 = (sin? 0)/8"sin%¢ d¢ = 1/2 sin2 o (44)
sET d¢

3

At any given position of the molecule specified by angle
& and ¢, the axis 3 of the molecule is fixed, but the axes
1 and 2 are perfectly random within,the plane normal to

the axis 3. Therefore, 212 = 222 and, since

1 2 3 - 1
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X,Y,Z---~--- laboratiry coordinates
Light propagates along the Y axis and film is tilted
by angle 6 around the x axis
OA,QA"  ----- represents the helical axis of the collagen
molecule

Figure IV-23 Geometry of tilted collagen film
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2 2 . . - .- 2 - .
By o= %, = 1/2(1-23) = 1/2(2=sin’h (45)
the specific rotation at tilted angle 6 becomes

[eg)= o1 925 + [2d2s + [0sg25

2 2 2
@11 (%1 + 22) + [033) 23 :
46)

- 1 24 3 72
=[a1ﬂ 1 A;ln : +[daﬂ sin“6

(o] + H220 @y - [ )
It is possible to use eq. (46)‘to measure the [033)
indirectly. Application of eq. (46) requires, however,
the absence of birefringence in the specimen, a correction
for change in sample thickness with tilt angle and a
correction applied to the apparent tilt angle to
account for the effect of refraction of the medium.

In order to have a meaningful comparison between the
specific rotation values of collagen solution and films
one should compare the average values [E]Solution with
[a]solid’ or its component [o11]l_ j,¢tion With T PO

[@33] with [o3s]l 739 Since [al  iution =

solution

[a]solution’ it is desirable to obtain the value of

[E]solid' Experimental difficulties in preparing such
specimen of solid collagen in random orientation discouraged
the direct measurements of [a]solid? Instead, an attempt
was made to measure [aaa]solid using oriented fibers and
thereby estimate the [E]solid by making use of the [a]film

= [a11] a value and the equation (40). The next section

soli
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is devoted to a description of such an attempt.

3.6 Optical Rotation of Collagen Fiber, '[a33]solid———

A. Experimental

Sample Preparation: Rat tail tendon fibers were pre-

extracted in 0.5 M HaH2P04 solution and diied in the air
under the tension to keep the fibers in uncrimped straight
configuration during the drying. Dried fibers were then
mounted in a finely drilled hole in stainless steél plate.
The plate was 0.132 mm in thickness and the diameter of
the hole was 0.73 mm. The mounting was done as follows:
the dry tendon fibers were tapered in one end with a razor
blade and then thin end of the fibers were placed in the
hole. The fibers were then pulled throggh.the hole until
they filled and plugged tightly the entire hole. After
fibers were firmly held in the hole, both ends of the fi~-
bers were carefully trimmed with a very sharp razor blade.
At this step, extreme care was taken not to pull out the
fibers from the hole while trimming and also to produce

as smooth a surface as possible. Then both sides of the
hole were covered with thin cover glasses of ca. 0.2 mm
thick. The specimen thus prepared, contained collagen
fibers aligned parallel along the direction normal to the
plane of the steel plate. The optical micrograph of the
specimen is shown in Figure IV-24, which shows the cross

sectional view of the fibers (magnification ca. 125) in
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the hole with light underneath the plate.

Measurement of Optical Rotation, [®33]° Optical rotation

was measured using Cary 60 Spectropolarimeter. The spe-
cimen was mounted on the special sample holder, supplied
with Cary 60 for the use of cubic solution cell, so that
the specimen plate was perpendicular and, therefore, fiber
axes were parallel to the direction of the light propaga-
tion (Eigure IV-25). The use of stainless steél plate
reduced the area of the cross-section of the beam to ca.
1/10 of its normal size. Any effect that the reduced beam
size might have on the measurement was examined by running
the baseline of the machine and measuring the optical
rotation values for known specimen (i.e. collagen solution)
with and without using the plate. When the sample holder
was used, the response time necessary for the compensator
of the Cary 60 to reach its equilibrium position was
slightly extended; however, no appreciable difference was
observed in measured value of the optical rotation.

The ORD was rﬁn from 600 mu to lower wavelengths and
when rotation angle exceeded the limits of the instrument.
(1°), samples of the opposite rotation, placed in series,
were used to bring dowm the rotation angle within the
measurable limit. (As shown in next seCtion’Q[“SS]solid
was positive and, therefore, collagen solution of high con-
cnetration (ca. 1.5%-wt.) was used to reduce the rotation

angle to a measurable level).
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Figure IV-24 Optical micrograph of the cross-
sectional view of the tendon specimen

used for the optical rotation measurements
(magnification, ca. x125)
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/
Stainless Steel Plate
Thickness;0.132 mm
Hole diameter;0.73 mm

rat tail tendon
) fibers
Direction of
light propagation

Figure IV-25 Specimen holder for the tendon fibers in
the measurements of the optical rotation
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Measurement of Thickness and Density: In order to convert

the measured rotation angle to the specific rotation, it
is necessary to know exact thickness and packing density
of the tendon specimen used. (i.e.[ a ]= 10*a/%-c where o
is the measured angle of rotation, &2 is thickness of the
specimen in cm, c is the density of the specimen in gr/cms,
so 2-c is surface density, g/cmz.) When examined under

the microscope, the overall surface of the cross-sections
of the fibers was fairly smooth and in the same plane as
the surface of the metal plate. The thickness of the spe-
cimen (average length of the fibers in the hole), therefore,
was taken to be the same as the thickness of the metal
plate which was 0.132 mm. The packing density (% cross
sectional area occupied by fibers) of each specimen used
was determined by visual examination under the microscope.
For a completely filled specimen (i.e. no apparent vacant
area is seen in the entire cross sectional area of the
hole), the hexagonal packing was assumed for the packing

of fibers inside the hole and a factor of 0.91 was applied
to the density 1.32 to obtain the bulk density of the fiber
specimen. (The density 1.32 measured with dry collagen
films (ca. 15%-wt. water) was also assumed to be the density
of dry collagen fibrils (ca. 15%-wt. water)). The value
for 2°c in the above equation was, therefore, obtained

by multiplying the density 1.32 by a factor 0.91 and by the

thickness 0.132 mm.

-203—



B. Results and Discussion

The ORD of dry rat tail tendon fibers (ca. 15%-wt.
moisture), measured along the fiber axis (therefore, along
the axis of collagen helix) is shown in Figure IV-26. Each
point in the Figure IV-26 represents one measured value.

The filled circles are all from the same specimen, showing
the variation in repeated measurements and open circles

are from different specimens indicating the specimen-to-
specimen variations. Such scattered values are considered
to be due to the variation in packing densities of colla-
gen fibers in different specimens and the possible mis-
alignment of the specimen position with respect to the
light propagation direction, which will introduce birefrin-
éence effect in the measured values. Line was drawn
through the average values of the scattered points.

Contrary to the negative rotation values of collagen
solution and film,[ a Jtendon Wa@s positive in the entire
wavelength range measured. At 365 mu, for example, [ “]ten—

is +1500 * 200, whereas [ o] is -1300 * 50 and

don solution

[alejim is -3200 * 200. The dispersion of the quantities
[oleiim = [ 211 ls01id @24 [ @ Jtengon = [ @33 15011g ©f collagen
in dry solid state is shown in Figure IV-27.

The [ a33] of the elastoidine fiber was reported by
McGavin (64), who measured the optical rotation along the
fiber axis using polarized microscope. At wavelength of
sodium D line, reported values were +958 and +887 for the
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Figure IV-27 Comparison of the ORD of collagen measured
along the helical axis of molecule(Jasz3])
and in perpendicular to the helical axis

(Tay 1)
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wet and acid-swollen elastoidin: fibers, however, [ a33]

of the collagen fiber was mentioned to be negative (64).
It seems unlikely, however, that] a33]of collagen fiber is
quite different from that of elastoidin fiber, because the
chemical compositian (55) and the X-ray diffraction patterns
(77,81,82) of the two fibers are known to be very similar
and, therefore, collagen and elastoidin have been consid-
ered as of the same triple helical structures. (82). The

[ 033] of collagen measured in this work was, indeed, pos-
itive as eiastoidin fiber, but the magnitude of the rota-
tion was much lower for the relatively dry collagen used
in that work than for the wet elastoidin fiber used by Mc-
Gavin. (for a discussion of the effect of moisture content
on optical activity, see below).

The significance of the resolution of optical activity
in its tensorial components should be such that the aniso-
tropy of the optical activity should provide more inform-
ation on the structure of the molecules than the average
optical rotation. The [az3z], for example, should be able
to indicate the helix sense better than the![a] can. At
the present time, however, a complete theory does not exist
which allows us to assign the helix sense unequivocally.

For example, Moffitt (83) has suggested that{[a33]'is
much larger than [a;{]in algeb€?g§ values for right-handed
a-helix, whereas, Tinoco et_al. showed that [azz] is nega-
tive and [all] is positive for right-handed &-helix, which
contradicts each other. Although the right-handed assump=
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tion of Moffitt et al. (83) and Fitts and Kirkwood (97)
receives support from eperimental data (i.e. b, in the
Moffitt-Yang equation has negative value if right-hand
a-helix,which is consistant with observed bo values in
PBLG), theoretical calculation by Tinoco and Woody (84)
using the polarizability theory showed that if PBLG is
left-handed helix [a33] will be positive which is consis-
tent with the experimental observation (63).

The [a33] value and its positive sign of collagen
cannot, therefore, provide any clearer answer to the ques -
tion of helix sense of collagen (in fact, there is no in-
dependent evidence to support the presently assumed left-
handed minor helices and right-hand superhelix which is
based mastly 6n the stereochemical considerations (82).
Nonetheless, there is no doubt that the components [all],
[a33] will give more sensitive measure of conformational
changes than the average [a ], and can provide more well-
defined basis for the estimation of helical content of

film together with the information on orientation:

C. Indirect Measurement of [a33]

Recently, an attempt was made to estimate the
[a33]Solid by measuring the specific rotation of the col-
lagen film at various tilt angles, a technique which has
been described in the previous section of the tensor an-
alysis. The details of the experiment can be found in the
report (95) by Mr. Chor Huang, my colleague, to the depart-
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ment of Mechanical Engineering, M.I.T.

In brief, the optical rotation angle of a uniform,
non-birefringent collagen film, cast on the surface of
fused quartz plate, was measured at various angles of
tilt (8). According to eq. (46), derived in the
previous section, one would expect that the specific

rotation at a tilt angle o, [a]e will be
. 2
[alg = [e1:] + 2232 ([as:] - [a11]) (46)

However, correction is necessary of the optical path
length of the specimen and the direction cosines of the
beam with respect to the molecular axes 1, 2, 3 of collagen
for the refractive index of the medium (95). 1In other
words, apparent tilt angle B is different from the actual
tilt angle ® due to the refractive index n, with the
relationship sin B = n * sin6. After introducing the
above correction and assuming the [a]e=0 = [a;1], the

following equation was obtained (95):

a -2 .
B = sin®B  [a3z] - [ai1]

(o]

where og is the rotation angle of the specimen at tilt

angle B,
oy is the rotation angle of the specimen at B = 0,

therefore, corresponds to [a:1:1] in actual rotation in degree,
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n is the refractive index of collagen film (n is as-
sumed to be 1.525 + 0.025 for 85%-wt. collagen, 15%-wt.
water . (96),

B8 is the actual tilt angle between the beam direction
and the normal of the film plane ,

8 is tilt angle corrected for refractive index of

the sample ,

The experimental data were presented in Figure IV-29
where plot was made for (as/ao-cos ) vs (sin2 B) .
As shown in Figure IV-28, linear dependence of

2 B) was well demonstrated by a

(as/ao'cos 8) on (sin
straight line. This result is consistent with the analysis
of the tensorial nature of the optical activity of colla-
gen. The a5, can be estimated from the slope of the plot
and the-estimated.value was +1900: + 300.  This.result is
not far from the value of +1500 * 200 obtained by the dir-

ect measurements.

3.7 Comparison of the Optical Rotation of Collagen in

Dilute Solution and in Solid State

For the purpose of the comparison of optical rotation,
the specific rotation values at a fixed wavelength, namely
365 mup, are examined here.

In dilute solution state, the specific rotation of
the collagen is the average value of the three components
of [aq4] [azz] and [a3§ .
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1/3 (2[a11]

[a]solution = [a]solution = solution

* lesslsorution = ~1300 * 50

In solid state (ca. 15%-wt. moisture),

[0]tendon = *+1500 + 200

As discussed in previous section, [a]film and

+

(47)

(48)

[a]tendon can be interpreted as [alllsolid and [a33]solid

respectively. In actuality, however, the orientation of

the collagen molecules in the film is not perfectly planar.

So is the orientation in the tendon fiber. As already

discussed in Chapter III, such disorientation was estimated

from the X-ray patterns and found to be 12° for the

average out-of-plane orientation in the films and 9° for

the misorientation of collagen molecules along the axis of

tendon fiber. When corrections are made,

for film: 23 = COsZy = cosz(90-12) = 0.043

2T = 23 =1/2 (1 - 23) = 1/2 (0.957)>

Y being the average angle between the helical axis of

collagen molecules and the direction of the 1light

propagation.
[a]film = [o11] 2T + [a22] 2% + [ass] L3 =
= 0.957 [G11] + 0.043 [a33]
for tendon: 2% = cos?y = cosZ9 = 0.976
2F = 23 = 1/2 (1 - 23) = 1/2(0.024)

-212-

(49)



[a]tendon = 0.024 [all] + 0.976 [aaa] (50)
By solving the two eqs. (49) and (50) above, we get

[dll]solid = -3400 + 200

(51)

[aaa]solid = +1600 'i' 200

(It should be reminded here again that the values of the
speéific rotation of film and tendon in eq. (48) is the
actual measured values with collagen films and tendon
fibers. The values in eq. (51) are the components of
the specific rotation of collagen molecules.)

It has been shown in eq. (6) that, for the purpose of
comparing optical activity of different proteins or the
same protein in different solvents, correction is necessary
to eliminate the variation in rotation values due to the
different refractive index of the medium. Since there is
a significant difference in refractive index between a
dilute solution specimen and a solid specimen, the
Lorentz correction factor 3/(n? + 2) has been applied to
the values in eqs. (48) and (51). For dilute solution of
collagen (ca. 0.08%-Wt .) in 0.05 M acetic acid, the
refractive index ' is assumed to be 1.33, the same
value as water, ~ because of the very low concentra-
tion) and the refractive index of solid collagen (ca.
15%-wt. water) 1is taken to be 1.525, (The value is
obtained from the linear interpolation between 1.33 for
100%-wt. water and 1.55 [6] for 100%-wt. collagen). The

specific rotation values, reduced in this manner, are as
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follows, which are denoted by the subscript r:

for solution: [E]r = -1035 + 40 (52)
for solid: [all]r = =2360 + 140
[@ss]. = +1110 + 140

and, therefore,
[E]r = -1200 + 240 (53)
(For [ass] = 1900 + 300, obtained from the indirect
measurements, [aaa]r is 1310 + 190 and, accordingly,
[o_t]r = -1140 + 275 (54))
When the solid state values of -1200 + 240, -1140 + 275

are compared with the solution value of -1035 + 40,

two values are seen to be essentially the same within exper-
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imental error range. The significance of this finding is
that the large apparent difference between the optical
activity of collagen in dilute solution and of collagen
film is, in fact, largely due to the difference in orien-
tation of the molecules in the two specimens and that the
"structure'" of collagen molecules in the solid state is
substantially the same in dilute solution state. (The
"structure'" used here by this author refers to the basic
features of seéondary and. tertiary structure of three-
stranded coiled-coil, established as the standard struc-
ture of tropocollagen molecule by X-ray diffraction stud-
ies (82). The minor distortion of chain conformation,
which might be occurred due to factors such as the dis-
tortion of the side chains, having arisen from the close
packing, is not considered as the different structure where
secondary and tertiary structure of the chains assume dif-
ferent conformations, as often found in the conformational
transitions between o, 8 and random-coiled structures in
polypeptides).

A small difference could exist between the values of
51501Uti°n and [ E]§OIid which this work has not resolved
due to the large error range involved in the measurement.
Even if there were, this would not be necessarily attribut-
able to the difference in the tertiary structure of colla-
gen in two states because the following effects could re-
sult in such small differenee without altering the main

chain conformation. For example, small difference in op-
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tical activity can be observed due to the effect of envir-
onment on optical rotation (66) which is similar in nature
to the effect of solvent observed in dilute solution stu-
dies (79,80). Or closely packed molecules in the solid
state increase the side-group interactions which may affect
the electronic w-w* transition of the peptide bonds in
backbone chains, thereby affecting the optical activity
of the molecules observed. It may also be possible that
the steric constraints imposed on polypeptide chains in the
solid state, (which is absent in dilute solution), may dis-
tort the side chains yielding a slight distortion of the
backbone chains.

All these contentions are, however, not considered
by the author as the change in the secondary and tertiary
structure of collagen triple helix. It must be emphasized
that the comparison of the average optical rotation of
collagen in dilute solution and the solid state provides
the unique basis for the direct comparison of the structure
of collagen in the two states. (It is unique in that ORD
can be used for the study of the structure in both dilute
solution and the solid states whereas the other classical
physicochemical techniques are applicable only to one of
either in dilute solution or in the solid state.) The re-
sult of such comparison strongly suggests that some of the
confusion and the discrepancies, arising from the compar-
isons of ORD and CD of polypeptides between in solution

and the solid states (which has been described in section
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3.4-C) may be resolved by the analysis of the tensorial

components of the optical activity of the polypeptides.

3.8 Assay of Helical Contents in Collagen/Gelatin System

in Solid State

Several different techniques can be used to disting-
uish the helical structure of native collagen from the
denatured random coil gelatin in solid state. Among these
are the X-ray diffraction and infrared spectroscopy,
details of which have already been discussed in Chapter IILI.
Other methods are differential thermal analysis (88) and
viscoelastic measurements (89). In DTA method, it has been
demonstrated that collagen helix gives rise to a melting
peak at 215 * 10° C., whereas gelatin, in absence of such
peak, shows a glass transition temperature at 196 * 3©0 C.
(88). A clear distinction was also shown (89) by the
viscoelastic measurements of collagen and gelatin films,
diluted with glycerol; the stress relaxation modulus of
collagen-glycerol film is about ten times lower than that
of gelatin-glycerol film and while the collagen-glycerol
films show permanent plastic deformation, gelatin-glycerol
films are rubbers.

Even though these methods can differentiate clearly
the native, helical structure of collagen from the complete-
ly denatured, random-coiled gelatin, the characterization
of intermediates, or the partially helical molecules are

often very difficult, especially when the quantitative as-
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say of helix content is attempted, primarily due to the
lack of sensitivity. In this section, use of the ORD
measurements for the estimation of helix content is dis-

- cussed for the collagen/gelatin system in solid state.
The ORD technique has been widely used for the estimation
of helical content of many biopolymers and proteins in
dilute solution.

Several methods have been proposed including the
so-called "b, method" (90, 91), the "[a]D method" (92)
and the 'Ac method'" (92). Recently two measures based
on the Cotton effect (40), shown in Figure IV-S_are added.
Details on each method can be found elsewhere 650,91,92,
40,6,22) and so will not be descussed here. It must,
however, be noted that all these methods are based on the
linear model (i.e. linear interpolation between 100%
helix and 100% random coil).

Several facts established already in earlier sections
on the specific rotation of collagen and gelatin are of
importance to the estimation of helical content which are
summarized as follows:

(i) ORD of collagen, cold-cast and hot-cast gelatin
films are all of the simple dispersion, which can be des-

cribed as one term Drude equation (section 4(b))

o ]A = A/ (xz-xcz)

(ii) The only difference in ORD of collagen, cold-

cast and hot-cast gelatin is the values of the rotatory
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constant A (Table IV-1 in section 3), which gives the value
[a] 283, -3200, -1700 and -260 respectively. The disper-
sion constant A. is essentially the same for three differ-
ent films with a value of 205 # 10 mu. (section 4(b)).

(1ii) Collagen film represents the native collagen

molecules in the solid state, as seen by the characteristic

CD spectrum (Figure IV-13) and by the comparison of [61501'n

solid
r

(iv) Hot-cast gelatin film is totally an amorphous

and [a] (section 7)

random coil fomm of collagen as proven by the X-ray dif-

fraction pattern (Chapter III) and the comparison of
gelatin

[E]gg%?ﬁln (ca. -300 at 365 mu) and the [©155134 (ca.

-260 at 365 mu) (section 4(b)).

From facts (i) and (ii), it is obvious that neither
the ""b, method" nor the "A. method" are applicable to
collagen/gelatin system. (The "bo method" is for macro-
molecules of ORD of complex dispersion, where Moffitt-

Yang equation is applicable (i.e. PGLG) and the "AC method"
was proposed for proteins where AC in the Drude equation is
changed upon denaturation).

The'specific rotation is the only variable associated
with conformational changes from collagen triple helix
to random coil and, therefore, [¢] can be used as a para-
meter to define the various states of conformation be-
tween native helical to denatured random coil conformations.

From facts (iii) and (iv), the specific rotation

values of collagen and hot-cast films can be assigned as
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the values for [a]film of 100% native helix and 100% random

coil, respectively. Therefore, at 365 mu, for example,

h]ggiiagen = -3200 * 200 represents 100% native
h]?giigelatln = -260 * 30 represents 100% random coil

(It should be noted that 100% helical, referred to native
collagen, does not necessarily mean that tropocollagen is
totally of helical conformation in entire length of the
molecule. The controversy on the question of the absolute
level of the helicity in collagen structure has been well
discussed by Carver and Blout (53). Instead, the 100%-
helical refers to the level of helicity of the native col-
lagen per se).

Now, one can estimate the helical contents of films
of any semi-crystalline (or partially helical) form of col-
lagen by measuring the specific rotation value of the film
and using the following linear relationship:

R | piepeeten

collagen _ hot-gelatin
@ ]1fiim [ ®lfiln

% Helix =

By using this equation (55), the helical contents of

the cold-cast gelatin film is estimated to be as follows:

[1E270-8elatin o 1700 + 150 at 365 mu
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TABLE VI-2 COMPARISON OF THE ORD AND IR METHODS IN

EVALUATING THE HELICAL CONTENTS OF COLD-

CAST GELATIN FILMS

65

ORD ([a Eiims’ IR (A1535/A1450)
Collagen  -3200 £ 200 1.35 £ 0.10
Cold-cast -1700 * 150 1.10 + 0.05
Hot-cast  --260 * 30 0.89 * 0.03

(1700+150)-(260=%30) (1.10%+0.05)-(0.89%0.03)
ES - * 0. -(0.89%£0.03

_ 1440 + 153 _ 0.21 *+ 0.059
£ 0.46 = 0.105
= 0.49 £ 0.06 = 0.45 * 0.16
% Helix 49% * 6% 45% * 16%
Note:
1. Error in original data of each film is the stan-
dard deviation
2. For z = x + vy Az = (Ax2 + Ayz)l/z
3. For z = x/y (Az/z)2 = (Ax/x)2 + (Ay/y)2
4. Error in the final results is the absolute error.

-221-



I+
(o)}
o0

5 Helix = T(;%-;-g-g)rjgj_g_g%%_ x 100 = 49%

The result is in good agreement with the result 45% ob-
tained from the IR data (Chapter III). The error in ORD
method (;6%) is, however, much less than the IR method
(216%) indicating that ORD method is much more sensitive
than IR method. Detailed analysis of the errors are shown

in Table IV-2 for comparison.

3.9 Optical Activity of Collagen at Different Hydration

Levels

The purpose of this experiment was to monitor the
structure of tropocollagen molecules during casting oper-
ation and also to understand how the specific rotation of
collagen changes from its dilute solution value (ca. -1300
~at 365 my) to the solid film value (ca. -3200 at 365 my).
as the level of hydration changes during casting. For this,
the measurements of the optical rotation of dilute solution
of collagen were followed as the solution was being eva-

porated and subsequently dehydrated to solid film.

A. Experimental

At a fixed reference wavelength of 365 my, the spe-
cific rotation of collagen solution was measured using the
standard solution cell in the same manner as described
earlier in this chapter. Depending on the level of the

concentration of collagen, three different solution cells

-222-



of optical path length of 1.0 cm, 0.1 cm and 0.0l cm were
used for the range of concentrations from 0.08% to 0.4%-wt.
collagen, from 0.4% to 1.0%-wt. and from 1.0% to about 5%-
wt. respectively. At higher concentration than 5%-wt. col-
lagen, solution became very viscous and the solution cell
could not be used any further. An aliquot of a very vis-
cous solution (ca. 7?%-wt. collagen) was, therefore, trans-
ferred onto the surface of quartz cell where further de-
hydration was carried out. The optical rotation was meas-
ured quickly while the concentrated collagen solution was
in the liquid state. At around 7% to 10%-wt. collagen,

the flow of the solution was barely noticeable during the
measurement of ratation as seen by changes in the measured
angles. Measurements were, however, made quickly at differ
ent positions of the cell by rotating the cell by 180°
around the direction of the light propagation. At about
20%-wt. collagen, solution acquired gel-like state and the
flow of the concentrated e€ollagen was negligible. Due to
the relatively rapid change in concentration at above 20%-
wt. collagen, measurements were carried out more or less in
continuous manner and the weight of the whole specimen
(quartz cell and the collagen gel) was measured before and
after the each rotation measurements. The concentration of
the collagen for each measurement was determined by the
average weight of the sample measured before and after

that measurement based on the final dehydrated collagen

weight. (Dehydrated at 105° C., vacuum for 72 hours.) At
-223%-



higher concentration levels of ca. 40%-wt. - 60%-wt. col-
lagen, significant error was introduced in determining the
concentration of the sample due to the non-uniform de-
hydration in the direction from the center.of the cell,
where the actual measurement was made, to the outside cir-
cumference of the sample. The error was, however, not
considered as vital in this experiment. The approximate
error in concentration was estimated to be not more than

*5% in the concentration range of 40% - 60%.-wt.
B. Results and Discussion

The specific rotation of collagen measured at 365 mp
at various hydration levels was plotted against the concen-
tration of water and is shown in Figure IV-29. As results
show, from the dilute solution state to about 30%-wt. col-
lagen, the specific rotation remained unchanged at a value
of -1300. It:therefore can be concluded immediately that
in this concentration range there is no evidence of collagen
molecules undergoing any structural changes or of interac-
tion between them leading, for example, to formation of
aggregates (i.e. liquid crystal formation), which may af-.
fect the optical rotation. It should be noted that, as
already described in the section of solution éasting in
Chapter II, onset of gel-like state occurred at around 20%-
wt. collagen level, as seen by the visual observation as
well as shown by the associated drastic changes in the ratio

of dehydration (see Figure II-5). Such a change in the
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0¢

$01®1S SnolpAyue 03 UOTINTOS IINTIP UT
WoXj STOAST UOTIBIPAY SNOTIEA 1B ue8eTT0o JO UOT3IBIOL OT1FTd0dg 67-AI 9andT4

194DM %

0]%

09

08 00l

_

1

_

I

| )

OOl

08

09

0)7

uabo||09 %

0006 -

000v-

000¢g-

000¢-

000 -

0

[0] ‘uoiybjoy o13108dg

-225~



viscoelastic character of the collagen solution apparently
has no effect on the structure of tropocollagen molecules.
From about 30%-wt. collagen, however, the specific rota-
tion gradually increased in its magnitude from -1300 to
about -2800 as concentration increased to ca. 56%-wt. col-
lagen. Considering the fact (discussed earlier in section
3.7) that the higher magnitude of the specific rotation
value of the collagen film (ca. -3200) is largely due to
the planar orientation of the collagen molecules in the
film égainst the random orientation in dilute solution,
and that the average specific rotation of collagen is
almost the same in both states, it seems to be clear that
the increase in the optical rotation observed in the high-
er concentration range must be due to the gradual attain-
ment of the orientation by collagen molecules in the plane
of the film as the gel-like collagen becomes dry film.
(Discussion on the data above 85%-wt. collagen to anhy-
drous state, shown in Figure IV-29 will be presented in

next chapter).

3-10 Summary and Conclusions

A. A brief review has been made on the phenomenon of op-
tical activity and its use on the study of secondary and
tertiary structure of biopolymers and polypeptides. Gen-
eral aspects of the Drude and the Moffitt-Yang equations

and Cotton effects have been discussed.

B. To explore the optical rotation measurement in the use
—-226—



of the characterization of collagen and gelatin in the
solid state, optical rotatory dispersion (ORD) and cir-
- cular dichroism (CD) measurements were made on collagen
of various conformational states in the solid state as
well as in dilute solution. The following results were
obtained:

(i) In dilute solution, both collagen and gelatin
(denatured collagen) show ORD hehavior (250 mu - 600 mu)
known as simple dispersion which can be expressed by a
one-term Drude equation with dispersion constant-.)\C of

205 = 10 mu. A large difference in optical rotation was

observed (i.e. at 365 mu [a]SOl'n = -1300 *+ 50,
collagen
[o gg ;%in = -450 £ 30) which confirms the earlier find-

ings (42; 43). 1In the Cotton effect region (250 - 200 mu),
both collagen and gelatin showed simple negative Cotton
effect with minimum at around 207 - 209 mpu, which also
agrees well with the reported results (49,53,54). Des-
pite the apparent simple Cotton effect shown in the ORD

of both collagen and gelatin, CD spectrum of collagen
showed two distinctive peaks, a strong negative one at

ca. 198 mupu and a weak positive one at ca. 222 mu, while
that of gelatin showed only a negative peak at about 200
my.

(1i) In the solid state, the ORD spectra (in the
range 250 - 600 mu) of collagen (crystalline), cold-cast
(semi-crystalline) and hot-cast (amorphous) gelatin films
were also of simple dispersion as in dilute solution (i).
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The differences in the degree of structural order at se-
condary and tertiary levels among the above three films
(Chapter III) were sensitively reflected in the magnitude
of the optical rotation. At 365 mu, for example, the
specific rotation values were -3200 * 200, -1700 * 150 and
-260 * 30 for collagen, cold-cast and hot-cast gelatin
films respectively. The ORD and CD spectra iR the solid
state showed essentially the same basic features (i.e. the
position and the sign of the extrema) as in dilute solu-
tion. The large differences were, however, observed be-
tween the magnitude of the optical rotation of collagen
film ([a]lzgs = -3200) and solution ([a]365 = -1300), and
between that of cold-cast gelatin film ([a]365 = -1700) and
gelatin solution ([a]zgg = -450 at 23° C.), while those of
hot-cast gelatin fflm ([alzgs = -260) and hot gelatin so-

lution ([alzgg = -300 at 65° C.) were almost identical.

C. The apparent difference shown above raised a quéestion
as to whether the triple helical structure of the collagen
molecule assumes different eonformaticns in solution and
the solid state. 1In an attempt to answer the question,
analysis has been made of the optical activity tensor of
the collagen molecule assuming the collagen molecule is

a uniaxial crystal with a 3-fold symmetry. As a result

of the analysis, following egmation was derived;

_ 2 2
a = allg'l + 0L222.2 + a332.3

2

and
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where a;q = azz, oz are the optical activity measured with
the light beam perpendicular and parallel to the helix

axis of collagen molecule, 2, 22, 23 are the direction co-
sines. The components o, and Oz of the collagen molecule
in the solid state (ca. 15%-wt. water) has been determined

by measuring the optical rotation of the collagen film and

the tendon fibers. The specific rotation [aq7] and [a33],

thus, obtained are, at 365 mu,

[alllsolid = - 3400 = 200
[a33]solid = + 1600 * 200
D. Proper comparison was made between the optical act-

ivity of collagen in solution and in the solid state by
taking the average of the three components, reduced by

the Lorentz correction factor.

Y - . 2 [a ]501 ‘n [01. ]s°l 'n
At 365 mu, [o10 UtTOR= 11r ; 331 -1035+40
1id solid
g4 20113 3]
1
[a]i°1ld _ 1 ir + 33 ir - -1200 * 240

3

From this, it s concluded that the triple helical struc-
ture of collagen is essentially the same in both dilute
solution and the solid state and that the large apparent

difference between the optical activity of collagen in
~229-



dilute solution and in solid film is largely due to the

difference in the degree of orientation of the molecules.

E. With the establishment of the nativity of the collagen
molecules in the solid film (D), assay of the helical con-
tents of semi-crystalline collagen films (cold-cast gel-
atin) was made using the following equation;

alcold;gelatin - [a]hot-gelatin

[*Jcollagen ~ [*lhot-gelatin

% Helix =

The result gives the relative helicity of the specimen
with respect to the native collagen helix.

Helical contents of the cold-cast gelatin films were
found to be 49% * 6% which is in good agreement with the
result 45% % 16%, obtained from the IR method. As proven
by the smaller error in the result, ORD method was much
more sensitive than the IR method in assaying the helical

contents of collagen-gelatin specimen.
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CHAPTER V
EFFECT OF DEHYDRATION ON THE STRUCTURE
AND PROPERTIES OF COLLAGEN

V-1 Introduction

One of the major differences between the environment
of collagen in the native state and in the bulk state lies
in its degree of hydration. In the native state, collagen
exists in highly hydrated form (i.e. native tendon contains
ca. 65%-wt. water), whereas in dry bulk state, it contains
approximately 10-15%-wt. water. Due to the large amount
of polar amino acid residues, about 15-20%-wt. (18-25g/100¢g
collagen) of water is believed to be bound directly to
the primary chains of the collagen molecule (10,11). The
role of such bound and free water in the biological
functions and the stability of the structure of biologi-
cal macromolecules is 6ften very difficult to assess.

The question naturally arises as to whether or not the
structure of collagen triple helix is affected by different
levels of hydration. Several independent studies (9-13)
put forward the hypothesis that water plays an important
role in the stabilization of triple helix. In particular,
von Hippel and Harrington (l11,14) proposed that water is
essential in the formation and the maintenance of collagen
triple helix. The characterization of collagen structure
in the non-fibrous bulk state, therefore, necessitates
further investigation of the structure of anhydrous
collagen. In this chapter, the effect of dehydration on
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the structure of collagen at different levels (primary,
secondary, tertiary and quaternary) were studied using
the techniques described in earlier chapters.

In addition to the structural aspect of the effect
of dehfdration on collagen triple helix, another feature
of it was found to be the insolubilization of the soluble
collagen (23), It has been found by Yannas and Tobolsky
(24) that gelatin becomes covalently cross-linked when it
is dehydrated below 0.3%-wt. moisture content. These
authors suggested that interchain amide bonds are formed
via a condensation reaction between carboxylic and
amino groups. Even though the dehydration per se was
not recognized as the process causing cross-1linking,
similar behavior was reported earlier (25-27) that soluble
gelatin becomes insoluble when it is treated under various
conditions of high temperature, indicating some kind of
cross-1links has developed (26,27). Since collagen and
gelatin are identical in their primary structure (i.e.
some constituent amino acids), the nature of the dehydrative
cross-linking in collagen may well be the same as that in
gelatin. With collagen in vivo, however, intermolecular
cross-linking is suggested (28,29) to be formed through
the aldol condensation reaction between lysine-derived
aldehydes. It is not known yet whether the intermolecular
cross-linking produced biosynthetically in vivo is related
at all to the dehydrative cross-1linking produced in

collagen in vitro.
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Besides the intrinsic interest in assessing the role
of traces of water in collagen molecule, since the change
in the solubility of collagen film poses a practical
importance in its use (i.e. as membrane), investigation
has been made to study the solubility of the anhydrous
collagen and to elucidate the mechanism of dehydrative

cross-linking.

V-2. _Amino Acid Analysis of Anhydrous Collagen

- The purpose of this experiment was to investigate
the effect of dehydration and the experimental conditions
employed for the dehydration on the primary structure of
collagen, namely the constituent amino acids of the poly-
peptide chains of collagen molecule. Comparisons were
made between the amino acid compositions of the native

and the dehydrated rat tail tendon collagen.

2.1 Experimental

Tendon fibers extracted from fresh rat tails were
pre-extracted in 0.5M NaH2BOu4 solution for a few hours to
remove the non-collagenous portions, washed with distilled
water and then dried in the open air. Portions were
dehydrated at 105°C under vacuum (ca. 3 x 10-* mmHg) for
five days. Approximately 30 mg each of the native and
the dehydrated collagen were weighed into 250 m% ampules
and 6M HC1l was added at a ratio of 5 mg/1 mg collagen.
Ampules were then sealed under the vacuum by a torch

burner. Acid hydrolysis was carried out at 120°C, for
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22 hours. Upon completing the hydrolysis, HCl was removed
by a rotating vacuum evaporator and dried hydrolysate was
washed three times with distilled water before finally
redissolved in "Trisol' buffer solution. Approximately

10 m¢ of Trisol buffer was used to dissolve the hydrolysate
obtained from 30 mg of collagen. Alliquots of the final
hydrolysate in Trisol buffer solution were taken to the

analyser.

Analysis was carried out using Beckman Automatic
Amino Acid Analyser (Model 121, Beckman Instruments,
Fullerton, Calif.). Three separate specimens were
analyzed from each hydrolysate of the untreated and
the dehydrated collagen and for each specimen, one reference
solution was also analyzed. The reference solution was
made up of about 25 different amino acids, each with exact
amount of 25 y moles/m&. The output data from the
Analyser was the integrated area of the absorption peaks
of each amino acid. The amount of each amino acid in the
sample was, therefore, obtained in u moles/m% from the
ratio of the data of sample to the reference standard
solution for each amino acid, multiplied by 25 u moles/m%.
For complete analysis of one specimen, approximately 9

hours were needed.

2.2 Results and Discussion

The final data of the amino acid composition of the
native untreated and the dehydrated (105°C vacuum for

3 days) collagen are presented in Table V-1, where each
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Table V-1. Amino Acid Composition at Native and
Dehydrated Rat Tail Tendon Collagen

Native Dehydrated*
Alanine : 102.0 100.5
Glycine 336.0 338.0
Valine 22.7 22.6
Leucine 27.4 26.3
Iso-Leucine 11.5 10.9
Proline ©121.0 122.0
Phenylalanine 13.5 12.7
Tyrosine 4.7 4.4
Serine 33.9 37.2
Threonine 18.0 19.2
Methionine 5.3 4.8
Arginine (50.0) (50.0)
Histidine 3.9 4.0
Lysine 31.2 30.3
Aspartic Acid 46.3 46.4
Glutamic Acid 71.3 71.0
Hydroxyproline 95.2 91.5
Hydroxylysine (6.6) (6.6)

*
Dehydration was carried out-at 105° C, under vacuum
(3x10°" mmHg) for.3 days. .

NOTE: Data represents the number of amino acid residue
per total of 1000 residues.
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that the primary structure
the dehydration carried out

vacuum.

V-3 Effect of Dehydration

Diffraction Pattern of

In this experiment, wi
patterns of rat tail tendon
different hydration levels
to anhydrous state. Change
associated with dehydration
wére made to interﬁret the
to the secondary, tertiary

the collagen in tendon.

3.1 Experimental

The preparation of the
procedures for the X-ray ex
were already described in Ct
two specimens were prepared
and the other for the deterr
water content of the specime
was gradually reduced to var
under different conditions c
The X-ray diffraction patter
single specimen after each ¢

moisture was determined witkt

vacuum drying method. The ¢
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dehydration steps and the water content attained thereby,
are listed in chronological order in Table V-2.

For the wet specimen pattern (#1), fibers were
kept wet by a few drops of distilled water supplied at
constant intervals of ca. 10 minutes during the exposure
time of about 50 minutes. The patterns #2 and #3 were
obtained in the open air because water content is close to
the equilibrium water content of ca. 15% at ambient
conditions. For X-ray patterns (#4-#8) of the dehydrated
fibers, the following experimental steps were taken to
keep the fibers at relatively constant moisture levels
during the X-ray exposure. The fiber specimen mounted on
the sample holder was placed in a weighing bottle and was
dehydrated in the vacuum oven. After each dehydration
step the specimen was kept in the weighing bottle while
it was being taken to the X-ray instrument.

The entire section of the diffraction unit of the
X-ray instrument was enclosed, air tight, by transparent
mylar films (ca. 0.05 mm thick) and inside of the enclosure
(where the specimen and the X-ray source were) was
continuously flushed with dry air. The dry air was supplied
from a compressed air cylinder through the series of drying
tubes containing NaOH, CaCf, silica gel and finally the
anhydrous P,0s. This provided the nearly perfect
anhydrous environment for the specimen fibers while it
was exposed to the X-ray. Each time, the weighing bottle
containing the specimen holder with the fiber specimen

mounted on it was placed inside of the mylar chamber and
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Table V-2. Dehydration History of the Tendon Fiber

x-ray pattern T(°C) P (mmHg) rTimQChr.) Water Content

Cnumber ($-wt.)
1 completely wet 65
2 23 760 24 20
3 23 760 48 16.5
4 23 3x10-4 "2 9.2
5 23 3x10” % 72 3.9
6 45 3x10”4 24 2.2
7 65 3x10” 4 48 0.95
8 105 3x10” 4 120 <0.1
9 23 immersed in 48 65

water

Note: Each step represents the additional treatment to the

previous steps in the order
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then the chamber was air tightened, flushed with dry air
for at least ten minutes before the specimen was taken out
of the bottle and placed in front of the X-ray beam. The
steps were taken in reverse order after the exposure and
the specimen was subjected to further treatment.

The moisture regain during the exposure time of ca.
50 minutes was negligible at dehydration levels of 1 - 2%-
wt. (#6 and #7) and was less than 0.1%-wt. with anhydrous
fibers (#8). After X-ray pattern was obtained with the
anhydrous fiber, it was rehydrated by immersing in dis-
tilled water for two days at 23°C to obtain the pattern of

rehydrated fibers (#9).
3.2 Results

The wide-angle X-ray fiber diagrams of native wet
tendon (#1) and dry tendon (#3) are shown in Fig. V-1.
Patterns of partially dehydrated (#5) and anhydrous
specimen (#8) are shown in Fig. V-2. Figure V-3 shows the
pattern of the rehydrated tendon (#9) in comparison with
the original native wet tendon (#1). The layer line
spacings were computed from each pattern and shown in
Figs. V-4 and V-5. Figure V-4 shows the IOth, 7th and
3rd layer line spacings plotted against the moisture
content. Figure V-5 shows the changes in the equatorial
spacings of dloa, d20o Teflections at different hydration
levels. The helical parameter, unit twist, obtained from
the ratio of d,¢/ds is also plotted against water content

in Fig. V-6(a).
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3.3 Discussion

As shown in Figs. V-1, V-2 and V-3, the patterns
become, in general, more diffuse as the fibers were
dehydrated. The loss of the sharpness in the reflections
is well demonstrated by the increase in arc length and
the line breadth of the meridional (10th) and equatorial
(d1oo) reflections. The changes in line breadth of the
meridional reflection are shown in Fig. V-6(b), where
1°15' in wet fiber pattern has changed to ca. 1°34' in
the anhydrous fiber pattern. The sharp spot-like reflection
of equatorial peak in wet fiber pattern also has changed
distinctively to the arc reflection ﬁs the fibers were
dehydrated.

Despite the increased differences, the layer line
spacing of the 10th, 7th and 3rd layer lines remained
unchanged at 2.9 R, 4.1 R and 9.25 8, respectively,
throughout the entire dehydration levels. Remarkable
changes were, however, observed in the spacings of the djo0,
dz,poequatorial reflections which are iilustrated in
Fig, V-5. In the wet fiber pattern, d s, is ca. 13.6 A
which was reduced to ca. 10.5 & in anhydrous fiber pattern.

The characteristics of the dry fiber pattern have
been previously reported by others (4-9). The most
unequivocal distinction between wet and dry fiber patterns
was drawn from the equatorial reflection (dioo), the
origin of which 1lies in the lateral packing of the tropo-
collagen molecules in the fibrils. Besides the hydration

sensitive spacings, recognized by many others (5,6,7), the
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increased diffuseness of the spot-like reflection into
arc-shaped reflection, with dehydration, was interpreted
as the evidence of the disorientation of the tropocollagen
molecules in the fibrils. This was substantially supported
also by the low angle diffraction studies by Rougvie and
Bear (5) who showed that the fanning angle of the low
angle diffraction pattern increased from 0° to ca. 20°
upon dehydration. The nature of the disorientation was
explained by the model of wavy or crinkled structure of
tropocollagen (a structure where lateral distance between
tropocollagen molecules varies along the length of the
molecule in dry state in contrast to the relatively
constant spacing in wet state where water molecules filled
the space between the molecules) in the dry fibers by

Bear (7). This seems to be reasonable model due to the
following grounds:(i)Bear (7) and Rougvie and Bear (5)
showed that the macro period of 700 & observed in low
angle diffraction pattern of the wet fiber decreased to
640 & in dry fiber pattern, which is associated with
macroscopic shrinkage.

(ji) The result shown in Fig. V-4 indicates, however, that
the spacings of 10th, 7th and 3rd layer lines did not
change by dehydration and therefore the helical para-
meters (unit height and unit twist) are unchanged.

The apparent discrepancy in (i) and (ii) leads to the
support to the crinkled model for the dry collagen. In
dry state, therefore, collagen has defects (or imperfections)

in the quarternary structural level. In wet collagen,
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water molecules fill the space between the tropocollagen
molecules, thereby increase the inter-tropocollagen spacings
and also promote the arrangement of molecules yielding the
highly ordered quarterary structure (4).

The question now is how such lattice defects occur
at quarternary level and how such defects would be related
to the tertiary structure of collagen helix. Contribution
of water to the intramolecular stabilization of triple helix
has been proposed by independent studies in dilute
solution (11,14) and the X-ray diffraction studies on
tendon (9). In particular, von Hippel and Harrington (11,
14) have suggested that water plays an important role in
the formation as well as in the stabilization of the
collagen triple helix in dilute solution. An array of
water bridges through the oxygens of the carbonyl groups
of the collagen chains has been proposed by these authors
(11,14). Fessler and Hodge (13) observed an increase in
density when collagen was denatured to gelatin by heating
in CsCf solution and considered this fact to be consistent
with the hypothesis proposed by previous authors.
Esipova et al. (9) also suggested that water bridges
between fﬁe Earbonyl groups are responsible for the
stabilization of the triple helix based on the wide-angle
X-ray diffraction studies on tendon fibers.

At the present time, the proposed sites for water
molecules to form systematic water bridges are not clearly
known. Esipova et al. (9) have proposed that water forms

intrachain bridge between carbonyl groups of one amino
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acid to the next within the same primary chains.

von Hippel and Harrington (11) suggested that array of
water bridges through the oxygens of carbonyl groups may
form around the individual primary chains. Burge et al.
(12) have found two possible positions of systematic
interchain water bridges between carbonyl oxygens within
the tropocollagen molecule, although they also pointed out
that neither is entirely satisfactory. Even though the
exact sites are not known, there is no doubt that both
carbonyl oxygen~ and polar groups are ﬁrimary sites for
water.

At this point, we should therefore examine the
distribution of such polar groups along the collagen
triple helix.

Both by chemical method (15,16) and transmission
électron microscopy (7,17), alternate regions of '"polar"
and "'apolar' blocks of tripeptides have been suggested
to be present along the collagen triple helix. Excellent
review on the concept of block copolymer of '"polar' and
"apolar' for collagen molecule in solid state has been
given by Yannas (22), who represented the typical

sequence in collagen by the following approximation:
—(Gly-x-y)_ - (Gly-pro-z) —

where x, y represent mostly (though not exclusively) the
polar amino acids and z being one of Hypro, Ala, Gly,
Glu, Arg, Asp, Phe, The, or Ser; m, n are known to be

about 4-7 (22). Even though no sharp distinctions could
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be made between polar and apolar regions (22), it is
generally true that polaf region contains few imino acids
and a large portion of polar amino acids, whereas apolar
region contains a large portion of imino acids, proline and
hydroxyproline: (18). Due to the rotational barrier pro-
vided by the pyrrolidine rings of proline and hydroxy-
proline it is expected that the apolar regions may be
more stable than the polar regions. An interesting aspect
of this is that apolar regions in the tropocollagen are
responsible for the triple helical nature of collagen
structure (20) and polar regions are less ordered and
may even be different from the triple helical structure
(18,19). X-ray studies of model peptides showed that
many of the tripeptides found in the apolar region are
capable of forming collégen-like helices (20), whereas
those found in the polar regions are not (19). The
evidence of the order-disorder nature of apolar-polar
regions has been suggested by Schwartz et al. (21).
They showed by electron microscopy of the stretched
reconstituted fibrils on a mylar substrate that less
ordered polar regions are more extensible (~50% extension)
than the more ordered, rigid apolar region (-9%). It
appears, therefore, appropriate to consider the tropocolla-
gen molecule as being a block copolymer of highly ordered,
rigid apolar regions alternated by less ordered, more
flexible polar regions.

Based on the above copolymer model, following

interpretation is made on the X-ray patterns of the
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tendon fibers: At highly swollen state (ca. 65%-wt.),

the wide-angle X-ray diffraction pattern (#1) showed
relatively sharp spot of equatorial and meridional
reflections and also small-angle X-ray pattern showed zero
fanning angle (5), indicating that the quarternary lattice
structure is highly ordered. It has been shown indepen- |
dently by von Hippel and Harrington (11) and by Bradbury
et al. (10) that about 15~20%-wt. of water (18-25 g
water/100 g collagen) can be bound directly to collagen.
Therefore, at this hydration level, about 45%-wt. water

is free water which presumably fills the inter-tropo-
collagen space through the multilayer sorption, thereby
increasing the spacings and also bfinging the collagen
chains straight.

When swollen tendon is dried to ca. 15~20%-wt.
moisture level, much of the losses in sharpness of the
reflections occur in wide-angle pattern (#3 in Fig. V-1).
The 10th layer line breadth increases from ca. 1°15' to
ca. 1°30' (Fig. V-6(b)) and equatorial reflection (di¢0)
changes from spot-like to arc-shape reflections. The
spacing dioo0 decreases from ca. 13.6 R to ca. 12 &

(Fig. V-5). The low-angle pattern by Rougvie and Bear

(5) showed the increase in fanning angle from zero to ca.
20°, and decrease in macro period from ca. 700 R to

ca. 640 R. All these changes are consistent with the view
that the tropocollagen molecules become wavy or crinkled
(4,7). Since water lost 1is mostly free water (ca. 65%-wt.)

the effect on the tertiary structure of collagen is con-
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sidered to be minor. (It should be reminded that, in fact,
collagen molecule in the dry solid film (ca. 15%-wt.) is
proven to be essentially of the same structure és in
dilute solution (Chapter IV)). Therefore, the loss of
free water brings about merely the lattice defects in the
quarternary level and the disorientation of the collagen
helix and has no appreciable effect on the structure of
collagen at tertiary level.

Further dehydration of relatively dry collagen
(pattern #3 in Fig. V-1) to anhydrous state (pattern #8
in Fig. V-2) causes the changes in diffraction pattern in
the same manner as the previous dehydration of wet to
dry state. The loss of sharpness in reflections of
the wide angle pattern is more intense (i.e., 10th layer
line breadth changed from 1°30' to 1°34') and the
characteristic macro period in small-angle patterns was
also reported to reduce from 640 R in dry fibers to ca.
600 & in anhydrous fibers (5). Even though the layer line
reflections are more diffuse, the 10th, 7th and 3rd layer
line spacings remain unchanged even at anhydrous state.
It appears, therefore, the collagen molecules become more
disoriented. Since water removed in this step is mostly
Bound water, it is possible that such increase in crinkleness
of the collagen helix may be associated with some effect
on the tertiary structure of collagen, such as local
distortion of polypeptide chains. The perturbation of the
tertiary structure of collagen chain is more likely to
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occur in polar regions where structure is less ordered

and more polar sites are presented for bound water than in
apolar regions where structure is more ordered, rigid and
less polar sites are presented. The unchanged helical
parameters (unit height and unit twist) are therefore
considered to be largely due to the apolar regions where
structural integrity seems to be largely intact. Such
non-uniform effect will cause internal shrinkage stresses
at the tertiary level resulting in further lattice defects
at quarternary level (inter-tropocollagen lattice).

The effect of such severe dehydration (water less
than 0.1%-wt.) on the X-ray pattern was almost completely
recovered by rehydrating the anhydrous fiber in water for
two days as shown in Fig. V-3, as well as in Figs. V-4,
V-5 and V-6. This clearly shows that the effect of dehy-
dration on collagen fiber is almost completely reversible,
indicating that the changes in structure of polar regions
of the collagen helix is minor and reversible. The
significance of this finding is that collagen helix
survives excessive dehydration and the presence of water
is not necessary for the maintenance of the collagen

triple helix.

V-4 Effect of Dehydration on the Optical Rotation of

Collagen.

In this study, optical rotation of the collagen films
was studied at different hydration levels from ca. 15%-wt.

water to anhydrous state.
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4.1 Experimental

The optical rotation of the collagen films (non-
birefringent, uniform thickness of ca. 10 u) were
measured at different hydration levels using Cary 60
Spectropolarimeter. Films were placed in a Beckman
VLT-2 heating unit (an accessory for infrared spectro-
photometer) with NaCf% windows and dehydrated to various
levels of moisture under different conditions of
temperature and vacuum. In order to prevent any shrinkage
stresses building up during dehydration, films were
allowed free to contract. The conditions employed for

the dehydration are summarized in Table V-3.

Table V-3. Dehydration history of the collagen films

Temp _°C Press.(mmHg) Time (h) Moisture (%-wt.)

23°C 760 0 (Control) 14.5-15.0
35°C 10-* 6 4.0
35°C 10-* 28 2
70°C 10-* 21 1.6
70°C 10-* 20 1.5
105°C 10~ " 65 0
Note: each dehydration step is the additional treatment

to the previous treatment in the descending order.
After each step of dehydration, the Beckman VLT-2 unit
with the specimen inside was kept under vacuum and placed
in the sample chamber of Cary 60 Spectropolarimeter and
the optical rotation was measured with the light beam

perpendicular to the plane of the film at a fixed
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reference wavelength of 365 mu.

Following the measurement of anhydrous collagen film,
the film was rehydrated by exposing to open air for three
days; This was done by the removal of the NaCf windows
from the VLT-2 unit and therefore, without taking out the
specimen from the VLT-2 unit. Moisture determination was

made on control specimen which was dehydrated independently.

4.2 Result and Discussion

The values of the specific rotation [a]s;es of the
collagen film measured at different hydration levels were
shown in Fig. V-7 where [a]sss was plotted against moisture
content. The original value, -3200, of the dry film (ca.
14-15%-wt. water) remained more or less constant in the
water content range of 15%-wt. to ca. 8%-wt. Then the
magnitude of the rotation gradually increased monotoni-
cally from -3200 to ca. -4500 as the level of dehydration
decreased to anhydrous state. After exposure to open air
for three days at 23°C, the anhydrous film regained its
original equilibrium moisture of ca. 15%-wt. and the
specific rotation returned to its original value of -3200.
(Filled circle in Fig. V-7.)

The significance of the changes in optical rotation
caused by dehydration could be attributable to the changes
in the secondary and tertiary structure of collagen
triple helix. It was not clear, by X-ray diffraction

study alone in the previous section, to what extent the
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uot13eIpAYS( JO STOAST SNOTIEBA 3®
witd usBEYT0D 8yl Jo uorieloy dtyrdadg L-A 9in3Ty

("3IM-%) INTINOD YHLVM

i 71 0T 8 9 ¥ Z 0
1 00°S-

| _ | | | | ]
— 000°¢-
pro— o=

~1oo0‘s-
paleapLyey ¢
| | | | | | |

NOILV.LOY DI4IDddS

-

SQE[D]

-263-



tertiary structure of collagen helix is affected by
dehydration. It seems that the local distortion of the
individual chains in collagen helix brought about by
dehydration which would occur mostly in polar regions

is associated with the increased specific rotation observed
at anhydrous state. Unfortunately, it is not possible

to predict the exact nature and type of the deformation

of the chains from the value of observed specific
rotation. An interesting point is, however, that the
level of optical rotation never decreased in its magnitude
below the original level of -3200 and therefore the distor-
tion of the chain caused by dehydration does not appear to
be that of the randomization of the triple helical chains,
which would decrease the level of optical activity as
demonstrated by cold-cast ([a]lsss = -1700) and hot-cast
([@]3ses = -260) gelatin. The complete reversibility of
the effect of dehydration on the structure of collagen is
again clearly demonstrated by the completely recovered
specific rotation value of the rehydrated collagen film,
which is consistent with the X-ray diffraction study.

The collagen helix, therefore, survives the severe

dehydration (anhydrous state).

V-5 Effect of Dehydration on the Infrared Spectrum of

Collagen

Infrared absorption spectra of dry (ca. 15%-wt.
water) and anhydrous (<0.1%-wt. water) collagen films

were obtained and the comparisons were made to examine
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the effect of dehydration on the spectra and its relation

to the structure of collagen.

5.1 Experimental

Infrared absorption spectrum of dry collagen film
(ca. 3 p thick) was obtained for the wavelengths from
2.5 u to 50 p using a Perkin-Elmer Infrared Spectro-
photometer 621, as previously described in Chapter III.
Following the measurements, the same film was placed in a
Beckman VLT-2 heating unit with NaC% windows and was
dehydrated at 105°C under vacuum (3 x 10~" mmHg) for
three days. After the completion of the dehydration,
the temperature was reduced to room temperature (23°C)
and the absorption spectrum was recorded. During the
entire experiment, the Beckman VLT-2 unit was connected
to a vacuum line so that the anhydrous specimen was kept
free of moisture. In addition to the full spectra,
repeated measurements were made at the following five
absorption bands in particular, i.e. 3330 cm™!,

1650 cm-!, 1550 cm-!, 1450 cm~!, and 1235 cm~'.

5.2 Results and Discussion

The comparisons were made specifically on the five
major absorption bands between the two spectra of dry and

anhydrous collagen and summarized below.

The 3330 cm-! Band: No appreciable change was observed

in band frequency. The intensity, however, was reduced

slightly in the spectrum of anhydrous specimen.
-265-



The Amide I Band (1640 cm~-'-1660 cm~!): The intensities

of the sub-bands did not change and, therefore, the band
contour and the apparent frequency remained unchanged at

1655 cm~1!.

The Amide II Band (1535 cm~!-1550 cm~!): The apparent

frequency has shifted from 1550 cm-' to 1530 cm~! in
anhydrous specimen as a result of the changes in relative

intensities of sub-bands.

The 1450 cm~! Band: Neither the frequency nor the inten-

sity of the band has changed.

The Amide III Band (1235 cm-!): No appreciable change

was found in intensity of the band. Slight shift of the
band frequency was observed, howefer, from 1235 cm~!

to 1230 cm~! in the spectra of anhydrous collagen film.
The.changes in the IR absorption bands of collagen,
brought about by dehydration, are largely different from
the changes observed in the spectra of denatured collagen,
described in Chapter III. First of all, the frequency of
the NH stretching vibrational band did not change upon
dehydration from.the characteristic value, 3330 cm~! of
the collagen helix to the value 3300 cm~! of random-coiled
molecules. Secondly, the intensity of the Amide III

band (1235 cm~!) was not reduced by dehydration, whereas

a large reduction of the intensity was observed in dena-
tured collagen (Chapter III). Since the intensity of the

1450 cm~! band remained unchanged, the ratio of the
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absorbance of the two bands, 1235 cm™! and 1450 cm™!,
(A123s5/A1450) did not change from its characteristic
value of 1.35 for the collagen helix (Chapter III). The
above two facts strongly suggest that the chain con-
formation of the collagen molecule is largely undistupted
from its triple helical structure by dehydration.

While the Amide I band was not changed at all,
slight shifts were found in the Amide II and III bands
which is 7 ‘consistent with the earlier work by Bradbury
et al. (10). The exact nature of the frequency shifts in
these bands is not clearly understood due to the lack of
knowledge in details of these bands. It seems, however,
probable that such changes may be associated with the
minor chain distortion of the individual chains of collagen
helix which would occur in mostly polar regions during
dehydration as discuésed in previous sections. The
slightly reduced intensity in 3330 cm~! band is
attributable to the loss of bound water as discussed by

Bradbury et al. (10).

V-6 Conclusion on the Effect of Dehydration on the

Structure of Collagen.

6.1 The loss of free water during the dehydration from
highly swollen state (ca. 65%-wt. water) to dry state
(ca. 15%-wt. water) causes the defects in the structural

order primarily at the quarternary level (the level of

order produced by packing of tropocollagen molecules),

by developing the wavy or crinkled structure (4,7).
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This is evidenced by the wide- and small-angle X-ray
diffraction pattern of fibers, which showed the increasing
disorientation without changing the dimension of the
triple helical structure. The extent to which the
tertiary structure (triple helix) of collagen is affected
is considered to be minimal based on the ORD measurement
(Chapter IV) and the fact that most of the water lost is

unbound free water.

6.2 When dehydrated further to anhydrous state
( 0.1%-wt. water), the loss of bound water causes minor

distortion of the secondary and tertiary structure of

collagen primarily in the polar regions. The apolar
regions remain unaffected, being responsible for the
constant layer line spacings, thus, constant helical
parameters, observed in wide-angle X-ray pattern. The
non-uniform effect in polar and apolar regions of tropo-
collagen molecule, probably, causes the internal stresses
contributing the further development of lattice defects

in the quarternary level.

6.3 The minor distortion of the tertiary structure in
polar regions of the tropocollagen molecule is considered
to be responsible for the increased magnitude of the
optical activity ([ai11]aes = -3200 for dry film and
[c11]36s = -4500 for anhydrous film) and the slight shift
in the frequencies of the Amide II and III bands in the

infrared absorption spectrum of anhydrous collagen.

6.4 The basic feature of the triple helical structure of
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collagen is largely unaffected even at completely

anhydrous state. This is evidenced by the ORD measurement
(the specific rotation values never decreased in

magnitude below the value of dry film [a}ses = -3200), in
magnitude by the infrared measurements (A123s5/A1usao remains
unchanged at a value of ca. 1.35 even at anhydrous state)
and, in part, by the X-ray data (the layer line spacings

did not change even at anhydrous state).

6.5 The effect of dehydration on the structure of
collagen is almost completely reversible as seen by the
X-ray diffraction pattern and the optical activity
measurements. Therefore, collagen triple helix survives
the severe dehydrative state and the presence of water is
not considered necessary to retain the helical structure

of collagen.

6.6 The complete dehydration did not cause any loss of
amino acids in collagen indicating that the primary
structure of the collagen is intact during the dehydrative

process.

V-7. Dehydrative Cross-Linking in Collagen and Gelatin,

7.1 Solubility of the Dehydrated Collagen Film

In this experiment, quantitative analyses of the
solubility of the collagen films were made which has
been dehydrated to various levels of moisture content,
ranging from ca. 95%-wt. water to the anhydrous state,

under different conditions.
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a. Experimental

The collagen films were cast under blowing air
at 23°C from a dilute solution of rat tail collagen in
0.05 M acetic acid solution. The film specimens (average
wt. ca. 0.15 g) were then dehydrated to the various
levels of water content under different conditions, which
have been summarized in Table V-4. The water content of
the specimens, used for the solubility test, was deter-
mined by the vacuum drying method (see Chapter II) on
control specimens which had been dehydrated under identical
conditions. On the average, eight specimens were used
for each dehydration level, four for the solubility test
and four for the determination of water content. The
solubility test was done as follows: the specimen film
was solubilized in 0.05 M acetic acid solution
(100 m2/0.1 g collagen) at 23°C for two days with
occasional stirring. Then, gel fraction was separated
from sol using a coarse glass frit. Both sol and gel were
then dried in air and dehydrated at 105°C under vacuum
to determine the weight, To ensure the accuracy of the
eiperiment; the total weight of the sol and gel fractions
were compared with the original weight of the film speci-
men, and data were taken only when the difference between
the latter and former was not more than 5% of the original
weight. The percent weight of the sol fraction was used
as the percent solubility. Several highly cross-linked

specimens were subjected to the solubility test in
=270~



different solvents (10M LiBr solution, 5M guanidine
hydrochloride solution) for various lengths of time over
a period of a month at 23°C, as well as in 0.05 M acetic
acid solution at higher temperatures up to 100°C for
half an hour.

b. Results and discussion

The result of the experiment is summarized in
Table V-4 where the %-weight of the sol and the gel are
tabulated at various levels of water content. The
solubility in %-wt. of the sol fraction is also plotted
agains; water content in Fig. V-8.

The result shows that the collagen film remains
completely soluble in acetic acid solution down to a
water content of about 3%-wt. The onset of insolubilization
occurs very sharply at water content between 2.5%-wt.
and 1%-wt. and below 1%-wt. Soluble collagen becomes
almost completely insoluble. It appears that in collagen,
insolubilization sets in at slightly higher level of
moisture content (below ca. 1%-wt.) than in gelatin
(below ca. 0.2%-wt. [24]). This was confirmed by
independent experiments with gelatin, the result of which
is shown in Table V-5. It shows that gelatin remains
soluble at water content as low as about 0.3%-wt.

Soluble collagen which has been dehydrated below
water content of 1%-wt. does not dissolve even when
immersed in 5 M guanidine chloride solution or in

10 M LiBr solution over several weeks at 23°C. It also
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TABLE V-4

Sample

#
1

10

11

12

Treatment

Wet film removed
before casting

is over

Wet film removed
before casting

is over
Dry £ilm

Dehydrate at
23°C vacuum,
4 hr

Dehydrate at
23°C vacuum,
25 hr

Dehydrate at
65°C vacuum,
4 hr

Dehydrate at
65°C vacuum,
25 hr

Dehydrate at
65°C vacuum,
170 hr

Dehydrated,
vacuum

at 23°C, 75
at 85°C, 16

Dehydrated,
vacuum

at 23°C, 75
at 85°C, 24

at 105°C, 45 hr

Dehydrated
vacuum

at 65°C, 170 hr
at 105°C, 100 hr

Dehydrated,
vacuum

at 23°C, 75 hr.
at 85°C, 24 hr
at 105°C, 100 hr

Solubility of the Dehydrated

Collagen Films

Water Sol
(%-wt.) (3-wt.)
94.6 100
87.3 100
15.0 100
4.7 100
2.8 100
2.5 97
1.7 91
1.5 + 0.1 87
0.6 + 0.1 2
0.3 + 0.1 1
~0.0 0
~0.0 0
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Table V-5 Solubility of Dehydrated Gelatin Film

. Sample# Water(3-wt.) Solubility(in water, at 40°C)

1 48.0 completely soluble
2 32.6 completely soluble
3 18.2 completely soluble
4 12.0 completely soluble
5 10.4 completely soluble
6 1.9 completely soluble
7 0.6 completely soluble
8 0.5 completely soluble
9 0.3 completely soluble
10

{ 0.3 insoluble
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does not dissolve in 0.05 M acetic acid solution even at
100°C for half an hour. It appears rather clear, there-
fore, that the irreversible loss of the solubility in
dehydrated soluble collagen is due to the formation of
intermolecular cross-1links which are primary (covalent)

bonds.

7.2 Study on the Mechanism of Dehydrative Cross-1linking

It has been proposed by Yannas and Tobolsky (24) that
the dehydrative cross-linking in gelatin occurs through
the simple condensation reaction between carboxylic
groups of one chain and amino groups of the other chain.
The credibility of this proposal was well demonstrated
recently by Soignet et al. (30) who successfully use the
vacuum drying method to cross-link cotton cellulose
containing both carboxylic and amine groups. Possibility
has, however, not been clarified whether the cross-
linking, developed in gelatin and collagen by dehydration,
is conceivably formed via free radicals, which have been
observed to be present in many biological materials (31).
The concentration of the free radicals present in food
materials was also reported to be increased significantly
by a lyophilization process (32). To test the hypothesis
that the dehydrative cross-linking of gelatin and collagen
occurs by means of a free radical mechanism, the following
experiment was carried out.

a. Experimental
Effect of free radical scavenger: Samples of
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gelatin (Ossein gelatin, Mw = 300;000) films were prepared
by admixing different amounts of free radical scavengers
in a solution of gelatin in distilled water and then
subsequently casting this solution at room temperature.
Hydroquinone and thiourea were used as the scavengers
which were reported (33) to be effective inhibitors in
irradiation cross-linking of collagen. Concentration of
scévenger was varied from 0.1-4.0 g/100 g gelatin.
Films were then dehydrated at 105°C under vacuum
(3 x 10! mmHg) for three days and subjected to the
solubility test. Three different solvents were used:
water at 40°C, 5 M guanidine hydrochloride and 10 M LiBr
solution at 23°C.
b. Results and Discussion

Table V-6 shows the summarized results of the
effect of free radical scavengers on the dehydrative
cross-linking in gelatin. The presence of either
hydroquinone or thiourea of various amounts (up to 4.0%-
wt.) in the gelatin film did not inhibit the formation of
the cross-links in the films when dehydrated below 0.1%-
wt. moisture level and no appreciable effect was noticed
even after the prolonged solubility tests over several
weeks. The result provides evidence that free radical
is not responsible for the dehydrative cross-1links
in gelatin. In fact, the electron paramagnetic resonance
(EPR) measurements by Chien (34) on collagen films which
were either untreated (therefore soluble) or dehydrated,

showed no appreciable EPR signals which can be directly
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TABLE V-6 Effect of Free Radical Scavengers on
" the Solubility of Dehydrated Gelatin

a. Gelatin/Hydroquinone Films

Solvent Concentration of Hydroquinone
(g/100g gelatin)

0.1 0.5 ‘1.0 2.0 4.0

1 Water (40°C)

2 5 M guanidine .
ZHTCT (23°C) All insoluble

3 10 M LiBr (23°QC)

b. Gelatin/Thiourea Films

Solvent Concentration of Thiourea
(g/100g gelatin)

0.1 0.5 1.0 2.0 4.0

Water (40°C)

2 5 M guanidine ]
—H:Cl (23°C) All insoluble

3 10 M LiBr (23°C)

NOTE: Solubility tests were carried over 2 days with
solvent 1; 7 days with solvent 2 and 3 - at
indicated temperatures. All the films were
dehydrated at 105°C under vacuum for 3 days.
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associated to an intrinsic paramagnetic species in collagen,
indicating that the amount of free radicals, if any are
present, is minimal in collagen. The above findings,
therefore, favor the earlier proposal (34) that the
dehydrative cross-linking is via a condensation reaction

mechanism.

7.3 Solubility of the Dehydrated Lathyritic Collagen.

In collagen in vivo, evidence has been accumulated
(28,29,36,37) that cross-links are developed via an
aldol condensation reaction between lysine-derived
aldehydes (a-aminoadipic-68-semialdehyde) and e-amino
groups in the form of Schiff's base (38) or between two
residues of a-aminoadipic-é-semialdehyde (28,36). The
role of aldehyde groups in the formation of cross-links
in the native state was strongly supported by lathyritic
collagen (28), a collagen extracted from the animal which
does not have structural integrity of the tissue. The
lathyritic collagen is known to be deficient of aldehydes
(39) and thereby unable to be cross-linked biosyntheti-
cally (39,40). In an attempt to find out whether the
cross-1links produced biosynthetically via aldolcondensation
in the native state are related to the dehydrative cross-
links in vitro, or specifically whether aldehyde plays
any role in the formation of cross-linking by dehydration,

several experiments were canducted as described below.

a. Experimental

NaBH4 reduced collagen: the reduction of collagen
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by sodium borohydride was reported elsewhere (37,41) to
reduce aldehyde to alcohol. The method by Blumenfeld

and Gallop (37) was used in this work. Collagen solution,
containing about 0.1%-wt. collagen in 0.05 M acetic acid
solution (pH = 3.6) was adjusted its pH to 8.0 by adding
0.5 M NaH,PO, solution at 23°C. Then, about 7 mg of

solid NaBH, powder'(Merck Co.) was added to approximately
50 mg of the collagen solution at 3°C. Addition of

NaBH, yielded bubbles vigorously, a qualitative indication
that the quality of NaBH, was satisfactory. The reaction
mixture was kept at 3°C in a refrigerator for 4 hours
before the pH was lowered to 4.0 by dropwise addition of

1 M H-Clto destroy excess NaBH,. The solution was, then,
dialysed against water for one day at 23°C and cast into
films. The films of reduced collagen were subsequently
dehydrated at 105°C, under vacuum, for 3 days and the
solubility of thus dehydrated films was tested in the same

way as described in previous section.

Solubility of the Dehydrated Films in Cysteamine Solution:

Collagen films which have been dehydrated and thus
cross-linked were extracted with 0.2 M cysteamine solution
as follbws. |

The solution of 0.2 M cysteamine was prepared by
dissolving 6.82 g of cysteamine-HC1 (Mercaptoethylamine,
M.W. = 113.6) in 300 m% of 0.45 M NaCf solution. The pH
of the solution was adjusted to 7.0 by addition of 1 M

NaOH solution. Extraction was carried out by immersing
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the collagen film in the 0.2 M cysteamine solution and
kept over a week in a refrigerator at 3°C. After
extraction, gel was separated from the solution, dialysed
against distilled water for one day and then dehydrated
to determine the weight. Soluble fraction was determined
by the difference of the weight of collagen before and

after the extraction.

Solubility of the Dehydrated Lathyritic Collagen: Films

were cast from the dilute solutions of normal acid soluble
collagen and lathyritic collagen (extracted from, the skin
of young rats treated with lathyrogen). The lathyritic
collagen was kindly donated by Dr. Nimni at the
University of Southern California, Department of Medicine
and Biochemistry. The properties of the lathyritic
collagen was reported by Nimni and coworkers previously
(41,42). Both lathyritic and normal collagen films were
dehydrated at 23°C under vacuum (~10"° mmHg) for 40

days, as well as at 105°C, under vacuum (3 x 10-* mmHg)
for 3 days. The solubility of the dehydrated films way

then tested in the way described earlier in this section.

b. Results and Discussion

The solubility of the collagen films treated under
various conditions was summarized in Table V-7. First,
the result shows that the NaBH. reduced collagen becomes
insoluble after dehydrated at 105°C under vacuum for
three days, indicating that the reduction of collagen

with NaBH, does not affect the dehydrative cross-linking.
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TABLE V-7 Solubility of Normal and Lathyritic
Collagen with Various Treatments

Water
Specimen Treatment (5-wt.) Solubility
Acid soluble 1. Reduced with ~0% Completely
rat tail NaBH, insoluble
collagen 2. Dehydrated at
105°C, vacuum@
3 days
Acid soluble 1. Dehydrated ~0% No soluble
rat tail 105°C, vacuum?2 fraction was
collagen 3 days found after 7
2. Extracted with g:ygogxtractlon
0.2 M cycteamine
at 23°C
Acid soluble 1. Dehydrated at ~15€ Partially -
rat skin 23°C, vacuumb insoluble
collagen 40 days
2. Dehydrated at ~0% Completgly in-
105°C, vacuum? soluble
3 days
Rat skin 1. Dehydrated at ~13%°€ Partially in-
lathyritic 23°C, vacuum soluble
collagen 40 days
2. Dehydrated at ~0% Completely in-
105°C, vacuum? soluble
3 days

vacuum by rotatory pump ~3 x 10~* mm Hg
vacuum by diffusion pump ~10-¢ mm Hg

NOTE:

estimated
Tested in 0.05 M acetic acid at 23°C for a
week

AN O
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Second, both normal and lathyritic rat skin collagen
becomes insoluble when dehydrated to anhydrous state.
Third,‘the dehydrated, therefore cross-linked, collagen
is not solubilized even to a small extent in 0.2 M
cysteamine solution, which is known to solubilize the
insoluble (cross-linked in vivo) collagen (41).

The reduction of collagen with NaBH, has been
known (37) to reduce the aldehyde to alcohol and thereby
served as the method of providing aldehyde-deficient
collagen (41). Like lathyritic collagen, collagen reduced
by NaBH. is known to be unable to form stable intermolecular
cross-links in vitro (41) due to the lack of aldehyde.

The fact that the NaBH,-reduced collagen becomes also
cross-linked by dehydration suggests that the dehydrative
cross-linking in collagen is formed in the absence of
aldehydes and, therefore, not via an aldol condensation
reaction.

Stronger evidence is provided by the lathyritic
collagen. It has been well established that the lathyritic
collagen is identical in chemical and physicochemical
properties with normal collagen (43) except the former
contains far less amount of aldehyde groups (ca. 1/2) than
the latter. The cause of lathyrism was identified at the
B-amino propionitrile (BAPN) which inhibits the conversion
of lysine to aldehyde, thereby inhibiting the inter-
molecular cross-linking (44). The lathyritic collagen,
which is not capable of forming intermolecular cross-links

biosynthetically in vivo, however, becomes cross-linked
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when dehydrated to anhydrou
Indication of this result i
cross-1linking is not relate

of cross-1links in vivo.

Nimni and coworkers (4
as penicillamine, cysteamin
cysteine, could solubilize
particular, the collagen ex
of rat skin by cysteamine b
collagen (47) but was found
content. Based on this finc
suggested that cysteamine m:
bonds of similar nature as ¢
the form of intermolecular c
synthetically (28), and as =
solubilized contains more a:
above suggestion is correct,
intermolecular cross-1linking
fact (Table V-7) that cystes:
of the insoluble collagen, c
therefore indicative of that
is different from aldol conc

bases.

7.4 Summary and Conclusions

Linking in Collagen and

It has been shown that

scavengers did not inhibit t
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linking in collagen and gelatin and that the EPR measure-
ments of the untreated and dehydrated collagen did not
show appreciable signals attributable to free radicals
(34). One of the most probable routes to produce the
free radical would be the thermal degradation.

As already discussed, dehydration at 105°C under
vacuum for 5 days did not cause any loss of amino acid,
indicating that thermal degradation is'negligible. It
appears, therefore, rather clear that the dehydrative
cross-1linking in gelatin and collagen is not through the
free radical mechanism and therefore via a condensation
reaction which favors the hypothesis by Yannas and
Tobolsky (24).

In vivo, cross-linking of collagen is known to be
formed by the aldol condensation reaction between
aldehyde groups or between aldehyde and e-amine groups
(28,29,36,37,38). Furthericore, the presence of aldehyde
in collagen is identified (37,40,44,41) as the indispen-
sable factor in the formation of cross-links biosyn-
thetically. It has been shown in this work that the
presence and the absence of the aldehydes in collagen
have no effect in the development of cross-links in vitro
by dehydration. Furthermore, such dehydrative cross-
linking is not cleaved by cysteamine which is known (45,
46) to cleave ‘the intermolecular cross-links developed
biosynthetically in vivo. These results clearly show

the evidence that the dehydrative cross-linking in
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collagen and gelatin is not related to the mechanism of
the biosynthesis of cross-links in vivo.

Rough estimation shows that there are approximately

360 carboxylic groups (—COOH), 240 primary amine groups
(—NH:), 160 secondary amine groups (=NH), and 470
hydroxyl groups (—OH) in one tropocollagen molecule.

It appears that the condensaticn reaction is possible not
only between carboxylic groups and amino groups to form
amide 1links, but also between carboxylic groups and
hydroxyl groups to form ester links. This work was not
able to resolve the exact chemical nature of dehydrative
cross-linking. However, none of the evidence 1is incon-
sistent with the mechanism of a condensation reaction as
suggested by Yannas and Tobolsky (24) for the cross¥1inking
in dehydrated gelatin.

Because of the high temperature (105°C) at which
collagen and gelatin is subjected for dehydration, the
question arises as to what effect the temperature itself
has on the dehydrative cross-linking and, more specifi-
cally, whether cross-linking is the consequence of
dehydration alone. The results in Table V-7 show that
dehydration causes partial insolubilization in rat skin
collagen even at 23°C. It appears, therefore, that
dehydration per se is the cause of the formation of
cross-1links. (Under identical conditions, however,
lathyritic collagen was soluble. Due to the limited
amount of the lathyritic collagen, it was not confirmed

by repeated experiment.) Additional work may be
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necessary to draw a clear distinction between cross-
linking caused by dehydration alone (i.e. dehydration at
temperatures below, say, 37°C) and that caused by a
pyrolitic reaction occurring at temperatures considerably

in excess of about 50-60°C.
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