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ABSTRACT

Some experimental aspects of the study of large .
molecules by the technique of light scattering aré examined.

The applicatlion of this technique to the study of
rat=tall tendon collagen 1s then discussed. Investigations
of this protein dissolved in dilute acetic acid and in
concentrated urea, and a study of its transformation to
"parent" gelatin lead to the suggestion of a schematic
plcture of the collagen molecule.

| A brief study of a fractionated gelatin is then

described, and 1ts molecular weight and some coﬁclusipns
concerning possible molecular sizes are reported. fhe o
difficulties inherent in the investigation of gelatin
solutions are examined. |

The final Part 1s concerned with a study of the
structure of feather keratin by x-ray diffraction methods.
The;knawn meridiocnal and equatorial spacings are revised
and extended on the basis of measurements made on newly
obtained diffraction photographs. Observed intensities are
compared with those predicted for a structure which has

been recently suggested.
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PART I - THE TECHNIQUE OF LIGHT SCATTERING

A) Introduction.

The use of the technique of light scattering in its
present form, by means of which the molecular properties
of proteins, high-polymers, and other large molecules are
determined from the behavior of a parallel beam of light
upon passing through a solution containing such molecules,
may be considered to have had its beginning in 1944, In
that year, Debye (1) showed that molecular weights, shapes
and thermodynamic properties of 1érge molecules could be
obtained exclusively from an analysis of the 1ight- B
scattering behavior of their solutions. The theoretical
background upon which Debje based his conclusions had
been elucidated much earlier, however. In 1871 Lord
Rayleigh (2) presented his theory of the molecﬁlar scatter-
ing of light, and in 1910 Einstein (3) showed its connection
with thermodynamics by application of the theory of
statistical fluctuations. This theoretical baékground has
been reviewed elsewhere, (4), (5), (6), (7), and ﬁill not
be summarized here.

Since 1944, the technique of light scattering has
undergone a rapid evolution which 1s continuing at present.
Being thus still in a developmental stage, its methods
have not yet become standardized and vary widely from one

investigator to another. Hence 1t 1s necessary to devote
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Part I of this dissertation to a discussion of the
techniques which have been developed, adapted and adopted
by the author before presenting the results which have
been obtained from an investigation of the light- '
scattering properties of collagen énd gelatin solutions

employing these techniques.

B) Modification of the apparatus.

The light-scattering instrument used in these investi-
gations 1s a commercial model of the Brice t&pe (8)
manufactured by the Process and Instruments Corporation,

' Brookiyn, New York. As originally constructed, 1t was
équipped to employ a square cell for measuring transverse
scattering and an hexagonal cell for measuring scattering
at angles of 45 degrees and 135 degrees to the}direetien

of the incident beam. The former required about 35 cm.3
of solution, and the latter about 50 cm.3 Two limitations
inherent in this arrangement are apparent. First, a'large
quantity of optically clear solution 1s requiréd, and
second, it 1s impossible to obtain complete angular
scattering data. The latter are necessary to determine

~the famlly of Zimm curves (9) characteristic of the

molecule under investigation, and it has become increasingly
evident that only when these curves are available can

the interpretation of the data be considered completely

rellable for molecules which are comparable in size to



the wavelength of light.

For these reasons it was deemed advisable to modify
somewhat the original design of the apparatus. A new type
of 1ight-scattering cell was obtalned from the Pyrocell
Corporation, New York City. Since this cell had not yet
been described in the literature, it was necessary to
investigate its utility for light-scattering measuféments
rather completely. The cell consists of an half cylinder
divided by a partition into a solution compartment and
a compartment for the pure solvent, as showﬁ in figure 1.
The solution compartment has a capacity of about 10 cm.3
- This design has the advantages of employing a small
quantity of scattering solution while retaining a long
illuminated path, and of allowing the scattered intensity
to be measured at any angle to the direction of the incldent
beam. |

Since the width of the solution compartment is only
5 mm, and the width of the incident light beam in the
instrument was originally 12 mm., it was necéésary to
alter the collimating system. The lenses and apertures
between the mercury arc lamp and the cell holder were
- replaced by the system shown in schematic outline in
figure 2. The aperture Ay has a width of 22 mm. A 1s
adjustable and is normally set at 5 mm. A3 andvAu_haVG
widths of 15 mm. and 10 mm. respectively. M is an AH-k

mercury arc lamp. L 1s a convex lens of diameter 29 mm.
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and focal length 45 mm. The lens 1s placed about 50 mm.
from the center of the lamp. H is the housing for the
neutral-filter carriage. F represents the monochromatizing
filter for isolating a single line in the spectrum of the
mercury arc. This arrangement was found to give substantially
the same total i1llumination of the scattering solution és
the original design, but a narrower beam of adjustéble
width and with a divergence of less than two degrees
horizontally and less than one degree in the vertical
direction. The divergence can be further reduced, if desired,
by stopping down the circular diaphragm on the shutter
mounting. It was not found necessary to do so in any of
the work deseribed in this dissertation.

The path of the incident light beam through the cell,
and the field of vision of the photomultiplier when set
at ninety degrees to the direction of the incident beam
are 111uétrated in filgure 3., The diagram 1s drawn as though
no change in refractive index occurs at any of the glass-
air or water-glass interfaces. In fact such refractive
index changes will slightly alter the readings obtained
when measuring scattering intensities, and this effect
must be compensated by application of the appropriate
‘correction factor. This correction is discussed in Section D,
subsection 2. |

A minor change was also made in the nosepieée of the

photomultiplier housing. This device acts not only as
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part of the aperture system of the photomultiplier, but
also functions as a mounting for the removable polaroid
filter., As this noseplece was originally constructed,
the polaroid could be rotated through an angle of ninety
degrees. A slight change of the nosepiece, however,
permitted a rotation of the polaroid filter through 180
degrees, thereby making it possible to adjust the polaroid
for the maximum galvanometer deflection when viewing the
transversely scattered light. In this position, the polaroid
axis 1s aligned so as to transmit the wvertically polarized
component of the scattered light. Rotation of the polaroid,
then, through ninety degrees, or until the galvanometer
deflection is a minimum, places the polaroid in the position
to transmit the horizontally polarized component of the
scattered light. The relative intensities of these two
components are needed to determine the "depolarization
factor", which will be discussed in Section D, subsection 2.
This slight modification enables one to obtain an accurate
measurement of this quantity without first placing the
polaroid axis in a speclal position relative to its holder,
as was previously necessary.

One further modification was necessary in order to
eliminate a small amount of residual reflectlion from the
incident beam trap. Covering its rear surface with a piece

of black velvet proved to be satisfactory for this purpose.
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C) Standardization of the apparatus.
Before making scattering measurements on unknown
systems, it 1s necessary to elimlinate spurious optical
effects which may introduce errors. This Sectlon describes

the search for such effects and their elimination.

1) The sensitivity of the photomultiplier to
vertically and horizontally polarized light.

The following test was performed to determine whether
the photomultiplier shows a difference in sensitivity
toward vertically and horizontally polarized light. The
incident beam was reduced 1n intensity by interposing an
opal glass diffuser and a neutral filter. The 546 mp.
(green) line of the mercury arc was 1lsolated by means
of the filter described below. The photomultlplier was
éet.at zero degrees, directly intercepting the incident
beam. The polaroid filter was placed before the photo-
multiplier and rotated so that the vertical and the
horizontal components were alternately passed, while
galvanometer deflections were recorded for each. This
procedure was repeated at wvarious incident intensities,
The instrument showed 1.1% higher semsitivity to the
 horizonta1 component. This effect should be compensated
when extremely accurate depolarization measurements are
required, though in these investigations such was not

the case,



10

2) Transmission of the light filters.

Since the intensity of Rayleigh scattering 1s pro-
'portionai to ?:4 , 1t is important that the incldent light
be as nearly monochromatic as possible and of precisely
known wavelength, A « Two sets of glass filters are 5

furnished with the instrument, one for isolating the

.5h6 ma. line, and the other for isolating the 436 ma.
(plue) line of the mercury arc spectrum. The curves of
optical density versus wavelength were determined for
these filters using a Beckmann model DU spectrophotometer.
They showed no secondary maxima, and widths of 25 mp.

and 37 mu. at optical densities corresponding to trans-
mission of one-half of their maximum transmltted
intensities, for the 546 mu. and 436 mp. filters

respectively.

'3) Reflections from cell walls.

Serious errors may be introduced into light-scattering
measurements if care is mot taken to eliminaté reflection
of the scattered light at the walls of the cell. This is
particularly true of measurements at small angles to the
incident beam. Most serious reflections can be expected
to occur at the glass-alr interface of the back wall of
the solution compartment due to the relatively large
refractive index change occurring there and to the large
portion of this interface which is viewed by the photo-
maltiplier (see figure 3). That such reflections do indeed
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appear, and that they have been successfully eliminated
is clearly seen from the data of table 1. These data were
obtained as follows: the solution compartment of a cell
was filled with a dilute solution of fluorescein 1n water.
The 436 mp. filter was placed in the incident beam and a
yellow filter ( Corning #3484 ) was placed over the aper-
ture of the photomultiplier noseplece. The latter filter
eliminated the scattered blue light and permitted the
passage only of the yellow light due to fluorescence. In
the absence of reflections the intensity read by the
photomultiplier should be proportional to 1/sin &
at any angle, O, to the incident beam, since the volume
of illuminated solution seen by the photomultiplier is
proportional to 1/sin @ and since the intensity of
fluorescent radiation is the same In all directions.
In table 1, the functien 1/sin & is listed in line 1,
and the ratio of the photomultiplier reading at angle
@ to that at ninety degrees 1s indicated in line 2.
The agreement is poor at angles far from.ninety degrees.,

The same cell was then painted, as indicated in
figure 1 by heavy black lines and cross-hatching, kith
~ Melanoid Bituminous Paint manufactured by I. C. I. Paints,
Ltd., Slough, England and kindly supplied by Professor
R. M. Badger. Lines 3, 4, 5, and 6 of table 1 show the
relative readings obtained with the painted cell for
four different dilutions of the fluorescein solution.

Evidently the source of reflections causing deviations from
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1/8in © has been effectively eliminated. The somewhat
low readings at 31° and at 40° may be due to decreased
transmission of the light scattered at these angles
through the wall between the solution and solvent
compartments. _

Melanoid Bituminous Paint is to be recommended not
only for its ability to eliminate reflections, but also
because of its durability. These cells were used for
several months before it became necessary to repaint them.
The paint can be removed easily when desired.by rinsing
the cells in warm benzene. The procedure recommended for
painting 1s to mask those areas of the cell which are to
be left unpainted and apply the paint, thinmed somewhat
with benzene, by means of a spray-gun. The paint dries
rapidly in air and the cells can be used within twenty-

four hours.

D) Obtaining data.
The quantity of interest in light~scattering measure-
ments is the Rayleigh ratio, R(8), which is defined as

R(8) = J(0) = 1(8.r) x?
IO IO

where € 1s the angle between the incident beam and the
scattered ray, J(©) is the radiant intensity (erg sec-lcu-l)
emitted in the direction € by unit volume of scattering
fluid, I, 1s the irradiance (erg sec™l cm™2) of the incident
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unpolarized beam, and 1(6,r) is the irradiance per unit
volume of scattering fluid due to the scattered light at
the distance r from the scattering volume element, and at
the angle €.

The importance of R(6) lies in the fact that it is
related to the molecular weight, shape, size, and solvent-
solute interaction of the solute molecules. The molecular
weight is a function of the limiting value of R(0)/c,
where ¢ 1is the solute concentration, as ¢ becomes zero.
The shape and size of the solute molecules are obtained
from the dependence of %}g R(8)/c on 6, The solvent-
solute interaction is given by the dependence of R(0)/c
on the concentration of the solute*, The theory and
explicit form of these relations has been adeguately
reviewed (4), (5), (6), (7). However, since the details
of experimental procedures are frequently sketchy or
lacking in the literature, vary somewhat from one labora-
tory to another, and are still undergoing development,

they may profitably be examined here.

1) Methods of measurement.

There exlst essentially three distinet experimental
methods of obtaining the required dataj; the absolute method
in which the absolute value of R(©) 1s determined without

reference to the scattering power of some previously deter-

* These relationships are usually stated in terms of R(90)
or ¥ , the solution turbidity. The above are equivalent,
though simpler and more general.
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mined standard; the relative method in which the scattering
from the solution under investigation is compared directly
to the known intensity of scattering from some standard;
and the turbidity method in which the total scattered light
flux is deternmined.

a) The absolute method.

Here one measures directly the ratio of i(e,r) to
I,+ Since the latter is of the order of 10r6 times as
great as the former, it 1s necessary to attenuate the
incident beam by a known factor of this magnitude,before
measuring its intensity with the photomultiplier. This
is normally accomplished by placing the proper neutral
filters in the beam. However, filters of opticél density
as great as this ( optical density equal to six) are
extremely difficult to calibrate. Occasionally, a |
combination of neutral filters of lower density and‘a
diffuse reflector of known reflectance are employed to
obtein attenuation by a known factor, but the advantage
gained by use of a filter of low density 1s lost in the
increased complexity introduced with the reflector. For
a discussion of recent efforts to determine the absolute
- scattering powers of several pure liquids and solutlions,
see references (8) and (9). |

As originally designed, the instrument used in this
laboratory was supposed to be capable of absolute measure~

ments. However, in view of the difficulties inherent in
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obtaining absolute measurements, it was deemed preferable
to employ the relative method,

b) The relative method.

Any substance of reproducible and accurately known
lightescattering power éan be employed as a standard
against which the scattering power of unknowns can be
'compared. Benzene seems to be the standard of choiée_
since it can be readily purified, has a rather high
scattering power compared to most pure liquids, and has a
value of R(90) which 1s known for two convenient wave=
lengths of light. These are given by Carr and Zimm (§3
as 48.5 x 10~8¢0r 436 mp. and 16.3 x 1076 for 546 mu.
These values are used throughout the light-scattering
determinations subsequently to be described.

" The advantage of the relative method as compared with
absolute measurements is the-grpater likelihood of balancing
small errors inherent in the geometry of the apparatus,
since the standard scattering i1s measursd under conditions
identical with those under which the unknown is measured.

- Benzene is not the ideal standard liqulid, however.

It has a refractive index of 1.52 for light of wavelength
4358 A, (§3, whereas most of the aqueous solutlons to be
investigated have refractive indexes near 1.34% at that
wavelength, The effect due to this difference must be
allowed for. The necessary correction will be discussed
in subsection 2 of this Section. Furthermore, though the |

scattering power of benzene 1s high relative to most pﬁre
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‘1iquids, it is still only in the neighborhood of 1/20 th
as great as that of most of the solutions examined in this
investigation. This frequently necessitates a change of scale
on the galvanometer when comparing the two, which may intro-
"duce a small error. The ideal standard would be an aqueous
solution of some highly scattering substance which could be
reproducibly prepared and stable. Such a standard is not
yet available. |

¢) The turbidity method.

A measure of the total flux scattered by unit'volume
of a fluid is given by its "turbidity". It 1s related
to the optical density of ordinary spectrophotometry;

for colorless solutions, by the equation

N o= -2.303d I1
1 |

where 7 is the turbidity, d is the optical density, and

.p 1s the length of the column of liquid through which the
beam of 1light is passed. In general the relation between

L and R(®) 1s a complicated one (10), (11) which depends
upon the size and shape of the scattering particles in.

the solution. However, for sufficiently small and optically

~ 1sotropic particles, it assumes the simple form (for

I« 1)

T = ;_%_1_73(90) II1

R(®) = (1+cos2 @) R(90) v
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Hence for such particles, a measurement of the optical
density of their solution by the well standardized methods
of Spectrbphotometry i1s equivalent to a light-scattering
determination of R(@). It is only necessary that the |
solution have a sufficlently high optical density to be
easily measurable without resorting to the use of excessively

long cuvettes.,

2) Correction of experimental measurements.

Before the measurements can be used to compute the
properties of the solute molecules under investigation,
it is necessary to correct for several optical effects
wpich cannot be eliminated in the experimental procedure.
Some of these can be safely ignored except in extreme
situations. Since a summary of all the corrections which
may be necessary is not available in the 11teraturé, it
seems desirable to review them briefly here. Thioughout
the light-scattering investigations to bhe described, those
corrections which were believed to be of significance will
be indicated. |

a) Solvent scattering.

The light scattered from a solvent which has been
purified by the same procedure as applied.to the sclution
must be measured and subtracied from the solution scattering
to obtain the scattering due to the solute particles.
Solvent scattering usually amounts to about 24 of that

from the most dilute solution when water is the solvent,
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“but it may be as high as 22% in extreme cases, such as
when 5M urea is used as a solvent. This correction
also includes a correction for the scattering from
traces of dust and for possible residual reflections.

b) Optical density correction.

From figure 3 it is evident that the incident beam
must traverse about 2.2 cm. of the solution before reaching
the center of the cell where the scattering 1is viewed
by the photomultiplier. Hence the incident intensity to
be used in calculating R(€) will depend itseif upon the
turbidity of the solution. Fortunately, the attenuation
of the incident beam in this manner 1s extremely slight
for most solutions at low concentrations (usually less
than one percent) and 1s eliminated by an extrapolation
to zero concentration. However, when it 1s desired to
obtain accurate values of R(®) for a solutlon of high
turbidity, or when an accurate value of the concentration-
dependence constant, B, is required, the correction for
this effect should be applied. This can be done to a
sufficient approximation by determining the turbidity
of the solution in the spectrophotometer and using the

,relation

/ -~
3&:: e 2
IO

where I, is the orlginal incident intensity, Ié is the

intensity incident upon the scattering volume at the center
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of the cell, and { is the length of the path traversed by
the incident beam in the solution before reaching the
scattering volume element which is seen by the photo=
multiplier, in this case 2.2 cm.

¢) Reflection of the incident beam.

It 1s interesting that attentlon was first directed
toward the necessity of making this correction as léte as
1952 (125. When a beam of light is normally incident upon
the plane interface between two transparent phases of
different refractive indexes, the fraction of incident
intensity which is reflescted is

R =(——-———-—-—n2 - nl)z Vi
ng m

where R 1is the fraction of the incident intensity which
is reflected, and nq and n, are the refractive indexes of
phases 1 and 2 respectively. The light-scattering cells
used here are constructed of pyrex glass wilth ng = 1.4727.
Thus at the interface betwsen the cell wall and the -
surrounding alr R = 0,036 and the scattered light is due
not only to the incident beam, but alsc contains contributlons
from the scattering of the reflected beam. This effect
may be neglected 1f the angular distributién of scattered
intensity is symmetrical about 90 degrees, as it is for
small particles, since it 1is cancelled by an identical
effect in the benzene standard. However, for largerparticles,

where there 1s deviation from such symmetry and where the
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angular dependence of the scattering is of interest, this

effect must be compensated. Thls 1s done by usaing
J(e) = Ja(e) - B-Ja(IBO - 9) VII

where J(©) is the true radiant intensity scattered in
the direction 6, J,(8) is the apparent (uncorrected)
radiant intensity scattered in the direction 6, and R
is given by equation VI. The same correction must also
be applied to the reading given by the standard. As an
illustration of the magnitude of thils effect, it may be
pointed out that an apparent dissymmetry* of 1.50 would
become 1.55 upon applying the correction above.

The wvalue of R for the water-glass interface is only
7% of that for the glass-gir interface, and thus its
effect may be neglected.

d) The volume effect.

As pointed out in Section C, subsection 3, the volume
of illuminated solution viewed by the photomultiplier is
proportional to 1/sin ©. To allow for this fact the apparent
R(®) must be multiplied by sin 6.
| e) The refractive index effect. |

Since the photomultiplier must have a finite aperture,

some of the scatiered rays that are seen by it have not

* The dissymmetry, 2z, is defined as J(45)/J(135) and is a
convenient measure of the size of the scattering particles.
For particles with a maximum dimension less than about 1/20 th
of the wavelength of light, the dissymmetry will be equal to
unity. For larger particles z will be greater than unity.
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passed normally through the face of the light-scattering
cell and so have suffered refraction. With a standard of
the same refractive index as the solution being examined,
the effect would be identical for both and would cancel.
However, it must be considered when absolute determihations
are to be made or when a standard having a different
‘refractive index than that of the solution is to be used.
Unfortunately, there 1s some dispute as to how the éorrection
for this effect is to be made. According to Brice, Halwer
and Speiser (8) and Carr and Zimm (9), the factor by which
an apparent J(©) must be multiplied in order to obtain
the tfue scattering intensity when a cylindrical cell 1s
used, Qn, is given by

n

Gp=n [1 ~.éi£ (a_:-_.l)} B VIIT

where n is the refractive index of the scattering liquid, -

r is the distance from the center of the cell to the face
at which the scattered ray emerges, and x is the distance
from the center of the cell to the photomultiplier sensing
element. The square of this quantity is the correction
factor to be applied when using a cell with a plane viewing
window.

For the light-scattering instrument used in this

laboratory, r = 2.2 cm. and x = 10.2 cm. Consequently,
for A=436 mp., benzene should have a value of Q, = l.k2,
water should have Q,= 1.27, and the ratio Q,(water)/Qn(bz.)
i1s equal to 0.89%. This ratio is the factor by which
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~apparent scattering intensities measured relative to benzene
must be multiplied., When A=546 mp. this factor is 0.906.
For solvents other than water or dilute buffer correspondingly
different correctlion factors must be employed.

Hermans and Levinson (13), however, have eriticised
the derivation of equation VIII and have glven a derivation
which indicates that the correct expression for Qn, in the
case that the photomultiplier does not see beyond the edge
of the incldent beam, 13 simply n2 for both a cylindrical
and a plane-faced cell. They state that only in the
case that the scattering #olume viewed can be conéidered
és a point gsource does the above equation apply. Furthermore,
theée authors indicate that when the photomultiplier view
extends beyond the edge of the beam, as it does in the
instrument used here, the correct factor to be used is
neithar n2 nor that given by equatlion VIII, but is rather
‘some moré complicated expression which they do not give,

On the other hand, Mommaerts (14) seems to havé
confirmed the correction factor as given by Brice for
tﬁe plane-faced cell. He does not state whether the photo-
multiplier in his apparatus sees beyond the edge of the
beam, but since it 1is of a design similar to that used
| in this laboratory such is probably the case.

The experimental werification of the applicability of
equation VIII to fhe methods used in this study will be
discussed in Section E. |
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£) Depolarization of the scattered light.

According to the Rayleigh law for small, isotropic
molecules, the scattered light should be completely
polarized at ninety degrees to the incident beam, with
the electric vector perpendicular to the plane formed by
the incident beam and the direction of the scattered
ray. If, however, the molecules of solute are anisotropic,
the scattered light at ninety degrees will also include a
contribution from a small horizontally polarized component,
The contribution of this component to the scattéréd
intensity must be eliminated before calculating the
molecular welght, since the caleulation has its ulti-
mate theoretical basis in the Rayleigh law. Cabannes (15)
has shown that the factor by which the transverse
scattering intensity must be multiplied to eliminate the
depolarization effect is 6 - ze y where O is the ratio
of the horizontally polarize;.component intensity to the
vertically polarized component intensity. The incident
beam is unpolarized. | :

For almost all macromolecules in solution, e 13 equal
to 0.01 or less, giving a correction factor of 0.98 or
more. fhroughout the investigations described here the
depolarization was conslstently found to be entirely
negligivle. The depolarization correction factor will

hence be lgnored.
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3) Preparation of liquids for scattering measurements,

Since the intensity of light scattering from a solution
depends upon the weight-average molecular weight of the
solute, the method 1s highly sensitive to the presence of
large particles. It is therefore imperative that all -
liquids on which measurements are to be made be as free as
possible of extraneous material such as dust or aggregated
proteins. The best method of achieving this end depends
greatly upon the liquid being examined. During the course
of these invesiigations, the procedures employed underu
went a gradual evolution. The resulting conclusions are
summarized briefly here.

For non-aqueous liquids, such as benzene, almost any
clarificatioh procédure is adequate. Filtration through
sintered glass, centrifugation, and distillation have all
been successfully employed. |

For aqueous solutions, on the contrary, no clarification
procedure 1s completely adequate. The best that can be
achieved 1s the reduction of the solvent scattéring toa
value sufficiently low that the fact that this value is
unreproducible is unimportant. For protein solutions, this
| is best accomplished by ultracentrifugation in the Spinco
Preparative Ultracentrifuge and withdrawal of the solutlon
through the hole in the tube cap without removing the plastie
tube from the rotor. A pipet with a fina stem 1is useful
for this purpose. An ordinary syringe is unsatisfactory,
possib1§ because of minute particles of glass which sare
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washed off the ground glass surfaces. Frotein solutions
should be centrifuged repeatedly, transferring the
‘solution to a clean plastic tube each time, until a
constant dissymmetry is obtained.

Filtration of protein solutions introduces the
possibility of losing protein by retention on the filter.
For other solutions, or when the possible loss of solute
is immaterial, filtration by pressure through sinteied
glass is also recommended. Suction filtration ls liable
to cause the formation of minute bubbles in.the solution
which would invalidate light-scattering measurements.

The cleanliness of pipets and light-scattering éells
is critical. The procedure finally arrived at, and one
which appearé to be completely satisfactory, is to treat
all glass surfaces with a warm nitric and sulfuric acid
mixture,_rinse thoroughly with distilled water, and
finally rinse by allowing hot acetone vapor to reflux
on the surface. | |

- In all cases, solutions should be inspected for visible
motes in the incident beam immediately before measuring

. scattering intensitiles.

| E) Calibration.

In view of the uncertain nature of the refractive
index correction (Section D, subsection 2e) and of the
many other possible sources of error in making light=-
scattering measurements, 1t 1s highly desirable to have

some independent means of checking their accuracy.
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From the discussion of the turbidity method ( Section D,
subsection lc) 1t is evident that such a possibllity exists
in the specisl case of a solution of small, isotropic,
vet highly scattering particles. There has been recently
made commercially available an aqueous suspension of silica
which has just these properties, and which 1s in addition
stable over long periods of time. A sample of this Qatarial,
célled "Ludox" (E. I. DuPont de Nemours and Co.) was
kindly supplied to the author by Dr. Gerald Oster. Measure-
ments of R(90) made with the light-scattering apparatus
were compared with values of R(90) computed from |
spectrophotometric data on the same solutions. The.two '

were found to be 1n excellent agreement.

1) Procedure.

The sample of "Ludox", which is supplied as a 30%
aqueous solution, was diluted with distilled water to
make both 3% and 0.3% solutions. Each solution was
clarified by pressure filtration through a medium sintered-
glass disc and transferred, with a dustless pipet, to
a 10 cm, spectrophotometric silica cuvette which had first
‘been carefully cleaned. Distilled water was similarly
treated and transferred to another clean 10 cm. cuvette
which had been calibrated against the first. The optical
denslty of each solution was determined at the wavelengths
436 mu. and 546 mu.

A portion of each solution was then transferred,
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again with a dustless pipet, to a clean light-scattering
cell and R(90) measured for the two wavelengths in the
usual way, by comparison with a benzene standard. The

dissymmetry was also measured at the same time.

2) Treatment of data.

The optical density correction and the refractive
index correction according to equation VIII were apﬁlied
in obtaining R(90) by light scattering. Since the dissymmetry
was not exactly unity (i.e., since the particles were not
quite "small"), a slight refinement Qf equation III _
was used to compute the value of R(90) from the optlcal
density. This relstion may be derived as follows: by

analogy to equations II and III, one may wrilte

Y. = 2:303d1_ 16T R(90) | IX
f 7 =73 P(90 -

where d@ is the optical density measured in the'spectro-
photometer, ,@ is the length of the spectrophotometric
cuvette, Q'l is a factor which, when multiplied by the
measured turbidity, L = 2.3034/¢ , gives the turbidity
which would be observed if the same solution consisted of

- small particles; this ideal turbidity is designated /tj, $
and P~1(90) is a factor, which when multiplied by R(90)
gives the value of R(90) which would be observed 1f the
same solution consisted of small particles. Bbth P°1(9O)
and Q-1 are fixed by the size and shape of the particles,



"which can be computed from the dissymmetry. For values of
the dissymmetry not much greater than unity, the ratio

of Q-1 to P-1(90) is practically independent of assumptions
concerning the particle shape. For further detalls, see
reference (10).

Equation IX gives, with Y defined above,

R(90) = i%%z&%@l

P(90) and Q were obtained from tables given by Doty and
Steiner (10). P{90)/Q was found to be 1.0l in each case.
R(90) was calculated according to equation X from the
spectrophotometric data and compared to R(90) obtainéd

from light-scattering measurements.

3) Results.
The values of R(90) obtained by the two methods,
together with the dissymmetries, z, for the MLudox!

solutions are given in table 2.

4+) Discussion.

The agreement between these two methods indicates

- that the light-scattering measurements obtained with the
instrument in this laboratory are satisfactorlly accurate.
It is interesting that the refractive index correction
given by equation VIII appears to be applicablé in this

instance. It is possible, however, that the apparent

agreement 1s fortultous, in which case the refractive
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index correction factors may be considered to be empirically

determined in the above calibration.

Table 2
"Ludox" A z R(90) R(90) . percentf
conc. mu. light spectro~- difference

scattering photometry
3% 436 1,08 10.2x1073  10.2x1073 0.0
3% 546 1.08 4.30x1070  4,08x1070  -5.1
0.3% 436 1.10 1.50x1070  1.55x10°3  +3.0
0.3% 546 L1.14% 0.637x10> 0.638x1073 +0.2

Comparison of R(90) measured by light
scattering and by spectrophotometry
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PART II - THE MOLECULAR PROPERTIES
OF RAT-TAIL TENDON COLLAGEN

A) Introduction.

A thorough review of the present state of knowledge
concerning the structure of collagen has been given by
Bear (16). It would appear that although a great deal of
work has been done on this protein from the point of view
of x-ray diffraction, electron microscopy and chemical
analysis, 1ittle information about the physical chemistry
of collagen solutions 1s available. It was the purpose of
these investigations to make some start toward filling this
gap. |

As for x-ray diffraction evidence, suffice it to say
here that there is support for the existence of an amino
acid residue length of 2.9 A. along the fiber axis, é
repeating unit of seven such residues every 20 A. or
of ten every 29 A., and a long period of about 640 A,
There 1s alsq some support for the alternatilve possibility
of a residue length of 0.95 A. and repeating groups'df
three every 2.9 A. Perpendlcular to the fiber axls, the
x-ray data are compatlible with hexagonal packing of cylinders
with a center~to-center distance of from 12 A. to 20 A.,
depending upon the degree of hydration, (16), (17), (18).
However, there 1s a great deal of dilsagreement on even such
sketchy interpretations of the data, a completely different

sort of structure having been suggested, for example, by
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Randall and coworkers (19).

Connective tissues, skin, or fish swim bladder tunic
may be extracted with various acid or alkaline medla %o
obtain solutions of collagen. Such solutions give
precipitates upon neutralization, addition of salts,
or addition of various biological substances, and
‘considerable attention has been directed toward the
electron microscopic examination of such precipitates
(20)., Addition of sodium chloride or of other salts of
monovalent cations to final concentrations of 0.1 to
0.2 M causes the formatioﬁ of fibrils showing the 640 A,
axial repeat characteristic of native collagen. At
somewhat higher concentrations the precipitated fibrils
show axial periods about one-third as long, and no
visible structure at still higher concentrations of salt.
Skin, extracted with citrate buffér and dialysed sgeinst
water, gives another type of fibril with spacings of
1800 to 3000 A., possibly as a result of the presence of
glycoprotein in the extract. Alkaline phosphate buffer
extracts of skin produce a third kind of structure when dle=
lysed against cltrate buffer. These show segments of length
| similar to the long spacing above, about 2200 A., but
the segments are separated into unconnected units rather
than aggregated end-to-end to form a fibril. These seg-
ments seem to be conmnected with the presence of adenosine
triphosphorie acid in the exiracts. All three forms may
be interconverted. All display high angle x-ray patterns
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characteristic of native collagen.
| The meaning of these results is still unclear, though
Schmitt, Gross and Highberger (20) state that they believe
the presence of thin fibrous protein particles of length
about 2200 A. in various extracts is indicated. |

Little is known about the particles present in these
"soluble" collagens. Thauresux (21) has shown that acid
extracts of rat-tall tendon and fish swim bladder tunic
show strong streaming birefringence and optical activity
compared to the same solutions after heating. Bresler
and coworkers (22) have investigated the sedimentation
and diffusion of the particles present in citrate extracts
of mammalian hide and report that these appear to be
cylinders with the dimensions of 380 A. in length and
16.7 A. in diameter, and with a molecular weight of
70,000, Salo (23) has carried out viscosity studies on
extracts of the tunic of carp swim bladder and reports
the presence of molecules with an axial ratio of 47.5.
None of these investigations appeam to be.as céreful or

reliable as could be desired.

' B) Rat~-tall tendon collagen in dilute acetic acid.

Tendons frgm the tall of the white rat swell rapidly
in even extremely dilute acetic acid solutions (1/250,000
acetic acid or greater). Within twenty-four hours the |
supernatant may be decanted as an extremely viscous, clear

solution of soluble collagen. Such dilute acetic acid
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solutions of rat-tall tendon collagen will be designated
as RTC throughout the remainder of this discussion. Since
RTC 1s easlly prepared and is initially in a relatively high
state of purity, and since tendons from the tails of freshly
sacrificed rats are readily available, this material was

chosen as the subject of this Investigation.

1) Preparation of RTC.

Tendons may be removed from rat talls as clean white
threads of dlameter about one millimeter., After rinsing
with distilled water, swelling and dissolution was carrled
out in acetic acid solutions of concentrations ranging
from 1/250,000 to 1/2500 by volume and no apparent
difference 1h the product with changing concentration of
acetic acid was noted. Acetic acid soclutions of 1/10,000
were arbltrarily chosen as the solvent to be used in
subsequent studies.

After swelling for twenty-four to forty-eight hours,
the supernatant was passed through a Buchner funnel without
filter paper to remove undissolved tendon, and the solution
centrifuged for twenty minutes at 9000 g. under refrigeration
In the Spinco Model L preparative ultracentrifuge (head

'#30 at 10,000 r.p.m.). The undissolved tendon continued
to swell and dissolve when addlitional dilute acetic acid

was added.
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2) Characterization of RIC.

RIC is a clear, colorless, extremely viscous solutlon.
Prepared as above, it contains approximately 0.1% of
dissolved protein. Refractive index measurements, drying
to constant weight and nitrogen analysis are in agreement
on the proteln concentratlion, indicating that there can
be little dissolved matter other than protein.

Examination of air-dried RTC by the methods of elsctron
microscopy* shows only a matted background. There is no
evidence for the presence of fibrils of mnatlve collagen,
as may be verifiesd by reference to figure Wa, a typiecal
electron mlcrograph obtained from RTC.

The addition of NaCl to final concentrations of 0.1 M
causes a precipitate to be formed, which appears under the
electron microscope to consist of fibrils similar to those
found in native collagen. The 640 A. spacing is clearly
avident in figures 4b and 4c. An excellent collection of
electron micrographs of precipitated collagen has besn
published by Noda and Wyckoff (2k),

Loofbourow and coworkers {25) have published the
ultraviolet absorption spectrum of highly purified RTC.
The ultraviolet spectrum of a sample of RTC prepared as

indicated above without further attempts at purification

* Thanks are due to Mr. Howard Hill for his skillful operation
of the electron mlieroscope and for preparing the electron
micrographs reproduced in this dissertation.



A) RTC, Pd shadow, 12,000x

B) Salt-precipitated RTC, OsO, fixative,
Pd shadow, 12,000x

C) Salt-precipitated RTC, 0sQ, fixative,
Pd shadow, 6950«

FIGURE 4

ELECTRON MICROGRAPHS
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was determined with a Beckman Model DU spectrophotometer.
Filgure 5 shows that the spectrum of thils preparation was
essentlally the same as that obtained by Loofbourow,
indicating that further purification was unnecessary.
The protein concentration in this preparation was
9 x 10~L+ gms./ml, and the length of the light path through
the cuvette was 1.0 cm. Of particular significance is the
absence of peaks in the region from 250 mp. to 280 mn.,
corresponding to the absence of phenyl groups in the side.

chains, a characteristic property of collagen.

3) Light-gcattering studies.

Preliminary attempts at obtaining reproducible light-
scattering data on RTC indicated that the preparation
consisted of a continuous distribution of particle sizes.
Pressure filtration through an ultrafine glass sinter
removed most of the dissolved collagen, as indicated by
a drop In the light scattering to almost that of water.
At the other extreme, filtration through a medium-fine
glass sinter gave a solution with an apparent dissymmetry
of 6.3 for A=Uu436 mp., a value which in excess of the
upper theoretical limit for both rods (2.2) and random
colls (5.8). For particles of very large dimensions this
result is not entirely unexpected, since the assumptions
impliclt in the derivatlon of these limits are no longer
valid.

Dissymmetries of intermediate values, ranging from 2.1
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to 6.3, could be obtained by varying the filtration or
centrifugation procedure used to clarify the solution,

The data in table 3 are quoted to demonstrate that
| continued centrifugation is capable of producing a
fractionating effect by removing the larger particles
in a distribution, and that this effect may be followed
by means of light scattering. Column 1 indicates the length
of time for which the sample of RTC was centrifuged at
60,000 g. The same sample was used for successive
centrifugations. Column 2 lists galvanometer deflections
which are proportional to the ninety degree scattering,
and hence 1s a monotonic function of the protein concentration
and very roughly proportional to it. Column 3 shows the
observed dissymmetry, uncorrected for the reflection of the
incldent beam. The decrease in the dissymmetry observed
in table 3 1s too great and in the wrong direction tp be

attributed to ordinary concentration dependence. It appears

Table 3
time, min. 90° scattering dissymmetry
15 89 3493
60 71 2.66
120 55 2.28
120 51 2.19

decrease in average particle size
with continued centrifugation.

rather that the larger particles are being removed by the
repeated centrifugation.
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In view of the heterogeneity of RTC, it 1s clear

that unambiguous gquantitative results cannot be obtained

concerning the distribution of sizes and shapes of the
particles without resorting to elaborate fractionation
procedures. This does not lmply, however, that interesting
qualitative indications cannot be obtained by the methods
of light scattering. Hence data were collected for the
preparation of a Zimm plot (9) for RTC, as will now be
deseribed,

A solution of RTC was prepared as above and dilutions
of this solution to 1/2, 1/% and 1/8 the original concen-
tration were made with 1/10,000 acetic acid, Before
measuring the scattered light intensitles, each solution
was centrifuged at 60,000 g. for 90 minutes and the sample
‘inspectea visually for clarity. Measurements of the
scattered light intensity relative to that at ninety
degrees for benzene were made at 90, 70, 55, 45 and 35
degrees to the direction of the incident beam, This was
done for two wavelengths, A= 436 mp. and 54 mp. Solvent
scattering at the same angles and wavelengths was determined
for a sample of the solvent which had undergone the same
purification treatment as the RTC solutions. The nitrogen
content of each solution was determined colorimetrically by
Nessler's method.

The data obtained in this manner are presented in
table 4, where scattering intensities relative to that

of benzene at ninety degrees are given for each angle and
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protein concentration for the two wavelengths.

Table 4
LONC.
Ay Dp.  gms./cmd 909 70° 559 450 359
436 7.83x10°F  6.70 11.7  25.3  50.6 124
436 3.53x10”” 1.4 2.29 4,59 8.43 18.2
436 1.78x10"F  0.84%  1.38  2.91  5.72  13.8
436 0.98x10’“ 0.42 0.66 1.28 2.4 5 7k

436 solvent 0.09 0.12 De2l 0.34 0.93

546 7.83x207F 13.8  25.2  57.5 115 288
546 3.53x10”“ 2.48 4,32 8.68 16.5  35.0
S46  1.78x107F  1.59  2.76 6,11 12.6  31.2
46 0.98x107%  0.69  1.17 2,50  4.87 12.2
546 solvent 0.1% 0,22 0436 0.72 2.7
Angular and concentration dependence of light scattering
from RTC solution for two wavelengths.

Plots of the function Kc/R(©) versus sin® €/2+ 600 ¢

were prepared from these data. The constant K is given by

K = 2172 n? (an/de)? X1
N Ak

where n is the refractive index of the solvent (water in
this case), dn/dc is the refractive increment of the solute,
N 1is Avogadro's number, A 1is the wavelength of light in
vacuun, and ¢ is the protein concentration in gms./cma.

The concentration was obtalned from the nitrogen analysis

by assuming rat-tall tendon collagen to have the same
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nitrogen content as kangaroo-tail tendon collagen, given
as 17.5%4 by Salo (26).

The values of K were 5.86 x 10~7 and 2,18 x 10~/
for A= 434 mp, and 546 mp. respectively. These wers computed
using values of dn/dc obtained for gelatin (see Part III,
Seetion B) since at the low concentrations of protein
characteristic of solutions of RTC an accurate estimate
of dn/dec would not be possible.

The factor 600 by which ¢ is maltiplied was arbitrarily
c¢hosen to spread the data over a convenlent range on the
abscissa of the Zimm plots.

In calculating R(8) corrections were made for solvent
scattering, the refractive index effect and the volume
effect; other corrections were considered negligible.

R(8) was divided by the polarizatiocn factor, 1+ cos?

8,
8o that the extrapolated curve for ¢ = O would represent
the shape of P’l(e) directly, as is customary.

The resulting angular and concentration dependence
curves and their extrapolatlons to ¢ = 0 and 6 = 0 are
shown in figures 6 and 7. The extrapolated curve for ¢ = 0O
is equivalent to a plot of P~1(0) versus sin? 8/2 and gives
information on the size and shape of the particles. The
extrapolated curve for 6 = 0 is equivalent to a plot of
Ke/R(0) versus concentration and displays the concentration

dependence of the scattered light intensity uninfluenced
by the particle size. The intercept of these two curves on
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'ithe ordinate 1s equal to the reciprocal of the welght-average
molecular weight of the particles in solution.

From figures 6 and 7 it is evident that the intercept
6n the ordinate is zero to within the error of the measure-
ments. A possible interpretatlon of this result 1s that
the RTC in these solutlons is organized into extremely
large aggregates, perhaps extending continuously throughout
the entire volume of the solution.

Another unusual feature of these plots 1s the sudden
change 1in the shape of the angular distribution curves on
going from the highest concentration to the three lower
concentrations, though at the same time the ® = 0 curve is
flat, indicating that XKc¢/R(Q) is independent of concentration.
In terms of the "excluded wolume" interpretation (27) of

the angular and concentration dependence of scattering,

1+ Lmn3n & (x)- c} -

oOREE OB

R(O) ~
where @(x)z'-la- {(sin x - x cos x) and x= 3-*—1;\:}?- sin ©/2.

X

D is the radius of the spherical volume surrounding each
particle center from which other particle centers are
excluded. A’ 1s the wavelength of light in the medium. The
other symbols heve thelr usual meaning. It is interesting
that the guantity ﬁi%%gﬁ 1s simply the total excluded
volume per gram of particles, whiech quantity may be denoted

by the symbol v. In the region of importance, @ is a
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decreasing function of x. Hence, for a glven value of
v greater than zero, Kc/R(®) will increase more slowly
with sin &/2 for large ¢ than for small c. This is the
ohserved behavior in figures 6 and 7. However, at €= 0

we have P(0)= 1, x= 0, and & (x)= 1 so that

Ke - 1
ﬁ%j = M{l+vc} X111

and the non-zerc value of v should cause the & = 0 curve

to have a non-zero slope. However, the slope of this

curve in figures 6 and 7 is evidently zero and an
explanation of this behavior must be sought elsewhere,

A possibility 1s that between the first and second concen=
trations an expansion of the dimensions of some of the
particles takes place without altering the average molecular
weight. This would leave the scattering at 8=0 unaltered,
but increase the slops of the angular distribution curves,
cerraesponding to the effects observed.

It should be mentioned here that dissymmetry data
alone, without reference to the entlre set of Zimm curves,
are probably unreliable for RTC., For example, dissymmetries
on the solutions for which the above data are reported are
erratlc, showing values (uncorrected for reflection of the
incident beam) of 5.2, 3.8, 5.0 and 4.4 for the four
solutions in order of decreasing concentration and at
A=436 mp., while for A=546 mp. they were 5.9, 4.k, 5.9
and 5.2,
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Dissymmetry and ninety-degree scattering data for
another preparation of RTIC were also obtained. The
viscosity and sedimentation velocity studies reported
in subsections 4 and 5 were performed on the same samples
as those used in this investigation.

In this instance, the dissymmetries were still higher
than those for the previous preparation but not so variable.
They are plotted versus concentration in figure 8. These
values were obtained by diluting the original solution
directly in the light-scattering cell; only the highest
concentration was clarified by centrifugation in the
usual manner. This fact may account for the decrezsed
scatter of the experimental points from a smooth curve.

It is to be noted, however, that in this case the
dissymmetries decreass with decreasing concentrations
this is the opposite of the behavior to be expected on
the basis of the Zimm curves of flgures 6 and 7. That is,
such behavior would be compatible with a negative value of
the parameter v in equatlon XIII, or with a decrease in
the average extension of the particles as they are dlluted.
In any event, the difficultiss in the way of drawing
unambiguous conclusions about the detailed molecular
properties of RTC are clear.,

The extrapolated dissymmetries of figure 8 are com-
patible with a random coil with r.m.s. end-to-cnd distance
of at least 5000 A, The molecular welght computed from the
ninety-degree scattering by the dissymmetry method (&) was
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20 million, though this value is of doubtful significance

except as a possible lower limit.

4) Intrinsic viscosity.

The interpretation of viscosity measurements on RTC
1s complicated by both the slectroviscous effect and by
orientatlon of the particles in the weloclity gradient,
The former is of uncertain magnitude (28) and is probabdly
important for RTC since the solution contains no salts to
swamp out charge effects. The orientation of the RTC
particles in a shear gradient is evident from the fact
that RTC shows streaming birefringence (21). The electro-
viscous affect tends to increase the apparent viscosity,
while the orientation effect does the reverse. Correction
for these two factors would be uncertain, and therefore
viscosity data for RTC are here reported without attempt
at interpretation in terms of molecular properties other
than in the most qualitative sense.

A sample of RTC was prepared as previously {(the same
preparation as that for which the light-scattering data
have been reported on page 47) and efflux times for a
series of concentrations of the protein were detsrmined
using an Ostwald viscometer. All measurements were made
in a thermostated bath at 25.0° €, The initial stock
solution was centrifuged at 60,000 g. for twenty minutes
before belng introduced into the viscometer in order to

remove particles which could interfere with free flow
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through the capillary. The concentration of the centrifuged
stock solution was determined by Nessler's method. Dilutions
were made directly in the viscometer, all added solvent
being first passed through a medium-fine glass sinter. The

data are presented in table 5.
Table 5 - Viscosity data for RTC

Cy  t, sec. lﬂagﬁﬁn @, sec-l

8.13x10°21052.5 24,2 346
5.41x102 559,0  24.8 653
3.60x1072 366,5  25.4 995
2.40x1072 274,0  26.0 1330
1.59%1072 223.6  26.4 1630
1.06x10"2 196,0  27.4 1860
solvent 146.7 . 24990

Column one of this table gives the protein concentrations

in units of grams per 100 cm3, C,s the customary unit of
concentration in viscosity studies. The second column gives
efflux times, t, in seconds for each soluticn and for the
solvent. The solvent efflux time 1s represented by t, in
column three. G in column four represents the average veloclty
gradient in the liquid flowing through the viscometer

caplllary during each run. It can be shown that

G =.3.;TB¥3; XIv
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where V 1s the volume of {luld which flows through the
caplliary in time t, and r is the radius of the capillary.
In the viscometer used here, r 1s equal to 2.1 x 1072 ¢
and V is equal to 3.98 em3,

Figure 9 shows the plot of ___Effg versus C, . It
is seen that the intercept on the grdinate is 28. This
quantity is known as the intrinsic viscosity, [n] . It
should be remarked that this 1s an exceptionally large value
of [QJ and that correction for the effect of orientatiom
in the velocity gradient by extrapolating additional data
to @ = 0 would result in an even higher value for this
parameter. For purposes of comparison it 1s pointed out
that Doty and Bunce (29) have found for the highly
extended molecule of desoxypentose nuclelc acid in the
minimally degraded state a value of [y] equal to
19.9 dl./gm. for G = 1000 sec™t, In agreement with the
results of the light-scattering studies of subsection 3,
it must be concluded that RTC contains a system of highly

extended structures.,

5) Sedimentation velocity.

Interpretation of sedimentation velocities for RTC
is likewlse complicated by several factors. In a low ionic
strength system such as RTC the "primary charge effect™
becomes important ( 30). It may cause a reduction 1n the
obgserved sedimentation velocity by one-half in the limit

of & high concentration of colloidal elsctrolyte and a low
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neutral salt concentration. &4 further complication involving
the shape of the sedimenting boundaries 1s encountered in
systems of high viscoslty; the dependence of the sedimentation
veloclity of the partlcle upon the particle concentration

may lead to artificial sharpening of the boundary ( in the
usual case of a higher concentration causing a lower sedl=-
mentation velocity) and hence false concluslons concerning
monodispersity. These effects mugst be kept in mind when
considering the sedimentation bhehavior of RIC.

A preparation of RTC was centrifuged for 20 minutes
at 60,000 g. and an sliquot transferred to a light=-
scattering cell. After each set of light-scattering
measurenments a portion of the solution in the cell was
removed and subjected to uliracentrifugal analysis without
further treatment. The remaining solution in the cell was
diluted further by adding dilute acetic acid and stirring
cautiously without removing it from the cell. The results
of the llght-scattering measurements have already been
noted on page 47.

The ultracentrifuge 1In use at this laboratory has been
described earlier by Singer and Campbell (31). All runs
were performed at a rotor temperature of 24 1 degree C.
and at a rotor speed of 850 cps. Some of the sedimentation
dilagrams obtained are reproduced in figure 10, The times
indlicated are computed from the beginning of the rotor

acesleration.
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An interesting feature of the sedimentation diagram
of the solution containing 8 x 10‘“ gms./cm3 of protein
i1s the appearance of a second small peak at the bottom of
the cell. This peak must represent material of very high
sedimentation constant since it 1s already at the bottom
of the cell within the 1550 seconds necessary to accelerats
the rotor to full speed and obtaln the first photograph of
the schlieren pattern. FPurthermore, it appears fto be in
equilibrium with the material of the maln boundary as it
doas not appear in the sedimentstion diagrams of ths solution
containing W x 10~ gms./cm3 of protsin. As pointed out in
the discussion of the dissymmetries of these solutlons,
there also seems to be some evidence for a decrease in the
average slze of the particles upon dilution in the consequent
decrease of the dissymmetry.

The extrapolation to zero concentration of the
sedimentation constants for these solutions is shown in
figure ll. The value 3.2 x 10~13 sec. was obtained for

320 at zero concentration of the protein.

6) Discussion.

In view of the many uncertainties already pointed out
it wonld be fruitless to attempt a detalled Interpretation
of the viscosity and sedlimentation behavior of RTC. It
should, however,; be noted that the sedimentation constant

cbserved above 1s far too small to represent the behavior of
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particles of molecular welght greater than 20 million

(from light scattering) even though their large frictiocnal
coefficients {from viscosity) are considered. This is not
an unexpected result since, as has heen mentioned, the
‘sedimentation constants will be reduced by the vrimary
charge effect and the viscosity will be decresased as a
result of the orientation of the molecules 1in the wvelocity
gradlent. It is also possible that the observed sedimenting
boundaries do not represent the behavior of individual
independent structures in the solution, but rather the
collapse of a network structure, or gel, extending throughout
the entire volume of the solution, due to the application
of the centrifugal field (30). Indeed, for a solution of
particles as extended as those of RTC appear to be, one
would expect such network formation down to extremely low
concentrations. Thls hypothesis could be tested by
deternining whether the cbserved sedimentation rates were
dependent upon the strength of the applied centrifugal field.
Mention should also be made of the fact that although
heterogenelity with respect to sedimentation has been demon-
strated for RTC by means of light scattering, the sedimenting
boundaries in figure 10 appear to be quite sharp. This may
be explained as due to either the high concentration
dapendence of the sedimentation constants or else as

characteristic of the collapse of a gel in the centrifugal
fleld (30).



| 58

It is evident that these lnvestigations of RTC have
ralsed more questlons than they have answered and have done
- 1ittle more than to point put some of the features of the
system which warrant more careful study. This study, however,
‘will probably have to awalt the development of a more
complete theory of the physical properties of large charged
networks in low lonic-strength solutions.

To recapitulate, it appears probable that RIC contains
large networks of individual strands which are themselves
too thin to be resolved by the electron microscopes. The
solution appears to contain a wide spread of network sizes
and its properties probably depend cricically on many
factors in the preparation of the solutions. A few suggestions
for some possible factors are time of swelling, solvent
conductivity, method of clarification, temperature of
storage and, in general, any variable which could influence

the final distribution of shapes and sizes of the fragments.

C) Rat-tall tendon collagen in concentrated urea solutions.
It has been mentloned that when salts are added to

dilute acetlc acld solutions of rat-tail tendon collagen,
the collagen 1s precipitated in a form which has the
appearance of native collagen fibrils under the electron
microscape. This precipitate can now be dissolved in 5 M
agqueous urea containing 2% NaCl to give a collagen solution
with gquite different physical properties from those of RTC.

Such urea solutions of rat-taill tendon collagen will he
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designated as URTC in the following discussion. A summary
of some of the cénspicueus physical properties of URTC
follows. |

URTC does not glve a precipitate with salt; the solvent,
‘as has been mentioned, itself contains 2% NaCl, well above
the salt concentration necessary to completely precipitate
RTC. |

These solutions have a markedly lower viscosliy than
RTC solutlions at the same concentrations of protein.

Preliminary measurements by Dr. A. Rich show that
TURTC displays only weak streaming birefringence at shear
gradlents which are sufficient to c¢cause RTC to be markedly
birefringent.

Light-scattering dlssymmetries are within the normal
range, about 2.0, indicating a molecular sizs for which
the theory of light scattering is probably wvalid,

These differences between the properties of URTC and
those of RTC cannot be attributed to a fractionation or
other alteration of the collagen upon precipilitating and
redissolving, since if the precipitate 1s again redissolved
in 1/10,000 acetic acld instead of in concentrated urea,

a solution 1s obtained which again has the general properties
characteristic of RTC.

| A series of physical investigations was carried out

‘on URTC with the intention of attempting to characterize as
completely as possible the collagen molecules in the solution.

These studles willl now be dlscussed.



60

1) Preparation of URTC.

About 100 ml, of RTC solution, prepared as described
in the previous Section, was completely preclpitated by
addltlon of saturated aqueous NaCl dropwilse, with stirring,
until fuarther precipitation was not observed. The solutlon
was stored under refrigeration for about one hour to permit
coagulation of the precipitate. The precipitate was then
sedimented and the supernatant decanted. The sediment was
resuspended 1n about 50 ml. of solvent, consisting of
5 M urea and 2% NaCl, with 0,01% merthiolate as a
preservative, and stored under refrigeration for three days.
The preparation was then allowed to stand at room temperature
for one day. At this timg all of the original precipitate
had dissolved. The solution was centrifuged for 30 minutes
at 60,000 g, The resulting stock sclution of URTC was used
for the light-secattering, viscosity and sedimentation

velocity studies to he described.

2) Determination of protein concentration.

Exactly 25.0 ml. of the above URTC solution was placed
in a dialysis sack and dialysed in the cold for eleven days
against 1/10,000 acetic acid. The contents of the sack
were then removed and the sack rinsed with a little excess
dilute acetic acid which was added to the rest of the
solution. The final volume of solution was 4 ml. This was

analysed for nitrogen by Nessler's method, and the protein
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concentration of the original URTC stock solution estimated
assuming the protein to contain 18% nitrogen. 4 result of
36 x 10"“ gms./cm3 was arrived at for the collagen concen-

| tration.

| 3) Light-scattering studies.

Preliminary investigation indicated 1little wvariability
in the dissymmetry of URTC and that centrifugation for
20 minutes at 60,000 g, was sufficient to bring the
dissymmetry of the stock solutlion down to 1ts constant
minimum. In obtaining the data reported here, half of
each sample was removed from the light-scattering cell
after reading the scattering Intensity and replaced with
clarified solvent. The diluted solution was then stirred
cautiously before the next series of measurements was
taken. The withdrawn portion of each sanmple was saved for
ultracentrifugal analysis. In this way, four solutiohs,
each one~half as ccncentrated as the previous one, werse
gtudied. Solvent scattering messurements were obtained by
treating a sample of solvent in exactly the same manner
as the solutionm.

There are several difficulties inherent in attempting
to accurately measure the solute scattering of URTC. First,
the mixed solvent ltself scatters a good deal more than
water alone. Solvent scattering, in this case, can be
minimized by using recrystallized urea and pressure

filtration of the solvent mixture through an ultrafine
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glass sinter. In this way solvent scattering was reduced to
20% of the total scattering intensity for the most dilute
URTC solution studied,

Determination of the protein concentration in URTC
also presents some difficultiss. The dialysis method
deseribed above 1s probably satisfactory if care is taken
to allow sufficlent time for complete removal of the uvea,
though the loss of protein through small pinholes in the
membrane would be difficult to detect.

Similarly, the estimation of dn/de for a protein in
such a mixed solvent involves the necessity of ensuring that
the composition with respect to the solvent components is
identlical for both the protein solution and for the solvent
nmixture against which it is compared. However, there is
little reason to expect the refractive increment of the
protein to differ appreciably from that for the protein in
water,

Finally, there is a complication in the light-scattering
properties due to the presence of more than two components
in the solution. According to the theory of Ewart, Roa, Debys
and Mec Cartney (32), the preferential absorpticn of one of
the solvent components by the solute can cause an alteration
in the apparent extrapolated molecular weight of the solute,
'depanéing on whether the refractive index of the absorbed
component 1s higher or lower than the refractive index of
the solvent mixture. In the case of the system bovine serum

albumin- urea-water, Doty and Xatz (33) have found that no
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preferential absorption occurs at the protein isoelectric
point, but that urea is absorbed above the iscelectric
point while water is absorbed below 1t. The effect was
considerable at urea concentrations of about 8 M.

Because of 1ts dependence on deviatlons from the
iscelectric point, the selective absorption phenomenon
seens to be dus to electrostatic forces. The system being
studied here containe a high salt concentration which is,
presumably, capable of swamping out such forces. Furthermore,
the urea concentration 1s only 5 M in contrast to the
8 M urea concentrations used by Doty and Katz. Finally,
the pH of the solvent mixture was found to be 6.9 to 7.1,
while the 1soelectric point of native collagen 1s given
by Gustavson ( 34) as 7 to 8. Therefore the collagen in
URTC 1s probably close to its isoseleciric point, where
Doty and Katz found no effect at any urea concentration
for the protein bovine serum albumin,

In view of these considerations it was felt that only
slight selective absorption effects could occur and that
these could be safely lgnored. Nevertheless, it must be
pointed out that some possibility of error due to this
phenomenon does exist.

Light-scattering data were obtained for both the
546 mn. and 436 mp. wavelengths. The size and molecular
weight (by the dissymmetry method) computed from the data
for 436 mp. were, however, found to be lower than those

computed for 5hé mp. by more than could be accounted for as
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experimental errcr. The molecular weilght from the former
was, lndeed, 70% of that from the latter. The cause of this
discrepancy was sought both in the possible presence of
fluorescence {35) and in deviations from the normal type
of angular scattering pattern.

Though no evldence of fluorescence was found, the
complete angular scattering curve for 436 mu. revealed a
small peak in the region of 695 degrees to the incident
beam. No such peak was found with the S5h4é mp. wavelength,
nor was there such a peak in the angular scattering curves
of "Ludox" with eilther wavelength.

The angular scattering curves of URTC and of "Ludox"
are 1llustrated in figures 12 and 13. These curves were
obtalned as follows: angular scattering intensitiles,
relative to the scattering intensity for benzene at ninety
degrees, wera corrected by subtracting solvent scattering
and multiplying the result by sin &/ l-+ccsz ©. The
resulting data were then plotted so that the curves for
the two wavelengths coincided at 60 degrees on the
arbltrary relative scattering intensity scale (ordinate).
Thus, were "Ludox" a snlutlion of small, isotropic particles,
the angular scattering curves for that liquid would be
two colincident horizontal lines, one for each wavelength.

Figure 12 shows a peak at 65 degrees for URTC with
2= 436 mp., which just rises above the general level of
experimental fluctuations, It was therefore concluded that

the size and refractive index of the URTC molecules are
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sufficiently large so that Interpretation of the scattering
on the basis of the Debye theory (5) for the shorter wave-
length would have been unreliable. For the longer wavelength,

| no similar effect was apparent. The data for A= 546 .,
therefore, were considered to be of use. The results of
scatiering measurements performed at thils wavelength are
interpreted balow.

Table 6 shows the concentrations of protein and the
scattering intensities, relative to that for benzene at

ninety degrees, for URTC with light of wavelength 546 mp.

Table 6
conc., "
gus./comx10 450 900 1359
36 27.4% 8.4 15,2
18 15.5 5,05 9.13
9’Q 9.57 2089 5.25
4,5 .19 1.73 3.1k
solvent 1.07 0434 0,61

NHinety-degree scattering and dissymmetry data
for URTC at =546 mp.
These data, correctad for solvent scattering and for
the refractive index effect, were used in preparing the
plot of Ke/R(90) wersus ¢ shown in figure 1l%. The refractive
index of the solvent mixture was found to be 1.38 at the
appropriate wavelength. K was calculated using a value of

0.183 for dn/de. This value was obtained from measurements
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of the refractive increment of gelatin in the same solvent,
since such solutions could he prepared containing a high
and accurately known protein concentration (see Part III,
Section B)., A value of 2.34 x 1077 was computed for X.

From figure 14 1t 1s seen that the limiting value of
Ke/R(90) at ¢ = 0 1s 4.8 x 10”6. According to the theory
of the dissymmetry method (&), the reciprocal of this
quantlty multiplied by P“l(90) glves the molscular weight
of the solute. The latter function may be obtainsd fron
the dissymmetry. & plot of the dissymmetry versus concen=
tration 1s shown in figure 15, from which the limiting valus
at ¢ = 0 is found to be 1.82. Correction for the reflection
of the incident beam results in a dissymmetry of 1.91.

Doty and Steilner (10) have tabulated walues of
P~1{90) as a function of the size and shape of the molecule;
these may in turn be deduced from the dissymmetry. Table 7
shows the characteristic dimension, D, the function P=1(90)
and the molecular welght, M, obtained from the tables of
Doty and Steiner for the two molecular models considered

possible for URTC.

Table 7
model D in A. p=1(90) M
thin rod 2.2 %103  1.77 3.7 x 107

random coll 1.5 x 103 1.71 3.6 x 10°

For the thin rod D represents the lengthj for the

random coil D represents the root-mean-square average
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