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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.



II.

TABLT OF CONTENTS

TITLE PAGE
THE TECHNIQUE OF LIGHT SCATTERINGeesosesscscsssencs 1

A) Introduction‘."'..I.."l...i.'....II“.O..fQ...Q. l
B) Modification of the apParatlScessscecscssssessss 2

C) Standardization of the apparatUS.ecscsssscsscssss 9
1) The sensitivity of the photomultiplier
to vertically and horizontally polarized -
1ight'.'.0...'..Q.QO....’...I.Q‘..CQ"'IO.Q.‘.‘. 9
2) Transmission of the light filters.iiessscecssslO
3) Reflections from cell WallSeeseseesscssossesell

D) Dbtaining data....'A..'...".Q.O‘Q".."...Q.Q..‘..l
1) Methods of measurementiccceccsescccssscceaneesl
a) The absclute method;..'...lQ‘.I.Q'.......'ls
b) The relative methOd'...QQ.Ol..l.....D.'...lé
C) The twbidity methOdt.0‘0'0.0000-0000000000017
2) Correction of experimental measurementS......l8
a) Solvent scattering.eveeseevscsssscsccacassald
b) Optical density correctioNecccecsscccsseedal?
¢) Reflection of the incident beaMeceseecceses0
d) The volume effectooro0.00.00000’0.0.0‘00021
@) The refractive index effectecceecccsscsessll
f) Depolarization of the scattered light.....2W
3) Preparation of ligquids for scattering
measurements...“.“.QQI.Q..........O.‘..Q...gs

E) calibration“...0..-‘....0....QOOOQDOOOIDO.OQ.Q..O.26
1) Procedurth‘lC.OQ.'QQ....0‘00.00...‘...0.0'..27
2) Treatment Of data......'CQ.OQQ...C‘VOQQ..‘.O’.28
)Results‘..'tQOO.Q0....‘t‘!‘.l‘!.‘..'......‘Oozg
)Discussion..Q‘.O'.OO..Q..I.Q"OQO‘.'O...QQ...29

THE MOLECULAR PROPERTIES OF RAT-TAIL TENDON
COLIAGEN.....QO..'Q..'.Q‘.‘.Q."..C'Q..C.Q.O...’f...Bly

A) Intrgduction..‘QO?....tQQ‘.O.'.t......’...!ﬂ00000031

B) Rat-tail tendon collagen in dilute acetic acld..3
1) Preparation Of RTCO‘Q.'Q.l‘.'..l..............B
2) Characterization Of RTCecesccccacecassssasseal’d
3) Light-scattering studi€Seeeeceescsssscceseasald



II1.

Iv.

TITLE PAGE

l’.) Intrinsic viscos ity. LI IR B 2 B SR BY BN R BE BN B B BE BRI BN B BN B B BN BN 1 .1*-9
5) Sedimentation Velocity.....................o...sl
6) Discnssion..v..‘..'.'..‘....'..".".....‘.......55

C) Rat-tail tendon collagen in concentrated urea
solutions...0...0’0000.0.Q‘00000'.0..00.'....9.".58
l) preparation of UBTG.OO‘..O.........'l.’..’j‘t...éo
2) Determination of protein concentration...csass.e60
a) Light-scatteriﬂg Studies..............-........61
: ) Intrinsic ViSCOSity'Qooon..‘.ono-o.oo.ocaoacooooo7
5) Sedimﬁntation velOCityoo'otooo..c.ooocoo-co.ﬂjo?
6) Interpretation of viscosity and sedimentation
velOCity Of URTC.O'Q..0.0.'OQ'IO.'QQQIOQO.QC...79
7) DialySis Of I]RTC....O.QQ.O..O.‘.l..l.....l‘.t.tsl

D) The transformation of RTC to gelatiNieeseeeeassseeedb
1) Qualitative ObservationS.cseeessecsccssscssssseed?

2) Angular and concentration dependence of '
light Scattering by HRTCQ'.C:.‘.'0.‘00...’......91

E) A theory of the molecular properties of rat-tail -
tendon collagen.t......Q‘O..Q.Qt‘....i‘.t...0'.‘.100

A LIGHT-SCATTERING STUDY OF A FRACTIONATED GELATIN..106
A) Objectives..,..,.,.,ff......,.‘.......,...;...,..106
B) Proce&ures,...........,..,.,,,,,.,.;...,,....,,,.106
c) Light—scatteringAstudy.,...,......,.,.;........,.108

D) Discussion................,..........;......,.-..115

X~-RAY DIFFRACTION STUDIES ON FEATHER KERATIN........117
A) Dbje.ctives.lv...A‘...‘..l..»....Q..‘.O»....f..f".....ll?

B) Review of present knowledge of the structure of
feather keratinvﬁ.lQ.Cl‘l0....0..00.....'....‘.....117

C) Obtaining a suitable diffraction photographa.e....120
D) Meridional and equatorial interplanar spacings...l1l23
E) The Pauling-Corey structure for feather keratin..l28

l) Backgrgunde..'.Q..l'Q.‘.0.......O‘..‘........lza
2) Details of the proposed StrUCtUT@eseccesssaacesllO



PART TITLE PAGE
3) Calculation of theoretical intensities.....,..132

F) Miscellaneous data on feather keratine.essscesss oel3
1) Evidence for cylindrical symmetry of ‘
Structure.;'..O.'.l..'....O...Il..'....l‘l.‘.'.ll}'3
2) Evidence for the presence of the 1.5 &.
meridional reflection..!.'...C.'..."....OMI.'.1]-"3
3) The powder pattern of feather keratiN.se..se..li5

v‘ m‘ERENCESQ‘..".Q"‘...t..‘."“..l.."..l.‘.".‘...lkg

VIQ PROPOSITIONS..040'.0.."0‘0'.‘00."'.0.".0‘.’00.0.‘153



1

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



5

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,
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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).
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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.
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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



64
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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distance between the ends of the chaln. It is now possible to

determine which of these models best fits the data by
means of simple geometrical considerations.
The r.m.s. end-to-end dlstance of'the random coil is
given by (5)
RZ = n (%_:_@ii’_) IS XV
+ COSQP
where R is the r.m.s. end-to-end distance, n iz the number
of elements in the chailn, q>i$ the angle between successive
elements and;ﬂ is the length of each element. Taklng
= 1.5 x 103 4., £ = 4 A., about the length of the rigld
unit in the polypeptide chain, and 4>=11'00, one obtains
6.8 x 10" as the number of elements in the chain, nj
this is the number of amino acid residuses required to
construet a random coil of polypeptide chain with the
given value of R. Using 93 as the average residue welght
for collagen (16), the molecular weight of this polypeptide
chain would be 63 x 105, or almost twenty times that
ohserved. It must therefore be concluded that the actual
URTC molecule 1s a good deal more rigld than the random
coll model permits.,
Turning now to the thin-rod model, it is evident
that the radius of the rod 1s given by
e — o XVI

where v 13 the radius of the rod, M 1s the molecular
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welght, 'v is the specific volume of the rod-like molecules,
L is thellangth of the rod, and N is Avogadro's number.
From the experimental values of M =3.7 x 105 and
L=2,2 x 103 A., and assuming that the volume occupled
by one gram of collagen molscules in the solutlion is at
least equal to the normal dry specific volume for proteins,
0,74 cm3/gm, one obtains for the radius of the rod a
value of 8 A, This filgure is actually a minimum radius
since the volume occuplied by the molecule plus possible
enclosed solvent may be somewhat greater than the dry
partial specific volume of the protein.

It is interesting to note that the diameter of the
rod, 16 A., compares well with the x-ray diffractlon evidence
for eylinders of dlameter 12 - 20 A. depending on the
hydration of the collagen. Furthermore, the length of the
rod, 2200 A., is exactly the hypothetical length given
by Schmitt, Gross and Highberger (20) for the elementary
fiber on the basis of electron mieroscopic evidence.

A final computation of interest 1s based on the
assumption that the rod is constructed of a single colled
polypeptide chain in the form of a helix. In thls case
the length per residue along the axis of the helilx 1s
found to be 0.55 A. If the rod consists of several inter-
twining helixes, the length per residue will be the app-
roprizate maltiple of this flgure.

In general, however, the above conclusions must be

considered as tentative 1n view of the several possible
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sources of complications mentioned in the course of this

discussicn.

4) Intrinsic viscosity.

Viscosity measurements were made on a sample of the
same URTC stock solution as was used for the light-scattering
studies repvorted abo#e. The sample was centrifuged for
twenty minutes at 60,000 g. The same Ostwald viscometer
wag employed as that used for studying the viscosity of
RTC. 411 measurements were made in a thermostated water
vath at 25.0° C,

The flow time for the solvent mixture (5 M ures,

24 NaCl and 0,01% merthioclate) was 181.1 seconds. The

flow time for water was 1W4.3 seconds. The density of

the solvent mixture at 25.0° €. was found to be

1.086 gm./cm3. Hence the solvent viscosity was computed

as 1.22 x 102 Poises, using the I. C. T, value for the
viscosity of water at that temperature, 8.95 x 10'3 Poises.
Dilutions of the orlginal stock solution were made dlrectly
in the viscometer by adding the necessary volume of solvent
which had first been passed through & medlum-fine glass
sinter.,

Table 8 gives the protein concentrations in grams per
100 cm3 and the corresponding efflux times for several

dilutions of the URTC stock solutlion.



4
Table 8 - Viscoslty data for URTC

Ty t, sec. %EESKEE G, sec~l
36 x 1072 260.8 1,01 1400
24 x 107¢ 230.2 1.00 1590
16 x 1072 212.6 0,98 1720
11 x 1072 201.8 1.01 1810
7.1 x 1672  195.0 1.04 1870

solvant 181.1 . 2020

The meaning of the symbols 1n table 8 is the same as
in table 5. It 1s evident that an extrapolaticn of
In 7% 4o Gy = O would give an intrinsic viscosity of
aba%t 1.0 41./gm. It is noteworthy that the intrinsic
viscosity of URTC 1is about 1/28 th that of RTC. This value,
however, 1s probably somewhat low due to the fact that 1t
was not extrapolated to zero flow gradient, but the error
cannot be very large since URTC does not exhibit extreme

orisntation.

5) Sedimentation velocity.

After each light-scattering measurement, half of the
solution in the light-scattering cell was withdrawn and
subjected to ultracentrifugal analysis. The firsi three
concentrations contained sufficient proteln to provide useful
sedimentatlon dlagrams, the fourth being too dilute to glve
a clearly vilsible sedimenting boundary. All runs were made

at rotor speeds between 987 and 1000 cps., and at tempersturss
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of 222 1° C, Some of the sedimentation diagrams obtained
are shown in figure 16. An unusual feature of these dlagrans
is the extreme curvature of the baseline upon which the
proteln boundary moves. That this is probably due to the
high urea concentration in the sclvent mixture may be
seen from the followlng discussion.

Application of the theory of sedimentation equilibrium
(36) shows that, at equilibrium, the ratio of the concen-
tration of the solute at position 2 In the cell to that

at position 1 is glven by

= 2 (.2 2
Co MA(1=-7e)w® (x5 ~ x7) .
o1 = exp{ SHT XVII

where M 1s the solute molecular weight, ¥ is i1ts partial
specific volunms, e is the sclutlion density, w is the

angular veloclty of the rotor, x; and x, are the distances

of positions 1 and 2 from the center of rotation, R is

the gas constant and T is the absolute temperaturs. To
compute the relative concentratlons of urea, in thils case,

at the top and bottom of the cell upon attaining equilibrium,
substitute the values M=60, ¥20.71, 0 = 1.086, W= 2 x103,
X, = 7.08 em., x73=5.95 cm., Rz 8,314 ergs deg™t mo1~1 and

T= 2987 K., and obtain

Since this ratio 1s not too far from unity, it follows that

both e, and ¢g are close to the average urea concentration, c,
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for the 5 M solution, about 0.3 gms./cm3 ; 80 that one may

write

f2 - % _ A% _ o0.25
ey )

or Ac = 0,075 gms./cmB. Apparently the equilibrium differencs
in the urea concentration betwsen the top and botbon of
the cell 1s sufficient to cause a conslderable refractlve
index gradient. As 1s evident from figure 16, even though
the urea nas probably not yet reached 1ts equilibrium
distribution, 1t has progress far enough in this direction
to cause a refractive Index gradient in the cell which is
evident as a marked curvature of the baseline. That this
curvature 1s characteristic of the solvent and not a
result of the bshavior of the dissolved protein was
astablished by running pure sclvent in the ultracentrifuge.
As expected, the same curvature of the baseline was obtained,
The peak representing the sedimenting protein boundary
is superimposed upon this distorted baseline, thus becoming
flattened and skewed., Thils effect makes it difficult to
measure sedimentation veloclitles in solutions of protein
concentration less than 1 x 10”3 gms./cm3 and thus only
the sedlmentation velocitles of the three most concentrated
solutions are given here. 4 plot of the reciprocals of the
sedimentation constants at 25.0° C. and in the 5 M ursa
solvent ( 535 ) versus concentration of protein is shown
in figure 17, Plotting the reciprocals instead of the

constants themselves tends to result in a more nearly linear
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extrapolation. It appears, however, that the curve begins to
turn downward in the low concentration region, making the
sxtrapolation to zero concentration somewhat uncertain. An
.appraximate value of the eﬁtrapolated sedimentation constant

may be taken as 2.4 x 10"13

sec.,, though the correct valus
may be conslderably greater if the curve actually continues

1ts descent near zero concentration.

6) Interpretation of viscosity and sedimentation
velocity of URTC.

It has been common practice to interpret hydrodynanmic
measurements such as viscosity and sedimentation veloclty
by assuming that the hydrodynamie ellipscid of revolution
aquivalent to the molecule of solute has the same volume
as that calculated for the solute molecule from its partilal
specific volume. The well known Simha equation (28) may
be used to compute the axial ratio of the ellipsoid from the
viscoslty number, and in turn the Perrin equation (28)
gives the parameter f/f, as a function of this axial ratio,
If £/, 1s substituted in the sedimentation rate equation,
one obtains for the molecular weight of the sedimenting
molecule

W2/3 _ n2/3. g1 (é%) 1/3.

(1 =- Q’ﬁ')_

s (£
T, XVIII

where M 1s the molecular welght of the solute, N is Avogadro's
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number, Iy, 1s the solution viscosity, ¥ 1s the partial
Specific volume of the solute, P is the solution denslity,
¢ 1s the sedimentation constant of the solute, £ is the
}frictional coefficient of the solute molecule and T, is
“the frictlonal coefflcient of a sphere of the same volume
as the actual solute molecule.

Applying this procedure to the data for URTC, one ob-
tains for the viscosity number a2 value of 137, an axial
ratlo of 45, £/f, = 2.8 and, from equation XVIII,

M=1.8 x 105. These parameters are compatible with a

rod of diameter 18 A. and length 830 A. Though the diameter
is 1n rough agreement with the diameter computed from

light scattering, 16 A., the molecular weight and length
are in serious disagreement with the light-scattering
values of 3.7 x 107 and 2200 A.

Recently, Scheraga and Mandelkern {(37) have criticised
the assumption that the equivalent hydrodynamic ellipsoid
has the~same volume as the partial specific volume of the
protein molecule and have pointed out instances where
serious interpretlve errors have occurred as a result.

They recommend, instead, that the molecular weilght be
independently determined and that the volume and axial
ratlo of the ellipsoid be treated as the unknowns to be
determined by two separate hydrodynamlc measurements. These
authors have glven tables of the experimental hydrodynanic
quantity, @ y a8 a function of the axial ratio of the
gllipsoid. They have also pointed out that this ellipsoid
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does not necegsarily bear a simple relation to the molecule
represented by it. The equation fgr€3 in terms of the

hydrodynamic measurements reported here for URIC 1s

_ Nstndl/3 n
€= Ve ve)

X

where.the symbols have their'previcus meanings., Computation
@f‘@ by substitution of the walue for M determined by
light scattering results in £ =1.75 x 106. But tha lowest
physically possible value for.8 is 2.12 x 10%, for the
case In whilch the axlal ratio of the elllipsoid is unity.
For a rod-like molecule of the dimensions indlcated by

the light scattering of URTC, a value of 3.00 x 106

would
seem more appropriate. The cause of this discrepancy is

most likely to be found in the low extrapolated sedimentation
constant, due to the complications already indicated, and =
somewhat low intrinsic viscosglty due to neglect of the
orientation of the molecules of URTC in a velocity gradient.
It may alsc be a result of a somewhat high molecular weight
from light scattering, especlally if URTC i1s not strictly

monodlisperse bhut has a distribution containing a tall of

- nigh molecular welght material.

7) Dialysis of URTC.
When URTC 1s exhaustively dialysed against very dilute
agqueous acetlc acid, the viscosity of the solution increases

sharply and in general it displays the propertiss typlecal of
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RTC solutions. However, 1t has been found that the light-
scatterling properties of these preparations depend on ths
length of time during which the collagen has been subjected
to the action of 5 M urea. In general, the longer the URTC
was allowed to incubate before dialysis, the smaller the
particles in the dlalysed solutlon appear to be. Furthermore,
the sase of precipitation of the collagen from the dlalysed
solution also follows a simllar course, the solutions of
shorter incubation perilod precilpltating most readily upon
the addltlion of NaCl, whlle URTC which has heen allowed to
stand for one month before dlalysis will then give no
preclipitate at all.

Examlnation of the precipitate obtalned from dlalysed
URTC by means of electron microscopy shows that 1t consists
of intertwining fibrous networks, but that the stiructure
characteristic of both natlve collagen fibrils and of
preclipltated RTC fibrils 1s not preseant. Typical electron
micrographs of such precipitates are shown in Tigure 18.

Table 9 summarizes the results of light-scattering
measurements of a prelininary nature which were perfornmed
on three samples of dlalysed URTIC. Unfortunately, these
were all different original URTC preparations, but all
dlsplayed about the same dlssymmetry before dialysis. Each
preparation was allowed to incubate for a different perilod
of time, as indicated in table 9, then sxhaustively dialysed
against 1/10,000 acetic acld in the cold for approximately
the same perlod of time. Each dialysed soclution was clarified
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by centrifuging for 20 minutes at 60,000 g. A sample of
each clarified solution was transferred to a light-scattering
cell and a series of concentrations examined by the procedurse
already outlined previously. As usual, the portions of the
"gsolutlons removed after each set of light-scattering
determinations were retained for nitrogen analysis by
Nessler's method, |

Measurements were made with both the 436 mu. and
546 mp. wavelengths.'Apprapriate correctlion factors were
applied in computing the results shown in table 9, and
all have been extrapolated to zero concahtration. Molesular
welghts were computed by the dilssymmetry method,

For purposes of comparison, it 1s recalled that the
molecular weight obtainsd by the dissvmmetry method on a
solutlon of RTC was about 20 x 106, and for URTC 1t was
0,37 x 106.

Attention is called to the fact that the discrepancy
hetween the molecular weights and sizes calculated from
the data for the twc wavelengths decreasses as the average
size of the particles in sélution becomes smaller,
supporting the hypothesis that such discrepancies are due to
the failure of the simple scattering theory when confronted
by particles of sufficlent size to give dissymmetries nsar
2.0 (recall light-scattering results for URTC).

It 1ls hardly necessary to point out the great number of

possible spurious effects which could have influenced the
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| results indicated 1n table 9. A4 great deal of work has been
left undone in this preliminary study, but if a tentative
conclusion may be drawn at thils point, it appears to be
that the dlssoclation of RTC by urea takes place 1ln two
distinct steps. The first, rapid step is the splitting of
the particles in RTC into smaller entltles which may be
the molecules of collagen. The second, slower process
consists of a gradual removal of the ablllty of these
"molecules" to reaggregate upon removal of the urea.

In any event, these results indicate that a subject

for further investigation exlsts.

D) The transformation of RTC to gelatin. |

Gelatin 1s prepared by heat treatment of animal
matter containing collagen. Thaureaux (21) has studled
the change in the stresaming birefringence and optical
rotation of soluble collagens brought about by heating.
1t was found that the optical rotation of solutions of
rat-tail tendon collagen in dllute formic acld remained
practically unchanged upon warming from 10° ¢. to 4o° Coy
then dropped suddenly upon reaching 40° C, Likewise, the
strong streaming birefringence of these solutlons also
disappeared when they were warmed to 40° ¢, These changes
were interpreted by Thaureaux as a transformation of the
collagen to "parent" gelatin.

The light-scattering experiments to be described here

were performed in order to determine the nature of the change
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oecurring in the particles of RTC when they are heated to
40° ¢, or above, and to try to obtain information about

the structure of the parent gelatin molecules which result.

1) Qualitative observations.

- If a freshly prepared solution of RTC 1s clarified by
centrifugation for 20 minutes at 60,000 g, and a portlon
thereof placed in a light-scattering cell which 1s then
warmed at 50° €., for about 1/2 hour, a change in the
light scattering 1s observed which indicates a sllght
contraction in the average extenslon of the particles in
solution. Spsciflcally, there occurs a decrease in the
dissymmetry accompanied by an lncrease in the nlnety-degree
scattering. Evaporation of the solvent is ruled out as a
cause for this phanomenon by covering the cell during the
warming period. Further warming at this temperature pro-
duces no further effect.

Without disturbing the cell contents, about four drops
of saturated Nall solution, which has been flrst clarifiled
of motes by centrifugation, may now be added and the cell
contents gently stlrred. The solution now contains about
14 ¥all. A light-scattering measurement on this solution
now indlcates & very marked average contraction of the
particles, which is completed by an additional 10 minutes
of warming at 50° C. No significant change in the light
scattering is observable 1f the solutlon is alloved to cool

to room temperature. Such heated RTC solutions contalning 1%
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Wall will be designated as HRTC in the following discussion,

The HRTC sclution may now be éentrifuged to a constant
dissymmetry, which was not possible for the RTC solution.
8ince this involves a shar@ drop in the dissymmetyy
‘accompanied by a moderate decrease in the ninety-degree
scattering, it may be conecluded that the process conslsts
of the removal of a small quantity of rather highly agg-
regated protein. The mclecules 1n these solutlons are
probably to be identified with parent gelatin, and as such,
their slze and shape are of some conslderable interest.

Table 10 shows the results of light-scattering
measurements in an experiment such as described in the
above paragraphs. The dissymmetrles are uncorrected for
reflaction. The flgures for the ninety-degree scattering
in table 10 are simply galvanometer deflectlons on an
arbitrary scale, and serve merely to provide a basis for
comparison. The data shown are those for the wavelength
546 mp.,

Sedimentation dlagrams of such a parent gelatin

b gms./cm3 of protein

preparation containing 7.% x 107
and at a teumperaturs of 22° ¢, are sghown in figure 19.

They show a single sedimenting boundary which diffuses

in the normal manner. The sedimentation constant computed
frem these dlagrams and corrected to water at 20° o, 1is
Ja.2h % 10”133ac. A& concentratlon seriles was not run at this

tims, the ebject of the sedimentatlon experiment helng only
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to determine whether the preparation was obviously heterc-
genoous with respect to sedimentation veloclity. The evidsnce
offered by both the sedimentatlion dlagrams and by the fact
that HRTC may be centrifuged to constant dissymmetry are in
agreement in indicating the probable homogenelty of the

parent gelatin preparation.

2) Angular and concentration dependence of light
scattering by HRTC.

In view of the fact that the parent gelatin solution
appears to be homogeneous, contains suffilelent salt %o
neutralize possible interfering charge effects (27),
shows a dlssymmetry less than 2.0, and has a solvent
.scattering background essentially that of water, it was
thought profitable to try to obtain data sufficlently
complete and accurate to permlt the unambiguous charac-
terization of the solute moleculeé. |

The necessary data were obtained in the manner described
previously. Bach concentration was diluted by a factor of
1/2 directly in the light-scattering cell and a portion of
each solution was saved for nitrogen analysls. Table 11
shows the scattering intensitles és & function of angle for
saveral concentrations of a preparation of parent gelatin.
The scattering intensitles were meazsured relative to that
of benzene at 90 degrees. The proteln concentrations were
estimated from nltrogen anaslyses assuming 17.5% altrogen in

the dry proteln.
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The data 1n table 11 wers corrected for solvent
scattering, reflectlon of the incident beam at the exit
face of the cell, the refractive 1ndex effect, the change
in illuminated volume viewed by the photomultiplier, and
the corrected intensities were divided by 1 + 0092 8.
Figures 20 and 21 represent the set of angular and concen=-
tration dependence curves at the wavelengths W36 mp. and
546 mp. respectively. X was computed using the refractive
index of water for n (equation XI) and the refractive
increment, dn/de, for gelatin giving 5.86 x 10~7 and
2.18 x 1077 at the two wavelengths. The factor 600 by
which ¢ 1s multiplied was chosen arbiltrarily to provide a
convenlent range on the abscissa for plotilng the curves.

According to the theory of the Zimm plot (9), the
reciprocal of the intercept on the ordinate 1s equal to
the weight-average molecular weight of the solute. Reference
to figures 20 and 21 shows that the intercept 1s ldentical
for the two plots, giving ¥ 1.1 x 106.

Information on the shape and size of the molacules may

be obtained from the extrapolated curves designated ¢ = O,

the sguation of which may be written

Ke p-l(e ;
Mz ey = X1

Multiplication by M of the ordinates of points on thess

gxtrapolated curves glives the curves P’l(e) versus sin2 8/2.
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Thesa are shown in flgure 22.

If the theoretically derived P~1(@) function for a
- particular model of the molecule is expanded for small
values of 8, cne obtains (9)

2
2 gin® 8/2 TXII

le) = 1+ R

LS

0
> |2

for the random coill with r.m.s. end-to-snd distance of R,
or
-1 yw? .2 . 2 .
P(9) = 1 +-§7?z L* sin® ©/2 KXIII
for thin rods with length L, whers A’ 1s the wavelength
of lignht in the soclution. Thus R or L can be computed from
the initlal slope of ths P”l{e) varsus sinE 8/2 curves
obtained experimentally.

The initlal slopes obtained from figure 22 are L, 2%
and 3.25 for 436 mp. and 546 mu. respectively, giving
R = 2300 and 2500 for the random coll model and L=3200
and 3500 for the rod model. The discrepancy bhetween the
rasults for the two wavelengths may again be attributed to
the large slze of the solute partleles, with prefarence
probably going to the figures for Az5h6 mp. as baing more
accurate.

A choilce between the two models can now be made by
means of two distinet eriteria. First, the geometrlcal
sonsiderations outlined on page 71 may he applied. Using
agquation XV with R=2500 A., L= A., 9 =110°, the number
of residues, n, 13 sstimated as 1.9 x 1@5. Multiplying
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by the averszge residue weight, 93, the molecular welght
eompatible with a random coll of this size 1s found to be
18 x 1@63 or almost elghteen times that observed. Thus the
rod 1s probably the correct model.

The second and more reliable method of determining the
actual shape of the molecule 1s to plot the theoretical
P”l(e) funetlons for sach model using the characteristile
dimensions experimentally determlned 1n the indepandent
variable* and compare with the experimental points plotted
on the same coordlnates. Thls 1s just equivalen®t to selaction
from the entire famlly of P“I(QJ curvas for a gilven shape
that ons which has the same inltlal slope as the experimental
curve. This has heen done in figure 23. The theoretlical
curves were plotted with the aid of tables glven by Doty
and Stelner (10). The superiority of the rod model 1s again
¢lear., It may be concluded, therefore, that the parent
gelatin molecule is a rod of molascular weight 1.1 x 106
and with a length of approximately 3500 A,

The minimum dismeter of the rod i1s glven by squation
XVI as 22 A, The length per resldus computed on the assump-
tion that the rod 1s constructed of a single-chain helix 1s
0,3 A, or the appropriate multiple of this for a multiple-

halilx structurs.

ﬁ&ﬂ“ z gmre o

x2 1? sin 8/2 for rods and e R si:n’g 8/2 for random

colls,
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E) 4 theory sf the molecular propertles of rat-tall tendon
collagen.

A relatively slmple pleture of some of the structural
reatures of rat-tail tendon collagen 1s capadle of accounting
for all of the observatlions reported in thils Part. Figure
24 is a schematle representation of this structure for a

typical region within a collagen fibril. The symbol ANOw

}.0550>$0')
& 55 56 3
MOV rCN O
Q QO O & _Q Q
MO O MOw
3 Tt t R s
Figﬁre 24

represents a bond having the following properties: the bond
is permanently broken by heating te about ho” C.y thé bond
is temporarily broken by 5 M urea; after a sufficlent length
of time in the presence of urea, however, the bond lnses

1ts abllity to refornm when.the urea 1s removed; the hond

i1s easlly stretched. A hydrogen hond bhetween the ends of
colled, thermally labile chains may possidbly have such
_propertias. At sufficlently high temperatures thermal
motlon of the chains would cause the rupture of the rela=-
tively weak hydrogen hond and the resultant distortion of

the chaln, perhaps sufficient to cover the bond-forming site,
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would prevent the reformation of the hydrogen bond when tha
 temperature is agaln lowered.

The abllity to break hydrogen bonds 1s a well known
»prmperty of urea salutions; After a sufficlent length of
time the probabllity of a chain assuming a distorted con-
figu:ation may be high enough to cause a large proportlon
of the bonds to lose thelr ability to reform. The exten-
sibility of the bond may be attributed to the extenslon of
the colled chains to whieh the hydrogen-bond forming sites
are attached.

It is noteworthy that the bonds responslble for the
gelation of gelatin are similarly ruptured by concentrated
urea as well as by heat, though they do no%t lose their
abllity to reform. That this is so has been confirmed by the
author in an experiment in which gelatin was dissclved
in 5 M urea and stored for over a month. Upon removal ol
the urea by dlalysis against saline, the gelatlin was found
to be still capable of gel formation. The explanation for
this difference may be, for example, that the bond-forming
chains are shorter or stiffer and less likely to be distorted

in gelatin,

The symbol

| represents what may be considered to be the collagen molecule.
Tach such moleculs consists of a group of three submolecules
of the same length as the combined molecule held together by
ordinary hyvdrogen honds which may bs broken by the actlon of
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concentrated urea, but are not to be considered as especially
thermally labile or extensibla., It 1s qulte possible that
sach submolecule represents a single polypeptlde chaln.
The moleeular welght of the single chain deduced from
the light-scattering studles on URTC 1s 0,37 x 196, and
that of the whole molecule is 1.1 X 106, or about threa
times as great, as found in the investigation of HRIC.

The menner in which the observations of the properiies
of collagen reported here may be explalned on the hasils of
figure 24 will now be elucidated.

When a ribrilyis placed in a dilute acid solution the
molecules become charged slectrically dus to the fact that
their isoelectric point of 7 - 8 (34) 18 near neutrallty.
In the absence of salts these charges exert a sirong
repulsion on sach otherj consequently the structure
gswells and disintegrates into gel-like fragments to glve
the golution which has been deslgnated RTC. These fragments
are responsibls for the very large molscular welght and the
high dissymmetry obsgerved., It 1s also likely that a solution
containing such networks would show very hlgh viscoslty
and a low sedimentaticn constant. The small dlameters
of the individual strands within each fragment prevent
them from belng visible 1n electron micrographs.

nly a few of the gel-bonds, AN~ y Within the
fragments ara broken, hovever, allowing the structure to

retain it2 internal relationships intact over large areas.
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If salt is now added to neutrélize the electrical repul-
glons, or 1f the solution is made meutral by the addition
of smmonium hydroxide, some of the gel-fragments wlll
¢ollapse inﬁo their original configurations. Thus electron
‘micrographs of the resulting preclpitate will show the
characteristic native collagen structure in many places.

If the RTC solution is heated to 40® C. or higher
for a few minutes most of the gel-bonds wlll be broken
though the repulsions are not removed. Each molecule»is
gtill effectively surrounded by a large volume from which
the others are excluded, but the molecules are now free to
move relative to one another under shearing stress. This
may be the sexplanation of the suddenly lowered viscosity
with only a slight corresponding change in the light
scattering.

Addition of salt to this heated solution permlts the
repulsions to he neutralized and leaves essentlally én
ordinary solution of collagen molecules or parent gelatin.
Centrifugation removes the few undepolymerlzed aggregates
and brings the dissymmetry down to its constant low value.

The average length of the molecules in solution 1is
observed to be 3500 A. This is not necessarlly squal to the
length of the molecule 1n the tendon fibril or in the
dried electron micfoscopic preparations. There 1s evidenca
from low=-angle x-ray scattering studies on protein solutions
that proteins undergo swelling to as much as twice theilr

initial volume upon dissolving (38), (39)., For the collagen
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| melecule this afféct could take the form of an increass in
the dilameter and & shortening of the length of the rod.
Bear (16) quotes &. C. Nutting and R. Borasky as having
raported finding svidence fcr exactly this phenomenon 1n
wetted collagen. If @zach resldue occuples a length of
2.9 A. along the axls of the dry fibril, an overall length
of 11,500 4. 1s eslculated for the molecule in the dry
atate. |

If the collagen 1s dissolved in 5 M urea and 2% Nafl,
2ll the hydrogen hbonds, both between the molecules and
between the submolecular chains, are broken. Electrilcal
repulsions are neutrallized by the presence of the salt so
that the solution consists simply of separate submolecules.
These are probably in z "super contracted" state, accounting
for a length of only 2200 A. which was found for these
submolecules in URTC. The ability of urea to cause marked
shrinkage of collagen fibers has been observed previoﬁsly
(34).

If the urea solutlon i1s dlalysed agalnst dilute acetlc
acld before the gel=bonds have been permanently destroyed,
large networks will be formed by the reformatlon of these
honds. However the original order smong the molecules will
have been lost so that upon addition of salts, or upon
'nautralization, a precipitate will be formed but none of the
native collagen structure will be discermible in the electron
micrographs of the precipitate. If, on the other hand, the
gel-bonds have heen largely destroyed by distortions of the



| 105
chalns to which they are attached, dlalysls against dilute
acetle acid will only permit the short hydrogen bonds betwesn
submoleculas to reform, producing a distribution of aggre-
gates of molecular siza.caﬁp&rabla to the original collagen
molecules, about ¥ 1 x 106 (see table 9). But the absence
of long gel-bonds, capable of causing sxtensive cross
linkage, will prevent reformation of large gel-networks.

The above pilcture of the structure of collagen is by no
msans presented as anything more than a schematlie frame-
work dnto which all the observations herein reported may be
fltted without undue strain. Many further experiments
immediately suggest themselves and a great deal of refine-
ment 1ls required before those described here can be
considered as completely unamblguous and accurate. However,
if nothing else, a rsther detalled hypothesis has been
rresented which may serve as something of a hasis for

future exploration.
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PART III - A LIGHT-SCATTERING
STUDY OF A FRACTIONATED GELATIN

ﬁ} Ohjectives,

The object of the followlng brief study was to determine
whether the shape of the gelatlin melecule could be inferred
fronm a study of the angular and concentration dependence
of light scattering in a solution of a relatively homo=-
geneous gelatin fraction., Though it was found impossible
+o distinguish between hypothetical molecular shapas on
the basis of results for this fraction slons, & weight-
average molecular welght for the fractlon was computed, é
method of obtaining the desired information ahout the
structure of thé molecule was suggested, and a familiarity
was galned with the pitfalls which must be avoided in
completing the investigation.,

B) Procedures.

The gelatin used in this study was identifled as
shipment number 47033 of Wilson Co. Ueopoco Special nonpyro-
genlec gelatin. Fractionation was carried out by Dr, J.
Vinograd employing an alcohol-precipitation method similar
to that described by Pouradier and Venet (40). The first
ﬁrecipitata upeon addition of alcohol, containing about one
percent by weight of the total quantlty of gelatin in

solution, was discarded.
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Iightuscattgring measurements were performed on
Praction IJa (the first subfraction of the second fraction)
in an acetate buffer of pH 5.0 contalning 0.15 M NaCl.
The isocelectrie point of thé gelatin was determined to he
9,21,

Values of the refractilve inerement were determined
on solutions of the unfracticnated crude gelatin. Accurately
¥nown concentrations, in the neighborhood of 1%, were
prepared by dissolving carefully weighed amounts of the
 erude gelatin. A moisture content of 11.5% was estimated
for this material by drving one-gram samples fo constant
welght in an evacuated oven at 900 C. Thus the true protein
concentration of each solution could be computed from the
known proportion of anhydrous protein in the weighed sample.

' The refractive increments at wavelengths 436 mp. and

546 mp. were measured in s differential refractometer
constructed by R. H. Blaker (41)., Their values were found
to be 0.190 and 0,183 cm3/gm' raspectively. These values
were also used for the refrgcti?e increments of rat-tail
tendon collagen in Part II*,

Proteln concentrations in the solutlons used for light-
seattering studles were determined subsequent to centrifugation

to constant dissymmetry to allow for the loss of proteln by

* The refractive lncresment of gelatin in a solvenit consisting
of 5 M urea, 2% NaCl, and 0.01% merthioclate was determined in
the same marmer and found to bhe 0.183 emS/gm. at A= 546 mp.
This walue was used in computing the molecular weight of

URTC by light scattering (pp. 67=-68).
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sadimentstion. 4 miero-Kjeldahl mathad was employed and the

nitrogen content of the dry proteln was assumed to be 18%.

€) Light-scattering study.

There are four possible sources of error in light-
geattering studies on gelatin solutions which deserve
careful consideration. The first l1s the possibility that
the sclution will actually be in an early (non-rigid)
stage of gel formation when light-scattering measurements
are being made. If a gelatin solution 1s warmed at 40° C.
for a sufficlient length of time to allow 1ts dlssymmetry
and ninety-degree scattering to reach a constant low value
and then stored at room temperature for several hours,
both the scéttering intensity and the dissymmetry will
rise sharply, even though a rigild gel has not yet formed.
This seems to indicate that the formation of large aggre-
gates of molecules takes place preliminary to the formation
of a rigid gel. Hence, 1f the light scattering 1s to be
interpreted in terms of the unpolymerized gelatin molecules,
ceare must be exercised that such aggregation does not occur
in the course of the measurements.

The sescond source of possihble error is in the degra-
dation of the gslatin molecules upon heating. Viscoslity
'studies by Vinograd indicate that no significant decrease
in the wviscosity of gelatin solutions occurs after several

hours of incubation at 40° C,, but that raising the tempera=-
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ture to SQQ ¢, seems to cause a definite viscosity decrease
in the same time lnterval. He has also found, however, that
degelling ls accelerated at.the higher temperature. Accordingly,
when preparing a gelatin solution for light-scattering
measurements, 1t 1s necessary to strlke a balances between
the temperature and the btime of incubation in order to
allcw cmmpleta degeliing but only negligible degradation.

A third complicatlon 1s the possibllity that mlero-
bubbles may be formed and stabilizad upon heating a galatin
solution. Thelr presence would, of course, cause anonalous
light=-scattering results. Thess can probably be removed by
centrifugation.

Finally, there seems to he somewhat more difficulty
asgsociated with attenpting to centrifuge sclutions of
fracticonated gelatin to constant dissymmetry than 1s
ardinarily encountered with most proteins. An increased
time or speed of centrilfugation 1s less efflcacious iﬁ this
respect than a serles of short, high-speed centrifugations
accompaniad hy transference of the solution to a clean
plastic centrifuge cup after each run.

In view of the above comsiderations, the following
pr@éedare was adopted: a solution of fraction IIa containing
approximately 1% pratéin was warmed to 40P €., and centri-
fuged for 1% minutes at 9000 g. in an unrefrigerated
centrifuge in order to remove undissolved matter. Solutions
of proteln soneentration of approximately 1/2%4, 1/4% =2nd

1/8% were then prevared from thls stock solution. A sample
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of each solutlon was subjected to three centrifugations
at 90,000 g. with transference of the sample to a clean
plastle ecesntrifuge cup after sach run. During thls pro-
codure the centrifuge rotoi and 1lts contents were'kept
near 40° €, by warming the rotor in a water bath.before
eaéh_runa The temperature of the solutlons was found %o
nave dropped to 36° €. by the end of each run,

After each group of three such centrifugations, the
golution was run into a light-scattering cell and the
ninety-degree scattering and dilssymmetry measured. It was
found that warming the cell and contents to 45° ¢, for
five minutes then réduced the ninety-degree scattering
slightly, but that at the same time no decrease in the
dissymmetry was observed*. Further warming at h5° s
did not affect the scattering. Hence all subsequent light-
scattering measurements were made after warming the cell and
contents for five minutes at %59 C., which 1s aﬁparenily
sufficlent to complete the degelling process.

The group of three centrifugations was then repeated
and the light scattering sgaln examlined 1in the same manner.
This procedure was contlnued untll the dlssymmetry of =
solution d1d not change by more than 2% upon recentrifuging.
A total of six to nine such centrifugations wlth transference

| proved adequate for all solutlons.

# This elfect 13 probably due to the "melting" of a few small
geleaggregates, It may indicate that the first aggregates
formed are of the same extension as the monomerlec molecules,
as would he the case for slde-by-side aggregation of rods.

" S8imilar indications have also been found by P. Doty (42),
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It was thought likely that any milcro-bubbles formed
during the initlal warnming of the solutions to o 1,
would have been reumcved by.the cantrifugatlon procedurs
and that subsequent warmlng to h?g O. would have 1litils
Purther effect., The entlre procedurs requlred not wore
than three hours. Viscoslty measurements performed by
Tinograd on solutions which had undergone the above
treatment showed that no degradation had ocecurred.

Scattering intensltles were messured in the usual
manner for the four concentratlons of gelatin at angles
from 45 degrees to 13% degrees and at wavelengths of
436 mp, and 946 mp. The data ohtalned are glven in table 12,
where the scattering intensities are, as usual, relatlve
to that of the benzene shtandard at ninety degrses,

Correction of thess data was made for solvent
gcattering, reflection of the Incldent beam at the exlt
fzce of the cell, the refractive index effect, and ths
change in the volume of 1lluminated solutlon vlewed by the
photomaltiplier with angle. The results wera divided by
the factor 1+ cos® @, Figures 25 and 26 represent the set
of angular and concentratlion dependence curves of the Zimm
plot derived from the data for wavelengths 434 myp. and
546 mp. respectively. The values of X are 5.86 =x 1077 and
2,18 x 1077, The factor 50 by which ¢ is multiplied was
arbitrarily chosen to provide a convenlent range on the

abscissa.
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The informaticon obtained hy applying the methods of
analysls dlscussed on page 93 to figures 25 and 26 is

gummarlzed in tﬁbla 13.

Tabhla 12
R L
Ay M. M, random coil thin rod
436 6.3 % 107 790 A, 1200 A.
516 6.7 x 10° 740 A, 1100 A.

The geometricsl conalderatlons cutlined on page 71
dn not permlt the eliminatlon of elthar of these hypothetl-
cal modals, The rod would have a minimunm dlameter of about
30 A., while a truly random coll with R equal to the
“experimental wvalue would have a molecular weilght of about
18 x l@sg

Furthermore, follewlng the procedurs discussed on
page 98, a plot of tha experimental P=1(8) curve was
compared with those theoretically predilcted for the two
models. Due to the short range of the independent warlable
experimentally available (i.,e.-the small value of the ratlo
between the characteristic dimension and A’ ) it was found
that the experimental points fitted both theorstical curves
equally well,

U) Discusslon.
The signiflicant feature of the results summarlzed in
tables 13 is the unexpectedly large size of the moleculag in

Fraction Ila. Scatchard and coworkers (43), on the basis of
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sedimentation and viscoslity studles of a series of
successively more highly degraded gelatins, conecluded that
the parent gelatin molecule had a length of 800 A., a
diameter of 17 A., and contained about 1170 residues,
implying a molecular welght of about 1.1 x 105a

Pouradier and Venet (40), who determined tﬁe nunbers
average molecular welghts of a series of gelatin fractions,

reported thelr highest value to be 2.5 x 105

» This figure,
too, 1s somewhat low ccmpared to those of table 13, though
it should he recalled that the number-average willl always
he less than or equal to the weight-average given by light
geattering. It may be concluded, tentatively, that the
gelatin used in the studles reported by Pouradler and
Venet had suffered a greater degradation in preparation

“than that used to prepare Fraction Ila,

Before concluding this Section, it may be in order
to suggest a possible method by which the shape of thé

gelatin molecule could be determined. From eguation XV 1%
1s eviden?t that the ratlioc of M to 32 would he constent for
a serles of fractions 1f the molecules were indesd random
colls, while equation VI shows that, for a series of
fractions of molecules ﬁhich were actually rods of constant
radiusg, the ratio of M to L would he constant. Thus by

| determining M, R and L as in table 13 for several gelatin

- fractlons it may be possible to decide which of these models
hest fits the gelatin molecule.
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PART IV - X~RAY DIFFRACTION
STUDTES O FEATHER KERATIN

A) Objectives,

The purpose of the studises reported in Part IV was
to eollect more complete x-ray diffraction data on feather
keratin than have been reported in the literature and to
utilize these data in an attempht to evalunate a structure
for feather keratin which has besen recently proposed by
Pauling and Corey (M44).

‘B) Review of present knowledge of the structurs of feather
keratin.

The x-ray d1ffraction pattern of feather keratin 1is
the most complex that has been yet obtalned from a non-
erystalline protein, This pattern was first discusseq by
Astbury in 1931 (45) when a photograph obtalned from a
apecimen of goose quill was reproduced. Astbury pointed out
that the positicns and intensitles of the diffraction
maxima differed markedly from those observed on photographs
of sther keratinous proteins. In 1932 Astbury and Marwick
(4%) reported that the spacing of an important meridicnal
reflection was altered from 3.1 4. to 3.3 A. when feather
 keratin was stretched by 64 in the direction of the fiber
axis. Further stretching caused the fiber to braak.

Corey and Wyckoff (47) later reported interplanar
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spacings neasured on diffractien patterns of chicken feather
Quill and found prmminent equatorlal reflections at 11.0 A,
and 4,68 A, |

These observations by Astbury and Marwick and by Corey
‘and Wyckoff seem to have provlded the bhasis for the usual
classification of feather keratiﬁ with the @ proteins,
gsince the lattet show a characterlstic prominent meridional
- reflsctlon at 3,32 A, and iunporitant eguatorial reflsactions
at 9.8 4. and 4.65 A. (48). Feather keratin 1s plctured
as belng composed of polypeptide chains which are somewhat
more folded than those of cther,? proteins. It must be
pointed out, however, that all efforts at causing feather
keratin to contract Lo the alpha form or to the supsr-~
contracted form have so far failed. In general, support
for the classificatlion of feather keratin as a @ rrotelin
appears to be weak. Indeed, evidence for assigning 1t to the
&< —proteln class will be presented in Sectlon F, subsectlon 3.

An alternative hypothesls which has recelved some suppord
is that feather keratin may contairn linear combinations of
globular protein units. Ewidence for this hypothesis liss
in some supposed similarities between interplanar spacings
observed 1n feather keratin and in crystalline pepsin (49)
and it 1s strengthened hy the reported simllarity of the
feather keratin diffraction diagram to that of F-actin (50),
Both crystalline pepsln and F-actin are presumed tn contain
globular units.

There have been only two detalled proposals for the
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structure of feather keratin, both of which were based on
the alpha rather than the beta types of structure. In
1951 Pauling and Coray {51) suggested that the unilt of
structure of feather keratin may contain two layers of
& halixes 1n corblnation with one laver of polar pleated
shéata The existencs of the polar pleated sheelt 1s now
censidered unlikely, howvever dus to fact that " a polar
pleated sheet constructed of L-amlno acld residues is
unsymmetrical and would have a tendency to curve." (52),
Recently Pauling and Corey (44) have suggested that the
unit cell of fsather kerafiﬂ may contain a severn-strand
sable of ¢ helixes and two three-strand ropes. An investi-
gation of the intensitles of the near-equatorlal reflectlcns
to be expected from such a structure 1s the subject of
Section B, subsectlion 3, v
2 feaw observations on the blologlcal occurrenae Qf the
fenther kerstin type sf.structnre may he appropriste here.
Rudzll has made a rather extensive exploration of this
tople (53) and has found eviden@e for the existence of
feather keretin in all parts of the feather produced from
thq "intermediate cells'™; that is, 1n the barbs, barbules,
rachis, quill, and medulla. However he has found u;keéatin
to be present In the quill sheath, generated by the
| Ugtratum cylindricum", Diffractlon patterns of the feather
keratin tvpe are alsc obtalned from tortoise shell, snake

scales, and lizard claw, providing evidence for the comnon
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ancestry of blrds and reptliles and supporting the notion
that feathers have descended from modified reptilian scales.

Further discussions of the detalled background of the
Paulinngorey gtructure, of the Interplanar spacings found
in feather keratin by other investigators, and of the
evidence for the existence of a 1.5 A, meridicnal reflectlion
in the feather keratin diffraction patiern will be deferred
until their appropriate Sections.

C) Obtaining a sultable diffraction photograph.

Meridional and equatorial spacings for feather keratin
have been reported by Corey and Wyckoff (47), Astbury and
Bell (5%), Bear (55), and Rudall (53). Corey and Wyckoff
included a reproduction of the diffractlon diagram which
indicated that thelr specimen was not very well orilented.

The other authors did not include reproductions of the

photographs from which thelr data were obtained, so it

is difficult to assess the accuracy wlth which the

spacings of the diffraction maxima mey have been measured.

An excellsnt feather keratim diffraction diagram was pub=

lished in a later review Ly Rudall (56), but spacings

were not glven. In view of this apparent shortage of complste
x-ray diffraction data in the literature, it was decided that

| the best possible feather keratin Aiffraction pattern should

be obtalned before undertaking a comparison of the results

vredicted for the Pauling-Corey model wilth the experimental

avidences.
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Bear (5%) and Astbury and Bell (54) have reported that

sea~gull feather keratln yieldéd x=pay dlffractlon photo-
graphs showlng maximua ﬁriantations It was therefors felt
wilse to concentrate attention on this material. In the
subsequent portions of this dlssertation, all feather
keratin referred to will be that obtained from sea-
gull feathers. The search for the specimen with optlmum
orientation took two separate directlons. The first
congisted of trylng varlous treatments on samples of sea-
gull feather keratins the second was to investigate the
degree of orlentation 1n diffsrent parts of the feather.
Preliminary diffraction photographs of each sampls were
taken with nickel-filtered copper K, radlation 1n an
evacuated cylindrical camera of radius 3.0 cm. The fibers
were mounted vertically and with thelr broad faces parallel
to the X-ray beam. |

| Optimum results were obtained with an& particular
sample when 1t was microtomed to give a ssction about 20
micra thick and then dried over P205 for two weeks or more
in an evacuated desiccator. The drylng procedurs produced
a marked Improvemsnt in the definltlon of the diffraction
vhotographs obtained with a microtomed section, but had no
evlident effect on samples of approximately 0.5 mm, thickness,
‘The mlerotoming procedure requires that the sample first be
embedded in a substance of comparable hardness. In thils work
pleces of feather keratin were suspended in a 44 solution of

purified cellulose nitrate (parlodion) in a 1:1 mixture of
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@theyr and alcchol as solvent. The mass was then hardened
by prolonged exposure to chloroform vapors. In separate
exporiments 1t was found that none of these sclvents had
any effect on the orlentation of feather keratin fibers.
Even with this rather elaborate technique 1t was dlffloult
to prevent the feather keratin from breaking loovse from
the amb%ddiﬁg material during the cutting operatlon, but
several sections could usually be obtalned before this
would occurs

In gensral, the most highly oriented portion of thse
feather proved to be the flat {(back) surface of the rachils,
though as much variation was encountered among similar
portions of different feathers as was found among dlfferent
portions of the same f{eather.

The most highly orlented specimen of sea~gull feather
keratin was finally obtained by manually cutting a ssction
from the bhack side of the rachlis of a sea-gull feathér which
had been 1n the possession of Professor Corey for several
vears. The specimen was approximately 0.5 mm., thick in
the directlion perpendicular te the surface of the rachis,

2 mm, wide, and 10 mm, long in the directlon of the axls
of the rachis. Its surface was carefully scraped with a
scalpel blade to remove any o« keratin present there.
Pogsibly the orlentation of the specimen could have bsen
improved further by the mlcrotoming and drying procedure
described above, but the greatly reduced thickness of the

resulting section would have nscessitated much longsr
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exposure times to obtaln suffleclently dense photographs.

Diffractlion photographs of this spscimen were then
obtained with a larger cylindrical camera, which provided
improved collimation of the incident x-ray beam and a specie-
nen-to=1lm distance of 10 ecm., thus glving still better
definition. 4 typleal x-ray diffractlon photograph cbitalned
with thils specimen and camera 1is reproduced in flgurs 27.
In preparing this photograpn, the specimen was mounted
vertically with the broad face parallel to the x-ray
beam (aedge-on to the beam). Copper Ky radlation, filtered
through nickel foll, was employed and the exposure tlme
was 21 hours. The camera was contlnuously flushed with
nellum during the exposure in order to reduce the background

due to atmospheric scattering.

D) Merldional and equatorial Interplanar spacings.

Table 14 shows the interplanar spacings and estimated
intensltles obtained from flgure 27 and other similar
diffraction photographs. The shorter meridlonal spaclngs
werea nost satisfactorily msasured on photographs taken with
the f£lber mounted horizontally. Callbration of the cansra
by Dr. H. Yakel indicated an average fiber-to-film distancs
of 9.98 em. with less than 0,02 em. deviation from this value
at any point. The spacings reported by other investlgators
are also listed for comparison in table 14, A bracket

zonnectlng two or more reflections in this table indicates
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FIGURE 27

X-RAY DIFFRACTION DIAGRAM
OF

FEATHER KERATIN
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Table 14 - Interplanar spacings

of feather keratln

Mepidisn

Dorey Asathury
and and this inten=- ﬂ

Bear Wyckoff Bell Rudall study sity Lo
(55)  (47) (54)  {(53)
i 50,7  sm 2 10L.W
23,4 21,3 23.% 23.5 23,7  ws % 94.8
17.2

19.3 m 5 96,3

11.90 11.9  11.9 W 8 25.1
1046 10.4% 10,45 10.% W 9 93,5

9,08 9.1

7.9%  wyw 12 95,3
- 6.30 6,20 6,26 5,30 6.26 sm 15 ok, 0
5453 5,53 5.5% ww 17 EENe
1,98 4.90 4,93 4,98 4,96 sm 19 9,3
.45 4,37 L.h2 k. by L.h§ m 21 93.%
3.95 | 3,99  wvw 24 a%5,8
3.80 mm} 25 95.0
3.52 3.5%  3.5%  3.57 wnm 27 96,3
3,40 www | 28 95,1,

3.22 3,29 3.29  2.25 VVW’}
3.07 3.08 3,08  3.09 n 31 95,9

29 9.3
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Tabls 1% - Imtarplanar spaclaga

af Teather keratin

- (eontinued)
Corey Asthury
and and thls  1ntan-
Wyeckoff Bell Rudall study silty JQ
(47) (k) (53)
2,9%  2.,9%  2.97  ww 32
2.7 2.7% 2.75 ww 35
2.556 wyw 37
2.3%  wyw W1
2,13 vy L5
2,04 vy W7
115 115
81.8 81.8
51 51 55 n 0
33.3 33.3 3k 33.5 8 0
17.1 17.6  17.6  17.3 T 0
11.0 11.3 11,3 11.2 3 0
8,54 8.8 8.8 8.8% m 0
5.8 5.8 5.82 W 0
L.90 m 0
14,68 4,5 L,5 4,50 :m}

3.90 Kk

3.50 W
3.2 W 0]

2,28 vy 0

o O O
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that the reflecilons in this group Were too vague and
diffuse to parmit'very reliahle Aeternination of the posltlon
of each Individual iﬁtsnsity maximn.

Bear (55) believes that the very long equatorial
gpacings of 119 Ag; 81.8 gi, and 51 A. reported Ly Corey
and Wyekoff and by Astbury sand Ball are artifacts due to
the strength of other small angle rellectlona*,

The intensities reported by the other investigators
agreed substantially with those listed 1In tabdble 14+, The
17.2 A. and 9.08 A, meridicnal reflections reported by
Corey and Wyckoff, which were not found on the present
photographs, were both reported as weak hy those authors,
The 9,1 A. merldional reflection reported by Asthury and
Ball was listed as wery weak.
| The mean value of e, was computed to be 95.% A, This
5 of 95 A&,
reported by Bear (59) and with 94,6 A. deduced by Pauling

is in good agreement with the valne for e

and Corey {(51) from the data of Bear and of Corey and
Wyckoff. It ls possible, however, that when measurements of
greater aceuracy are nade some multiple of 95 A, will have
to bhe postulated as the trme repeat dlstance to account for

the spacings of some of the merldional reflectlons.

“ Bear makss the observation that, "Both the fourth meridional
order and the squatorial 34+ A. arc are so strong that general
radiation artifacts related to them (located wilithin thsse
spots and streaking toward the center) often confuse the
canbral regions of the patiern. This is probably the source

0of the 51, 82, and 115 A. equatorial spacings reported

by Corey and Wyekoff .aaaal
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E) The Pauling-Coray structura for feather karatln.

1) Background.

The exlstence of ths Pauling-Corey 3J.7-residus hellx
(57) in synthetic @elypeptides and « proteins is now widely
accapted, The evidenscs for thils structure has bean sumnmarized
in peviews by Paullng and Corey {(52) and by Low (58).
H@wavér attention has been dlrected to two laportant dls-
crepancles belwesn experimental observations on protelns and
predicticns based on sinple packing of such o helixes.

The first is that the proalnent meridional reflsctlon

at 5.1 A, observed on x=-ray diffraction photographs of

the o proteins can not be explained rezadily on the basls
of this structure, Simple silde-by-slde packing of 3.7~
regidue helixes would give rise to & reflectlon at 5.4 A,
instead of 5.1 A, Ths second discrepancy between prediction
and observetion is that the density calculated from an
average amino acld residue welght of 117 glves a walue of
1.1 gm,fcm3 wheresas the actual density of the X proteins,
and 1ndeed of almost all protelns, has been observed to be
1.3 gm./emB,

These objesctions now seem to have bhesn overcome by
the_additicﬁal hypothesis that the simple hellxes ars
thrown into super-helical configuratlons by the interactions
of their side chains (M4+), Thus the axis of the 3.7=-residus

helix itsell may describe a helical course. As a result
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1t 18 possible for the compound helical conflguratlons to
combine into various kinds of ropea and cables. In
particular, thres-strand ropes could bve formed from
slmple hellxaes constructed of repeatlng sequences of seven
"residues. These ropes would have thelr sense of Twils?t
oppusite to that of the individual 3.7-resldue hellxes.
Simple helixes with repeating sequences of fiftesen amlno
acld residuszs would also form thrse-strand ropes, bhub
with their sense of twlst the same as that of the lndividual
helixes. 4 seven-sirand cable may he formed, on the othner
hand, from individual strands having repeating sequencas
of seven or fourtesn residues. In the seven-gtrand cable
gix outer compound hellxes twlst about a central straight
helilx.

Pauling and Corey proposed that the structure of
o¢ keratin consists of such seven-strand cables packed to-
gather with single compound helilxzes In the Interstices.

In this way the 5.1 A. meridional reflectlion 1s interpreted
| as resulting from the second order of the seven-residue
repeating sequance in the outer strands of the seven-
gtrand cable. The density of the proteln calculated for
thils structurs 13 also in agreement with the experimentally
observad denslty. Finally, an equatorlal reflectlon at
27 A. 18 then explained as resulting from reflection from
the 1°0:0 planes of the hexagonal unit of structure with

aq aqual to about 31 4,
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In the same papsr 1In which the compound helical con-
flguratisns were proposed for the «-proteln strustures (W)
Pauling and Coray suggested that thess configurations may
also provide an explanation of ths x-ray diffractlon dlagram
of feather keratin., They suggested a wnlt of structura
contalning one seven-strand cable and two three-strand

ropes. The detalls of such a model will now be exanined.

2) Detalils of the proposed structure.

The unit of structure of feather keratin 1s taken
as hexagonal, with a seven-strand cable, designated ﬁBé,
at the positlon x1= 0, %= 0 and two three-strand ropes,
designated D3(1) and 33(2),at the posltions xy=1/3,
xy= 2/3 and x7=2/3, xp=1/3 respectively. Figure 28
illustrates cross-sectional views perpendicular to the
fiber axls and at various helghts in the wuwnlt cell;

a) reprasents the plane at z=03; b) shows tha plane at
that value of z at which the cross sectlon of the ABg
cable has rotated counter=-clockvise by 1/24 th of a
revolution and that of sach D3 rope has rotated clockwlsse
by twlece that amount, or 1/12 th of a revolutions at o)
the cross sectlon of the 4Bg cable has rotated counter-
clockwiss by 1/12 th of a revolution and that of each 33
rope has rotated cloclwise by 1/6 th of a revolution. It
is ¢lear from these dlagrams that thse lead of the seven-

strand cable {(the dlstance along the cable in which a
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particular strand returns to 1ts original azimuthal positlons
the pitcﬁ of the individual strand) is twica the lead of ths
thres«strand ropes. It also appears that thelr rasspective
senses of rotation mist be opposite.

In the ABg cable the dlstance from the center of ths
central ochellx 4 to the center of an outer compound nelix
B is taken to be 9,94 4,, and the distance from the center
of either D3 rope to the center of one of the D helixes
15 taken to be 5.97 A. For the purposes of the diagram
all the helixes are considered to have the same cross-
gectional dlameter, about 10 A. From flgure 28 a) it is
seen that a, 1s equal to four dlameters of the slngle
helixres, or about 40 A, Tt is taken to be 38.7 4. so that
the 1¢0+0 interplanar spacing would be 38.7 sin 609 33,5 A,,
the spaclng of the prominent equatorlal reflection., This
value foi &, also permits the remaining equatorial and nesar-
aquatorial reflections to he satlsfactorlly indexed.

On the basls of this unilt of structure the density
of feather keratin 1s caleculated to he 1.30 by using 117
as the average residue welght and l.%Aas the vertical rise
per residue. The density of feather keratin was experimerntally
determined by the author uslng the flotation method and found

%0 be 1,28, in agreement with the predicted value,

3) Caleulation of theoretical intensities.
The intensitles of the reflectlions to be expected

from the structure depleted in figure 28 may be estimated
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by aﬁpli;za*tiarz of the theory presented by Cochirzn, Crick
and Vand (59). Acﬁczﬁimg to their develcpment, the Fourler
transforn (contlnuous structure factor) for a continuous

helix wilth radius r and pltch P 1s glven by

T(R,%,8) =0
T(R,¥, n/P) = I, (2TRr) exp {:mwﬂ-}’)} TV

R, V¥, andg are the cylindrical coordinates of Fourler
space, with R the radial distance from the origin,V the
azimuthal angle, ands the helght, J 13 the n th order
Bessal function. Thus T(R,V ,‘; ) 1s 4ifferent fron zern
only when "5 = n/P, n bheing zerc or any integer. This
implies that for a continuouns helix scattering occurs
only at layer lines with reciprocal-space helght egqual
to n/P.

For the dlscontinuous helix consisting of 1like atoms
arranged on a helix of pitch P and spaced at intervals of
p along the wvertlceal axls, Cochran, Crick and Vand obtain
fer the Fourler transform

FRY,Yeo) = S TR, n/P) XXV
n
whered 1s the layer line mumber and o 18 the repeat dlstsnce
along the fiber axis. The sum is taken over all n which

'sa*l::lsfy the condition

an +bm::£
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whers m 18 any Integer and 2 and b are the nunher of turns
of the helix and the humber of atoms, respsctlvely, in the
ropeat dlstance c,. That is, aP=bp=c.,

Daleoulatlion of the stimctur@ factors for rupss or
‘cables composed of compound o helixes 1s approached by
means of the assumptlion that a compound hellx has a gtructurs
factor whieh 1s the product of the structure factors fou
the simple o« helix and that for the larger continuous
helix which coincldes with the axls of ths oo helix.

Regardling the larger helix as conbtinuvous is equlvalent
to assuming that the wnumber of resldues per repeat of the
larger helix 1ls grezt., The serles of Bessel functions invol-
ved 1n the right-hand side of equetlon XAV applied o
this helix can then be approximated by the first fternm,

Jyy 8lnce the remaining terms consist of higher-order
Bassﬁl functlons which are negligivle at all values of
thelr argunment encountsred. |

Closer attzntlon must be glven to the structure factor
for the o/ halix by»which that for the continuous larger
helix is to be multiplied. If the structures factor for the
o¢ hellx 1n an undistortsd state, computed from equation
LV, were to bhe used, the product would he zero sverywhers
in recliprocal space except where the non-zero portlions of
the two factors happened to colnelde, Tt 1s prohabls that
the factor tc be used to represent the o helix should be,
rather, a somevhat "smeared oul” Tunction derived from the

ordinary strueture factor for the ol helix., The "“smearing"
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is 4Aue tg'the diétﬁrtinn of the ot hellx caused hy constralning
its axis to follew the course of the larger hellw. When
consildering reflections which are sufficiently closs to
the equator the equatorialvstructure factor for the oLhelli
may bé used as an approximation to the "smesred" structurs
factor for the dilstorted o helix in forming the product.
This~diseussion wlll be comfined to near-equateorial layer
lines of the ccmpound helical structures,

Finally, the structure.factor for repes and cables
composed of thesge conpound helixes may he obtalned by
adding togethsr the structure faciors for the lndividual
gtrands (compound helixes), each with 1ts appropriate
relative azlmuthal orlentation in reciprocal space.

Particularizing thes above general dlscussion to the
problem of computing the structure factor of the seven=
strand cable ABg for a near-egquatorlal layer line, one
obtains for the contribution of an outer B compound hélix

to the n th layer line of the repeat distance P
ind
Fp (8=n/FP) = E, ($=0)Jp(l¥wr %ﬁ) e XXVT

Here Et(ngﬁ represents the eguatorlal structure factor for
an undistorted~échelixa The argument of the Bessel function
Jn may be transformed from ZTWRr as glven In equation

CXXIV to LTy §l§_§ 1f 1t 1s recalled that for near-squatorial

layer lines R=1/4=2 53’; 8, In this case r 1s the distance
from the center of the ABg cable to the center of an outsr

B compound helix, P 1s tha relative azimuthal angla in
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Fourlsr space mi'.the gstrand under conglderation. It is
arbitrarily taken as zero for the first B strand and as the
nppropriate maltiples of 2T/6 for the subssquent strands*.
| __Tcx obtaln the cﬁﬂ’tribﬁtion made by the entire Bé part
of ABy the sixz terms of the form XTXVI are added, sach with
the appropriate value of ¢ . This gives

' j=8 2PN\ 3
Fp($=0/P) = Fy (820)- 7, (47rx %ﬁ)? (e_‘" ) VIT
=0

But, by the rule for summing geometrlecal ssries, we have

IER zw;n )-3 | — e’*“‘“ =0 if n#sd
32; c - \—eal‘-ér =5 1f n=464

where £ 1s zero or any integer. Thus the Bg part of ABg
contributes only to layer lines wlth §= £ ﬂ/}’ and will

have there the structurszs factor

P, (§=6/P) = €R, (§=0) 3, (e L) woyry

Finally, the o0 helix A in ABg willl contribute sinmply
F‘( £z 0) to the egquator but nothing to the near-equatorial

layer lines, making the total structure factor for ABg

- — P (k= 1n ©
Fra, ! §=6l/p) = 67,(§=0) 3,4(125 208
or
Fpg, ( §=0) = Ff ng)){l + 67,(125 -—-—-—-—'5131 8)} XHIY

~where r has been glven 1ts value of 9.94% A.

* Tt 1s stated by Cochran, Crick and Vand that a rotation
of the hellx 1n real space results in the transform being

rotatad in Fourler space by the same amount and in the
game dirsction, '
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It should be noted That the & hellx 4 nay contribute
to layar lines 4o whilch no coentribution is made by the
rest of the ABg gable or by ths 33 ropdsy however the
scattering frox this hellx alons would be small, since
1% comprises only 1/13 il of the total mass of the unilt
cell.,

A similar caleulatieon nay be made for the 33 rOpus.
On the m th laver line defined by the D strand repeat
distance P' --~ that is, at n/P' --w the structurs
factor for an Individual D compound hellz may be approxi-
mated by the preduct of the structure factor for the
oL helix and that for the continuouns helix wilth piteh P':

ing
Fy (§=m/P') = E,(§=0) Jy(hmre &0 8) € XA

Adding structure factors of the form XXX for the thres
strands and taking account of the rotation of the
subsequent strands, one obtalns

Fp (§=u/P') = E (§=0) Jp(4r Mn gin 8.
: 2.1‘ILM

z, )

Hara(h)is the azimuthal angle of the first strand of the

TXET

33 rope in Fourler space relative to that of the Tirst

“gtrand of the ABé cable, It can not he arhitrarily set

agual to zere since it 1s fixed by steric considerations,
The sunmaticn.mn the right-hand side of equation

LHT may be shown by the rule for geometrlesal serles to
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have the property 2Tim -
’-‘-iqz(ezmmy' |- & = 01823l
3 —
- pul:4 - 31fn=
2 |- % L=3un=3t

Thus the D3 ropes contrlbute only to those layer lines
wi"r.h? = 3L4/P' and will have thers the structure factor

| FDB(E: 34/P') = 3F, (£=0) 3, (75 ﬂ’j\-—ﬁﬁ eiu%{mn
where P has been gilven the value appropriate to the thres-~
gtrand rope, 5.97 A.

It was polnted out on page 132 that P'= P/2. Therefore
gxpresslion XXXII shows that the 33 ropes contribute to
laver lines «vith §=3L0/P' = 64/P, coinclding with the
layer lines to which the ABg cable contributes, Thus, the
observed value of ¢q , 95.4 A., must represent the sixth
order of the piteh P of tha B compound helixs that 1w,

P/6 = v, = 95.% A., P = 570 4., and P' = 289 L. Hence,
were the Pauling-Corey model corrsct, the lead of the

ﬁBé ecable would be 570 A. and the lsad of each 33 TOoDe
would be 285 4,

Finally, the complete struchture factor lor the,ﬁ,zg
near=-equatorial layer lins of the Cy= 05,4 A, gpaeing is
obtalned by edding thez contridutlon of the AB cabla
{aquatlon XXIX) and of each DB rope (equatlion XXXIT)
“ineluding the phase angle due to their positions in the

- unit cell:
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Flh, X, 4) = F«(g_-.:;))[é + 63, (125 ,12 6)] +

134 &, (1) ~2mwiih/3+2%/3)
+35, (8=0) 5, (75 2 e *

| | | 134 &,(2) ~ 2T (E0/3 4+ %/3)
\ gin @& °
+3F¢{§=Q) ?332_ (75 "'"}"\‘_') e e
' TXITI
where Cba(l) and cbaitz) refer £0 the rsapectilve 1’33 TODPES .
If we dislgnate

o= F k=0 [ 1+ ér, 0125 £ 8)]

- . - ~z 31n 8
Agyo B 6 (§20) 79 (125 25-5)

By = 30,(§=0) (75 228,
1t can be shown that

y 2 ) el

. cO8 [ 3-:‘70'— (oM + ¢°m)1 . 008 {3—’—2- (bW ~ dyu) +

2
+"_§_(k - h)] + 1@12 c(:asg {%— (&o(t) -<b°u)) “+
+“%’_(1a - h)] | 0TIV

Tor the equatorial layer line with Q=0 the dependsnca

upon q>°u\ andd (2) 1s allninated and one obiains

k

Pih, T, 00« Feln, X, 0) =[a0 + 28 (=1

2
. 008 '.‘;.'(k - h)] LT
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When L#F 0, reference to flgure 28 shows that one
nay taka'¢30\=10@?anddgnfﬂ?%@ Thus for near-sguatorlal

layer lines equatlion XXAIV becones

Fth, k, L) #(h, kL) = Af_ + 1@&‘}31(_1)1“ X,
. @03[11'. (e = h =+ 315}{3@3?{. (k = h 4+ 31/‘2%-\-
3 3
2 2 2 ) .
+ By cos [1"_ {k = b+ 31/2% Ko eeh
3

Pauling and Corey (60) have calculated Fo(( £=0) as

a funetlon of Sii.g and tablss of Bessal functlons were used
tn svalnate Jn. Theoretical intensitles wers calenlated

from sgquations XXXV and XAXVI for sach value of h, k and ¥
corrasponding o reflections observed on the feather keratln
Aiffraction photographa. Theass were mulitlpllied by the number
of aquivalsnt sets of planes and contrlbutlons from planss
with nearly the same spaclings were includsed in calculating
the total intensity tn be expected at the glven wvaluas of
ﬁl%_@» The resnlts are conpared with the ahassrvad lntensitles
in tabls 15, Mo corrsctlon was made for the polarlzatlon or
the Lorentz faectors.

It is clear that the over-all agreement 1s qulte poor,
though this does not elimlnate the Pauling»ﬁaray'structura
for feather keratin as a possibllity sines 1% 1s clear that
the lack of agreement may be due entirely to questlonable
asgumptlons 1n the dsrivatlor of the structure factor above.
It may also be that a sllght change 1n the waluss assumed

for the radil of the compound helixes would change the
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reflections for feather keratin

Fo o Ay By
(Ag = Bg)® 80 65.5
(Lg = Bg)® =32,5 13,0
(4o + 2Bg)° 20,0 -18,5
(AQ - BQ)E 1+3af) “1695
(g = Ba)®  3.50 =2.00

e}
Ap + 2Bg)”
%Ag - BQ?% "“1»00 390’0
(A, - Bg)?
(hg # 28,)2  -2.25 =0.50
{i’?&(g =» BQS}&L
(AQ = B@)g W £ =
(3‘10 + QBQ)Q m“hn.ig “00??
A + EB ;2 g Qf 9 }
(ﬁg - B{‘)S‘; Ooc-,j e...a883
(Ag = By)2  =2,50 2.75
(Ag = Bp)®  =10.0 1,13
’(ﬁ@ o Bo)a
(ip = Ba)2_ =1.50 =2,00
(,ﬁxg + 2:89)2
(Ao *+ 2By)2
(-é-c, - Bg?g’ a»’?g 1@58

A13{34B+3B1% 0,22 3.50
4153418143812 5,00 11.75

"‘3
£ ~
F-

20,3

[

O

@

A1

Intensity
calc. ohd s
12400 177
1730 S
21700 m
182  absent
342 W
119 1
il m
299 T
169 ey
740 v
264  abssnt
204 TV
228 T
3250 Wi
2900 ahosant
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Table 15 - Comparisca of calculatsd and observed

‘h-%-§
1-0-2
2-0-2
3.0.2
h.o0.2
0.2
1-0-.3
1.0.
2.0 L
3.0:4%
b0 -k
5.0-4%
1-0.
2.0.5%
1-0.46
2. 0.6
3:0-%

intansitles of raflesctliong for

0,021

0,025
0,036
0,050
0,061
0.076

0.030
0.039

0.035
0.043
0.054

{econtinued)
al F. B Y]
6 An24AsBosBo? 0,00
6§ LpPefpBpaBo? 0,00
§ 5% UA B4 UBE  0.06
6 ApP-2,BaBo® 0,50
6 Ao2+AsB2+Bo”  1.30
2 2 g
) 513 -E§333+3B3 0.00
6 AyZ-aBusBLE 0,00
6 A7 BuBLE 0,00
6 A,2-LaBauBL®  0.00
5 M2raBaBLS 0,00
6 mZ-mpmam?2 0,00
2 ' 2 .

& + 53
6 A53[3AgBg+3Bs" 0.00
£ 35%13}15135:{3}3;2 0,00
6 Ag2eA B B 0,00
6 A%-2.Bg+Bg? 0,00
6 ﬁ62+%A5B6+4B62 0,00

Taather karatin

B
0,05
0.25
1.38
2.88
4,13

0,01

0.00
0.00
0.00
0,00
0,01

0,00
0,00

0,00
0.00
0.00

Intenglty
calc, ODS
0.02  wm
0.75 W
11.4 sm
L2, L s

145 absent

0,00 atsent

0.00  wn
0.00 W
0,00  wn
0,0Q 1

0,00 ahgent

0,00 wm
0.00 absent

0,00 W
0.00 ahsent
0,00 wm
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arguments of the Bessal Tuncilons In the structure factora
sufficiently to cause improved agreenent between predlction

and @bservatioma
‘P) Miscellaneous data on feather keratin,

1) Evidence for cylindrilczal symmetry of structure.

Fiher photographs of feather keratin taken with the
gsurface of the rachis both perpendicular and parsllel fto ths
x-ray beanm showed no difference in the positlons or Intene
sltles of the reflections. The only evident effact was the
broadening of the wvery strong 23.7 4. neridional reflection
in the photograph taken with the surface of the rachis
perpendicular to the heam. This was probably due to the
fact that the fiher was of greater thilchmess parallsl to
this surface than perpendicular to i, introducing a higher
degree of digorlentation perpendicular to the x-ray 5aam in
the first instance. Hence there is no evidence that the
crystallites of feather keratlin asre oriented rszlatlive %o

the plane of the surface of the rachils.

2) Evidence for the presence of the 1.5 4. meridional
reflection.

A prominent merldional reflectlon zt about 1.5 A, has
beon found in the diffraction patterns of many & protelns and

some synthetle polypeptides, It 1ls consldered to be goond
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evidence for the existence of the Pauling-Coray 3.7-residus
hellx in these substances, since 1,5 A, corresponds to ths
axlal length of ons residus of the helix. Perutz (61) has
found this sgpaclng in paly%%’u%ahzyluzgmglutamate, horse
“halr, poreupine quill, ruscle fibers and hemoglodbin., It has
glsn been found in poly-Y-methyl-l -glutamate by H. Yakel
(52). Parutz, however, falled to find the 1.5 A. reflectlcn
when he exanined sea-gnll feather keratin, and recently
Bamford and coworkers (62) have reported that the 1.5 A,
reflection i ahsent from diffraction photographs of swan
qulll. Thess investigators failed to find a reflectlon at
1.16 4. on the meridien, whieh 1s prominent, they report,
in the dAiffraction patterns af~€ proteins and polypeptides.

On the other hand, Dr. John Leonard at this lalhoratory
has obtained fiber photographs of feather keratin which show
a diffuse but rather strong meridional reflection at 1.5 A.
An attempt was made,; therefore, %o confirm his resulis@

The feather keratin fiber which had been employed To
obtain figure 27 was mounted horizontally in the 10 cm.
camera, wlth the fiber axls inclined to the x-ray heam at
an angle of 59,17, The fiber was allewed to cscillate
through 6 degrees about this positicn, The radiation was
nlckel-filtered copper Ky and an exposure time of 48 nanurs
wag usad. The camera was continuously flushed wilth helium.,

- Exanination of the resulting photograph reveasled an extrenely

weak and rather diffuse arec at 1.7 4. on the meridian,
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accompanied bty at least two addltlonal falnter ares unserny.
I+ i3 felt that the 1.47 4, reflectlon was too wesk to be
considered as conclusive evidence for the presence of

o¢ nelilxes In feather keratin, although 1t 1s poessible that
it 1% a trus o-helilx reflestlon whilch has been weaksned by
interference due to the arrangement of nelghboring helilxes.
(rn the other hand, 1t 1s possikle to explaln the rasullb
{and that of Dr. Leonard) zs due to incomplete removal of
the surface laver of ot keratln from the feather keratin

speclmen,

3) Tha peowder pattern of feather keratln.

Riley and Arndt (63), (64), (65) have found that ths
three recognlzed classes of protelns, the alpha, heta and
aollagen classes, can be dlstingulshed by differences batween
the X-ray d1ffracticn patterns glven by the protelns In
the amoryhoug powdersd stats, Spscifleally, the o« protaulns
show pronounced intensity psake at valuss of §1%7§
corresponding to spaeings of 10 A, and 4.5 L., a low
mazizum =t Z.4% A. and a diffuse band at about 1.2 A
The collagen (and gelatin) class shows a sharp peak at 12 A,
and at 2.85 4., and a broad maximum at 445 A, Chopped
s1lk, a @ protein, shows a radically different pattern
sontaining detalls which are absent from the patterns of the
other troteln types.

In viev of the indefinite place of feather keratin in
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the above classification schame, 1t was thought desirable
to deternins wheiher the x-rav powder pabtarn for this
protein would show the characteristles of any partlcoular
class of protalns.

The raguired amorphous powder was obtained by pressling
sea-gull feather quill agalnst a rapldly turning power-
operated rotary fille. The resulting dust was drawn 1nto a
fllter attached to an ordinary vacuum cleanser. The powler
was conpressed into a briguetis approximately 27 x 1% % 2 mn.
and the powder diagram obtained from 1t with the General
Blectric XRU=3 x-rayvy spectrometer, Thils dizgranm 1s compared
wilth a powder dlegram of fibrinogen in figure 29. The latter
was obtained in & sizillar nmanner by Dr. B. B. Marsh. It is
avidant that there are peaks at 28 = 19,5 in both dlagrams
corresponding to the o~proteln spacing of 4.5 A. The maximn
at about 28 = 9% 1n fibrinogen, corresponding to the 10 A,
spacing of the o protelns, appears to Le much less pro-
nounced in feather keratln and displaced somewvhat toweard
& higher value of 28.

Tn general, the x~-ray scattering from powdered feather
kerstln shows the characteristics of that from the of proteins
which have been sxamined at thils laboratory, although the
amplitudes of the maxims for feather keratln are lower than
for the other proteins, Whether or not a structure consisting
of of nelixes i3 *the only one which would glve the dlagram

obgserved for powdered feather keratln 1s not known. However,
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t geems falrly certaln that on the bhasls of these data

le

Poaather keratln 1s not to be classifled with the @ protains
and ds probably slellar to the class of o proteins in

gtructura.
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PART VI - PROPOSITIONS

e The ?ﬁlatiﬁﬁ.ﬁ@%ﬁﬁﬁﬁi@g the conbact angle of a liquid
‘@ﬁ a'ﬁﬁliﬂ gurface and @%@‘ﬁﬁffﬁﬁﬁ tensions of the phase
*int@?fa@@ﬁ}iﬁyalv@d is usually "proved" by means of a
Wé@t@f diagran of the acting surfacse forces. Thé ralation

may be written

ensg 9 = M
Yie

where ® 1s the angle of contact between the liguild and
the ﬁﬁlidgﬁ/ij is the surface tenslon of the interface
between phases 1 and J, and s, g, and i,rﬁﬁféﬁant the
solld, gaseous and liquld phases respectivelv.

It 1s proposed that sulficlent condltions for the
proof of this equation by thermodynamic methods are
that ths 1llgquld be incomprsssible and have the ﬁhaya.
of a droplet with the form of a spherical ssgment.

It 1s further suggested that it may b%rp@£Sibl® to
prove that these conditlons are also m@eéssary in order

that the above relation dbe rilgorously walid.

2, Sheffer and Hyde (1) have given a cerrection to be

applied t@blightMS@att@?ing imtensitias when the incldent
beam 1s partially reflected at the exit face of the 1ight-
A'Saattﬁﬁing call. The @@rreéﬁad intehsity of scattering i1s

given by them as



15%
I(8) = 4(8®) -~ R 1{180 - &)

where 1(6) 13 ths corrected scatisring intensity at the
angle 8, 1(98) is ths appayémh scattering intenslty zt the
- same angle, R 1s tha fraction of the incident beam Intenslty
reflected at the glass-alr interface, and 1{180 - &) is
thaiapparant scattering intensity at the angle supple-
nentary to 9. The authors state that thls is an approxi-
mation which neglects "sercond order" terms.

It 1s propesed that i1f maliiple reflectlion of ths
incident heam is taken into ancount, the above equatizn
1s the exact solution for the corrected scattering intensity

a2t the angle ©.

3» An amino-acid analysls of feathers reportad by Graham,
Waltkof? and Hier (2) shews that there are about A8 oysteine
regidues in 105 grans of feather keratin., With an avaéage
residus welght assumed tc be 117, this analysls indieates

a proporiion of one c¢ysteine per twelve residuess,

Rudall (3) has taken x-ray diffraction photographs of
feather keratin which had been treated with a seolutlon of
mercurle acetate, He reports that the intensity of tha
meridicnal reflection at 11.9 A. is anhanced by thils treat-
ment, Apparently thils 1s the only meridional reflechion
thus affaected.

W. L. Hughss has demonstrated (4) that mercuric ion

ls preflersntlally bound to the -SH groups of a protein



| molecule,

In vlew of the avove facts, and on the basis of the
asswmptlon that the cysteins residues of feathear keratin
are arranged aleong the filher axls in a regular seguencs,
1t 18 provosed that the mazlimum length per residus along
the fibar axls 1s abhout 1 A, Thils suggests that the poly-
peptlde chalng In feather keratin are In a highly folded

configuration,

4, The hydrodynamier properties of aqueous sucrose solutions
hawve hsen interpreted on the hasls of approximately spherical
molecules with attached water of solvatlion (5). For
exanple, Gosting and Morrison (6) state that the lnersasad
intrinsic viscosity of such é solutlion at lower temperatures
1s prohably due to an increased solvation of the suerose
molecules, causing thelr effective speclifiec volume Lo becoms
greater.

If it 1s thus permissible to interpret ths hydro-
dynamic behavior of solutions of small molecules in ternms
ol a suspension of eqnivaleﬁt hydrodynamic ellipsolds in =
continuous medlum, the diffuslon and viscoslty data of
'Gasting and Morrls may bhe treated in accordance with the
suggestlons of Scheraga and Mandelkern (7) for the treatment
of glmilar data on protein solutions., The folleowing table
ghowsg the axlal ratios and speciflec volumes of the equlvalent
hydrodynaniec ellipscids thus ohtalned at two temperatures.

Tha partlal speciflc volumes of sucrnse in water, also taken
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Prom the data of Gostlng and Morrls, are dnzluded for

comparlson.
remperature, T. 24,95 1.0
axial ratio 7 B
speciflic volune 0e29 0,28
T of sucrose 0.418 0,607

It 1s proposed, thersfore, that the effectlve speclfilc
volume of the sucrose molecules in aguecus solubtlon actually
decreases slightly on lowerding the hemperature, and that
if the above method of treatment is to bs used the greater
intrinsic viscosity at the lower temperature must be
attributed to an increass in the axial ratlis of the squivalant
hydrodynamic ellipsold representing the sucross nmolscules.

Attenticon 18 also called to the Tact that the effective
vyoluma per gram of the sucrose ls less than one-halfl of the
actial specific volume of sucrose In agquecus solutlon.

Thils effect ls prodably due to the inappropriateness of the

agsumptlon that the solvent 15 a contlnuous mediwu.

Fe Studles of the binding of metal cations to bovine gerum
alvumin (8) and human serum albumin (9) have indicated that
binding ocours at the imidazole groups of histidine residuss,
with one metal ion hinding to each such group. The matals
whlch have been thus far studied are copper, zine, cadulum

and lead.
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It 4s proposed that the small-angle X-ray scabierlng
of an albunln solutlon containing metal lons would show
intenslty maxina at spacings corresponding to the distances
hetween Imidazole groups in the molecule, providing that sll
the molecules hava approximately the same configuratlcon.
If this 1s indeed the case, it may alsc be pessidble to dudy
the swelling undergone hy aldbumlin molecules upon dlssolving
by comparing the result with powder diagrams given by the
dry metal-proteln complex. Furthermors, changes of conflgu-
ration with denaturation could be investigated by examining

the small-angle scattering from the heated solutlons,

%, It is proposed that the energy of the hydrogen bonds in
water can be approximately computed by considering the
varlons physlcal processes occurring during the sublimation
2f lce, including the 0=H bond shbrtaninga The energles

for all the processes are summed and equated to the ensrgy
of sublimation of ice. Reasonable values for the snergles
involved give a hydrogen bond energy of 4% k. ecal/mole,

in agresment with the known valus.

7. Pouradier and Venet (10) nawve found that the temperatuars
at which a gelatin gei haginsg to nelt dejends upsn ths

moleonlar welght of the gelatin. They report that frezctions
with molesular weights ranging from 46,000 to 207,000 havs

_gol-fusion points of from 15.5° €. to 27.6% 2,
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It 1s proposed, therefore, that 1t may be possible to
separate gelatin into molecular weight Ifractlons by means
 of a partial gelation procedure. For exampls, a gelatln
golutlon conld be slowly cooled to ths point at which the
Pirst signs of gelation wers %@ﬁ%fﬁ%ﬁglﬁn@n passed through
a éintar@ﬂwglaﬁz filter. The gel remaining on tha filter
should be compeossd of m@lﬁaales with higher than average
molecular welght.

This method, 1f workable, would have the advantage of
avolding the poselibllity of degradatlon at the higher
temperatures which are used in other fractionation

procedures.,

8. An interesting and instructive experiment which might
be performed by the freshman class would be to determine
the molecular weight of sulfur and thus show that the
molecule contains elght sulfur atoms. A sultabls method for
doing this would be to measure the depression of the
freezing point of @=-naphthol caused by a known molal
concentration of sulfur dissolved in the melted conmpound.
Since Kp = 11.25 for p-naphthel (11), about 200 mg, of
| anlfur dissolved in'on@ gram of this compound should depress
1ts freezing polnt by 8.8° €., reducing it from 122.5° C.
%o 113.7° €. (11), an easily messurable decrease. This
- goncentration of sulfur is well within the 1imlt of 1ts
solubllity in Q%ﬁaphthmli whieh 1s about 340 me. of sulfur
per gram of @-naphthol at 1187 ¢, (12).,
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9, M, A. Lauffar and coworkers have determined the sedimen-
ta%i@m ecenstants of several protelns in soluvtions of
varying sucrose concentratlon (13), (14), (1%). By
axtrapaiatimg‘th@ plot of N versus d to ns = 0 (where

W is the scolution viscoslty, s 1s the sedimentation
constant of the protein and d i1s the solution density) they
obtain the effective denslty of the sedlmenting molecula,
The reclprocal of thils effective density 1s always larger
than the paftiai géeﬁific volume of the proteln, Assunlng
thls affect To he due tovthe preferential binding of water
to the protein meoleculss, they compute the amount of water
hound per grem of proteln.

It is proposed that the assunptlen that wa@&% ig bound
to the protein in preference to sucrose is sufficlently
doubtful to warrant 1ts Investigation before accepting this
nathod for determining thé solvation of protelns in solution.
A study of the llght scattering of the protelns 1n sucrose
solutions 1s propossd as offering a sultable method for
suech an Investigation. The intersction of nitrocellulose
with various solwvents was'datermined by Blaker and Badger

£l§3 using this technique.

10, It 18 proposed that there is a simple, intultlve proof
for Euler's relatlon connecting the number of faces, sdges

and vertices of a solid figure bounded by planses,



It 1s basgsed on the fact that, in order to add a face to

guch & figure, a new plane must be cut in such & way that
‘parts ef all the orlginal planes remain as boundaries of ths
figure. To do 850 one must remove n veriless but only n - 1
edgas, Then, since thls relatlon holds for the simplest anch
figure, 1t also holds for any mors complicated flgurs

that can he carved from the glmpls one,
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