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ABSTRACT Previous data as well as new results are examined with a view to
determining the boundary conditions which present experimental information
places on a satisfactory polypeptide chain model for the structure of feather
keratin. Our studies indicate these conditions to include the following: (1) A
189 A identity period, with a pseudoidentity of 94.5 A; (2) characteristic fiber
axis periodicities of 23.6, A and 18.9 A; (3) a meridian reflection of 2.96 A,
but none in the 1.0 A region; (4) a strong, but sensitive, equatorial reflection of
about 33 A spacing, with a possible equatorial reflection near 50 A; (5) perpen-
dicular infrared dichroism of v (NH) of at least 5:1; (6) a limited extensibility
along the fiber axis direction; (7) the natural accommodation of about 12 per
cent of proline residues in the structure; (8) the possibility of breaking down the
structure into units of about 10,000 molecular weight. The implications of these
conditions with respect to a satisfactory model are considered.

INTRODUCTION

The structure of feather keratin has posed a problem which so far has not been
satisfactorily resolved. Whereas our present ideas on polypeptide chain conforma-
tions have permitted the elucidation of several fibrous protein structures, the feather
keratin structure has not been amenable to such solution. The question thus im-
mediately arises as to whether ordered polypeptide chain conformations other than
those known at present can occur in proteins. Or is it just that we have not yet been
clever enough in relating feather keratin to the known types of structures? The
structure is also of interest from another standpoint. It has been shown recently (1)
that a particular mutation in fowl, the Frizzle mutation, is correlated with certain
structural alterations in the feather keratin, as manifested by changes in the x-ray
diffraction pattern. At present, the source of these changes can only be inferred
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tentatively. The details of this structural change might be better understood if we
had more detailed knowledge of the structure of normal feather keratin.

The feather keratin x-ray diffraction pattern, which is also given by some rep-
tilian keratins (2), was discussed by Astbury and Marwick (3) in terms of “a
rather bewildering elaboration” of the extended form of a polypeptide chain, such as
occurs in silk fibroin and 8-keratin. Soon after, Astbury and Lomax (4) noted that
there were certain similarities between the diffraction patterns of feather keratin and
crystalline pepsin. This led them to suggest the possibility that the feather keratin
structure might arise from an aggregation of corpuscular units. This idea was again
proposed on the basis of the observed similarity between the diffraction patterns of
feather keratin and of F-actin (5), and was incorporated by Bear and Rugo (6)
into a micellar model for the structure of feather keratin.

The first detailed model of the polypeptide chain conformation in feather keratin
was that of Pauling and Corey (7), who proposed a fibrous structure consisting of
o-helices alternating with sheets of extended chains. This structure failed to give
significant agreement with the observed x-ray diffraction pattern, and was later
replaced (8) by a suggested model made up of «-helices in a coiled-coil arrange-
ment, The calculated diffraction pattern for the latter model was again in poor agree-
ment with the observed pattern (9). The question brought up by these proposals is
nevertheless of importance, viz., is the feather keratin structure based on an aggre-
gation of small micellar units, or is it similar to extended polypeptide chain fibrous
structures such as silk, collagen, etc.? The former viewpoint is supposedly favored
by chemical studies (10-12), which indicate that feather keratin can be solubilized
to yield a unit of about 10,000 molecular weight from which a material similar to
the native keratin can be reconstituted. The inferences from this work are only
suggestive, however, rather than conclusive. Models of both the former type (13)
and the latter type (14) have formed the basis for discussions of the structure of
feather keratin.

The purpose of the present paper is to reexamine the boundary conditions which
experimental information, both previous data and new results to be discussed,
places on a model for the structure of feather keratin. In terms of these conditions
a new polypeptide chain model, briefly proposed previously (14), will be con-
sidered in some detail in the succeeding paper.

X-RAY DIFFRACTION STUDIES OF FEATHER KERATIN

1. Experimental. Standard x-ray fiber diffraction patterns were obtained using

a Norelco diffraction unit and a Unicam single crystal goniometer. Nickel-filtered copper

Ka radiation was used, giving a resolution of spacings up to about 50 A. When it was

desirable to eliminate air scattering, the goniometer was enclosed in an evacuable
chamber.

Diffraction patterns of the rachis and calamus of many different kinds of birds were

468 BropHYSICAL JOURNAL VOLUME 1 1961



studied. These patterns were all basically the same. Most of the work was done with
sea gull and with turkey feathers. The diffraction pattern from benzene-extracted turkey
calamus, taken in an evacuated camera, is shown in Fig. 1. As compared with the pattern
of an air-dried specimen, the layer line spacings are the same but the equatorial spacings
are slightly smaller than for the air-dried sample. The turkey pattern differs from that
of the sea gull feather primarily in not having the well developed row line of spots cen-
tered at the 33 A equatorial reflection and extending out to layer line spacings of about
10 A which is present in the diffraction pattern of sea gull keratin.

2. X-ray Diffraction Pattern. The measured layer line and equatorial
spacings in the diffraction pattern of air-dried turkey calamus are given in Tables I

TABLE I
LAYER LINE SPACINGS IN TURKEY
CALAMUS DIFFRACTION PATTERN

This study Astbury  Corcy and
Kraut Rudall Bear and Bell Wyckoff
Spacing Intensity i o (&) ) (15) (16) 17
95.1 vvw 2 190.2
48.5 vs 4 194.0 50.7 47.6 47.0
23.64* vvs 8 189.0 23.7 23.6 23.7 23.4 21.3
18.6 mw 10 186.0 19.3 18.9
15.9 w 12 190.8 15.3
13.5 w 14 189.0 13.7
11.7¢ w 16 188.0 11.9 11.9 11.9
10.4* w 18 187.2 10.4 10.4; 10.5 10.4
9.38 s 20 187.7 9.52 9.1 9.08
8.51 mw 22 187.2 8.61
7.60 mw 25 190.0 7.94 7.83
7.09 mw 27 191.3 7.24
6.300% s 30 189.0 6.26 6.30 6.32 6.26 6.20
5.89 mw 32 188.5 5.54 5.53 5.55
4.97* s 38 189.0 4.96 4.98 4.99 4.93 4.90
4.47 mw 42 188.0 4.45 4.45 4.46 4.42 4.37
3.94* vw 48 189.1 3.99 3.95
3.80* vVw 50 190.0 3.80
3.57* w 53 189.2 3.57 3.54 3.54 3.52
3.37 vvw 56 188.9 3.40
3.25* vvw 58 188.7 3.25 3.29 3.29 3.22
3.15 s 60 189.2 3.09 3.08 3.08 3.07
2.96* mw 64 189.5 2.97 2.94 2.94
2.771* mw 68 188.3 2.75 2.74 2.74
2.56
2.39* vw 79 189.0 2.34
2.25* vw 84 189.1
2.10* vw 90 189.0 2.13
2.04

vs = very strong, s = strong, m = medium, w = weak.
* Meridian reflection.
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TABLE 11
EQUATORIAL SPACINGS IN TURKEY
CALAMUS DIFFRACTION PATTERN

This study Astbury Corey and
Kraut Rudall and Bell Wyckoff
Air-dried Vacuum-dried (O] ) (16) 17
115 115
81.8 81.8
49.5. s 48.8 s 55 51 51
32.6 wvs 31.2 wvs 33.5 34 33.3 33.3
16.6 w 16.1 mw 17.3 17.6 17.6 17.1
11.2 mw 10.6 wvs 11.2 11.3 11.3 11.0
8.NMMw 8.5 w 8.84 8.8 8.8 8.56
5.8 w 5.7 w 5.82 5.8 5.8
4.90
4.66 s(broad) 4.68 s 4.50 4.50 4.50 4.68
4.35w
3.90
3.38w 3.50
3.25
2.28

and II. Measurements by previous workers (2, 9, 15-17) are included for com-
parison, although their values differ slightly because in several cases the specimen
used was sea gull feather (9, 15). The meridian spacings for sea gull are essentially
the same as for turkey, but the equatorial spacings are up to a few per cent larger.
A reciprocal lattice diagram corresponding to the diffraction pattern is shown in
Fig. 2. Before discussing the pattern in more detail, several general remarks are
appropriate.

First, while the normal feather keratin pattern (e.g., that in Fig. 1) is given by
the calamus and rachis, it is interesting to note that near the base of the feather this
pattern appears with different orientation. For an average size turkey feather, the
normal pattern appears beyond 6 to 8 mm from the base, but at about 2 mm from
the base it is oriented with its “fiber axis” perpendicular to the quill axis, while at
about 4 mm both orientations are present. It is not known whether or not this re-
flects orientational changes in the cellular structure associated with the growth of
the feather.

Second, at a macroscopic level the feather protein appears to be homogeneous:
diffraction patterns of longitudinal sections, each representing about one-third of
the thickness of the calamus, are essentially the same. This, of course, tells nothing
about the homogeneity, or lack thereof, at the microscopic level.

Third, although all orientations of the crystalline regions about the fiber axis are
equally probable (as evidenced by the uniform rings obtained when the x-ray beam
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FIGURE 1 X-ray diffraction pattern of turkey calamus. Cu Kea radiation. Beam per-
pendicular to fiber axis and parallel to surface. Specimen-to-film distance 11.56 cm,
evacuated cylindrical camera, 250 hour exposure.
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FiGURE 2 Reciprocal lattice diagram corresponding to the diffraction pattern of
feather keratin. @, reflections found in turkey calamus; (), additional reflections
present in sea gull.
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is incident parallel to the fiber axis), there is a certain degree of preferred orienta-
tion. When a diffraction pattern is obtained with the beam perpendicular to the
fiber axis, there is a smaller angular spread to the spots when the beam is parallel
than when it is perpendicular to the surface of the feather. This may also reflect the
cellular organization of the fibrous protein, since it is usually possible to peel off
thin layers of material successively from a specimen of calamus. Attempts to produce
double orientation (for example, by rolling a specimen which had been immersed
in hot water) were unsuccessful.

Turning now to the diffraction pattern itself, several new features have emerged
from our studies.

(a) Identity Period. All previous analyses of the feather keratin diffraction
pattern have indicated a fiber axis identity period of about 95 A, although it has
been noted (9) that some multiple of this value may be required to account for all
the reflections. Our indexing of the pattern shows that an identity period of 189 A
is necessary. In particular, reflections occur on layer lines representing the 25th
and 27th orders of 189 A, so that an identity period of half this amount is not
possible. On the other hand, most of the reflections (23 out of the 27 observed
layer line and meridian spacings) fall on even order layer lines, indicating that the
structure has a pseudoidentity period along the fiber axis of 94.5 A. A satisfactory
model for the structure must account for these two observations.

(b) The 3.1 A “Meridian” Reflection. In all previous studies, the intense
reflection at about 3.08 A “on the meridian” was indexed as a 31st order of the 95
A fiber axis period, and was interpreted as representing the projected amino acid
residue repeat. We have examined this reflection somewhat more carefully by taking
a diffraction pattern with the sample tilted into the beam at an angle designed to
bring this reflection just into the surface of the reciprocal sphere. Such a pattern is
shown in Fig. 3. It is evident from this pattern that the reflection in question is not
meridional, and on this basis it is found to be more properly indexed as the 60th
order of the 189 A repeat. A true meridian reflection is found nearby on the 64th
layer line, and is much weaker than the 60th order spot. In this connection, we also
suggest that a more satisfactory indexing of the layer line reflection previously given
at 5.55 A, which we have been able to resolve into two spots in our patterns, is to
the 32nd order of the 189 A repeat rather than to the 17th order of a 95 A period.

(c) Other Meridian Reflections. A search was made for meridian reflections
which are characteristic of certain polypeptide chain configurations. The diffraction
pattern of feather keratin shows no meridian reflection near 5.1 A, which is char-
acteristic of the « class of keratins, but nevertheless a search was undertaken for the
other reflection characteristic of this group, viz., that at 1.5 A (18). A possible
weak reflection was observed at 1.49 A, but its intensity was orders of magnitude
less than the corresponding reflection for the o-keratins. The g-keratin structures
exhibit a characteristic meridian reflection at 1.10 to 1.16 A (19). Oscillation
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Ficure 3 X-ray diffraction pattern of turkey calamus, tilted at an angle designed
to examine the “3.1 A meridian reflection.”

R. SCHOR AND S. KRIMM  Feather Keratin Structure. 1



photographs of feather were taken which were designed to detect reflections down
to a spacing of 0.9 A, but no reflection in the region of 0.9 to 1.3 A was observed.

(d) Equatorial and Row-Line Reflections. Although there has been essential
agreement among all workers on the equatorial reflections of spacing about 33 A
and lower, there has not been a coincidence of opinion concerning the presence of
equatorial reflections with higher spacing. Equatorial reflections at 115 A, 81.8 A,
and 51 A were first reported by Corey and Wyckoft (17), and later by Astbury and
Bell (16). Bear subsequently suggested (15) that these three reflections were
spurious, resulting from “radiation artifacts” associated with the nearby intense
33 A spot. However, the ~ 50 A spot seems to appear on some of his photographs
(6), and we have seen it quite clearly on our diffraction patterns. In one case (that
of a heterozygous Frizzle feather), this reflection was the most intense in the pat-
tern, the 33 A spot being practically absent. We therefore think that at least this
~ 50 A spot on the equator is real, and should be accounted for by a proposed
structure. A unit cell with one lateral dimenison larger than the 33 A previously
suggested (6) is therefore required.

Although no satisfactory indexing of the equatorial pattern to give the lateral
unit cell dimensions has as yet been proposed, it has been suggested (6) that all
the intense equatorial and row line reflections can be indexed with one index; i.e.,
the first four ¢ values are all simple multiples of ¢ = 0.046 A-L. A closer examina-
tion of the pattern (see Fig. 2) shows that this is not strictly true. First, such index-
ing is, of course, not possible if the ~ 50 A spot is real. Second, it is clear from the
present, as well as earlier (6), work that not all the reflections on the first prominent
row line have exactly the same ¢ coordinate. The maximum variation in ¢ (at the
¢ = 0.046 row line) is about 0.005, and is undoubtedly significant. Third, the
prominent row lines do not all have ¢ coordinates that are simple multiples of the
first strong row line. This is especially true, both on our photographs and those of
previous workers, of what has been labeled the 4th row line. For example, from
Fig. 2 it will be seen that although the predicted position of this equatorial reflection
is 4 X 0.047; = 0.189 it is found at ¢ = 0.177. Finally, if we admit the reflections
on the 22nd and 25th layer lines as bona fide reciprocal lattice reflections, then again
a simple indexing with one index is no longer feasible. This suggests that the neces-
sity for requiring a sheet type of structure (6, 13) or a cylindrical lattice (20) must
be accepted with caution.

e. Non-Crystalline Scattering. Although it seems not to have been specifically
remarked on before, it is clear from the x-ray diffraction pattern that a non-crystal-
line component is present in feather keratin. This is indicated by the diffuse scatter-
ing appearing in several parts of the pattern, particularly the diffuse ring centered
on the equator at a spacing of about 4.6 A. Two remarks about this non-crystalline
component are pertinent. First, it is partially oriented, as indicated by the concen-
tration of intensity in the 4.6 A ring near the equator. Second, it seems to correspond
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to a normal B type of fibrous protein. This is supported by the observation that the
diffuse areas of scattering centered near £ = 0.34 and ¢ = 0.23, reflections which are
characteristic of the 8 keratins, correspond to a repeat distance of about 6.6 A.
While this distance is not observed in the main part of the feather diffraction pat-
tern, it does correspond to that found in typical B-keratins. This emphasizes the
point that at the molecular level the structure may be somewhat heterogeneous. The
component contributing to the major portion of the diffraction pattern, however,
appears to be homogeneous.

3. Alterations in the Diffraction Pattern. The x-ray diffraction pattern of
feather keratin can be altered by both mechanical and chemical treatment of the
feather, and these changes give insight into various features of the structure.

(a) Effects of Stretching. 1t had been observed (3) that feather can be me-
chanically stretched (up to a maximum of about 6 per cent before rupture), that
this extension is reversible, and that it is accompanied by an increase in the 3.1 A
meridional spacing. We have made measurements on all the meridional and equa-
torial spacings of stretched feather, and find that all the meridional spacings increase
uniformly, while there is no significant change in the equatorial spacings. For a
sample of turkey calamus stretched macroscopically by 5.5 per cent, the following
percentage increases in measured meridional spacings were observed: 3.15 A:
49 = 0.7, 498 A: 4.8 = 0.4; 6.30 A: 5.1 = 0.3; 23.6 A: 49 = 04. The
stretching was not accompanied by any significant change in the relative intensities
of the reflections in the pattern. Thus, it appears that a definite, though limited,
extension in the fiber axis direction can be achieved for feather, this extension being
associated only with a change in the scale of the structure at the molecular level.
This is in contradistinction to the « to 8 change in o-keratins, in which there is a
major change in the conformation of the polypeptide chain upon stretching.

(b) Effects of Chemical Treatments. Several chemical treatments lead to
marked changes in certain features of the x-ray diffraction pattern of feather keratin.
Perhaps the most striking is that due to the action of water. As was observed by
Bear and Rugo (6), if we compare the diffraction patterns of thoroughly dry feather
(in our case, vacuum-dried) with that of a feather that has been soaked in water,
two marked differences will be seen. First, there is a general increase of several
per cent in the equatorial spacings of the wet feather, without any significant change
in the meridional spacings. Second, there is a remarkable change in the intensities
of some of the equatorial reflections: the very intense reflection at ¢ = 0.047 in dry
feather drops to practically zero intensity in a wet specimen, and we have also
observed that the reflection at ¢ = 0.177 becomes relatively more intense in com-
parison with the reflection at £ = 0.138. Furthermore, these changes are completely
reversible. The equatorial reflection at ¢ = 0.047 is also sensitive to certain other
treatments: it increases markedly in intensity when osmium is deposited in the
feather (13), while the meridional reflections are not significantly affected. Probably
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the most significant characteristic of the meridional pattern is the persistence of the
24 A meridian reflection. Treatments which result in a degradation of detail in the
pattern do not initially affect this reflection, and it is the last to disappear prior to
the total degradation of the pattern to that of a disordered protein (6). The 24 A
meridian reflection and the 33 A equatorial reflection are thus unique features of
the structure, the former because of its insensitivity to external influences, the latter
because of its marked sensitivity to such treatments.
4. Cpylindrical Patterson Function. The cylindrical Patterson function,
P(r, z), which represents the weighted two-dimensional interatomic vector density
distribution, contains all the information which is obtainable from a fiber diagram
without the introduction of special assumptions. This information, while not capable
of providing a unique determination of the structure, can indicate the presence of
significant interatomic vectors and the presence or absence of certain known types
of chain conformations, and can also be used as a check on proposed models. Since
from such data it may also be possible to generate reasonable hypotheses concerning
the chain structure, we have computed the cylindrical Patterson for feather keratin.
The cylindrical Patterson function for a fibrous structure with periodicity along
its fiber axis and random orientation about this direction is given by (21):

P(r,z) = lE Ai(r) cos (%z) 1)

a) = K [ 0,9 0tk & %)

where r is the radial distance of a point in the structure from the fiber axis, c is the
fiber axis identity period, ¢ is the radial coordinate in reciprocal space, H(l, ¢) is
the intensity distribution on the I/th layer line in reciprocal space, Jo (2xér) is the
zero order Bessel function of the first kind, and X is a constant of proportionality.

Intensity measurements were made with a recording microphotometer on x-ray
diffraction patterns of turkey calamus obtained in an evacuated 11.56 cm radius
cylindrical camera. Two photographic films, one behind the other, were exposed
simultaneously in order to be able to measure adequately the intensities of the
weakest as well as the strongest spots. The intensity distribution above background
was used, uncorrected by Lorentz or polarization factors (which were determined
to be small compared to the “temperature factor” correction). In several cases the
intensities were corrected in terms of a temperature factor of e%-5%, which repre-
sented a compromise between that used for a highly oriented fiber pattern, viz.,
nylon (22), and that used for a relatively disoriented fiber pattern; viz., collagen
(23). Because of the presence of non-crystalline scattering in the pattern particu-
larly in the region of the 4.66 A equatorial reflection, an attempt was made to correct
for this effect by suitable reduction of the intensity in this region. The numerical
calculations were performed on MIDAC (Michigan Digital Automatic Computer),
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FIGURE 4 Cylindrical Patterson functions for feather keratin. (a) Pi(r,z), (b)
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the function P(r, z) being evaluated in the range of r =0to 12 Aandz=0t0 28 A
with a grid interval of 1 A in both directions.

In order to make an effort at evaluating the effect of the uncertainties in the
corrected intensities, five different Patterson functions were computed: P; (r, z),
in which the uncorrected relative intensities were multiplied by e+7-5%; P, (r, z),
the same as P; (r, z) except that the intensity of the 4.66 A equatorial reflection was
cut down by a factor of one-half on ! = 0 and diminished monotonically to zero at
I =8; P; (1, 2), the same as P, (r, z) except that the 4.66 A reflection was cut down
by a factor of one-fourth; P, (r, z), in which the same relative intensities were used
as in P; (7, z) but no temperature factor correction was used; and P (7, z), in which
the same relative intensities were used as in P; (r, z), but a correction factor of
€8-35% was used in order to avoid series termination errors. Several of these Patter-
son functions, Py (r, 2), P; (r, 2), and P, (7, 2), are shown in Fig. 4; Py (r, 2) is
almost the same as P, (7, z), and P, (r, z) and P; (r, z) show essentially the same
features.

Although the resolution in the cylindrical Patterson functions is not especially
good, certain general conclusions can be drawn from the essentially constant fea-
tures of P; (r, z) to Ps (r, 2). First, there is no indication of the presence of the
a-helix in the feather structure. For the o-helix, strong peaks are found (23) in the
cylindrical Patterson at (r, z) values of (3, 2), (3, 5), (3, 8), and (3, 12), regions
in which feather shows no peaks at all. Second, although there are some features
which the cylindrical Patterson of collagen (23) has in common with that of feather,
such as peaks near (5, 0) and (5, 12), there are not enough similarities to suggest
a common conformation for the collagen and feather keratin polypeptide chains
(24). Third, many peaks in the Patterson remain relatively constant despite the
various approximations to the diffracted intensities, and these probably represent
significant features of the feather structure. Along the line (0, z) there are large
peaks at about (0, 19) and (0, 24), with somewhat less sharply localized peaks at
(0, 6-7) and (0, 13-15). Along the line (r, 0) large peaks are found at (4-5, 0)
‘and (9-10, 0). In addition, peaks occur near (2, 9), (4, 25), (5, 6), (5, 13),
(5, 19-20), (9, 6), (9, 20), and (9, 26). Possible structural implications of these
Patterson peaks will be considered later.

CHEMICAL AND INFRARED STUDIES OF FEATHER
KERATIN

In addition to x-ray diffraction studies, chemical and infrared studies of feather
keratin provide information which is highly pertinent to considerations of the
structure of this protein. We summarize below the main results of such studies.

1. Amino Acid Composition of Feather Keratin. The amino acid com-
position of feather keratin represents the first stage in the determination of its chem-
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ical structure. In Table III we give the results of two such analyses, the one by
Schroeder (25) being done by chromatographic techniques and ours by a micro-
biological assay method (26). The results of the former are accurate to = 2 or 3
per cent, of the latter to == 5 per cent. It must be remembered that these represent
gross analyses. If, as we have indicated, feather keratin contains more than one
molecular species, it is possible that these will have different amino acid composi-
tions. There also seem to be slight differences in the amino acid compositions of
feathers from different kinds of birds (25).

TABLE III
AMINO ACID COMPOSITION OF TURKEY CALAMUS

Residue per cent

Amino acid Schroeder (25) This study

Alanine
Arginine
Aspartic acid
Cystine
Glutamic acid
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline

Serine
Threonine
Tryptophane
Tyrosine
Valine

—
—

,..
PO OB RO =0 SR b NG

Pumh ek
BN O W OO TW DO WL 00
OO B G ST UL R aT s i UL e e O~

\tnl
O s 00 W ST WO L0000 N 00

Despite these differences, certain general features stand out. One is the high
percentage of proline, perhaps up to 13 per cent (12). Among the fibrous proteins
only collagen has a higher percentage of imino acids, viz., about 22 per cent (27).
It is of interest to note that the percentage of proline is constant among the various
parts of a feather (calamus, rachis, barbs) and also between feathers of different
species (25). The small residues of glycine, alanine, and serine comprise about
40 per cent of the total. About 40 per cent of the residues contain side chains with
polar groups such as OH, NH, NH., and COOH.

The next step in the elucidation of the chemical structure is the determination of
amino acid sequences. Relatively little has been done in this area. Schroeder (28)
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has, in a preliminary analysis, isolated and identified 59 peptides from the partial
acidic hydrolysates of turkey calamus. The only significant conclusions that can be
drawn from these incomplete amino acid sequence studies are: (1) in a sequence
such as X-proline, X tends to be an amino acid with a relatively short side chain,
e.g., glycine, serine, threonine; (2) no proline-proline sequences have been identi-
fied; (3) cystine has glutamic acid, serine, and proline as close neighbors.

2. Solution Studies. By employing special techniques, it is possible to
solubilize feather keratin, and in some cases to reconstitute a film which exhibits
some of the x-ray spacings of the original feather. Several experiments of this type
have been done, and attempts made to obtain information on the homogeneity,
molecular weight, size and shape, and end-groups and amino acids of the solubilized
material.

The first studies of this type were done by Ward, High, and Lundgren (29), who
obtained a soluble keratin by digesting whole feathers in a solution containing
NaHSO; and Naconol NRSF (a detergent). The particle weight of the protein
portion of the protein-detergent complex was estimated at between 34,000 and
40,000. The preparation, however, was polydisperse, so that no firm structural
conclusions can be drawn from these early studies.

Using a buffered urea-bisulfite system as a solvent, Woodin (11) solubilized
80 to 85 per cent of whole feathers. Experiments were done on this reduced ma-
terial, SH-keratin, and on a preparation, cysteic acid-keratin, prepared by oxidizing
SH-keratin with performic acid. The cysteic acid-keratin migrated with a single
boundary in both electrophoresis and ultracentrifugation experiments, which was
thought to indicate a homogeneous preparation. The number average molecular
weight, obtained from osmotic pressure measurements on the SH-keratin, was
M = 9800 =% 250, and the weight average molecular weight, obtained from light-
scattering measurements, was 11,000 = 1000. Woodin concluded that these values
were sufficiently close to preclude the possibility of a large distribution of particle
weights. Viscosity measurements led to the conclusion that the particle, if it could
be treated as an unhydrated prolate ellipsoid of revolution, had an axial ratio of
13.2.

Rougvie (10) reported similar results on a preparation of whole feathers solu-
bilized by reduction with thioglycol, as well as a cysteic acid-keratin produced by
oxidation with peracetic acid. Both a monomer and dimer were reported, the molec-
ular weight of the former (from sedimentation-diffusion) being 9300 =+ 700, and
that of the latter 19,300. Both preparations gave single peaks in the ultracentrifuge.
On the assumption of a prolate ellipsoid shape, the following axial ratios were
computed for the monomer: (a) from sedimentation-diffusion data: 9.74 (for zero
hydration), 6.83 (for 30 per cent hydration); (b) from viscosity measurements:
12.3 (zero hydration), 9.77 (30 per cent hydration); (c) from Scheraga-Mandel-
kern theory: 22. The dimensions of the monomer unit range from 100 A by 14.7 A
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(for an axial ratio of 6.83) to 148 A by 12.0 A (for an axial ratio of 12.3). The
dimer is approximately twice as long for the same minor axis dimension, based on
sedimentation-diffusion data.

A comparison of the results of Woodin and of Rougvie indicates agreement on
two important points: (1) solubilization leads to the presence of a homogeneous
unit in solution, of molecular weight approximately 10,000; (2) on the assumption
of a prolate ellipsoid, this protein unit has an axial ratio significantly greater than
unity. Although point one seems to be established, caution is required in accepting
point two. Discrepancies in the sedimentation data were already noted by Woodin
(11), and the wide variation in the axial ratios obtained by Rougvie suggests the
questionable validity of the prolate ellipsoid assumption. In fact, the data seem to
be more consistent with the assumption of a random coil. If we use the Flory-Fox
equation to determine the r.m.s. end-to-end length, (r2)'/2, for a random coil from
intrinsic viscosity, [4], namely

[l = &G (3)
where @ is a constant whose most probably value is 2.5 X 1021 (30, p. 617), we
find, using Rougvie’s _value of 0.135 for [»] and M = 9300, that ()2 = 79.5 A.
On the other hand, (72)!/2 can be computed from sedimentation data by combining
equation (3) with the following relationship (30, p. 627):

sol] - S @

where s, is the sedimentation constant, # the partial specific volume of the protein,
p the density of the solvent, 5, the viscosity of the solvent, and N is Avogadro’s
number. Taking Rougvie’s values of 5 = 1.06 X 10-13, § = 0.725, and p = 1.00
and 7, = 0.01, we compute a value of (r2)/2 = 78.5 A. Thus, viscosity and sedi-
mentation data yield essentially the same random coil dimensions, but give axial
ratios for prolate ellipsoids which differ by the order of 30 per cent from each other.
This indicates that a random coil conformation may be the best approximation to
the shape of the soluble feather keratin unit.

Woodin (12) has examined the solubilized cysteic acid—keratin to determine
what, if any, end-groups it exhibits and what its amino acid composition is. He
finds 0.1 equivalent of N-terminal amino acids per mole of keratin (molecular
weight taken as 10,000), and concludes that, there being no evidence for masking
of amino groups, therefore a cyclic structure is implied. No N-terminal proline was
found by the fluorodinitrobenzene method. The carboxypeptidase method yielded
1 equivalent of C-terminal amino acid per mole of protein, but this was distributed
among seven or eight different amino acids. Woodin concluded that this is most
probably due to the stepwise hydrolysis of an impurity. The amino acid composition
of cysteic acid—keratin is found to be (in equivalents/mole of keratin): ala, 4.0,
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arg, 3.9, asp + glu, 10.2, cysteic acid, 6.1, gly, 9.8, lys, 0.1-0.2, phe, 3.2, pro, 13.0,
ser, 13.7, thr, 5.0, val + leu, 19.0. It is interesting to note that the proline of the
feather is concentrated in the soluble unit.

Rougvie (10) was able to reconstitute oriented films of both SH-keratin and
cysteic acid-keratin which showed some of the x-ray diffraction spacings of the
native feather. In particular, the SH-keratin gave meridian reflections at 22.1, 16.1,
6.20, 5.40, and 3.05 A, and equatorial reflections at 33.5, 9.48, and 4.63 A. The
cysteic acid—keratin, while exhibiting meridian reflections at about 22.1 and 6.20 A,
and equatorial scattering in the 9.5 and 4.6 A regions, failed to show an equatorial
reflection at 33.5 A. On the basis of these results, it has been concluded (10, 12)
that the soluble unit is responsible for the x-ray diffraction pattern of the native
feather. This conclusion, of course, does not necessarily follow unambiguously
from the data. There has been no demonstration that the soluble unit goes over
without change of shape or form into the reconstituted keratin, or that the solubiliza-
tion of the native material is accomplished without alteration of the polypeptide
chain conformation. In fact, as we have seen, there is good evidence to believe that
the soluble unit is in the form of a random coil, which would indicate that a change
in chain conformation is a likely consequence of solubilization and reconstitution.
The supposed cyclic nature of the soluble keratin, which conclusion may itself not
be without ambiguity, also does not necessitate the presence of cyclic polypeptide
chains in the native material. In fact, using the suggested dimensions of such a unit
(12), it is not possible to make any reasonable correlation with the spacings shown
in the x-ray diffraction pattern.

We conclude that, while solubilization studies indicate that feather keratin can
be easily broken down into units of molecular weight around 10,000, no good evi-
dence exists for supposing that these units are other than random coils in solution.

3. Infrared Studies. Infrared spectra of feather keratin have been used to
obtain information on the orientation of the constituent polypeptide chains and on
their conformation.

While the perpendicular dichroism of the v (NH) and v (CO) modes is quite low
in native feather keratin, it has been shown (31) that deuteration of the feather
results in a marked increase in the perpendicular dichroism of the v (NH) mode,
from 1.8 : 1 to 4.8 : 1. The evidence suggests that this remaining high dichroism
is to be associated with the hydrogen atoms of the peptide groups, and therefore
indicates the presence of fairly well oriented, essentially extended, polypeptide
chains.

The presence of a double absorption band in the 1645 cm region of the infrared
spectrum was taken (32) to indicate that, in addition to a 8 or extended component,
there was some a, or folded, protein present. This was based on the attempted empiri-
cal correlation (33) of a band near 1630 cm! with a 8-protein and a band near
1660 cm™? with an o-protein. However, as was pointed out by Krimm (34), there
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is no good reason for correlating this frequency with the over-all conformation of
the polypeptide chain; it is more probably associated with the local structure of the
hydrogen bonded units. On this basis, we have not considered that the infrared spec-
trum necessitates postulating the presence of ordered structures other than an es-
sentially extended polypeptide chain. It is interesting to note that subsequent work
(35, 36) has required the rejection of the above empirical correlation, since it has
been shown that polypeptide chains in other than the o-helical form, e.g., in the dis-
ordered state, also give rise to a band near 1660 cm. This is, of course, consistent
with our previous observation concerning the presence of non-crystalline material in
feather keratin,

DISCUSSION

The above data on feather keratin, although they do not permit the unique deduc-
tion of a model for the structure, allow some fairly definite remarks to be made
about the limitations which must be placed on considerations of a satisfactory model.
In particular, these data serve to eliminate from consideration the presently known
polypeptide chain structures, and to suggest some of the features which must be
part of a satisfactory structure. We wish to consider these points now in somewhat
greater detail.

As is evident from the x-ray data and the cylindrical Pattersons, the o-helix is
not a component of feather keratin, None of its characteristic spacings appear either
in the diffraction pattern or in the Patterson. The high perpendicular infrared
dichroism of v (NH) is also inconsistent with any kind of model containing «-helices
whose axes are predominantly parallel to the fiber axis of the feather. It is likely
that the infrared results also exclude other types of folded polypeptide chain struc-
tures.

It has been suggested (24) that the structure of feather keratin is based on the
three-chain model for the structure of collagen (37, 38). There are a good many
reasons which suggest that this is unlikely. First, the characteristic meridional spac-
ing related to the amino acid repeat is found at 2.86 A in collagen (39), but ap-
pears at 2.96 A in feather keratin. Second, as we noted earlier, while the cylindrical
Patterson of feather keratin shares several peaks with that of collagen, the re-
semblance between the two does not extend sufficiently beyond this to suggest a com-
mon structure as the basis for these two fibrous proteins. Third, collagen exhibits
none of the long periodicities found to be so characteristic of the diffraction pattern
of feather keratin. Our stretching experiments indicate that these long spacings are
an integral part of the feather keratin structure. Fourth, some of the characteristic
infrared absorption bands of collagen are at significantly different frequencies from
those of feather keratin. For example, the v (NH) mode, which is found at 3300
cm™! in o~ and B-proteins, occurs at 3315 cm™ in feather keratin and 3330 cm!
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in collagen (32). Since these frequencies probably reflect the local environment of
the hydrogen bond in the peptide group (34), it is likely that the above difference
in frequency is at least indicative of a difference in local structure around the peptide
group. Finally, the amino acid compositions of these two proteins are so widely
different in certain significant features as to make it questionable, in view of the
way in which the collagen structure is related to its composition, that the two chain
conformations are the same. For example, while feather has about 12 per cent
proline, collagen has 22 per cent of proline plus hydroxyproline; and while glycine
comprises just over one-third of the residues in collagen, where it occupies a very
structurally significant position, it accounts for only 14 per cent of those in feather
keratin. Furthermore, whereas proline-hydroxyproline sequences are common in
collagen (40, 41), no proline-proline sequences have been identified in feather (28).
Since proline is undoubtedly a significant factor in the determination of the poly-
peptide chain conformation, this fact alone would make it seem very unlikely that
collagen and feather keratin have similar structures.

The most reasonable assumption concerning the feather keratin structure would
appear to be that it is related to the 3, or extended polypeptide chain, class of fibrous
proteins. This is indicated by the strong perpendicular dichroism of its v (NH) ab-
sorption band in the infrared spectrum (31), as well as by the presence of a per-
pendicular v (CO) band at a frequency characteristic of the g-proteins, viz., about
1642 cm™ (32). It is further supported by the x-ray diffraction data: the fiber axis
repeat of about 3 A is close to values characteristic of the pleated sheet structures
(42), and the equatorial scattering near 4.6 A corresponds to the hydrogen-bonded
distance between chains which is found in such structures. An additional check on
this is provided by a comparison of the one-dimensional Patterson projections of
silk, computed from the data of Marsh, Corey, and Pauling (43), and that of
feather keratin, computed from our data. Both functions show peaks near r = 5 A
and r = 10 A, with a minimum at r = 3 A. And yet, the feather keratin pattern
exhibits features not common to those of the usual extended chain structures, par-
ticularly in the presence of its long spacings. We will consider a possible resolution
of this problem in the following paper.

SUMMARY

The present work indicates that certain requirements must be met by a satisfactory
model for the structure of feather keratin. These are considered to be the following:
(1) The structure must have an identity period of 189 A, with a pseudoidentity
period of 94.5 A. (2) A characteristic fiber axis periodicity of 23.6, A must emerge,
and in such a manner that it is relatively insensitive to external influences. Another
fiber axis periodicity, viz., of 18.9 A (manifest both in the x-ray diffraction pattern
and in the cylindrical Patterson), should also be evident. (3) The structure should
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give rise to a 2.96 A meridian reflection, while at the same time not having a strong
reflection in the 1.0 A region on the meridian. (4) A characteristic equatorial reflec-
tion of about 33 A spacing should be predicted, which is of such a nature that it is
highly sensitive to external influences. Equatorial reflections of about 50 A spacing
should be accommodated by the structure. (5) The perpendicular infrared dichro-
ism of v (NH) should be at least of the order of 5:1. (6) The structure should be
such that a finite but limited extension of it along the fiber axis direction is possible,
and in such a manner that all of its dimensions along this direction increase uni-
formly without any change taking place in the over-all conformation. (7) Of the
order of 12 per cent of the residues in the structure must be proline, and their in-
corporation must occur in a natural fashion. (8) It should be possible to break
down the structure in such a way that protein chains of molecular weight about
10,000 result, and with a possibility of partially reforming the original structure
upon reconstitution of this solubilized material.

The only model which satisfies these requirements is the one previously proposed
by us (14), and considered in detail in the following paper.
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