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Synopsis

Raman spectra of native and solubilized feather keratin have been obtained, and the amide
I and amide 111 regions have been analyzed by band resolution techniques. The amide I region
of the native form indicates that at least 64% of the protein has an antiparallel chain pleated
sheet structure, the remainder being unordered. For the solubilized keratin all of the protein
is in an unordered state. The amide III region is not as easily analyzed into component
contributions. Normal vibration analyses on N-acetyl-L-alanine-N-methylamide support
the conclusion that the amide III region is not as satisfactory as the amide I region in char-
acterizing unordered structures. Even in the latter case caution must be used, since the ob-
served amide I band is an average over the conformational distribution in the particular
unordered system.

INTRODUCTION

The vibrational spectra of ordered polypeptide chain structures have
been the subject of extensive experimental study, from which empirical
correlations of spectrum with structure have emerged.! These correlations
have received strong support from theoretical studies, which have incor-
porated normal vibration analyses as well as perturbation effects in helping
to explain the details of the vibrational spectra.? Recent developments
in elucidating the physical origins of the perturbation contributions®* and
in refining the potential functions for normal vibration analysis® have
placed the interpretation of the vibrational spectra of regular polypeptide
structures on a secure basis.

The situation is not nearly as satisfactory with respect to the interpre-
tation of the spectra of unordered polypeptide chains. In early studies,
for example, the amide I mode of such structures had been identified with
the “unperturbed” (vy) frequency of the peptide group, which was pre-
dicted®7 at 1656-1658 cm~!. This value seemed to be in accord with that
observed in the infrared spectrum for the unordered component of silk
fibroin.® More recent work, showing that perturbations of the amide I
frequency arise from transition dipole coupling effects,34 leads to the
prediction that vy ~ 1680 cm~1, thus invalidating the above assignment
(although not necessarily the observed correlation).
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Raman spectroscopic studies of synthetic and natural polypeptides have
also been used to identify unordered structures:-22 the amide I band has
been assigned in the range of 1649-1667 cm~! (with some assignments as
high as 1685 cm™1 for “unsolvated” groups!®), and the amide III band has
been assigned in the range of 1239-1262 em™1. It isimportant to note that
both of these ranges overlap those given for the a-helix (1645-166215:19 and
1238-12881L15 cm~1 respectively) and the antiparallel-chain pleated sheet
B structure (1663-16741314 and 1227-1240151% em~1, respectively). Inthese
assignments a question still remains as to whether the amide III band of
the a-helical structure is in fact strong enough to be observed.1®

Underlying the above uncertainties is, of course, the consideration of
whether unordered polypeptide chains should be expected to have vibra-
tional frequencies as characteristic as those of regular structures, in view
of the fact that the ¢,J angles of the latter occupy a much more limited re-
gion of conformational space than do (in principle) the ¢, angles of the
former. Furthermore, since particularly in globular proteins there is no
a priori reason for the o, distributions to be the same in all cases, it is
entirely possible that unordered regions will have different average amide
frequencies in different systems. Finally, we may ask whether the amide
I and amide I1I regions are equally suited to the identification of unordered
structures, given the observed distribution of frequencies for the a-helical
and 8 structures.

In order to answer the kinds of questions raised above concerning the
characteristics of the vibrational spectra of unordered polypeptide chains
and their relation to the spectra of ordered structures, we have studied the
Raman spectrum of the fibrous protein feather keratin. In its native state
it is believed, from X-ray diffraction studies, to contain antiparallel-chain
pleated sheet 8 structure.2? This is consistent with infrared dichroic
measurements.2? Infrared absorption analysis also indicates that this
structure comprises about 28% of the protein, the remainder presumably
being unordered.?? On the other hand, aqueous solutions of solubilized
feather keratin are believed, from optical rotatory dispersion?* and circular
dichroism?5 studies, to be representative of essentially totally unordered
polypeptide chains. This system thus lends itself naturally to a compar-
ative Raman spectroscopic study. We have also combined such experi-
mental work with normal vibration analyses in order to help elucidate some
of the questions raised above.

EXPERIMENTAL

Duck (Anas platyrhynchos) quill was selected for study because it
yielded much lower fluorescent background than sea gull (Larus novae-
hollandiae) quill. The calamus section was used, after being initially
washed in warm soapy water and rinsed repeatedly in warm distilled water.
The sample was air dried and then refluxed with petroleum ether (30-40°C)
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for 24 hr to remove waxes. Using 5145 A excitation, the native sample,
cleaned in this manner, yielded very little fluorescent background. In order
to avoid any possible heating effects, the strips of calamus 2 mm by 50 mm
were enclosed in glass capillary tubes filled with HoO or D2O. Front
scattering and back scattering yielded similar signal to noise ratio. In all
polarized scattering experiments the front scattering geometry was selected.

Several solubilized forms of feather keratin were prepared as described
by Harrap and Woods?® and Bailey and Cole.?” After oxidation of the di-
sulfide bonds with performic and peracetic acids, the extracted feather
keratin was yellowish in color. Such a sample was not suitable for Raman
work. Reduction by sodium sulfite and sodium tetrathionate generally
yielded samples which were acceptable for Raman scattering. Sodium
tetrathionate was prepared as described by Gilman.?® Generally a 80-90%
solubilized feather keratin yield was obtained from the extraction. The
remaining residue yielded no measurable Raman spectrum. The refor-
mation of the S—S bonds was prevented by reaction with iodoacetate at
pH 9.5. No 509 cm~! single bond S—S stretching frequency was observed
in the solubilized sample. Sodium sulfite was then added to destroy the
excess iodoacetate, and the solution was dialyzed against H20 for 2 days
at 4°C. After the sample was concentrated with a size PM 10 Amicon filter,
freeze drying yielded a clean white powder for further study.

A 6-10% feather keratin solution was used to minimize the effect of ge-
lation resulting from high concentration or heat. The elastic scattering
caused by the local density fluctuations due to heating was reduced by using
very small capillary tubes. In order to prepare the extracted feather keratin
in solutions of CH3OD (Thomson and Packard Lot 1024, 99.0% pure), it
was important to add the DyO first, then the appropriate amount of
CH3;0D. Although this yields very low sample concentration, generally
only 3-5%, the signal/noise ratio is acceptable.

Raman spectra were obtained on a spectrometer built in this laboratory
and described elsewhere.??

NORMAL VIBRATION ANALYSIS

In order to evaluate the experimental results, and the sensitivity of the
amide group frequencies to changes in geometry, we have carried out a
normal vibrational analysis for N-acetyl-L-alanine-N-methylamide,
CH3CONHCH(CH3)CONHCHS;. The geometries of this dipeptide model
were varied from the potential minima associated with the «a-helical
structure and the antiparallel-chain pleated 8 sheet. The ¢ and ¢ values
were selected on the basis of conformational energies calculated for such
a dipeptide.?® The force field was transferred from one refined for 3
poly(L-alanine).? Because of the effects of the end groups, the amide
frequencies associated with the middle C» atom were selected since they
are expected to be most representative of a polypeptide backbone.
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Fig. 2. Raman spectrum of native feather keratin in D20. Band pass: 7 cm~! at 5100 A.
Laser power: 300 mW at 5145 A.
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Fig. 3. Raman spectrum of solubilized feather keratin in H2O. Band pass: 10 cm™! at
5100 A. Laser power: 150 mW at 5145 A,

RESULTS
Spectra

The Raman spectra of native feather keratin immersed in HyQ and D50
are presented in Figures 1 and 2, respectively. The amide I peak frequency
occurs at 1671 cm™! in the former and at 1668 cm™! in the latter, typical
of the ~ 3 em~! decrease which occurs on deuteration of the peptide group.
Spectra of solutions of feather keratin in HoO and D50 are given in Figures
3 and 4, respectively. A similar shift in amide I frequency is observed.

Band Resolution

In order to obtain a more quantitative measure of the contributions from
the antiparallel-chain pleated sheet relative to the unordered protein, we
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Fig. 4. Raman spectrum of solubilized feather keratin in D;O. Band pass: 10 cm™! at
5100 A. Laser power: 150 mW at 5145 A.

have used a band resolution technique to distinguish the overlapping bands
involved. In general, an observed band can be approximated by a Gaussian
function or a sum of Lorentzian and Gaussian functions. In the former
case f(x) = Af1(x), whereas in the latter case f(x) = Algfi(x) + (1 — g)fa(x)].
In these equations: f1(x) = exp[—(n 2)(2(x — x¢)/Ax)?] and f2(x) = 1/[1
+ 2((x — x0)/Ax)2], where x is the position along the abscissa, x¢ is the
position of the peak, Ax is the band width, g is the relative contribution of
the Gaussian component, and A is the relative amplitude. In the band
resolution, the computer programs were designed to accept three (height,
position, and half width) or four (height, position, half width, and g) pa-
rameters for each peak depending on whether the Gaussian or a combina-
tion of Gaussian and Lorentzian functions was used. The least squares
fitting was carried out using the observed data. No constraint was placed
on the variation of parameters used. In general, 10-50 iterations (CPU
time ~ 20-300 sec) were carried out until the change in x2 was reduced to
less than 0.1% of the value calculated in the previous iteration. Conver-
gence to a local minimum in x2 space was avoided by a computer search of
the region around the minimum.

In the amide I region we have subtracted the contributions from tryp-
tophan, phenylalanine, and tyrosine side-chain bands, i.e., bands at 1556
em~1 (T'rp), 1584 cm~! (Trp and Phe), 1605 cm™! (Phe), and 1613 cm™!
(Trp, Tyr, Phe). The assignments of these bands are from the work of Lord
and Yu.!® Because of their sharpness, we have elected not to resolve the
1605 and 1613 cm~! bands during fitting. Biochemical analysis and in-
frared spectroscopy of feather keratin show that the side chain amide
groups and some amino-acid residues may make contributions in the amide
I region. However, from amino-acid concentration studies Fraser con-
cluded that only glutamine and asparagine are likely to contribute signif-
icantly.2?> To determine the amount of their contributions, Raman spectra
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Fig. 5. The resolved components of the amide I band in native feather keratin.

of propionamide (Aldrich, Batch 071037), N-methylacetamide (Eastman
Kodak), and a 50-50 mixture of the two were obtained. N-methylaceta-
mide has a strong amide I band at 1648 cm~!. Propionamide has a strong
band at 1671 cm~1. Raman spectra of the 1:1 mixture showed that the 1671
cm™! band is considerably weaker than the 1648 cm™! component. Given
their relatively small percentage contributions,23 the error caused by ne-
glecting CONH;, groups can be ignored.
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Fig. 6. The resolved components of the amide I band in solubilized feather keratin solution
(D20).

The result of the fit for native feather keratin in D20, which requires
Lorentzian plus Gaussian functions, is shown in Figure 5. The asymmetric
amide I region is resolved into a sharp band at 1665 cm~! and a considerably
wider band near 1640 cm™~1. A similar procedure was used to analyze the
solubilized feather keratin in DO solution. Unlike the fit for the native
state, where the gaussian function described the data very poorly, the amide
I band in the unordered state could be described very well with a single wide
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Gaussian function. The results of this fit are shown in Figure 6. The data
on these least squares fits are given in Table 1.

The strong broad band observed at 1235 em™ in H5O for native feather
keratin can be assigned to the amide III mode. This band moves to the
900-1000 cm™! region after deuteration, as expected. The corresponding
band is at 1246 cm™! in feather keratin solution (in H,0). Bands at 1206,
1226, 1246, and 1276 cm™! remain after the sample is immersed in DO for
48 hr. Since H — D exchange can take place very quickly in the 8 confor-
mation,3! and the above treatment is likely to have exchanged all the hy-
drogens associated with peptide groups for deuterium whether hydrogen
bonded or not,?? we have assigned the four bands listed above to contri-
butions from amino-acid side chains.

When feather keratin is solubilized, only cystine and tryptophan react
with iodoacetate and sulfite.? From amino acid®? and Raman scattering!!
studies, the contribution from tryptophan is expected to be small in this
region. Since no other amino acids are affected during the extraction
process, we have used the 1206 cm™! (possibly tyrosine) band, which is
resolved from the main amide III band, as a reference to subtract it and the
1226, 1246, and 1276 cm~! bands from the composite band in the amide
III region of undeuterated samples.

When such a subtraction is performed for native feather keratin, the
result of a minimum x? fit (shown in Figure 7) is an intense band of
Gaussian shape and 30 cm™! half width located at 1233 cm~!. No unique
separation of this band into two components was possible. When the
subtraction was done on the spectrum of the solubilized feather keratin,
it was not possible to fit the remaining band with any single function and
obtain a minimum in x2. Nor was the situation improved if two functions
were used. The amide Il scattering in this case is obviously a complex
resultant of many component contributions.

Normal Vibration Analysis

The calculated amide I frequencies for selected values of ¢ and ¢ are
shown in Figure 8, superimposed on a conformational energy map of a di-
peptide.3® Calculated amide III frequencies for the same ¢ and ¥ values
are shown in Figure 9.

TABLE I
Band Resolution of the Amide I Region (D,0)
Native
Sample function l+¢g g Solubilized, g
Position, em™! 1665 1638 1654 cm™!
Y2 width, em™' 31 46.5 52 cm™!
Area, % 64 36 100

X* red. 4.6 4.3
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Fig. 7. The resolved amide III band in native feather keratin.

DISCUSSION

Early X-ray studies suggested the presence of a 8 structure in native
feather keratin, and infrared dichroic studies35 were consistent with this
proposal. Recent X-ray and infrared studies?? indicate that the 8 structure
is an antiparallel-chain pleated sheet. Our Raman studies, which show
a strong band near 1670 cm™! in the native state (in HyoO), support this
proposal, since the parallel-chain pleated sheet structure is expected to have
a lower characteristic frequency.3*
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Fig. 9. Variation of amide III frequencies as a function of ¢ and  in N-acetyl-L-alanine-
N-methylamide.

The above infrared analysis?3 suggests that only 28% of the protein
consists of an ordered 3 structure, the remaining portion being devoid of

any secondary structure. Our band resolution of the amide I region (Fig.
5 and Table I) also leads to the conclusion that two components are present,
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an ordered 8 structure represented by the relatively sharp high frequency
band and an unordered component represented by the broader lower fre-
quency band. These assignments are consistent with the correlations
discussed in the Introduction. The band areas which we obtain from this
resolution, however, suggest a significantly higher proportion of ordered
component. From Figure 5 we find that the area associated with the 3
component comprises 64% of the total amide I scattering. This probably
represents a minimum value of the % of 8 structure (assuming that the
scattering efficiencies of 8 and unordered structures are the same), since
in this spectrum the electric vector of the incident radiation, Ey, is per-
pendicular to the C=0 bond. We believe that the infrared values may
reflect what we now know®* to be an incorrect assignment23 of component
bands in the amide I region.

Our assignments for these two component bands are also supported by
the observation of the expected polarization effects for the amide I mode.%36
Snyder has demonstrated that the induced polarizability change along a
bond may be quite different from that perpendicular to the bond.37:38
There should, therefore, be relatively different scattered light intensities
with the electric vector, Eq, oriented parallel and perpendicular to the C=0
bond of the 8 sheet. On the other hand, for the unordered component the
intensities should be comparable for the two polarization directions. This
is indeed found to be the case, as is shown in Figure 10. Using the 1605,
1613 cm~! bands as an internal standard, we see that there is a much larger
contribution in the 1670 cm~! region when Ej is parallel to the C=0 bond
(i.e., perpendicular to the quill axis) than when E is perpendicular to this
bond, but that the scattering in the 1640 cm~! region is approximately the
same for both polarizations. From the geometries used, depolarization
of the incident beam cannot alter this result.37.38

Soluble feather keratin has been shown from circular dichroism studies2?
to consist of completely unordered polypeptide chains. Although this
conclusion was based on what was then a suggested revision of the assign-
ment of the circular dichroism spectrum, subsequent theoretical3%4% and
experimental?! studies have firmly established the validity of this new as-
signment. The above structural characterization of soluble feather keratin
thus has a firm independent base. The observed amide I region Raman
spectrum of this material (Figure 6 and Table I) consists of a broad (~ 50
cm~! half width) Gaussian band centered at a value (1654 cm™~! in D;O
solution, expected about 3 em~! higher in Hy0) consistent with those ex-
pected of disordered structures. The breadth of this band is such that it
easily overlaps the frequency range associated with a-helical as well as 8
conformations. It is interesting that the half width of this band is com-
parable to that of the band in native feather keratin that was assigned to
unordered structures, although the former is about 16 cm~! higher in fre-
quency than the latter.

It is clear that the greater width of the band assigned to the unordered
component must be due to the larger range in ¢ and  encompassed by such
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Fig. 10. Amide I band observed in native feather keratin with E¢ perpendicular and parallel
to the quill axis.

a distribution. This is illustrated by the results of the normal vibration
calculation for the amide I mode (Fig. 8). The frequency distribution for
a-helical conformations is very narrow, and that for extended conforma-
tions is only about 2 cm~1, but the difference between these two regions
is 10.5 cm~!. Thus, a (supposedly) narrow frequency range (1-2 cm™!)
associated with a regular 8 conformation would be broadened to about 12
cm™! in an unordered distribution containing both « and 38 conformations.
Of course, since hydrogen bonding and interaction effects®* have been
neglected in this calculation, it cannot be expected to reproduce either the
inherent breadth of a band associated with a regular structure or probably
even the exact numerical shift between the two kinds of conformations. If,
however, a “natural” width for an ordered {3 structure is about 30 cm™! (cf.
Table 1), it is perhaps not surprising, in view of the calculations, that the
width associated with the unordered distribution should be about 50 cm™1.

If we accept the above analysis, it is obvious that the average frequency
observed for an unordered distribution of ¢ and ¢ in an ensemble of poly-
peptide chains will depend on the exact form of the distribution. The
average over a dipeptide energy map (such as the one in Figure 8) corre-
sponding to an in vacuo calculation will be different from that over a sol-
vent-perturbed map,3%-42 and different from the average over the actual
conformational distribution, which may involve specific local (primary
structure) as well as long-range interactions. It should, therefore, not be
surprising that the frequency found for the unordered component of the
native protein (1638 ecm™1) is different from that observed for the solubilized
protein (1654 cm™1), nor that the band widths are slightly different. In-
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Fig. 11. Raman spectrum of solubilized feather keratin in CH30D solution.

cidentally, if we accept the general trends given by the normal vibration
calculations, then we would infer that the unordered component of the
protein contains a higher proportion of «-helical conformations than does
the solubilized feather keratin.

Another consequence of our analysis is that it may be possible for the
band width associated with an unordered distribution to change without
a significant change oceurring in its average frequency. Solubilized feather
keratin provides an illustration of this behavior. It is known25 that the
addition of CH3OH to an aqueous solution of feather keratin changes the
circular dichroism spectrum in a manner indicating that 8 type confor-
mations are favored. In Figure 11 we show the effect of increasing con-
centrations of CH3OD on the Raman spectrum of solubilized feather ker-
atin. The position of the amide I peak is essentially unaltered from its value
in aqueous solution (1657 cm ™1 in Dy0), but the half width has decreased
from 52 em™! to 40 em™1 in 20% CH30D and to 30 cm™~! in 60% CHOD.
This indicates that the conformational distribution narrows in CH;OH.
If 8 type conformations are indeed favored,?® these results indicate that,
since the peak does not shift to 1665 ecm™! (the frequency associated with
a sheet structure), these conformations occur in single chain structures and
not in a “condensed” hydrogen-bonded sheet.

We turn our attention now to the amide III region. The observed
1235-1239 em™~! band in native feather keratin (in HoO) is observed to shift
to 1246 cm™! in the solubilized form, consistent with a 8 to unordered
conversion. Using the 1206 cm™! band as a reference, there is only a slight
increase in overall band width in solution, and about a 20% reduction in
intensity. Since the reaction of cystine and tryptophan with sulfite and
iodoacetate cannot account for the reduction in intensity, we associate the
shift in frequency, the increase in band width, and the decrease in intensity
with the transformation from a partially ordered to an unordered structure.
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The normal vibration calculations (Fig. 9) again help us understand the
nature of the changes taking place. Unlike the amide I region, the
frequencies calculated for the amide III band are very sensitive to small
changes in gand ¢. Inthe a-helical region a change of 10° in ¢ causes a shift
of 11ecm™L. Inthe Bregion a similar trend exists, with a change of 6 cm™!
for a 10° variation of ¢and ¢. Over the entire region of ¢ = 0 to ¢ = —160°
and ¢ = 0toy = 160°, there is a shift of 16 cm~1. This result clearly indi-
cates that the amide III band is very sensitive to the conformation of the
polypeptide chain. Even a small deviation from a well-defined structure
causes the observed band to encompass a distribution of frequencies. This
is what we observe in feather keratin where both native and solubilized
forms have about the same band width. Furthermore, our inability to
describe the amide III band contour of soluble feather keratin with one
single function also indicates the presence of a wide range of polypeptide
chain conformations.

CONCLUSIONS

The combined Raman studies of native and solubilized feather keratin
lead to several conclusions about this fibrous protein. The spectra of the
native form are consistent with a protein containing 64% of antiparallel-
chain pleated sheet structure and 36% of an unordered component. Inthe
solubilized form the protein is 100% unordered, although its conformational
distribution differs from the unordered component of the native state.

Our studies help to clarify the nature of the vibrational spectra to be
associated with unordered polypeptide chains. In the first place, there can
be no limited amide I frequency region which characterizes all unordered
systems, since the average frequency will depend on the conformational
distribution present. This point has already been made on the basis of
circular dichroism studies.*! Second, keeping the above point in mind,
it nevertheless seems to be the case that the broadest conformational dis-
tribution gives rise to a broad band in the 1654-1660 cm™! region. The
results on silk® and our feather keratin studies support this conclusion.
This does not, of course, rule out the possibility that the range should be
broadened to the 1649-1667 cm™! value noted in the Introduction. Third,
and probably most important, although the amide I band can be used to
identify unordered structures within the conditions stated above, it seems
to us that the amide III band cannot be used in this way. Its much greater
sensitivity to the details of the conformational distribution implies that
small variations in secondary structure will lead to significant shifts in
frequency. We do not believe that the amide 1II band position should
therefore be used to characterize unordered polypeptide chain structures.
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