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Studying the secondary structure of proteins leads to an understanding of the components that make
up a whole protein. An understanding of the structure of the whole protein is often vital to understanding
its digestive behavior in animals and nutritive quality. Usually protein secondary structures include
R-helix and â-sheet. The percentages of these two structures in protein secondary structures may
influence feed protein quality and digestive behavior. Feathers are widely available as a potential
protein supplement. They are very high in protein (84%), but the digestibility of the protein is very
low (5%). The objective of this study was to use synchrotron-based Fourier transform infrared (FTIR)
microspectroscopy to reveal chemical features of feather protein secondary structure within amide I
at ultraspatial resolution (pixel size ) 10 × 10 µm), in comparison with other protein sources from
easily digested feeds such as barley, oat, and wheat tissue at endosperm regions (without destruction
of their inherent structure). This experiment was performed at beamline U2B of the Albert Einstein
Center for Synchrotron Biosciences at the National Synchrotron Light Source (NSLS) in Brookhaven
National Laboratory (BNL), U.S. Dept of Energy (NSLS-BNL, Upton, NY). The results showed that
ultraspatially resolved chemical imaging of feed protein secondary structure in terms of â-sheet to
R-helix peak height ratio by stepping in pixel-sized increments was obtained. Using synchrotron FTIR
microspectroscopy can distinguish structures of protein amide I among the different feed protein
sources. The results show that the secondary structure of feather protein differed from those of other
feed protein sources in terms of the line-shape and position of amide I. The feather protein amide I
peaked at ∼1630 cm-1. However, other feed protein sources showed a peak at ∼1650 cm-1. By
using multicomponent peak modeling, the relatively quantitative amounts of R-helix and â-sheet in
protein secondary structure were obtained, which showed that feather contains 88% â-sheet and
4% R-helix, barley contains 17% â-sheet and 71% R-helix, oat contains 2% â-sheet and 92% R-helix,
and wheat contains 42% â-sheet and 50% R-helix. The difference in percentage of protein secondary
structure may be part of the reason for different feed protein digestive behaviors. These results demon-
strate the potential of highly spatially resolved infrared microspectroscopy to reveal feed protein sec-
ondary structure. Information from this study by the infrared probing of feed protein secondary structure
may be valuable as a guide for feed breeders to improve and maintain protein quality for animal use.
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INTRODUCTION

The order of the amino acids in a chain is known as its
primary structure. As the amino acid chain (polypeptide) is being
synthesized, it is somewhat flexible. The polypeptide can bend

and twist in several ways, but it stops short of being able to
flop about freely. Most polypeptide chains fold up into a stable,
three-dimensional molecule shortly after synthesis. Due to
interactions between chemical groups on the amino acids, a few
characteristic patterns occur frequently within folded proteins.
These recurring shapes are called protein secondary structure,
and they occur repeatedly because they are particularly stable.
The most commonly occurring protein secondary structures
include theR-helix and theâ-sheet (1,2).
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Studying the secondary structure of proteins leads to an
understanding of the components that make up a whole protein.
An understanding of the structure of the whole protein is often
vital to an understanding of its digestive behavior in animals
and nutritive quality.

Feathers are widely available as a potential protein supplement
in the animal feed industry. There are>1 million tonnes of
feathers produced each year in the United States alone, and as
the consumption of poultry meat increases, so will the produc-
tion of this valuable raw material. Feathers do not suffer from
the disadvantages of antinutritional factors, such as tannins,
glucosinolates, lectins, and trypsin-inhibiting factors (3). Feathers
are very high in protein (84%), but the digestibility of the protein
is very low (5%) (3). Because of feathers’ high protein content,
it has been of interest in nutritional studies.

The low digestibility of feather protein is related to several
structural characteristics such as the high keratin content, the
strong disulfide bonding of the amino acids, and the relationship
of â-sheet to solubility (3-6).

Traditional analytical chemistry usually looks for a specific
known component such as protein through homogenization of
the tissue and separation of the components of interest (protein)
from the complex matrix. As a result, information about the
spatial origin and distribution of the component of interest
(protein) is lost and the object of the analysis is destroyed (7).
No structural-chemical information can be obtained from this
analysis.

Recently, synchrotron-based vibrational Fourier transform
infrared (FTIR) microspectroscopy has been developed as a
rapid, nondestructive, noninvasive, and advanced analytical
technique to reveal molecular microstructural features within
biological tissues and determine tissue-localized chemical
microstructure (8). This technique, taking advantages of syn-
chrotron light brightness (which is usually 100-1000 times
brighter than a conventional globar source and has a small
effective source size) is capable of exploring the molecular
chemistry within microstructures of biological samples with high
signal-to-noise ratios at ultraspatial resolutions without destruc-
tion of the sample’s structure (9-15).

Using a standard globar-sourced FTIR microspectroscopy
cannot reveal chemical features of micro-biomaterials, which
are<35-100µm (depending on the type of FTIR microspec-
trometer). Using synchrotron-based FTIR microspectroscopy
allows plant structural chemical features within cellular dimen-
sions (<30µm) to be revealed (16). This technique is also able
to chemically define the intrinsic structure and analyze individual
parts with intact biological tissues. It is able to compare the
tissue (species/varieties) according to spectroscopic characteristics/
functional groups/spatial distribution/chemical intensity within
cellular dimensions. It also can relate feed intrinsic structures
to nutrient utilization, digestive behavior, and bioavailability
in animals (16,17). Therefore, synchrotron FTIR microspec-
troscopic imaging can be used to generate spatially localized
chemical information, which can be linked to structural infor-
mation (7). Our published results (15, 16) show that with
synchrotron infrared microspectroscopy, localization of protein
in cereal grains was achievable from synchrotron FTIR micro-
scopic mapping data and protein structural features could be
detected from protein amide I bands (8).

The objectives of this study were to spatially resolve the
secondary structure of protein in different feed sources using
synchrotron infrared microspectroscopy and to reveal chemical
features of protein secondary structure in feather microstructure

in comparison with other protein sources from relatively easily
digested feeds.

MATERIALS AND METHODS

Feed Protein SourcessFeather, Wheat, Oat, and Barley.Feather
samples were obtained from the Poultry Centre of the Department of
Animal and Poultry Science, University of Saskatchewan (Saskatoon,
Canada). Wheat (cv. Superb-2001) was obtained from the Seed Increase
Unit, Agriculture and Agri-Food, Canada (Indian Head, SK), which
was arranged by Vern Racz (Director, Prairie Feed Source Center).
Dolly Barley was supplied by the Dairy Nutrition Laboratory (Dr. David
Christensen), Department of Animal and Poultry Science, University
of Saskatchewan. Oat (cv. Derby) was obtained from the Crop
Development Centre, University of Saskatchewan.

Synchrotron IR Slide Preparation. The feather, wheat, oat, and
barley were cut into thin cross sections (∼6 µm thick) using disposable
razor blade microtome knives at the Western College of Veterinary
Medicine, University of Saskatchewan. The unstained cross sections
were mounted onto Low-e IR microscope slides (Kevley Technologies,
Chesterland, OH) for synchrotron FTIR microspectroscopy in reflec-
tance mode. More detailed methodology on slide preparation was
reported by Yu et al. (15-17).

Photomicrograph of Cross Sections of Feather Tissues.Photo-
micrographs of cross sections of the feather tissues (thickness) 6 µm)
were taken with a digital camera from the slides.

Synchrotron Light Source and FTIR Microspectroscopy. The
experiment was carried out on the U2B beamline at the Albert Einstein
Center for Synchrotron Biosciences in the National Synchrotron Light
Source (NSLS) at Brookhaven National Laboratory (BNL) in Upton,
NY. The beamline is equipped with a FTIR spectrometer (Nicolet
Magna 860) with KBr beam splitter and liquid nitrogen cooled MCT
detectors coupled with an IR microscope (Nic-Plan, Nicolet Instruments,
Madison, WI) with Schwartzshild a 32× objective and 10× condenser.
Synchrotron radiation from the VUV storage ring at beamline U2B
entered the interferometer via a port of the instrument designed for
use with infrared emission. The IR spectra were collected in the mid-
IR range, 4000-800 cm-1, at a resolution of 4 cm-1 with 64 scans
co-added. The aperture setting was 10× 10µm. Stage control, spectrum
data collection, and processing were performed using OMNIC 6.0
(Thermo-Nicolet, Madison, WI). Scanned visible images were obtained
using a charge-coupled device (CCD) camera linked to the infrared
images.

Chemical Imaging.The spectral data were collected, corrected for
the background spectrum, displayed in the absorbance mode, and
analyzed using OMNIC 6.0 (Spectra Tech). The data were displayed
either as a series of spectroscopic images collected at individual
wavelengths (1630 cm-1) or as a collection of infrared spectra obtained
at each pixel position in the image. Chemical imaging ofâ-sheet to
R-helix height ratio in protein secondary structures indicated by the
amide I bands (peak at ca. 1650 or 1630 cm-1 representingR-helix or
â-sheet, respectively) (8, 13) in the intrinsic structures of the feed
samples was determined by the OMNIC 6.0 software (Spectra Tech)
at the spectral region (1650-1550 cm-1) of greatest interest. The
chemical mapping of feather tissue and barley, oat, and wheat
endosperm at beamline U2B provided data from which to choose spectra
for modeling amide I component peaks.

Quantification of the Percentage ofr-Helix and â-Sheet in Feed
Protein Secondary Structures.Because protein amide I component
bands were overlapped, a specific multipeak fitting or modeling
procedure was required. To determine the relative amount ofR-helix
andâ-sheet protein secondary structure, two steps were applied. The
first step was using the secondary derivative in OMNIC (Thermo
Nicolet) to identify protein amide I component peak frequencies. The
second step was using a multipeak fitting program with Lorentz function
in Origin to quantify the multicomponent peak areas in protein amide
I bands. The relative amount ofR-helix and â-sheet based on the
modeled peak area was calculated according to the report generated
by the software.
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RESULTS AND DISCUSSION

Feather Photomicrograph.The photomicrographs of cross
sections of the feather are presented inFigure 1. These
photomicrographs show only the structural information, not the
structural-chemical information. It is evident from these figures
that there is limited chemical information available from these
cross sections. They do not give information on localized
structural-chemical information. Furthermore, with traditional
“wet” analytical methods, it is not possible to determine
chemical features of the inherent structures at ultraspatial
resolution (3-10 µm) (7, 9). This is because traditional
analytical chemistry for the determination of feed structures
relies heavily on the use of harsh chemicals and derivatization,
therefore altering the native plant structures and possibly
generating artifacts (18). Using such methods, the chemist
attempts to look for a specific component through homogeniza-
tion of the tissue and separation of the component of interest
from the complex matrix. As a result, information about the
spatial origin and distribution of the component of interest is
lost (7).

Unique Secondary Structures of Feather Protein Indicated
by Amide I Infrared Band, Compared with Other Feed
Protein Sources.Typical protein secondary structures include
the R-helix and â-sheet (1,2). The protein IR spectrum has
two primary features, the amide I (∼1600-1700 cm-1) and
amide II (∼1500-1560 cm-1) bands, which arise from specific
stretching and bending vibrations of the protein backbone. The
amide I band arises predominantly from the CdO stretching
vibration of the amide CdO group. The vibrational frequency
of the amide I band is particularly sensitive to protein secondary
structure (10,12, 19) and can be used to predict protein
secondary structure. ForR-helix, the amide I is typically in the
range of 1648-1658 cm-1. For â-sheet, the peak can be found
within the range of 1620-1640 cm-1 (19). The amide II
(predominantly an N-H bending vibration coupled to C-N
stretching) is also used to assess protein conformation. However,
as it arises from complex vibrations involving multiple func-
tional groups, it is less useful for protein structure prediction
than the amide I band (20).

Figure 2 illustrates unique line-shapes and positions of protein
amide I in mid-IR from the different protein sources (feather
protein versus barley, oat, and wheat protein) at ultraspatial
resolution. The results show that the intrinsic structures (pixel
size ) 10 × 10 µm) of amide I from feather, barley, wheat,
and oat proteins were different. The feather protein amide I
peaks at∼1630 cm-1, but barley, wheat, and oat protein sources
show a peak at∼1650 cm-1. These results indicate that feather
contains a higher percentage ofâ-sheet but a lower percentage
of R-helix in the protein secondary structures on a relative basis.
However, barley, wheat, and oat contain lower percentages of
â-sheet but higher percentages ofR-helix. This may cause
different protein values between the feed proteins with a poor
protein value of feathers. To improve feather protein value, one
possibility is to alter the ratio ofâ-sheet toR-helix in feather
protein secondary structures by processing or treatment to
improve access of digestive enzymes to protein structures.

Ultraspatially Resolved Chemical Mapping of Protein
Amide I â-Sheet tor-Helix Ratio. Biological component ratio
images showing structural chemical features can be obtained
by the height or area under one functional group band divided
by the height or area under another functional group band at
each pixel.Figure 3 represents color maps of protein amide I
â-sheet toR-helix ratio in feather tissue and barley, oat, and
wheat endosperm tissue and single-pixel spectra measuring an
area as small as 10× 10 µm of the sample, which is within the
cellular dimension. It shows visible and chemical images in
false-color representation of the chemical functional group amide
I intensities and spectra at various pixels. Using synchrotron
FTIR microspectroscopy, the distribution and relative concentra-
tion of the chemical components associated with the inherent
ultrastructure were mapped.Figure 3 shows the area under the
∼1630 cm-1 peak height to∼1650 cm-1 peak height ratio
mapping attributed toâ-sheet andR-helix absorption ratio
(amide I).

Component ratio mapping has two advantages. The first one
is that using those ratios, any spectral intensity variations due
to tissue thickness changes are eliminated. The second one is
that the ratio maps are able to indicate relative tissue component

Figure 1. Photomicrograph of cross-section of the feather tissue (6 µm).
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Figure 2. Lineshape and position of feed protein amide I (a) from feather protein, (b) from barley protein, (c) from oat protein, and (d) from wheat
protein, respectively, indicating different protein secondary structures among protein sources (R-helix at ∼1650 cm-1 and â-sheet at ∼1630 cm-1). (The
second peaks are protein amide II; the peak heights from different points were different due to separation of each peak for each point in order for people
to read the peaks clearly.)
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contents, which could be used to determine food or feed quality,
characteristics, and nutritive values and in plant breeding
programs. Component ratio mapping can be used to compare
different feed varieties according to the inherent structural
spectral characteristics, chemical functional group intensity, and
distribution (e.g., seed coat features, pericarp features between

different seed varieties). It can be used to chemically define
the feed intrinsic structure and analyze individual feed structure
with intact tissue (16).

Our results demonstrate the potential of highly spatially
resolved infrared microspectroscopy to reveal cereal grain and
other feed protein secondary structure.

Figure 3. Functional group ratio images of the feather tissue (a), barley endosperm (b), oat endosperm (c), and wheat endosperm (d): 1, visible image;
2, chemical image; 3, chemical intensity; 4, spectra corresponding to the pixel at the cross-hair in the visible image; 1b, area under 1630 cm-1 peak
height divided by 1650 cm-1 peak height showing protein amide I â-sheet to R-helix ratio distribution. (Some holes and blue “hot spots” were due to
artifacts during the mapping.)
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Figure 4. Multicomponent amide I peak modeling showing feather (a) containing ca. 88% â-sheet and 4% R-helix; barley (b) containing ca. 17% â-sheet
and 71% R-helix; oat (c) containing ca. 2% â-sheet and 92% R-helix; and wheat (d) containing ca. 42% â-sheet and 50% R-helix. (Method of multicomponent
modeling: step 1, using secondary derivative in OMNIC to identify amide I component peak frequencies; step 2, using multipeak fitting program with
Lorentz function in origin to quantify the multicomponent peak areas in protein amide I region.)
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Modeling of Protein Amide I Peaks to Quantify the
Percentage of Protein Secondary Structures (r-Helix, â-Sheet).
Because feed protein amide I component peaks overlay each
other, the secondary derivative was used to identify amide I
component peak frequencies, and then multicomponent peak
fitting with Lorentz function was used to quantify the multi-
component peak area in the protein amide I region.Figure 4
shows that feathers contained ca. 88%â-sheet and 4%R-helix,
barley contained ca. 17%â-sheet and 71%R-helix, oat contained
ca. 2%â-sheet and 92%R-helix, and wheat contained ca. 42%
â-sheet and 50%R-helix. The difference in percentage of protein
secondary structure may be partly responsible for different feed
protein digestive behaviors. Wetzel et al. (8) compared hard
wheat cultivars (including red, white, winter, and spring wheats
grown at different locations) and soft wheat cultivars and found
that hard wheat contained, roughly, 40-60%R-helix and 25-
30%â-sheet and soft wheat contained around 40%R-helix and
40%â-sheet (obtained from their data). The results show hard
wheat had a greater relative amount ofR-helix than soft wheat.
Our results showed that the wheat (cv. Superb-2001) contained
ca. 42%â-sheet and 50%R-helix. The peak area ratios of
R-helix to â-sheet for the hard wheat cultivars were 1.57-2.10,
compared to the ratios from 0.96 to 1.07 for the soft wheat
cultivars. Our results showed that the peak area ratio ofR-helix
to â-sheet for the wheat (cv. Superb-2001) was 1.18. However,
no published results have been found for oat and barley. It is
necessary to mention that our results should be considered as
typical and not average for the individual seed. Many factors
will affect the quality of feeds, such as location, climate, and
growth conditions. Information from this study by the infrared
probing of feed protein secondary structure may be valuable as
a guide for feed breeders to improve and maintain protein quality
for animal use. Our results demonstrate the potential of highly
spatially resolved infrared microspectroscopy to reveal cereal
grain and other feed protein secondary structure.

Conclusions.With synchrotron-based FTIR microspectros-
copy, the ultrastructrual-chemical makeup characteristics could
be revealed at a high ultraspatial resolution. Synchrotron-based
FTIR microspectroscopy revealed that the secondary structure
of feather protein differed from that of other feed protein sources
in terms of the line shape and position of amide I in mid-IR
within the cellular dimension. By using multicomponent peak
modeling, the relative quantitatiion of protein amide I component
peakssR-helix andâ-sheetscould be resolved. The results
indicated that the secondary structure of feather protein contains
a higher percentage ofâ-sheet and a lower percentage ofR-helix
on the relative basis, compared to the grain protein sources.
This may be part of the reason for feather’s poor protein value
in comparison with other feed protein sources. Our results
demonstrate the potential of highly spatially resolved infrared
microspectroscopy to reveal feed protein secondary structure.
Further study is needed to quantify the relationship between
protein secondary structure and digestive behavior of various
varieties of grain feed protein sources such as barley, oat, and
wheat.
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