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Abstract: The utilization and availability of protein depended on the types of protein and their specific
susceptibility to enzymatic hydrolysis (inhibitory activities) in the gastrointestine and was highly
associated with protein molecular structures. Studying internal protein structure and protein
subfraction profiles leaded to an understanding of the components that make up a whole protein. An
understanding of the molecular structure of the whole protein was often vital to understanding its
digestive behavior and nutritive value in animals. In this review, recently obtained information on
protein molecular structural effects of heat processing was reviewed, in relation to protein
characteristics affecting digestive behavior and nutrient utilization and availability. The emphasis of
this review was on (1) using the newly advanced synchrotron technology (S-FTIR) as a novel
approach to reveal protein molecular chemistry affected by heat processing within intact plant tissues;
(2) revealing the effects of heat processing on the profile changes of protein subfractions associated
with digestive behaviors and kinetics manipulated by heat processing; (3) prediction of the changes of
protein availability and supply after heat processing, using the advanced DVE/OEB and NRC-2001
models, and (4) obtaining information on optimal processing conditions of protein as intestinal protein
source to achieve target values for potential high net absorbable protein in the small intestine. The
information described in this article may give better insight in the mechanisms involved and the
intrinsic protein molecular structural changes occurring upon processing.
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INTRODUCTION

Protein and Heat Processing: As we know, protein is
one of most important nutrient. Heat processing has
been used to improve protein utilization and availability
ee- 151 and inactivate antinutrition factors ! by reducing
the solubility of the protein, changing protein
subfractions, and reducing rumen fermentation and
metabolism, increasing the amounts of protein entering
the small intestine for absorption and digestion !> 7,
and reducing rumen conjugated linoleic acid
hydrogenation and increasing the amount of conjugated
linoleic acid available in the small intestine ©*),

The mechanism of altering the protein
digestive behavior with heat processing, summarized by
Goelema M, involves denaturation (which is a
disorganization of the overall molecular shape of a
protein), unfolding or uncoiling of a coiled or pleated
structure, or the separation of the protein into its
subunits, which may then unfold or uncoil . Any

66

temperature change in the environment of the protein
which can influence the non-covalent interactions
involved in the structure may lead to an alteration of the
protein internal structures ', Recently research
showed that heat processing affected protein moleclualr
structures ' and changed the protein o-helix to B-sheet
ratio "% '), These changes affected nutritive quality and
availability ['%.

Literatures show that the effects of heat
processing on protein value, utilization and availability
are equivocal "), Part of reason was that there was no
availability of a newly analytical technique which could
be used to detect inherent molecular changes of protein
structures by heat processing, and heating conditions
may not be optimal, either underheated or overheated.
Therefore it was crucially important to develop an
advanced analytical technique that can be used to detect
molecular structural changes, which are associated with
heat processing and to develop the advanced nutritive
evaluation models that can quantitatively predict
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nutrient supply and availability changes after heat
processing and is able to identify optimal/best
processing conditions.

Newly Developed Analytical Techniques and
Strategies Used to Study Effect of Heat Processing
on Protein Molecular Structure in Relation to
Utilization and Availability of Protein: There are
three analytical techniques and approaches which could
be applied to study effects of heat processing on protein
structure, protein utilization and protein availability.
The first approach is to use the newly developed,
advanced, non-invasive and non-destructive
synchrotron based FTIR microspectroscopy (S-FTIRM)
as a novel research tool to study protein inherent
structures in relation to protein nutritive value and
digestive behaviors " Checking effects of heat
processing on protein quality and availability is to look
at magnitude of changes of the protein internal
structures in the intrinsic protein structures in terms of
o-helix to B-sheet ratio within the intact tissue ['* '* '*,
The second is to study protein subfractions in relation
to rumen degradation characteristics and kinetics to
assess protein utilization using the Cornell Net
Carbohydrate Protein System (CNCPS) "), The third is
to use advanced protein evaluation models, the
DEV/OEB system " ¥ and NRC-2001 model " to
quantitatively predict potential protein and microbial
protein availability and supply affected by heat
processing and to determine or identify an optimal
processing condition through the models.

Goals and Emphasis of the Review: The goals of this
review were to (1) introduce a novel synchrotron-based
analytical technique (S-FRIRM) as an emerging method
for protein molecular structure research within cellular
and subcellular dimensions within intact tissues and (2)
review three approaches /strategies for protein structure
and availability research.

The emphases of this review are on (1) using
the advanced synchrotron technology (S-FTIRM) as a
novel approach to reveal protein molecular chemistry
affected by heat processing within intact tissues, (2)
quantify changes of protein internal structure affected
by heat processing using multi-component peak
modeling with Gaussian and Lorentzian methods in
relation to protein nutritive value; (3) revealing the
effects of heat processing on the profile changes of the
protein subfractions associated with digestive behaviors
and kinetics manipulated by heat processing methods;
(4) prediction of changes of potential protein and
microbial protein supply after heat processing, using the
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DVE/OEB system "® and NRC-2001 models, and (5)
obtaining information on optimal processing conditions
of protein as intestinal protein source to achieve target
values for potential high net absorbable protein in the
small intestine while holding any N loss in the rumen to
a low level, using the above two models.

The information described in this article may
give better insight in the mechanisms involved and the
structural changes occurring upon processing of protein
in terms of protein molecular structures, protein
subfraction profiles and protein availability. A focus of
the review was on evaluation of the newly developed
synchrotron-based analytical technique (S-FTIRM), and
new approaches to establishment of a complex protein
evaluation system that more accurately accounts for
digestive processes on a quantitative basis.

Structural Aspects of Protein Associated With
Nutritive Values And Introduction Of Advanced
Synchrotron-Based Bioanalytical Technique

Protein Structures in Relation to Protein Nutritive
Value: An understanding of relationships between
protein (in terms of total protein composition and
protein molecular structures) and protein utilization and
availability are very important to economical and
sustainable animal productions. Protein quality,
degradation characteristics, utilization and availability
are closely related to NOT ONLY 1) total protein
chemical composition, BUT ALSO 2) protein intrinsic
structures (such as protein secondary structures: o-
helix, B-sheet and their ratio) I'* ** 2" and 3) biological
component matrix (such as protein to starch matrix,
protein to carbohydrate matrix) ** >/,

Protein Internal Structure: As mentioned before, the
nutritive value, digestibility and availability of protein,
which are highly associated with protein inherent
structures, depend on the type of protein and their
specific  susceptibility to enzymatic hydrolysis
(inhibitory activities) in the gastrointestines. Studying
the protein inherent structure leads to an understanding
of the components that make up a whole protein ** >/,
An understanding of the internal structure of the whole
protein is often vital to understanding its digestive
behavior, nutritive quality, utilization and availability.
Protein internal structures include mainly a-helix and -
sheet, and very small amounts of B-turn and random
coil [ 2> 261" The ratios and proportions of these
structures  influences protein quality, utilization,
availability and digestive behavior '“ '* 2! High
proportion of B-sheet structure may partly cause low
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access to gastrointestinal digestive enzymes, which
results in a low protein value and low protein
availability.

However, studies on protein structures and
their inherent structural changes in relation to nutritive
value and digestive behaviors of protein are extremely
rarely. Recent research has shown that different protein
sources have different the proportions and ratios of a-
helix and B-sheet in protein structures 1*!!. These protein
structures were highly associated with protein nutritive
value. The heating processing affects protein structural
changes, some resulting in high protein value and some
resulting in low protein value ', It has also been found
that the sensitivity of the variety to heat was different
and therefore the tissue inherent protein structure
changes were different "%,

Traditional “Wet” Chemical Approach Cannot Link
Structure to Chemical Information: Traditional
“wet” analytical chemistry usually looks for a specific
known component through homogenization and
separation of the components of interest from the
complex matrix. As a result, the information about the
spatial origin and distribution of the component of
interest is lost and the object of the analysis is destroyed
(27 Traditional “wet” chemical analyses rely heavily on
the use of harsh chemicals and derivatization, therefore
altering the native structures and possibly generating
artifacts and the analyses also require reasonable
amounts of material (g or mg levels), which usually
g}ﬂeans that they are carried out on composite samples

Traditionally, we use the conventional “wet”
chemical analysis to determine total chemical
composition, and then we use the total chemical
composition to predict nutritive and energy values. For
example, the NRC dairy and beef ["* ) use a summary
chemical approach ! 3% to determine total feed
composition (such as crude protein, organic matter,
ether extract, acid detergent fiber, neutral detergent
fiber, acid detergent insoluble nitrogen, neutral
detergent insoluble nitrogen), and then put these basic
chemical compositions into the NRC formula to
estimate energy values (such as total digestible
nutrients (TDN), total digestible neutral detergent fiber
(tdNDF), total digestible crude protein (tdCP), total
digestible fatty acid (tfFA) and total digestible non-
fiber carbohydrate (tdNFC)), and then estimate energy
values (such as TDN, DE, ME, NE) (19

Question we asked was how accurate this
chemical approach? So we did some comparison "',
We used a biological approach to directly determine
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total digestible nutrients, and then obtained the energy
values. The results °'! showed that the data were not
predictable from both the NRC chemical approach !
1 and the biological approach. This study *" indicated
that the NRC chemical approach " ! could not
accurately predict energy values. Why was not
predictable? Part of reason is that the NRC chemical
approach only considers total chemical composition,
but did not consider plant intrinsic structure and
biological component matrix, which are also closely
related to nutritive value, energy value and protein
value. Even two plants have the same total chemical
composition, if inherent structures different, the
nutritive values are different. For example, Harrington
barley and Valier barley which are similar in chemical
composition, but digestive behavior and nutrient
availability are completely different.

Each plant/seed has unique inherent structure.
Therefore their digestive behaviors are different.
However, if using the conventional “wet” chemical
analysis, we only obtain total chemical composition. No
structural-chemical information and molecular features
can be obtained. In other words, “wet” chemical
approach cannot link structure to chemical information.

13

Emerging Advanced Synchrotron-Based
Bioanalytical Technique for Plant Structure
Research : A synchrotron is a giant particle accelerator
that turns electrons into light 2. Synchrotron light is
extremely bright (millions of times brighter than
sunlight). The beam is non-divergent, intense and
extremely fine P**7). When a synchrotron light (IR)
source, FTIR spectroscopy and microscopy combined
together, it is called “synchrotron radiation-based FTIR
microspectroscopy (S-FTIRM). Recently, the S-FTIRM
has been developed as a rapid, direct, non-destructive
and non-invasive bioanalytical technique. This
technique, taking advantages of synchrotron light
brightness (which is usually 100~1000 times brighter
than conventional globar source and has small effective
source size), is capable of exploring the MOLECULAR
chemistry within microstructures of biological samples
with high signal to noise ratio at ultra-spatial
resolutions as fine as 3~10 pm %3343,

This technique is able to provide information
relating to the quantity, composition, structure and
distribution of chemical constituents and functional
groups in a tissue and can encompass a wider spectral
range so that more detailed structural information can
be extracted. It can link tissue structural information to
chemical information at a cellular and sub-cellular level
and is able to provide 4 types of information
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simultaneously, 1) tissue composition, 2) tissue
structure, 3) tissue chemistry and 4) tissue environment.
This advanced bioanalytical technique, S-FTIRM, has
already been used in medical science research, for
example comparison of cancer tissue and normal tissue
in the molecular structural features. The technique can
be used to increase the fundamental understanding of
plant internal structures at the cellular level and bring a
new level of understanding of analytical information
71 However, to date there has been very little
application of this synchrotron-based Dbioanalytical
technique (S-FTIRM) to the study of the structural-
chemical features of plant tissue and protein structure.
These structural-chemical features are associated with
protein quality and nutritive value (4],

Study Protein Internal Structures Affected By Heat
Processing At Cellular and Subcellular Levels In
Relation To Protein Values, Using Synchrotron Ftir
Microspectroscopy: A Novel Approach

Unique Protein Bands and Principle of
Synchrotron-Based FTIR Microspectroscopy: Each
biological component has an unique molecular
structural feature, thus each has its own unique IR
spectrum, for example lignin band at ca. 1510 cm’,
starch band at ca. 1025 cm™ and lipid carbonyl C=0O
ester band at ca. 1740 cm % 3% 4% 4446 471 Tphe
characteristic of protein structure is unique in the
peptide bond. The peptide bond contains C=0, C-N and
N-H. The protein amide I bond is primarily C=0
stretching vibration (80%) plus C-N stretching
vibration. Protein amide I absorbs at ca. 1650 cm™.
Protein amide II which absorbs at 1550 cm™ consists
primarily of N-H bending vibrations (60%) coupled
with C-N stretching vibrations (40%) ™7 **I. Typical,
protein secondary structures include mainly the a-helix
and B-sheet ** ). Random coil and B-turn exist in a
small amount in the protein secondary structures. The
protein IR spectrum has two primary features, as
indicated before, the amide I (ca. 1600-1700 cm™) and
amide II (ca. 1500-1560 cm™) bands, which arise from
specific stretching and bending vibrations of the protein
backbone. The amide I band arises predominantly from
the C=O stretching vibration of the amide C=O group.
The vibrational frequency of the amide I band is
particularly sensitive to protein secondary structure ©*>
36:47.49-51 and can be used to predict protein secondary
structure. For o-helix, the amide I is typically in the
range of 1648-1658 cm™. For B-sheet, the peak can be
found within the range of 1620-1640 cm™ % The
amide II (predominantly an N-H bending vibration
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coupled to C-N stretching) is also used to assess protein
conformation. However, as it arises from complex
vibrations involving multiple functional groups they are
less useful for protein structure prediction than the
amide I band 7.

Globar Sourced vs. Synchrotron-Based FTIR
Microspectroscopy: The detailed comparisons
between the conventional globar and synchrotron
sourced FTIR microspectroscopy have been reported by
Holman et al. B2, Wetzel et al. 3!, Miller B> Dumas
26 and Yu ", In general, using a standard globar
(conventional thermal IR) sourced FTIR
microspectroscopy cannot reveal chemical feature of
micro-biomaterials, which is <20 to 50 um (depend on
the type of infrared microspectrometer). The normal
plant cell size is around 5-30 pum. With globar source,
very poor signal to noise ratio within plant cellular
dimensions is obtained 1% ** %% Using the S-FTIRM
allows very small area to be explored (a few microns),
provides higher accuracy and precision, allows faster
data collection, reaches diffraction limit as a few
microns and provides very good signal to noise ratio
with highly ultra-spatial resolutions ** 3> 3637321 Tt can
reveal molecular structural features 1% 2! 2 31 4244
Synchrotron IR source is unable to damage any
biological tissue %,

Methodology of Advanced Synchrotron-Based FTIR
Technique

Tissue Preparation and Synchrotron Transmission
and Reflection FTIR Microspectroscopy: Tissues
were cut into thin cross sections (ca. 5 to 10 um
thickness). The unstained cross-sections of the tissues
rapidly transferred to BaF, windows (size: 13x1 mm
disk; Spectral Systems, NY) for transmission mode in
synchrotron transmission FTIR microspectroscopic
work. The unstained cross-sections were dry mounted
onto Low-e IR microscope slides (Kevley
Technologies, Chesterland, OH) for reflectance mode in

synchrotron reflection FTIR microspectroscopic work
[42, 43]

Synchrotron-Based Infrared Microspectroscopy:
The spectroscopic images and data were recorded using
a Nicolet Magna 860 FTIR (Thermo Nicolet, USA)
equipped with a Continupm IR microscope (Spectra
Tech, USA), mapping stage controller, 32x objective
and a mercury cadmium telluride (MCT-A) detector.
The bench was configured with a collimated
synchrotron light beamline (U2B and U10B at NSLS-
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BNL, New York; Port031 at SRC, Wisconsin) served as
an external input to the Thermo Nicolet Instruments-
Nicolet Magna 860). The modulated light was passed
through the IR microscope to perform transmission or
reflection microscopy. The spectra were collected in the
mid-IR range of 4000-800 cm™ at a resolution of 4 cm’
with 64 scans co-added and an aperture setting of ca. 10
pm x10 pm. The reasons for the chosen aperture size of
10 pum % 10 pm were: 1) The size was within cellular
dimension; 2). The 10 um x 10 pm aperture size was
the best for getting good signal to noise ratio spectrum
mapping of plant tissues. To minimize IR absorption by
CO,; and water vapour in ambient air, the optics could
be purged using dry N,. A background spectroscopic
image file was collected from an area free of sample.
The mapping steps were equal to aperture size. Stage
control, data collection and processing were performed
using OMNIC 6.0. Scanned visible images were
obtained using a charge-coupled device (CCD) camera
linked to the infrared images [*+>**,

Spectrum Data Analysis and Chemical Imaging: The
spectral data of the plant tissues were collected,
corrected with the background spectrum, displayed in
the absorbance mode and analyzed using OMNIC
software 6.0. An automatic baseline correction was
applied to generate the final spectra. The synchrotron
FTIR absorbance was expressed as Log (1/R) [T spectrum
collected in reflection model needed to transfer to absorbance unit by Log (1/R)]
The data can be displayed as either as a series of
spectroscopic  images  collected at individual
wavelengths, or as a collection of infrared spectra
obtained at each pixel position in the image.

Functional groups bands were according to
publications % 3> 3¢ 3% 46 471 " Chemical imaging of
functional groups was determined by the OMNIC
software 6.0 or the cluster imaging was determined by
the Cytospec /. Peak ratio images (were obtained by
the height or area under one functional group band
(such as amide I 1650 cm™) divided by the height or
area under another functional group band (such as
starch 1025 cm™) at each pixel, which representing
biological component ratio intensity and distribution in
the plant tissues (e.g. protein-to-total-starch-ratio image
and hemicellulose-to-total-carbohydrate ratio image).
The false color maps were used, which were derived

from the area under particular spectral features >+,
With the synchrotron based analytical
technique-S-FTIRM,  chemical intensities  and

distributions of biological components such as lignin,
cellulose, protein, lipid and total carbohydrate and their
ratios (such as protein to carbohydrate; Cellulose to
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carbohydrate ratio) could be mapped. These images
revealed the chemical information of tissue intrinsic
structure. Such information could be analyzed for clues
of the plant intrinsic structures in relation to
biodegradation characteristics, used to identify the
chemical differences between plant varieties in a
specific structure (such as comparing aleurone layer or
comparing see coat) without the destruction of the
tissue, or used to identify the molecular structural
changes of the tissues affected by physical, chemical
and biological treatments.

Quantify the Proportions of a-Helix and p-Sheet (IR
absorption Intensity) in Protein Secondary
Structures

Selection of the Relatively “Pure” Protein Areas in
Tissues: The ultra-spatially chemical mapping of
protein and protein to other biological component ratio
(such as protein to starch ratio) provided spectra data
selected with relatively “pure” protein body for
modeling protein amide I component peaks. The
selection procedure of the relatively “pure” protein in
the plant tissues followed the methodology (called
“cherry pick-up”) published by Wetzel et al. . The
brief procedure is as follows:

Within each image, multi-areas samples with
the relatively “pure” protein were selected for
quantification of protein secondary structures (such as
o-helix to B-sheet ratio) °'!. This is because the tissue
matrix is heterogeneous. Protein and protein to starch
ratio unequally distributed in the plant tissues to justify
to select pure protein for molecular structural analysis.
The selected spectrum had very high protein amide I
and amide II peaks with no or very little carbohydrate
[44, 54]. In order to eliminate carbohydrate scattering
effect on the protein spectrum, the relatively “pure”
protein areas were selected for protein secondary
structure analysis. The size of each probed area was 10
pm x 10 pm, which was within plant cellular
dimensions (5 to 30 pm) ['% 3+,

Quantify the Relatively Proportions of Protein
Secondary Structures : Because protein amide I
component bands were overlapped '”!, a specific multi-
peaks fitting or modeling procedure was required. To
determine the relative amounts of a-helix and -sheet of
the protein secondary structures in pure protein areas,
two steps were applied. The first step was using Fourier
self-deconvolution (FSD) to obtain the FSD spectrum
in protein amide I region to identify protein amide I
component peak frequencies. The detailed concepts and
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algorithm of FSD (FSD: a method for resolving
intrinsically overlapped bands) were described in
Kauppinen et al. ®® and Griffths and Pariente ©”. The
second step was using multi-peaks fitting program with
Gaussian and Lorentzian functions °®  using Origin
data analysis software to quantify the multi-component
peak areas in protein amide I bands. The differences
and comparisons between Gaussian and Loretzian
functions for multi-component peak fitting and sample
curves are studied in Yu °*). The detailed descriptions
of peak shape, centre, offset, wide and areas were
reported in Origin. The relative amount of a-helix and
B-sheet based on modeled peak areas was calculated
according to the report generated by the software. It
needs to be mentioned that the relative proportions of
protein secondary structure may not reflect the natural
secondary structure. However, the purpose of modeling
the relative proportions of secondary structure was to
detect the tissue differences, and processing effects
between plants and relation to nutritive value and
digestive behavior. It needs to be mentioned that multi-
peak modeling procedure is only fine when we estimate
relative proportion (not exact proportions) of protein
structure profiles

Univariate and Multivariate Statistical Approaches
for Synchrotron FTIR Spectrum Data: Statistical
approaches to analyze spectral data collected under the
S-FTIRM usually include uni- and multivariate
statistical methods. The univariate methods of analysis
consist of various mapping displays of spectral data.
Usually researchers may select band intensities,
integrated intensities, band frequencies, band intensity
ratios etc, to construct false color maps of the spectral
data P,

The multivariate methods of data analyses
create spectral corrections and maps by including not
just one intensity or frequency point of a spectrum, but
by utilizing the entire spectral information. The
methods include cluster analysis (CLA) *! and
principal component analysis (PCA), which are
techniques which clusters infrared spectra in a map

based on similarity with other spectra in the same map
[36, 59, 60]

Hierarchical Cluster Analysis to Identify Intrinsic
Structural Difference: The first multivariate analysis,
is agglomerative hierarchical cluster analysis, of which
function performs an (agglomerative hierarchical)
cluster analysis of an IR spectra data set and displays
the results of CLA as images and/or as dendrograms.
First, it calculate distance matrix, which contains
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information on the similarity of spectra. Then, in
hierarchical clustering, the algorithm searches within
the distance matrix for the two most similar IR spectra
(minimal distance). These spectra are combined into a
new object (called a "cluster" or called “hierarchical
group”). The spectral distances between all remaining
spectra and the new cluster are re-calculated °*. For
cluster analysis, Ward's algorithm was used in our
studies for clustering. Spectral distances were computed
as D-values. In a dendrogram, spectral distances were
given on the Y-axis. Horizontal lines illustrated the
merging process, eg the combination of two clusters to
a new cluster of spectra. It is a technique which clusters
IR spectra based on similarity with other spectra. This
method can give results with a better discrimination of
different feed structures using feed chemical image
and group spectrum %),

The report shows that the clusters in the
pericarp region, aleurone layer and endosperm region
are different between plants and between plant
structures within the plant. From the CLA diagram,
three classes can be distinguished below a linkage
distance less than 23, with C_E group forming a
separate group. Depending on the aggregation level
(horizontal axis) different explanations can be inferred.
The C P group and B_E group form the two distinct
groups just below an aggregation (linkage) distance 8.
They form a single group at an aggregation distance of
about 22. The C_E group can be grouped together with
the C_P and B_E groups for a linkage distance equal to
about 38. The results clearly show significantly
different spectral clusters in the different plant seed
structures: pericarp region, aleurone layer and
endosperm region using whole spectral region from
4000 to 800 cm™ for CLA analysis. In other words,
different feed structures have different spectra clusters
and different feeds have different spectra clusters.

Principal Component Analysis to Identify Plant
Intrinsic ~ Structural Differences: The second
multivariate analysis, is PCA analysis which is a
statistical data reduction method. It transforms the
original set of variables to a new set of uncorrelated
variables called principal components (PCs). The first
few PCs will typically account for >95% variance. The
purpose of PCA analysis is to derive a small number of
independent linear combinations (PCs) of a set of
variables that retain as much of the information in the
original variables as possible. This analysis allows
studying globally the relationships between p
quantitative characters (eg. feed chemical functional
groups) observed on n samples (eg FTIR spectra of
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plants and plant structural regions). The basic idea is to
extract, in a multiple variable system, one, two or
sometimes more PCs that carry maximum information.
These components are independent (orthogonal) of each
other and the first factor generally represents maximum
variance. As factors are extracted, they account for less
and less variability and the decision of when to stop
basically depends on the point when there is only very
little significant variability left, or merely random
noise. Thus, reduction of data provides a new
coordinate system where axes (eigenvectors) represent
the characteristic structure information of the data and
the spectra may then be simply described as function of
specific properties, and no longer as a function of
intensities. The outcome of such an analysis can be
presented either as a 2D (two PCs) or 3D (three PCs)
scatter plots [61]. The PCA analysis have been applied
in tissue ultra-structural chemistry research to detect the
structural-chemical difference and effect of heat
processing [10, 55, 60].

Novel Applications of Synchrotron-Based FTIR
Microspectroscopy in Protein Structure Research

Determination of the Internal Protein Secondary
Structure Changes (o-Helix and B-Sheet and their
ratios) of Raw and Heat Treated Brown and Golden
Flaxseeds and Relation to Nutritive Value of
Protein: The objectives of the study [10] were to use
the S-FTIRM to: 1) reveal ultra-structural chemical
features of protein secondary structures of flaxseed
tissues affected by varieties (brown and golden) and
heating processing (raw and roasting) within intact
tissues at a cellular level, in relation to protein nutritive
value, utilization and availability and 2) quantify
protein secondary structures using Gaussian and
Lorentzian methods of multi-component peak
modeling. The experiment was performed at the
National Synchrotron Light Source (NSLS) in
Brookhaven National Laboratory (BNL, US Dept of
Energy, New York).

This study [10] showed that with the S-
FTIRM, the structural-chemical makeup of the flaxseed
tissues could be revealed at ultra-spatial resolution
within cellular dimensions. The protein secondary
structure differed between the golden and brown
flaxseed tissues in terms of proportions and ratios of -
helix and B-sheet. By using multi-component peaks
modeling at protein amide I region of 1700-1620 cm™,
the results show that the golden contained relatively
higher proportions of model-fitted a-helix (47 vs. 37%),
lower proportion of model-fitted B-sheet (37 vs. 46%)
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and higher ratio of a-helix to B-sheet (1.3 vs. 0.8),
indicating potential high protein value, high nutrient
utilization and availability in the golden flaxseeds.

The roasting reduced proportions of a-helix
(from 47 to 36), increased proportions of B-sheet (from
37 to 50%) and reduced a-helix to B-sheet ratio (1.3 to
0.7) of the golden flaxseed tissues. However, the
roasting did not affect percentage and ratio of a-helix
and B-sheet in the brown flaxseed tissue. These results
indicated different sensitivities of protein secondary
structure to the heat processing between the flaxseed
varieties and that the roasting may affect protein value,
nutrient utilization and availability in the golden seeds
but not in the brown.

In this study [10], multivariate statistical
analyses were also used to discriminate and classify
inherent protein structures of the raw and roasted brown
and golden flaxseed tissues. Although the cluster
analysis [60] showed that the four flaxseed (F1 to F4)
cannot be fully distinguished, however, when combined
brown and golden flaxseed together and emphasized on
the raw and roasting effects, the PCA analysis [60]
could almost fully distinguish between the raw and
roasted flaxseeds in protein amide I FSD spectrum at
the region of 1700-1620 cm™ and the raw and roasted
can be grouped in separate ellipses. The first three PCs
explain 36.7, 19.4, and 16.5% of the variations in the
protein amide FSD spectrum data set.

These results demonstrate the potential of
highly  spatially resolved synchrotron FTIR
microspectroscopy to localize relatively “pure” protein
body in the tissues and reveal protein secondary
structures at a cellular level without destruction of the
inherent structure of the tissue and eliminate other
components such as carbohydrate scattering effect on
the protein spectrum. The results indicated relative
differences in protein secondary structures between
flaxseed varieties and differences in sensitivities of
protein secondary structure to the heat processing. The
further study is needed to quantify the relationship
between protein secondary structures and protein
nutrient availability of various varieties of flaxseeds
and to answer a question whether the changes in the
relative amounts of protein secondary structures are
primarily responsible for differences in protein
availability or utilization or at what magnitudes of
changes result in substantially nutritive value changes.

Identification of the Structural Chemical
Differences in the Protein Matrix of Endosperm
Tissues between Harrington (Malting-type) and
Valier (Feed-type) Barley in Relation to
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Biodegradation Characteristics: Harrington is a
malting-type barley variety. As with most barley
varieties, its extent and rate of biodegradation in the
rumen are high ®*. However, if ruminants consume
rapidly degradable barley, the incidence of digestive
disorders such as bloat and acidosis can increase. This
reduces animal performance and can lead to death in
acute cases ' ® Valier barley has been recently
developed as a specialized feed barley for ruminants [
%1 ts extent and rate of rumen degradation are low,
which should be beneficial to animal performance and
health when animals are fed this variety [62)

The hypothesis for this study ' was that the
different degradation characteristics between the two
barley varieties may be partly due to differences in the
protein-starch matrix of the endosperm tissue. As we
know, traditional “wet” chemical analysis cannot detect
such biological differences because the inherent seed
structures that may inhibit digestion are destroyed
during processing for analysis. “Wet” chemical analysis
also showed that the total chemical composition were
similar between the two barleys 2],

The objective of this study ' was to use the
S-FTIRM to identify differences in the structural
makeup of Harrington and Valier barley endosperm
tissues, so as to obtain a better understanding of the
intrinsic structure of barley endosperm tissue in relation
to rumen degradation characteristics. The experiment
was performed at the beamline Port 031 in Synchrotron
Radiation Center (SRC, University of Wisconsin). The
photomicrograph of cross-sections of the endosperm
tissue of Harrington and Valier barley ** showed that
Harrington has larger starch granules that are less
densely packed in the protein matrix, relative to Valier.
As with traditional analytical methods, it is difficult to
pinpoint exact differences. No specific chemical
information on barley micro-endosperm tissue is
obtained through such images. Using the synchrotron
based analytical technique- S-FTIRM technique, the
results showed that Harrington had a wider range of
starch to protein IR absorbance intensity ratio (1.406 to
10.119 vs. 1.419 to 4.274), suggesting that it is more
heterogeneous than Valier in endosperm chemical
makeup. Valier had a lower ratio of starch to protein IR
absorbance intensity than Harrington (4.121 = 0.576 vs.
2.776 £ 0.270), which implies that the starch granules
in Valier are more closely associated with the protein
matrix. This closer association may prevent the starch
granules from being rapidly degraded in the rumen.

The lower starch to protein ratio in the micro-
endosperm tissue of Valier barley may provide a clue to
reduced effective degradability and the somewhat

[23]
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slower rate of rumen nutrient degradation observed in
the in situ study ¥ (Yu et al. 2003c). McAllister et al.
(221" for example, suggested that the protein matrix
surrounding starch granules is a major factor
responsible for differences in the rate of ruminal starch
digestion of cereal grains. Efficient starch digestion by
ruminal microorganisms requires an array of
fiberolytic, proteolytic and amylolytic enzymes. The
extent to which protein and structural carbohydrates
shield underlying starch granules from enzymatic attack
differs among cereal grains (). The greater association
of the protein matrix with the starch granules in the
endosperm tissue of Valier barley may limit access of
ruminal microorganisms to the starch granules and thus
reduce the rate and extent of degradation relative to that
of Harrington barley. This study ! indicated that
Harrington  and  Valier  barley  differ in
chemical/structural endosperm matrix makeup. The
lower ratio of starch to protein SR-FTIR absorbance
intensity for Valier indicated a tighter association
between starch and protein in the endosperm. This may
explain why Valier exhibits a lower extent and rate of
rumen degradation than Harrington barley.

Detecting Chemical Make-up Differences of Protein
Structures between Yellow- (Brassica Rapa) and
Brown-Seeded (Brassica Napus) Canola: Traditionally,
when we determine protein value, we usually determine
total protein content. According to total protein content,
higher or lower, in comparison to a standard, we
determine the protein value. This approach has been
used for a long time. However, this approach has a
significant disadvantage. This is because protein value
relies on not only total protein content, but also protein
inherent structures '* > % and nutrient matrix !,
The inherent protein structures affect the protein access
to gastrointestinal digestive enzyme. The nutritive
value, digestibility and availability of protein do not
directly depend on a-helix and B-sheet, but the types of
protein and their specific susceptibility to enzymatic
hydrolysis (inhibitory activities) in the gastrointestines
are highly associated with protein inherent structures.
High B-sheet to a-helix ratio may result in low access
to intestinal digestive enzymes, resulting in low protein
value. Even if tissue contain the same protein content,
their nutritive value may be different if their o-helix
and P-sheet ratios in the protein secondary structures
are different.

Canola is oil seeds and its protein content also
high, therefore, considered as an important protein
source. Canola seeds in Canada, like soybean, are often
used to extract purified protein source as a replacement
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for fish meal or as a low rumen undegradable protein
source, called “Fiber Protein”. Usually, Canola contains
yellow- and brown-seeded varieties. In western Canada,
Brassica canola including the yellow-seeded Brassica
rapa and dark-brown seeded Brassica napus varieties
are commonly grown. No study has been found to
determine differences of inherent protein structures
between the yellow- and brown-seeded Brassica canola
varieties.

The objective of this study was to use the S-
FTIRM to identify the molecular structural differences
of protein between the yellow- vs. brown-seeded
Brassica canola. The study showed that with the S-
FTIRM, the molecular chemistry and the structural-
chemical makeup and characteristics were revealed and
identified between two varieties of canola seeds.
Compared the yellow- and browned-seeded canola
tissues, amount and percentage of protein amide I FSD
multi-component (5-8 peaks) peaks between the two
varieties of canola seeds was significantly different. In
the yellow-seeded canola tissue, 10% protein amide I
FSD spectrum was with 5 peak bands, 17% was with 6
peak bands, 5% was 7 peaks bands and no 8 peaks band
spectrum was found in the yellow-seed canola variety.
However, in the brown-seeded canola tissue, no 5 peak
band spectrum was found, 35% was with 6 peak bands,
55% was with 7 peak bands and 10% was 8 peaks
bands. The average peaks in protein amide I region for
the yellow-seeded canola tissue was 6 and average
peaks for the brown-seeded canola was 7 (SEM=0.1).
These results showed a difference in protein structures
between the yellow- and browned-seeded canola
tissues. It needs to be mentioned that the distinction
between 5, 6, 7, and 8 peaks may appear to be due to
the number of components between around 1560 and
1610 cm™', this region might be not strictly amide I and
could be influenced by other components.

Compared the yellow- and browned-seeded
canola tissues, the yellow-seeded canola contained
lower percentage of a-helix (33 vs. 37), higher
percentage of B-sheet (27 vs. 21%) and lower ratio of a-
helix to B-sheet (1.3 vs. 1.9). These results indicated
that protein quality of the yellow-seeded canola may be
lower than that of the browned-seeded canola tissues
because of higher ratio of B-sheet to a-helix in protein
secondary structure, which usually cause lower access
of protein to gastrointestinal digestive enzymes, thus
resulting in lower protein value. No report has been
found in the literature to indicate protein secondary
structure in canola seed tissues. However, the CLA and
PCA analysis did not show distinguished differences
between the yellow- and brown-seeded canola tissues in
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protein amide I structures, indicating they are related
each other. Both yellow- and brown-seeded canola
contain the same proteins in different ratios.

In conclusion, this study showed that the
yellow-seeded canola contains lower percentage of a-
helix, higher percentage of B-sheet and lower ratio of a-
helix to B-sheet in protein secondary structure, which
may indicate lower value and quality of protein than the
brown-seed canola. However, CLA and PCA analysis
did not show completed difference between the yellow-
and brown-seeded canola tissues in protein amide I
structures, indicating they are related each other. Both
yellow- and brown-seeded canola contain the same
proteins in just different ratios. More detailed and
systematical study is required to define the extent of
differences that exist between the yellow- (Brassica
rapa) vs. brown-(Brassica napus) seeded canola, not
only differences in inherent protein structures but also
the difference in the distribution, in associated with
nutritive values. This novel approach will provide
important information for canola breeding, animal feed
and human food industries to maintain and improve
high quality of protein in Canola seeds.

STUDY PROTEIN SUBFRACTIONS AFFECTED
BY HEAT PROCESSING IN RELATION TO
BIODEGRADATION CHARACTERISTICS
USING THE CNCPS SYSTEM

To detect features and characteristics of rumen
degradation of protein, another method is to use the
CNCPS system ! to partition protein fractions.
According to protein subfractions, we are able to
predict the rumen degradation behavior of proteins.
When proteins are treated physically, chemically and
biologically (eg heat processing), the protein fraction
profiles are also changed. With the CNCPS system, it is
able to detect and identify such structural changes in
relation to protein rumen degradation characteristics
and utilization on the quantitative base.

Principle of Partitioning Protein Fractions: The
protein fraction can be partitioned according to the
CNCPS system ', The characterizations of the CP
fractions as applied in this system are as follows:
Fraction PA is non-protein N, fraction PB is true
protein, and fraction PC is unavailable protein. Fraction
PB is further divided into three fractions (PB1, PB2,
and PB3) that are believed to have different rates of
degradation in the rumen. Buffer-insoluble protein
minus fraction PB3 is used to estimate fraction PB2.
Fraction PB2 is insoluble in buffer but soluble in
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neutral detergent, while fraction PB3 is insoluble in
both buffer and neutral detergent, but is soluble in acid
detergent.

Fraction PB2 is fermented in the rumen at a
lower rate than buffer-soluble fractions, and some of
the PB2 fraction escapes to the lower gut. Fraction PB3
is believed to be more slowly degraded in the rumen
than fractions PB1 and PB2 because of its association
with the plant cell wall; a large proportion of PB3 is
thus believed to escape the rumen. Fraction PC is the
acid detergent insoluble N, which is highly resistant to
breakdown by microbial and mammalian enzymes, and
it is assumed to be unavailable for the animal "%, The
relative rumen degradation rates of the five protein
fractions have been described by Sniffen et al. "% as
follows: Fractions PA is assumed to be infinity, fraction
PB1 is 1.20-4.00 /h, fraction PB2 is 0.03-0.16/h,
fraction PB3 is 0.0006-0.0055/h. Fraction PC is
considered to be undegradable.

In models designed to assess utilization of
protein by ruminants, it is assumed that most of the
soluble protein (PA and PB1) is completely and fast
degraded in the rumen and varying proportions of the
insoluble fractions (PB2, PB3, and PC) escape ruminal
degradation depending on the interactive effects of
digestion and passage !'®. Because various protein
fractions differ in rate and extent of ruminal
degradation, the proportions of these different protein
fractions are believed to influence the amounts of
ruminally degraded and escape protein consumed by
animals %),

APPLICATIONS OF PARTITIONING PROTEIN
FRACTIONS IN PROTEIN STRUCTURAL
RESEARCH

Effect of Roasting on Protein Subfractions of Brown
and Yellow Flaxseed and Relation to Biodegradation
Behavior: In the recent studies !'" '?!, the S-FTIRM
was used as a novel approach to reveal molecular
chemistry of protein in the seed tissues affected by
roasting and variety (brown and yellow) and relatively
estimate protein structures, in relation to rumen protein
digestive behaviors and nutritive value, estimated using
the CNCPS system "% The study ' '*! showed that the
S-FTIRM revealed that the secondary structure of
protein differed between the raw and roasted golden
flaxseeds in terms of the proportions and ratios of a-
helix and [-sheet within cellular dimensions. The
roasting reduced percentage of model-fitted o-helix,
increased percentage of model-fitted pB-sheet and
reduced a-helix to B-sheet ratio in the golden flaxseeds,
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which indicated that a negative effect of the roasting on
protein values, utilization and availability. These results
were proved by the CNCPS system which also revealed
that the roasting increased protein bound to lignin, and
Maillard reaction protein, which are poorly used by the
ruminants and increased indigestible and undegradable
protein. Comparing the raw and the roasted, the raw
was higher in PA (43 vs. 21 g/lkg DM) and PB1 (255 vs.
64 g/kg DM), but lower in PB2 (41 vs. 243 g/kg DM),
PB3 (41 vs. 243g/kg DM) and PC (12 vs. 16 g/lkg DM),
indicating large and potential differences in rumen
protein degradation characteristics between the raw and
the roasted golden flaxseed. Higher PA and PBI1
content in the raw indicated that roasting processing
reduced soluble protein (PA+PB1) which are fast
degraded in the rumen. Lower PB2 and PB3 fractions
associated with the cell wall in the raw indicated that
the roasting processing increased slowly degradable and
intermediately degradable proportions. Fraction PC
consists of protein bound to lignin and Maillard
reaction protein. From the nutritive point of view, this
fraction appears to be essentially indigestible and the
amount apparently digested is poorly used by animals
[16.70- 711 In this study, the roasted flaxseed had a higher
PC fraction than the raw flaxseed, which indicated that
the roasting increased undegradable and undigestive
protein fractions, which may be an indication of over-
processing and reduction of protein nutritive value.

Effect of Barely Variety (Harrington and Valier)
and Processing Methods (Coarse and Fine) on
Protein Subfractions in Relation to Biodegradation
Kinetics : The objectives of this study '** were to
compare protein and carbohydrate fractions, digestive
behavior between malting-type barley (cv. Harrington)
and feed-type barley (cv. Valier), which were affected
by coarse (Roller miller, 0.533 mm gap) and fine
(Hammer mill, 2 mm screen) processings using the
CNCPS protein fraction system. The study showed that
the true protein fractions (PB1, PB2, PB3) between
Harrington and Valier barley were similar. However,
the PA and PC fractions were higher in Harrington
barley. The results indicated that Harrington barley had
a greater rapidly degradable fraction of NPN, and a
higher undegradable PC fraction associated with the
cell wall than Valier barley. Carbohydrate fractions
were different between the two varieties. Valier barley
was lower in rapidly degradable CHO (CA: 86 vs. 188
g/kg CHO) and CB2 (202 vs. 231 g/kg CHO), higher in
intermediately degradable CHO (CB1: 652 vs. 548 g/kg
CHO) and unavailable CHO (CC: 60 vs. 34 g/kg CHO).
These results indicated that Valier barley contained



Am. J. Biochem. & Biotech. 3 (2): 66-86, 2007

lower amounts of rapidly degradable soluble sugars, a
higher intermediately degradable fraction (such as
pectin), a lower slowly degradable fraction associated
with the plant cell wall but available depending on the
rate of rumen turnover, and a higher undegradable cell
wall. Using the coarse processing, Valier barley was
lower in rumen degradability of DM (472 vs. 631 g/kg)
and CP (459 vs. 617 g/kg), but not different in rumen
degradability of starch (average 619 g/kg). However,
using the fine processing, the significant differences on
rumen  degradation  characteristics = completely
disappeared between two barley varieties except of
degradation rate of CP. In conclusion, Valier barley had
different chemical and nutritional characterization
compared with Harrington barley. However, the
nutritional characterization (in terms of rumen digestive
behaviors and potential nutrient supply) was highly
associated with the processing methods.

We also used the S-FTIRM to study inherent
barley endosperm structure and found that, as
mentioned before, the greater association of the protein
matrix with the starch granules in the endosperm tissue
of Valier barley might be a reason to limit access of
ruminal microorganisms to the starch granules and thus
reduce the rate and extent of degradation relative to that
of Harrington barley. This study may explain why
Valier exhibits a lower extent and rate of rumen
degradation than Harrington barley.

MODELING PROTEIN AVAILABILITY
AFFECTED BY HEAT TREATMENTS, USING
THE DVE/OEB SYSTEM AND THE NRC-2001

MODEL
Background of Modeling Protein
Availability/Supply: Most mammals can only

metabolize dietary protein as amino acids or peptides
absorbed from the small intestine. In ruminants, the
relationship is somewhat more complicated. They
required not only N available for rumen microbial
protein synthesis, but also digestible dietary protein
bypassing the rumen ! ' '8 Several sophisticated
models exist to quantitatively predict protein nutrient
supply and availability to dairy cows, both in the rumen
and intestines. Modern protein evaluation systems, the
DVE/OEB system " "*l and the NRC-2001 model ''*),
have been developed based on principles in the existing
models or protein evaluation systems, such as PDI ">
PlARC VM) NJIK-NJF 1 AAT-PVB U9 AP U7
ADPLS and MF "®. These two models consider the
strong elements of other developed protein evaluation
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systems and they also introduce new elements, such as
the role of energy balance in intestinal protein supply.

In the DVE/OEB system ['*], the protein value
for feeds and the requirements for dairy cows are both
expressed as the amount of protein (microbial and feed
source) truly digested in and absorbed from the small
intestine of the animal. This system can give
information on the quantitative aspects of both ruminal
and post-ruminal protein digestion in ruminants. In the
DVE/OEB system, each feed has a DVE value, which
stands for true absorbable protein in the small intestine,
composed of: 1) digestible feed true protein escaping
rumen degradation, 2) digestible true microbial protein
synthesized in the rumen, and 3) a correction for
endogenous protein losses in the digestive tract. In this
system [18], each feed also has a rumen degraded
protein balance value, called “OEB”, which shows the
balance or imbalance between microbial protein
synthesis potentially possible from available rumen
degradable protein and that potentially possible from
the energy extracted during anaerobic fermentation in
the rumen. When OEB is positive, it indicates the
potential loss of N from the rumen. When negative,
microbial protein synthesis may be impaired because of
a shortage of N in the rumen. The optimum OEB value
in a ration is therefore zero or slightly above ['*.

The NRC-2001 model " introduced the
concepts of metabolizable protein (MP), defined as true
protein that is digested and absorbed by the intestine,
and contributed by 1) ruminally undegraded feed
protein, 2) ruminally synthesized microbial protein, and
3) endogenous protein from rumen. Based on the data
from NRC model ") the rumen degraded protein
balance (DPB) can also be calculated and it reflects the
difference between the potential microbial protein
synthesis based on ruminally degraded feed protein and
that based on total digestible nutrients (TDN) as energy
available for microbial fermentation in the rumen.

PRINCIPLES AND METHODOLOGY OF
MODELING PROTEIN SUPPLY

The Concepts of the DVE/OEB System: The detailed
concepts and formulas of the DVE/OEB system are
provided by Tamminga et al. "], The following is a
brief explanation in order to understand how to
calculate and predict protein supply to the small
intestine of dairy cows as a result of feeding protein
feeds affected by the heat processing.

Calculation of FOM and RUP"*Y : Ruminally
undegraded feed protein (RUPP"Y) in the DVE/OEB
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system was calculated as: RUPP®Y =1.11xCPx%RUP,
where, %RUP=U+DxKp/(Kp+Kd), the passage rate
(Kp) of 6%/h was adopted !"*. The factor 1.11 is taken
from the French PDI-system ”*). This represents the
regression coefficient of in vivo on in situ degradation
data.

The content of organic matter fermented in the
rumen (FOM) was estimated from digestible organic
matter subtracted ether extract, RUP"®Y, ruminally
undegraded feed starch and fermentation products
(assumed to be zero for concentrate feedstuffs), or the
FOM is estimated as: FOM=OMx%RUOM "*!,

Microbial Protein Synthesis in the Rumen: Microbial
protein synthesized in the rumen (MCPgoy) was
estimated as 15% of the rumen fermented organic
matter (FOM) [MCPron=0.15xFOM]. The factor 0.15
means that per kg FOM, 150 g of microbial protein CP
is assumed to be synthesized ",

Of the microbial protein, 75% was added to
the undegraded feed protein (RUPP®Y) to estimate the
true protein supplied to the small intestine (TPSI)
[TPSI=RUPP*V+0.75xMCProm]. The factor 0.75 means
that 75% of microbial N is present in amino acids. The
remaining 25% represented N in nucleic acids.

Intestinal Digestion of Feed and Microbial protein:
The previously discussed RUPPY and TPSI must be
corrected for incomplete digestion and endogenous
secretions !"*). A correction is needed for protein losses
due to incomplete digestion and from endogenous
secretions. True digestibility of microbial protein is
assumed to be 85% ™" and therefore the amount of
truly absorbed rumen synthesized microbial protein in
the small intestine (AMCPPY®) was estimated as:
AMCP"Y"=0.85x0.75xMCPropm.

For feed ingredients, the content of truly
absorbed bypass feed protein in the small intestine

(ARUPPYE) was calculated as:
ARUP°Y"*=%dRUPxRUPY*,  or calculated as:
ARUPPVE=RUPPYE-UCP, where, the amount of

potential undigested CP (UCP) is calculated as:
UCP=CPx%Ucp, where, %Ucp was protein residue
remaining after a longer-term in situ incubation of 336
h. It was assumed that undegradable CP after a 336-h
incubation is indigestible in the small intestine '® 7). In
some experiment, %Ucp could be determined following
a 72 h in situ incubation as long as further incubation
from 72 to 336 h resulted in no further digestion in
some feedstuffs.

Endogenous Protein Losses in the Small Intestine:
Endogenous protein losses in the digestive tract
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(ENDP) are related to the amount of undigested DM
(UDM) excreted in the faeces. According to the
DVE/OEB system, 75 g of absorbed protein per kg
UDM in fecal excretion is required to compensate for
the endogenous losses. Therefore ENDP was calculated
as: ENDP=0.075xUDM, where, UDM was calculated
as undigested organic matter (UOM) plus undigested
ash (UASH) [UDM=UOM+UASH, where,
UOM=0Mx%U,,, %U,, was residue of feed OM
following an in situ incubation of 72 h, and
UASH=ASHx35% [81].

Truly Digested and Absorbed Protein in the Small
Intestine: Truly digested and absorbed protein in the
small intestine (DVE value) are contributed by 1) feed
protein escaping rumen degradation (RUPPYF) 2)
microbial protein synthesized in the rumen (MCPgoy),
and 3) a correction for endogenous protein losses in the
digestive tract (ENDP). Therefore the DVE value was
estimated as: DVE=ARUP"Y"+AMCP""*-ENDP.

Degraded Protein Balance: The degraded protein
balance (DPB°®®) is the balance between microbial
protein synthesis from rumen degradable protein and
that from the energy extracted during anaerobic
fermentation in the rumen. Therefore the DPB®*® value
was estimated as: MCPgrpp E-MCProp, where,
MCPrpp”"® =CP-1.11xRUP. When the degraded
protein balance is positive, it indicates the potential loss
of N from the rumen. When negative, microbial protein
synthesis may be impaired, because of a shortage of N
in the rumen. The optimum value of the degraded
protein balance in a ration is therefore zero or slightly
above ['®,

The Concept of the NRC-2001 Model: The detailed
concepts and formulas are provided by NRC ", A
brief explanation is as follows:

Calculation of RDP R and RUP™* Using the NRC-
2001 model, ruminally undegraded feed protein was
calculated as: RUP"®“=CPx%RUP.  Ruminally
degraded feed protein was calculated as:
RDP™C=CPx%RDP, where, RDP was calculated as:
%RDP=S+DxKd/(Kp+Kd), where, Kp of 6 and 4%/h
were adopted for concentrate and forage feeds,
respectively.

Rumen Microbial Protein Synthesis: Ruminally
synthesized microbial protein was calculated as:
MCP™=0.13xTDN, when RDP"®  exceeded

1.18xTDN-predicted MCP (MCP1py). When RDPNRC
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was less than 1.18xTDN-predicted MCP (MCPrpy),
then MCP™¢ was calculated as 0.85 of RDPMNRC
(MCPgpp). The factor 0.13 means that per kg TDN, 130
g of microbial protein CP is assumed to be synthesized.

Intestinal Digestion of Feed and Microbial Protein:
Digestibility and true protein of ruminally synthesized
microbial protein are assumed to be 80%, therefore the
amount of truly absorbed MCP™*® was estimated as:
AMCP"*=0.80x0.80xMCP"*“.

For feed ingredients, truly absorbed rumen

undegraded feed protein in the small intestine
(ARUPMNR) was calculated as:
ARUP"“=dRUPxRUP™®,  or  calculated  as:

ARUP"*“=RUP™*“.UCP, where, UCP= the amount of
potential undigested CP estimated by in situ work,
calculated as: CPx%Ucp.

Rumen endogenous protein in the small intestine:
Rumen endogenous CP was calculated as:
ECP=6.25x1.9xDM/1000 (where, DM in g/kg)
Assuming that 50% of rumen endogenous CP passes to
the duodenum and 80% of rumen endogenous CP is
true protein " therefore the truly absorbed
endogenous protein in the small intestine (AECP) was
estimated as: AECP=0.50x0.80xECP.

Total Metabolizable Protein: Total metabolizable
protein is contributed by 1) digestible RUPN®C, 2)
digestible MCPYRC,  and 3) ECP, calculated as:
MP=ARUP™*“+AMCP™*“+AECP.

Degraded Protein Balance: Based on the data from
the NRC dairy model !"”), the degraded protein balance
(DPB™®Y) can be calculated. It reflects the difference
between the potential microbial protein synthesis based
on ruminally degraded feed crude protein (RDP™*) and
that based on 1.18 times of energy (TDN) available for
microbial fermentation in the rumen, calculated as:
DPBM*“=RDP"*“-1.18MCP1py.

COMPARISON OF THE NRC-2001 MODEL
WITH THE DVE/OEB SYSTEM IN THE
PREDICTION OF PROTEIN AVAILABILITY
AND SUPPLY

Comparison of Predictions of Nutrient Supply to
Dairy Cows between the Two Models: The studies ©*”
did comparison of the DVE/OEB system and the NRC-
2001 model in the prediction of potential protein supply
to dairy cows from concentrates, which showed that the
predicted values from the DVE/OEB system and the
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NRC-2001 model had significant correlations. Using
the DVE/OEB system, the mean supply of microbial
protein based on available energy and total absorbed
protein in the small intestine were lower by 9.4 and
12.9 g/kg DM, respectively. However, the mean supply
of microbial protein based on ruminally degraded
protein and the degraded protein balance value were
higher by 21.6 and 17.4 g/kg DM, respectively, in
comparison to that predicted by the NRC-2001 model
for the concentrate feedstuffs. In this study [82], using
the DVE/OEB system, the overall average microbial
protein supply based on available energy from rumen
fermented OM was 10% lower, microbial protein
supply based on ruminally degraded feed protein was
10% higher, and the truly absorbed protein in the small
intestine was 8% lower than that predicted by the NRC-
2001 model. However, the correlation of the predicted
values from the two models were high (R>0.90) except
of potential microbial protein supply based on energy.
The most important outputs (net results), the DVE in
the DVE/OEB system vs. the MP in the NRC-2001
model, were 9.7 g/kg DM difference on average. The
relationship of the predicted protein values between the
DVE/OEB system and the NRC-2001 model were
reported.

Differences between the NRC-2001 Model and
DVE/OEB System: Input data generated by the both
models (the DVE/OEB system and NRC-2001 model),
though of significance in the dairy cows, are best
regarded as characteristics of the test feed materials.
These two models consider the strong elements of other
recently developed protein evaluation systems and they
also introduce new elements. Although the principles of
these two models are similar, some of the factors used
glz] quantifying calculations and some concepts differ

Differences in Prediction of Endogenous Protein:
Both models consider endogenous protein, however, the
concepts and definitions are different. In the DVE/OEB
system ['®] calculation of the DVE value requires a
correction for endogenous protein losses in the small
intestine, which are affected by undigested DM.
According to the DVE/OEB system, 75 g of absorbed
protein per kg undigested DM in fecal excretion is
required to compensate for the endogenous losses. In
the NRC-2001 model, calculation of the MP value
considers rumen endogenous protein passed on to the
small intestine. It contributes to the total MP value. The
rumen endogenous protein is associated with DM
content. However, the NRC-2001 model does consider
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the endogenous protein losses in the small intestine, but
it is added to requirements rather than subtracted from
supply. This is a big difference.

Differences in Prediction of Ruminally Undegraded
Feed Protein: The two models also differ in predicted
ruminally undegraded feed protein. In the DVE/OEB
system [18], the ruminally undegraded feed protein was
calculated as: 1.11xCPxRUP. The factor 1.11
represents the regression coefficient of in vivo on in
situ degradation data. However, using the NRC-2001
model, the ruminally undegraded feed CP was
calculated as: CPxRUP. No correction is made for the
difference between in vivo and in situ results.

Differences in Prediction of Microbial Protein
Supply Based on Ruminally Degraded Feed Protein:
In the prediction of microbial protein availability and
supply based on ruminally degraded feed protein, the
two models are also different. In the DVE/OEB system
[18], it is assumed that 100% ruminally degraded feed
protein could be potentially converted to microbial
protein if enough energy is provided. However, in the
NRC-2001 model, it is assumed that only 85% of
ruminally degraded feed protein could be potentially
converted to microbial protein.

Differences in Prediction of the Truly Absorbed
Intestinal Protein Contributed from the Ruminally
Undegraded Feed Protein: To calculate truly
absorbed protein in the small intestine contributed from
the ruminally undegraded feed protein, the two models
use different factor parameters. In the DVE/OEB
system, the amount of truly absorbed rumen
synthesized microbial protein in the small intestine was
estimated as: 0.85x0.75xMCPgqy. It assumes that true
digestibility of microbial protein is 85% ™! (Egan et al.,
1985) and 75% of microbial N is present in amino
acids, the remaining is N in nucleic acids. In the NRC-
2001 model, both digestibility and true protein of
ruminally synthesized microbial CP are assumed to be
80%, therefore the amount of truly absorbed rumen
synthesized microbial protein in the small intestine was
estimated as:  0.80x0.80xMCP™*®.  Although the
individual coefficients differ, the net result is essentially
the same between the two models (0.85x0.75) vs.
(0.80x0.80).

Differences in Prediction of Microbial Protein
Synthesized in the Rumen Based on Available
Energy: Both models could predict the potential
microbial protein synthesized in the rumen based on
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available energy. The DVE/OEB system uses rumen
fermented OM as energy base to predict microbial
protein supply. However, the NRC-2001 model uses
available TDN as energy base. This is another big
difference. Each model also uses different factor
parameters to calculate microbial protein synthesized in
the rumen. In the DVE/OEB system, 150 g of microbial
protein CP is assumed to be synthesized per kg
fermented OM. But in the NRC-2001 model, it is
assumed that 130 g of microbial protein CP is
synthesized per kg TDN.

Degraded Protein Balance —A New Concept: The
DVE/OEB system !"* introduced a new concept - the
role of energy balance in protein supply: the degraded
protein balance. It can also be calculated based on data
from the NRC-2001 model. The degraded protein
balance (in the DVE/OEB system) shows the
(im)balance between microbial protein synthesis from
available rumen degradable CP and potential energy
from anaerobic fermentation in the rumen. When the
degraded protein balance is positive, it indicates the
potential N-loss from the rumen. When negative,
microbial protein synthesis is predicted to be impaired
because of a potential shortage of N in the rumen. The
optimum degraded protein balance value in a ration is
therefore zero or slightly above ['”- "%,

All of the above individual differences contribute
to a difference in prediction of amount of total truly
absorbed protein in the small intestine (DVE vs. MP)
between the two models.

Limitations and Advantages of Modeling Nutrient
Supply and Availability vs. In vivo Animal Trial:
Both the DVE/OEB model and the NRC-2001 model
are deterministic (not stochastic) and empirical and are
based on several assumptions. For example, in the
DVE/OEB model, 150 g of microbial protein is
assumed to be synthesized per kg rumen fermented
OM. In the NRC-2001 model, 130 g of microbial
protein is assumed to be synthesized per kg TDN.
Therefore potential nutrient supply, such as microbial
CP supply based on nutrient intake in each group, does
not vary a great deal in both two models. This is in
contrast to microbial CP supply based on total purine
derivative excretion ™ *! or based on in vivo
measurement *. This is because in vivo or purine
derivative methods are relative measures of the real
microbial CP production. They are affected by several
factors such as ruminal pH and ruminal turnover rate
and by individual animal variation ™" *71 not only
nutrient intake.
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However, using the advanced models to
estimate feed protein availability has a great advantage.
The modeling feed protein nutritive data are not
affected by some uncertain factors, such as climate,
animal body condition, ration, temperatures. These
factors always affect in vivo animal trial to estimate
feed nutritive values. Also in vivo animal trial to
estimate protein value is time-consuming, expensive
and prone to errors within and between laboratories.

Applications of the DVE/OEB and NRC-2001
Models: The DVE/OEB and NRC-2001 models (feed
nutritive evaluation model) have been used mainly for
three purposes as follows: (1) Using the models to
quantitatively predict the changes of the nutrient supply
and availability from feeds affected heat processing [1,
5; (2) Using the models to make it possible to
determine the best and/or optimal heat processing
condition [3, 88], and (3) Using the models to make it
possible to predict best variety, best maturity stage and
best processing for a feed > ¥,

Using the Models to Determine Optimal Heat
Processing and Predict Changes of the Nutrient
Availability from Protein Feeds Affected by Heat
Processing: Publications showed that heat processing
does reduce ED and increase RUP (such as % 7" %21,
but none of them provide detailed how heat processing
affected microbial protein synthesis and potential
nutrient supply on a quantitative basis and none of them
were optimal heating conditions identified. Heating
above the optimal temperature may overprotect the
protein so that the protein is neither fermented in the
rumen nor digested in the small intestine ! **!.

Legume seeds (lupin seeds, faba beans, peas and
soybeans) have high ratio of available N to available
carbohydrates [94], which is larger than 25-33 g N/kg
DM of optimum ratio, reported by Tamming et al. .
The soluble or rapidly degradable protein and starch of
legume seeds is too high, resulting in unnecessary
potential nutrient losses from the rumen. Yu et al. %
and Goelema " have attempted to use the developed
DVE/OEB model to predict potential microbial protein
synthesis and potential nutrient supply to ruminants
from four major legume seeds (faba beans, peas, lupin
and soybean) affected by pressure toasting and dry
roasting and to determine optimal processing conditions
of pressure toasting and dry roasting of faba beans,
lupin seeds, peas and soybeans in term of the protein
DVE and OEB values to achieve target values for
potential high net absorbable protein in the small
intestine while holding any N loss in the rumen to a low
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level, using the DVE/OEB model. These studies were
systematically evaluate the effects of heat treatments on
rumen  degradation and intestinal  digestion
characteristics of raw and heated legumes seeds at
various conditions to give the quantitative aspects of
how the heat treatments affecting the protein
degradation and digestion in detail and provided
information for ration formula and the decision for the
optimal treatment conditions in dairy industry. The
items assessed in those experiments were not only
rumen degradation characteristics in terms of S, D, U,
Kd, TO, ED but also RUP, RUST, FOM, ARUP, E MP,
N_MP, TPSI, AMP, ENDP, DVE and OEB values. The
most important values are potential protein DVE and
OEB values, which were changed by heat processing
for each legume seed. The results show the prediction
of potential nutrient availability and supply to
ruminants from raw and heated lupin seeds, faba beans,
peas and soybeans by using the DVE/OEB model.

These studies indicated that pressure toasting
significantly increased the predicted BUP (76 to 185;
47 to 148; 58 to 149; 121 to 189 g/kg DM for lupin
seeds, faba beans, peas and soybeans, respectively),
increase RUSt (94 to 174; 158 to 248 g/kg DM for faba
beans and peas; lupin seeds and soybeans contain little
starch and no BSt was reported), increased true protein
value of TPSI supplied to the small intestine (164 to
260; 121 to 200; 136 to 206; 186 to 246 g/kg DM for
lupin seeds, faba beans, peas and soybeans,
respectively), increased truly intestinal absorbed rumen
undegradable protein value of ARUP (71 to 176; 40 to
139; 54 to 145; 102 to 178 g/kg DM for lupin seeds,
faba beans, peas and soybean, respectively), and
increased truly digested intestinal protein value of DVE
(133 to 232; 89 to 170; 115 to 189; 152 to 222 g/kg DM
for lupin seeds, faba beans, peas and soybean,
respectively). Pressure toasting decreased rumen
fermented OM value of FOM, microbial protein value
of E_MP synthesized in the rumen based on available
energy, truly intestinal absorbed rumen synthesized
microbial protein value of AMP, microbial protein
value of N MP synthesized in the rumen based on
available N and degraded protein balance value of OEB
with increasing temperature and time.

Though pressure toasting reduced microbial
protein synthesis due to a reduction in FOM and a
reduction in rumen protein degradation, the total truly
digested intestinal protein value of DVE did not
decrease but increased markedly. This was due to the
fact that absorbable RUP value was highly increased
more than enough to compensate for the computed
decrease in microbial protein production. Therefore the

net absorbable DVE wvalue in the animal was
substantially increased (DVE = ARUP+AMP-ENDP).
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The largest increase of the DVE value for all legume
seeds investigated was found in 136°C/15 min of
pressure toasting, which highly increased the net
absorbable protein DVE value 76, 90, 64 and 45% for
lupin seeds, faba beans, peas and soybeans,
respectively, as AA source in the intestines.

When the OEB value of a feed is positive, it
indicates the potential N loss from the rumen. When
negative, microbial protein synthesis is predicted to be
potential impaired because of a shortage of N in the
rumen of this feed. The studies showed that raw lupin
seeds, horse beans, peas and soybeans all had high OEB
values (142, 101, 88 and 186 g/kg DM, respectively),
which indicated a potential imbalance between feed N
degradation and utilization and indicated a potentially
large N loss from rumen. Pressure toasting reduced the
OEB values with increasing time and temperature, but
did not cause them to become negative (142 to 44; 101
to 32; 88 to 25; 186 to 128 g/kg DM for lupin seeds,
horse beans, peas and soybeans, respectively). High
positive OEB values in the most treatments except
136°C for 15 min for horse beans and peas indicated
that there were still large potential losses of N in the
rumen. In other words, the treatments of 100°C/7, 15 or
30 min, 118°C/3, 7, 15 or 30 min and 136°C/3 or 7 min
were not sufficient to reduce N loss in the rumen if they
are used as rumen undegradable protein sources for
high production ruminants.

The above results indicated that with pressure
toasting, temperature and/or duration could go still
higher than 136°C and/or longer than 15 min with
soybeans and lupins (due to their high OEB values,
128.2 and 44.4 g/kg DM, respectively) to further
prevent potential N loss in the rumen if total tract
digestion is not depressed. But pressure toasting up to
136°C for 15 min covered the optimal treatment range
for peas and faba beans (under certain circumstances) in
terms of treating to achieve target values for potential
high net absorbable protein in the small intestine while
holding any N loss in the rumen to a low level.

Yu et al. ! used the same approach by using
the DVE/OEB model to predict changes of potential
nutrient supply to ruminants from whole lupin seeds
and whole faba beans after dry roasting at various
conditions, which are commonly used for ruminants on
farm basis in Australia and to determine the optimal dry
roasting conditions under certain circumstances for
whole lupin seeds and whole faba beans), and found
that dry roasting of whole lupin seeds and whole faba
beans increased RUP, RUSt, TPSI, ARUP and DVE
values and decreased FOM, E MP, AMP, N MP and
OEB with increasing temperature and time. Though dry
roasting was effective in shifting protein degradation
from rumen to intestine, and increased net absorbable
protein DVE value, dry roasting up to 150°C for 45 min
could not fully prevent potential N loss in the rumen for
whole faba beans (due to the high OEB value). But dry
roasting up to 150°C for 45 min of whole lupin seeds
might cover the optimal treatment range due to its high
net absorbable DVE value (increasing from 110 to 197
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g/kg DM) and lowest OEB value (reducing from 157 to
26 g/kg DM).

In conclusion, legume seeds (lupin seeds, faba
beans, peas and soybeans) have high ratio of available
N to available carbohydrates (>25-33 g N/kg DM of
optimum ratio). The soluble or rapidly degradable
protein and starch of legume seeds is too high, resulting
in unnecessary potential nutrient losses from the rumen.
Heat processing has potential for application as an
effective means to improve ruminal digestion and
nutrient conservation of legume seed components. The
site of digestion of starch and protein of legume seeds
can also be manipulated by processing. Heat treatment
(pressure toasting, dry roasting, extrusion etc) can
reduce the rate and extent of rumen degradation of both
protein and starch in legume seeds, thus resulting in a
potential increase in the supply of protein (as AA
source) and/or starch (as glucose source) to the small
intestines. However, optimal processing conditions
have not yet been established for individual legume
seeds in terms of maximizing AA absorption in the
small intestines. The advanced DVE/OEB model
appears to have characteristics that can provide
relatively accurate information on the quantitative
aspects of both ruminal and post-ruminal feed protein
digestion in ruminants for each feedstuff. With the
DVE/OEB model, it is possible to predict the potential
nutrient supply to the animal from the feeds as affected
by heat processing.

Using the NRC-2001 Model and the DVE/OEB
System to Predict Nutrient Availability of
Harrington (Malting-Type) and Valier (Feed-Typez%
Barley Affected by Grinding Processing: Yu et al. [°
used the DVE/OEB system and NRC-2001 mode to
compare chemical characterization, rumen digestive
kinetics of each feed component, and potential nutrient
availability to ruminant animals between the malting-
type barley (cv. Harrington) and feed-type barley (cv.
Valier), which were affected by coarse (Roller miller,
0.533 mm gap) and fine (Hammer mill, 2 mm screen)
processing.

Using the DVE/OEB system to predict the
potential nutrient availability found that using the
coarse processing, Valier barley had significantly lower
in truly absorbed microbial protein (AMCP: 35 vs. 53
g/kg DM), but higher in truly absorbed rumen
undegraded feed protein (ARUP: 69 vs. 47 g/kg DM)
and endogenous protein (ENDP: 25 vs. 15 g/kg DM) in
the small intestine. However, total truly digested
protein value (DVE) in the small intestine between two
varieties was not significantly different (average of 83
g/kg DM). Prediction results by the NRC 2001 model
showed that using the coarse processing, Valier barley
had significantly lower in AMCP (34 vs. 44 g/kg DM),
but higher in ARUP and similar in rumen endogenous
protein (ECP: average 11 g/kg DM), which resulting in
a higher total metabolizable protein value (107 vs. 95
g/kg DM) in Valier barley. Again when using the fine
processing, all the predicted different effects
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disappeared. In conclusion, the study showed that
Valier barley differed in chemical characterization and
protein and carbohydrate fractions, but was similar in
the estimated energy values in comparison with
Harrington barley. Both varieties had negative protein
degradation balance, indicating the potential imbalance
between microbial protein synthesis from available
rumen degradable CP and potential energy from
anaerobic fermentation in the rumen. The nutritional
characterization of Valier and Harrington barley were
highly associated with processing method. In this study,
using the coarse processing, Valier barley was
significantly lower in rumen degradability of DM and
CP and higher total MP value than Harrington barley.
However, when using the fine processing, all the
nutritive  differences between the two varieties
disappeared.

CONCLUSIONS AND IMPLICATIONS

In conclusion, this article reviewed three
strategies to study protein internal structures and
protein availability affected by heat processing. With
newly emerging synchrotron light sourced FTIR
microspectroscopy, the structural features and
molecular chemistry of protein in tissues could be
revealed and identified. The studies demonstrate the
potential of highly spatially resolved synchrotron-based
technique (S-FTIRM) as a novel tool to localize
relatively pure protein and reveal inherent protein
structure which were affected by heat processing. The
CNCPS system make it able to reveal the effects of heat
processing on profile changes of protein subfractions
associated with digestive behaviors and kinetics,
manipulated by heat processing methods. The changes
of the proportions of these protein fractions influence
the amounts of ruminally degraded and escape protein
consumed by animals. The advanced NRC-2001 model
and DVE/OEB model appears to have characteristics
that can provide relatively accurate information on the
quantitative aspects of both ruminal and post-ruminal
protein digestion. With the two models, it is possible to
predict the potential nutrient availability and supply as
affected by heat processing. These two models can also
be used to determine the best and/or optimal processing
conditions and overheating and underheating on
quantitative basis. The establishment of a complex
protein evaluation system using the above three
strategies, plus the newly emerging synchrotron-based
analytical technique will more accurately accounts for
protein digestive processes affected by heat processing
on a quantitative basis.
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