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The objectives of this study were to determine the protein molecular structures of the new

coproducts from bioethanol production, quantify protein structure amide I to II and R-helix to β-sheet
spectral peak intensity ratio, and illustrate multivariate molecular spectral analyses as a novel

research tool for rapid characterization of protein molecular structures in bioethonal bioproducts.

The study demonstrated that the grains had a significantly higher ratio of R-helix to β-sheet in the

protein structure than their coproducts produced from bioethanol processing (1.38 vs 1.03, P <

0.05). There were significant differences between wheat and corn (1.47 vs 1.29, P < 0.05) but no

difference between wheat dried distiller grains with solubles (DDGS) and corn DDGS (1.04 vs 1.03,

P > 0.05). The grains had a significantly higher ratio of protein amide I to II in the protein structure

than their coproducts produced from bioethanol processing (4.58 vs 2.84, P < 0.05). There were no

significant differences between wheat and corn (4.61 vs 4.56, P > 0.05), but there were significant

differences between wheat DDGS and corn DDGS (3.08 vs 2.21, P < 0.05). This preliminary study

indicated that bioethanol processing changes protein molecular structures, compared with original

grains. Further study is needed with a large set of the new bioethanol coproducts to quantify protein

molecular structures (R-helix to β-sheet ratio; amide I to II ratio) of the bioethanol coproducts in

relation to nutrient supply and availability in animals.
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INTRODUCTION

The dramatic increase in bioethanol production in North
America has resulted in million tons and different types of new
coproducts: wheat dried distillers grains with solubles (DDGS),
corn DDGS, and blend DDGS (e.g., wheat/corn= 70:30; 50:50;
20:80). A systematical study on chemical, mineral, and nutrient
profiles of these new coproducts of bioethanol production has
been reported recently by Nuez-Ortı́n and Yu (1). The animal
performances in chicken, pigs, beef, and dairy cattle fed the
coproducts from bioethanol production at different levels have
been studied (2-5). But none of published studies in literat-
ure reported what type of changes occurred in the molecular
structure of the new bioethanol coproducts after bioethanol
processing, compared with those in original grains. None of the
published studies in the literature reported how the molecular
structure changes were associated with nutrient availability in the
rumen and intestine and total nutrient supply to dairy cattle.
Molecular structures of proteins (the second structures) include
mainly R-helices and β-sheets and small amounts of β-turns and

random coils (6, 7). Studying these structure profiles of proteins
leads to an understanding of the components that make up a
whole protein. The protein structure profiles may affect access by
gastrointestinal digestive enzymes and influence protein function-
ality, quality, and nutrient availability or protein digestive
behavior (8-12). The objectives of this study were to (1) deter-
mine the changes in the molecular structures of proteins of these
new coproducts from bioethanol production; (2) quantify the
protein structure amide I to II ratio and the R-helix to β-sheet
ratio; and (3) illustrate the multivariate molecular spectral ana-
lyses as a novel research tool for rapid characterization of protein
molecular structures.

MATERIALS AND METHODS

NewCoproducts fromBioethanolProduction.Total six co-products
from bioethanol production: wheat DDGS, blend DDGS (wheat/corn =
70:30), and cornDDGSaswell as original feedstockwheat and corn grains
were collected. The detailed results and discussion on the effects of
bioethanol plant andDDGS type with a large sample data set on chemical
characteristics, protein, and carbohydrate subfraction profiles, energy
values, and rumen disappearance at 24 and 48 h of incubation were
reported (1).

Fourier Transformed Infrared Spectroscopy. Each sample of the
new coproducts from bioethanol production was finely ground three
times to pass through a 250 μm screen (Retsch ZM-1, Brinkmann
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Instruments (Canada) LTD, Ontario). Samples of the ground new
coproducts were then mixed with KBr in a ratio of 1 part of coproduct
with 4 parts of KBr in a 2 mL centrifuge tube and mixed by vortex for
10 s. Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFT) was performed using a Bio-Rad FTS-40 with a ceramic IR
source andMCT detector (Bio-Rad laboratories, Hercules, California,
USA). Data was collected using Win-IR software. Spectra were
generated from the mid-IR (4000-800 cm-1) portion of the electro-
magnetic spectrum with 256 coadded scans and a spectral resolution
of 4 cm-1.

Molecular Spectral Analysis of Protein.Molecular spectral analysis
was donewithOMNIC7.2 software (SpectraTech.,USA). Protein amides
I and II and protein secondary structures R-helix and β-sheet were
identified according to published reports (9, 13-17).

Quantifying Amides I and II and r-Helix and β-Sheet Spectral
Peak Intensity Ratios in Protein Structures. The protein IR spectrum
has two primary features. The protein amide I bond is primarily a CdO
stretching vibration (80%) plusC-N stretching vibration (14,15). Protein
amide I absorbs at ca. 1655 cm-1. Protein amide II which absorbs at ca.
1550 cm-1 consists primarily of N-H bending vibrations (60%) coupled
with C-N stretching vibrations (40%) (14, 15). The amide I and II
absorption intensity of the peak area and their ratio were calculated with
baseline at ca.1720-1485 cm-1.

The vibrational frequency of the protein amide I band is particularly
sensitive to protein secondary structure (9, 13-16) and can be used to
predict protein secondary structures. For the R-helix, protein amide I is
typically in the range of ca. 1648-1660 cm-1. For the β-sheet, the peak can
be found within the range of ca. 1625-1640 cm-1. Amide II is also used to
assess protein conformation. However, as it arises from complex vibra-
tions involving multiple functional groups, it is less useful for protein
structure prediction than the amide I band (14).

To estimate the peak intensity of the R-helix and β-sheet of the protein
molecular structures, two steps were applied. Briefly, the first step used
Fourier self-deconvolution (FSD: a method for resolving intrinsically
overlapped bands) and the second derivative function in OMNIC 7.2 to
obtain the FSD and second derivative spectra in the protein amide I region
at ca. 1720-1575 cm-1 and then identified the protein amide I component
peak frequencies. The detailed concepts and algorithm of FSD were
described by Kauppinen et al. (18) and Griffths and Pariente (19). The
second step was to quantify the intensity of the peak height of the R-helix
and β-sheet and their ratio (20).

Statistical Analysis. Statistical analyses were performed using the
MIXEDprocedure of SAS (version 9.1.3). Themodel used for the analysis
was Yij = μ þ Ti þ eij, where Yij was an observation of the dependent
variable ij (amide I, amide II, R-helix, β-sheet, and their ratios); μ was the
population mean for the variable; Ti was the different feeds, as a fixed
effect, and eij was the random error associated with the observation ij. The
contrast statement was used to compare grains and DDGS samples.

For all statistical analyses, significance was declared at P < 0.05 and
trends atPe 0.10. Differences among the treatments were evaluated using
a multiple comparison test following the Fisher’s Protected LSD method.

Multivariate Molecular Spectral Analysis for DRIFT Spectra.

Multivariate molecular spectral analyses, principal component analysis
(PCA), and hierarchical cluster analysis (CLA) were performed using
Statistica software 6.0 (StatSoft Inc., Tulsa, OK, USA) to classify and
distinguish between the inherent structures.

RESULTS AND DISCUSSION

Detecting Changes in Protein Molecular Structure Amide I to

Amide II Ratio by Bioethanol Processing. The amide I and II
profile depends on the protein molecular structure and may be

Table 1. Protein Molecular Structural Characteristics of Amides I and II and Their Ratios: Comparison between Different Grains (Wheat and Corn) and Different
Types of DDGS [Wheat DDGS, Corn DDGS, and Blend DDGS (Wheat/Corn = 70:30)] from Bioethanol Production, Revealed Using DRIFT Molecular Spectroscopya

protein amide I and amide IIb

items

number of repetitions

for DRIFT analysis amide I amide II ratio of amide I to amide II

Amides IR peak

center position ∼1655 cm-1 ∼1550 cm-1 ∼1655/∼1550 cm-1

Amides IR peak region Ca. 1720-1575 cm-1 Ca. 1575-1485 cm-1

Amides IR peak area baseline Ca. 1720-1485 cm-1 Ca. 1720-1485 cm-1 Ca. 1720-1485 cm-1

based on the protein amide

I and II peak area

feeds

wheat (grain) 8 162.45 b 35.14 b 4.61 a

corn (grain) 8 64.42 c 14.15 b 4.56 a

wheat DDGS 16 291.79 a 95.03 a 3.08 b

corn DDGS 8 261.81 a 118.45 a 2.21 c

blend DDGS 8 274.68 a 92.03 a 2.97 b

SEMc 26.663 9.262 0.059

P value

statistics

feeds <0.0001 0.0013 0.0129

grain vs bioethanol coproducts

grain 16 113.44 b 24.64 b 4.58 a

DDGS 32 280.02 a 100.13 a 2.84 b

SEM 17.923 6.237 0.076

P value

statistics

grain and bioethanol coproducts <0.0001 <0.0001 <0.0001

aMeans with the different letters in the same column differ,P < 0.05. b The protein amide data unit: IR absorbance unit. Protein peak baseline: 1720 to 1485 cm-1. Protein amide
I area region: 1720 to 1575 cm-1. Protein amide II area region: 1575 to 1485 cm-1. cSEM = pooled standard error of means.
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affected by processing methods. Recent medical research shows
that compared with normal tissue, diseased tissues (such as Prion
tissue and cancer tissue) result in a change of percentage of
protein secondary structure and/or a reduced ratio of amide I
to amide II (21, 22). Protein amide I (ca. 1720-1575 cm-1)
and amide II (ca. 1575-1485 cm-1) bands arise from specific
stretching and bending vibrations of the protein backbone
(14, 15). Their profiles are usually used to reveal protein mole-
cular structure.

In food, feed, and nutrition research, to date, little has been
done on the relationship of the protein molecular structure amide
I and II profiles and their ratios to nutritive value. Table 1 shows
the molecular structural characteristics of protein amide I and II
and their ratios. Compared to the grains, the new coproducts
from bioethanol production had significantly different amide
profiles (P < 0.05) with higher amide I and II but lower protein
structure amide I to II ratio (2.84 vs 4.58, P< 0.05). There were
no significant differences between wheat and corn (4.61 vs 4.56,
P > 0.05), but significantly different amide profiles between
wheat DDGS and corn DDGS (3.08 vs 2.21, P < 0.05) were
present. These results indicated that bioethanol processing
changes the original grain protein molecular structural chemical
makeup. The difference in the amide I to amide II profiles and
their ratio may cause a difference in nutrient value (8-11, 23).

Detecting Changes in Protein Secondary Structure Profile and

r-Helix to β-Sheet Ratio by Bioethanol Processing. In the new
coproducts from bioethanol production and grains, the spectrum
of the protein amide I original band shows peak centers at ca.
1658 and 1628 cm-1. This was confirmed from the FSD spectrum
of amide I and the second derivative spectrum of amide I at the
region of 1720-1575 cm-1. Because protein amide I component
peaks overlay each other, Fourier self-deconvolution and the
second derivative functionwere used to obtainFSD/2nd derivative

spectra (1720-1575 cm-1 region) to identify amide I component
peak frequencies in order to quantify the protein R-helix and
β-sheet peak center height in the original protein amide I region at
ca. 1720-1575 cm-1.

Table 2 shows the molecular structural characteristics of the
protein R-helix and β-sheet and their ratios. Compared with the
grains, the new coproducts from bioethanol production had
significantly higher (P < 0.05) in the R-helix (3.26 vs 1.57) and
β-sheet (3.15 vs 1.11) and lower (P < 0.05) in the R-helix to
β-sheet ratio (1.03 vs 1.38). There were significant differences in
protein secondary structure profiles (R-helix, β-sheet, and their
ratio) between wheat and corn (P > 0.05) but no significant
differences between wheat DDGS and corn DDGS (P > 0.05).
No published results have been found for the characteristics
of protein secondary structures in different new coproducts
from bioethanol production; therefore, no comparison could be
made.

These results indicate that these new coproducts and grains
differed in protein secondary structure conformation in terms of
the ratio of protein R-helix and β-sheet, indicating the differences
in protein molecular structural chemical makeup and features.
Bioethanol processing changes original grain protein molecular
structure. These structural differences may impact the new
coproducts’ protein utilization and availability in the rumen
and intestine in dairy cows. Our results demonstrate that the
molecular spectral analytical technique to localize relatively pure
protein bodies may reveal differences in the protein molecular
structural chemical makeup. The different protein R-helix and
β-sheet structures by altering access to gastrointestinal digestive
enzymes may result in differences in protein value and protein
availability (9, 10, 12, 24).

Discriminating and Classifying Protein Molecular Structure.

Cluster analysis can be used to cluster IR molecular spectra on

Table 2. Characteristics of Protein Secondary Structure (R-Helix, β-Sheet, and Their Ratio): Comparison between Different Grains (Wheat and Corn) and Different
Types of DDGS [Wheat DDGS, Corn DDGS, and Blend DDGS (Wheat/Corn = 70:30)] from Bioethanol Production, Revealed Using DRIFT Molecular Spectroscopya

protein secondary structuresb

infrared absorption R-helix β-sheet
ratio of R-helix
to β-sheet

items

number of repetitions

for DRIFT analysis

R-helix peak
center (cm-1)

β-sheet peak
center (cm-1)

peak

baseline (cm-1) ∼1655 cm-1 ∼1630 cm-1 ∼1655/∼1630 cm-1

based on the protein R-helix and
β-sheet peak height

feeds

wheat 8 1658 1629 ∼1724-1485 2.25 b 1.53 b 1.47 a

corn 8 1658 1627 ∼1724-1489 0.90 c 0.70 b 1.29 b

wheat DDGS 16 1660 1628 ∼1730-1485 3.38 a 3.22 a 1.04 c

corn DDGS 8 1658 1626 ∼1724-1484 3.25 a 3.14 a 1.03 cd

blend DDGS 8 1659 1628 ∼1726-1487 3.02 ab 3.02 a 0.99 d

SEMc 0.329 0.300 0.013

P value

statistics

feeds <0.0001 <0.0001 <0.0001

grain vs coproducts

grains 16 1658 1627 ∼1724-1485 1.57 b 1.11 b 1.38 a

DDGS 32 1659 1628 ∼1724-1485 3.26 a 3.15 a 1.03 b

SEMc 0.225 0.195 0.014

P value

statistics

grain and coproducts <0.0001 <0.0001 <0.0001

aMeans with the different letters in the same column differ, P < 0.05. b The protein amide data unit: IR absorbance unit. cSEM = pooled standard error of means.
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the basis of similarity with other spectra. In this study, theWard’s
algorithmmethodwas used without any prior parametrization of
the spectral data (original protein amide I and II spectral data) in
the IR region (ca. 1720-1475 cm-1). This method helps discri-
minate the structure chemical makeup differences between the
products. Figure 1a,b shows that two classes can be distinguished
betweenwheat versuswheatDDGSand corn versus cornDDGS,
indicating that the proteinmolecular structure between the grains
and bioethanol coproducts was different.

The second multivariate analysis tested was principal compo-
nent analysis (PCA), a statistical data reduction method. In this
barley protein inherent structure study, PCA analysis was used to
identify themain sources of variation in the protein amide I and II
original spectra in the region 1720-1485 cm-1 of original grain
and bioethanl coproducts and identify features that differed
between these two.

Wheat and wheat DDGS can be grouped in separate ellipses
(Figure 1c) with no overlapping of groups. The first three PCs
individually explain 98.87, 1.04, and 0.07%of the variation in the
protein amide spectrum data set. Figure 1d also shows that corn
and corn DDGS can be grouped in separate ellipses with no
overlapping of groups. The first three PCs individually explain
99.97, 0.02, and 0.01% of the variation in the protein amide
spectrum data set. In both parts, the first PC can explain 99% of
the total variation.

This was a preliminary study with a small data set. Future
studies will be carried out on the relationship between protein

molecular structures (e.g., R-helix to β-sheet ratio; amide I to II
ratio) and protein profiles, subfractions, and nutrient supply
and availability in new bioethanol coproducts with a large data
set.

In conclusion, the study showed that the protein molecular
structure of the new coproducts from bioethanol production and
structural changes by bioethenol processing could be revealed
and identified, on the basis of the DRIFT analytical technique.
The protein structure R-helix to β-sheet ratio and amides I to II
ratio were significantly different between the grains and the new
coproducts from bioethanol production. Bioethanol processing
might change protein molecular structures compared with those
of the original grains.
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