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What makes protein indigestible from tissue-related,

cellular, and molecular aspects?
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This paper gives an insight into key factors, which impair enzymatic protein digestion. By
nature, some proteins in raw products are already poorly digestible because of structural pecu-
liarities, or due to their occurrence in plant cytoplasmic organelles or in cell membranes. In
plant-based protein, molecular and structural changes can be induced by genetic engineering,
even if protein is not a target compound class of the genetic modification. Other proteins only
become difficult to digest due to changes that occur during the processing of proteinaceous
products, such as extruding, boiling, or acidic or alkaline treatment. The utilization of pro-
teinaceous raw materials in industrial fermentations can also have negative impacts on protein
digestibility, when reused as fermentation by-products for animal nutrition, such as brewers’
grains. After consumption, protein digestion can be impeded in the intestine by the presence
of antinutritional factors, which are ingested together with the food or feedstuff. It is concluded
that the encircling matrix, but also molecular, chemical, and structural peculiarities or modifi-
cations to amino acids and proteins obstruct protein digestion by common proteolytic enzymes
in humans and animals.
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1 Proteins that have a low digestibility by
nature

1.1 Animal structural proteins or scleroproteins

Scleroproteins are fibrous proteins that form supporting
structures in the body. They are resistant to digestion. Sclero-
proteins comprise collagen, elastin, keratin, and silk fibroin,
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but are also present in insect cuticles and marine organism,
where they might be halogenated to some extent [1, 2].

A scleroprotein’s peptide sequence often consists of a lim-
ited selection of amino acids with a repeated order of appear-
ance [3]. Scleroproteins can form unusual secondary struc-
tures, such as the collagen triple helix. The protein structures
often feature stabilizing cross-links between peptide chains.

1.1.1 Collagen and gelatin

Collagen contains high percentages of alanine, glycine, and
proline [4]. During posttranslational processing, prolines and
lysines are hydroxylated by the enzymes prolyl hydroxy-
lase and lysyl hydroxylase, resulting in hydroxyproline and
hydroxylysine. The hydroxylation is important for the cross-
linking of three peptides to a stable triple helix in collagen.
This enzymatic step requires vitamin C as a cofactor [5]. Colla-
gen is quite resistant to digestion [6], although the bovine and
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porcine pancreas contains collagenase activity [7]. As protein
source for humans, only digestible, denatured collagen plays
a role [8]. Due to its lack of essential amino acids, collagen is
inferior to, e.g., muscle protein as protein source [8]. On the
other hand, as a nitrogen source, collagen could reinforce the
body’s own amino acid synthesis [8]. Gelatin is a hydrolyzed
product from collagen [9].

1.1.2 Elastin

Ligaments, tendons, and arteries contain elastin. Although
elastin resembles collagen in its structure, elastin cannot be
broken down into gelatin. This is because elastin, in contrast
to collagen, contains desmosine and isodesmosine. Desmo-
sine and isodesmosine contain heteroaromatic derivatives
of pyridinium, which are formed by cross-linking of lysine
residues [10]. Elastin is largely indigestible [8].

1.1.3 Keratin

Keratins, proteins with a predominantly pleated sheet con-
figuration, are poorly soluble in water and resistant to pro-
teolytic enzymes [11, 12]. Keratin is the building material of
robust external protein structures [13]. The strength and rigid-
ity of keratin is based on permanent, thermally stable cross-
linkings formed by intra- and intermolecular hydrogen bonds
and disulfide bridges between cysteine molecules. Wool and
hair contain about 14% cystine (cysteine dimer), and horn
12% [3]. Protein in hair is extensively cross-linked with disul-
fide bonds, which are not very susceptible to proteolytic en-
zymes as reported by Clark et al. [14].

The amino acid patterns of the keratins from mammals,
namely sheep wool, pig hair, and cattle horn, resemble one
another closely. However, avian keratin, such as in chicken
feathers, differs from mammalian keratin in being lower in
arginine, cystine, glutamate, histidine, lysine, and tyrosine
and slightly higher in isoleucine and valine [3].

The production of feather meal from feathers is called
rendering. For nutritional purposes, rendered feather protein
is mainly used in ruminant nutrition as a high ruminal escape
protein [15–17], and can be used in fish diets [18].

1.1.4 Silk fibroin and sericin

Insects of the Saturnidae and Bombycidae spin silk fiber [19].
The chemical structure of the silkworm (Bombyx mori) fibroin
consists basically of an alternation of glycine residues with
two thirds of alanine and one third of serine [20]. Sericin
makes up about 20–30% of the total cocoon weight. It contains
about 32% serine, and 46% hydroxy amino acids [21].

Both sericin and fibroin have low digestibilities [21, 22].
Water-soluble fibroin extracted from silk yarn, by contrast,
had an in vitro digestibility of 58% after treatment with

pepsin–trypsin–chymotrypsin. The in vivo true digestibility
determined in rats was 65.7% [22].

1.2 Insect cuticle and marine scleroprotein

Insects as alternative sources of protein for use in food and
feed are a current research focus to meet the world’s growing
food demand, although the idea is not new [23]. Especially the
larval stages of several insect species and their muscle protein
seem interesting in this regard [24]. While juvenile larvae have
a soft exoskeleton or cuticle, during metamorphosis, the in-
sect cuticle is hardened by sclerotization. Protein-containing,
hardened cuticle structures in insects are, e.g., the firm ex-
oskeleton of cockroaches or grasshoppers. In sclerotized cuti-
cles, which were shown to contain protein and chitin among
other extremely diverse materials, these two components are
often cross-linked by aromatic groups [25]. According to St.
Leger et al. [26], apart from proteases, chitinase seems essen-
tial for the biodegradation of insect cuticles. Although some
human beings were shown to produce gastric endochitinase,
in vitro studies revealed that fly wings incubated in gastric
liquid with high chitinase activities were at most moderately
digested [27].

In marine organisms, both chitin as well as proteins can be
halogenated [2]. Moreover, chlorotyrosine has been detected
not only in saltwater invertebrates, but also in land insects.
However, the reason for the halogenation of this amino acid
is still largely unknown [1].

1.3 Plant storage proteins

Plant proteins, particularly those in legume grains, gener-
ally have lower in situ digestibilities than those in animal
tissue. This may result from their relative insolubility, their
intracellular organization in discrete protein bodies [28], and
the low permeability of plant cell walls as well as the protec-
tive covering of the seed by the seed coat. Hence, vegetable
matter generally requires processing, e.g., cooking, to im-
prove the protein digestibility. Boiling and subsequent freez-
ing of legume seeds increased their digestibility to more than
95% [12,29]. Digestion-resistant, stable peptides may provoke
allergic reactions in susceptible individuals [30, 31].

2 Processing as protein
digestibility-affecting treatment

2.1 Heat treatment

2.1.1 Enhanced polymerization, and change in

secondary structure

Apart from a digestibility-increasing effect of heat treat-
ment, heat treatment can also decrease digestibility. Cooking
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Figure 1. Maillard reaction of lysine residues in protein with reducing sugars. Reprinted with permission from Czerwenka et al. [110].
Copyright (2012) American Chemical Society.

negatively affects the enzymatic digestibility and solubility of
sorghum protein, but not of maize protein in children [32–34].
Cooking was shown to enhance disulfide linkage formation
and polymerization in sorghum [32, 35, 36].

2.1.2 Chemical reaction with reducing sugars

(Maillard reaction)

The Maillard reaction can cause a decrease of protein nu-
tritional quality [37–40]. According to Finot et al. [41], bio-
logically available �-N substituted derivatives of lysine, such
as �-N-(�-amino acyl)-, �-N-�-N-di-amino acyl-, and Schiff’s
bases were four to seven times less reactive than free lysine in
the Maillard reaction. Hence, these reversible substitutions of
lysine can possibly prevent digestibility loss of protein in food
or feed, which has to be subjected to severe heat treatment.

2.1.2.1 Early Maillard reaction

The first step in the Maillard reaction is a simple conden-
sation reaction between the carbonyl group of a reducing
carbohydrate and the free amino groups of a protein, peptide,
or amino acid (Fig. 1). Up to this point, the reaction is re-
versible. The first addition products of lysine with reducing
sugars were found to be fully bioavailable in rats, by releasing
lysine in the acidic environment of the stomach [42].

After the early Maillard reaction, an “Amadori” rearrange-
ment takes place, in which the aldose (glucosylamine) is trans-
formed into a ketose, namely a 1-amino-1-deoxy-2-ketose.
This reaction is irreversible and the “Amadori” compound
formed is relatively stable (Fig. 2). In food proteins, the main
reactive amino group is the �-amino group of lysine. When
the sugar is glucose, the main “Amadori” compound in a
heated protein is, therefore, �-N-deoxyfructosyl-L-lysine in a
bound form. In milk, the corresponding “Amadori” com-
pound formed is �-N-lactuloselysine. Under mild conditions
(37�C, air, pH 7.4), �-N-deoxyfructosyl-L-lysine can undergo

Figure 2. Lysinoalanine (LAL).

oxidative decomposition to �-N-carboxymethyllysine (see also
Section 2.1.4.2.).

Tryptophan can also undergo an early Maillard reac-
tion with its indole-NH group and reducing sugars, but
only at acidic pH. Thus, N�-acetyl-1-(�-D-glucopyranosyl)-DL-
tryptophan amide was found to be generated through con-
densation reactions between N�-acetyl-DL-tryptophan amide
and D-glucose. This may be considered an N-substituted gly-
cosylamine. Whether this reaction occurs in processed foods
is not yet known. It could be of some importance in canned
foodstuffs with low pH values. The sulfur amino acids cys-
tine and methionine are not involved in the early Maillard
reaction [43].

According to Finot [42], intestinal absorption of Amadori
compounds of free amino acids occurs by passive diffusion,
while Maillardized peptides are likely to be unabsorbed by
the gut. Degradation of Amadori compounds by the intestinal
microbiota to CO2 seems to contribute to their low fecal and
urinary excretion in rats (and in pigs), as was indicated by
whole-body autoradiographies of rats after oral ingestion of
14C-fructose-lysine.

2.1.2.2 Advanced Maillard reactions

Under more severe heating or storage conditions, the Mail-
lard reaction proceeds further to different advanced steps. The
reactions in question lead to the formation of literally thou-
sands of compounds, which are responsible for the numerous
flavors and odors of heated foods. Regarding essential amino
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acids, a few remarks seem necessary, because they cannot
be formed by the body but have to be taken up from protein
sources. Lysine heated with glucose (6 h at 105�C) forms �-
(2-formyl 5-hydroxymethylpyrrol-1-yl)-L-norleucine (�-pyrrol-
lysine), an advanced Maillard product of lysine [41].

Tryptophan can react with its indole-NH group with active
carbonyl intermediates formed during the advanced Maillard
reaction. Reaction products between �-N-acetyl-tryptophan
and 3-deoxyglucusone have been identified. Whether tryp-
tophan residues in an intact food protein react in a similar
way is not clear [41]. In contrast to cysteine, cystine seems
not to be affected by the advanced Maillard reaction, whereas
methionine is progressively destroyed by an unknown mech-
anism [41].

Some more reaction products have been identified, such
as �-N-carboxymethyllysine, hydroxymethyl-furfuraldehyde,
and 3-deoxyglucosone, which are produced in the advanced
Maillard reaction step and are considered as premelanoidins
(cf. Section 2.1.3; [42]). Also, acrylamide, which gave cause
for serious concern because of its carcinogenicity when dis-
covered in fried, baked, or toasted starchy foods in 2002 [44],
seems to be a by-product of the Maillard reaction. Mottram
et al. [45] showed that acrylamide can be produced by reaction
between asparagine and dicarbonyl compounds formed in
the Maillard reaction, such as 2,3-butanedione, when heated
above 120�C. Another objectionable compound is the highly
toxic volatile acrolein. Acrolein can be formed by thermal de-
composition of methionine, via the flavor compound of baked
potatoes, methional. Acrolein can also be formed from thre-
onine during heat treatment of food, or in vivo by threonine
conversion with the enzyme myeloperoxidase under acute
oxidative stress conditions, such as during myocardial infarc-
tion and stroke [46]. Part of the toxicity of acrolein has been
ascribed to impairing protein function by its reaction with
nucleophiles in amino acid residues, such as cysteine, his-
tidine, arginine, and lysine. Further reactions of amino acid
adducts of acrolein with nucleophilic sites in protein leads to
cross-links between amino acid chains [46].

2.1.2.3 Final Maillard reaction

The final phase produces brown melanoidin pigments, which
result from the polymerization of the many highly reactive
compounds formed during the advanced Maillard reactions.

The course of the Maillard reaction is strongly influenced
by temperature, duration, water activity, and pH. It is slowed
down by very high and very low water activity in the food or
feed matrix, and by lowering the pH [43].

2.2 Thermomechanical modification: irradiation

Fombang et al. [47] attributed the reduced digestibility caused
by higher doses of irradiation to cross-linking and aggrega-

tion and to the formation of Maillard products, which inhibit
enzymatic protein digestion.

2.3 pH Denaturation

2.3.1 Cross-linking of protein via lysinoalanine

(LAL), histidinoalanine (HAL), lanthionine

(LAN), or phenylethylaminoalanine

The cross-linked amino acid product LAL (Fig. 2) can be
formed in protein by a reaction of the �-amino group of ly-
sine with dehydroalanine. Dehydroalanine, in turn, can be
formed by �-elimination from, e.g., cystine, cysteine, or ser-
ine residues in the protein chain [48–50]. Alkaline processing
of protein-containing foods promotes LAL production, such
as a hot alkaline dipping prior to pretzel-baking, or isoelectric
precipitation followed by neutralization at alkaline pH em-
ployed for casein isolation on an industrial scale, or alkaline
extraction of deboning residues from poultry and red meats
for the recovery of additional food-grade proteins [48].

Measurements revealed that the LAL content of raw and
pasteurized milk, e.g., amounted to up to 15 mg/kg, and
the one of calcium caseinate to up to 1560 mg/kg [48]. LAL
formation in food proteins has been reviewed by Finot [51]
and by Friedman [48].

While the formation and presence of LAL in food has been
extensively studied and covered, much less is known about
other, similar products such as HAL, LAN, or phenylethy-
lamine (cf. Section 2.3.2). HAL was first detected in soybean
protein treated with alkali [48], but also occurs in milk prod-
ucts and baby formulas, and in human tissues, such as con-
nective tissue, bone, dentin, and eye cataracts [52, 53]. Ac-
cording to Friedman and Noma [54], the amine phenylethy-
lamine, which can be formed by decarboxylation of free
phenylalanine, reacts like lysine in a competitive reaction with
dehydroalanine residues to form phenylethylaminoalanine
in, e.g., casein and soybean.

2.3.2 Racemization

The partial conversion of an L-amino acid to a D-amino acid,
resulting in a mixture of both enantiomers (Fig. 3), is called
racemization. Usually D-amino acids are poorly bioavailable
and utilized in vivo [53]. Most eukaryotes, except plants,
possess D-amino acid oxidases, which catalyze the oxida-
tive deamination of D-amino acids to the corresponding �-
oxoacids and ammonia [55]. In these reactions, O2 functions
as electron acceptor and is reduced to H2O2 [56]. Moreover,
humans are unable to utilize D-lysine, D-leucine, D-threonine,
D-tryptophan, D-isoleucine, or D-valine [52]. In addition, di-
ets high in D-amino acids reduce the interconvertibility of
D-amino acids, because they overload the amino acid oxidase
system, and might also inhibit the bioavailability of essential
D-amino acids [52].
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Figure 3. Two enantiomers of a generic amino acid (from http://
www.newworldencyclopedia.org/entry/Chirality_(chemistry), ori-
ginal location: http://nai.nasa.gov/library/images/news_articles
159_1.jpg).

Possibly due to their negligible role in protein anabolism
and catabolism, D-amino acids act as messenger molecules
in the brain, such as the neuromodulator D-serine [57], or
the hormone secretion regulator D-aspartate [58], with their
concentrations being controlled by D-amino acid oxidase. In
long-living tissues, levels of some D-amino acids appear to
be correlated with human age or disorders (schizophrenia,
epilepsy, Alzheimer [58]).

Racemization of L-amino acids occurs during alkaline
treatments (pH 8–12) concurrently with LAL formation [48].
Severe heating alone can also result in racemization, but only
of aspartate among the biogenic amino acids. Alkaline treat-
ment (pH 12, 90�C, 2 h) of a Vicia faba protein isolate led to
a significant racemization of phenylalanine (45%) and threo-
nine/serine (79%) whereas leucine, isoleucine, and methio-
nine were stable under these conditions [43].

Jenkins et al. [59] treated commercial zein, a hydrophobic
protein with a very low lysine content, with either 0.1 N NaOH
or Ca(OH)2 at 85�C for 4 h, and then neutralized, washed, and
freeze-dried the respective products. The alkaline treatments
led to an increase of D-amino acids; the NaOH- and Ca(OH)2-
treated samples were shown to contain 20.3% and 15.3%
D-amino acids versus 1.5% in the untreated zein. Racem-
ization affected aspartate and serine > phenylalanine, glu-
tamate, tyrosine, and threonine > methionine > alanine >

valine, leucine, isoleucine, and proline. The last four amino
acids are nonpolar ones. In addition, proline is a secondary
amine, with its �-amine nitrogen being incorporated in a,
probably stabilizing, ring structure. Young rats fed NaOH-
treated zein as only protein source failed to grow and showed
extreme diarrhea. The effects were less severe with Ca(OH)2-
treated zein.

Under careful processing conditions, racemization is con-
sidered negligible and to involve aspartate only. However, to
be on the safe side, new alkaline treatments should always
be checked for their possible effects in terms of racemiza-
tion [43].

3 Antinutritional factors as protein
digestibility-impeding factors

3.1 Tannins

In livestock diets, tannins can diminish weight gains, appar-
ent digestibility, and feed utilization efficiency [60, 61]. Tan-
nins are usually hold responsible for these antinutritional
effects due to their inhibition of digestion of dietary proteins
[62]. However, multifactorial effects of tannins can contribute
to the observation of a reduced protein digestion. Tannins
were, e.g., reported to have a negative impact on feed intake
[63], reduce feed digestibility by formation of tannin-nutrient
complexes [64–68], inhibit rumen enzymes [63], and inhibit
the growth of rumen bacteria [61,69,70]. In addition, the quick
absorption of low molecular weight polyphenols associated
with tannins might inhibit postdigestive metabolism [62].

3.2 Protease inhibitors

Protease inhibitors inhibit the activity of the enzymes trypsin
and chymotrypsin in the gut, thus preventing protein diges-
tion. Trypsin inhibitors are found in many plant species.
These species include a range of grain legumes, such as com-
mon bean (Phaseolus vulgaris), cowpea (Vigna unguiculata),
Lima bean (Phaseolus lunatus), peanut (Arachis hypogaea), field
or garden pea (Pisum sativum), soybean (Glycine max), and
winged bean (Psophocarpus tetragonolobus). However, they are
also found in cereals such as wheat (Triticum aestivum) and
barley (Hordeum vulgare), potatoes (Solanum tuberosum), and
a number of species in the genus Curcurbita. Because of
the extensive use of soybean meal in monogastric feeding,
the trypsin inhibitors associated with this plant species have
been studied most extensively [71].

In legume seeds, the two most important inhibitor fami-
lies are the Kunitz trypsin inhibitor family and the Bowman–
Birk inhibitor family [72].

The Kunitz inhibitor family was the first family to be iso-
lated. The Kunitz-type trypsin inhibitor from soybean is a pep-
tide comprising 181 amino acids with two disulfide bridges
and a molecular weight of about 21 000 Da. As this inhibitor
reacts stoichiometrically with trypsin to form a stable com-
plex, it is known as a single-headed inhibitor. It primarily
inhibits trypsin, but it can also weakly inhibit chymotrypsin.
This inhibitor is highly stable to thermal and acid denatura-
tion [30, 71].

The Bowman–Birk inhibitor family is widely distributed
in legume seed. Bowman–Birk inhibitor from soybean is a
smaller peptide molecule and consists of 71 amino acids.
It contains a high level of cystine and has seven disulfide
bridges. The molecular weight is about 8000 Da. It is a double-
headed molecule and inhibits both trypsin and chymotrypsin
at two different binding sites. Bowman–Birk inhibitors are
resistant to digestion in gastric juices and to proteolytic
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enzymes. There is also a suggestion that they may be resistant
to breakdown by heat [71, 73].

3.3 Antigenic proteins

Many allergenic food proteins resist digestion, and are ab-
sorbed by the intestinal mucosa, where they act as antigens.
The storage proteins glycinin and �-conglycinin in soybean
and peanuts are glycoproteins that are associated with allergic
reactions. The human body responds to them by producing
antibodies in the Peyer’s patches of the gut and their associ-
ated lymphoid tissue. These antibodies are then released into
the gut and react with the antigens to prevent their absorption.
Antigens that escape absorption cause inflammation of the
intestinal mucosa [71]. In pecans, stable, digestion-resistant
antigenic polypeptides from 2S albumin protein (Car i 1)
may contribute to allergic sensitization in susceptible indi-
viduals [31].

The remarkable stability of the soybean Kunitz trypsin
inhibitor to both thermal and acid denaturation may also be
important for its role as a food allergen [30].

3.4 Phytate

The status of phytates as antinutritional factors is some-
what unclear. They may decrease protein solubility [74] and
digestibility [75], e.g., of casein and BSA [12, 76].

4 Chemical structures as protein
digestibility-impeding factor

4.1 Disulfide bonds

The presence of cross-linkers, such as disulfide bonds (Fig. 4),
tends to stabilize the protein structure [77]. For the creation
of a ruminal escape protein, Morrison et al. [78] designed
a protein with a high content of selected essential amino
acids, MB-1, which was stabilized by an intermolecular disul-
fide bridge, resulting in an MB-1-Cys dimer. This dimer was
exposed to a Pronase E protease preparation as well as to pro-
teases extracted from ruminal microbes. It was found that
in both cases, the MB-1-Cys dimer had a better resistance to
proteolytic degradation than MB-1 [78].

4.2 Cyclic peptides and cystine-knot structures

Naturally occurring small circular peptides have long been
known to exist in the bacterial world. These cyclic bacterial
peptides often contain uncommon amino acids, and they
are biosynthetically produced by large peptide synthetases,
rather than the standard ribosomal protein synthesis ma-
chinery. Cyclic peptides, and by extension circular proteins,
have therefore remained a bit of an anomaly until the mid-

Figure 4. Disulfide bond: two cysteine residues react to a cystine
dimer (source from Cronk [111]).

dle of the 1990s, when the discovery of several ribosomally
synthesized macrocyclic proteins was reported. These pro-
teins were all extracted from plant material, and in addition
to having a cyclic backbone, they were also found to contain
a cystine-knot structure. The first cyclic cystine-knot protein
to be fully structurally characterized was the protein kalata
B1 from the African plant Oldenlandia affinis. Its cystine-knot
structure consists of three disulfide bonds, two of which form
a ring structure in the peptide backbone, the third one pass-
ing in between these. This cross-linking pattern gives the
protein backbone a high stability and forces it to adopt a
�-sheet structure. Such protein cystine-knot structures were
later reported to be rather common; e.g., they are also found
in certain human growth hormones [79].

4.3 Blocking of the �-amino group of lysine

Lysine with a blocked �-amino group as such is not bioavail-
able for animals [5]. Lysine residues in protein can undergo
a Maillard reaction with reducing sugars, react with alanine
derivatives, with carboxyl groups of aspartic and glutamic acid
residues, or with nitrosating agents.

4.3.1 Formation of isopeptide bonds between the

lysine �-NH2 and �- and �-carboxyl groups

According to Sikorski [5], low water activity in combination
with high temperature can lead to the formation of isopeptide
bonds between the �-NH2 of lysine and the �- and �-carboxyl
groups of aspartic and glutamic acid residues. �-Glutamyl-
�-lysine (GGL), and �-aspartyl-�-lysine are also produced by
catalytic action of enzymes of the transglutaminase family.
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Figure 5. Pyroglutamic acid.

Transglutaminase, nicknamed “meat glue,” is used in food
processing to create imitation meat or fish products by enzy-
matically cross-linking smaller protein pieces [42]. In contrast
to free �-aspartyl-�-lysine, the lysine of which proved unavail-
able for rats, free GGL was 100% bioavailable to the rodents.
Protein-bound GGL is expected to amount to maximally 3.5%
of the initial lysine value in heat-treated proteins, and there-
fore nutritional consequences are expected to be low [42].

4.3.2 �-Elimination of nucleophiles leading to

cross-links with free amino or thiol groups

At alkaline pH, a hydroxide-ion catalyzed �-elimination of
H2S, H2O, phosphate, or sugar from, e.g., cystine, cys-
teine, or serine residues can occur in a protein chain, re-
sulting in the formation of dehydroalanine [48–50]. Dehy-
droalanine in turn, can undergo a Michael addition with
a nucleophilic group in a suitable position of the protein
chain, such as the �-amino group of lysine, leading to the
formation of LAL (N�-(2-amino-2-carboxyethyl)-lysine) [80].
Dehydroalanine can also react with other residues with
nucleophiles, such as free amino or thiol groups, e.g.,
with ornithine to ornithinoalanine (OAL, N�-[2-amino-2-
carboxyethyl]-ornithine), with cysteine to LAN, and with his-
tidine to HAL [48]. In fact, both nitrogen atoms of histi-
dine may react, giving rise to the region-isomers N�-HAL
(�,�’-diamino-1H-imidazole-1,5-dipropanoic acid) and N	-
HAL (�,�′-diamino-1H-imidazole-1,4-dipropanoic acid) [80].

An analog mechanism to the formation of de-
hydroalanine is the formation of dehydroaminobu-
tyric acid (i.e., methyl-dehydroalanine) from threonine
residues [48, 50]. Methyl-dehydroalanine can react with
the same amino acids as dehydroalanine to give methyl-
LAL (Me-LAL, N�-[2-amino-2-carboxy-1-methylethy])-lysine),
methyl-ornithinoalanine (Me-OAL, N�-[2-amino-2-carboxy-1-
methylethyl]-ornithine), methyl-LAN (Me-LAN), and methyl-
HAL (Me-HAL), respectively [80].

Under highly alkaline conditions, mainly LAL is being
formed. At lower pH, lysine residues are protonated, and
dehydroalanine preferably reacts with histidine to HAL, or
with cysteine to LAN, which then dominate among the cross-
links [53]. Neither Me-LAL nor Me-HAL was detected in
milk products, probably because the reactivity of methyl-
dehydroalanine toward nucleophiles is more than tenfold
lower than the one of dehydroalanine. Hence, the forma-
tion of Me-LAL as well as of Me-HAL during food processing
seems negligible [81].

4.4 Pyroglutamic acid

Pyroglutamic acid (also known as pyrrolidone carboxylic acid,
and pyroglutamate or pyrrolidone carboxylate in its basic
form) is an uncommon amino acid derivative, in which the
free amino group of glutamic acid cyclizes to form a lac-
tam (Fig. 5). “Pyroglutamate is formed by cyclization of N-
terminal glutamine or glutamate residues” [82]. When con-
taining an N-terminal pyroglutamate, the peptide chain can-
not be prolonged because pyroglutamate does not have a free
primary amino group for reaction with the carboxyl group of
another amino acid. Upon hydrolyzation of protein, pyrog-
lutamyl peptides can be formed by cyclization of N-terminal
glutamine residues, which is stimulated by mild alkaline con-
ditions [83,84]. The N-terminal pyroglutamate bond is not hy-
drolyzed by pepsin, trypsin, or pancreatin, but can be cleaved
from peptides and proteins by the enzyme pyrrolidone car-
boxylate peptidase (PCP). PCP activity has been detected in
tissues of man, pig, cow, rabbit, guinea pig, rat, mouse, pi-
geon, hen, and carp, plants, and bacteria. By contrast, no
activity was found in human urine and serum [85]. Different
synthetic L-pyroglutamyl compounds (basic form and amidi-
fied with alanine or proline), were shown to rupture lysosomal
membranes in vitro, which suggests that these compounds
can contribute to tissue damage in vivo [83]. However, Mon-
suur et al. [87] showed that the enzyme PCP is not involved
in the etiology and pathology of celiac disease.

Indigestible pyroglutamyl peptides were, e.g., detected in
an enzymatic hydrolyzate of wheat gluten [87,88], and found
to convey a specific glutamate-like (“umami”) taste [84].

4.5 Oxidative damage to proteins

Proteins are a major target for oxidation, because of
their abundance in biological material and their reactivity.
Oxidation can occur at the protein backbone and the amino
acid side chains [89]. When proteins unfold due to oxidation,
protein function can be impaired, leading to an increase of
protein hydrophobicity, which often results in the formation
of toxic aggregates [89, 90]. In addition, oxidative changes re-
sult in the loss of sensory and nutritional quality.

Reactions with reactive oxygen species (ROS) play a role
during processing and prolonged storage of food [5], and
within living cells under oxidative stress conditions, which
play a critical role in cell ageing and disorders such as
Alzheimer’s and Parkinson’s [91–93]. The rate of oxidative
changes in proteins is controlled by the activity of the oxidiz-
ing agents and inhibitors, the presence of sensitizers, such
as chlorophyll, methylene blue, erythrosine, and riboflavin;
different peroxidants and antioxidants, temperature, and the
sensitivity of various amino acid residues [5]. In general, the
most reactive radicals are the least selective and lead to both
backbone and side-chain damage, and thus protein fragmen-
tation.
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As lysine and sulfur amino acids are often first limit-
ing amino acids in food and feed protein, any loss of these
amino acids, which are prone to oxidation, is critical for
the nutritional quality of the protein [94]. Methionine, e.g.,
can be oxidized to methionine sulfoxide (Met-SO) and to
methionine–sulfone (Met-SO2). However, not only free, but
also casein-bound Met-SO proved as utilizable by rats as free
methionine in their diet [94]. While many studies indicate
that Met-SO is bioavailable, free Met-SO2 is not [42]. Rexroth
et al. [93] recently showed that ROS as side products of aer-
obic metabolism in mitochondria selectively target only one
specific tryptophan of ATP synthase, which stands out due to
a metal binding site in its proximity, leading to irreversible
oxidation of this tryptophan.

Polyunsaturated fatty acids readily react with oxygen to
their peroxides, and then form secondary autoxidation prod-
ucts, e.g., 9-oxononanoic acid or 4-hydroxynonenal from
linoleate. Incubation of casein with autoxidation products re-
sulted in insolubility, and depending on incubation time and
reactivity of secondary products, indigestibility, loss of amino
acid residues, and polymerization of casein [95]. Reactions be-
tween casein and oxidizing lipids during incubations with (i)
methyl linoleate (50�C, 80% relative humidity, 0–10 days) [96]
and (ii) technical grade methyl linolenate (37–55�C, 33–84%
relative humidity, 1–4 mol O2/mol lipid, 4 weeks) [94] were
shown to result in (i) losses of methionine, tryptophan, histi-
dine, and lysine [96], and (ii) reduced bioavailabilities for rats
of e.g., cyst(e)ine, lysine, tryptophan, and methionine [94].

4.6 Reaction with nitrite

Nitrous acid generated in food at low pH from endogenous
or added nitrite decomposes readily to very reactive nitrosat-
ing agents. These nitrosating agents may react with amines
(lysine) to form N-nitroso compounds or nitrosamines [5],
which have been associated with causing cancer [97].

5 Overview of available detection
methods for protein in complex
products

5.1 Unique infrared band of protein structure

Protein secondary structure usually consists of large amounts
of alpha-helix and beta sheet, and small amounts of beta-turn
and random coil. Each fine structure has relatively unique
infrared absorption bands. Under infrared radiation, a pro-
tein will produce amide I and II bands in the region of ca.
1710–1475 cm−1 by infrared spectroscopy (Fig. 6, adapted
from Yu et al. [98] with the Journal’s permission). Amide
I bands depend very much on the protein secondary struc-
ture, and hence are usually used to quantify model-fitting
protein alpha-helixes and beta sheets. Amide II bands de-
pend on other chemical functional groups, and are less used

for protein secondary structure prediction due to overlap-
ping with other bands (e.g., lignin band 1510 cm−1) [99,100].
The detailed band assignments in spectroscopy, such as for
antiparallel �-sheets (ca. 1685–1680 cm−1), turns and coils
(ca. 1680–1660 cm−1), �-helices (ca. 1660–1648 cm−1), un-
ordered structures (ca. 1660–1648 cm−1), �-sheets (ca. 1640–
1625 cm−1), 310 helixes (ca. 1637 cm−1), and aggregated
strands (ca. 1625–1610 cm−1), were summarized before by
Marinkovic and Chance [101]. The functional group band as-
signments or band shifting may be affected by the type of
samples and various treatments.

5.2 Univariate molecular spectral analysis of protein

structure

For studying protein inherent structures or processing-
induced structural changes of protein, two kinds of molecular
spectral analyses can be applied. The first one is univariate
molecular spectral analysis, which can be used for protein fine
structure-associated band as well as integrated band analyses
in terms of intensity, frequency, and ratio [100,102–104]. For
example, Yu et al. [98] used univariate molecular spectral
analysis to study the gene-transformation-induced changes
on protein in transgenic plants. Liu et al. [105] used univariate
molecular spectral analysis to study bioethanol processing ef-
fect on the metabolic characteristics of protein in dairy cattle,
in which truly absorbed protein supply or indigestible protein
could be predicted. Zhang and Yu [106] used this method to
indicate protein structure characteristics of bioethanol prod-
ucts after dry fractionation process.

5.3 Multivariate molecular spectral analysis of

protein structure

The secondary method for protein spectral analysis is mul-
tivariate molecular spectral analyses (e.g., CLA, PCA, LDA
analysis), in which the whole spectral region is taken into
account, i.e., not only one band, but a multiband region [107].
The big advantage of these analyses, as reported by Yu [100],
is that spectral assignments do not have to be assigned to
specific structures, but that samples can be compared with
each other according to their similarity. These methods could
be used to detect protein structural make-up or conformation
between feed varieties, feed processing, feed treatments, and
gene transformation.

5.4 Multicomponent peak modeling for protein

structure analysis

To analyze protein fine structures by means of infrared spec-
tra, multipeaking modeling methods can be used. There are
several different methods for peak fitting, such as Gaus-
sian function, Lorentzian function, or combined Gaussian–
Lorentzian function. Using these methods, protein amide
I component peak shape, center, offset, wide, and areas can
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Figure 6. A spectra from Synchrotron-based infrared microspectroscopy (SR-IMS), and its second derivative and Fourier Self-Deconvolution
(FSD) spectrum for plant alfalfa tissues in the amide I and II regions (ca. 1710–1475 cm−1) (adapted from Yu et al. [98] with permission from
Elsevier).

be determined using various program (e.g., Origin, OMINIC)
[107]. After obtaining model-fitted protein fine structures, the
protein availability and utilization could be linked or associ-
ated to the protein fine structures.

6 Induced changes of protein molecular
structure affecting degradation and
digestibility detected with synchrotron
analytical techniques

6.1 Adverse effect of biological component matrix

on protein digestion

In a study by Yu et al. [108], it was reported that matrix effects
in cereal grains affected protein degradation and digestion.

In comparison with Harrington barley, Valier barley had a
lower ratio of starch to protein IR absorbance intensity. The
starch granules in Valier are more closely associated with the
protein matrix. This closer association prevented the starch
granules from being rapidly degraded in the rumen.

6.2 Effect of protein inherent structure on protein

digestion

Liu and Yu [103,104] studied various varieties of barley struc-
tural make-up and found that different protein molecular
structure conformations among different varieties. These dif-
ferences were highly associated with protein degradation. The
protein conformation analysis was done based on both uni-
and multivariate molecular analysis results [103, 104].
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6.3 Genetic modification of protein source affecting

protein degradability

The protein inherent structure in plants can be changed by
foreign gene transformation, as was shown by Yu et al. [98].
Also, gene-induced changes of protein structure affect protein
degradation and digestion. Yu et al. [98] used synchrotron-
based infrared microspectroscopy to detect the relationship
between fine structure of protein in Lc-transgenic alfalfa (in
which anthocyanidin was enhanced) and nutritive value. Yu
et al. [98] found that the transgenic alfalfa contained a lower
percentage of the model-fitted �-helices and �-sheets and a
higher percentage of other model-fitted protein fine struc-
tures. These results indicated that transgenic Lc alfalfa con-
tained similar proteins to nontransgenic alfalfa, but protein
molecular structures were different. These structures in com-
bination with the anthocyanidin enhancement significantly
affected protein degradation and utilization of alfalfa.

6.4 Biofuel or bio-oil processing affecting protein

availability of coproduct

Yu and Nuez-Ortin [109] found that the protein-inherent
structure in coproduct was different from parent feedstock
gain and indicated that the structure was altered by biofuel
processing (e.g., commonly available bioethanol processing).
Such changes also altered the biological properties of pro-
tein sources for animals, such as change in solubility of pro-
tein, change in protein subfractions, change in digestibility of
protein, change in rumen undegraded protein and degraded
balance of protein in ruminants [109]. The alteration of pro-
tein structure is mainly associated with biofuel and bio-oil
processing procedures such as fermentation.

7 Conclusions

It is concluded that some proteins in raw products are al-
ready poorly digestible by nature, due to structural peculiar-
ities such as modifications to amino acids or cross-linking
of amino acid chains. In the biological matrix the proteins
are embedded in such as membranes or storage bodies in
cells or tissues, which can also contribute to protein indi-
gestibility. Other proteins only become difficult to digest due
to changes, which occur during biotechnological processes
to protein-containing by-products, or the processing of pro-
teinaceous products for food or feed production. Last but not
least, protein digestion can be impeded in the intestinal tract
by antinutritional components. All of these factors can impair
protein digestion by common proteolytic enzymes in humans
and animals.
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