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Abstract: Changes in the molecular structure and association of milk proteins lead to many desirable
(under controlled conditions) or undesirable characteristics of dairy products. Several methods have
been used to study the structure of milk proteins and changes therein in different environments.
Whey proteins are an excellent model for secondary structure studies using circular dichroism
(CD), Fourier-transform infrared spectroscopy (FTIR) and tertiary structure studies using X-ray
crystallography and nuclear magnetic resonance (NMR). However, caseins, the most abundant
protein class in milk, are far more difficult to characterize. The tertiary structure of caseins cannot be
observed by X-ray crystallography due to the inability to crystallize caseins. However, NMR is an
appropriate approach for structural elucidation. Thus far, NMR was applied on specific peptides of
individual caseins of the molecules including phosphoserine centers and colloidal calcium phosphate.
The literature focuses on these parts of the molecule due to its importance in building the sub-unit
particles involving individual caseins and calcium phosphate nanoclusters. This review focuses on
present structural studies of milk proteins using NMR and their importance in dairy processing.
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1. Introduction

Milk is a biological fluid secreted by the mammary gland with the primary function to complete
the nutritional requirements of neonates. In the dairy industry, milk is processed for maintaining
safety and extending the shelf-life but is also further processed for production of different dairy
products and ingredients. Milk proteins play an essential part in obtaining high quality products when
appropriate processes are applied. The structures of milk proteins often undergo transformations
during manufacturing processes, which may influence the quality of the final product [1]. The
distribution of the amino acids in the polypeptide chain in the protein molecule is of great importance
to their conformational arrangements and consequent functionality during dairy processing.

The proteins in milk are classified in two main groups, i.e., the whey proteins and the caseins
and these groups are likely the most studied food proteins to date. The major whey proteins in milk
are o-lactalbumin (x-LA) and (3-lactoglobulin (3-LG) and considering their nutritional importance,
molecular size (relatively small globular proteins) and heat sensitivity, they have been frequently
studied for structural elucidation and changes therein [1-5]. The caseins occur mainly in the form
of casein micelles and their complex structure has been intriguing dairy scientists for decades. The
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structure of the micelles consists of four casein types, i.e., os1-, xsp- and -casein located primarily
in the interior and k-casein located on the exterior of the micelles. The primary role of k-casein is
the stabilization of the micelles against aggregation. The internal structure is stabilized by calcium
phosphate clusters, which bind the phosphoserine regions of caseins and thus maintain the internal
structure of the micelle [6]. During processing, these internal and external interactions may be altered,
leading to structural modifications of individual caseins and casein micelle structure.

Understanding the complexity of casein arrangement in the micelle is essential for the process
control. Even though the substructure of the micelle was extensively studied [7-10], some aspects
of the internal and external organization, especially its changes during processing, remain unclear.
Changes in the micellar equilibrium take place during processing steps including addition of acids,
heat treatment, cooling, pressuring, renneting, addition of cations etc. [1]. Certain physio-chemical
changes that take place during some of the dominant technological processes are illustrated in Figure 1.
Modified conditions affect the micelle in a different manner and intensity. Understanding these changes
is important for achieving consistent product quality and process control.
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Figure 1. Changes in the native equilibrium of casein micelle in particular physio-chemical conditions
during dairy processing (adapted from Gaucheron [11]).

The functional properties of milk proteins are dependent on their structural organizations. Thus,
any changes in the protein structure induced by a modified environment in the milk systems affect their
properties. As previously discussed, casein micelle has a complex structure where each individual
casein has an important function to maintain its stability. The functional properties of casein micelle
are closely related to its surface and interior properties [1]. Hence, the C-terminal of k-casein, including
the casein macropeptide (CMP), comprising of residues 106-169, is located on the exterior of the
micelle. This region contains a negative charge that arises from phosphorylation and glycosylation
which provide steric stabilization and thus prevent the close approach of other micelles [6]. In
addition, the amino acids of k-casein that are responsible for disulphide interactions (Cys;; and Cysgg)
are located close to the surface of the micelle. However, this equilibrium can be disrupted when
different processing conditions are applied which result in structural reorganization of milk proteins.
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In addition, the macropeptide is not so dense and thus when the milk equilibrium is disrupted,
individual proteins can enter or exit the micelle using the micellar water channels [9]. Some of
these modifications are a dissociation of 3-casein from the micelle during cooling [12], causing the
liberalization of CMP as a result of bond cleavage (105-106) by chymosin [13] and penetration of
denatured (3-LG inside the k-casein layer and formation of covalent bonds with free Cys residues
during milk pre-warming [14]. The interior of the micelle also undergoes structural reorganizations
that affect protein functionality, including post-coagulation changes during cheese making [1] or
dissociation of caseins and insolubilization of calcium phosphate at high temperatures [14]. All these
modifications are the result of protein unfolding, exposing of their active sides and involvement of
different interactions which may lead to aggregation and gelation. The structural changes of milk
proteins lead to important outcomes in the processing performance of the final milk product.

To elucidate milk protein structure and changes therein, the most frequently applied techniques
include circular dichroism (CD) and Fourier-transform infrared spectroscopy (FTIR), which focus on
various elements of the secondary structure [15]. CD records the signal arising from the peptide bond
(170-240 nm) and aromatic residues (260-320 nm) of the proteins. Being a non-destructive and suitable
for aqueous solutions, CD has been successfully applied on structural studies on milk proteins [16-18].
However, the method is more reliable for observation of helical structures than -sheets, and therefore
more applicable for globular proteins such as 3-LG and «-LA [19]. In addition, the applicability of CD
is also limited by the fact that only a limited number of buffers can be used in sample preparation.
Caseins have open and unordered conformation and this can bring difficulties in the application of
CD [20].

FTIR has been successfully applied in secondary structure studies of milk proteins using an
ATR (attenuated total reflectance) cell depicting C=0O and N-H stretching of the molecules [20-22].
However, FTIR only provides information of the presence of elements of the secondary structure
in the observed system without clear differentiation of which part of the molecule is responsible
for it. X-ray crystallography uses the three-dimensional density pattern of the molecule in forming
an X-ray pattern and can record the atomic distance with accuracy of 0.1-0.2 A using resolution of
1.5-2 A range. However, this method requires the protein molecule to be crystallized. Hence, globular
proteins, including «-LA and -LG, are valid structural models for X-ray crystallography and their
three-dimensional structure was successfully established at 1.8 A resolution using this technique [23].
Caseins, due to their high surface hydrophobicity, heterogenicity and structural flexibility cannot be
crystallized and thus are not suitable for structural studies by X-ray crystallography [24].

Methods such as FTIR can show the changes in the proteins as a result of processing or altered
environments, but a more sophisticated approach, such as NMR, is needed to evaluate the reasons
of the structural rearrangements of individual proteins and the possibility of their control. However,
the complexity in theoretical and technical manipulation, including the high instrumental cost, often
brings a hesitation to its selection. In comparison to X-ray crystallography, NMR can provide structural
information almost under any condition applicable with a minimal sample preparation. Hence, this
makes NMR an important technique for studying casein conformation.

Current knowledge describes only a few NMR structural studies on individual caseins, specific
peptide fragments to be exact, concentrating only on their phosphoserine regions due to their importance
in interactions with colloidal calcium phosphate and creation of a micellar skeleton [16,25-34]. Caseins
possess a rather random structure that takes flexible conformations and thus are difficult models for
structural studies. On the other hand, NMR has been shown to be a reliable technique to ascertain
structural properties and modifications of many proteins. NMR provides information of the position
of individual atoms which can present the spatial orientation of the molecule. This technique was
proven to be reliable for structural studies on whey proteins, providing detailed information of the
position of individual protons and, hence, the amino acid location in the polypeptide chain [35]. At
present, the protein data bank (PDB) contains 10,520 resolved structures using the NMR method out of
the 165,957 reported solved conformations of proteins (rcsb.org).
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Many studies have been reported in the literature that include structural elucidation of milk
proteins using NMR, including predominately conformational structures of whey proteins and only
some studies on caseins structure. The focus of this review is to elaborate on the importance of
understanding conformational changes of milk proteins during processing and consequently their
impact on the quality of the products, and how these changes can be ascertained with emphasis on
suitability and application of NMR as a cutting-edge approach in elucidating protein conformations.

2. NMR Approach for Structural Elucidation of Proteins

Proteins are composed of amino acids organized in a polypeptide chain, which can be in a folded
or flexible organization in order to function properly. The tertiary structure of proteins has become
relatively easy to predict based on a known amino acid sequence and complete spatial organization,
which can be established by multidimensional NMR experiments. Consequently, high resolution
NMR spectroscopy can be used to observe structural characteristics of many proteins, including milk
proteins. The most studied nuclei are 'H, '°N and 3'P. Each nucleus gives a specific chemical shift
in the spectral view. For a complex molecular structure such as that of a protein, one-dimensional
NMR is not sufficient for identification of structural features; therefore, higher dimensions are applied.
The interpretation of these higher-order spectra can be challenging and dependent on the molecular
weight of the protein and the method used. NMR studies on proteins with molecular weight up to
20 kDa had become a routine due to improvements in technology. This refers to a greater availability
of experiments in higher dimensions (three- and four-dimensional methods), improvement in the
radiofrequency, field strength, isotopic labelling, different NMR probes and software [36].

For NMR studies of large molecules (20-50 kDa), including proteins, molecular/isotopic labelling
techniques are available. The development of the NMR spectroscopy produced new techniques for
optimal labelling of proteins. Many approaches for isotopic labelling have been reported, which makes
the selection of an appropriate method difficult. Tugarinov et al. [37] proposed four approaches for
successful labelling of proteins, i.e.,:

(1)  For a backbone assignment, including '3Cg nuclei, the best approach is full labelling of '°N, 2H
and 13C samples obtained from D,O based growths. The measurements are performed on protein
dispersed in H,O after 2H > 'H exchange;

(2) For Leu, Ile 8; and Val methyl groups and measurements of BJCyCO scalar coupling and nuclear
Overhauser effect (NOE) connectivity (NH-CH3; HN-HN distance), the most appropriate labelling
procedure is considered to be linearized 13C spin system including ((U—15N,2H,13C), Leu, Val
(13CH3, 12CD3), lles; (*CHa));

(3) A methyl labelling scheme similar to step 2, but including different carbon positions 2C
((U-1N,2H), Leu, Val (*3CHj3;, 12CD3), Iles; (*3CHj3)), should be used for measurements of 3]CyN
coupling and NOE connectivity (CH3-CHj);

(4) Methyl labelling as '>*CHD;- labelled proteins for detecting methyl *C relaxation rates.

In order to achieve a complete structural view of the observed protein by NMR, several steps need
to be followed. These include chemical shift assignment, nuclear Overhauser effect (NOE) coupling
and relaxation measurements for internal mobility of the proteins [38]. The first step of structural
identification presents an individual chemical shift of the observed nuclei. For milk proteins, the
most observed nuclei are 'H, 1°N and 3P, which produce characteristic chemical shifts, measured in
ppm. Moreover, when the chemical shift assignment is available, appropriate combinations of NMR
experiments can produce information of the structure and dynamics of the observed protein.

For sequential connectivity among the nuclei in proteins, some of the most used experiments are
IH->N and 'H-13C heteronuclear single quantum correlation (HSQC), 'H-'H correlation spectroscopy
(COSY) and 'H-'H total correlation spectroscopy (TOCSY) experiments [39]. The IH-15N HSQC and
H-13C HSQC methods record only one signal for every amino acid or the backbone N-H and C-H
chemical shift, respectively [40]. This excludes the Pro residues, due to their lack of amide proton in
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the molecule. The COSY spectra give information of the position of «-protons in the molecule [41].
TOCSY has an important role for localization of amino acids in the spectra predominately in the
amino/fingerprint region where every amino acid appears in a specific pattern [42]. These methods
give information of the neighboring atom that interacts through various bonds (Figure 2a). However,
this approach only provides information about which nuclei are connected through bonds and is not
sufficient for structural studies. The best performance is obtained when all experiments are recorded
in H,O/D,0 solution in order to reduce the rapid exchangeability of the amide protons with the
solvent [43].
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Figure 2. Through bound (scalar) coupling (a); through space coupling—nuclear Overhauser effect

(NOE) (b).

The second step and most important part of the structure elucidation is a NOE experiment. The
spectra from nuclear Overhauser effect spectroscopy (NOESY) are obtained through space coupling
between protons which are located in the spatial distance less than 5 A [35] (Figure 2b). NOE spectra
were used for the first time for sequence specific resonance assignments for proteins by Wiithrich [35]
providing two types of NOE distance among protons including a strong NOE with an upper distance
limit of <2.5 A and a weak NOE distance of <4 A. The quantitative distance measurements of the NOE
experiments depend on proton/proton distance (r) and rotation correlation time (7.) (Equation (1)) [38].

NOE % X f(z.) M
Wiithrich et al. [43] proposed three groups of distance constraints obtained from the NOESY
spectra. The first group includes characterization of the secondary structure of the protein by closely
spaced nuclei or backbone Hy and Hg atoms. The second group includes distance constraints in the
sequence between Hy and Hp nuclei from further apart residues in the polypeptide chain which is
important for observation of extended polypeptide structures and 3-sheets or a-helix. The final group
includes the distance constraints among the hydrogen atoms on the side chains which characterize the
tertiary structure of the molecule. The connectivity between neighboring amino acids is established
by d4p(i,j) presenting the distance between hydrogen atoms (A and B) located in position i and j,
respectively. Depending on the spectral region observed, the NOE can provide information of distance
between protons in amide region dyn(i ), a-protons and amide dyn(i ), B-protons and amide dgn (i),
o-o-protons dqq(ij) and a-B-protons dag(i j) [44]. Moreover, the distance between protons located at
the nearby amino acid in the sequence is presented as a sequential distance, e.g., dyn(i, 7 + 1,1 + 2,
i+ 3...)[44]. The distance constraints present between the backbone and the HP of the residues,
which are closely positioned in the polypeptide chain, can give information of the specific secondary
structure [43]. Moreover, the distance between the backbone and the HP residues that are further
apart in the polypeptide chain can give information of the existence of super secondary structures, i.e.,
-sheet or «-helix. The cross peaks in the NOESY spectra give information of the distance between two
observed protons in the peptides and thus provide information of the existence of possible structures.
A simple presentation of the through space connectivity in an «- helix is presented in Figure 3.
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Figure 3. Regular NOE patterns for secondary stricture determination of «-helix.

NOE experiments also give information of ¢ and 1 dihedral angle conformations via spin-spin
coupling constraints or J-coupling constraints by the Karplus relationship [45]. The ¢ and 1 dihedral
angles arise from different combinations of steric effects that took place between the residues of the same
amino acid and between the side chains from different amino acids in the polypeptide chains. These
angles also result from aroused hydrogen bonds during secondary structure interactions [46]. This
information is an essential parameter for backbone conformation determination, including x-helices
and pB-sheets.

The final step or relaxation measurements observe the recovery time for a population of spins in
the observed nucleus after turning off the induced radiofrequency. In dairy products, NMR relaxation
studies are mainly used to observe the water mobility and water holding capacity of the products. This
includes studies that observe the state of free water and water attached to the protein matrix in the
dairy products. In addition, for hydrogen as the most abundant nuclei in the organic components, two
observing parameters are being obtained including spin-lattice relaxation time with a time constant T
and spin-spin relaxation time with a time constant T,. Proton relaxation studies were explained in
detail by Mariette [47] giving an overview of different applications and examples of NMR relaxation
studies, diffusion coefficient measurements and magnetic resonance imaging (MRI) on dairy products.
The relaxation measurement studies observe the water distribution and dynamics in the milk products,
mainly with regard to the interactions among proteins and water in milk.

3. NMR Studies on Structure of Milk Proteins

3.1. Whey Proteins

When it comes to NMR studies on milk proteins, whey proteins have been studied more extensively
than caseins. The main focus has been on understanding their thermal instability with «-LA and
B-LG, as the predominant whey proteins, being the most unstable. As globular proteins, x-LA and
B-LG have served as absolute structural models for NMR studies. Complete structural assignments
have been reported in literature using predominately 2D, 3D NMR and isotopic labelling. Structural
characterization and the NMR methods used are further discussed in this review.

3.1.1. «-Lactalbumin

a-LA exists as two domains including A domain, organized in four helixes and 31¢-helix, and
B domain consisted of triple anti-parallel 3-sheets and 31g-helix [48]. «-LA was observed to exist in
a molten globule state during the transition process under denaturing conditions in the early stages
of refolding [49]. The NMR spectra of the molten globule of x-LA give broad linewidths and poor
chemical shifts [50-52]. The broad linewidths of the NMR spectrum correspond to a compact and
folded structure of the molecule [50] and well-defined sharp peaks correspond to unfolded parts of
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the protein [51,53]. Predominant NMR methods for studying the molten globule structure are N-H
HSQC [51,54] and NOE connectivity for 2,3 D methods [52,53,55].

The structure of x-LA was studied by Alexandrescu et al. [52,56]. They used 2D NMR methods in
combination with photochemically-induced dynamic nuclear polarization (PCIDNP) to observe the
aromatic rings and cluster formation in amino acids in the molecule. The sequence-specific assignments
among protons with aromatic rings were detected based on NOE connectivity [56]. In their next work
they applied 2D NMR spectroscopy to observe the acid-denatured molten globule structure of x-LA
(101-110) by using the sequential NOE connectivity for structural assignment and observed nonspecific
random coil structure of the molten globule state of x-LA [52]. The unfolding transition of the molten
globule of o-LA was observed in higher dimension by Schulman et al. [51] using '°N-labelled human
a-LA, as well as 2D and 3D-edited NMR methods. This study confirms the unfolding transition of the
molten globule of x-La in the presence of a denaturant, resulting in a non-cooperative collapsing of the
polypeptide chain.

Later, Forge et al. [3] used NMR in combination with CD and mass spectroscopy to observe
a refolding of o-LA after chemical denaturation. They observed that the addition of Ca" after
denaturation promotes conversion of the protein from a partially folded state to the native state, which
is in line with studies reported by Berliner et al. [57] showing the importance of cation-interactions for
a-LA. The study was performed using fully labelled «-LA protein for real-time NMR experiments
(kinetics measurements) and 3D NMR methods (HSQC-TOCSY and HSQC-NOESY) for sequential
assignment. Complete sequential assignments of the chemical shift were performed, and then
deposited in the BioMagRes data bank (code-4332). They identified the presence of two state processes
of association for refolding from the denatured to native state. Moreover, a-LA has served as a model
for NMR studies, the structural studies for sequential assignments of this whey protein that are listed
in Table 1.

Table 1. NMR structural studies on «-LA and B-LG, including the performed NMR methods and
additional methods used. Abbreviations: DQF-COSY—double quantum-filtered correlated spectroscopy;
RELAY—relayed correlation spectroscopy NOESY—nuclear Overhauser effect spectroscopy;
PCIDNP—photochemically induced dynamic nuclear polarization; TOCSY—total correlated
spectroscopy; ROESY—rotating frame Overhauser Effect spectroscopy; HSQC—heteronuclear
single quantum coherence; CD—circular dichroism; DYANA—dynamics algorithm for NMR
applications; ARIA—ambiguous restraints for iterative assignment; PCA—principal component
analysis; WATERGATE—water suppression by gradient tailored excitation.

Protein NMR Methods Used Additional Methods Reference
o-LA DQEF-COSY, RELAY, NOESY PCODNP [56]
o-LA DQEF-COSY, NOESY, RELAY [52]
LA DQF-COS.Y, TOCSY, NOESY, ROESY, D (58]

presaturation
3D: TOCSY-HSQC, NOESY-HSQC, TOCSY,
«-LA NOESY CD [3]
o-LA 3D: ®N-edited NOESY-HSQC, COSY [53]
B-LG DQE-COSY, TOCSY, NOESY CD [17]
B-LG DQE-COSY, TOCSY, NOESY [18]
13¢C, 15N-protein labelling
B-LG 2D: 15N-HSQC, TOCSY CD, X-ray scattering [59]

3D: CBCA(CO)NH, HNCACB, HNCO,
HN(CA)CO, HCCH-TOCSY, CCH-TOCSY,
(HPYCP(CYC®)H® HR(CPCYCOH?, TH-TH-15N
NOESY

B-LG DQF-COSY, TOCSY, NOESY Structure calculation

(DYANA) [60]
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Table 1. Cont.

Protein NMR Methods Used Additional Methods Reference
15N, 13C-labelled proteins
B-LG 2D: TH-15N HSQC [61]

3D: CBCA(CO)NH, HNCACB,
HBHA(CBCACO)NH, HBHA(CBCA)NH,
HNCO, HN(CA)CO, H(C)(CO)NH-TOCSY,

WATERGATE
B-LG DQE-COSY, TOCSY, NOESY Thermal analysis [62]
B-LG 13C, 15N—protein labelling Structure calculation [63]
3D: 1H-1°N NOESY-HSQC, 13C NOESY-HSQC, (DYANA, X-PLOR)
HNHA, HNHB
B-LG DQF-COSY, TOCSY, T1 and T2 relaxation studies X-ray crystallography for [64]
modelling
1G 15N, 13C-labelled proteins Structure calculation 4]
P 3D: 13C- and 1®N-edited NOESY-HSQC, HNHA, (ARIA extension of
T1 and T2 '°N relaxation times, WATERGATE X-PLOR)
B-LG TH-15N NOESY-HSQC, 13C NOESY-HSQC [65]
B-LG TOCSY, NOESY, WATERGATE [66]
15N, 13C double-labelled protein
B-LG 3D: CBCA(CO)NH, HNCI?ACB, HNCO, cD (671
HNCACO, relaxation analysis
15N, 13C double-labelled protein
B-LG H/D Exchange experiments PCA [68]
3D: CBCA(CO)NH, HNCACB, HNCO,
HNCACO
TH-15N HSQC; H/D exchange; transverse
B-LG relaxation (R2) [69]

3D: HNCACB, CBCACONH, HNCO, HNCACO

3.1.2. p-Lactoglobulin

Bovine -LG, due to its availability and great abundance, presents a remarkable model for
molecular studies [2,70-73] and has been the most extensively studied milk protein for structural
modelling using NMR. At pH below 3, the naturally existing dimeric form of 3-LG dissociates into a
monomeric form, which can retain the native conformation even at a pH value as low as 2.26 [71]. The
first NMR resonance assignment of 3-LG was performed by Molinari et al. [17], who revealed a highly
structured (3-sheet core for the monomeric form of 3-LG at pH 2. At this pH, the monomer is unfolded,
forming a 3-sheet and random coils observed from numerous overlapping peaks. A similar study at
pH 2 was published by Ragona et al. [18], who detected a (3-core and 11 hydrophobic residues located
around Trpj9 and facing towards the interior of the monomer. Both studies used 1D and 2D NMR
experiments (DQF-COSY, TOCSY and NOESY) without any isotopic labelling. Uhrinova et al. [63] for
the first time proposed a completely resolved structure of a recombinant form of variant A of 3-LG
using a solution state of NMR. The study was performed using '>C, 1°N-labelled proteins and different
3D heteronuclear pulse selective NMR techniques. The findings reported eight antiparallel 3-sheets
organized in a barrel and surrounded by «-helix. This study served as basic knowledge for further
studies, which involved characterization of the structure and dynamics of 3-LG. The coordinates of
this study are available under code 1DV9 in PDB.

Another important study that observed the structure and kinetics of the folding of 3-LG was
published by Kuwata et al. [61], who also studied the monomeric state of the protein at pH 2. Their
findings regarding the monomeric structure of 3-LG were similar to those by Uhrinova et al. [63]
with 8 antiparallel barrel-oriented (3-sheets and one major x-helix; however, Kuwata et al. [61] also
pointed out a Tanford transition of 3-LG confirming rigid behavior of three 3-sheets located under the
a-helix and prompt fluctuation of the N and C terminals of the molecule. Kuwata et al. [61] performed
their study using 1*C,'°N labelled 3-LG and heteronuclear 2D and 3D NMR experiments. Structure
calculation was completed using 1143 distance restraints for ¢ angle based on HNHA, x; angle based
on HNHB data and hydrogen bonds based on NOE data and solvent exchange [61]. The coordinates
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from this study are available at PDB under the code Icj5. The Tanford transition of 3-LG, which
results from the pH variation, was later studied in detail using heteronuclear NMR spectroscopy by
Sakurai et al. [64]. Complete analysis of the NMR studies related to structural changes of 3-LG are
listed in Table 1.

3.2. Caseins

Contrary to major whey proteins, caseins as the main group of milk proteins have been less
studied by NMR. Several studies observed the secondary structure orientation of defined regions of
the polypeptide chains of individual caseins. This refers to the phosphorylated regions of the molecule
of multi-phosphorylated motif Ser(P)-Ser(P)-Ser(P)-Glu-Glu, which has been shown to be critical for
the interaction with amorphous calcium phosphate [74]. The peptide sequence with the Ser(P) residues
that are of great importance in stabilization of casein phosphate complexes are the following [29]:

xs1-CN (59-79): -GIn*-Met-Glu-Ala-Glu-Ser(P)-Ile-Ser(P)-Ser(P)-Ser(P)-Glu-Glu-Ile-Val-Pro-
Asn-Ser(P)-Val-Glu-GIn-Lys”’-

B-CN(1-25): —Argl—Glu—Leu—Glu—Glu—Leu—Asn—Val—Pro—Gly—Glu—Ile—Val—Glu—Ser(P)—Leu—Ser(P)—
Ser(P)-Ser(P)-Glu-Glu-Ser-Ile-Thr-Arg?’-

asp-CN(1-21): -Lys!-Asn-Thr-Met-Glu-His-Val-Ser(P)-Ser(P)-Ser(P)-Glu-Glu-Ser-Ile-Ile-Ser(P)-Gln-
Glu-Thr-Tyr-Lys?!-

asp-CN(46-70): —Asn46—Ala—Asn—Glu—Glu—Glu—Tyr—Ser—Ile—Gly—Ser(P)—Ser(P)—Ser(P)—Glu—Glu—Ser(P)—
Ala-Glu-Val-Ala-Thr-Glu-Glu-Val-Lys”’-

These sequences have been studied extensively using the NMR for secondary structure
identification, binding preferences for cations (Ca") and aggregation preferences [25-33,75,76]. Most
of the studies were focused on amino acids sequence analysis of as;-CN and (3-CN, as the predominant
caseins in milk and are thus important building blocks of the casein micelle. Complete assignment
of the individual caseins using NMR methods has not been published so far. The following section
summarizes the main studies that involve solution NMR for structural assignments of the four caseins
(xs1-, asp-, B- and k-casein). Some of the studies involving structural elucidation using NMR are listed
in the Table 2. The current structural studies performed using NMR of individual casein fragments are
discussed in the following part of this review.

Table 2. NMR structural studies on peptides from caseins (8-, «s;-, xsy-, k-casein) including the
performed NMR methods and additional methods used. Abbreviations: WET - water suppression
enhanced through T1 effect; sSLED - suppression longitudinal encode decode. For other abbreviations

see Table 1.
Protein Fragments NMR Methods Additional Methods References
B-CN f(1-25) 2D: DQF-COSY, TOCSY, ROESY, NOESY [25]
B-CN f(1-25) 2D: COSY, R-COSY, TOCSY, NOESY [26]
B-CN f(1-25) 2D: DQF-COSY, TOCSY, NOESY, ROESY [27]
B-CN f(1-25) 2D: DQF-COSY, TOCSY, NOESY, ROESY Molecular modelling [29]
51-CN £(59-79) 2D: DQE-COSY, TOCSY, NOESY, ROESY Molecular modelling [30,76]

FTIR, CD, Molecular

ot1-CN £(1-23) 2D: TOCSY, NOESY, HSQC modelling [32]
s1-CN £(59-79) Iz’]is]:'c%fa_tcigsx TOCSY, NOESY, WET, sLED, X-ray scattering [28]
as1-CN £(136-196) 2D: DQF-COSY, TOCSY, NOESY, Presaturation Far-UV CD, FTIR [77]
agr-CN £(2-20) ?’zs];)t(ii;ggs\(f TOCSY, NOESY, WET, Molecular modelling [31]
k-CN £(98-111) 2D: DQF-COSY, TOCSY, ROESY [33]
«CN £(130-153) lzjlislzgfgggsx{, TOCSY, NOESY, ROESY, b 6]
K-CN f(1-44) 2D: DQF-COSY, TOCSY, NOESY CD, Structure caleulation [34]

(X-PLOR)
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3.2.1. B-Casein

B-CN is a calcium-sensitive protein and binding of calcium ions to phosphorylated residues
(five SerP residues) lead to its precipitation [6]. B-CN was predicted to have no or little secondary
structure including o-helix 7-20%, 15-33% {3-sheet, 20-30% p-turns and 20-25% polyproline II
structure [20,78-80]. 3-CN is strongly amphipathic with hydrophilic N-terminus (1-40), moderate
hydrophobicity in the middle section (41-135) and highly hydrophobic C-terminus (136-209) [6].

The N-terminus of the polypeptide chain of 3-CN has been of great interest to NMR studies due
to phosphoserine motif (Serys, Ser;y, Ser;s, Serig, Gluyy Gluy;) located in this part of the molecule,
which is an important center of phosphorylation. The N terminus of the 3-CN (3-CN f(1-25) was
studied using NMR by Tsuda et al. [25] and Wahlgren et al. [26,75], who all used a purified peptide
obtained after tryptic hydrolysis of 3-CN. The NMR experiments were performed in H,O/D,O (90:10)
and presence of calcium [25,26,75]. The main NMR methods used for these studies were 2D, including
COSY, TOCSY and NOESY with adjusted phase and pulse sequence and water suppression. However,
neither of these studies had observed existence of a specific structure on the observed peptide. In
addition, Tsuda et al. [25] did not present any evidence for existence of 3-turns in the peptide. From
the NOE sequential assignments performed by Wahlgren et al. [26,75] it has been established that the
N-terminus of the 3-CN has multiple conformations with great flexibility.

Cross et al. [27] reported structural features of the peptide 3-CN f(1-25) in the presence of
cations, whereas a detailed structural model of 3-CN f(1-25) complexed with amorphous calcium
phosphate (ACP) was reported by Cross et al. [29]. Cross et al. [27] focused on the complete sequence
specific assignment of the peptide in the presence of ammonium, sodium and calcium ions and of the
dephosphorylated peptide with sodium ions. All the samples were prepared using 10 mM of peptide
and specific preparation protocol depending of the ions and method used [27]. The existence of a
cation-dependent specific structure was observed in sequential and non-sequential NOE connectivity
in the amide (fingerprint), and the Ho region of the NOESY/ROESY spectra. Moreover, four structures
were identified in 3-CN peptide (1-25) in the presence of calcium, including one loop structure
(Arg;-Gly,) and three p-turns (Valg-Gluy1, SerP17-Gluyg and Gluyg-Thrpg) [27].

The aforementioned findings by Cross et al. [27] were extended by Cross et al. [29] in further
conformational studies of the same peptide (3-CN £f(1-25)) complexed with ACP, giving the importance
of calcium phosphate in the formation of the nanoclusters in the casein micelle. For the purpose
casein phosphopeptide-ACP complexes were prepared as described by Reynolds [81] with a peptide
concentration of 1.0-4.5 mM. NMR experiments included 2D methods (DQF-COSY, TOCSY and NOESY)
using the States-Habercorn method [82] and the standard sequential assignment protocol [35,83]. The
sequential assignment was completed in the fingerprint region of the NOESY spectra (NOEs and
3THNH« coupling constant) with mixing time of 250 ms where all residues of the complex were assigned.
The proposed molecular model of CPP-ACP complex predicted an existence of a “patch” on the surface
of the model consisting of Prog, Ilejy, Valj3 and Glus [29]. Moreover, it was proposed that the entire
length of the peptide is involved in interactions with ACP due to many negatively charged residues.
Hence, the Ser(P) motif does not appear to be the sole calcium binding motif for the complexation with
calcium phosphate [29]. These findings using NMR experiments were a great contribution to the basic
knowledge of the structural organization of the 3-CN molecule. However, as previously discussed,
the main focus to date has been on the N-terminus of the molecule and the sequential assignment of
the whole molecule of 3-CN has not been reported to date.

3.2.2. ag1-Casein

ag1-CN is also a calcium-sensitive casein with eight phosphorylated residues and a secondary
structure consisting of, on average, 5-20% «-helix structure, 17-46% [—sheet and 29-35% [3-turn
structures [32,76,84]. This casein presents approximately 40% of total casein in bovine milk and is of
great importance due to its association with calcium phosphate during the formation of the casein
micelle. NMR was applied as a structural method, predominately for observations on parts of the
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N-terminus, i.e., as1-CN f(1-23) and f(59-79) [27,28,30-32] and the C-terminus, i.e., ag1-CN £(136-196),
as a region with strong affinity for self-association in the presence of salts [77].

ag1-CN £(1-23) was studied by Malin et al. [32] and selected as an important part of the xs;-CN
molecule due to the high tendency for self-association [6]. In their study, Malin et al. [32] used NMR
in combination with FTIR, CD and molecular modelling. The performed NMR experiments were
homonuclear shift correlations including NOESY and TOCSY with mixing times 300 and 124 ms,
respectively. For the heteronuclear experiments, HSQC was used for observing correlations among
'H and 3C nuclei. TOCSY spectra were used for observing amino acid patterns in the fingerprint
region (NH-N«), and HSQC was used for detection of cross peaks in the alpha region (Cx-Hx) and for
identification of the Pro peak position. NOESY was used for sequential short-range NOE connectivity
in the fingerprint region for all the residues except prolines. The Pro residues were observed to be in
trans position that may lead to lower conformational fluctuations. The main observed structure was
the poly-L-proline II (PPII) structure which has an important role in casein—casein interactions [32].

Another fragment of os1-CN that was used for structural studies using NMR was the phosphoserine
region o1-CN £(59-79). Hugq et al. [30] published complete sequence assignments of «s1-CN fragment
(59-79) in the presence of five moles of calcium per mol peptide and pH values of 4.06, 6.08 and 7.45.
The NMR methods used were DQF-COSY, TOCSY and NOESY using the States—-time-proportional
phase incrementation (TPPI) method [85] for a phase sensitive mode. A standard procedure was
used for a resonance assignment [35,83]. The intra-residue cross-peaks in the fingerprint region of the
NOESY spectra were recorded in the best sequential assignments for spectra obtained at pH 6.08 [30].
The spectra recorded at other pH values produced weak and only a few non-sequential and sequential
NOEs. The structural features observed in this work were Type-I 3-turn involving residues 73-74
observed in the strong dnn connectivity [30]. Hence, for Type-I B-turns a value of 2.6 A can be expected
which was observed in the dnn (i + 2, i + 3) NOE connectivity [35]. Another region of the peptide, in
which a specific conformation appeared, was residues 61-63, where a loop structure was observed [30].
Later, the obtained NOE constraints from this work were used in a molecular modelling study reported
by the same authors [31]. It was confirmed that the turns and loops in the peptide have high a degree
of flexibility and mobility, which promotes availability for interactions with calcium phosphate [31].

The complexation of «s1-CN f(59-79) with calcium, fluoride and phosphate was studied by
Cross et al. [28]. The NMR spectra of the complex were recorded as in the previous study [30],
predominately recording DQF-COSY, TOCSY and NOESY spectra. The sequential assignment of the
spin system was performed in the fingerprint region of NOESY spectra [28]. The medium range d (i,
i+ 2) in the region 72-74 and medium range NOE (i, i + 2) in the region assignments of dy, 64-66 and
dn 66-68 were implicated as 3-turn conformations. In addition, NMR diffusion studies were used to
record the radius of the core particle of the peptide complex with calcium, fluoride and phosphate
resulting in a radius of approximately 2.12 nm [29]. From this work, Cross et al. [29] concluded that the
secondary structure of the peptide, with or without complexing with calcium, fluoride or phosphate,
reveals a similar conformation.

a51-CN f(136-196) was studied by Alaimo et al. [77], who dissolved the peptide in buffered
solution of 90% HyO/10% D,0O containing 10 mM Nay;HPO, and studied for structural characterization
using NMR, FTIR and CD at variable temperature (10-70 °C), The NMR method selection was similar
as in the previously discussed studies including DQF-COSY, TOCSY and NOESY and data acquisition
using the TPPI method, as described by Marion et al. [85]. The results from Alaimo et al. [77] showed
increased side chain mobility as temperature increased leading to a decreased amount of extended
structures. However, at temperatures as high as 70 °C, the (3-turn structures and some aromatic
residues retain a stable position in the peptide chain. This was related to the involvement of Pro
residues in hydrophobic turns for self-association of the peptide fragment which was referred to as a
heat stable “molten globule” structural center in the x5 CN [77].
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3.2.3. ag-Casein

asy-CN, due to high phosphorylation (10-13 SerP residues per molecule), is the most calcium
sensitive protein [6]. However, since this casein is present only in 10% of the total caseins in milk
and is comparatively difficult to isolate, only a few studies involved identification of the structural
features of osp-casein using NMR. In «sp-CN, two centers of phosphorylation have been observed,
including 8-16 and 56-63. As in the previous studies on caseins, the NMR was used to study structural
features of a defined region of the polypeptide chain. Hugq et al. [31] published sequence specific
assignments of the peptide as,-CN £(2-20) isolated from the parent molecule by tryptic digestion
using calcium and ethanol and further purified by fast protein liquid chromatography (FPLC) and
high performance liquid chromatography (HPLC). The NMR methods used were TOCSY, NOESY and
DQEF-COSY, recorded at pH 6.36 and temperature of =5 °C. The amino acid spin system was assigned
in the fingerprint region by sequential and non-sequential NOE [35]. The study by Hug et al. [31] for
the first time provided evidence of the tendency of the phosphoserine region of the peptide to form
helical structure. The strong dnn and weak d oy NOE connectivity observed in the NOESY spectra
proved existence of the helical structure in «sy-CN £(2-20) [31].

Another peptide of asy-CN, £(46-70), was studied by Cross et al. [86]. They reported an NMR
study of the peptide using the same methods and procedures as in the study of Hugq et al. [3] and
concluded that the phosphoserine motive of the peptide (46-70) reveals a similar amide chemical shift
as observed in peptides 3-CN (1-25), «s1-CN (59-79) and «sy-CN (2-20). However, the addition of
calcium promoted distinctly variable conformations observed in the medium-range NOE connectivity
in these four peptides [86].

3.2.4. k-Casein

k-CN is known to exist on the surface of the micelle where its hydrophilic C terminus (106-169)
provides steric stabilization to the micelle [1]. Several studies that include the elucidation of the
structure of peptides from the k-CN molecule using NMR methods have been reported in the literature.
Plowman et al. [33] presented complete chemical assignment of the peptide k-CN £(98-111) in an
attempt to predict the secondary structure. In this study, 20 mM of the peptide was suspended
in DMSO-dg and studied at pH 3.0 and 7.5 and temperatures in the range 22-58 °C. The NMR
methods used were DQF-COSY, TOCSY and ROESY performed in the phase-sensitive mode with
the TPPI method, as described by Marion et al. [85]. Sequential and intra residue connectivities were
accomplished using the standard assignment method described by Wiithrich [35]. The study by
Plowman et al. [33] revealed the existence of extended or random structure of the peptide in solution
with trans isomerism of the proline residues. Moreover, a pH increase from 3.0 to 7.5 resulted in a
shifting of His residues downfield as a result of the deprotonation of the side chain protons of the
amino acid. The temperature changes from 22 to 58 °C resulted only in small variations in the hydrogen
bonding of the NH protons of His and Leu [33].

A larger portion of the N-terminus of k-CN, k-CN f(1-44) was studied by Bansal et al. [34]. In
this study, 1 mM of peptide was dissolved in HyO/D,O/TFE (60/10/30) or D,O/TFE (70/30). The
standard NMR methods for structure observation were selected, including DQF-COSY for through
bond coupling CTaN-ot1), TOCSY for amino acids pattern and NOESY for structure calculation using
NOE distance and dihedral angle restraints. The structure calculation was based on 11 dihedral angle
restraints and 375 NOE restraints including intra residue, sequential, medium and long-range. This
study, for the first time, reported the presence of a defined helix between Ile,g and Argss and an
irregular helix between Ileg and Proy; in the N terminal of k-CN [34]. This was the first study that
involved a structural observation of the casein peptide with a significant length using NMR.

For studying k-CN £(130-153), Plowman et al. [16] synthetized this peptide and dissolved it in
H,0/D,0 (90/10, v/v) or 2H labelled TFE (trifluoroethanol). Similar to the previously discussed studies,
the NMR methods used were DQF-COSY, TOCSY, ROESY, NOESY as the basic NMR experiment
for sequential assignment of the polypeptide chain. The peptide dissolved in TFE produced a better
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NOE peak dispersion in the NOESY and ROESY spectra in comparison to the peptide in the aqueous
solution [16]. In this study, several conformational states were observed; the amino acids from Ile;34 to
Sery49 existed in a-helix conformation, Thry31-Thr;35 showed an unordered conformation, Glu;s;-Ileiss
extended structures and Thryys-Alajsg a 31 a helix. The Pro residues existed predominately in trans
conformation [16].

4. NMR Studies on Casein Micelles

In addition to studies on specific segments on caseins, NMR has also been successfully applied
to detect the position and interactions between colloidal calcium phosphate (CCP) nanoclusters and
phosphoserine regions in caseins including liquid-state and solid-state 3'P and “*Ca NMR [87-89]. The
stability of CCP and its mobility was observed by Gonzalez-Jordan et al. [90]. For this purpose, they
used magic-angle spinning (MAS) NMR acquiring 'H-3!P cross-polarization spectra to detect the signal
of immobile phosphorus. The signal for mobile phosphorus (organic and inorganic) was obtained by
subtraction of the 3P immobile signal after integration and deconvolution. Gonzales-Jordan et al. [90]
reported that 81% of organic phosphate and 97% inorganic phosphate found in the micelle are in an
immobile state when milk is in its native pH (6.7). Lowering of pH to an isoelectric point leads to
increased protonation of both forms of phosphate leading to precipitation of caseins. pH recovering
induced reorganization of the calcium phosphate nanoclusters giving similar values of mobility as
under the native conditions of milk [90]. Thus, this finding offers a crucial benefit for understanding the
changes in salt equilibria in casein micelles as a result of pH cycling that is used in the dairy industry
for various processes.

Not only pH, but also temperature strongly affects the interactions among caseins and with CCP.
Removal of 3-casein, which is observed at low temperatures, was related to drastic changes of SerP
structure and thus changes in the hydrophobicity and interaction preferences observed using liquid
NMR [91]. The “loose” structure of the micelle and presence of internal passages offer advantages, such
as liberation of the (3-casein at low temperatures. Rollema and Brinkhuis [92] used NMR to observe
casein micelle behavior as impacted by temperature (60-98 °C) and calcium removal. NMR was used in
the aliphatic region of the NMR spectrum using the methyl resonances of Val, Ile and Leu, and aromatic
regions for aromatic amino acids. It was observed that the caseins were characterized by great mobility,
dissociated from the micelle and changed their conformational preferences at elevated temperature
and calcium depletion. The changes were observed to be reversible in absence of whey proteins [92].
Combination of 3'P NMR and FTIR can also be used to observe the influence of ionic components in
milk during temperature changes [93]. Moreover, using the chemical shifts assignments of 3P NMR,
FTIR can depict a qualitative allocation and transformation of different types of phosphorus in the
milk presenting individual peaks, which are important for understanding mineral changes in casein
micelles [93].

Solid-state NMR was also used to detect the presence of hydrogen bonding from non-phosphorylated
parts of the caseins to amorphous calcium phosphate nanoclusters [94]. The protons of the side chains
of Arg, Lys, Glu or Asp can be close in space with P atoms, with a distance of 3.4-4.4 A, and hence
the terminal groups of the side chains including R-COOH and R-NH, have direct interactions with
the inorganic phosphate of CCP [94]. Similarly, Cross et al. [29], observing the 3-casein peptide (1-25)
interactions with amorphous calcium phosphate using NMR and molecular modeling, suggested that
the entire length of the peptide is involved in interactions with calcium phosphate clusters. This refers
predominately to negatively charged amino acids including Glu and SerP that are not included in
the phosphoserine motifs. Moreover, these interactions mainly occur in hydrophilic regions of the
molecules that are responsible for post-transitional changes of caseins [29].

Hindmarsh and Watkinson [95] confirmed the existence of phosphorus—calcium bonding in the
micelle, which is not yet classified in literature. Using 'H-3'P CP-MAS NMR in Mozzarella cheese and
EDTA-chelated micelles, they observed the presence of immobile phosphates complexed with calcium
which are not part of the binding between phosphoserine and calcium phosphate nanoclusters. In
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addition, the proposed interactions included calcium linkages between individual phosphoserines in
the casein micelle which can be within the same or with different caseins. However, the affinity of
phosphoserines to bind calcium cation depends on their pKa which vary for individual amino acid in
the polypeptide chain. The cation binding is greatest at the highest pKa. Phosphoserine centers in the
caseins have a high pKa compared to individual phosphoserines in the polypeptide chain and thus
are in the primary position for binding calcium ions [96]. Upon reaching saturation, other low pKa
phosphoserines start to be involved in forming calcium bridges. This relationship was also confirmed
using 3!P NMR chemical shifts in caseins in the presence of calcium cations [96]. Further saturation of
the casein micelles with phosphate leads to structural changes in the micelle by formation of complexes
or gelation by extending or compressing of the peptide chain. This was confirmed by FTIR and 3!P
NMR on casein micelles with different phosphate content [97].

However, calcium binding to caseins balances hydrophobic interactions and electrostatic repulsions
leading crosslinking and/or self-association of caseins [98]. Hydrophobic regions of caseins can form
defined structures using hydrophobic interactions. Why then are they referred to as proteins with a
flexible and undefined structure? The answer will likely be in the existence of high concentration of
prolines in the peptide chain, which hinders the formation of defined structures and, as mentioned
before, the existence of regions with hydrophilic nature. However, FTIR showed that caseins adapt
certain structural features [20,32]. Hence, using FTIR and CD was confirmed for 3-CN to have several
defined structural regions in the molecules including helix, loops and polyproline II [20]. This was
related to self-association and folding of the molecule in its hydrophobic regions. However, these
methods cannot guarantee the exact position of amino acids linking. On the other hand, Malin et al. [32]
included NMR in combination with FTIR, CD and molecular modeling of the N-terminal region of
as1-CN and identified the position of individual protons of amino acids. Thus, using methods for
through-bond coupling they confirmed that all prolines are in trans conformation and with through
space coupling they traced sequential d,n(i, i + j) backbone assignments. Moreover, close positioning
of amino acids leads to non-specific interactions including Van der Waals forces that allow for packing
of peptide into irregular conformations [29].

5. Conclusions and Future Perspectives

NMR has been shown to be reliable and the most accurate method to observe the position of
individual protons in the amino acid sequence, and thus, to identify the type of peptide connections
in the protein when self-association takes place or other cross connections are established with
the neighboring peptides. Thus, using multidimensional NMR methods through bond and space
interactions, the complete sequential assignment and spatial orientation of a polypeptide chain can be
achieved. The structure of «-LA and 3-LG has been successfully observed and described using NMR
and complete chemical shift assignment and tertiary structure can be found in the protein data bank.
They have been fully described by multiple NMR methods, including three dimensional studies and
isotopic labeling. Their globular structure and relatively short polypeptide chain have made the whey
proteins of great interest to scientists as model proteins.

On the other hand, caseins, due to their conformational flexibility, have only been studied using
two-dimensional NMR methods applied on specific polypeptide fragments of the molecule. Current
resolved structures reported in literature using NMR proved that this method is highly reliable and
can be used widely for protein studies, including caseins and casein micelle. The application of
this method will enable innovative research and faster problem solutions for the industry as our
understanding of the conformational behavior of these important proteins, under various relevant
conditions, is unraveled.

In the dairy industry, there is a vast product evolution, generating new (and more complex)
products where understanding and control of the protein structure are crucial to achieve the required
structure, texture and stability. This leads to the need for using more sophisticated and powerful
techniques for quality and process control. This review has demonstrated that NMR can provide
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knowledge of the molecular level of mechanisms in milk proteins. Since NMR has proven to be a unique
tool with high sensitivity to structural changes in milk proteins, its use may become more widespread,
beyond academic research. Low-resolution NMR techniques are currently applied industrially for
determining, e.g., solid fat content, but with advances in the technique and improved ease of use, it
may also become applicable in the future for protein characterization in dairy products and ingredients.

Author Contributions: Authors T.M., T.V. and T.H. contributed equally to the writing, reviewing and revision of
this review article. All authors have read and agreed to the published version of the manuscript.

Funding: The first author is funded by a Victoria University Research Training Stipend Scholarship (Grant
number—INT010).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dalgleish, D.G.; Corredig, M. The structure of the casein micelle of milk and its changes during processing.
Annu. Rev. Food Sci. Technol. 2012, 3, 449-467. [CrossRef]

2. Sawyer, L.; Holt, C. The secondary structure of milk proteins and their biological function. |. Dairy Sci. 1993,
76, 3062-3078. [CrossRef]

3.  Forge, V.,; Wijesinha, R.T; Balbach, J.; Brew, K.; Robinson, C.V.; Redfield, C.; Dobson, C.M. Rapid collapse and
slow structural reorganisation during the refolding of bovine «-lactalbumin. J. Mol. Biol. 1999, 288, 673-688.
[CrossRef]

4. Uhrinova,S.; Smith, M.H.; Jameson, G.B.; Uhrin, D.; Sawyer, L.; Barlow, PN. Structural changes accompanying
pH-induced dissociation of the 3-lactoglobulin dimer. Biochemistry 2000, 39, 3565-3574. [CrossRef] [PubMed]

5. Sakurai, K.; Konuma, T.; Yagi, M.; Goto, Y. Structural dynamics and folding of 3-lactoglobulin probed by
heteronuclear NMR. Biochim. Et Biophys. Acta (BBA)-Gen. Subj. 2009, 1790, 527-537. [CrossRef] [PubMed]

6.  Huppertz, T. Chemistry of the caseins. In Advanced Dairy Chemistry; Springer: Boston, MA, USA, 2013;
pp. 135-160.

7. Douglas, D.G. On the structural models of bovine casein micelles—Review and possible improvements.
Soft Matter 2011, 7, 2265-2272.

8. De Kruif, C.G.; Huppertz, T.; Urban, V.S.; Petukhov, A.V. Casein micelles and their internal structure. Adv.
Colloid Interface Sci. 2012, 171, 36-52. [CrossRef] [PubMed]

9.  Huppertz, T; Gazi, I; Luyten, H.; Nieuwenhuijse, H.; Alting, A.; Schokker, E. Hydration of casein micelles
and caseinates: Implications for casein micelle structure. Int. Dairy J. 2017, 74, 1-11. [CrossRef]

10. Horne, D.S. Casein micelle structure and stability. In Milk Proteins; Academic Press: Cambridge, MA, USA,
2020; pp. 213-250.

11. Gaucheron, F. The minerals of milk. Reprod. Nutr. Dev. 2005, 45, 473-483. [CrossRef]

12.  Creamer, K.L,; Berry, G.P; Mills, O.E. Study of the dissociation of beta casein from the bovine casein micelle
at low temperature. N. Z. ]. Dairy Sci. Technol. 1977, 74, 58-66.

13.  Hyslop, D.B. Enzymatic coagulation of milk. In Advanced Dairy Chemistry—1 Proteins; Springer: Boston, MA,
USA, 2003; pp. 839-878.

14. Anema, S.G,; Li, Y. Association of denatured whey proteins with casein micelles in heated reconstituted skim
milk and its effect on casein micelle size. |. Dairy Res. 2003, 70, 73-83. [CrossRef] [PubMed]

15.  Dupont, D.T.; Brodkorb, C.A.; Kouaouci, R. Quantitation of proteins in milk and milk products. In Advanced
Dairy Chemistry; Springer: Boston, MA, USA, 2013; pp. 87-134.

16. Plowman, J.E.; Creamer, L.K.; Liddell, M.].; Cross, ].J. Solution conformation of a peptide corresponding to
bovine k-casein B residues 130-153 by circular dichroism spectroscopy and 1 H-nuclear magnetic resonance
spectroscopy. J. Dairy Res. 1997, 64, 377-397. [CrossRef] [PubMed]

17.  Molinari, H.; Ragona, L.; Varani, L.; Musco, G.; Consonni, R.; Zetta, L.; Monaco, H.L. Partially folded
structure of monomeric bovine 3-lactoglobulin. FEBS Lett. 1996, 381, 237-243. [CrossRef]

18. Ragona, L.; Pusterla, F.; Zetta, L.; Monaco, H.L.; Molinari, H. Identification of a conserved hydrophobic
cluster in partially folded bovine 3-lactoglobulin at pH 2. Fold. Des. 1997, 2, 281-290. [CrossRef]

19. Kelly, S.M.; Jess, T.].; Price, N.C. How to study proteins by circular dichroism. Biochim. Et Biophys. Acta
(BBA)-Proteins Proteom. 2005, 1751, 119-139. [CrossRef] [PubMed]


http://dx.doi.org/10.1146/annurev-food-022811-101214
http://dx.doi.org/10.3168/jds.S0022-0302(93)77646-8
http://dx.doi.org/10.1006/jmbi.1999.2687
http://dx.doi.org/10.1021/bi992629o
http://www.ncbi.nlm.nih.gov/pubmed/10736155
http://dx.doi.org/10.1016/j.bbagen.2009.04.003
http://www.ncbi.nlm.nih.gov/pubmed/19362581
http://dx.doi.org/10.1016/j.cis.2012.01.002
http://www.ncbi.nlm.nih.gov/pubmed/22381008
http://dx.doi.org/10.1016/j.idairyj.2017.03.006
http://dx.doi.org/10.1051/rnd:2005030
http://dx.doi.org/10.1017/S0022029902005903
http://www.ncbi.nlm.nih.gov/pubmed/12617395
http://dx.doi.org/10.1017/S0022029997002239
http://www.ncbi.nlm.nih.gov/pubmed/9275256
http://dx.doi.org/10.1016/0014-5793(96)00100-7
http://dx.doi.org/10.1016/S1359-0278(97)00039-4
http://dx.doi.org/10.1016/j.bbapap.2005.06.005
http://www.ncbi.nlm.nih.gov/pubmed/16027053

Foods 2020, 9, 1128 16 of 19

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Farrell, HM,, Jr; Wickham, E.D.; Unruh, J.J.; Qi, PX,; Hoagland, P.D. Secondary structural studies of
bovine caseins: Temperature dependence of 3-casein structure as analyzed by circular dichroism and FTIR
spectroscopy and correlation with micellization. Food Hydrocoll. 2001, 15, 341-354. [CrossRef]

Lefevre, T.; Subirade, M. Structural and interaction properties of 3-Lactoglobulin as studied by FTIR
spectroscopy. Int. J. Food Sci. Technol. 1999, 34, 419-428. [CrossRef]

Grewal, M.K.; Huppertz, T.; Vasiljevic, T. FTIR fingerprinting of structural changes of milk proteins induced
by heat treatment, deamidation and dephosphorylation. Food Hydrocoll. 2018, 80, 160-167. [CrossRef]
Brownlow, S.; Cabral, ].H.M.; Cooper, R.; Flower, D.R.; Yewdall, S.J.; Polikarpov, I.; North, A.C.T.; Sawyer, L.
Bovine (-lactoglobulin at 1.8 A resolution—Still an enigmatic lipocalin. Structure 1997, 5, 481-495. [CrossRef]
Farrell, HM.; Brown, E.M.; Malin, E.L. Higher order structures of the caseins: A paradox? In Advanced Dairy
Chemistry; Springer: Boston, MA, USA, 2013; pp. 161-184.

Sakae, T.; Niki, R.; Kuwata, T.; Tanaka, I.; Hikichi, K. 1H NMR study of casein phosphopeptide (1-25):
Assignment and conformation. Magn. Reson. Chem. 1991, 29, 1097-1102.

Wahlgren, N.M.; Léonil, J.; Dejmek, P.; Drakenberg, T. Two-dimensional nuclear magnetic resonance study
of the -casein peptide 1-25: Resonance assignments and secondary structure. Biochim. Et Biophys. Acta
(BBA)-Protein Struct. Mol. Enzymol. 1993, 1202, 121-128. [CrossRef]

Cross, K.J.; Huq, N.L.; Bicknell, W.; Reynolds, E.C. Cation-dependent structural features of 3-casein-(1-25).
Biochem. |. 2001, 356, 277-286. [PubMed]

Cross, K.J.; Huq, N.L.; Stanton, D.P.; Sum, M.; Reynolds, E.C. NMR studies of a novel calcium, phosphate
and fluoride delivery vehicle-xS1-casein (59-79) by stabilized amorphous calcium fluoride phosphate
nanocomplexes. Biomaterials 2004, 25, 5061-5069. [CrossRef] [PubMed]

Cross, K.J.; Hug, N.L.; Reynolds, E.C. Casein phosphopeptide-amorphous calcium phosphate nanocomplexes:
A structural model. Biochemistry 2016, 55, 4316—4325. [CrossRef] [PubMed]

Laila, H.N.; Cross, K.J.; Reynolds, E.C. A 1H-NMR study of the casein phosphopeptide xs1-casein (59-79).
Biochim. Et Biophys. Acta (BBA)-Protein Struct. Mol. Enzymol. 1995, 1247, 201-208. [CrossRef]

Hug, N.L.; Cross, K.J.; Reynolds, E.C. Nascent helix in the multiphosphorylated peptide xS2-casein (2-20).
J. Pept. Sci. 2003, 9, 386-392. [CrossRef] [PubMed]

Malin, E.L.; Alaimo, M.H.; Brown, E.M.; Aramini, ].M.; Germann, M.W.,; Farrell, H.M.; McSweeney, PL.H.;
Fox, PE. Solution structures of casein peptides: NMR, FTIR, CD, and molecular modeling studies of
asl-casein, 1-23. J. Protein Chem. 2001, 20, 391-404. [CrossRef]

Plowman, J.E.; Smith, M.H.; Creamer, L.K.; Liddell, M.].; Coddington, J.; Gibson, ].J.; Engelbretsen, D.R.
Proton assignment and structural features of a peptide from the chymosin-sensitive region of bovine k-casein
determined by 2D-NMR spectroscopy. Magn. Reson. Chem. 1994, 32, 458-464. [CrossRef]

Bansal, P.S.; Grieve, P.A.; Marschke, R.].; Daly, N.L.; McGhie, E.; Craik, D.J.; Alewood, P.F. Chemical synthesis
and structure elucidation of bovine k-casein (1-44). Biochem. Biophys. Res. Commun. 2006, 340, 1098-1103.
[CrossRef]

Wiithrich, K. NMR with proteins and nucleic acids. Europhys. News 1986, 17, 11-13. [CrossRef]

Kanelis, V.; Forman-Kay, ].D.; Kay, L.E. Multidimensional NMR methods for protein structure determination.
Tubmb Life 2001, 52, 291-302. [CrossRef]

Tugarinov, V.; Kanelis, V.; Kay, L.E. Isotope labeling strategies for the study of high-molecular-weight proteins
by solution NMR spectroscopy. Nat. Protoc. 2006, 1, 749-754. [CrossRef] [PubMed]

Wiithrich, K. Protein structure determination in solution by NMR spectroscopy. J. Biol. Chem. 1990, 265,
22059-22062. [PubMed]

Cavanagh, ].; Fairbrother, W.J.; Palmer, A.G., III; Skelton, N.J. Protein NMR Spectroscopy: Principles and Practice;
Elsevier: Amsterdam, The Netherlands, 1995.

Bodenhausen, G.; Ruben, D.J. Natural abundance nitrogen-15 NMR by enhanced heteronuclear spectroscopy.
Chem. Phys. Lett. 1980, 69, 185-189. [CrossRef]

Marion, D.; Wiithrich, K. Application of phase sensitive two-dimensional correlated spectroscopy (COSY) for
measurements of 1 H-1 H spin-spin coupling constants in proteins. In NMR in Structural Biology: A Collection
of Papers by Kurt Wiithrich; World Scientific: Singapore, 1995; pp. 114-121.

Griesinger, C.; Otting, G.; Wiithrich, K; Ernst, R.R. Clean TOCSY for proton spin system identification in
macromolecules. J. Am. Chem. Soc. 1988, 110, 7870-7872. [CrossRef]


http://dx.doi.org/10.1016/S0268-005X(01)00080-7
http://dx.doi.org/10.1046/j.1365-2621.1999.00311.x
http://dx.doi.org/10.1016/j.foodhyd.2018.02.010
http://dx.doi.org/10.1016/S0969-2126(97)00205-0
http://dx.doi.org/10.1016/0167-4838(93)90072-Y
http://www.ncbi.nlm.nih.gov/pubmed/11336661
http://dx.doi.org/10.1016/j.biomaterials.2004.01.045
http://www.ncbi.nlm.nih.gov/pubmed/15109869
http://dx.doi.org/10.1021/acs.biochem.6b00522
http://www.ncbi.nlm.nih.gov/pubmed/27434168
http://dx.doi.org/10.1016/0167-4838(94)00229-A
http://dx.doi.org/10.1002/psc.465
http://www.ncbi.nlm.nih.gov/pubmed/12846484
http://dx.doi.org/10.1023/A:1012232804665
http://dx.doi.org/10.1002/mrc.1260320805
http://dx.doi.org/10.1016/j.bbrc.2005.12.115
http://dx.doi.org/10.1051/epn/19861701011
http://dx.doi.org/10.1080/152165401317291147
http://dx.doi.org/10.1038/nprot.2006.101
http://www.ncbi.nlm.nih.gov/pubmed/17406304
http://www.ncbi.nlm.nih.gov/pubmed/2266107
http://dx.doi.org/10.1016/0009-2614(80)80041-8
http://dx.doi.org/10.1021/ja00231a044

Foods 2020, 9, 1128 17 of 19

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Wiithrich, K.; Wider, G.; Wagner, G.; Braun, W. Sequential resonance assignments as a basis for determination
of spatial protein structures by high resolution proteins nuclear magnetic resonance. . Mol. Biol. 1982, 155,
311-319. [CrossRef]

Wiithrich, K,; Billeter, M.; Braun, W. Polypeptide secondary structure determination by nuclear magnetic
resonance observation of short proton—proton distances. In NMR in Structural Biology: A Collection of Papers
by Kurt Wiithrich; World Scientific: Singapore, 1995; pp. 218-243.

Karplus, M. Contact electron-spin coupling of nuclear magnetic moments. J. Chem. Phys. 1959, 30, 11-15.
[CrossRef]

Ramachandran, G.N. Stereochemistry of polypeptide chain configurations. J. Mol. Biol. 1963, 7, 95-99.
[CrossRef]

Mariette, FE. NMR relaxometry and imaging of dairy products. Mod. Magn. Reson. 2018, 1535-1557. [CrossRef]
Brew, K. a-Lactalbumin. In Advanced Dairy Chemistry—1 Proteins; Springer: Boston, MA, USA, 2003;
pp- 387—419.

Ikeguchi, M.; Kuwajima, K.; Mitani, M.; Sugai, S. Evidence for identity between the equilibrium unfolding
intermediate and a transient folding intermediate: A comparative study of the folding reactions of.
alpha.-lactalbumin and lysozyme. Biochemistry 1986, 25, 6965-6972. [CrossRef]

Quezada, C.M,; Schulman, B.A ; Froggatt, ].].; Dobson, C.M.; Redfield, C. Local and global cooperativity in
the human o-lactalbumin molten globule. J. Mol. Biol. 2004, 338, 149-158. [CrossRef] [PubMed]

Schulman, B.A.; Kim, P.S.; Dobson, C.M.; Redfield, C. A residue-specific NMR view of the non-cooperative
unfolding of a molten globule. Nat. Struct. Biol. 1997, 4, 630-634. [CrossRef] [PubMed]

Alexandrescu, A.T.; Evans, P.A.; Pitkeathly, M.; Baum, J.; Dobson, C.M. Structure and dynamics of the
acid-denatured molten globule state of. alpha.-lactalbumin: A two-dimensional NMR study. Biochemistry
1993, 32, 1707-1718. [CrossRef] [PubMed]

Wijesinha-Bettoni, R.; Dobson, C.M.; Redfield, C. Comparison of the structural and dynamical properties of
holo and apo bovine «-lactalbumin by NMR spectroscopy. J. Mol. Biol. 2001, 307, 885-898. [CrossRef]
Redfield, C.; Schulman, B.A.; Milhollen, M.A.; Kim, P.S.; Dobson, C.M. x-Lactalbumin forms a compact
molten globule in the absence of disulfide bonds. Nat. Struct. Biol. 1999, 6, 948-952. [CrossRef]
Ramboarina, S.; Redfield, C. Structural characterisation of the human «-lactalbumin molten globule at high
temperature. J. Mol. Biol. 2003, 330, 1177-1188. [CrossRef]

Alexandrescu, A.T.; Broadhurst, R W.; Wormald, C.; Chyan, C.; Baum, J.; Dobson, C.M. 1H-NMR assignments
and local environments of aromatic residues in bovine, human and guinea pig variants of x-lactalbumin.
Eur. . Biochem. 1992, 210, 699-709. [CrossRef]

Berliner, L.J.; Kaptein, R.; Koga, K.; Musci, G. NMR Studies of the Structure and Environment of the Milk
Protein «-Lactalbumin. In NMR Applications in Biopolymers; Springer: Boston, MA, USA, 1990; pp. 231-253.
Akio, S.; Tkeguchi, M.; Kobayashi, T.; Sugai, S. A synthetic peptide study on the molten globule of
a-lactalbumin. . Biochem. 1996, 119, 947-952.

Kazuo, K.; Hoshino, M; Era, S.; Batt, C.A.; Goto, Y. a— j transition of -lactoglobulin as evidenced by
heteronuclear NMR. J. Mol. Biol. 1998, 283, 731-739.

Fogolari, F.; Ragona, L.; Zetta, L.; Romagnoli, S.; de Kruif, GK.; Molinari, H. Monomeric bovine
-lactoglobulin adopts a 3-barrel fold at pH 2. FEBS Lett. 1998, 436, 149-154. [CrossRef]

Kazuo, K,; Era, S.; Hoshino, M.; Forge, V.; Goto, Y.; Batt, C.A. Solution structure and dynamics of bovine
-lactoglobulin A. Protein Sci. 1999, 8, 2541-2545.

Belloque, J.; Smith, G.M. Thermal denaturation of 3-lactoglobulin. A 1TH NMR study. J. Agric. Food Chem.
1998, 46, 1805-1813. [CrossRef]

Uhrinova, S.; Uhrin, D.; Denton, H.; Smith, M.; Sawyer, L.; Barlow, PN. Complete assignment of 1 H, 13 C
and 15 N chemical shifts for bovine (3-lactoglobulin: Secondary structure and topology of the native state is
retained in a partially unfolded form. . Biomol. NMR 1998, 12, 89-107. [CrossRef] [PubMed]

Belloque, J.; Lépez-Fandifio, R.; Smith, GM. A 1H-NMR study on the effect of high pressures on
B-lactoglobulin. J. Agric. Food Chem. 2000, 48, 3906-3912. [CrossRef]

Sakurai, K.; Goto, Y. Dynamics and mechanism of the Tanford transition of bovine 3-lactoglobulin studied
using heteronuclear NMR spectroscopy. . Mol. Biol. 2006, 356, 483-496. [CrossRef]

Kazuo, K,; Li, H.; Yamada, H.; Batt, C.A.; Goto, Y.; Akasaka, K. High pressure NMR reveals a variety of
fluctuating conformers in (3-lactoglobulin. J. Mol. Biol. 2001, 305, 1073-1083.


http://dx.doi.org/10.1016/0022-2836(82)90007-9
http://dx.doi.org/10.1063/1.1729860
http://dx.doi.org/10.1016/S0022-2836(63)80023-6
http://dx.doi.org/10.1007/978-3-319-28275-6_38-1
http://dx.doi.org/10.1021/bi00370a034
http://dx.doi.org/10.1016/j.jmb.2004.02.045
http://www.ncbi.nlm.nih.gov/pubmed/15050830
http://dx.doi.org/10.1038/nsb0897-630
http://www.ncbi.nlm.nih.gov/pubmed/9253412
http://dx.doi.org/10.1021/bi00058a003
http://www.ncbi.nlm.nih.gov/pubmed/8439536
http://dx.doi.org/10.1006/jmbi.2001.4530
http://dx.doi.org/10.1038/13318
http://dx.doi.org/10.1016/S0022-2836(03)00639-9
http://dx.doi.org/10.1111/j.1432-1033.1992.tb17471.x
http://dx.doi.org/10.1016/S0014-5793(98)00936-3
http://dx.doi.org/10.1021/jf9709313
http://dx.doi.org/10.1023/A:1008268528695
http://www.ncbi.nlm.nih.gov/pubmed/9729790
http://dx.doi.org/10.1021/jf000241q
http://dx.doi.org/10.1016/j.jmb.2005.11.038

Foods 2020, 9, 1128 18 of 19

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Liibke, M.; Guichard, E.; Tromelin, A.; le Quéré, ]J.L. Nuclear magnetic resonance spectroscopic study of
f-lactoglobulin interactions with two flavor compounds, y-decalactone and p-ionone. J. Agric. Food Chem.
2002, 50, 7094-7099. [CrossRef]

Kazumasa, S.; Goto, Y. Principal component analysis of the pH-dependent conformational transitions of
bovine -lactoglobulin monitored by heteronuclear NMR. Proc. Natl. Acad. Sci. USA 2007, 104, 15346-15351.
Kazumasa, S.; Yagi, M.; Konuma, T.; Takahashi, S.; Nishimura, C.; Goto, Y. Non-native «-helices in the initial
folding intermediate facilitate the ordered assembly of the (3-barrel in 3-lactoglobulin. Biochemistry 2017, 56,
4799-4807.

Sawyer, L.; Brownlow, S.; Polikarpov, I.; Wu, S. 3-Lactoglobulin: Structural studies, biological clues. Int.
Dairy J. 1998, 8, 65-72. [CrossRef]

Sawyer, L. B-Lactoglobulin. In Advanced Dairy Chemistry; Springer: Boston, MA, USA, 2013; pp. 211-259.
Kinsella, J.E.; Whitehead, D.M. Proteins in whey: Chemical, physical, and functional properties. In Advances
in Food and Nutrition Research; Academic Press: Cambridge, MA, USA, 1989; Volume 33, pp. 343-438.
Kontopidis, G.; Holt, C.; Sawyer, L. Invited review: (-lactoglobulin: Binding properties, structure, and
function. J. Dairy Sci. 2004, 87, 785-796. [CrossRef]

Reynolds, E.C. Anticariogenic complexes of amorphous calcium phosphate stabilized by casein
phosphopeptides: A review. Spec. Care Dent. 1998, 18, 8-16. [CrossRef] [PubMed]

Wahlgren, N.; Dejmek, M.P,; Drakenberg, T. Secondary structures in 3-casein peptide 1-42: A two dimensional
nuclear magnetic resonance study. J. Dairy Res. 1994, 61, 495-506. [CrossRef] [PubMed]

Hug, N.L.; Cross, K.J.; Reynolds, E.C. Molecular modelling of the multiphosphorylated casein phosphopeptide
[alpha] S1-casein (59-79) based on NMR constraints. J. Dairy Res. 2004, 71, 28. [CrossRef] [PubMed]
Alaimo, M.H.; Farrell, HM.,, Jr.; Germann, M.W. Conformational analysis of the hydrophobic peptide
asl-casein (136-196). Biochim. Et Biophys. Acta (BBA)-Protein Struct. Mol. Enzymol. 1999, 1431, 410-420.
[CrossRef]

Creamer, L.K; Richardson, T.; Parry, D.A.D. Secondary structure of bovine asl-and (3-casein in solution.
Arch. Biochem. Biophys. 1981, 211, 689-696. [CrossRef]

Graham, E.R.B.; Malcolm, G.N.; McKenzie, H.A. On the isolation and conformation of bovine (3-casein Al.
Int. ]. Biol. Macromol. 1984, 6, 155-161. [CrossRef]

Qi, PX. Studies of casein micelle structure: The past and the present. Le Lait 2007, 87, 363-383. [CrossRef]
Reynolds, E.C. Stabilized Calcium Phosphate Complexes. U.S. Patent 8,609,071, 17 December 2013.
Haberkorn, R.A.; Ruben, D.J. A two-dimensional nuclear Overhauser experiment with pure absorption
phase in four quadrants. J. Magn. Reson. 1982, 48, 286-292.

Chazin, W.]J.; Wright, PE. A modified strategy for identification of 1H spin systems in proteins. Biopolym.
Orig. Res. Biomol. 1987, 26, 973-977.

Byler, D.M.; Farrell, H.M., Jr.; Susi, H. Raman spectroscopic study of casein structure. J. Dairy Sci. 1988, 71,
2622-2629. [CrossRef]

Dominique, M.; Ikura, M.; Tschudin, R.; Bax, A.D. Rapid recording of 2D NMR spectra without phase cycling.
Application to the study of hydrogen exchange in proteins. J. Magn. Reson. 1989, 85, 393-399.

Cross, ].K.; Hug, N.L.; He, H.; Stanton, D.P; Lau, K.; Reynolds, E.C. Structural characterization of the
anticariogenic casein phosphopeptide «xS2-casein (46-70) complexed with amorphous calcium phosphate.
Aust. Dent. ]. 2007, 52, S10-S11. [CrossRef]

Bak, M.; Rasmussen, L.K.; Petersen, T.E.; Nielsen, N.C. Colloidal calcium phosphates in casein micelles
studied by slow-speed-spinning 31P magic angle spinning solid-state nuclear magnetic resonance. J. Dairy
Sci. 2001, 84, 1310-1319. [CrossRef]

Belloque, J. High-resolution NMR of milk and milk proteins. In Modern Magnetic Resonance; Springer:
Dordrecht, The Netherlands, 2008; pp. 1631-1635.

Wahlgren, N.M.; Dejmek, P.; Drakenberg, T. A 43 Ca and 31 P NMR study of the calcium and phosphate
equilibria in heated milk solutions. J. Dairy Res. 1990, 57, 355-364. [CrossRef]

Gonzalez-Jordan, A.; Thomar, P; Nicolai, T.; Dittmer, ]J. The effect of pH on the structure and phosphate
mobility of casein micelles in aqueous solution. Food Hydrocoll. 2015, 51, 88-94. [CrossRef]

Ishii, T.; Hiramatsu, K.; Ohba, T.; Tsutsumi, A. The liquid-state 31P-nuclear magnetic resonance study on
microfiltrated milk. J. Dairy Sci. 2001, 84, 2357-2363. [CrossRef]


http://dx.doi.org/10.1021/jf020513k
http://dx.doi.org/10.1016/S0958-6946(98)00021-1
http://dx.doi.org/10.3168/jds.S0022-0302(04)73222-1
http://dx.doi.org/10.1111/j.1754-4505.1998.tb01353.x
http://www.ncbi.nlm.nih.gov/pubmed/9791302
http://dx.doi.org/10.1017/S0022029900028429
http://www.ncbi.nlm.nih.gov/pubmed/7829754
http://dx.doi.org/10.1017/S0022029903006630
http://www.ncbi.nlm.nih.gov/pubmed/15068063
http://dx.doi.org/10.1016/S0167-4838(99)00061-8
http://dx.doi.org/10.1016/0003-9861(81)90505-1
http://dx.doi.org/10.1016/0141-8130(84)90058-8
http://dx.doi.org/10.1051/lait:2007026
http://dx.doi.org/10.3168/jds.S0022-0302(88)79855-0
http://dx.doi.org/10.1111/j.1834-7819.2007.tb06118.x
http://dx.doi.org/10.3168/jds.S0022-0302(01)70160-9
http://dx.doi.org/10.1017/S0022029900027011
http://dx.doi.org/10.1016/j.foodhyd.2015.04.024
http://dx.doi.org/10.3168/jds.S0022-0302(01)74684-X

Foods 2020, 9, 1128 19 of 19

92.

93.

94.

95.

96.

97.

98.

Rollema, H.S,; Brinkhuis, J.A. A 1 H-NMR study of bovine casein micelles; influence of pH, temperature and
calcium ions on micellar structure. |. Dairy Res. 1989, 56, 417-425. [CrossRef]

Boiani, M.; Fenelon, M.; FitzGerald, R.J.; Kelly, PM. Use of 31P NMR and FTIR to investigate key milk
mineral equilibria and their interactions with micellar casein during heat treatment. Int. Dairy J. 2018, 81,
12-18. [CrossRef]

De Sa Peixoto, P; Silva, J.V.C.; Laurent, G.; Schmutz, M.; Thomas, D.; Bouchoux, A.; Gesan-Guiziou, G.
How high concentrations of proteins stabilize the amorphous state of calcium orthophosphate: A solid-state
nuclear magnetic resonance (NMR) study of the casein case. Langmuir 2017, 33, 1256-1264. [CrossRef]
Hindmarsh, J.P.; Watkinson, P. Experimental evidence for previously unclassified calcium phosphate
structures in the casein micelle. . Dairy Sci. 2017, 100, 6938-6948. [CrossRef] [PubMed]

Baumy, J.-J.; Guenot, P,; Sinbandhit, S.; Brulé, G. Study of calcium binding to phosphoserine residues of
[-casein and its phosphopeptide (1-25) by 31 P NMR. J. Dairy Res. 1989, 56, 403—409. [CrossRef]

Van Hekken, D.L.; Dudley, R.L. Analysis of Modified Whole Casein with Different Phosphorus Contents
Using Phosphorus-31 Nuclear Magnetic Resonance and Fourier Transform Infrared Spectroscopy. J. Dairy
Sci. 1997, 80, 2751-2759. [CrossRef]

Swaisgood, H.E. Chemistry of the caseins. In Advanced Dairy Chemistry—1 Proteins; Springer: Boston, MA,
USA, 2003; pp. 139-201.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1017/S0022029900028892
http://dx.doi.org/10.1016/j.idairyj.2018.01.011
http://dx.doi.org/10.1021/acs.langmuir.6b04235
http://dx.doi.org/10.3168/jds.2017-12623
http://www.ncbi.nlm.nih.gov/pubmed/28690066
http://dx.doi.org/10.1017/S0022029900028879
http://dx.doi.org/10.3168/jds.S0022-0302(97)76237-4
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	NMR Approach for Structural Elucidation of Proteins 
	NMR Studies on Structure of Milk Proteins 
	Whey Proteins 
	-Lactalbumin 
	-Lactoglobulin 

	Caseins 
	-Casein 
	s1-Casein 
	s2-Casein 
	-Casein 


	NMR Studies on Casein Micelles 
	Conclusions and Future Perspectives 
	References

