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Abstract. Present paper describes features of the component composition in 
the secondary structure of BSA–containing protein complexes isolated from 
ultra-pasteurized (UHT), sterilized (SHT) and powdered (DRY) milk. We have 
found β – sheets to present in all complexes investigated. However, the 
smallest number of such components have been revealed in samples derived 
from sterilized milk with less β – sheets in 1621–1626 cm–1 region. The 
composition study of the complexes originated from UHT milk has shown 
random coils to be the rarest in them. When considering the structure of the 
complexes isolated from powdered milk, the α – 310 – heliсes were more 
characteristic for such samples, then the α – helix. Moreover, during spray–
drying, the number of random structures increase with a simultaneous 
decrease in the number of β – sheets, whereas in UHT – and SHT – processing 
the number of random structures is inversely proportional to the number of 
α – helices. © 2021 Journal of Biomedical Photonics & Engineering.  
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1 Introduction 

Due to its high nutritive value, milk is a useful and 
popular food product worldwide. Therefore, the 
development of preservation methods along with the 
means to maximize its nutritional value is a trend in 
the food industry. Today, main technological 
approaches are based on high temperature treatment 
aimed at removing pathogenic microflora. Table 1 
shows the main temperature diapasons of heat 
treatments, which are currently used for long–term 
milk preservation. 

Milk proteins undergo certain changes of their 
conformation under technological conditions. 

However, the rate and nature of alterations vary 
drastically and depend not only on the chemical 
composition, but also on the structural organization of 
a protein globule. 

Table 1 General Milk Processing Parameters. 

Type of the  
Heat–

Treatment 

Heating 
Temperature, 

ºC 

Incubation 
time, sec 

UHT ~135 –143 0.4–4 [1] 

SHT ~115 – 120 900–1200 [1] 

Spray drying ~150 – 200 Few sec. [1–3] 
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Milk proteins undergo certain changes of their 
conformation under technological conditions. 
However, the rate and nature of alterations vary 
drastically and depend not only on the chemical 
composition, but also on the structural organization of 
a protein globule. 

Whey proteins are the most thermolabile. Because 
of the different component composition of the 
secondary structure, the presence of SS/SH – groups 
and bonds and the presence of metal ions, thermal 
stability decreases in the series 
α – actalbumin > β – lactoglobulin > BSA [4–6]. 

Among whey proteins BSA is one of the least 
thermally stable, denaturing irreversibly already at 
57 – 59 ºC. However, the conformational changes 
occurring twice: at 57 ºC and 75 ºC [7]. In its native 
state this protein contain no β – sheets but mainly 
α – helices [8], It loses them together with β–turns at 
57 °C, while at temperatures above 70 ºC irreversible 
intramolecular β – sheets are formed [7]. Since this 
protein contains free thiol group at Cys34, which is 
hidden inside the hydrophobic pocket in native 
globule, but exhibited at denaturation [6], 
SS/SH – exchange reactions are also an important 
factor in the formation of aggregates which includes 
this protein. On the other hand, BSA also forms 
protein complexes due to hydrophobic interactions 
with its surface. During the treatment with the 
temperatures higher than thermal denaturation, BSA is 
assumed to convert into a molten globule (MG), MG1. 
With further increase in temperature, MG1 slowly 
turns into MG2 – the structure with a more 
hydrophobic surface [9], which makes protein highly 
reactive [10]. Therefore, the aggregation of BSA 
proceeds mainly via two mechanisms: 1 – through the 
reactions of thiol–disulfide exchange, and 
2 – hydrophobic interaction. 

The more heat–resistant whey protein milk is 
β – lactoglobulin. Although aggregating is mostly the 
result of SS/SH–exchange reactions, this process is 
mediated by a change of the secondary structure. Each 
individual globule mainly consists of anti–parallel 
β – sheets formed by eight β – chains wrapped around 
the molecule and forming a hydrophobic pocket, 
flanked by an α – helix from its outer surface [11]. 
Separate β – chains are connected with two disulfide 
bridges: Cys66 – Cys160 and Cys106 – Cys119. 
Cys121 possessing free SH – group is hidden inside 
the hydrophobic pocket under the α – helix [12, 13]. 
Partially irreversible denaturation of this protein 
occurs at 58–60 ºC and mainly affects the α – helix. 
Irreversible denaturation occurs at 63 ºC and results in 
critical decrease in the β – sheets content, followed by 
the exposure of hidden SH– group and the initiation of 
SS/SH polymerization reactions of 
β – lactoglobulin [14, 15]. At this state 
β – lactoglobulin is highly reactive and aggregates 
with milk proteins including BSA both via SS/SH–
exchange and hydrophobic interaction [16]. 

Possessing Ca2+ ion, α – lactalbumin reversibly 
denatures up to 95 ºC [17]. Native α – lactalbumin 
consists of two α – helical domains, including four 
α – helices and three α – 310 – helices, as well as 

β – sheet areas that include antiparallel β – sheet and 
α – 310 – helix. Although this protein does not contain 
free thiol groups, during heat-treatment it can form 
aggregates through thiol-disulfide exchange reactions 
with other milk proteins, possessing available free-
SH – group (e.g denaturated BSA) [18]. These authors 
also reported the formation of hydrophobically 
stabilized aggregates of α – lactalbumin and BSA 
during heating. 

BSA is also known to form protein complexes with 
caseins, mainly with κ – casein and to a lesser extent 
αS2 – casein, formed via SS/SH–reactions [19–21]. In 
αS2 – and κ – casein mainly random coil, unordered 
structures, β – sheets and β – turns exist, but very little 
or no α – helices. The formation of the latter structures 
is distorted due to the high content of non–polar amino 
acids (35–40%), mainly proline [22, 23]. All caseins 
are phosphorylated in a various degree. Possessing of 
hydrophobic and hydrophilic regions together with the 
flexible structure, caseins are also capable of creating 
non-covalent intermolecular interactions [24–26]. 

This paper discusses the conformational features of 
protein complexes formed during various 
technological treatments of milk. Since BSA is one of 
the most thermolabile and reactive milk protein, the 
protein complexes containing it are the objects for this 
study. 

2 Materials and Methods 

Commercially available samples of spray–dried 
(N = 9), UHT (N = 12) and SHT (N = 8) milk 
produced in Russia, Belarus and Finland were used for 
investigation. The fat content in samples was 
25 ± 5 g/L. 

2.1 Milk samples preparation before the 
analysis 

Dry milk samples were reconstituted with distilled 
water (1 : 10), followed by the supp1ementation with 
1 g/L preservative (5 – bromo – 5 nitro – 1.3 – dioxin, 
“Bronidox”). After that the samples were left for 
incubation overnight at +4 ºC for complete 
solubilization. The prepared samples were of 26 g/L in 
fat content. 

The preservative was also added to all samples of 
SHT and UHT milk. 

All samples were centrifuged at 23’500 g during 
50 min to exclude the lipids and insoluble aggregates. 
After that the supernatants were filtered through the 
Whatman 4 filter. The filtered solutions were used for 
affinity chromatography purification. 

2.2 Affinity chromatography 

Milk samples were applied to monoclonal anti-BSA 
antibody (clone X69, XEMA) coupled to 
NH2 – Agarose through Diels-Alder cycloaddition 
using TCO-NHS and tet-NHS pre-activation of 
antibody and resin (Click Chemistry Tools). Unbound 



I.S. Shatalov et al.: Features of the Secondary Structure of BSA – Containing... doi: 10.18287/JBPE21.07.020307 

J of Biomedical Photonics & Eng 7(2)   30 Jun 2021 © J-BPE 020307-3 

matter was washed out with 0.1 mol/L Tris, pH 7.2. 
0.4 mol/L MgCl2 in 0.1 mol/L Tris, pH 7.2 was used to 
elute BSA complexes.  

2.3 Sample preparation for electrophoretic 
analysis 

For further electrophoretic study the eluates were 
intensively dialyzed in two steps. The first dialysis was 
performed against 0.1 mol/L Tris buffer pH 7.2 
containing 5 mmol/L Na–EDTA using Vivaspin Turbo 
4 50 MWCO at 1200 g for 20 min to reach the final 
sample: buffer ratio 1 : 1600. The samples then were 
dialyzed against 0.1 mol/L phosphate buffer, pH 7.2. 
All buffers contained 0.5 g/L NaN3 as a preservative. 

2.4 Determination of protein concentration 

To obtain the samples of equal protein concentration we 
used the Pierce BCA kit (Thermo Scientific) with BSA 
as the standard. 

2.5 Gel electrophoresis 

SDS–PAGE in reducing (with 2ME) conditions was 
performed according to according to Laemmli method in 
a mini–chamber (BioRad). Briefly, the 120 g/L 
polyacrylamide gel was used. Buffer solution used for 
electrophoresis contained Tris–glycine, pH 8.3, 
containing 1 g/L sodium dodecyl sulfate (SDS). The 
0.06 mol/L Tris–HCl buffer, containing 1 g/L SDS, 
glycerol and bromophenol blue, pH 6.8 was used as a 
sample buffer. Samples containing 1 mg/ml total 
protein were applied to the gel in a volume of 20 µl 
well. Electrophoresis was carried out for 2 h at a 
current of 30 mA. The starting voltage was 40 mV, 
which was increased to 150 mV after the sample 
entered the upper gel. After the front of the samples 
reached the middle of the gel the voltage was increased 
to 210 mV. After the run was complete, the gels were 
fixed in 500 ml/L ethanol for 30 min, after that they 
were washed three times with deionized water. The gel 
was stained with Coomassie brilliant blue G250. To 
decrease background the stained gels were washed 
with 100 g/L acetic acid overnight with constant 
agitation at 400 rpm. 

2.6 MALDI-TOF 

Protein bands were cut from the gel for MALDI-TOF 
analysis. The procedure was conducted at the Institute of 
Biomedical Chemistry, Moscow. All reagents were 
purchased at Sigma-Aldrich (Moscow, Russia). 

The procedure was described previously [27]. 
Briefly, the gel cuts were washed twice with 50% 

acetonitrile solution in 0.1–M NH4HCO3 for 20 min at 
37 °C followed by dehydration with acetonitrile for 
5 min. The tryptic digestion was performed with 5 μL of 
enzyme in 0.1–M NH4HCO3 for 4 h at 37 °C with 
subsequent peptide extraction with 0.7% TFA. The 
extracts obtained were analyzed using MALDI-TOF 
mass spectrometry. 

To obtain mass spectra of digests MALDI-TOF/TOF 
mass-spectrometer (Ultrafle II, Bruker Daltonics, 
Germany) equipped with an Nd : YAG laser in the 
reflector mode was used. The measurement of 
monoisotopic [MH+] ions was conducted in the 
700 – 4500 m/z range with a tolerance of 70 ppm. The 
lift mode was used to obtain fragment ion spectra. The 
accuracy of fragment ion mass peak measurements was 
within 1 Da. 

Spectral data analysis was performed via 
FlexAnalysis 3.3 software (Bruker Daltonics, Germany). 
To identify individual proteins MASCOT search 
software. Reliably identified proteins had the scores of 
> 82 (p < 0.05) with the use of “peptide fingerprint” 
option and > 55 (p < 0.05) with the use of “ion score” 
option. The search was conducted in National Center for 
Biotechnology Information (NCBI) databases or EST 
(expressed sequence tag) plant database or both. 

2.7 FT–IR spectroscopy 

To record the absorption spectra in the mid–IR range, 
a Tensor 37 Fourier spectrometer (Bruker, Germany) 
was used in combination with an ATR–instrument 
based on a ZnSe crystal. The ATR spectra were 
corrected automatically using the software provided 
(Opus Software). The spectra of each sample were 
recorded with a resolution of 2 cm–1 and averaged over 
256 accumulations. From the obtained absorption 
spectra, we subtracted the spectrum of the buffer 
solution (0.1 mol/L phosphate buffer,  
pH 7.2 + 0.5 g/L NaN3), selecting the subtraction 
coefficient in such a way as to achieve a smooth baseline 
in the region of 2000–1800 cm–1 [28]. The protein 
concentration in the samples was at least 5 mg/ml. 

The obtained spectrum at this site was smoothed by 
15 points using the Savitzky–Golay algorithm. Second 
derivative allowing us to determine the hidden 
absorption peaks, we used it to transform the spectrum 
according to Gauss. 

2.8 Data processing 

ATR–FTIR spectrograms were processed with Origin 
Lab 2016. 

Statistical processing of the results obtained and 
data plotting were performed using RStudio with the 
packages “ggplot”, “ggpubr”, “scales”. In boxplots,  
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(a)	 (b) (c) 

Fig. 1 Electrophoretic study of the BSA–complexes from: (a) DRY–, (b) UHT–, (c) SHT–milk: 1 – BSA; 2 – α – S1 – casein 
(dimer); 3 –  beta casein, precursor; 4 –  beta casein; 5 –  κ – casein; 6 –  β – lactoglobulin (monomer). Molecular weight marker 
(vertical): 97, 66, 45, 30, 20, 14 kDa. The composition of each band observed was performed via MALDI – TOF. 
 

Table 2 The contingency of bands presence at a given 
Amide 1 region. 

Treatment type Absorption at the region 
(cm–1) 

N observations N total –  
N observations 

the values being higher than 4×IQR (interquartile 
range) were treated as outliers. 

To perform Barnard’s exact test, the “Exact” 
package was used. The structure of contingency tables 
to be analyzed with Barnard’s exact test is described 
in Table 2. 

3 Results 

3.1 BSA-containing protein complexes from 
SHT–milk showed lowest content of 
β – sheets 

To investigate the qualitative composition of the 
BSA–containing protein complexes from milk we 
have performed electrophoretic analysis, the results of 
which showed not only the presence of BSA, but also 
other proteins that are the usual constituents of milk 
(Fig. 1), and their content in the complexes varied in 
samples depending on the source. The most 
homogeneous in composition were the complexes 
from UHT–milk. 

To study the secondary structure, the Amide I 
region, located at the 1700–1600 cm–1, was 
investigated. At this region “stretching” vibrations of 
peptide bonds C = O (approximately 80%) and –NH 
(about 20%) occur. The frequency of absorption and 
extraction of this band in this area depend on the origin 
of hydrogen bonds between –CO and –NH, making 
this area extremely sensitive to conformational 
changes of the protein molecule [29]. Quantitative 
study of this area initially assumes that it can be 
represented as a linear sum of several fundamental 
structural components: α – helices, β – sheets, random 
structures, etc. It is worth noting that the intensity of 
individual component absorption in the Amide I 

region is quite low, and individual peaks overlaps. 
Thus, under such conditions it is impossible to draw a 
certain conclusion about the quantitative and 
qualitative structural profile of the sample 
investigated. To overcome this problem various 
methods of signal amplification are used. In this paper 
we used the second derivative of the resulting 
spectrum, which allowed us to find hidden absorption 
peaks. 
 

	

(a) 

	

(b) 

Fig. 2 (a) A typical FT–IR spectrogram of the Amide I 
region of protein complexes isolated from milk; (b) the 
result of decomposition of the Amide I region into 
subcomponents. 
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Fig. 2 shows typical diagram of the FT–IR–
spectroscopy of the Amide I region of the protein 
complexes investigated. Fig. 2(a) illustrates that the 
absorption peak is centered around 1640 cm–1, which 
was noticed for all samples regardless of the 
processing source. In this area both β – sheets and 
random coils are absorbed. 

In order to further interpret the results obtained and 
clarify the component composition of the 
spectrograms obtained we found the second derivative 
for each spectrum (Fig. 2b). 

From its wavenumber each peak attributes to a 
specific structure, i.e. α – helix, β – sheets, random 
coils, since each of the secondary structure has its own 
vibration. As Amide I is the sum of all the individual 
structures, it is also possible to reveal the contribution 
of a particular structure to the total absorption. This 
allowed us to conclude on the quantitative 
composition for the secondary structure of the samples 
studied. In this paper, the wavenumbers are correlated 
with a specific structure as shown in Table 3. 

Table 3 The main spectral bands characteristic for the 
secondary structures 

Secondary 
structure 

Wavenumber, cm–1 Reference 

β – sheet 1620 – 1639 [29–31] 

α – helix 1650 – 1660 [32] 

Random coil 1640 – 1650 [29–31] 

α – 310 – helix 1660 – 1666 [33] 
β – turn and  

β – loop 1667 – 1688 [30] 

Intermolecular 
β – sheet 

1615 – 1620 [34–36] 

1690 – 1695 [36] 

Fig. 3 shows the heat map of the absorption peaks 
prevalence at the Amid I region for BSA–containing 
protein complexes isolated from milk of various 
processing temperatures. 

As can be seen, the areas of β – sheets absorbance 
1614–1620, 1627–1639, 1678–1695 cm–1 were 
observed in all of the complexes studied. On the other 
hand, the presence of absorption peaks in the areas of 
1621–1626, 1640–1650, 1651–1658, and 
1660– 1664 cm–1 varies depending on the milk 
treatment used. To investigate the significance of the 
differences observed at these regions we compiled sets 
of contingency tables. These tables were analyzed 
using the Barnard’s exact test, which is similar to 
Fisher's exact test, but with greater power analyzing 
2 × 2 contingency tables with a small number of 
observations [37]. The results of the Barnard’s exact 
test are shown in Table 4. 
 

 
 

Fig. 3 Occurrence frequency of absorption peaks of the 
Amide I region in the BSA–containing protein complexes 
isolated from milk of various heat treatments. The higher 
the density (black color) is, the more frequent the 
occurrence. 

 

Table 4 Comparison of the structure occurrence at the given Amide I region in the samples depending on the treatment 
applied 

Range, cm–1 
Treatment type 

comparison 
 

N observations N total P–value 
(Barnard’ test) 

1621–1626 
UHT vs SHT 8 vs 1 12 vs 8 0.023 

UHT vs DRY 8 vs 4 12 vs 9 0.356 

1640–1650 
UHT vs SHT 4 vs 7 12 vs 8 0.023 

UHT vs DRY 4 vs 8 12 vs 9 0.012 

1660–1664 
UHT vs SHT 3 vs 3 12 vs 8 0.603 

UHT vs DRY 3 vs 7 12 vs 9 0.021 

  



I.S. Shatalov et al.: Features of the Secondary Structure of BSA – Containing... doi: 10.18287/JBPE21.07.020307 

J of Biomedical Photonics & Eng 7(2)   30 Jun 2021 © J-BPE 020307-6 

At all the regions considered the absorption peaks 
of BSA–containing complexes from dry and sterilized 
milk the significant differences in their abundance 
were not found. In addition, when analyzing the 
frequency of peak occurrence at the region of 1651–
1658 cm–1 all the complexes showed no significant 
differences between each group. On the other hand, 
when analyzing the area of 1640–1650 cm–1, in which 
oscillations of random structures are observed, the 
lowest abundance of such structures was found in the 
complexes originated from UHT–milk, while such 
structures were shown to present in all complexes 
from sterilized and dried milk. At the region of  
1660–1664 cm–1, where α – 310 – helices are usually 
observed, when comparing complexes from dry and 
UHT milk for the latter these structures were 
statistically less common.  

The analysis of 1621–1626 cm–1 region showed the 
smallest presence of absorption peaks for complexes 
isolated from sterilized milk. Absorption in this area is 
also associated with the presence of intermolecular 
β – sheets of unfolded protein components formed 
during heat treatment [38]. According to Ref. [39], 
absorption at this site is characteristic of 
intermolecular amyloid–like structural components. 

Considering the heat map analysis, it can be 
concluded that although the absorption profiles were 
distributed similarly, there is a number of significant 
differences between the samples of the complexes 
resulting from different processing. The displacement 
towards the higher wave numbers of the structural 
profile in protein complexes isolated from dry milk 
was the most common characteristic among all the 
samples studied. Generally, the density distribution of 
wavenumbers in this profile was shifted to the right, 
which is clearly noticeable when analyzing the region 
of α – helices (1651–1658 cm–1). These samples had 
the highest density of α – 310 – helices located at  
1660–1664 cm–1 region, which indicates a trend to the 
“α – helices → α – 310 – helices” shift in them. Being 
typical for certain milk proteins, for example, 

α – lactalbumin [40], the presence of α – 310 – helices 
in this case can be attributed to the result of 
denaturation changes taking place in the milk proteins 
during drying. 

Comparing samples originated from UHT– and 
SHT–milk it is noticeable that both groups had little 
differences at the region of α – heliсes, however, the 
greatest variety in the presence of such structures are 
found at the region of random coil.  Such structures we 
shown to be more typical for samples from sterilized 
milk. The same observation for this region was also 
valid for the samples isolated from dry milk, where the 
presence of random structures was characteristic in all 
the considered cases. It can be concluded that the 
formation of random coil was not typical for the UHT 
processing, in which the high–temperature effect is of 
short duration. 

3.2 Random coil was the prevalent structure 
for all types of BSA–complexes 

The quantitative analysis of the secondary structure 
components in the samples under consideration 
showed their uneven distribution (Fig. 4). The 
components with vibrations in the range of  
1642–1660 cm–1 were shown to have the greatest 
contribution, which was also observed in the original 
spectrograms. Both random coil and α – helix vibrate 
in this region. 

To evaluate the ratio of the contribution of each 
secondary structure and the level of its significance, 
Fig. 4 shows the quantitative structural compositions 
in the studied protein complexes originated from milk 
of various heat treatments. In the complexes 
investigated, the contribution scatter of the random 
coil to the secondary structure of protein aggregates 
originated from dry milk was the widest among both 
the type of processing applied and the contributions of 
other structures under consideration (Table 5). 

   

(a) (b) (c) 

Fig. 4 Quantitative distribution of structural components in samples of complexes isolated from milk of various 
technological processing: (a) UHT–milk, (b) SHT–milk, (c) spray–dried milk. Red asterisk denotes outliers, Black 
indicates Mann–Whitney test significance levels: “ns” – p > 0.05; “*”– p ≤ 0.05; “**” – p ≤ 0.01; “***” – p ≤ 0.001; 
“****” – p ≤ 0.0001. 
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All complexes investigated were shown to have the 
greatest number of random structures, the smallest – 
β – sheets (p = 0.0045) in their overall secondary 
structure. When considering complexes formed in 
UHT–milk, the difference in the content of β – sheets 
and α – helices is most pronounced (p = 0.001). The 
content of the latter in such complexes was high (about 
40 ± 6.4%), and their distribution in the samples was 
rather narrow. Quantitatively, in all cases studied the 
content of β – sheets was significantly smaller than the 
content of random structures (p = 0.004). 

The secondary structures in complexes from 
sterilized milk were distributed similarly to the ones of 
UHT–milk. β – sheet content was smaller with respect 
to both random coil (p = 0.001) and α – helices 
(p = 0.004). 

The number of random coils in all the complexes 
studied was at the level of 37–43% and was not 
statistically different with respect to the treatment 
used, but the widest variation in quantity of such 
structures was found in the complexes isolated from 
dry milk, as noted above. This observation can be 
explained by the wider variety of temperature regimes 
used for the milk spray–drying implementation, 
leading to a higher variation of denaturation degree in 
milk proteins, which reflects in the secondary 
structure. Table 5 shows the β – sheets possessed the 
least quantitative contribution into the secondary 
structure components of all the samples studied, being 
less than 30%. Depending on the source of the 

complexes, they were distributed according to the 
principle of SHT ≤ DRY ≤ UHT: a smaller number of 
these structures in BSA–containing complexes from 
sterilized milk were found when compared with both 
complexes of UHT–milk (p = 0.005) and the ones 
isolated from dry milk (p = 0.03). Such an observation 
may be caused by the specificity of this technological 
process, as sterilization is not only high–temperature, 
but also the most long–term of the processes under 
consideration. Apparently, this alters the protein 
globules much stronger. The difference in the number 
of β – sheets in the complexes of dry and UHT milk 
was not of statistical significance.  

3.3 α – helices were more characteristic for 
protein complexes from UHT–milk, rather 
than for complexes of dry milk. 

Considering the content of α – helices, it was found 
that the largest number of such components was 
characteristic to UHT–milk (Fig. 5). It should be 
noted, that the content difference was statistically 
significant for complexes of dry and UHT–milk 
(p = 0.012), but insignificant for the aggregates of 
UHT– and SHT–milk. Thus, the mobility of such 
structures is affected by the dehydration taking place 
during the spray–drying of milk to a greater extent, 
rather than high temperature and exposure duration. 

Table 5 The contribution of structural components in samples of milk proteins complexes obtained from the sources 
various heat treatment (mean ± SD, %) 

Treatment β – sheet Random coil α – helix 

UHT 24.40 ± 6.65 42.48 ± 4.18 40.36 ± 6.41 

SHT 16.66 ± 3.01 41.46 ± 5.03 28.51 ± 3.88 

DRY 21.84 ± 6.02 37.04 ± 7.52 28.92 ± 6.73 

Fig. 5 Comparison of quantitative distribution of secondary structure in protein complexes depending on the type of 
processing used. Outliers are marked with a red asterisk, Mann–Whitney test significance levels are black:  
“ns” – p > 0.05; “*” – p ≤ 0.05; “**” – p ≤ 0.01; “***” –p ≤ 0.001; “****” – p ≤ 0.0001. 

   

(a) (b) (c) 
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3.4 Mutual conversion of secondary structure 
in protein complexes is affected by the type 
of heat treatment 

Among the major structural components, the presence 
of β – sheets were detected in all complexes, but their 
number varied in the samples as mentioned above. 
Fig. 6 shows the mutual correlations of structural 
components in BSA–containing complexes of 
variously processed milk relative to the content of 
β – sheets in it. 

Although in some cases the dependencies are 
expressed implicitly (high p – value, Spearman), it is 
noticeable that samples from dry milk containing more 
β – sheets in the Amide I region also contained more 
α – helices (excluding α – 310). Controversially, such 
samples were shown to possess reduced the content of 
random coils. This observation could be explained as 
the mutual conversion of structural components in 
such samples. 

An opposite situation was observed in the study of 
the structure contributions in complexes of sterilized 
and UHT milk. Random coils in such samples were 
found in greater amount, although they varied in the 
frequency of occurrence, which was mentioned above. 
Simultaneously, a decrease in the content of 

α – helices was observed in samples along with an 
increase in the content of β – sheets. 

During UHT processing, the protein complexes 
showed a decrease in the number of α – helices, which 
correlates with an increase in the β – sheet content 
(R = –0.82). When considering the mutual correlation 
of the secondary structure components in complexes 
of sterilized milk, this tendency can be clearly seen. 
Thus, it can be concluded that α – helices are 
converted into random coils in these two processing 
types. 

Although the two methods, SHT– and UHT–
processing, vary greatly in their implementation, 
spray–drying causes an additional effect of 
dehydration, which obviously affects the profile of the 
secondary structure in protein complexes. 

Conclusion 
The study has found that the components of the 
secondary structure in BSA–containing protein 
complexes isolated from milk of various technological 
processing are unevenly distributed. All complexes 
studied were shown to contain β – sheets, but their 
quantitative contribution in all cases was small relative 
to the other secondary structures. The lowest content 

	 	

(a)	 (b) 

 

 

(c)  

Fig. 6 Mutual correlation of secondary structure in complexes isolated from milk of various technological processing:  
(a) UHT–milk, (b) SHT–milk, (c) spray–dried milk. Triangle and circle depict α – helices and random coil content, 
respectively. R reflects the Spearman correlation coefficient, p – the significance of correlation. The data marked with 
red asterisk were not considered. 
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of β – sheets was found in SHT–milk, thus it can be 
concluded that it is the exposure time to high 
temperature that leads to a decrease in their content. 
For UHT– milk complexes, the smallest frequency in 
occurrence of random coils was also noted. This 
observation could be explained with the shortest 
incubation time at a high temperature in the process 
among those considered, preventing the formation of 
such structures. When comparing complexes of dry 
and UHT–milk, the presence of α – 310 – helices was 
more characteristic than α – helices for the complexes 
of the first treatment type. This fact also confirmed 
when comparing the quantitative contribution of 
α – helices to the secondary structure of these 
complexes. Thus, dehydration during spray–drying 
could be concluded to promote the shift at this region 
towards large wave numbers. 

The study of mutual correlation of the secondary 
structures quantitative contribution established similar 
models for UHT– and SHT–processes, differing from 
those, which occur during the spray–drying. Thus, in 
the samples of SHT– and UHT– treated milk samples, 
an increase in the number of random coils occurs with 
a decrease in the number of α – helices, while during 
spray–drying the increase in random structures 
correlates with a decrease in the number of β – sheets. 

Based on the data described, the alteration of milk 
proteins’ secondary structure during heat treatment is 

greatly defined by the certain type of technological 
processing. With further investigations this finding 
could be used for the improvement of identity control 
methods applied for dairy products. 
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