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Fourier Transform Raman Spectroscopy Study of Heat-Induced
Gelation of Plasma Proteins as Influenced by pH
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Fourier transform (FT) Raman spectroscopy was used to elucidate heat-induced structural changes
of albumin, globulins, serum, and plasma protein solutions (15% w/w) as affected by pH (4.5, 6.0,
and 7.5). Reduction of a-helix and formation of S-sheet, disulfide bond reactions, and exposure and
buriedness of hydrophobic groups and amino acid residues were observed. All of these features
contributed to the formation of strong, irreversible heat-induced gels. The application of a dimensionality
reducing technique such as principal component analysis proved to be useful to determine the most
influential qualities of protein samples, as well as the pH-dependent behavior of some of the attributes
of both unheated and heated solutions. Analysis of Raman spectra in terms of differences
demonstrated the interactions of albumin and globulins in co-occurrence and the significant role of
fibrinogen on the gel’s attributes.

KEYWORDS: FT-Raman spectroscopy; heat-induced gelation; albumin; globulins; fibrinogen; serum;
plasma proteins; principal component analysis

INTRODUCTION During the heat-induced gelation of proteins, structural and
Protei idel din the food indust functional molecular environment changes take place. Modifications of the
roleins are widely used in the 100d Induslry as functiona secondary structure, such@sheet formation; hydrophobicity

ingredients because of the interesting physical properties SOMEy e to conformational changes: or covalent bonds, such as

of the_m hf_;we, such as heat-induced gelation. _Naturally occurringdisulfide bond reactions, have been described (5—9). Further-
pro;lelndmthures cgln b;a fcl)und, fqr example, Ianhey(,j soty, ??hg’ more, such modifications are influenced by pH, because proteins
or blood plasma. blood prasma IS a common byproduct of the change their structure and stability as the pH becomes near or
meat industry, W.'th a high pote_ntlal for ut|I|z_at|on due_to S further away from their isoelectric poins,(10,11). All of these
abundance and its useful functional properties, especially for features can lead to protein gels with different macroscopic

gel format.ion upon hegtinglles). When heat-trgated ora roperties, which, in the case of plasma, have already been
concentration threshold is achieved, plasma proteins reorganlz%escribed (312—14)
g .

into self-assembled aggregates that develop a three-dimension It is notable that the behavior of plasma during thermal

net\th.)rk’ fc;rmlng ;T)nystent %e!s that entrlap wgterfwnhtm. the treatments depends not only on individual proteins but on the
\?vrr?icer:n gﬁ r&”&mﬁ%ﬁﬁ Ciﬁ?oaltzsreic?nrg?ofxgrgﬁ;s prr?a?rllgi’/ sum_of a_II prote?ns present. Although the rqle of each individual
albumin, globulins, and fibrinogen. Albumin aglobulér protein’ fract!on n rela}tloq to.the physmal properties of gels has been
ith }nolecular,mass of 69 k-Da is tr;e most abundant stu_dled foIIo_Wlng its isolation or_removaILE, 14), the mech-
\r/:;reienting up to 60% of the pr,otein content Globulins, anisms leading to the _observed different behaviors have not be_en
; L - investigated noninvasively to date. Such changes may be studied
comprlseaheterogeneous group _ofglobulgr proteins th'T’lt'nCIUdeby means of techniques providing structural information on
a variety of enzymes and carrier proteins, but mainly the proteins, such as X-ray crystallography, nuclear magnetic

g?]z]unffgéct)izﬁlénsv'viltrﬁ%%ng&?;rumjsirez Sr:lrjwdli\rllldef(rjolrﬁtgg w 1o resonance (NMR) spectroscopy, or circular dichroism (CD).
4 ' ging However, most of these technique are costly and time-

hundreds of kilodaltons; they correspond to more than 40% of : L )
> g . ) ) consuming or do not distinguish all types of structures in some
]ngmpggts 'ntr?g:er:i'r:g;”g?ge; ![Is d: Eg{;ﬁggeggnﬁgrzzﬁ dconditions. On the other hand, a vibrational spectroscopic
y P poypep P technique such as Fourier transform (FT) Raman spectroscopy

3% of blood plasma proteing). is particularly suitable for high protein concentrations and solid
samples (15), and it has been used in the monitoring of heat-

* Corresponding author (telephore34-972-41-89-41; fax-34-972- induced gelation of proteins (5—36—22).
B e e ouard davila@udg.es). A direct spectroscopic method such as FT-Raman spectros-
8 University of Surrey. copy is able to examine the role of covalent, disulfide bonds as
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well as electrostatic and hydrophobic bonding in protgirotein
interactions (15,17). The FT-Raman spectra of proteins will
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Table 1. Tentative Assignment of Major Bands in the FT-Raman
Spectra of Plasma Proteins

also give information regarding the peptide backbone conforma-

tion and the molecular environment around the side chaib)s ( band assignment

wavenumber (cm~?)

Thus, FT-Raman spectroscopy provides a powerful tool to study S-S stretching 510
the transitions and interactions of individual and combined tTpr‘OPha"T(Tfpzj " ;gg/sao
plasma proteins in the formation of gels under different pH am:'ﬂle EOZL)e"%‘ et 920
conditions. The objective of the present study was to report heat-  amige 111" (random coil) 960
induced structural changes during the thermal gelation of plasma  phenylalanine (Phe) 1034
proteins, isolated or in naturally occurring mixtures, at different gm or CHhstretching ﬂgg
it _ stretc Ing
pH conditions by means of FT-Raman spectroscopy. amide IIl (3-sheet) 1210
amide Il (a-helix) 1320
MATERIALS AND METHODS CH deformation, Trp 1345
) ) ) ) COO™ aspartic (Asp), glutamic (Glu) acids 1425
Materials. Blood was obtained from an industrial slaughterhouse CHj or CHg bend 1450
using sterile bleeding recipients containing sodium citrate as antico- amide | 1600-1700
agulant (1% w/v). Plasma was separated by centrifuging blood ag2250 CHs symmetrical and R3—CH stretching 2880
at 4°C for 15 min (Sorvall RC 5C Plus, DuPont Co., Newtown, CT) (aliphatic amino acids)
and decanting. CH stretching amino acids (aromatic, 2930
Plasma protein fractions were separated by the salting-out method. aliphatic, charged)
=CH stretching (aromatic amino acids) 3060

All precipitation steps were carried out in an ice bath. A saturated
solution of ammonium sulfate in 10 mM Tris-HCI (pH 7.4) at@
was added drop by drop to fresh plasma, and individual protein fractions sample, according to the placement of bands described elsewhere (9,
were progressively precipitated as salt saturation increased. Fibrinogen23—28). Spectral data within this region were smoothed with the
was first precipitated at 20% saturation and then removed by centrifu- Savitsky—Golay five-point algorithm and deconvoluted using a non-
gation (10000gat 4 °C for 15 min). The supernatant containing linear least-squares curve-fitting subroutine with Gaussian type func-
globulins and albumin, namely, serum, was recovered. Ammonium tions. The percentage of each secondary structure companéetig,
sulfate was then added to an aliquot of serum up to 60% saturation to-sheet/-turn, and random coil) was determined as the corresponding
precipitate globulins, which were separated by centrifugation. The fitting peak area contained in the fitting range. Peak intensities and
albumin remaining in the supernatant after centrifugation was also secondary structure components are expressed as the average of the
precipitated by increasing the ammonium sulfate concentration up to replicate spectra with a typical coefficient of variation of 10%.
75% saturation. Aloumin and globulin precipitates were washed once  Data Processing Descriptive and statistical analyses of data were
with a saturated solution of ammonium sulfate (75 and 60%, respec- calculated using SPSS v 13.0 for Windows (SPSS Inc., Chicago, IL).
tively) and recovered again by centrifugation. Protein precipitates were One-way ANOVA and Tukey'’s post hoc tests were calculated with a
dissolved in 10 mM Tris-HCI (pH 7.4) and, together with serum and  significance level ofp < 0.05. Principal component analysis (PCA)
plasma aliquots, were exhaustively dialyzed against distilled deionized was performed to reduce the dimensionality of the FT-Raman spectral
water at 5°C with a membrane of 1214 kDa pore diameter (Medicell data, retaining as much as possible of the variation present in the data
International Ltd., London, U.K.) to reduce the content of the Set. The extraction method used the correlation matrix, and an
precipitating salt. Dialyzed solutions were frozen-80 °C for 24 h orthogonal rotation with the Varimax method was included. Eigenvalues
and dried in a Virtis Unitop SQ freeze-dryer (The Virtis Co., Gardiner, and variability gathered by principal components (PCs) were calculated,
NY) at —15 and 15°C for the primary (sublimation) and secondary and sample scores in the first four PCs were selected and plotted. To
(desorption) drying stages, respectively. Purity of final protein powders interpret the results of the PCA, a simplified presentation of the PC
was confirmed by SDS-PAGE, and the proximate composition for coefficients of the included variables was usggl)( If the PC coefficient
moisture (ISO R-1442), total protein (ISO R-937), and ash content (ISO is greater than half the maximum coefficient in absolute value, a double-
R-936) was determined. Dried proteins were vacuum-packed and storedPositive or a double-negative sign is displayed (depending on the
under refrigeration temperatures until use. direction toward which the variable contributes in the PC). A single
Preparation of Samples Protein solutions 15% (w/w) were prepared ~ POSsitive or negative sign indicates a coefficient between a fourth and
in distilled deionized water containing 50 mM NaCl. The pH of the @ half of the largest absolute value, and an empty space is assigned
solutions was adjusted to 4.5, 6.0, or 7.5 with 0.5 M NaOH or 0.5 M When the value is below a fourth of the largest absolute value.
HCI. Aliquots of protein solutions (1 mL) were poured into NMR tubes
(5 mm diameter, precision grade, Aldrich Chemical Co., Milwaukee,
WI) and heated in a water bath at 80 for 45 min to form gels. Gels

were immediately cooled to room temperature and stored overnight at tei lati h b ied t b f |
4°C to age. Aliquots of fresh protein solutions and formed gels were PrO€IN gelation has been carried out by means of genera

both analyzed by FT-Raman spectroscopy in triplicate. methOdSv such as DSC and e|eCtr0ph0re$3§:iO): investiga-
FT-Raman Spectroscopy FT-Raman spectra were recorded on a tion of the changes in structural properties has not been

Perkin-Elmer 2000 FT-Raman spectrometer (Beaconsfield, Bucking- addressed yet, probably due to the difficulty of studying these

hamshire, U.K.). Spectral resolution was set at 4tamd laser power gelled systems at the high concentrations typically found in

at 1437 mW, and frequency calibration of the instrument was foods. In the present study, the use of FT-Raman spectroscopy

undertaken using the sulfur line at 217 ¢mAll data presented are allowed the direct monitoring of structural changes at a

based on 128 co-a(_jd_ed spectra. The spectra were analyz_ed using Origimolecular level and, through a detailed spectral analysis,

v 7.0 software (OriginL-ab, Northampton, MA). The original spectria - rqyjiged a valuable tool for the study of plasma protein gelation.

in _the 100-3500 cnt region were baseh[]e corrected and normalized Typical spectra of heated and unheated plasma, serum,

using the phenylalanine peak near 1005 &21). Table 1 shows the lobuli d albumi | toH 7.5 oW

tentative assignment of the major bands in the spectra to vibrational glo .u |_ns, and albumin SamP esatpn 7.5 aré shownigure

motions of various side chains or peptide backbone, which was based!- Similar spectra were obtained for all samples at the other pH

on comparison to FT-Raman spectra reported in the literagres( values (not shown). Relative intensities of bands tentatively

20, 22). assigned to the FT-Raman spectra and percentages of secondary
A detailed analysis of the amide | region (1660700 cnTl) was structure components obtained from the deconvolution of the

performed to calculate the secondary structure components of eachamide | region are shown ifables 2—5.

RESULTS AND DISCUSSION
FT-Raman Spectroscopy.Although the study of plasma
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Figure 1. FT-Raman spectra (500—1700 cm™1) for heated (dotted line) and unheated (solid line) protein samples 15% (w/w) of (a) plasma, (b) serum,
(c) globulins, and (d) albumin, at pH 7.5. The spectra were baselined and normalized to the phenylalanine peak at 1005 cm™,

Table 2. Relative Peak Intensity Values at Selected Regions and Table 3. Relative Peak Intensity Values at Selected Regions and
Percentages of Secondary Structure Components of the FT-Raman Percentages of Secondary Structure Components of the FT-Raman
Spectra of Unheated (U) and Heated (H) Albumin Samples? Spectra of Unheated (U) and Heated (H) Globulins Samples?
albumin globulins
wavenumber pH45 pH 6.0 PHTS wavenumber pH 4.5 pH60 pH TS
peak assignment (2 cm™Y) U H u H U H peak assignment (2 cm™) U H U H U H
S-S stretching (492) 035 007 011 008 016 S-S stretching (493) 029 056 008 016 011 0.20
(503) 025 041 013 016 014 018 (503) 026 055 010 017 009 0.21
Trp (759) 018 015 016 022 020 0.14 Trp (760) 033 033 033 035 020 039
Tyr doublet (828/852)  1.08 070 116 071 108 0.74 Tyr doublet (828/852)  0.84 062 109 059 1.08 0.69
amide Il (942) 036 016 042 027 036 024 amide Il (941) 019 017 018 014 032 021
(959) 030 017 035 025 029 0.22 (959) 019 012 016 019 024 017
Phe (1033) 025 033 031 030 026 028 Phe (1033) 023 035 026 043 026 026
CN, CH stretching (1061) 022 026 021 021 016 024 CN, CH stretching (1061) 013 026 012 029 014 0.20
CN stretching (1127) 031 037 034 033 033 034 CN stretching (1129) 031 038 033 042 034 040
amide Il (1244) 019 035 021 034 024 033 amide Il (1243) 042 047 046 046 032 050
(1322) 0.65 057 064 059 066 0.63 (1322) 048 051 050 054 062 057
CH?eformation, (1341) 068 062 069 062 070 0.62 CHTc_ieformation, (1341) 047 060 054 058 066 0.63
P P
COO~ Asp, Glu (1434) 042 052 043 052 042 046 COO~ Asp, Glu (1433) 042 068 048 064 039 047
CH,, CH; bend (1451) 109 131 109 134 109 130 CH,, CH; bend (1451) 112 144 119 144 124 130
CHs, RsCH (2876) 049 075 048 079 050 0.79 CHjs, RsCH (2878) 060 102 057 100 054 099
stretching stretching
CH stretching (2935) 121 178 117 187 126 192 CH stretching (2938) 137 234 136 223 133 226
=CH stretching (3068) 0.60 056 059 060 061 058 =CH stretching (3069) 071 093 064 084 058 0.88
a-helix 5092 216 5271 335 6073 844 a-helix 300 209 000 000 170 008
B-sheet 2279 4885 2446 9059 19.26 72.19 B-sheet 51.05 3832 5117 5425 2643 4528
B-tums 916 1126 1223 607 883 13.99 B-tums 916 1952 812 17.81 1656 13.47
random coil 1713 37.74 1059 000 1118 537 random coil 36.78 40.07 4071 27.94 5531 4117
2Results are expressed as the average of three baseline-corrected and 2Results are expressed as the average of three baseline-corrected and
normalized spectra of 128 co-added scans. normalized spectra of 128 co-added scans.
Characteristics of Unheated and Heated ProteinsPlasma The average percentages of secondary structures of unheated

proteins exhibited several shoulders in the amide | region albumin (55, 22, 10, and 13% for-helix, S-sheetS-turn, and
(1600-1700 cntY) that pointed out the presence of overlapping random coil, respectively) are very similar to the ones found
bands, which were pH and heat dependent (Figure 2, right). by other workers, 31). Theoa-helix content decreased when
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Table 4. Relative Peak Intensity Values at Selected Regions and dependent changes in the secondary structure components:
Percentages of Secondary Structure Components of the FT-Raman whereas heating at pH 7.5 entailed an increagesheet content
Spectra of Unheated (U) and Heated (H) Serum Samples? and a decrease in random coil, these features were reversed at

pH 4.5. Vermeer and Norde (34) and Li et &@5§ described a

Serum decrease iff-sheet and an increase in random coil when heating
| wavenumber pH45 pH6.0 pHT7.S5 IgG; these differences can be explained by the presence of many
peak assignment  (¥2cm™) U H U H u H different globulins within such a complex plasma protein
S-S stretching (493) 015 053 006 017 012 0.16 subgroup; thus, the overall thermal behavior can differ consider-
(503) 02r 052 010 019 011 017 ably from that of a single protein due to cooperative effects.
rp (760) 028 023 027 027 017 023 .
Tyr doublet (828/852) 085 076 115 073 085 067 Secon.dary structure components in serum and p!asma} could
amide I (941) 025 017 030 020 026 022 be explained to a large extent by the naturally occurring mixture
(959) 02 017 02 02 022 024 of albumin and globulins. However, differencesfrsheet and
Phe (1035) 020 035 024 033 027 032 d i tents in heated | b ed
CN, CHstretching  (1061) 014 027 015 031 020 027 random coil contents in heated samples were obserped (
CN stretching (1127) 037 038 033 047 033 040 0.05), suggesting that fibrinogen may induce the formation of
amide Il (1248) 034 038 041 041 036 043 ﬂ-sheet in the case of plasma.
(1320) 061 050 061 057 060 053 . . . .
CH deformation, (1340) 063 063 067 062 060 057 (_:hanges in amlde_ 0 ar_1d [ldue to heating agreed with the
Trp variations observed in amide | secondary structure components,
COO" Asp, Glu (1434 049 060 053 060 045 057 especially for the weakening of the peak near 940%which
CH, CH bend (1451) 112 144 119 144 124 130 is related to the-heli dth K 2404
CHs, RiCH (2880) 061 089 063 091 069 093 is related to thex-helix content, and the peak near 1240¢m
stretching which reflects the presence gfsheet (15—17). However, a
CH stretching (2937 150 203 140 204 171 215 sharp band at 990 cr that could be assigned to antiparallel
=CH stretching (3069) 067 072 070 075 055 071 heet b di heated les. the intensitv of which
a-helix 3429 835 3511 1450 3245 1324 p-sheet was observed in unheated samples, the in ensity of whic
B-sheet 2864 3582 37.96 3857 3561 50.81 decreased when they were heated. Because this was not
ptums 1444 208 414 1476 1555 10.25 reasonable, we treated this band ag-sheet-like structure,
random coil 2263 3501 2279 3218 1639 2570 present because of some kind of aggregatB8).(
@Results are expressed as the average of three baseline-corrected and Two bands near 495 and 505 cihwere observed in all
normalized spectra of 128 co-added scans. samples. The location of these peaks corresponded—8 S
. . . stretching vibrations of disulfide bonds in the all-gauche
Table 5. Relative Peak Intensity Values at Selected Regions and conformation (37). It is known that serum albumin has one
zercetntagfea or‘; S(tacgn%ary SdtrE'ctutredCOHm%cl)nents gf thel FI—Raman cysteinyl residue at position 34 (Cys-34) and 17 disulfide bridges
pectra of Unheated (U) and Heated (H) Plasma Samples per molecule, whereas globulins have their subunits paired by
plasma disulfide bridges 4). Disulfide bond formation or interchange

reactions play an important role in nonreversible changes during
the heat-induced gelation of globular proteins (38), and the
observed changes in-$ band intensities demonstrated their

wavenumber pH45 pH 60 PHTS
peak assignment (2 cm™Y) U H U H U H

S-S stretching ggg; 02 D B 0B oM 03 contribution to the formation of strong gels. However, the
Trp (760) 028 029 025 023 024 027 intensity of these changes was lower at pH §0<0.05),
Tyr doublet (828/852) 086 075 111 073 087 076 suggesting that reactive groups may be buried within proteins
amide I Eg‘s‘g ggé 8%2 ggg gig ggg 852 at this pH due to changes in structural conformation, a possibility
Phe (1035 023 035 02 032 030 037 that always clouds cross-linking reactions (39).
CN, CH stretching (loel) 018 028 014 022 017 029 Hydrophobic residues on the outer surface of proteins can
CN stretching (1127 029 038 033 040 033 042 be subjected to changes in their buriedness due to protein
amide Il (1246) 037 043 038 042 035 044 foldi he band " d h
(13200 055 056 059 061 056 0.64 unfolding (6,_17)._ The band at 760 cm corresponds to the
CH deformation, (1341) 063 060 066 064 060 064 indole-ring vibrations of the tryptophan residue, and a decrease
COO~ Asp, Glu (1434) 050 069 047 060 048 0.64 n th: 'nten:;;[)y QOaLes exgos%re of the tr.yptﬁ phan hyqlropr;og!c
CHs, RsCH (2879) 068 098 055 094 057 113 band when heated at pH 4.5 and 7.5, but an increase at pH 6.0
stretching < lobulins reveal marked incr f th
CH stretching (2938) 164 229 136 213 137 244 ,Ep t 0505)5 G dobul she ia etd dat if; gseasse of the
=CH stretching (3069 067 077 070 070 090 090 ryptophan band only when heated at pH 7.5¢(p.05). Serum
a-helix 2714 983 4055 835 36.08 1245 samples performed similarly to albumin at acidic conditions and
ﬁ-sheet ‘1142122 ggg‘ll 32;1 igg? ig% i;gg to globulins at pH 7.5, indicating exposure of the residues in
-turns . . . X X X . . . . .
random coil 1613 761 2576 1089 1077 3064 the first case due to protein unfolding and buriedness into a

nonpolar environment as a result of intermolecular hydrophobic
aRe.zsults are expressed as the average of three baseline-corrected and interactions and disulfide exchange reactions in the latter.
normalized spectra of 128 co-added scans. The bands located at 830 and 850 émcorresponding to
albumin samples were heateg < 0.05), and it was ac- the tyrosine doublet bands, are useful for monitoring the
companied by a significant increase of thesheet structures,  microenvironment around the tyrosin&7( 40). All protein
highly pH dependent. This development entails very strong samples showed a decrease inligglgso ratio when they were
hydrogen bond interactions leading to irreversible aggregation heated, suggesting that tyrosine residues were in a more buried
of the protein (32). environment when denatured. Furthermore, there were changes
Analysis of the amide | region of globulins showed predomi- in the intensity of the band at 1450 cf which is assigned to
nantly 5-sheet and random coil as the secondary structure, inthe bending of Chland CH groups and indicates changes in
good agreement with the description of Amzel and Polg®) ( the environment around the aliphatic and hydrocarbon side
Table 3 shows that heating of globulins caused strong pH- chains, meaning that hydrophobic residues were buried instead
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Figure 2. FT-Raman spectra of the CH stretching region (2800—-3100 cm~?, left) and the amide | region (1600—1700 cm~1, right) for heated (dotted line)
and unheated (solid line) protein samples 15% (w/w) of (a) plasma, (b) serum, (c) globulins, and (d) albumin, at pH 7.5. The spectra were baselined and
normalized to the phenylalanine peak at 1005 cm~?, and the amide | region was smoothed with the Savitsky—Golay five-point algorithm.

Table 6. Principal Component (PC) Solutions of the FT-Raman Table 7. Principal Component (PC) Coefficients for the Relevant
Spectral Data of Heated and Unheated Protein Samples FT-Raman Spectral Data Included in the Principal Component Analysis
for Unheated Samples?
sample PC eigenvalues % of variance cumulative %
unheated 1 753 37.67 3767 coefficient”
2 3.85 19.26 56.93 peak assignment PC1 PC2 PC3 PC4
3 2.78 13.88 70.80 ,
4 219 1093 81.73 S-S stretching a - ++ +
heated 1 5,52 26.30 26.30 . b =+
2 4.45 21.20 4750 P doub - + -
3 3.22 15.36 62.85 Tyr doublet * - =" -
4 3.05 1453 77.38 amide Il a * -
b ++ -
Phe + -- +
of exposed. This feature has also been observed for egg albumen CN, CH stretching ++ +
(9) and-lactoglobulin (18). eIt strevching . . * B
In heated samples, there was a marked increase Q5) b -
in the intensity of bands assigned to aliphatic amino acids in  CH deformation, Trp ++
the CH stretching region (2868100 cnt?; Figure 2, left) €00~ ++ --
attributed to the diversity of CH, CHland CH groups in the 8:2 g"'é:irt‘ritchm ) o -
side chains, ionization state, and microenvironment. However, ¢ hing 0 ++ .
slight changes, or even a decrease, were observed in the band g-helix + -
assigned to aromatic amino acids. The above results confirmed p-sheet -- +

that heating of samples leads to conformational rearrangements, A-ums t

which contributes extensively in the development of the protein  andom col T -
gels (16,20).

S . 2See Tables 2-5 for corresponding peak wavenumbers. ® Double signs
Principal Component Analysis of FT-Raman Spectra. represent a PC coefficient greater than half the maximum coefficient in absolute

Table 6 shows the first four PC So,lu“ons of the PCA for value. Single signs indicate a coefficient between a fourth and a half of the largest
unheated and heated samples. The first four axes accounted fofysyue value. Positive signs mean positive-correlated contributions, whereas
82% Of the Varlablllty n the fIrSt case, Whel’eaS 77% was negative Signsy negaﬁve_corraated contributions.

retained in the second. The contribution of each Raman spectral

characteristic included in the PCA is shownTiables 7and8 Raman data through PC coefficienigures 3and4 display
for unheated and heated samples, respectively. PC coefficientdhe PCA plots for unheated and heated samples, respectively.
are expressed in a simplified versi&9j for the sake of clarity. Unheated albumin samples are closely grouped in a cluster

Plotting the obtained PC scores facilitates the rapid comparisondefined by a higHgsd/ls30 ratio, higha-helix content, and low
between samples and pH conditions, based on the placementontent of nonpolar groups such as methylene and ethylene
of each sample along the componentghich are defined by bends in the two first components. Unheated globulins are
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Table 8. Principal Component (PC) Coefficients for the Relevant

FT-Raman Spectral Data Included in the Principal Component Analysis

for Heated Samples?

peak assignment

coefficient?

PC1

PC2

PC3

PC4

S-S stretching

o @

Trp
Tyr doublet
amide III'

[=a<3)

Phe

CN, CH stretching
CN stretching
amide Il

o

CH deformation, Trp
CO00~

CH,, CH3 bend

CHjs, R4CH stretching
CH stretching

=CH stretching
a-helix

[-sheet

f-turns

random coil

++

++
++
++
++
++

++
+

++
++

++
++
++

++
++

++

++
++

++
++

++

2 See Tables 2 -5 for corresponding peak wavenumbers and Table 7 for symbol

explanation.
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mostly defined by a high content in tryptophan gfigheet
structures. Unheated serum and plasma samples move along
positive PC2 coordinates, through buriedness of nonpolar CH
groups. Because both contain a mixture of albumin and
globulins, they occupy an intermediate position in PC1, between
the two opposite ones of the individual fractions. Moreover,
differences between serum and plasma would suggest significant
effects caused by the presence of fibrinogen.

The PC3 versus PC4 plot for unheated solutions reveals the
differences caused probably by pH conditions, because samples
are fairly well grouped according to pH, moving toward high
disulfide bands at acidic conditions, a more ionized state of the
COO™ group of Asp and Glu carboxyl residues at pH 6.0, and
a higher CN stretching angturn content at pH 7.5.

Albumin gels were more similar to serum than to plasma ones
(Figure 4). Plasma and globulin gels were similar in having
hydrophobic groups more buried in a nonpolar environment and
some aliphatic amino acid residues more exposed, whereas
serum and albumin had these features to a lesser extent. Changes
in disulfide bonds, as well as ifi-turns and the remaining
o-helix content, were more evident as the pH decreased.

The PC3 versus PC4 plot of heated samples displayed a larger
dispersion in these components. Albumin and globulins were
differentiated from plasma and serum by the degree of CN
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Figure 3. Principal component scores for unheated protein samples in principal components (PC) 1-2 (left) and 3—4 (right). Numbers in parentheses correspond
to gathered variability for the selected axes. Letter labels refer to plasma (P), serum (S), globulins (G) and albumin (A) and numbers to pH conditions.
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Figure 4. Principal component scores for heated protein samples in principal components (PC) 1-2 (left) and 3—4 (right). Numbers in parentheses correspond

to gathered variability for the selected axes. Letter labels refer to plasma (P), serum (S), globulins (G), and albumin (A) and numbers to pH conditions.
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stretching, the buriedness of some CH groups, the ionized state (15) Li-Chan, E. C. Y. The applications of Raman spectroscopy in
of COO™ residues, and the-helix content. food scienceTrends Food Sci. Techndl996,7, 361—370.
(16) Li-Chan, E. C. Y.; Nakai, S. Raman-spectroscopic study of

Conclusions.FT- Raman spectroscopy proved to be a useful o 2 ;

e thermally and or dithiothreitol induced gelation of lysozyrie.
tool for the stud_y o_f specm_c groups and_ structural components Agric. Food Chem1991,39, 12381245,
of plasma proteins in heqt-lnduceq gelation, at.a molecular level. (17) Howell, N. K.: Li-Chan, E. C. Y. Elucidation of interactions of
Changes such as reductiondaéhelix and formation off-sheet, lysozyme with whey proteins by Raman spectroscdpy. J.
disulfide bond reactions, and exposure and buriedness of Food Sci. Technol1996,31, 439—451.
hydrophobic groups and amino acid residues were observed (18) Ikeda, S.; Li-Chan, E. C. Y. Raman spectroscopy of heat-induced
between albumin, globulins, serum, and whole plasma. All of fine-stranded and particulafelactoglobulin gelsFood Hydro-
these features contributed to the formation of strong, irreversible colloids 2004,18, 489—498.

heat-induced gels. The application of a dimensionality reducing (19) Badii, F.; Howell, N. K. Fish gelatin: structure, gelling properties

technique such as PCA was useful to show in a few plots the and interaction with egg albumen proteiff®od Hydrocolloids
. s . . 2006,20, 630—640.
most important qualities in terms of differences between protein (20) Howell, N. K.: Arteaga, G.: Nakai, S.; Li-Chan, E. C. Y. Raman

samples. As shown by the PCA' some of the attributes of both spectral analysis in the C-H stretching region of proteins and
unheated and heated solutions showed a strong pH-dependent  amino acids for investigation of hydrophobic interactiods.
behavior. Additionally, the role of fibrinogen when present was Agric. Food Chem1999,47, 924—933.

suggested as having a significant effect on the gel’s attributes, (21) Howell, N. K.; Herman, H.; Li-Chan, E. C. Y. Elucidation of
due to the differences observed between serum and plasma. The protein-lipid interactions in a lysozymecorn oil system by
information obtained from this study will be useful in the Fourier transform Raman spectroscopy Agric. Food Chem.

understanding of the physicathemical properties of heat- 2001,49, 1529—1533. _
induced plasma protein gels. (22) Ngarize, S.; Adams, A.; Howell, N. K. Studies on egg albumen

and whey protein interactions by FT-Raman spectroscopy and
rheology.Food Hydrocolloids2004,18, 49-59.
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