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1 Abstract 

2 Disulfides are important for maintaining protein native structure, but they may undergo 

3 rearrangement in the presence of free Cys residues, especially under elevated temperatures. 

4 Disulfide rearrangement may result in protein aggregation, which is associated with in vivo 

5 pathologies in organisms as well as in vitro protein functionality in food systems. In a food context, 

6 it is therefore important to understand the process of disulfide rearrangement on a site-specific 

7 level in order to control aggregation. In the present study, an LC-MS-based bottom-up site-specific 

8 proteomic approach was optimized to study disulfide rearrangements in beta-lactoglobulin (β-LG) 

9 under different heat treatments (60-90 °C). Artifactual disulfide rearrangement observed during 

10 sample preparation using a conventional protocol was detected and minimized by blocking the 

11 remaining free Cys residues with iodoacetamide in the presence of urea after heat treatment. Use 

12 of endoproteinase Glu-C for enzymatic hydrolysis allowed, for the first time, identification and 

13 comparison of relative intensity of all theoretically possible β-LG disulfide cross-links formed by 

14 the heat treatments. Non-native disulfides were formed from heat treatment at approx. 70 °C where 

15 β-LG started to unfold, while higher levels of inter-molecular disulfide links were formed at ≥80 

16 °C, in agreement with β-LG aggregation detected by SEC analysis. Collectively, the Cys residues 

17 of the surface-located native disulfide Cys66-Cys160 were proposed to be more reactive, 

18 participating in heat-induced disulfide rearrangement, compared to other Cys residues. The 

19 abundant signal of non-native disulfide bonds containing Cys66, especially Cys66-Cys66, 

20 observed after heating suggested that Cys66 is a key disulfide-linked Cys residue in β-LG 

21 participating in heat-induced inter-molecular disulfide bonds, and the corresponding protein 

22 aggregation.

23 Keywords: Cysteine, beta-lactoglobulin, LC-MS, aggregation, thiol/disulfide exchange
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24 Introduction

25 Disulfide bonds (-S-S-) linking two Cys residues in proteins stabilize protein secondary, tertiary 

26 and quaternary structures. With the presence of free Cys residues, spontaneous disulfide 

27 rearrangement may occur via two proposed pathways: 1) direct thiol/disulfide exchange reactions 

28 and 2) oxidation-mediated disulfide bond formation.1 In biology, in vivo interconversion between 

29 thiol and disulfide is a dynamic reaction participating in cellular redox homeostasis. The correct 

30 linkage of native disulfides is important for protein structure and function, while the formation of 

31 non-native disulfide bond retards reversible protein renaturation.2 In food processing, disulfide 

32 rearrangement has shown to be accelerated by heating, often resulting in protein aggregation via 

33 inter-molecular disulfide links.3 For example, stable soluble protein aggregates are produced from 

34 whey protein isolate (WPI) using thermal treatments in order to increase the heat stability of the 

35 proteins in pasteurized beverages.4,5 It is generally accepted that beta-lactoglobulin (β-LG), as the 

36 most abundant whey protein, is the primary contributor of these heat-induced whey protein 

37 aggregates.3,6 Therefore, it is important and necessary to study disulfide rearrangement in heated 

38 β-LG to be able to understand the heat-induced aggregation process of whey proteins.

39

40 There are five Cys residues in β-LG, four in disulfide links (Cys66-Cys160, Cys106-Cys119) and 

41 one unpaired (Cys121).7–9 The change of total disulfide level of β-LG under different heat 

42 treatments has been investigated, however, such previous studies did not provide information of 

43 how and where the rearrangement occurs, nor the specific contribution of the rearranged disulfides 

44 to the aggregation process.10–14 Understanding how each Cys residue is cross-linked after heat-

45 induced disulfide rearrangement provides more information about the aggregation progress than 

46 determining the total disulfide content. This is especially the case when disulfides rearrange via 
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47 direct thiol/disulfide exchange reactions, where the total disulfide content remains unchanged. 

48 Recently, the use of MS-based proteomic analysis in the study of β-LG disulfide bonds has 

49 provided more site-specific information.15–19 However, these studies only revealed the occurrence 

50 of disulfide rearrangement by identifying non-native disulfide bonds after thermal treatments at 

51 one specific temperature, whereas the disulfide rearrangement process with identification of both 

52 native and non-native disulfide bonds over a range of thermal treatments has not yet been 

53 demonstrated. In addition, most studies on β-LG disulfide rearrangement have used trypsin for 

54 enzymatic hydrolysis, which will cleave β-LG into two single-Cys (Cys66 and Cys160) peptides 

55 and one tri-Cys (Cys106, Cys119 and Cys121) peptide. Hereby, mainly the disulfides involving 

56 the two Cys residues present on single-Cys peptides have been studied previously, leaving the 

57 disulfides involving the other three Cys residues ambiguously identified. Also, tryptic digestions 

58 have generally been conducted at the optimal working pH for the enzyme (pH 7-9), where the 

59 exposed thiol group (R-SH) from free Cys121 will be deprotonated to the more reactive thiolate 

60 form (R-S-) leading to thiol/disulfide exchange reactions.20 Thus, the alkaline pH may introduce 

61 artefactual disulfide rearrangement during sample handling and affect the outcomes of disulfide 

62 cross-link investigations. 

63

64 In the current study, the effect of different heat treatments on β-LG disulfide rearrangement was 

65 evaluated by a bottom-up site-specific proteomic approach using LC-MS/MS. The heat treatments 

66 included a temperature range around the denaturation temperature of β-LG (60-90 C for 10 min) 

67 as well as a more extreme heat treatment (90 C for 120 min) in order to investigate disulfide 

68 rearrangement during protein unfolding and aggregation. The potential artefactual disulfide 

69 rearrangement during sample handling was determined and minimized by optimizing the method 
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70 for an accurate relative quantification of disulfide cross-links. For the first time, all theoretically 

71 possible disulfide-linked peptides from β-LG were quantified over a range of temperature 

72 treatments, including single disulfide-linked double-peptides and double disulfide-linked triple-

73 peptides. The effects of disulfide cross-links in heat-induced β-LG aggregates were evaluated by 

74 comparison to the heat-induced changes in molecular weight as determined by size exclusion 

75 chromatography (SEC). This novel approach to study disulfide cross-linking is adaptable for other 

76 protein- and food samples, and provides reliable site-specific information for protein structural 

77 studies and industrial applications.

78

79 Materials and Methods

80 Chemicals and Reagents

81 β-Lactoglobulin (β-LG) from bovine milk variant A/B (Lot SLBS6536, ≥99%), α-lactalbumin (α-

82 LA) from bovine milk (≥85%), bovine serum albumin (BSA) (≥98%), albumin from chicken egg 

83 white (≥98%), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), acetic acid, tris(2-

84 carboxyethyl)phosphine (TCEP), iodoacetamide (IAA), LiChroSolv LC-MS grade acetonitrile, 

85 sodium hydroxide, urea, sodium dihydrogen phosphate, di-sodium hydrogen phosphate and 

86 sodium acetate were obtained from Merck (Søborg, Denmark). The protease Staphylococcus 

87 aureus endoproteinase-Glu-C (Glu-C) was obtained from Worthington (NJ, USA), and formic acid 

88 was purchased from VWR (Leuven, Belgium). Ultrapure water was produced using a Milli-Q 

89 system (Millipore, Bedford, MA, USA). All reagents were of analytical grade.

90

91 Preparation of Protein Samples 
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92 β-LG (15.88 mg/mL) was prepared in 55 mM HEPES buffer (pH 7.0) and stored at -80 °C before 

93 treatment. Protein samples (0.2 mL) were heated in 0.2 mL polymerase chain reaction (PCR) tubes 

94 (Molecular BioProducts Inc., San Diego, CA, USA) in a thermal cycler (Applied Biosystems 2720, 

95 version 2.09, Thermo Fischer Scientific, Singapore). Heat treatments were performed at 60, 70, 

96 80, or 90 °C for 10 min starting from 25 °C (temperature increased approximately 1.1 °C/s) 

97 followed by cooling (approximately -0.7 °C/s to 4 °C). A sample heated at 90 °C for 120 min was 

98 included as an extreme sample, together with unheated control samples (kept at 4 °C for 10 min). 

99

100 In order to estimate any potential artefactual disulfide reshuffling after heat treatment, protein 

101 samples were prepared in three sets (Figure 1): set E) exposed free Cys residues were alkylated 

102 immediately after heat treatments using 15 mM IAA, set T) total free Cys residues were alkylated 

103 using 15 mM IAA in the presence of 4 M urea, and set S) referring to a standard set where samples 

104 were immediately frozen at -20 °C without alkylation after heat treatment. In both sample sets E 

105 and T, pH was firstly adjusted to 6.5 with the same amount of 50 mM sodium acetate (pH 6.0), 

106 and the alkylation reaction was conducted in dark at 30 °C for 30 minutes with shaking, followed 

107 by freezing and storage at -20 °C until further analysis. 

108

109 Enzymatic Hydrolysis 

110 After thawing, pH of samples from set S was adjusted to pH 6.5 with an equal volume of 50 mM 

111 sodium acetate (pH 6.0). Urea was added into samples from sets S and E to reach 4 M and 

112 incubated at room temperature for at least 10 min before enzymatic hydrolysis (Figure 1). The 

113 urea concentration of all samples from all sets were diluted to 1 M with 50 mM sodium acetate 

114 (pH 6.5), followed by three hours of hydrolysis with 2.5% Glu-C (protein-to-enzyme ratio (w/w) 

Page 6 of 37

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



7

115 100:1). The Glu-C hydrolysis was repeated for another 15 hours, and all enzymatic hydrolysis 

116 were carried out at 30 °C.

117

118 Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS) 

119 All digested samples were acidified with 99% formic acid to a final concentration of 5%, and 

120 transferred to a 96-well PCR plate (Axygen PCR-96-FS-C, VWR, Søborg, Denmark) with a seal 

121 mat (Axygen AM-96-PCR-RD, VWR, Søborg, Denmark), and kept at 10 °C before injection. 

122

123 The liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis was performed on a 

124 UHPLC Ultimate 3000 system equipped with a reversed-phase C18 column (Aeris 1.7 µm 

125 PEPTIDE XB-C18 100 Å, 100 × 2.1 mm, Phenomenex, Torrance, CA, USA) coupled with a Q 

126 Exactive hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific, Roskilde, 

127 Denmark) system. 

128

129 Each 10 µg of sample was injected at a 0.25 mL/min flow rate, with a column temperature of 40 

130 °C. Chromatographic separation of the peptides was performed using 0.1% formic acid as mobile 

131 phase A and 0.1% formic acid in 99.9% acetonitrile as mobile phase B with the following gradient: 

132 isocratic elution at 3% B for the first two min followed by three linear separation steps, where B% 

133 reached 10%, 30% and 90% at six min, 26 min and 30 min, respectively. The column was cleaned 

134 using 90% B until 35 min. The solvent combination returned to the starting condition (3% B) 

135 within 0.5 min followed by 4.5 min of re-equilibration before the next injection, giving a total 

136 analysis time of 40 min. 

137
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138 Peptides were analyzed using the “Full MS/data dependent-MS2 (dd-MS2)” method in positive ion 

139 mode, with a resolution of 35,000 (FWHM) for both MS and MS2 and an MS scan range of m/z 

140 260-1,500. Automatic Gain Control (AGC) settings were 1E6 for both MS and MS2, and maximum 

141 injection time was 300 and 240 ms for MS and MS2, respectively. The five most intense (Top N) 

142 ions from the MS scan were isolated (m/z 2.0 isolation window width) to acquire five (loop count) 

143 MS2 scans after fragmentation in the higher-energy collisional dissociation (HCD) cell with 

144 normalized collision energy (NCE) set at 28. After being selected for MS2, the ions were excluded 

145 for further MS2 event for 5 s (dynamic exclusion). Ions with unassigned charge state or charge 

146 states higher than 8+ were excluded from MS2 selection.

147

148 Modification Database Search on Linear Peptides

149 Proteome Discoverer (ver. 2.2.0.388, Thermo Fisher Scientific, Roskilde, Denmark) was used for 

150 identification of modified peptides through the Sequest HT search engine with integrated 

151 Percolator algorithm to filter peptide identification to a false discovery rate (FDR) of <0.01. The 

152 following parameters were used: precursor mass tolerance of 10 ppm; MS2 mass tolerance of 0.06 

153 Da and up to three missed cleavages. Glu-C was set as digestion enzyme and Cys 

154 carbamidomethylation (+57 Da) was selected to be the only variable modification. Database search 

155 results (.msf file) were validated in the Skyline software (ver. 20.1.0.76, University of Washington, 

156 Seattle, WA, USA) by verifying retention time, isotopic correlation, and b-, y- ion distribution in 

157 the MS2 spectra.21 

158

159 Modification Database Search on Cross-Linked Peptides
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160 pLink (ver. 2.3.9, Institute of Computing Technology, Chinese Academy of Sciences, Beijing, 

161 China) was used to identify cross-linked peptides. Preset linker “Disulfide Bond (HCD-SS)”, 

162 between two Cys residues (-2 Da) was selected.22 Peptide identifications were required to have 

163 less than three missed cleavages and a maximum of ± 20 ppm precursor and fragment mass 

164 deviation. Peptide mass and length were limited to 400-6,000 and 4-60, respectively, and Cys 

165 carbamidomethylation (+57 Da) was selected as variable modification.

166

167 Cross-linked peptides identified by pLink were manually imported into the Skyline software, by 

168 “linearizing” the cross-linked peptide sequences, according to Chen & Rappsilber.23 Retention 

169 times of the imported linearized peptide precursor ions (with 10 ppm precursor tolerance and 

170 correct isotopic correlation) were compared with pLink search result, calculated by “Output.exe” 

171 (downloaded from: https://github.com/pFindStudio/pLink2/tree/master/files, accessed in March 

172 2019) based on the identified spectrum, and the b-, y-ions assignment in MS2 spectra were verified 

173 in the pLabel software (ver. 2.4, Institute of Computing Technology, Chinese Academy of 

174 Sciences, Beijing, China). 

175

176 Manual Identification of Disulfide Cross-Linked Peptides

177 In order to have a comprehensive overview of the disulfide profile in different heat-treated β-LG 

178 samples, all theoretical disulfide cross-links between any two and three Glu-C fully-cleaved β-LG 

179 Cys-containing peptides, including those that had not been detected by pLink, were “linearized” 

180 and validated in the Skyline software as described above. For cross-linked triple-peptides, two 

181 “pseudo-peptide bonds” were added while four hydrogens were abstracted. Manual annotations of 

182 all disulfides were conducted based on their MS2 spectra at their potential retention time(s) that 
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183 were identified in the MS1 spectrum according to the m/z value of individual precursor disulfide-

184 linked peptide from the .raw data, followed by two steps: 1) identifying each of the disulfide-linked 

185 linear peptide entities individually, and 2) determining the linkage position. A description of the 

186 detailed annotation criteria has been included in the Supporting Information. For disulfide cross-

187 links that have uncertain cross-link position, a “/” sign is inserted to separate the two potential Cys 

188 residues, while a “-” sign is used to indicate the Cys residues of the disulfide (e.g. Cys106-

189 Cys119/Cys121-Cys160 means Cys106 and Cys160 are disulfide-linked with either Cys119 and 

190 Cys121). A loop-linked disulfide, linking two Cys residues on the same peptide, is indicated as 

191 Cys119-Cys121, and the double-disulfide double-peptide (Cys119/Cys121=Cys119/Cys121) is 

192 linked by a “=” sign, to designate two disulfide bonds between two peptides. 

193

194 Relative Quantification and Data Analysis

195 Only fully-cleaved peptides were included in the relative quantification. Relative quantification 

196 was performed for selected validated peptides in the Skyline software by integrating the area-

197 under-curve of the three first isotopologue ion peaks in the extracted ion chromatogram for the 

198 most abundant charge state. All peptide peak areas were firstly normalized by the peak area of a 

199 specific, non-Cys-containing control peptide, KTKIPAVFKIDALNE, [75-89], (+3), from β-LG 

200 as internal standard. Disulfide cross-link results are presented as percentage values (the normalized 

201 peak area of the cross-linked peptide for a particular treatment divided by the highest normalized 

202 peak area of the same cross-linked peptide among all treatments of either variant A or B) with their 

203 associated standard deviations. 

204
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205 The protein database of β-LG (P02754) from bovine milk was downloaded from Uniprot 

206 (http://www.uniprot.org, accessed in September 2019), all amino acid numbering are based on 

207 their mature processed forms. LC-MS/MS raw data files are available via MassIVE 

208 (https://massive.ucsd.edu) with identifier MSV000088240.

209

210 Determination of Size Distribution of β-LG Aggregates by Size Exclusion Chromatography 

211 (SEC)

212 β-LG samples (15.88 mg/mL) in 10 mM phosphate buffer (pH 7.0) were heated as described above, 

213 and either diluted to 2 mg/mL in the same phosphate buffer or urea (final concentration 7.5 M; pH 

214 7.0). Freshly heat-treated samples were filtered through a 0.2 µm regenerated cellulose membrane 

215 filter and separated on a BioSep-SEC-s2000 column (300 × 4.6 mm, 5 µm particle size, 145 Å 

216 pore size, Phenomenex, Torrance, CA, USA) connected to a Dionex Ultimate 3000 Ultra high 

217 performance liquid chromatography (HPLC) system, consisting of a binary pump, auto sampler 

218 and a diode array detector (DAD) (Thermo Fischer Scientific, Roskilde, Denmark). Each 40 μg of 

219 protein sample was injected and separated isocratically at a flow rate of 0.1 mL/min with 100 mM 

220 phosphate buffer (pH 8.0) as mobile phase at ambient temperature for 60 min, while UV 

221 absorbance at 214 nm was recorded. In order to distinguish β-LG dimers that were linked by non-

222 covalent and covalent bonds, protein samples were eluted at pH 8.0, as β-LG undergoes dimer to 

223 monomer transition at pH above 7.5.6,24 α-LA (14.2 kDa), ovalbumin (44.3 kDa), and BSA (66.5 

224 kDa) were selected as standards to evaluated molecular weights of the constituent peaks from the 

225 SEC analysis. Both peak shape and retention time of all eluted peaks in unheated control sample, 

226 as a quality control, remained unchanged after over 200 injections in different independent 

227 experiments. 
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228

229 Statistical Analysis 

230 All heating (and control) experiments were performed as independent triplicates, and results are 

231 shown as means ± standard deviation (SD). Statistical analysis was performed by one-way 

232 ANOVA with a Tukey-Kramer HSD post-hoc test in JMP Pro 15 (SAS Institute Inc., Cary, North 

233 Carolina, USA) with p<0.05 being considered statistically significant. 

234

235 Results and Discussion

236 Identification of Disulfide-Linked Peptides and Peptides with Free Cys after Heat Treatment

237 Glu-C was selected for the enzymatic hydrolysis in order to avoid generating a tryptic β-LG 

238 peptide that contained three Cys residues. Digestion with Glu-C resulted in three peptides that only 

239 contained one Cys residue each ([66-74], [90-108] and [159-162]) and a peptide that contained 

240 two Cys residues (referred to as di-Cys peptide, [115-127]) (Table 1). The di-Cys peptide [115-

241 127] can create both non-native single disulfide-linked double-peptides and double disulfide-

242 linked triple-peptides during heat treatment. Among the triple-peptides identified in the present 

243 study, the term ‘semi-native disulfide-linked peptides’ was used for the occurrence of one native 

244 and one non-native disulfide bond on the triple-peptide. For example, Cys106 is natively linked 

245 with Cys119, while Cys121 being non-natively linked to another Cys residue, e.g. Cys66, resulting 

246 in Cys106-Cys119/Cys121-Cys66. One mutation between the two most abundant genetic variants 

247 (A and B) of β-LG is also located on the di-Cys peptide [115-127], in which Val118 in variant A 

248 is replaced by Ala118 in variant B,25 making it possible to compare intensities between these two 

249 variants. Higher degrees of disulfide-linked peptides, e.g. triple disulfide-linked quadruple-

250 peptides were not detected, presumably due to their low intensity and/or abundance. 
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251

252 In the present study, all fully Glu-C cleaved Cys-containing peptides in β-LG were identified, as 

253 well as all theoretically possible di- and tri-disulfide-linked peptides. As the free Cys residues were 

254 completely or partially alkylated in sample sets T and E, the alkylated Cys signal represented the 

255 free (unpaired) Cys residue in these two sample sets.

256

257 Evaluation of Artifactual Disulfide Rearrangement after Heat Treatment 

258 Lower relative intensities of native disulfides and higher relative intensities of non-native 

259 disulfides were found in the non-alkylated standard sample set (set S) in the unheated control as 

260 compared to the alkylated sample sets (set T and E) (example shown in Figure 2). These results 

261 suggest the occurrence of disulfide rearrangement during sample handling in sample set S, which 

262 is not surprising due to the presence of the free Cys121 residue that may facilitate thiol/disulfide 

263 exchange reactions.1,26–28

264

265 Among all heating conditions, non-native disulfides (e.g. Cys106-Cys106, Cys106-Cys160 and 

266 Cys106-Cys66) were detected in higher intensities in the partially alkylated sample set E (with 

267 only IAA added) than in sample set T (with both urea and IAA added), where all Cys residues 

268 were alkylated (representative example shown in Figure 2B). In addition, at lower heating 

269 temperatures (≤80 °C), the intensities of native disulfide were significantly lower in sample set E 

270 as compared to sample set T (example shown in Figure 2A). This indicates that even lower levels 

271 of free Cys residues buried in the protein structure in sample set E, as compared to sample set S, 

272 were still able to initiate significant artifactual disulfide rearrangement after heat treatment.2,28,29 

273 This was supported by results from an additional experiment performed on α-LA (containing no 
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274 free Cys residues but four disulfide bonds) following the same heat treatments, where no 

275 significant difference in disulfide shuffling was observed in either alkylated or non-alkylated α-

276 LA samples, after treatments up to 90 °C for 10 min (Supporting Information, Figure S1). 

277 Comparing the overall disulfide profiles among treatments and samples, it was suggested that the 

278 observed artifactual disulfide shuffling was most likely taking place during the 18 hours of 

279 enzymatic hydrolysis. This was probably due to the remaining free Cys being exposed and the 

280 protein structure was opened up during digestion with urea added. The use of slightly acidic pH 

281 (pH 6.5) at 30 °C, which would reduce the reactivity of thiols compared to more alkaline pH, did 

282 not completely hinder the artifactual disulfide shuffling.

283

284 Thus only data from sample set T, where all free Cys residues were supposed to be blocked by the 

285 addition of urea and IAA, reflected the actual impact of heat treatments on the disulfide profile, 

286 and will be the focus of the present study. 

287

288 Relative Quantification of Disulfide-Linked Peptides and Peptides with Free Cys after Heat 

289 Treatment

290 By comparing both disulfide-linked Cys and unpaired Cys residues over the employed temperature 

291 range, heating contributed to the loss of native disulfides and the resulting formation of non-native 

292 disulfides (Table 2). In addition, the relative content of free Cys residue at each Cys site was found 

293 to increase with increasing heat treatment (Table 3). 

294

295 Even in sample set T, several non-native free Cys and disulfide cross-links, e.g. Cys119-Cys121, 

296 Cys66-Cys66 and Cys160-Cys160, were identified in the unheated control samples, implying the 
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297 potential changes introduced during protein preparation, i.e. isolation, purification and storage 

298 steps.15 Heating β-LG to 60 °C did not introduce any significant intensity shifts for all identified 

299 free Cys and disulfides, whereas significant signal loss of native disulfides (Cys66-Cys160 and 

300 Cys106-Cys119/Cys121-IAA) were noticed from 70 °C, in which more non-native disulfides, such 

301 as Cys66-Cys66, Cys66-Cys119/Cys121-IAA and Cys160-Cys119/Cys121-IAA, were also 

302 formed. The scrambling of disulfides implied changes in protein conformation, resulting in 

303 irreversible protein unfolding.2,28,29 Thus, the irreversible denaturation transition of β-LG was 

304 suggested to start between 60 and 70 °C, which is in agreement with its reported molten globule 

305 transition point.6,13,30

306

307 Heat-Induced Disulfide Rearrangement Started at Both Native Disulfides Concomitantly

308 In the present study, the relative signal of the native disulfide Cys106-Cys119/Cys121-IAA 

309 decreased more with increasing heat load compared to the other native disulfide Cys66-Cys160 

310 (Table 2). A premature interpretation of this observation could be to suggest that Cys106-Cys119 

311 was a more susceptible target for Cys121, as compared to Cys66-Cys160, to undergo heat-induced 

312 disulfide rearrangement. This seemed to be in agreement with a previous study, in which a possible 

313 rearranged product between Cys121 and Cys106-Cys119 (i.e. non-native Cys106-Cys121) was 

314 identified in β-LG after heating for a short time at 85 °C.29 However, the interpretation of results 

315 based only on the native disulfide signals should be done with care, as the signal loss of Cys106-

316 Cys119/Cys121-IAA could be caused by events besides the breakage of the native disulfide bond, 

317 Cys106-Cys119, for example, the formation of semi-native disulfide-linked peptides. Furthermore, 

318 the signal of the native Cys66-Cys160 cross-link cannot be distinguished from non-native inter-

319 molecular Cys66-Cys160, which contributes to the same signal, thereby having an opposite effect 

Page 15 of 37

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



16

320 on the signal loss. According to a structural study of β-LG, Cys121 would not undergo 

321 thiol/disulfide exchange reaction with Cys119 without significant structural change, because these 

322 two residues are not in close contact in the native conformation.31 In the present study, reshuffled 

323 non-native disulfides (e.g. Cys66-Cys66, Cys106-Cys119/Cys121-Cys66 and Cys66-

324 Cys119/Cys121-IAA), as a result of Cys121 attacking either of the native disulfides, were initially 

325 noticed simultaneously at 70 °C (Table 2). 

326

327 At 90 °C, the relative signal of free Cys106 started to increase slightly (less than two-fold), whereas 

328 the signals of free Cys160 and Cys66 already reached their maximum observed signal, with 

329 increased by about 50 and 18 times, respectively (Table 3). In addition, a higher signal increase 

330 of the two semi-native disulfide-linked peptides that contained Cys66 or Cys160 (i.e. Cys106-

331 Cys119/Cys121-Cys66 and Cys106-Cys119/Cys121-Cys160) was observed at 80 °C, compared 

332 to all other non-native disulfides. Hereby, although both native disulfides started to rearrange 

333 concomitantly at 70 °C, the surface-located disulfide Cys66-Cys160 was proposed to have a 

334 relatively higher reactivity towards disulfide rearrangement compared to the natively buried 

335 disulfide Cys106-Cys119.

336

337 The Role of the Native Free Cys121 in Heat-Induced Disulfide Rearrangement

338 Significant increases of free Cys66 and Cys160 were observed from heating at 70 °C (Table 3), 

339 where disulfide rearrangements were also initiated in the present study. It was therefore uncertain 

340 whether or not the employed heat treatments induced direct disulfide breakage of Cys66-Cys160, 

341 instead of releasing Cys66 and Cys160 via thiol/disulfide exchange reactions. An additional 

342 experiment was conducted by heating pre-alkylated β-LG (i.e. alkylation of Cys121), at 70–90 °C 
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343 for 10 min, to investigate the effect of heating on the generation of free Cys residues. Results 

344 showed no significant loss in native disulfide cross-links and no significant increase in free Cys 

345 residues after heating (data not shown), which was in line with previous studies.27–29 This result 

346 indicated that the employed heat treatments (until 90 °C, 10 min) were not able to generate 

347 sufficient free Cys residue by direct disulfide cleavage to induce significant disulfide 

348 rearrangement, without the presence of a free thiol group. Hence, the essential role of the native 

349 free Cys121 in heat-induced disulfide rearrangement and the following aggregation of β-LG in 

350 solution was further emphasized. 

351

352 Higher Level of Inter-Protein Disulfide Cross-Linking at Higher Heating Temperatures

353 As the protein was subjected to higher temperatures (≥80 °C) and thereby increased degree of 

354 unfolding, the signal of native disulfides further decreased, while all identified non-native 

355 disulfide-linked double- and triple-peptides increased, especially for the inter-protein cross-links. 

356 To take the double-peptide double disulfide cross-link (Cys119/Cys121=Cys119/Cys121) as an 

357 example, the signal derived from two heterologous peptides (one from β-LG A, one from β-LG B) 

358 was significantly higher than the two homologous disulfide-linked peptides (both from β-LG A or 

359 β-LG B), indicating a higher preference for inter-molecular disulfide pairing after heating above 

360 the protein denaturation temperature. At 80 °C, more than 60% of the signal of the native disulfide 

361 peptide (Cys106-Cys119/Cys121-IAA) was lost, while the two semi-native triple-peptide 

362 disulfides, i.e. Cys106-Cys119/Cys121-Cys66 and Cys106-Cys119/Cys121-Cys160, reached their 

363 intensity plateaus (Table 2). It was thereby speculated that the cleavage rate of the native Cys106-

364 Cys119/Cys121-IAA might exceed the formation rate of Cys119/Cys121-containing non-native 

365 disulfide (with either Cys66 or Cys160) at temperature >80 °C. In particular, significant amounts 
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366 of free Cys66 and Cys160 were released after heating (>80 °C) and became available for 

367 thiol/disulfide exchange reactions (Table 3). Altogether, these results revealed an increasing 

368 accessibility of the natively shielded Cys residues (Cys106, Cys119 & Cys121), inside the 

369 hydrophobic barrel, at higher temperature treatments.

370

371 Native Cys106-Cys119 in β-LG A is More Thermally Stable towards Cleavage than β-LG B

372 The native disulfide peptide Cys106-Cys119/Cys121-IAA had a higher signal loss in β-LG variant 

373 B (about 80% loss) than in variant A (about 64% loss) after heating at 80 °C. In addition, the non-

374 native disulfide signals, e.g. Cys66-Cys119/Cys121-Cys160, Cys66-Cys119/Cys121-Cys66, 

375 Cys66-Cys119/Cys121-IAA and Cys160-Cys119/Cys121-IAA, in which the di-Cys peptide was 

376 involved, were found to be significantly higher in variant B, as compared to variant A. The initial 

377 content of variant B was about 45% lower than variant A in the used β-LG sample stock according 

378 to the HPLC measurement described in our previous study.32 Hereby, β-LG variant A was 

379 proposed to be more thermally stable than variant B towards cleavage of the natively buried 

380 disulfide, Cys106-Cys119, or towards pairing of Cys121 with another Cys residues, which was in 

381 agreement with other studies.9

382

383 Cys66-Cys66 is an Important Rearranged Disulfide Participating in Heat-Induced β-LG 
384 Aggregation

385 The relative quantification strategy only allowed the study of individual Cys and/or disulfide 

386 containing peptides among treatments, whereas the relationship between peptides was not 

387 evaluated. In the present study, the absolute signal of all disulfide cross-links and unpaired Cys 

388 residues were compared to estimate their roles in the rearranged disulfides. In order to reduce the 

389 effect of distinct ionization efficiencies for peptides that shared different amino acid compositions, 
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390 i.e. peptide length and basicity, signals of all detected charged states from the same peptides were 

391 summed up for comparison. Additional experiments under reducing condition revealed that the 

392 signal intensity of most free Cys residues (except for the short Cys160-containing peptide) were 

393 in the same order of magnitude (Supporting Information, Table S1), further supporting the 

394 estimation of the role of disulfides via the comparison of absolute signal intensity. 

395

396 Cys66-Cys66 was by far the most abundant non-native disulfide, having more than 30-fold higher 

397 signal intensity than any other non-native disulfide cross-link, at any of the employed heat 

398 treatments (Supporting Information, Table S1). This result strongly suggests that Cys66-Cys66 is 

399 the most important rearranged disulfide in heat-induced β-LG aggregates. Furthermore, the signal 

400 of the free Cys66-peptide was the most abundant (ca. 10-fold) among all Cys-containing peptides 

401 under non-reduced conditions (Supporting Information, Table S1). The effect of different 

402 ionization efficiencies of various peptides could be discounted, considering the signals of free Cys 

403 peptides under reducing condition were of the same magnitude. Under reducing condition, where 

404 all disulfides were converted to free Cys residues, the signal intensity of each peptide containing 

405 free Cys residue(s) was supposed to represent the total level of the corresponding Cys residue(s) 

406 within the system (Supporting Information, Table S1). By comparing the signal intensity of 

407 individual peptides with free Cys residue(s) between non-reduced and reduced conditions, the 

408 impact of heat treatment on the release of free Cys residues can be estimated. It has to be noted 

409 that the underlying assumption of ionization efficiencies of each Cys-containing peptide being 

410 comparable is often not valid, reducing the accuracy of this comparison. The significantly higher 

411 proportion of free Cys66 and Cys160, compared to Cys106 and Cys119/Cys121 (Supporting 

412 Information, Table S1), seemed to support the findings from Kehoe et al.,33 who suggested that 
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413 Cys66 and Cys160 were the primary free Cys residues released after heat treatment. Altogether, 

414 Cys residues of the native disulfide Cys66-Cys160 were proposed to be more prone to be involved 

415 in rearranged disulfides after heating, which was in agreement with the suggestion from Gezimati 

416 et al. and Kehoe et al.33,34  

417

418 Size Distributions of β-LG Particles after Heat Treatment 

419 The differences in aggregate size among different heated β-LG solutions were compared by size 

420 exclusion chromatography (SEC) (Figure 3). Separating β-LG samples by SEC at pH 8.0, rather 

421 than at neutral pH, efficiently dissociated native dimeric β-LG molecules towards their monomeric 

422 form, according to the pH-dependent structural change of β-LG.6,24 As a result, it was possible to 

423 differentiate non-covalently linked and covalently linked β-LG dimers between unheated and 

424 heated samples by comparing with SEC results performed at pH 7 (data not shown). 

425

426 The amount of β-LG aggregate and their sizes increased with increasing intensity of the heat 

427 treatment. The small fraction of dimeric β-LG observed in the unheated control sample had a 40% 

428 increase after heating at 70 °C,  which was in agreement with the initial increase of the non-native 

429 disulfides detected by MS (Table 1). A small shoulder close to the native β-LG peak started to 

430 appear, once β-LG was unfolded at ≥70 °C, which might indicate a non-native β-LG monomer that 

431 had undergone structural changes, presumably via intra-molecular disulfide rearrangement.29 The 

432 poor separation between the native and non-native monomer peaks after more intense heat 

433 treatments suggested a wider range of conformational isomers that possessed intra-molecular 

434 rearranged disulfide links. In addition, the relative ratio of remaining native monomer obtained 

435 from SEC (Supporting Information, Table S2) correlated well with the level of the native disulfide 
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436 peptide, Cys106-C119/Cys121-IAA, obtained from the MS analysis under all employed heating 

437 conditions (Table 1), which made the signal of this peptide a good indicator for evaluating the 

438 denaturation degree of heat-treated β-LG.

439

440 The heat-induced smaller disulfide-linked aggregates have previously been proposed to associate 

441 via non-covalent interactions (e.g. hydrophobic interaction) and undergo further aggregation to 

442 form larger particles.27,35–37 This was confirmed in the present study as the large heat-induced 

443 polymers were partially dissociated at >80 °C, while higher signals of monomer and disulfide-

444 linked oligomers (including dimer, trimer, tetramer, etc.) were observed once urea was mixed with 

445 samples before injection (Supporting Information, Tables S2 and S3). More specifically in the 

446 sample heated at 90 °C for 120 min, about half of the aggregated polymers (>100 kDa) were 

447 dissociated by the presence of urea and converted back to a wide range of smaller oligomers and 

448 monomers. This result further supported the statement of oligomers being the building blocks of 

449 larger heat-induced β-LG aggregates.11,12,18 Overall, the heat-induced disulfide-linked aggregates 

450 detected by SEC analysis reflected the extent of disulfide rearrangement in heated β-LG.

451

452 Supporting Information

453 Detailed method description of criteria for manual disulfide annotation. LC-MS/MS relative 

454 quantification of a native (A) Cys6-Cys120, and a non-native, (B) Cys6-Cys6 disulfide-linked α-

455 LA peptides (Figure S1). The approximate peak areas of Cys-containing peptides (Table S1). 

456 Distributions of β-LG molecules in different aggregated states after different heat treatments 

457 (Table S2). Distributions of β-LG molecules in different aggregated states after different heat 

458 treatments with addition of urea (Table S3).

459
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600 Tables

601 Table 1 Primary Structure of β-LG Variant A Digested by Glu-C.*

602 *Amino acid numbering is based on the mature processed form of the bovine β-LG (P02754) 
603 protein sequence. The two sequence variations from β-LG variant A and B are indicated by “(/)”. 
604 All five Cys residue locations are followed in “(residue number)” sign as subscript in red, and the 
605 two native disulfide cross-links are indicated by black lines.

Peptide 
Number

Amino Acid 
Numbering Sequence

1 [1-44] LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLRVYVE
2 [45] E
3 [46-51] LKPTPE
4 [52-55] GDLE
5 [56-62] ILLQKWE
6 [63-65] N(D/G)E
7 [66-74] C(66)AQKKIIAE
8 [75-89] KTKIPAVFKIDALNE
9 [90-108] NKVLVLDTDYKKYLLFC(106)ME
10 [109-114] NSAEPE
11 [115-127] QSL(V/A)C(119)QC(121)LVRTPE
12 [128-131] VDDE
13 [132-134] ALE
14 [135-157] KFDKALKALPMHIRLSFNPTQLE
15 [158] E
16 [159-162] QC(160)HI

Cys66-Cys160

Cys106-Cys119
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606 Table 2 Relative Quantification of Disulfide Cross-Links in Glu-C Digested Peptides in Sample set T of β-LG (variant A and B) by LC-
607 MC before and after Different Heat Treatments.*

Heat TreatmentsCross-link Type
 

Cys Residues Position  in 
Disulfide Linkages

Mass 
Shift (Da) Variants

Unheated 60 °C, 10 min 70 °C, 10 min 80 °C, 10 min 90 °C, 10 min 90 °C, 120 min

A 94.7 ± 16.5% d,e 100.0 ± 20.6% e 76.0 ± 21.0% d 33.9 ± 6.0% c 12.8 ± 3.6% a,b,c 7.2 ± 1.3% a,b
Cys106-Cys119/Cys121-IAA -2+57

B 27.5 ± 5.2% b,c 29.9 ± 7.0% c 20.6 ± 6.1% a,b,c 5.6 ± 1.0% a,b 2.5 ± 0.8% a 2.5 ± 0.5% aNative

Cys66-Cys160 -2 A + B 99.1 ± 2.9% a 100.0 ± 3.8% a 85.8 ± 3.3% b 53.9 ± 2.4% c 36.2 ± 1.8% d 35.8 ± 1.5% d

Cys66-Cys66 -2 A + B 7.3 ± 0.4% a 7.3 ± 0.4% a 12.9 ± 0.6% b 42.2 ± 2.5% c 62.9 ± 3.5% d 100.0 ± 6.5% e

Cys66-Cys106 -2 A + B ND 0.3 ± 0.2% a 0.9 ± 0.3% a 5.1 ± 0.9% b 21.5 ± 4.8% c 100.0 ± 3.7% d

Cys106-Cys106 -2 A + B 0.3 ± 0.1% a 0.2 ± 0.2% a 0.7 ± 0.1% a 9.4 ± 0.8% b 40.3 ± 3.6% c 100.0 ± 11.5% d

Cys106-Cys160 -2 A + B 0.4 ± 0.1% a 0.4 ± 0.2% a 1.4 ± 0.4% a,b 8.3 ± 0.9% b 22.9 ± 7.1% c 100.0 ± 10.6% d

Cys160-Cys160 -2 A + B 19.4 ± 1.1% a 19.2 ± 0.9% a 19.9 ± 1.3% a 32.9 ± 1.9% b 52.8 ± 3.1% c 100.0 ± 4.5% d

A 9.4 ± 0.9% a,b 9.5 ± 0.4% a,b 14.3 ± 0.8% b,c 36.1 ± 1.7% d 62.3 ± 4.3% f 76.3 ± 3.0% g
Cys66-Cys119/Cys121-IAA -2+57

B 5.5 ± 0.6% a 6.1 ± 0.2% a 16.6 ± 0.9% c 50.4 ± 2.0% e 83.1 ± 5.3% h 100.0 ± 4.3% i

A 5.2 ± 0.8% a 5.7 ± 0.5% a 14.3 ± 0.5% b 50.6 ± 2.5% c 83.3 ± 4.9% e 81.7 ± 4.7% e

Non-native                             
(double-peptide 

disulfide)

Cys160-Cys119/Cys121-IAA -2+57
B 3.9 ± 0.5% a 4.3 ± 0.2% a 19.8 ± 1.1% b 68.5 ± 2.5% d 100.0 ± 4.7% f 88.3 ± 4.5% e

A ND 14.7 ± 3.0% a 47.5 ± 12.1% b 100.0 ± 19.4% c 95.1 ± 30.3% c 33.2 ± 6.5% a,b
Cys106-Cys119/Cys121-Cys66 -4

B ND ND 14.8 ± 4.1% a 29.5 ± 5.2% a,b 14.6 ± 3.7% a 2.2 ± 0.7% a

A 0.5 ± 0.2% a 0.6 ± 0.3% a 5.3 ± 0.9% a 49.2 ± 4.1% c 100.0 ± 4.5% e 99.3 ± 7.7% e
Cys106-Cys119/Cys121-Cys106 -4

B ND ND 5.6 ± 0.7% a 27.9 ± 3.9% b 47.7 ± 1.6% c 66.7 ± 3.1% d

A 2.5 ± 0.8% a 6.1 ± 1.4% a,b 28.3 ± 1.5% e,f 100.0 ± 2.9% g 97.5 ± 7.5% g 34.8 ± 1.4% f

Semi-native                            
(triple-peptide 

disulfide)

Cys106-Cys119/Cys121-Cys160 -4
B 1.8 ± 0.1% a 3.3 ± 0.6% a 15.0 ± 2.4% c,d 35.0 ± 4.1% f 23.4 ± 4.9% d,e 14.5 ± 1.1% b,c

A ND ND 0.0 ± 0.0% a 2.6 ± 0.4% a 11.4 ± 0.7% c 77.9 ± 2.8% e
Cys66-Cys119/Cys121-Cys66 -4

B 0.1 ± 0.0% a 0.1 ± 0.0% a 0.4 ± 0.0% a 7.8 ± 0.9% b 21.4 ± 1.9% d 100.0 ± 3.4% f

A 0.1 ± 0.1% a 0.2 ± 0.0% a 2.1 ± 0.2% a 18.2 ± 0.6% c 41.4 ± 2.6% d 57.2 ± 2.5% e
Cys66-Cys119/Cys121-Cys160 -4

B 0.6 ± 0.2% a 1.0 ± 0.1% a 9.7 ± 0.7% b 41.6 ± 2.0% d 74.3 ± 3.3% f 100.0 ± 4.7% g

A ND ND 0.3 ± 0.1% a 13.9 ± 2.0% b 47.0 ± 1.8% c 100.0 ± 2.3% d

Non-native                             
(triple-peptide 

disulfide)

Cys160-Cys119/Cys121-Cys160 -4
B ND ND ND 12.2 ± 2.7% a,b 35.5 ± 8.5% c 88.6 ± 7.8% d

Loop-link                              Cys119-Cys121 -2 A 90.9 ± 16.1% d,e 92.7 ± 8.7% d,e 100.0 ± 12.9% e 78.3 ± 9.3% c,d 68.9 ± 6.8% b,c 60.0 ± 5.5% a,b
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B 55.5 ± 10.0% a,b 57.8 ± 5.5% a,b 63.1 ± 6.6% a,b,c 55.7 ± 6.2% a,b 61.3 ± 5.8% a,b,c 45.8 ± 4.3% a

A 0.9 ± 0.2% a 1.0 ± 0.1% a 1.9 ± 0.2% a 14.6 ± 1.6% b,c,d 46.0 ± 5.8% f 91.2 ± 14.0% h

B 0.5 ± 0.1% a 0.4 ± 0.1% a 2.2 ± 0.3% a 14.1 ± 1.6% b,c 19.8 ± 2.1% c,d 25.7 ± 3.0% d,e

Non-native                                 
(double-peptide 

double-
disulfide)

Cys119=Cys121 -4

A + B 5.1 ± 0.6% a,b 5.2 ± 0.6% a,b 5.9 ± 0.7% a,b 31.6 ± 3.5% e 71.1 ± 7.9% g 100.0 ± 14.9% h

608 *Disulfide cross-links results are presented as normalized percentage values with their respective standard deviations. The highest 
609 normalized percentage values of each cross-link in each variants or each residue are shown in bold. Values for the same cross-link (or 
610 loop-link) followed by different letters are significantly different (one-way ANOVA with a Tukey-Kramer HSD post-hoc test, p<0.05). 
611 Cys residues can either be linked with another Cys residue (-2 Da) or alkylated by IAA (+57 Da). The corresponding mass shifts of each 
612 disulfide cross-link compared to the unmodified linear form are listed. Abbreviation is as follows: IAA, Iodoacetamide; ND, not 
613 detected.
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614 Table 3 Relative Quantification of free Cys residues in Glu-C Digested Peptides in Sample set T of β-LG (variant A and B) by LC-MS 
615 before and after Different Heat Treatments.*

Heat Treatments
Amino Acid Numbering Mass Shift (Da) Variants

Unheated 60 °C, 10 min 70 °C, 10 min 80 °C, 10 min 90 °C, 10 min 90 °C, 120 min

A 17.9 ± 2.4% b 19.9 ± 2.8% b,c 25.8 ± 1.3% c 63.5 ± 2.2% d 95.0 ± 5.1% f,g 92.4 ± 4.6% f
Cys119-IAA and Cys121-IAA +57+57

B 8.1 ± 1.1% a 8.4 ± 1.0% a 19.0 ± 0.5% a,b 62.1 ± 2.0% d 100.0 ± 3.5% g 84.6 ± 4.3% e

Cys106-IAA +57 A + B 5.9 ± 0.5% a 7.1 ± 2.2% a 8.4 ± 2.1% a 16.3 ± 2.3% a 28.4 ± 7.7% b 100.0 ± 9.7% c

Cys66-IAA +57 A + B 5.7 ± 0.3% a 9.3 ± 0.6% a 34.1 ± 1.9% b 85.3 ± 4.9% d 100.0 ± 7.7% e 74.0 ± 4.6% c

Cys160-IAA +57 A + B 2.2 ± 0.2% a 4.7 ± 0.3% a 24.5 ± 0.6% b 74.8 ± 5.0% c 100.0 ± 1.2% d 79.3 ± 3.5% c

616 *Values for the same alkylated Cys followed by different letters are significantly different (one-way ANOVA with a Tukey-Kramer 
617 HSD post-hoc test, p<0.05).  The highest normalized percentage values of each alkylated Cys residues in each variants or each residues 
618 are shown in bold.
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Figure captions

Figure 1. Workflow of the experimental set-up for proteomic analysis.

Figure 2. LC-MS/MS relative quantification of a native (A) Cys66-Cys160, and a non-native (B) 

Cys106-Cys160 disulfide residue from three different sample sets: standard set with no alkylation 

(“S”, black, ◻); alkylated exposed free Cys residues (“E”, grey, ◻); and alkylated total free Cys 

residues (“T”, white, ◻). Bars indicated by different letters are significantly different (one-way 

ANOVA with a Tukey-Kramer HSD post-hoc test, p<0.05).

Figure 3. SEC profile of β-LG solutions under different heat treatments.
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Figures

Figure 1.
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 Figure 2. 
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Figure 3.
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Abstract Graphics
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