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The availability of analytical methods for quantification of allergens is crucial for the correct assessment and
labeling of products in order to protect allergic consumers. For this purpose, a simple, sensitive and accurate
technique was developed based on liquid chromatography-tandem mass spectrometry and multiple reaction
monitoring mass spectrometry (LC-MRM-MS/MS). The proposed method uses a simple purification with heat
and a completely optimized tryptic digestion. This method has been validated according to the requirements
defined by ICH (Q2 [R1]), having a linear range from 0.10 to 1179.36 nM with r > 0.999. The parvalbumin
beta in flounder (Paralichthys olivaceus) has been quantified at a low level down to 0.10 pg/g with satisfactory
precision (RSD < 18.35%) and accuracy (< 13.3%). The new approach was successfully applied for the de-
termination of parvalbumin beta in the other food matrices.

1. Introduction

Currently, food allergies have become one of the main concerns in
the food safety sector. For sensitized individuals, a small amount of
allergens could cause allergy symptoms ranging from minor (e.g. der-
matitis, nausea, vomiting...) to severe (e.g. anaphylactic shock).
However, there is no effective measure but to assure the total exclusion
of allergens from the diet of sensitive individuals.

To guarantee the security of the allergenic customers, numerous
regulations regarding food allergenic components have been enforced
(Commission directive 2000/13/EC, 2000; Commission Directive
2007/68/EC, 2007; Regulation (EU) No 1169/2011, 2011; US Food and
Drug Administration, Food Allergen Labeling and Consumer Protection

Act, 2004). In the European Union (EU), the labeling legislation entails
a mandatory declaration of the existence of 14 main allergenic foods
including fish and its products in the labels (Regulation (EU) No 1169/
2011, 2011). Usually, the warning applies in ambiguous and incon-
sistent manners (e.g. “may contain, be free of...”), and lack the suffi-
cient interpretation of precautionary labels, thereby misleading the
customers. Sometimes, the ignorance and negligence of allergenic
peoples also lead to severe allergic reactions (Ballmer-Weber et al.,
2015). The new terminology -“reference doses” of allergenic foods, a
basis for the definition of impending threshold values, has been brought
up in recent years (Ballmer-Weber et al., 2015; Heinonen, 2014; Taylor
et al., 2014). The reference dose of fish protein was reported to be
27.3mg of protein, likely provoking allergic reactions in 10% of the
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sensitized individuals (Ballmer-Weber et al., 2015). As a consequence,
considering the regulations and allergen threshold levels discussed
above, it is necessary to establish accurate, sensitive and simple
methods to detect traces of allergenic substances in the food and its
products.

To date, enzyme-linked immunosorbent assay (ELISA) and real-time
quantitative polymerase chain reaction (RT-qPCR) are widely used in
routine laboratories to detect allergens in food (Jayasena et al., 2015;
Khuda et al., 2012; Sathe, Teuber, & Roux, 2005; Verhoeckx et al.,
2015). The ELISA method, which is based on the interaction of an al-
lergen with its antibody, is the most commonly used method because of
its sensitivity, operability and potential for standardization (Parker
et al., 2015). But this method has significant drawbacks in terms of
reproducibility and specificity. The qualification results from the same
sample are not identical between commercial ELISA kit from different
manufacturers, especially for the analysis of thermally processed foods
(Poms et al, 2005). The interference of matrix components
target allergen’s epitopes which may be modified to be not detected
during food processing, resulting in false-negative results (Fu & Maks,
2013; Jayasena et al., 2015; Khuda et al., 2012; Sathe et al., 2005;
Verhoeckx et al., 2015). The RT-qPCR method is established using the
specific DNA sequence of the allergenic protein as the biomarker
(Eischeid, Kim, & Kasko, 2013). With regards to the characteristics of
DNA (i.e., heat stable, specificity etc.), this method is less affected by
heat processing and has a low chance of cross-reactions than protein-
based method. Yet DNA will be separated and degraded during food
production, as a result, might perform the false-negative results
(Holzhauser & Roder, 2015).

Due to the limitations of the above mentioned two methods, high
performance liquid chromatography coupled with tandem mass spec-
trometry (HPLC-MS/MS) method has been developed for allergenic
protein analysis in foodstuffs (Carrera, Canas, & Gallardo, 2012; Downs,
Baumert, Taylor, & Mills, 2016; Koeberl, Clarke, & Lopata, 2014; Korte
& Brockmeyer, 2016; Planque et al., 2016; Sayers et al., 2018). The
combination of the effective separation techniques (e.g. nano-LC, HPLC,
UHPLC) with stable monitoring techniques (e.g. Q-TOF, PRM, SRM,
MRM, MS3) advances this method better in terms of sensitivity and
specificity for the detection of multiple food allergens simultaneously
both in raw and processed samples. The main steps involved in LC-MS/
MS method includes signature peptide markers selection, minimization
of interference from matrix components, optimization of mass spec-
trometric and chromatographic performances, and validation of
method in terms of reproducibility, accuracy, sensitivity, linearity and
quantification (Koeberl et al., 2014). The labeled or unlabeled peptides
were frequently used as the chemical substitutes to quantify allergen
peptide markers (Posada-Ayala et al., 2015; Ippoushi, Sasanuma, Oike,
Kobori, & Maeda-Yamamoto, 2016). The mass spectrometry method
based on multiple reaction monitoring mode (MRM) focused on pro-
teotypic peptides, are more widely used (Korte et al., 2016; Lin, Chen,
Zhang, Li, & Fu, 2018). Although several studies had been validated in
terms of the limit of quantification (LOQ), limit of detection (LOD),
signore-to-noise (S/N) and linearity curve, there are few methods sys-
tematically validated following the guidelines (Mindaye, Spiric, David,
Rabin, & Slater, 2017; ICH.Q2 [R1], 2005; Commission Decision of
2002/657/EC, 2002).

Fish allergy is an important concern in the seafood processing en-
vironment. Numerous fish allergens including parvalbumin, enolase,
aldolase and vitellogenin have been reported, and parvalbumins beta
(B-PVs) are identified as the major allergens (Kuehn, Swoboda,
Arumugam, Hilger, & Hentges, 2014). B-PVs are EF-hand calcium-
binding globular protein having a molecular mass weight of 10-12 kDa,
an acidic pI (3-5) and play a role of muscle relaxation. Due to this
structure, especially the Ca®* binding site, B-PVs are resistant to tryptic
digestion and heat treatment (Swoboda et al., 2002). Both of the two
characteristics increase the difficulty to quantify -PVs using HPLC-MS/
MS. Carrera et al. (2012) reported a rapid and direct HPLC-SMIM-MS/
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MS method for the qualitative detection of (3-PVs in foodstuffs. This
method allows the analysis of B-PVs in less than 2 h by ultrasound-as-
sisted trypsin digestion, however, the selected peptides were not proved
to be used in quantitative analysis and lacked the validation proce-
dures.

The purpose of the present research was to establish a stable HPLC-
MS/MS method for the quantitative analysis of B-PV in flounder
(Paralichthys olivaceus). The method, using mass spectrometry with
MRM, suits the routine laboratory equipment involved in food analysis.
The established method was completely validated via a set of para-
meters in accordance with the guidelines of ICH Q2 (R1), including
linearity, LOD, LOQ, precision and accuracy. Additionally, the vali-
dated method was employed for determining the presence of allergens
in different matrices acquired from local supermarkets.

2. Materials and methods
2.1. Chemicals and reagents

Tris, glycine, dithiothreitol (DTT), ammonium bicarbonate
(NH4HCO3), iodoacetamide (IAA) and BCA protein quantitation Kit
were procured from Sigma-Aldrich (St. Louis, MO, USA). Formic acid
and acetonitrile (ACN) of HPLC grade were obtained from Merck
(Darmstadt, Germany). RapiGest SF acid labile surfactant (ALS) and
sequencing grade trypsin were purchased from Waters Corporation
(Manchester, UK) and Roche Diagnostics (Indianapolis, USA), respec-
tively. Water was obtained from a Milli-Q Gradient A 10 system
(Millipore, Bedford, MA, USA). DTT, IAA, RapiGest SF and trypsin were
dissolved in 50 mM ammonium bicarbonate solution.

The reference peptides including ALTDAETK, SDFIEEDELK and
LFLQNFSASAR (95% standard) were chemically synthesized by Sangon
Biotech (Shanghai, China). Stock solutions (10.0 mM) were prepared in
methanol/water (50/50, v/v) and diluted to 10.0 mL, then stored at
—70 °Cin dark for a maximum of 3 months. Working standard solutions
at different levels were prepared for the calibration curves by diluting
the stock solutions with the digests of turbot muscle matrix, and were
kept at 4 °C in the dark and found to be stable for 48 h.

The recombinant B-PV (Gene Bank number: BAF98925.1) was ex-
pressed and purified from Escherichia coli in Sangon Biotech (Shanghai,
China). Finally, 13.0 mg of recombinant B-PV was obtained with the
purity of over 95%.

2.2. Preparation of fishes and matrices

Flounder (Paralichthys olivaceus), turbot (Scophthalmus maximus),
brown-marbled grouper (Epinephelus fuscoguttatus), small yellow
croaker (Pseudosciaena polyactis) and silver carp (Hypophthalmichthys
molitrix) were obtained from local supermarkets. Food matrices in-
cluding pork, shrimp, chicken muscle and beef were purchased from
local supermarkets. To validate the method, incurred matrices were
prepared by the addition of 1.0 g of the minced muscle of flounder to
9.0 g non-contaminated minced matrices with homogenization.

2.3. Sample extraction

The white muscle of flounder was homogenized using a homo-
genizer. 1.0 g of muscle was transferred into a 10.0 mL polypropylene-
based centrifuge tube and extracted with 4.0 mL of 0.1 M Tris, 0.5 mM
glycine and 1.0 mM DTT, then homogenized for 2.0 min using an Ultra
Turrax T-18D (Ika, Staufen, Germany) at 8000 rpm/min. After cen-
trifugation for 20.0 min at 4 °C and 12000 X g, the supernatant was pi-
petted into a new 10 mL polypropylene centrifuge tube. Then, the ex-
tracts were heated for purification in a water bath at 90 °C for 3.0 min.
After centrifugation for 20 min at 4 °C and 12000 X g, the concentration
of supernatants was measured by the bicinchoninic acid (BCA) kit
(Sigma-Chemical Co., USA) (Smith et al., 1985). The other fish muscles
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were prepared using the same protocol.

2.4. Sample digestion

A 10.0 pL aliquot of supernatant was diluted in 90.0 L. of 0.1%
RapiGest SF. After vortexed for 10s, 10.0 uL of 100.0 mM IAA was
mixed with alkylate proteins, followed by incubation for 45.0 min at
37°C in the dark. A 10.0h trypsin digestion was performed (protein:
trypsin ratio 1:10) at 37 °C. Formic acid (1.0%) was added to stop the
digestion and remove RapiGest SF incorporation with centrifugation
(12000 x g, 10.0 min). At last, the volume was adjusted to 200.0 puL with
the initial mobile phase. Recombinant B-PV (1.3 mg/mL) was digested
using the same protocol as a sample.

2.5. LC-MS/MS method development

Data were attained on a QTRAP 5500 LC — MS/MS system (AB
Sciex Corp., Framingham, MA, USA) coupled with Essentia LC-16 HPLC
(SHIMADZU Corp., Japanese). The chromatographic separation was
achieved using Waters BEH C18 column (100 mm X 2.1 mm; i.d.
2.4 um) at 40 °C. Ten microliters of sample were injected with the help
of auto-sampler. A gradient elution was performed at a flow rate of
0.3 mL/min with a mobile phase of 0.1% formic acid in water (A) and
0.1% formic acid in acetonitrile (B), such that at time 0 min it was 3%
B; at 8.0 min it was 95% B; at 9.0 min it was 95% B; at 9.1 min it was
3% B; and at 11.0 min it was 3% B.

The mass spectrometer was equipped with an ESI source operating
in positive MRM and MS3 mode, respectively. The data was acquired by
Analyst version 1.6.2 software (AB Sciex Pte. Ltd., Concord, Ontario,
Canada). A turning for MRM and MS3 parameters was performed by
directly infusing 100.0 uM of working solution with an electronically
controlled integrated syringe followed by the tuned program. The
parameters of MS3 refer to the reported methods of Korte and
Brockmeyer (2016). The following parameters were used: ionSpray
voltage, 4.5 kV; temperature, 450 °C. The pressure of an auxiliary gas
(nitrogen), spray gas (nitrogen), collision gas and curtain gas was set at
45, 50, 8 and 30 psi, respectively. Miscellaneous optimized settings and
retention times for each peptide are presented in Table 1.

2.6. Quality parameters

The proposed LC-MS/MS approach for quantitative analysis of fish
allergen was assessed via a set of parameters to conform the re-
commendations as defined by ICH protocols (ICH.Q2 [R1], 2005). The
sensitivity of the developed method was validated by LOD and LOQ.
The LOD, defined as the lowest concentrations of analyte where it could
be detected, was measured based on a signal-to-noise (S/N) ratio of

Table 1

MRM and MS3 parameters of peptides for the identification of 3-PV by LC-MS/MS.
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between 3:1 and 2:1. While, LOQ was the minimum concentration at
which the analyte can be quantified, and the distinctive signal-to-noise
ratio is 10:1. The precisions, including inter-day and intra-day preci-
sion, were assessed as the relative SD (RSD) by analyzing peptides from
three independently spiked turbot muscle at 20.0, 50.0 and 100.0 ug/g,
respectively. The intra-day precision was evaluated from RSD of three
samples in one day. The inter-day precision was evaluated from RSD of
the concentration of the three independent samples over three days.
The accuracy of the proposed method was tested by correlating the
concentration of recombinant B-PV quantified by LC-MS/MS with the
results of BCA protein quantitation kit (1.3 mg/mL). The spiked turbot
muscle was extracted and digested in multiple replicates, then quanti-
fied using the optimized LC-MS/MS method.

3. Results and discussion
3.1. Selection of peptides

The candidate peptides selection was performed based on the amino
acid sequence composition (8 to 25 amino acids, exclude cysteine and
methionine), tryptic cleavage efficiency and reproducibility (no in-
ternal arginine or lysine residues), physicochemical properties (post-
translational modifications and hydrophobicity) and characteristic of
chromatogram (high signal intensities) (Mallick et al., 2007). Moreover,
the exogenous and endogenous interferences in complex foodstuffs can
also influence food allergen detection, then, at least 3 or 4 peptides of
each allergen were needed to ensure the specificity of the LC-MS/MS
method.

The range of amino acid identity among fish B-parvalbumins was
reported at 46-100% with an average of 72% (Swoboda et al., 2002).
Therefore, unlike other allergens, detection of different fish parvalbu-
mins has to choose numerous peptides as the biomarkers. Carrera et al.
(2012) selected at least 16 peptides for detecting most fish B-PVs.
However, these peptides could not be used for quantification of B-PV
extracted from flounder. The most conserved region of amino acid se-
quence from 163 teleostei 3-PVs was identified among the residues 46
to 77 (Carrera et al., 2012). This region encompasses one helix-loop-
helix motif and Ca®*-binding loop which are the characteristic se-
quence of fish B-PVs (Swoboda et al., 2002). Thus, the biomarkers were
ideally selected from this region.

In this study, the sequence of B-PV of flounder (Paralichthys oliva-
ceus) (accession number: A9ZTF2) was searched in the UniProt KB
database (http://www.uniprot.org, accessed on 2018 April 22). An in
silico digestion of the target peptide sequence was performed using the
software Skyline v 2.6. Four potential candidate peptides were pre-
dicted with the ionization parameters of MRM (Table 1). To further
validate these peptides, a 100.0 ug/mL recombinant (3-PV solution was

Sequence Position Precursor ion Production Collision Declustering Transitions (MS3) (m/z) Excitation Retention time
(charge state) (m/z)  (fragment) Energy (ev) Potential (ev) Energy (min)
ALTDAETK 76-83 424.6%F 664.3 (y6™)" 28 100 N N 2.68 = 0.01
563.2 (y51) 27
448.2 (y4™) 26
SDFIEEDELK ~ 55-64  612.9%" 875.5 (y7™) 22 90 612** »762.3" —-744.2% 0.35 3.63 = 0.01
762.3 (y6™)" 23
633.3 (y5©) 19
LFLQNFSASAR 65-75  627.4%% 880.4 (y8™) 18 100 6277+ —753.27 -7352% 0.43 4.06 + 0.02
752.3 (y7*)" 16
638.3 (y6©) 15
AAFAVIDQDK  45-54  539.3%* 788.4(y7 ") _ _ _ _ _
717.4(y6™)
618.3(y5")

“Ion for quantification.
NMNo data were detected.
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Table 2

The matching scores, intensities and charges of the completely digested pep-

tides of recombinant flounder B-parvalbumin.

Peptide Sequence Position Score Intensity Charges
AAFAVIDQDK 46-55 166.5 4.251E + 10 2
SDFIEEDELK 56-65 98.2 6.436E + 09 2
LFLQNFSASAR 66-76 177.4 6.711E + 10 2
ALTDAETK 77-88 261.4 1.49E + 11 2
IGVDEFAAMVK 98-108 93.6 6.3E + 10 2

digested using trypsin then detected by tandem mass spectrometry in Q
Exactive™ Plus (Thermofisher, USA). The Data were processed using
Proteome Discoverer 1.3 against UniProt KB database (http://www.
uniprot.org, accessed on 2018 April 22). All of the mentioned peptides
were detected with high matching scores and intensities (Table 2). After
a Basic Local Alignment Search Tool (BLAST) analysis of the retained
peptide sequences, the peptide of SDFIEEDELK was found as the unique
in the B-parvalbumin sequence of flounder (Table S1). Besides, the
other peptides were also searched in different fishes. Therefore they
could be used as the biomarkers for the detection of other fish parval-
bumins. The peptide of AAFAVIDQDK was excluded because of a re-
latively low homology. Finally, the peptides of ALTDAETK, SDFIEED-
ELK and LFLQNFSASAR were selected for the LC-MS/MS analysis. The
intensity of the peptide of SDFIEEDELK was found to be the highest
than the others in same concentration during standard work solution
(Fig. 1). However, it was lowest when detected B-PV extracted from
flounder because of the low digestion efficiency (Fig. 2). Finally, ALT-
DAETK was selected as the quantitative peptide for determining 3-PVs
of flounder in present assay due to the highest sensitivity.

3.2. Optimization of chromatography and mass spectrometry

All the purified extracts were digested using trypsin, and separated
by RP-HPLC, subsequently measured by ESI-MS/MS operated with
MRM scan mode to detect the selected peptides derived from samples.

The HPLC parameters including column, mobile phase and elution
program were optimized for a good separation of each peptide prior to
MS detection. An excellent separation of peptides with high reprodu-
cibility was achieved via this method (Fig. 1). The retention times of the
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peptides ALTDAETK, SDFIEEDELK and LFLQNFSASAR were
2.68 + 0.07, 3.63 *= 0.01 and 4.06 + 0.02, respectively.

The optimization of mass spectrometry revolves around ionization
and ion transmission conditions were performed by infusing 100.0 pM
synthetic peptides. The MS parameters including mass fragments and
peptides were set according to the results of in silico digested by
Skyline. The ESI source and the positive ion mode were designated for
quantitative assessment owing to the amidogen in the chemical struc-
tures. Three peptides and their relevant MRM fragments were identified
and optimized according to the signal quality and strength. We de-
termined that the charge state for all precursor ions was only +2 (Fig.
S1). At least two y-ion transitions (product ions) of each precursor ion
were usually selected for confirmation of each peptide and the most
abundant was utilized for quantitative purposes (Table 1). Subse-
quently, the collision energy (CE) and declustering potential (DP) of
each transition were optimized. Table 1 shows the target peptides to-
gether with the MRM fragments and optimized MS/MS parameters in
the final LC-MS/MS assay.

Recently, Korte and Brockmeyer (2016) had reported the multiple
reaction monitoring cubed (MRM3) technology in the QTRAP systems
that could significantly reduce the matrix interference, increase the
specificity and obtain high abundant signals in quantitative confirma-
tion of lobster, shrimp and nut allergens. In the present study, we ap-
plied MRM3 mode according to the reported approach. The Q3 was set
to a unit resolution and used in LIT mode. MRM3 parameters were also
turned with synthetic peptides, aided by syringe pump injection. The
CE and DP of each peptide were set as the same as the optimized value
in MRM mode. The excitation energy (AF2) was further optimized by
taking into account the signal intensity (Table 1). Finally, just two MS3
transitions were selected, namely 627** —753.2% — 735.2% (LFLQ-
NFSASAR) and 612" " —762.3" —744.2% (SDFIEEDELK) (Fig. S2).
For evaluating this method, we detected these two different con-
centrations of peptides by MRM and MRM3 mode, respectively. As seen
in Fig. 3, the signal intensities of two peptides detected with MRM3
mode were far lower than the levels in MRM mode. Although the MRM3
method has the advantage of specificity and anti-interference, it’s un-
available to every food allergen because of the low signal sensitivity.

XIC of +MRM (8 pairs): 612.900/875.500 Da Max. 1.2e4 cps]
a
3.0e4
0.0‘| l\ [L A
0.0 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0 9.0
Time, min
XIC of +MRM (& paws): 627.400/752.400 Da Wax. 7860.0 cps |
7860 _| JL
.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
Time, min
TCof +MRW (8 pawrs): 612.500/762.300 Da Wax 30ed cps
C
3.0e4 J o
0.0 ‘
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
Time, min
TC of +MRW (6 pars): 424 600/664 300 Da W3x. Z5ed cps
2,004 | !\
0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
Time, min

Fig. 1. Total ion chromatogram (a) and extracted ion chromatogram (b, c, d) of target peptides by analyzing work solution (concentration = 5nM). b, ¢ and d are the
peptides of LFLQNFSASAR (627.4% * —753.2%), SDFIEEDELK (612.9" * —762.3%) and ALTDAETK (424.6" " — 664.3 "), respectively.
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Fig. 2. Total ion chromatogram (a) and ex-
tracted ion chromatogram (b, c, d) of target

Max. 23e4 cps.

5.0e6 1 peptides by analyzing muscle of flounder
j “ A (Paralichthys olivaceus) with the concentra-
0"0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 tion of 2686.3nM. b, ¢ and d are the pep-
' ’ ' ’ T.ime mfn ’ ' ’ ’ tides of LFLQNFSASAR (627.4%% —
W XIC of *MRM (6 paiss): 627.4007752.400 Da ’ Max. 28¢6 cps. b 753.27), SDFIEEDELK (61297 —
4.05 762.3%) and ALTDAETK (424.67 " —
2.0e6 j ’ ‘\ 664.3%), respectively.
00 10 20 30 40 50 60 70 80 90
) Time. min
B XIC of +MRM (6 pairs): 612.900/762.300 Da Max 40ed cps. C
4.0e4 | 3}‘[5
00 10 20 30 40 50 60 70 80 90
Time, min
B XIC of “MRM (6 pairs): 424.600/664.300 Da Max. 6466 cps d
5.0e6 j 2'ﬁ7
0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
Time, min

3.3. Digestion conditions optimization

For the complete digestion of allergens, parameters including se-
lection of denaturants, amount of RapiGest SF, time of incubation and
enzyme to substrate ratio should be optimized according to the max-
imum peptide yield. Several helices in B-PVs form a cavity in which
special amino acid sequences (SDFIEEDELK) are buried. This structure
may contribute to its resistance to trypsin (Ikura, 1996; Swoboda et al.,
2002). Therefore, B-PVs were supposed to be pretreated with dena-
turants such as SDS, urea, guanidine and RapiGest SF (an acid-labile

surfactant) prior to digestion (Burkhart, Schumbrutzki, Wortelkamp,
Sickmann, & Zahedi, 2012; Norrgran et al., 2009; Suder, Bierczynska,
Konig, & Silberring, 2004). Also, the denaturants should be removed
prior to MS analysis that will adversely affect the efficiency of trypsin
and response of MS. RapiGest SF was adopted because it helps to in-
crease the proteins more soluble and more susceptible to tryptic di-
gestion. Besides, it also has the advantage of easy removal by acid-
ification, as it is acid labile and degraded into components which has no
influence on the MS analysis at pH < 2.0 (Suder et al., 2004). There-
fore, RapiGest SF was selected as the ideal protein denaturant in tryptic

MRM:612.97-762.3* MRM:627.4" 753.2°
2ees 40ug/L 7 100ug/L 40ug/L **= 100ug/L
8_‘ 2.4e5 o 7e4 205
2.2e5
Q 20 :::: Bed e
e 1.8e5 Sois 1.6e5
PN 1ses 4565 L 143
,4: 1.4e5 4.0e5 sea 1.265
UL 1zes 3.5¢5 1.0e5
Q 1.0e5 3.0e5 3ed _—
G.) 8.0e4 25e5 -
E 6.0e4 12'222 2e4 6.0e4
—  40ed e . e
2,004 ;E: Tet 204
0.0e0 k 0.0e0 k Oe0 0.0e0
MRM?*:612.9"—>762.3=744.2* MRM?: 627 4t 753.2'— 735.2°F
40ug/L 2000 100ug/L es0 40ug/L 0o 100ug/L
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digestions. In addition, the effect of concentrations of RapiGest SF at
five levels: 0%, 0.025%, 0.05%, 0.1% and 0.2% were also explored.
Fig. 4a shows that digestion was not efficient without the use of Rapi-
Gest SF. A significant difference was observed between 0.025% and
0.2% RapiGest SF with an earlier increasing and later decreasing trend.
This might be because of the high concentration (above 0.2%) of Ra-
piGest SF has negatively influenced the activity of trypsin (Norrgran
et al., 2009).

Enzyme-to-substrate ratio was also one of the important indicators
of complete digestion. Most digestion methods typically use ratios of
1:100 to 1:10 (Smith, 2003; Suder et al., 2004). We evaluated this
factor by adding trypsin to the extrats of flounder at ratios of 1:100,
1:50, 1:10, 1:5 and 1:1, as shown in Fig. 4b. Three peptides have the
different optimum enzyme-to-substrate ratios. The maximum digestion
efficiency for the peptide of SDFIEEDELK was found at the high en-
zyme-to-substrate ratio of 1:1 due to the buried structure. Compara-
tively, the peptides of LFLQNFSASAR and ALTDAETK were more sus-
ceptible to trypsin and decreased at concentrations above the ratio of
1:10. Therefore, the ratio of 1:10 was selected in our assay. The time of
incubation was also investigated from 2.0 to 16.0h. A 10.0 h digestion
duration was adapted for the assay based on the highest peptide yields
(Fig. 4c). Taken together, the digestion protocol for 3-PVs was adopted
by employing 0.1% RapiGest SF, a high level of trypsin, and a 10.0 h
digestion time.

3.4. Evaluation of the performance of LC-MS/MS method

The performance of this method was validated from the parameters
including linearity, sensitivity, precision and accuracy according to ICH
protocols (ICH.Q2 [R1], 2005). Linearity was replicated over three days
using fresh standard peptides with a wide concentration range
(0.07-1179.36 nM). Calibrations were constructed from log-trans-
formed data because of the wide concentration range. The method
exhibited a good linear relationship with the qualified correlation
coefficients (r > 0.999). Sensitivity was assessed by LOQ and LOD
calculated by S/N ratio. The results were listed in Table 3, showing that
the B-PV could be detected in fish at < 0.1 ug/g, lower than the prior
reports by ELISA (Shibahara, Uesaka, Wang, Yamada, & Shiomi, 2013).
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Precession was evaluated using repeated quantification of recombinant
B-PV which was spiked into the muscle of turbot with different con-
centrations. The muscle of turbot was selected as the blank samples
because the turbot is same with flounder belonging to the flatfish family
Bothidae and was also verified excluding the selected peptides (Fig. S3).
The LC-MS/MS method was precise with the RSD of inter-day and intra-
day for all peptides (< 18.35%). Quantification accuracy was assessed
by comparing the quantitative results of recombinant parvalbumin
(purity > 95%) in turbot muscle using the optimized LC-MS/MS
method with BCA Protein Quantitation Kit. The concentration of re-
combinant parvalbumin was calculated at 1.3 mg/mL by BSA. Table 3
shows the accuracy of the LC-MS/MS assay within 13.3% of the target
quantity. The validated parameters confirm the LC-MS/MS method
could meet the requirements for quantitative detection of 3-PV in fish
(ICH.Q2 [R1], 2005).

To assess the matrix effect, the peptide stock solutions were diluted
to three levels with the digests of the turbot muscle (20 nM, 50 nM and
100 nM) and analyzed by LC-MS/MS. Comparing with the peak area of
peptides in methanol/water (50/50, v/v) with the same concentrations.
The matrix interference was considered significant when the peak areas
differed by > 20%. The matrix effect was not the same with all peptides
from the same allergen. The differences of three peptides of ALTDAETK,
SDFIEEDELK and LFLQNFSASAR were between 9.8% and 17.3%,
10.5%-14.5% and 10.9%-18.3%, respectively. The low degree of in-
terference confirms that the matrix has a very minor effect on the
peptides quantification.

3.5. Analysis in other matrices

For the purpose of evaluating the applicability of this method in
other matrices, we detected three peptides from the incurred matrices.
The incurred matrices were prepared by adding 1.0 g muscle of fish to
the 9.0 g minced matrices (pork, shrimp, chicken muscle and beef)
which were obtained from local supermarkets. All of the peptides were
detected with the acceptable inter-day RSDs (< 10%) (Fig. S4). In ad-
dition, the method was successfully applied to detect other fish par-
valbumins (Fig. S5). The peptide of ALTDAETK was detected in brown-
marbled grouper (Epinephelus fuscoguttatus), small yellow croaker
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Table 3
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Results of linearity, limit of detection (LOD), limit of quantification (LOQ), precision and accuracy for target peptides.

Peptide Linearity (nM) LOD (ug/ LOQ° (ug/ Conc (ug/g) Inter-day Precision Intra-day Precision
g) g) (RSD', %) (RSD', %)

ALTDAETK Y = 0.9738X" + 3.0751 r° = 0.9997 0.03 0.10 20.0 50.0 8.79 2.39 6.06 4.23 4.54 4.74
Range:0.10-1179.36 nM 100.0

SDFIEEDELK Y = 0.9992X + 5.1533 r° = 0.9998 0.02 0.07 20.0 50.0 9.859.89 18.35 16.09 7.01 4.78
Range:0.07-816.80 nM 100.0

LFLQNFSASAR Y = 1.0184X + 3.2069 r° = 0.9999 0.04 0.12 20.0 50.0 12.66 13.82 10.23 2.77 3.51 3.91
Range:0.12-797.81 nM 100.0

Accuracy Replicate 1 (mg/mL) Replicate 2 (mg/mL) Replicate 3 (mg/mL)

Analyzing by LCCMRM MS  1.365 1.127 1.128

% difference 5.0% 13.3% 13.2%

2 logl0(x).

b log10(y).

¢ Correlation coefficient.
4 Limit of detection (signal-to-noise ratio of 3/1).

¢ Limit of quantification (signal-to-noise ratio of 10/1).

(Pseudosciaena polyactis) and silver carp (Hypophthalmichthys molitrix)
with high concentration, respectively. Therefore, the present method
could be used to detect -PVs in different food matrices. Moreover, the
sample pre-preparation methods should be optimized based on the
matrix and the appropriate internal standards (labeled peptide or un-
labeled peptide) were recommended when quantified 3-PVs in complex
matrices.

4. Conclusions

A simple, sensitive and precise method was established for de-
termining B-PVs by analyzing special peptides using HPLC-MS/MS. Tris
buffer solution with DTT as an extraction solvent and the simple
heating protocol as the clean-up approach were selected. The para-
meters of tryptic digestion and spectrometry were completely opti-
mized. Then the proposed method was completely validated in ac-
cordance with the ICH protocols. In addition, the method was
successfully applied to analyze other fish parvalbumins and (-PV in
typical food matrices. What should be done in the future with this new
method is following: to detect parvalbumin in complex matrices, to
analyze the variation rules of parvalbumin during food processing, to
verify the species identification, and to assess the allergenicity of par-
valbumin coupled with other models.
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Table S1. The BLAST results of each peptide with 100% identities against UniProt

Protein name

Source

KB database
Peptide sequence Identities
SDFIEEDELK 10/10 100%
AAFAVIDQDK 10/10 100%
LFLONFSASAR ~ 11/11100%
ALTDAETK 8/8 100%

Parvalbumin beta
Parvalbumin beta
Parvalbumin apha
Parvalbumin beta
Parvalbumin beta
Parvalbumin beta-2
Parvalbumin beta 2
Parvalbumin beta 2
Parvalbumin beta
Parvalbumin beta
Parvalbumin-2
Parvalbumin beta
Parvalbumin apha
Parvalbumin beta
Parvalbumin beta 2

Parvalbumin beta 2

Parvalbumin beta 2

Parvalbumin beta 2

Parvalbumin beta 3
Parvalbumin beta 2
Parvalbumin beta

Parvalbumin beta 1

Parvalbumin beta 3
Parvalbumin beta
Parval bumin beta-2

Paralichthys olivaceus
Paralichthys olivaceus
Cyprinus carpio
Paralichthys olivaceus
Xenopus laevis
Gadus chal cogrammus
Salmo salar
Oncor hynchus mykiss
Paralichthys olivaceus
Gadus morhua callarias
Daniorerio
Merluccius bilinearis
Cyprinus carpio
Merlangius merlangus
Salmo salar
Merluccius australis
polylepis
Merluccius polli

Merluccius productus

Merluccius bilinearis
Oncor hynchus mykiss
Sgualius cephalus
Macruronus
magellanicus
Merluccius gayi
Scomber japonicus
Gadus chal cogrammus
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Figure S1. The ESI (+) MS/MS spectra of peptides of ALTDAETK (a), SDFIEEDELK
(b), and LFLQNFSASAR (c) by analyzing work solution (100 nM) in MRM mode.
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Figure S2. The ESI (+) MS3 spectra of peptides of SDFIEEDELK (A), LFLONFSASAR (B)
and ALTDAETK(C) by analyzing work solution (100 nM) in MRM3 mode. The selected
MS3 transitions were 612.9" - 762.3" - 744.2" (SDFIEEDELK) and 62747532 *
- 735.2" (LFLQNFSASAR), respectively.
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Figure S3. Total ion chromatogram (a) and extracted ion chromatogram (b, ¢, d) of target peptides by analyzing target peptides in turbot muscle
(Scophthal mus maximus).
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Figure S4. Total ion chromatogram and extracted ion chromatogram of target peptides by analyzing B-PV in pork (A), shrimp (B), chicken

muscle (C) and beef (D) with the concentration of 193.37nM, 119.1nM, 140.5nM and 213.9nM, respectively.
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Figure Sb. Total ion chromatogram and extracted ion chromatogram of target peptides by
analyzing parvalbumin of brown-marbled grouper (Epinephelus fuscoguttatus), small yellow
croaker (Pseudosciaena polyactis) and silver carp (Hypophthalmichthys molitrix) with the
concentration of 1994.1nM, 1573.4nM and 2265.5nM, respectively.
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