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Abstract

The recently published WHO/FAO guidelines on the assessment of allergenicity of novel food proteins provide a strategy with
which to approach the determination of the potential of novel proteins in foods to be allergens. Key to this strategy are the
assessment of sequence similarity to known allergens and the assessment of the resistance to pepsin hydrolysis. Ice structuring
proteins (also commonly referred to as anti-freeze or thermal hysteresis proteins) are a group of naturally occurring proteins that
bind to ice and structure ice crystal formation. The amino acid sequence of the ice structuring protein (ISP) type III HPLC 12 (ISP
type III) was compared in silico with the sequences of known allergens. Secondly, the resistance to pepsin hydrolysis of ISP type 111
and its glycoconjugates (produced in recombinant baker’s yeast) was assessed. The results indicate that ISP type III has no sequence
similarity with known allergenic proteins. Both ISP type III and ISP type III glycoconjugates contained within the fermentation
product were hydrolysed readily by pepsin (50% loss in <10 min at pH 1.5) to give peptide fragments that were too small to be
allergenic or to trigger cross-linking to IgE. In an accompanying study, we demonstrated that IgE from fish-allergic individuals did
not bind ISP Type III. Therefore, in accordance with the WHO/FAO strategy, the assessment of ISP type III and ISP type III
glycoconjugates by sequence analysis together with lack of resistance to pepsin hydrolysis and the absence of IgE binding supports

the conclusion that both are unlikely to present a potential sensitisation hazard. © 2002 Published by Elsevier Science Ltd.

Keywords: Allergen; Antifreeze protein; Sequence analysis; Pepsin digestion; Ice structuring protein

1. Introduction

Food allergy is an adverse reaction, mediated by the
immune system, to an otherwise harmless food compo-
nent, usually a protein. Food allergy, defined as an IgE-
mediated reaction, is estimated to affect 1-2% of the
total population and 5-8% of young children in the
industrialised world (Bock, 1987; Sampson, 1990; Eur-
opean Commission, 1998). The development of a food

Abbreviations: GFC, gel filtration chromatography; ISP, ice
structuring protein; LC-MS, liquid chromatography-mass spectro-
metry; MALDI-TOF, matrix-assisted laser desorption ionisation—time
of flight; NCBI, National Center for Biotechnology Information; RP-
HPLC, reversed phase high-performance liquid chromatography;
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis; TFA, trifluoroacetic acid; TICs, total ion chromatograms.

* Corresponding author. Tel.: +44-1234-264757; fax: +44-1234-
222122.
E-mail address: rene.crevel@unilever.com (R.W.R. Crevel).

allergy in an individual depends on the interplay
between the way their immune system responds to a
protein and the characteristics of that protein. The
introduction into the food supply of proteins, which
have not previously been widely consumed, requires an
assessment of their potential to be food allergens. This
need derives from the general requirement of the food
industry to market safe products, as well as from spe-
cific legislation (e.g. EU Novel Foods Regulation EC
258/97). Unfortunately, the potential of a protein to be
an allergen, when ingested, cannot be categorically pre-
dicted experimentally or on the basis of its physical and
chemical characteristics. Every novel protein must
therefore be considered as a potential food allergen.
However, the possession by a protein of certain char-
acteristics can increase the confidence that it is unlikely
to prove a food allergen. These characteristics, based on
experimental observations made on known food aller-
gens include sensitivity to pepsin digestion, lack of
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amino acid sequence similarity with known allergens
(foods and non-foods) and absence of binding of IgE
from patients allergic to the source of the protein or
related proteins. Several decision trees incorporating
these elements have been devised to guide assessment of
the allergenicity of novel proteins. The best known is
that formulated by ILSI/IFBC (Metcalfe et al., 1996),
which was effectively adopted by the Food and Agri-
culture Organisation and the World Health Organization
(FAO/WHO) (WHO, 2000) and then revised in a recent
consultation (WHO, 2001).

The decision-tree is shown in Fig. 1. Central to the
recommended approach are the following elements: the
source of the protein, identification of sequence similar-
ity between the peptide and known allergenic proteins
and resistance of the protein to hydrolysis by pepsin.
Here, we describe a practical example in which the key
steps of the FAO/WHO recommendations have been
interpreted and used as guidance as part of an overall
assessment of the likely allergenicity of a novel protein
(Bindslev-Jensen et al., 2002). It is hoped that the
experiences gained from this work will be helpful to
others in ensuring the safety of new foods prior to their
introduction to the consuming public.

Ice structuring proteins (ISP) are a group of naturally
occurring proteins that bind to ice and structure ice
crystal formation. They are also commonly referred to
as anti-freeze or thermal hysteresis proteins (Clarke et
al., in press). Their function in nature is to help protect
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Fig. 1. FAO/WHO 2001 decision tree.

organisms in cold habitats from ice crystal damage
(Madura et al., 2000). The ISPs have been reported to
have a number of potential commercial applications,
including in the food industry (Griffith and Ewart, 1995:
Fletcher et al., 1999; Muldrew et al., 2001). The ISP
type IIT HPLC 12 in this investigation (hereafter refer-
red to as ISP type III) was originally identified in the
Ocean Pout (Macrozoarces americanus), a fish living in
or near Arctic waters. It has been produced using
recombinant baker’s yeast (Scerevisiae) and harvested by
filtration as a cell-free product containing both ISP type
IIT and ISP type III glycoconjugates. In this paper we
have used in silico analysis to investigate the degree of
similarity between the ISP type III amino acid sequence
and those of known allergenic proteins. We have also
investigated the pepsin resistance of ISP Type III.

2. Materials and methods
2.1. Test materials

The primary test material was a freeze-dried fermen-
tation product containing 41.1% (w/w) total protein
determined by Kjeldahl nitrogen methodology, of which
33.3% (w/w) was ISP type 11, 24% (w/w) was ISP type 111
glycoconjugates and 43% (w/w) was other yeast pro-
teins and peptide fragments. The protein has an amino
acid sequence identical to the Ocean Pout ISP type III
and is registered under accession number P19614 in
Swiss Prot. Protein characterisation was carried out
using RP-HPLC, GFC, MALDI-TOF MS, LC-MS
and SDS-PAGE. In addition, an ISP type III glyco-
conjugate enriched test material, of which 40% (w/w) of
the total protein was ISP type III glycoconjugates (con-
taining <0.5% ISP type I11), and a purified ISP type 111
test material, of which all protein was ISP type III pro-
tein, were both prepared in the Colworth laboratory
from the fermentation product.

2.2. Sequence analysis of ISP type 111

Sequence analysis of ISP type III was performed in
line with the suggested procedure formulated by the
January 2001 FAO/WHO consultation on assessment
of the allergenicity of genetically modified foods (WHO,
2001), although with some differences described below.
It consisted of three main steps:

e Identification of similarity with other proteins
using the programs BLAST (version 2.2.1, 13
April 2001) and FASTA (version 3.2, 1998).
Databases examined were respectively the nr
database of NCBI (All non-redundant GenBank
CDS translations + PDB + SwissProt+ PIR +
PRF) and PIR-NREF, a non-redundant protein
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database compiled from PIR, Swiss-Prot,
TrEMBL, RefSeq, GenPept and PDB. A subset
of the nr database was searched with the terms
“allergen[ALL] NOT “immunoglobulin [ALL]”
used to restrict the search space to entries rele-
vant to allergens (“ALL” specifies the fields
where the terms occur). The subset of the nr
database served as the allergen database,
although it is acknowledged that it has limi-
tations compared to a dedicated allergen data-
base prepared for the purpose.

e Identification of local alignments also using the
program BLAST 2.2.1. The database examined
was the subset of the nr database described above.
The initial search for alignments was performed
with the default settings (Matrix BLOSUMG62, gap
existence score 11, extension 1, Word size 3, Expect
value 10). As those default parameters are known
not to be sensitive enough to identify short align-
ments, even where they are good matches (Gendel,
1998), the search was also performed with settings
optimised for finding short, nearly exact alignments
(Matrices: PAM30 and BLOSUMS0, gap existence
penalty 9 or 10, extension 1, Word Size 3 and 2 and
Expect value 1000). Each of the alignments pro-
duced was then examined to find the highest num-
ber of contiguous amino acids in each match.

e Finally, all 6-, 7- and 8-amino acid peptides (61
hexamers, 60 heptamers and 59 octamers) that
could be produced from from the 66-amino acid
sequence of ISP Type III were generated. The
program “‘Peptide Match™ (Barker et al., 2001)
was then used to identify exact matches with
sequences contained in the PIR-NREF database.

2.3. Incubations with pepsin

2.3.1. Materials

Pepsin from porcine stomach with an activity of 2.87 U/
mg protein, B-lactoglobulin from bovine milk and bovine
serum albumin were all purchased as freee-dried powders
from Sigma (Poole, UK). Other reagents were laboratory
grade and obtained from standard commercial suppliers.

2.3.2. Pepsin hydrolysis

The protocol described is based on the recommenda-
tions published by WHO (2001). The test material (0.5
mg/ml Kjeldahl protein) and pepsin (0.64 mg/ml, assum-
ing 100%, w/w, protein content), at a substrate:enzyme
protein ratio of 1:1.28 (by weight), were incubated in
0.03 M sodium chloride adjusted to pH 1.5, 2.5 or 3.5
with hydrochloric acid. Incubations continued for up to
120 min in a shaking water-bath at 37 °C. The pepsin
activity was stopped by the addition of 0.8 M sodium
carbonate at 0.3 ml per 1 ml of incubation solution. The
solution was then neutralised to approximately pH 7.0
for chromatography with concentrated hydrochloric
acid at 30 pl per ml of incubation solution. Reagent,
substrate and pepsin protein blanks and test material
control samples (without pepsin) were prepared and
incubated as indicated.

Table 1 summarises the way in which five different
analytical techniques have been used to complement
each other in the detection and quantification of the
proteins and fragments present in the fermentation
product, the purified fractions and the pepsin hydrolysate
solutions.

24. SDS-PAGE

2.4.1. Materials

Acrylamide, ammonium persufate, methanol, acetic
acid, hydrochloric acid, glycerol, sodium dodecyl sulfate,
N,N,N',N'-tetramethylethylenediamine, Tris, 25% (w/v)
thiodiglycol and dithiothreitol, were all purchased from
standard commercial suppliers. Wide range molecular
weight markers were purchased from Sigma (Poole, UK).
Tricine sample buffer, Tris—tricine—SDS, silver stain kit,
polypeptide molecular weight markers and Tris—tricine
10-20% linear gradient gels were all purchased from
Bio-Rad Laboratories (Hemel Hempstead, UK).

2.4.2. Test material characterisation

Tris—tricine 10-20% acrylamide linear gradient gels
were supplied by Bio-Rad. Prior to each run the samples
were initially prepared in ultra-pure water, diluted 1 in
40 in sample buffer containing 350 mwm dithiothreitol
and heated for 5 min at 100 °C.

Table 1

Analytical techniques used to detect or quantify proteins in the pepsin digestion experiments

Technique ISP ISP type II1 Hydrolysis Yeast B-LG BSA Pepsin
type II1 glycoconjugates products protein

SDS-PAGE SQ D SQ

HPLC-MS Q SQ

MALDI-TOF D D

HPLC-RP Q Q Q D

GFC Q D SQ Q

D, detection only; Q, quantitative analysis; SQ, semiquantitative estimates based on changes in peak height or band intensity.
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2.4.3. Pepsin hydrolysis

Tris—tricine gels consisting of 16.5% acrylamide resol-
ving, 10% spacer and 4% stacking were prepared
according to Schagger and von Jagow (1987). Prior to
each run the digestion samples and controls were diluted
1 in 4 and standards prepared at 30, 10 and 1 ug protein/
ml in sample buffer containing 350 mm dithiothreitol and
heated for 5 min at 100 °C.

All samples were then centrifuged and 10 pl of each
solution were loaded onto the gel. Molecular weight
markers (wide range markers and polypeptide markers)
were loaded with the digestion samples. Immediately
prior to electrophoresis antioxidant (thiodiglycol) was
added to buffer in the inner (cathodic) tank of the Mini
Protean 3 Bio-Rad Laboratories, Hemel Hempstead,
UK) giving a final concentration of ~0.1 mm. Electro-
phoretic separation was performed using a Mini Pro-
tean 3 mini gel system at a constant of 100 V.

After electrophoresis, protein bands on the gels were
visualised using the silver staining kit. The stained gels
were then scanned and quantification and molecular
weight estimation of the digested ISP type III performed
using Imagemaster 1D Elite (Amersham Pharmacia
Biotech, Amersham, UK).

2.5. HPLC-MS

2.5.1. Materials

Acetonitrile (HPLC grade) and formic acid (analytical
grade) were obtained from Fisher Scientific (Loughbor-
ough, UK). For preparation of the HPLC eluents, high-
purity water (Milli-Q system, Millipore, Bedford, MA,
USA) was used. Digestion samples were filtered prior to
analysis and directly injected onto the HPLC system.

2.5.2. Chromatography

A Waters Alliance HPLC system (Model 2690)
(Micromass, Manchester, UK) was used, consisting of a
low-pressure pump, degasser, column oven and a LabPro
rheodyne 3 way column switcher.

Separations were perfomed on a C18 Jupiter column
(150x2 mm ID, 5 u, 300 A) (Phenomenex, Macclesfield,
Cheshire, UK) with a flow rate of 200 1/min using the
following gradient: mobile phase A was 0.1% formic
acid in water and mobile phase B was 0.1% formic acid
in acetonitrile. 7=0 min 20% B and 80% A; =5 min
20% B and 80% A; =25 min 50% B and 50% A; =27
min 90% B and 10% A; r=30 min 90% B and 10% A;
t=32 min 20% B and 80% A.

2.5.3. Electrospray mass spectrometry

ESI-MS was perfomed on a Waters ZMD single
quadrupole mass spectrometer (Micromass) equipped
with the electrospray ion source. The eluent was trans-
ferred without splitting into the mass spectrometer via a
flow line. The following instrument settings were used:

Tune page Capillary 3.2kV
settings Cone programmed
as part of the
method
Extractor 5V
RF Lens 0.6V
Source block 150 °C
temperature
Desolvation 150 °C
temperature
LM Resolution 15.0
SM Resolution 15.0
Ion Energy 1.0
Multiplier 650

Desolvation gas flow 320-340 1/h
Cone gas flow 190-210 1/h

MS method (SIR) Data were collected between 10
and 35 min
Single ion monitoring (SIR) was
performed for the following ions
at cone voltage 30 V: m/z 1406.4,
1438.7, 1601.6, 1666.4, 1731.0,
1828.2 (5+ charge state of ISP
type III and ISP type III
glycoconjugates)
For all SIR functions the
acquisition was set as follows:
Inter channel delay: 0.05 s
Span: 2 Da
Dwell time: 0.4 s

MS method (TIC) Data were collected between 10
and 35 min
Full scan function: m/z 500-2000
with cone voltage of 30V:
Scan time: 10 s
Inter scan time: 0.10 s
SIR function: m/z 284 with cone
voltage of 70 V

Mass chromatograms and mass spectra were recorded
with the Mass Lynx software (version 3.4).

2.6. MALDI-TOF MS

Matrix assisted laser desorption ionisation time of
flight mass spectrometry (MALDI-TOF MS) was per-
formed using a PerSeptive Biosystems Voyager STR
Biospectrometry Research Station Laser-desorption
mass spectrometer (Applied Biosystems, Foster City,
CA, USA) coupled with Delayed Extraction. Aliquots
of 1 ul of the prepared samples were analysed using a
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matrix of sinapinic acid over an initial protein screening
range of 1-100 kDa. An additional mass range of 400—
4000 Da. was scanned for the pepsin digest samples
using a o-cyano, 4-hydroxycinnamic acid. Myoglobin
and adrenocorticotropic hormone Clip 1-16 were used
as external molecular weight calibrants.

2.7. Reversed phase high-performance liquid chromatog-
raphy (RP-HPLC)

2.7.1. Materials

Acetonitrile (Far UV), isopropanol and trifluoroacetic
acid (TFA), solvents and reagents were of HPLC or ana-
lytical grade and purchased from Fisher Scientific
(Loughborough, UK). All ultrapure water was generated
by the Milli-Q system (Millipore, Bedford, MA, USA)

2.7.2. Chromatography

The ISP type III content was measured, using RP—
HPLC and UV detection at 214 nm by referring to an
external ISP type III standard range. The test material
was dissolved into 0.05% aqueous TFA at a concentra-
tion of 0.75 pg/ml and filtered through 0.2-pum Acrodisc
filters into HPLC vials.

The RP-HPLC analysis was performed using a C;g
Protein & Peptide 218 TP 54 (4.6x250 mm) column,
supplied either by Vydac (Hesperia, CA, USA) or Phe-
nomenex (Macclesfield, Cheshire, UK), on an AKTA
explorer XT chromatography system, Amersham Phar-
macia Biotech (Uppsala, Sweden). The samples were
separated using gradient elution at 1 ml/min with an
injection volume of 50 pl. Mobile phase A was 0.05%
(v/v) aqueous TFA and mobile phase B was 0.05%
TFA (v/v) in acetonitrile. The following gradient was
used; r=0 min 100% A; =5 min 100% A; r=35 min
42% A and 58% B; t=36 min 100% B; =40 min 100%
B; t=41.5 min 100% A; t=44 min 100% A. The col-
umn temperature was ambient. The working range of
the external ISP type III standard was 40-200 pg/ml.
Quantification was achieved by linear regression. The
correlation coefficient was 0.9999.

2.8. Gel filtration chromatography (GFC)

2.8.1. Materials

Sodium chloride, sodium dihydrogen phosphate dihy-
drate and citric acid monohydrate were all of analytical
reagent or HPLC grade and obtained from Fisher
Scientific. A range of 12 peptide and protein standards
(mol. wt 75-2000,000 Da) was obtained from commercial
suppliers.

2.8.2. Chromatography

The test material was dissolved in 0.12% citric acid at
a concentration of 8§ mg/ml and filtered through 0.2 pm
Acrodisc filters into HPLC vials. The ISP type III gly-

coconjugates, yeast protein and peptides content! of the
primary test material was estimated through separation
by GFC. The GFC analysis was performed on an
AKTA explorer XT chromatography system (Amer-
sham Pharmacia Biotech, Uppsala, Sweden). The
Superdex 75 HR and Superdex Peptide HR (both 24 ml
bed volume, 10x300 mm) (Amersham Pharmacia Bio-
tech), coupled in series, were used for separation. The
column temperature was ambient (approximately 22 °C).
The samples were analysed using linear elution at 0.45
ml/min with 0.01 M phosphate buffer containing 0.15 M
sodium chloride at pH 7.5. The injection volume was 50
pl. The UV responses of the ISP type III glycoconjugates
and yeast protein and peptide peaks were quantified as a
relative ratio to the total UV response. The area of the
respective peaks was divided by the total protein area at
214 nm.

2.9. Data analysis

The rates of hydrolysis of B-LG, BSA, ISP type III
and ISP type III glycoconjugates were calculated by
estimating the time at which 50% of the original protein
chromatogram peak (determined by peak area) had
disappeared. Where it was not possible to determine an
accurate half-life (¢#1/2) because hydrolysis was too
rapid or too slow, the nearest sample point was used to
express the limits of estimation, for example 71/2 <15s.

3. Results
3.1. ISP type III sequence similarity

3.1.1. Global alignment

A search for similarity to sequences contained in the
whole NCBI nr database, using BLAST 2.2.1 with
default parameters, produced 61 hits, all but four of
which were with ice structuring protein sequences. Those
four matches were with a N-acetyl neuraminic acid
phosphate synthase from Homo sapiens and the related
protein from mouse. The lowest (most significant) E
value for these unrelated proteins was 0.02. The longest
matching sequence in all the four alignments was four
contiguous amino acids. The same search in PIR-
NREF (which is compiled from the same databases)
produced the same result, although a slightly larger F
value. None of the matches was against proteins known
to be allergenic. The FASTA search in PIR-NREF
produced essentially the same results as the BLAST
search in the NCBI nr database.

! The various peak identities were confirmed by fractionation fol-
lowed by SDS-PAGE, MALDI-TOF MS, HPLC-RP and GFC (for
correct peak fractionation confirmation) (Fig. 2).
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A BLAST search against the nr database, but limited
to entries containing the term ‘‘allergen” produced a
single hit against a superoxide dismutase from Asper-
gillus fumigatus [allergen Asp f6 identified by Crameri et
al. (1996)]. The match found was between amino acids
34 and 44 of the ISP type III and 54 to 64 of the super-
oxide dismutase. However, over that length the longest
sequence of contiguous amino acids was 3 (see below).

34 AEDIPRLVSMQ 44
AD+P+LVS+Q
Sbijct: 54 ATDVPKLVSVQ 64

Query:

The alignment showed 63% similarity in the area of the
matching sequences. However, a comparison of the full
sequence of ISP type III with the superoxide dismutase
sequence showed no significant similarity.

3.1.2. Local alignment

A BLAST search of the nr database limited to the
entries containing the term “‘allergen” and optimised to
detect short alignments produced 355 alignments with
the most sensitive settings (Matrix BLOSUM 80, Expect
value 1000, gap creation penalty 10, gap extension pen-
alty 1). Distribution of these alignments in terms of
numbers of contiguous amino acids was as follows:

Greatest number of
contiguous amino acids

Number of alignments

5 1

4 50
3 84
2 219

3.1.3. Exact matches

The number of exact matches obtained with octamers,
heptamers and hexamers was 1674, 1771 and 2442,
respectively. All the matches obtained with the octamers
and most of the exact matches of seven contiguous
amino acids identified by the program ‘‘Peptide Match”

Table 2
Sequence matches with ISP type 111

were with sequences within ice structuring proteins.
Matches with sequences in six unrelated proteins were
also found. In contrast, exact matching of the hexamers
generated 515 matches with unrelated proteins. Careful
examination of these proteins did not reveal any known
allergens.

Matches with sequences of seven contiguous amino-
acid in other proteins are listed in Table 2.

Of the proteins listed in Table 2, which shared 7-
amino acid contiguous sequences, none has been asso-
ciated with the induction or elicitation of allergic reac-
tions. However, certain members of the bacterial o-
amylase family are known allergens in man (Bernstein et
al., 1994). The a-amylase from Pyrococcus furiosis was
therefore compared further with a member of that
family which is widely used in industrial applications,
the o-amylase from Bacillus licheniformis (PIR ref
ABSL). A pairwise alignment between the two proteins
using the ClustallW program indicated only 19% iden-
tity. More importantly, the 7-amino acid contiguous
sequence found in the P. furiosis enzyme was not present
in the B. licheniformis enzyme. It could not therefore
belong to any structure recognised by IgE antibodies to
B. licheniformis. A pairwise alignment using ClustallW
between ISP Type 111 and the B. licheniformis enzyme
confirmed the absence of similarity.

3.2. Protein separation and identification

The proteins contained within the primary test mate-
rial were separated and identified by a combination of
analytical techniques. Figure 2 shows the primary test
material eluted by GFC and the constituent peaks 1-4.
The identity of the peaks has been confirmed by SDS—
PAGE RP-HPLC, HPLC-MS and/or MALDI-TOF
techniques (see legend for Fig. 2). The good resolution
between the peaks of interest and the major pepsin peak
by RP-HPLC is shown in Fig. 3 (see legend for Fig. 3).
This has enabled quantification by RP-HPLC of the
ISP type III protein.

Matching sequence Protein Accession numbers
PIR SwissProt/Trembl RefSeq/GenPept
GIPAEDI Sensor histidine kinase B75466 QI9RWO09
IPAEDIP Sensor histidine kinase B75466 QI9RWO09
IPRLVSM PILT protein Q9ZI1U8 8896033
NRAVPLG ADP-glucose pyrophosphorylase Q9AT46 13487709
AVPLGTT Succinate dehydrogenase cyt B560 subunit 148085 C560 HUMAN NP002992
C560 BOVIN 786511
Integral membrane protein P70097 1518874
VPLGTTL a-Amylase (P. furiosis) A49512 AMYPYRFU 347940
NADP reducing hydrogenase F69073 027592 2622670
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Fig. 2. Gel filtration chromatography and peak fractionation of the
primary test material. The chromatogram shows the GFC elution
profile of the primary test material with peak fractionation as indi-
cated. The respective collected peaks were analysed by GFC (to
demonstrate correct peak fractionation): SDS-PAGE (a), RP-HPLC
(b) and (c) HPLC-MS and MALDI-TOF MS (not shown). (a) SDS-
PAGE of the primary test material (ISP) and the GFC fractions 1
(F1), 2 (F2), 3 (F3) and 4 (F4). GFC peak 1 (RT=16.0 ml) was con-
firmed to be yeast proteins by SDS-PAGE [(a) F1]. GFC peak 2
(RT=18.8 ml) was identified as ISP type III glycoconjugates by
MALDI-TOF MS. GFC peak 3 (RT=20.0 ml) was also identified as
ISP type III glycoconjugates by MALDI-TOF MS and HPLC-MS.
Analysis of GFC fractions 2 and 3 by RP-HPLC revealed a major
peak at 24.7 min (b). Analysis of GFC fraction 4 by MALDI-TOF
MS, HPLC-MS, SDS-PAGE [(a) F4] and RP-HPLC [(c) RT=1.6
min] revealed the fraction to be mainly ISP type III and lower mole-
cular weight peptides.

3.3. Hydrolysis by pepsin

3.3.1. SDS—-PAGE analysis

At pH 1.5 the pepsin and ISP type III controls com-
prised four and five silver staining bands, respectively
(Fig. 4). These bands were found to match all of the
bands observed in the digest sample at t0, with the
exception of one band at 62—64 kDa that was not visible
after t0. ISP type III, at an estimated molecular weight
of approximately 5.8 kDa in SDS-PAGE, was visible as
a strongly staining band at 70 to 715 min, as a faintly
staining band at t30 and was not detectable at t60. At
this time point only two high molecular weight bands
were still visible, matching bands observed in the pepsin
control. Volume estimation using purified ISP type 111

971
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Fig. 3. Gel filtration chromatography elution profile of the primary
test material showing the degree of separation between the peaks of
interest. Chromatograms of the GFC elution profile of the ISP test
material with (solid line) and without (dashed line) pepsin, showing
separation between pepsin and the ISP type III glycoconjugates peak.
The SDS-PAGE lanes (a) of the primary test material with (T0) and
without (ISP) pepsin illustrate that pepsin does not interfere with the
detection of ISP type III and the yeast proteins. The RP-HPLC chro-
matograms of the primary test material in the absence of (b) and pre-
sence of (c) of pepsin show that pepsin does not interfere with the
detection of ISP type III.

Table 3
Estimated 71/2 values for proteins hydrolysed by pepsin in the primary

test material at pH 1.5

Technique ISP type 111 ISP type 111 Yeast
glycoconjugates protein
SDS-PAGE 4 min ND NA
HPLC-MS ND <1 min ND
RP-HPLC 6 min ND ND
HPLC-GFC ND <1 min ND

The appearance and disappearance rates of the hydrolysis products
could not be determined quantitatively.

as a volume standard at 300, 100 and 10 ng protein/ml
with the results normalised against 0 gave a hydrolysis
half-life (¢1/2) value of approximately 4 min (Table 3).
At pH 2.5 the pepsin and ISP type III controls com-
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Fig. 4. Pepsin digestion of ISP type iii at pH 1.5. (A) Molecular
weight markers, (B) pepsin control, (C) ISP type III control, (0) ISP
type III digestion at 0 min, (1) ISP type III digestion at 1 min, (6) ISP
type 11 digestion at 6 min, (15) ISP type III digestion at 15 min, (30)
ISP type 111 digestion at 30 min, (60) ISP type III digestion at 60 min.
Peaks 1-4 are products of pepsin hydrolysis after 120 min. Peak 5 is
residual ISP type III after 120 min of incubation.

prised seven bands and five bands, respectively (data not
shown). These bands were found to match all of the
bands observed in the digest sample at 0. The ISP type
IIT was visible as a strongly staining band at ¢0 to 30, as
a faintly staining band at #60 and was not detectable at
t120. At #120 a total of seven, high molecular weight
bands were also still present, matching bands observed
in the pepsin control. ISP type III was estimated to have
a half-life of 13 min at pH 2.5. At pH 3.5 the pepsin and
ISP type III controls consisted of seven bands each
(data not shown). These bands were found to match all
of the bands observed in the digest sample at t0. The
ISP type I1I was visible as a strongly staining band at t0
to t60 and as a very faintly staining band at t120. At
t120 a total of eleven other high molecular weight bands
were still visible, matching bands observed in the pepsin
and ISP type III controls. ISP type 111 was estimated to
have a half-life of <28 min at pH 3.5. Samples of pepsin
alone at pH 1.5 incubated over 0, 1 and 2 h were ana-
lysed. Seven bands were observed at 0 and 1 h and 6 at 2
h, with the main pepsin component being unchanged at
approximately 40 kDa. Neither ISP type III glyco-
conjugates nor the ISP type III hydrolysis products were
visible as discrete bands upon silver staining.

3.3.2. HPLC-MS analysis

In order to monitor the degradation of ISP type III
and ISP type III glycoconjugates during the course of
pepsin digestion, single ion chromatograms for the
[M+5H]>" ions of ISP type III and eight representative
ISP type I1I glycoconjugates were recorded. The analysis

of samples from different incubation time points con-
firmed that ISP type III as well as its glycoconjugates
are rapidly degraded with half-life times of less than 10
min for the ISP type III and less than 1 min for ISP type
III glycoconjugates.

To investigate the formation of degradation products,
HPLC total ion chromatograms (TICs) were recorded.
Additionally, as an indicator ion for the presence of ISP
type III related peptides, an ion m/z 284 was monitored.
This fragment ion, which represents the last three C-term-
inal amino acids of the sequence of ISP type III, can be
formed at increased cone voltage through collisional-
induced dissociation. Figure 5 shows the chromatograms
recorded for the original test material after 0 and 2 h of
incubation. The compositional changes taking place in
the course of pepsin digestion are obvious. While only
traces of ISP type III are present at the end of the diges-
tion experiment (cf. Fig. 5, peak 5), four new peaks can be
detected. Combined mass spectra were extracted from
these peaks in order to gain more information about the
nature of the respective digestion products. A range of
ions was detected between 500 and 2000 Da (cf. Fig. 6a—d)
with one predominant signal at m/z 639 (cf. Fig. 6c).
Based on this m/z values and the m/z value of the rela-
ted monosodium adduct ion a molecular weight of 1276
Da could be calculated for this main digestion product.
The molecular masses of other detected species, which
gave about 100 times weaker mass spectral response, were
determined to be below 4000 Da. This has been confirmed
by MALDI-TOF MS. The molecular weights of some of
the identified peptide species match with partial
sequences of ISP type III; however, further investigation
of the identity of those species was not carried out.

In order to study the time course of formation of the
major digestion product, single ion chromatograms for
m/z 639 were extracted from TICs of samples from dif-
ferent digestion time points. The respective fragment
appears to accumulate during incubation with a max-
imum around 30 min but then gradually disappears,
which demonstrates that it is not totally resistant to
pepsin digestion.

3.3.3. RP-HPLC analysis

The disappearance of ISP type III as measured by
RP-HPLC is shown in Fig. 7 at three different pHs. The
rate of disappearance has been calculated and is pre-
sented in Table 3. Table 4 shows that purified ISP type
III is hydrolysed at a similar rate compared with the
primary test material. The ISP type III protein when
incubated at 37 °C alone does degrade gradually with
time. However, this rate is relatively slow (¢1/2> 60 min)
and has not been subtracted from the pepsin catalysed
rate, since the pepsin catalysed rate reflects the total loss of
ISP type I1I by both enzymic and non-enzymic hydrolysis.
The major pepsin peak remained essentially unchanged
throughout the incubations up to 2 h.
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Fig. 5. TICS and SIR of m/z 284 of primary test material at 0 and 120 min of pepsin hydrolysis.

The reference proteins B-LG and BSA were incubated
with pepsin and the disappearance measured by RP-—
HPLC. The disappearance of B-LG was monitored over
2 h incubation and the 71/2 was found to be greater
than 2 h, even in the presence of pepsin (Table 4). Con-
versely, BSA, when incubated with pepsin could not be
measured at the first incubation sample point at 15 s
(Table 4).

3.3.4. GFC analysis

The rate of disappearance of the ISP type III glyco-
conjugates was determined from the GFC data. The ISP
type III glycoconjugates were hydrolysed even more
rapidly than the ISP type III (Fig. 8). The rates of
hydrolysis in the fermentation product are summarised
in Table 3. Table 4 shows that the rate of hydrolysis of
the purified ISP type III glycoconjugates is equivalent to
that in the fermentation product.

Table 4
Estimated 71/2 values for purified proteins hydrolysed by pepsin at pH
1.5

Technique ISP type 111 ISP type 111 B-LG BSA
glycoconjugates

SDS-PAGE 4 min ND ND ND

HPLC-MS ND <1 min ND ND

HPLC-RP 6 min ND >2h <l15s

HPLC-GFC ND <1 min ND ND

4. Discussion

The allergenicity of food proteins is well documented
and is a hazard that must be guarded against when
introducing any novel protein into the food chain. Cur-
rently no fully validated models exist to predict the
allergenic potential of a novel protein (WHO, 2001). In
order to provide assurance that a novel protein is not a
potential allergen, approaches have been proposed
which are based on decision trees (Metcalfe et al., 1996;
WHO, 2000, 2001). The key feature of such decision
trees is that they drive consideration of multiple features
of the protein in question which, taken together, enable
a judgement to be made on the probability of a protein
proving allergenic. In this report, a novel protein and its
glycoconjugates have been assessed using the most
recent FAO/WHO decision tree for guidance (Fig. 1).
Here, we have focused on three key elements, namely
the source of the protein, sequence similarity with
known allergens and resistance to pepsin hydrolysis as
part of an overall safety assessment.

As a first stage, the original source of the protein was
considered in relation to known food allergens. The
protein was originally identified in the Ocean Pout
(Macrozoarces americanus), which is a bony fish of the
family Zoarcidae (Eelpouts), although such proteins can
occur in other species. Initial consideration of the origi-
nal source of the protein determined that the Ocean
Pout is a fish living in the temperate waters of the
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Fig. 6. Combined mass spectra extracted tic after 120 min of digestion.

western Atlantic. The Ocean Pout is commercially fished
but its popularity as a food has fluctuated since the
Second World War when it was more widely consumed,
its peak commercial landing being 2000 tonnes in 1944
(www.nefsc.nmfs.gov/sos/spsyn/og/pout/). The Ocean
Pout is closely related to the smaller Eelpout (Zoarces
viviparous), which lives in the temperate waters of the
northeast Atlantic. There are no published reports of
allergic reactions to Ocean Pout (Crevel et al., 2002),
but individuals allergic to one fish species frequently react
to others (Hansen et al., 1996). In addition, the Codex
Committee on Food Labelling lists fish as a common

allergen. The source of the protein was therefore inter-
preted as “allergenic” in accordance with the first stage of
the FAO/WHO decision tree. Comparison of the amino
acid sequence with those of known allergens was the sec-
ond stage. Amino acid sequence comparison in silico
was proposed as a tool to identify possible allergenic
structures in novel proteins in an ILSI/IFBC report in
1996 (Metcalfe et al., 1996). The authors reasoned that if a
novel protein possessed a sequence similar to one present
in a known allergen and of sufficient size to be recognised
by the immune system (B- and T-cell epitopes), it might be
recognised by the immune system of individuals sensitised
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to that allergen and provoke a response. The significance
of any match would therefore need to be verified in a ser-
ological screen. The criterion, which served to flag the
need for this further investigation, was a match of at least
eight contiguous amino acids. This requirement was
criticised later for lacking rigour in the light of recent
knowledge of B-cell epitopes (Stanley et al., 1997). To
address this perceived flaw, the FAO/WHO consulta-
tion proposed the following criteria to signal the need
for further investigation of possible allergenicity:

35% similarity between the novel protein and a
known allergen in any 80-amino acid window OR

a six contiguous amino acid match between the novel
protein and the allergen.

Sequence analysis of ISP type III against non-redun-
dant protein databases showed that it did not meet either
of those criteria. The closest match to a reported allergen
when globally aligned was with Asp f6, but involved a
maximum of three contiguous amino acids within a 10-
amino acid peptide. The overall structure showed no sig-
nificant similarity between the two proteins. The ISP
type III also showed no relevant sequence similarity
when analysed against a subset of the NCBI non-
redundant database, using parameters for the alignment
programs designed to enable short exact matches to be
detected. Finally, using the program Peptide Match
against the PIR-NREF database (‘virtual allergen
database’), analysis of all the heptamer peptides that
could be generated from ISP type III failed to reveal any
matches with known allergens. The choice of heptapep-
tides as the basis for analysis, rather than the recom-
mended hexapeptides, was based on the earlier negative
results and the fact that heptapeptides represented a
reasonable compromise between excessive chance hits
and the reduced sensitivity afforded by the use of octa-
peptides. Although none of the matches were with
sequences present in known allergens, the match with a
bacterial a-amylase from Pyrococcus furiosis was scru-
tinised in more detail because some bacterial a-amylases
are known allergens in man (Bacillus licheniformis a-
amylase) (Bernstein et al., 1994). The relevant amino
acid sequence was not actually found in the B. licheni-
formis amylase (Yuuki et al., 1985). The lack of
sequence similarity (i.e. >35% in any 80-amino acid
sequence or more than six identical contiguous amino
acids) is significant, and indicates that the only ser-
ological investigations required are with sera from fish
allergic individuals. Matching hexamers using “Peptide
match” yielded a considerable number of hits against
unrelated proteins, none of which were known allergens.

Other structural information relevant to allergenic
potential includes the size of the protein and its degree
of glycosylation. The ISP type III is a small protein of
approximately 7.0 kDa mol wt. There are no known

food allergens with molecular weight less than 7 kDa.
This does not preclude the possibility of smaller pro-
teins being allergenic, but the weight of evidence so far
suggests that the probability of proteins smaller than 7
kDa being allergenic is low (Taylor et al., 1987). The
degree of glycosylation is of interest and relevance to ISP
type I1I since the product of fermentation contains protein
post-translationally conjugated with mannose. Sugar
residues may either form epitopes which are recognised by
IgE (Tretter et al., 1993; Batanero et al., 1994), or they
may alter allergenicity by modifying the resistance of the
protein to enzymatic attack (Sward-Nordmo et al., 1988).
However, the data taken overall show that no consistent
relationship exists between glycosylation and allergenic
potential. In addition, carbohydrate epitopes cause
extensive serological cross-reactivity between glycopro-
teins from different species and even kingdoms, but with
no clinical significance (van der Veen et al., 1997).

In the evaluation of the resistance of the protein to
digestion by pepsin and comparison with reference pro-
teins, the reference proteins behaved as previously
reported when exposed to pepsin (Astwood et al., 1996).
Bovine serum albumin underwent rapid hydrolysis
(f1/2<15 s) and the milk allergen, B-lactoglobulin
showed pronounced resistance to hydrolysis with a
t1/2>2 h (Table 4). These results demonstrate con-
sistency with the work of Astwood et al. (1996) and the
validity of the protocol. Proteins that are rapidly
hydrolysed by pepsin to small fragments are considered
less likely to be allergenic. In the case of ISP type III,
pepsin hydrolysed the protein readily, resulting in 50%
loss of the protein in less than 10 min in the fermenta-
tion product, as assessed by both SDS-PAGE and RP-
HPLC (Table 3). As expected, pepsin activity decreased
with increasing pH, as demonstrated in Fig. 7. How-
ever, the hydrolysis of ISP type III continued even at
pH 3.5 and the protein had virtually disappeared (below
the detection limit) by 60 min. Demonstration of the
continued activity of pepsin at higher pH is important
because the human stomach can achieve pH values of
up to 6 in the presence of a large amount of food.
Moreover, the most appropriate pH conditions are still
a matter of debate and data on the rates of proteolytic
breakdown under different conditions can therefore aid
the interpretation of results.

Assessment of the degradation of the glycoconjugates
required additional analytical methodology. The techni-
ques of HPLC-MS, MALDI-TOF and GFC were used
to detect and quantify the glycoconjugates. With regard
to the ISP type III glycoconjugates in the fermentation
product, the hydrolysis rate appeared to be even faster
than ISP type III with ¢#1/2 estimates of <1 min by
GFC and HPLC-MS at pH 1.5. The pH had little effect
and ISP type III glycoconjugates appeared to hydrolyse
rapidly between pH 1.5 and 3.5 (Fig. 7). The rates of
pepsin hydrolysis of the purified proteins were measured
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to determine if the fermentation product (i.e. other
proteins) had a modifying effect on pepsin activity.
Interestingly, Table 4 shows that hydrolysis rates for
purified ISP type III and ISP type III glycoconjugates
were similar to those measured in the fermentation
product, showing that the fermentation products had no
discernible influence on degradation.

The appearance and size of the fragments produced
by pepsin hydrolysis was also investigated. Clearly,
incomplete hydrolysis and accumulation of a fragment
of protein with a sufficiently large molecular weight to
be considered as a cause for concern with regard to
potential allergenicity would require further investiga-
tion of the identity of the fragment. In the case of the
fermentation product, many fragments were detected
with a mass of less than 4 kDa; however, a single frag-
ment appeared to accumulate up to a maximum at
about 30 min of incubation, followed by a gradual dis-
appearance. The identity of this fragment is unknown,
but it has a molecular mass of 1276. A fragment of this
size is too small to generate an IgE-mediated response,
or to elicit a response in an individual sensitised to the
native protein (Senpuku et al., 1997; Takai et al., 1997;
Nicholas et al., 1988; Tamura et al., 2000). Continuous
(linear) B-cell epitopes are at least eight amino acids long
and that as cross-linking of IgE is required to trigger an
allergic response, a fragment of 1276 Da, which can only
bind to one IgE molecule, cannot trigger a reaction.

Interestingly, the purified ISP type III and the ISP
type III glycoconjugates appear to hydrolyse to the
same fragment.

Together with an accompanying paper (Bindslev-
Jensen et al., 2002), this study constitutes one of the first
to have interpreted the new WHO/FAO recommenda-
tions (WHO/FAO, 2001) and used them to assess the
likely allergenicity of an example fermentation product as
part of an assessment of safety. We have considered the
source of the protein, compared the sequence with
known allergenic proteins and determined the resistance
to pepsin hydrolysis of both the ISP type III and its gly-
coconjugates. The ISP type III protein showed no
sequence similarity with known allergens, nor did any
heptamer peptides produced from it. In addition, the ISP
type III and the ISP type III glycoconjugates were
rapidly hydrolysed by pepsin at pH 1.5-3.5 (50% loss in
<10 min), resulting in fragments with molecular weight
less than 4 kDa. We therefore conclude that the ISP type
II1, its glycoconjugates and pepsin hydrolysis products
are unlikely to provoke allergic responses in individuals
sensitised to known allergens or to induce an IgE-medi-
ated response in unsensitised individuals.

A fourth element of the decision tree consists of
investigating whether IgE antibodies in sera from indi-
viduals allergic to the source of the protein (in this case
fish), or a food of the same origin bind to the novel pro-
tein. An accompanying paper (C.B. Bindslev-Jensen et al.,

unpublished) describes this work and demonstrates that
there is no IgE binding. Thus, we conclude that ISP type
11T is unlikely to be a potential food allergen.
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