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Proteolytic processing of the peanut allergen Arah 3
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The allergen Ara h 3 has been purified recently from peanuts. In contrast to recombinant Ara h 3, a
60 kDa single-chain polypeptide, the allergen isolated from its native source is extensively proteolyti-
cally processed. The characteristic proteolytic processing for 11S plant storage proteins of the glyci-
nin family is observed for Ara h 3 yielding an acidic and a basic subunit, bound by a disulfide bridge.
In addition to this, proteolytic truncation is observed for the acidic subunit but not for the basic sub-
unit of Ara h 3. A series of Ara h 3 polypeptides ranging from 13—45 kDa was separated by sodium
dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and each band was digested by tryp-
sin. Peptides related to the bands were identified and a scheme positioning the different polypeptides
in the Ara h 3 sequence has been constructed. Peptide analysis showed sequence heterogeneity at two
positions indicating the presence of multiple genes encoding variant, but highly homologous Ara h 3
proteins. The pool of Ara h 3 polypeptides from its native source illustrated that allergen from the
peanut is much more complex than the recombinant protein used for epitope mapping experiments.
From several Ara h 3 truncation products one or more immunoglobulin E (IgE) binding sites had
been removed. Characterization of the allergenicity of Ara h 3 should therefore also include IgE-bind-
ing studies with peanut-derived Ara h 3, providing the high degree of variation in the Ara h 3 protein
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structure, as this is what peanut-allergic individuals are confronted with.
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1 Introduction

Peanut allergy is one of the most severe food allergies due
to its persistency and life-threatening character [1]. The nat-
ure of the allergenic proteins in peanut has been studied
extensively [2—4] and several allergens have been identi-
fied. Ara h 1, a 63 kDa glycoprotein [5], was identified as
the major allergen in peanut [6] with distinct heat-stable
immunoglobulin E (IgE) binding sites [7] both on the pro-
tein part [8, 9] as well as on the carbohydrate moiety [10].
Ara h 2 was identified as a second important allergen from
peanuts and is characterized as a doublet of 17—20 kDa on
SDS-PAGE [11-13]. Ara h 3, the third allergen described
from peanuts, was first identified as a 14 kDa protein [14],
but cloning its gene revealed a 60 kDa protein with IgE-
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binding sites throughout the recombinant gene product [13,
15]. Recently, the purification and biochemical characteri-
zation of Ara h 3 from peanuts, its native source, has been
reported [16].

Ara h 3 belongs to the glycinin family of legume storage
proteins with soy glycinin being the best-characterized
representative of this protein family. After synthesis and
removal of the signal peptide, the soy glycinin proprotein is
stored as trimers in protein storage vacuoles (PSVs). In the
PSVs the glycinin proprotein is proteolytically cleaved at
the conserved N-G bond by an aspartic acid endoprotease
[17] yielding an acidic and a basic subunit [18, 19]. The two
subunits remain covalently linked by an intermolecular di-
sulfide bridge [18—20] and associate into a very heat-stable
hexameric structure [21]. From the analysis of the Ara h 3
gene and its recombinant gene product [15], and of peanut-
derived Ara h 3 [16], it was concluded that Ara h 3 is a
member of the glycinin family of the Leguminosae. Follow-
ing the cloning of Ara h 3, epitope-scanning experiments
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identified four IgE-binding epitopes on the acidic subunit
of Ara h 3 [15], but none on the basic subunit. In contrast to
recombinant Ara h 3, SDS-PAGE analysis of purified pea-
nut-derived Ara h 3 showed multiple polypeptide bands,
including the expected bands of the acidic subunit and the
basic subunit. The multiple band pattern was not related to
proteolysis during the Ara h 3 extraction and isolation pro-
cedure and similar band patterns are found for Ara h 3 in
different varieties of peanut [22]. Recently, it was shown
that Ara h 3, Ara h 4, Ara h 3/4, Glyl, and iso-Ara h 3 are
isoallergens [23]. The appearance of multiple Ara h 3-
related polypeptides in peanuts indicates extensive process-
ing of Ara h 3 in its native source. Indeed it has been specu-
lated that the 14 kDa protein first identified as Arah 3 is a
C-terminally truncated acidic subunit of the mature Ara h 3
protein [14].

The availability of a method to purify Ara h 3 from peanuts
opens a new route to a protein level characterization of this
allergen and its post-translational processing products.
Here, we have applied mass spectrometry to analyze the
subunit size and composition of Ara h 3, and its proteolytic
truncation products.

2 Materials and methods
2.1 Arah 3 purification

The allergen Ara h 3 was isolated from peanuts (Arachis
hypochaea; Runner cultivar) as described previously [16].
Briefly, 25 g ground peanuts were extracted with 250 mL
20 mM Tris-HCI buffer (pH 7.3), cleared by centrifigation
at 3000 x g (30 min) and subsequently at 10000 x g (30
min). Next, 60 mL of this crude peanut extract was applied
to a 300 mL Source Q anion exchange column (Pharmacia,
Uppsala, Sweden) connected to an FPLC/AKTA protein
purification system (Pharmacia). Peanut proteins were
eluted with an NaCl gradient (0—1 M; 4000 mL, 100 mL/
min) in 20 mM 3-(N-morpholino)propanesulfonic acid
(MOPS; pH 7.2). Eluting fractions were analyzed by SDS-
PAGE; Ara h 3 eluted at approximately 400—500 mM NaCl.

2.2 Ara h 3 molecular mass

For determination of the intact molecular mass of Ara h 3,
1 pg/uL of the protein dissolved in 10 mM NHHCO;
(pH 7.9) was mixed in a 1:10 v/v ratio with a matrix solu-
tion consisting of saturated sinapinic acid in 0.1% aqueous
trifluoroacetic acid/acetonitrile 2:1 v/v. 1 pL of this mix-
ture was pipetted on a stainless-steel Scout384 MALDI
sample plate. Subunit molecular masses were determined
by adding chaotrope and reducing agent to the protein. Ara
h 3 dissolved in 8 M urea containing 10 mM dithiothreitol
(DTT) was mixed in a 1:10 v/v ratio with matrix solution
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and also 1 pL of the mixture was pipetted on the sample
plate. MALDI-TOF mass spectra were recorded on a Bru-
ker Biflex III mass spectrometer (Bruker Daltonics, Bre-
men, Germany) in delayed extraction linear mode. The data
was sampled with a 4 GHz digitizer (0.5 ns channel width).
External calibration was performed using the software
package XMASS 5.0 supplied with the instrument. Mass
accuracy for the complex Ara h 3 sample was better than
0.2% for masses below 20 kDa and better than 0.5% for
masses above 20 kDa.

2.3 Electrophoresis

SDS-PAGE was performed essentially according to
Laemmli [24], using a BioRad Mini Protean II system
(BioRad, Hercules, CA, USA) with 12% acrylamide gels
(15 x 10 cm). Prestained molecular mass markers of 14.3,
21.5, 30, 46, 66, 97, and 220 kDa were used as reference.
Ara h 3 samples (12.7 ng) were mixed in a 1: 1 ratio with a
sample buffer containing 63 mMm Tris-HCI buffer (pH 6.8),
1% w/v DTT, 2% v/v SDS, 0.01% w/v bromophenol blue,
and 20% v/v glycerol, and were boiled for 5 min. Gels were
stained with Coomassie Brilliant Blue R-250 in 50% aque-
ous methanol containing 2% acetic acid. Gels were
destained in the same solvent system and subsequently in
25% aqueous ethanol containing 8% acetic acid. Gels were
scanned with an ImageMaster DTS (Pharmacia).

2.4 In-gel digestion

Protein bands were manually cut from the SDS-PAGE gel
and transferred to Eppendorf tubes. Gel pieces were pro-
cessed essentially according to Shevchenko [25]. Gel pieces
(~1 mm?®) were dehydrated in 100 mM NH,HCO,/50%
acetonitrile, liquid was removed and substituted with
100 mM NH;HCO;, and this procedure was repeated twice.
Washed gel pieces were reduced in 10 mM DTT in 100 mM
NH,HCO; for 1 h at 56°C. Liquid was removed and gel
pieces were cooled to room temperature, subsequently
55 mM iodoacetamide in 100 mm NH,HCO; was added to
alkylate the free cysteines and gel pieces were incubated in
the dark at room temperature for 1 h. After removal of the
liquid the gel pieces were washed with 100 mm NH,HCO;
and dehydrated with 100 mM NH;HCO;/50% acetonitrile.
After removal of the liquid the gel pieces were incubated on
ice with the digestion buffer consisting of 50 mM NH,HCO;
containing 0.1 mg/mL sequence-grade porcine trypsin
(Promega, Madison, WI, USA). After removal of excess
digestion buffer the gel pieces were incubated at 37°C for
18 h. Peptides were extracted by sonication (15 min) using
subsequent extraction solvents consisting of Milli-Q water,
5% formic acid and 5% formic acid/50% acetonitrile.
Extracts were pooled and lyophilized in a vacuum centri-
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fuge. For MALDI and ESI-MS analyses the lyophilized
peptides were reconstituted in 10 pL 0.1% formic acid.

2.5 Mass spectrometry

MALDI-TOF-MS peptide mass fingerprinting was per-
formed on the same Biflex III instrument described above,
and was performed in reflectron mode. 1 pL digest was
mixed with 5 pL matrix solution (20 mg/mL dihydroxy-
benzoic acid in 0.1% aqueous trifluoroacetic acid/acetoni-
trile 2:1 v/v). 0.5 puL of this solution was transferred to the
Scout 384 MALDI sample plate, and was allowed to crys-
tallize. Mass spectra were calibrated using the trypsin auto-
digestion masses observed in all extracts. Electrospray-MS
was performed on a quadrupole TOF Q-TOF 2 instrument
(Micromass, Manchester, UK) coupled on-line with a capil-
lary HPLC (CapLC) (Waters, Milford, MA, USA). Peptides
were separated on a capillary C18 reversed-phase column
(75 pm ID, 15 cm L) (LC Packings, Amsterdam, The Neth-
erlands) using a 5—60% acetonitrile gradient in 0.1% for-
mic acid (45 min; 200 nL/min). The column was connected
to a metal-coated fused-silica electrospray needle (tip ID,
10 um) (NewObjective, Woburn, MA, USA). Peptide mass
fingerprinting and MS/MS ion searching was performed
using Mascot (www.matrixscience.com). Ara h 3 was
digested in silico using ProteinProspector (prospector.ucsf.
edu) and the resulting peptide list was compared with meas-
ured peptide masses.

2.6 Sequence analysis

From the NCBI protein database the reported sequences of
Ara h 3 were retrieved: AAC63045 Ara h 3 [Arachis hypo-
gaea] [15], AAD47382 Ara h 4 [Arachis hypogaea] [13],
AAM46958 allergen Arah 3/4 [Arachis hypogaeal,
AAGO01363 Glyl [Arachis hypogaea], and AAT39430 iso-
Ara h 3 [Arachis hypogaea]. Multiple sequence alignment
was performed using Clustal W (1.82) using default param-
eters (www.ebi.ac.uk/clustalw). Potential posttranslational
modifications were analyzed using Findmod (www.expasy.
org/tools/findmod) and NetPhos (www.cbs.dtu.dk/services/
NetPhos).

3 Results
3.1 Ara h 3 subunit composition

In Fig. 1A the typical SDS-PAGE pattern for Ara h 3 puri-
fied from peanuts is shown. In addition to the major bands
at 45, 42, and 23 kDa minor bands ranging from 12-35
kDa can be seen. Previous work (N-terminal sequencing)
showed that the 45—42 bands are related to the acidic sub-
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unit and the band at 23 kDa is related to the basic subunit
[16]. For mass spectrometric analysis the bands marked
A-L were cut out of the gel and were reduced, alkylated,
and digested by trypsin.

In Figs. 1B and C the MALDI mass spectrum of Ara h 3 is
shown. Spectra were acquired in two mass windows for
optimal sensitivity: 9-27 kDa and 27—80 kDa. In the high
mass window the dominant peaks at 58 860, 57926, 55128,
and 32649 Da are found in addition to minor peaks at
45225, 28977, and 27565 Da (the latter two are doubly
charged Ara h 3 peaks). In the low mass window major
peaks at 12564 and 11955 Da are detected in addition to
minor peaks at 20497, 13889, and 10725 Da. Upon reduc-
tion and addition of urea significant mass shifts occur. In
Figs. 1D and E the MALDI mass spectrum of Ara h 3 after
reduction is shown; spectra were acquired in the same mass
windows as in panels B/C. In the high mass window the
three peaks between 55 and 59 kDa are still visible as minor
peaks, indicating incomplete reduction. The major peaks
are now found at 40659, 38556, 37721, and 34671 Da. In
the low-mass window the major peak is found at 20505 Da
in addition to minor peaks at 12487, 11956, and 10250 Da.
By comparing the SDS-PAGE band pattern with the
reduced Ara h 3 masses, the major bands/peaks can be cor-
related. The intensely stained bands of the acidic subunit at
42-45 kDa (Fig. 1A) correspond to the MALDI peaks at
38556, 37721, and 34671 Da. The intensely stained band
at 23 kDa (Fig. 1A) corresponds to the dominant 20505 Da
peak in Fig. 1D. Considering that the acidic and basic sub-
unit of Ara h 3 are covalently linked by a disulfide bridge, it
can be calculated that the peaks at 58860, 57926, 55128
Da in Fig. 1B correspond to the acidic-basic subunit pairs
comprised of the peaks at 20505 + 38556, 37721 and
34671 Da, respectively, taking into account a mass accu-
racy better than 0.5% for the high mass region. The 32649
Da peak in Fig. 1B can be correlated with the peaks at
12487 and 20505 Da giving rise to a small acidic-basic
subunit pair. The 40659 Da peak in Fig. 1C could not be
correlated to any of the peaks shown in Fig 1B; association
with the 20505 Da basic subunit would yield an intact
molecular mass exceeding 60 kDa. At the resolution
obtained in Fig. 1B, a 60 kDa shoulder should be visible if
present (not observed). Major peak molecular masses of
basic (20.5—-20.9 kDa) and acidic (37.8—38.8 kDa) poly-
peptides can be calculated from published sequences
(Fig. 2) and are consistent with the MALDI signals
observed.

3.2 Ara h 3 sequence analysis

In Fig. 2 the Clustal W multiple sequence alignment of the
amino acid sequences of the four Ara h 3 entries in the
NCBI protein database, translated from their respective
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Subunit structure of Ara h 3. (A) SDS-PAGE gel showing the polypeptides of purified Ara h 3. Bands marked A—L were

cut from the gel and processed further for peptide analysis. The band at ~65 kDa is a minor contamination by Ara h 1. (B), (C)
MALDI mass spectrum of Ara h 3 dissolved in 10 mM ammonium bicarbonate, pH 7.9 (intact Ara h 3). (D), (E) MALDI mass spectrum
of Ara h 3 dissolved in 8 M urea containing 10 mm DTT (reduced and dissociated Ara h 3).

nucleotide sequences, are shown. Accession numbers of the
sequences are: AAC63045, AAM46958, AAD47382, and
AAGO01363. Before multiple sequence alignment signal
peptides were removed, the start of the amino acid
sequences shown is at the N-terminus of the mature protein
(ISFRQQ...). The row marked MS shows the parts of the
Ara h 3 sequence recovered by mass spectrometry and iden-
tified peptides are listed in Table 1. In the case of sequence
heterogeneity, alternative peptides identified by MS are
also shown at the appropriate positions. Overall sequence
identity is high (83%), and most substitutions are homolo-
gous substitutions (63%). Four gaps are found ranging from
2-5 amino acids (mainly due to sequence AAM46958). In
bold the two N-terminal peptides identified by Edman
degradation are shown. The N-terminus ISFRQQ corre-
sponds to the acidic subunit and the N-terminus GIEETI
corresponds to the basic subunit.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3.3 Peptide identification

The SDS-PAGE bands marked A—L (Fig. 1A) were sub-
jected to in-gel digestion by trypsin. The resulting peptides
were eluted, lyophilized, redissolved, and analyzed by
MALDI-MS and LC-MS. In Fig. 3 the MALDI-MS spectra
of the tryptic digests of bands A and H, corresponding to
the acidic and the basic subunit of Ara h 3 are shown. Iden-
tified peptides are labeled with their respective residue
numbers (following the alignment shown in Fig. 2). In addi-
tion to 13 Ara h 3 peptides observed for band A, 8 autodi-
gestion peptides of porcine trypsin are observed in the
digestions, which served as internal calibrants in the
MALDI experiments. The rich MALDI spectra obtained
for gel bands A—L served as first pass for peptide identifi-
cation. Following MALDI-MS analysis LC-MS/MS was
performed for additional sequence coverage and peptide
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AAC63045 - - -RQQPEENACQFQRLNAQRPDNRIESEGGY IETWNPNNQEFECAGVALSRLVLRRNAL 57
AAD47382 ISFRQQPEENACQFQRLNAQRPDNRIESEGGY IETWNPNNQEFECAGVALSRLVLRRNAL 60
ARG01363 ISFRQQPEENACQFQRLNACRPDNRLESEGGY IETWNPNNQEFECAGVALSRLVLRRNAL 60
AAM46958 ISFRQQPEENACQFQRLNAQRPDNRIESEGGY I ETWNPNNQEFECAGVALSRLVLRRNAL 60
AAT39430 VTFRQGGEENECQFQRLNAQRPDNRIESEGGY IETWNPNNQEFQCAGVALSRTVLRRNAL 60
* % * %k **************-*****************:******** *kkkkkk
MS ISFRQQ---------- LNAQRPDNR- = == == === == === === mm— o mm oo o m =
ARC63045 RRPFYSNAPQEIFIQQGRGYFGLIFPGCPRHYEEPHTQGRRSQSQRPPRRLQG- -EDQSQ 115
AAD47382 RRPFYSNAPQEIFIQQGRGYFGLIFPGCPSTYEEPAQQGRRYQSQRPPRRLQE- -EDQSQ 118
ARG01363 RRPFYSNAPQEIFIQQGRGYFGLIFPGCPSTYEEPAQQGRRHQSQRAPRRFEG- -EDQSQ 118
AAM46958 RRPFYSNAPQEIFIQQGRGYFGLIFPGCPSTYEEPAQQGRRHQSQRPPRRFQG- -QDOSQ 118
AAT39430 RRPFYSNAPLEIYVQQGSGYFGLIFPGCPSTYEEPAQEGRRYQSQKPSRRFQVGQDDPSQ 120
EEE R EEEEED **: :*** *hkhkkkhkkkkkkk * % k% ;*** ***: % .**:: :* * *
MS -RPFYSNAPQEIFIQQGRGYFGLIFPGCPSTYEEPAQQGR-HQSQRPPR -FQG- -QDQSQ
AAC63045 QOR-DSHQKVHRFDEGDLIAVPTGVAFWLYNDHDTDVVAVSLTDTNNNDNQLDQFPRRFN 174
AAD47382 QQQ-DSHQKVHRFNEGDLIAVPTGVAFWLYNDHDTDVVAVSLTDTNNNDNQLDQFPRREN 177
AAG01363 QQQQDSHOKVRRFDEGDLIAVPTGVALWMFNDHDTDVVAVSLTDTNNNDNQLDQFPRRFN 178
ARM46958 Q0Q-DSHQKVHRFDEGDLIAVPTGVAFWMYNDHDTDVVAVSLTDTNNNDNQLDQFPRRFN 177
AAT39430 Q0Q-DSHQKVHRFDEGDLIAV PTGVAFWMYNDEDTDVVTVTLSDTSS THNQLDQFPRRFY 179
**: ******:**:************:'k::**,*****:‘k:*:**. . .**********
MS QQQ-DSHQK = = = = = = = = = = = = = = = = FN
AAC63045 LAGNTEQEFLRYQQQSRQSRRRSLPYSPYSPQSQPRQEERE FSPRGQHSRRERAGQEEEN 234
AAD47382 LAGNHEQEFLRYQQQSRQSRRRSLPYSPYSPHSRPRREEREFRPRGOHSRRERAGQEEED 237
ARG01363 LAGNHEQEFLRYQQQ- - - SRRRSLPYSPYSPQSQPRQEEREFSPRGOHSRRERAGQEEEN 235
ARM46958 LAGNHEQEFLRYQQQ- - - SRRRSLPYSPYSPQTQPKQEDREFSPRGQHGRRERAGQEQEN 234
AAT39430 LAGNQEQEFLRYQQQ- -~ --------=----- QGSRPHYRQISPR------- VRGDEQEN 215
kkkk kkkkkkkkkk L. ke Kk Kok ik
MS LAGNHEQEFLRYQQQSR - = = = = = = === = === = == = = — oo m oo oo
AAC63045 EGGNIFSGFTPEFLEQAFQVDDRQIVONLRGETESEEEGAIVTVRGGLRILSPDRKRR - - 292
AAD47382 EGGNIFSGFTPEFLEQAFQVDDRQIVONLWGENESEEEGAIVTVRGGLRILSPDGTRG - - 295
ARG01363 EGGNIFSGFTPEFLAQAFQVDDRQIVONLRGENESEEEGATVIVKGGLRILSPDRKRG - - 293
AAM46958 EGGNIFSGFTPEFLAQAFQVDDRQILONLRGENESDEQGATVTVRGGLRILSPDRKRRQQ 294
AAT39430 EGSNIFSGFAQEFLQHAFQVD - RQTVENLRGENEREEQGAIVIVKGGLRILSPDEEDESS 274
**_******: * %k K :***** * % ::** **.* :*:******:*********
MS e QILQNLRGENESDEQGATVTVRGGLR - - = - - - - - -
GENESEEEGAIVTVR
GENESEEEGATVTVK
AAC63045 - - -ADEEEEYDEDEYEYDEE- - - - DRRRGRGSRGRGNGIEETICTASAKKNIGRNRSPDI 345

AAD47382 - - -ADEEEEYDEDQYEYHEQ- - - - DGRRGRGSRGGGNGIEETICTACVKKNIGGNRSPHI 348
AAG01363 - - -ADEEEEYDEDEYEYDEE- - - - DRRRGRGSRGRGNGIEETICTASVKKNIGRNRSPDI 346
AAM46958 YERPDEEEEYDEDEYEYDEEERQQDRRRGRGSRGSGNGIEETICTASFKKNIGRNRSPDI 354
AAT39430 RSPPSRREEFDEDRSRPQQRffff—GKYDENRRGYKNGIEETICSASVKKNLGRSSNPDI 329
LKk kkok . ... X% khkkkkkkkx .k kkk .k Xk
MS e GIEETICTASFK------- SPDI
AAC63045 YNPQAGSLKTAND- -LNLLILRWLGPSAEYGNLYRNALFVAHYNTNAHSTIYRLRGRAHV 403
AAD47382 YDPQRWEFTQNCHD- -LNLLILRWLGLSAEYGNLYRNALFVPHYNTNAHST IYALRGRAHV 406
ARG01363 YNPQAGSLKTAND- -LNLLILRWLGLSAEYGNLYRNALFVPHYNTNAHS T IYALRGRAHV 404
AAM46958 YNPQAGSLKTANELQLNLLILRWLGLSAEYGNLYRNALFVPHYNTNAHS T IYALRGRAHV 414
AAT39430 YNPQAGSLRSVNE- -LDLPILGWLGLSAQHGT I YRNAMFVPHYTLNAHT IVVALNGRAHV 387
* . ** . s * . * *k khkk Kk . :*. **** * % ** *** * * * % % %k x
MS YDPQAGSLKTAND—LNLLILRWLGLSAEYGNLYRNALFVPHYNTNAHSIIYALR~—AHV
AAC63045 QVVDSNGNRVYDEELQEGHVLVVPONFAVAGKSQSENFEYVAFKTDSRPSIANLAGENSV 463
AAD47382 QVVDSNGNRVYDEELQEGHVLVVPQONFAVAGKSQSENFEYVAFKTDSRPS IANFAGENSF 466
AAG01363 QVVDSNGNRVYDEELQEGHVLVVPONFAVAGKSQSDNFEYVAFKTDSRPNIANFAGENST 464
AAM46958 QVVDSNGDRVFDEELQEGHVLVVPQNFAVAGKSQSENFEYVAFKTDSRPSIANLAGENSF 474
AAT39430 QVVDSNGNRVYDEELQEGHVLVVPONFAVAAKAQSENYEYLAFKTDSRPSIANLAGENST 447
*******:**:*******************.*:**:*:**:********.***:*****.
MS QVVDSNGNR VFDEELQEGHVLVVPQNFAVAGKSQSENFEYVAFK TDSRPSIANLAGENSF

VYDEELQEGHVLVVPQONFAVAGK

AAC63045 IDNLPEEVVANSYGLQREQARQLKNNNPFKFFVPPS -QQSPRAVA 507

AAD47382 IDNLPEEVVANSYGLPREQARQLKNNNPFKFFVPPF -QQSPRAVA 510

AAG01363 IDNLPEEVVANSYGLPREQARQLKNNNPFKFFVPPS -QQSLRAVA 508

AAM46958 IDNLPEEVVANSYGLPREQARQLKNNNPFKFFVPPS -EQSLRAVA 518

AAT39430 IDNLPEEVVANSYRLPREQARQLKNNNPFKFFVPPFDHQSMREVA 492
KhKkkKKRK KKK h K * AhkhkAkhkkkkkkkkkkhk Kk ¥ **

MS IDNLPEEVVANSYGLPR------- NNNPFKFFVPPS -EQSLR- - -

Figure 2. Clustal W multiple sequence alignment of the four Ara h 3 sequences. Symbols used: * corresponds to amino acid iden-
tity, : is a conserved substitution (AVFPMILW, DE, RHK and STYHCNGAQ), . is a homologous substitution. The rows marked MS
show the Ara h 3 sequence recovered by MS. The N-termini of the acidic and the basic subunit determined by Edman degradation
are shown in bold.
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Table 1. Trypic peptides identified from Ara h 3 subunits
Residues m/z (obs) m/z (calc) +++  Sequence MS MS/MS Gel bands
17-25 1083.57 1083.57 1+ LNAQRPDNR M ABC G L
62-73 1468.70 1468.72 1+  RPFYSNAPQEIF M AB G L
62-78 2051.03 2051.05 1+  RPFYSNAPQEIFIQQGR M ABC G L
62-78 2051.06 2051.05 3+  RPFYSNAPQEIFIQQGR E 37 AB D I L
65-78 1650.81 1650.82 1+ YSNAPQEIFIQQGR M ABC FG L
65-78 1650.84 1650.82 2+  YSNAPQEIFIQQGR E 50 ABCD L
66—78 1487.73 1487.76 1+  SNAPQEIFIQQGR M AB L
79-100 2488.19 2488.16 1+  GYFGLIFPGCPSTYEEPAQQGR M ABC
102-109 1005.53 1005.53 1+  HQSQRPPR M ABC
110-126 2073.00 2072.95 1+  RFQGQDQSQQQQDSHQK M B
111-126 1916.82 1916.85 1+  FQGQDQSQQQQDSHQK M ABC
176188 1574.75 1574.77 1+ FNLAGNHEQEFLR M ABC EFG K
176—188 1574.76 1574.77 3+  FNLAGNHEQEFLR E 30 ABC EFG
189194 809.40 809.39 1+  YQQQSR M ABC FG
258264 884.53 884.53 1+  QILQNLR M ABC K
265-279 1603.73 1603.76 1+  GENESDEQGAIVTVR M AB JK
265-279 1603.76 1603.76 2+  GENESDEQGAIVTVR E ABC ]
265-279 1590.78 1590.76 2+  GENESEEEGAIVTVK E 87 BC JK
265-279 1618.77 1618.75 2+  GENESEEEGAIVTVR E 58 ABC
265-283 1987.03 1986.98 1+  GENESDEQGAIVTVRGGLR M A
332-343 1356.62 1356.65 2+  GIEETICTASFK E H
351-363 1389.69 1389.70 1+  SPDIYNPQAGSLK M H
351-363 1389.64 1389.70 2+  SPDIYNPQAGSLK E 54 H
364-376 1255.72 1255.73 2+  TANDLNLLILR E 44 H
377-389 1541.71 1541.78 2+  WLGLSAEYGNLYR E 66 H
377-389 1541.79 1541.78 1+  WLGLSAEYGNLYR M H
390-402 1497.68 1497.72 3+  NALFVPHYNTNAH E 30 H
390-402 1497.71 1497.72 1+  NALFVPHYNTNAH M H
390409 2314.19 2314.21 1+ NALFVPHYNTNAHSIIYALR M H
412-423 1295.63 1295.64 2+  AHVQVVDSNGNR E 25 H
424441 2099.00 2099.04 1+  VFDEELQEGHVLVVPQNF M H
424446 2525.28 2525.30 1+  VFDEELQEGHVLVVPQNFAVAGK M H
424446 2541.30 2541.30 1+  VYDEELQEGHVLVVPQNFAVAGK M H
424446 2541.20 2541.30 3+  VYDEELQEGHVLVVPQNFAVAGK E 41 H
447-458 1448.66 1448.67 1+  SQSENFEYVAFK M H
447-458 1448.63 1448.67 2+  SQSENFEYVAFK E 77 H
459491 3545.66 3545.74 3+  TDSRPSIANLAGENSFIDNLPEEVVANSYGLPR E 50 H
464491 3086.47 3086.54 3+  PSIANLAGENSFIDNLPEEVVANSYGLPR E 64 H
499504 733.38 733.36 1+  NNNPFK M H
505-515 1306.69 1306.68 1+  FFVPPSEQSLR M H
505-515 1306.67 1306.68 2+  FFVPPSEQSLR E 22 H
508-515 912.46 912.47 2+  PPSEQSLR E 32 H

Residue numbering follows that of NCBI entry AAM46958 starting from the protein N-terminus (ISFRQQ...). Peptides reported are tryptic
and semi-tryptic peptides. Observed m/z values correspond to the mono-isotopic singly protonated peptides, m/z values are calculated using
ProteinProspector. +++ : charge state of the peptide. MS techniques used: MALDI-MS (M) and LC-MS(/MS) (E). The number in the col-
umn MS/MS corresponds to the MASCOT ion-score for peptide MS/MS spectra. Gel bands correspond to the bands shown in Fig. 1A.

peptides are found due to aspecific cleavage at either the N-
or C-terminal side of the peptide.

identification. In Table 1 all peptide identifications using
MALDI-MS, LC-MS, and LC-MS/MS data are summar-
ized. For each gel band analyzed the identified peptides are
given. The residue-numbering scheme used corresponds to
Ara h 3 sequence AAM46958. The total sequence coverage

3.4 Sequence heterogeneities
by MS is 54%, and is asymmetrically divided over the

acidic subunit (335 amino acids; 35% coverage) and basic
subunit (187 amino acids; 89% coverage). MALDI and LC-
MS(/MS) data identify similar peptides, e.g., res. 62—78,
265-279, 351-363 or 505-515 and complementary pep-
tides, e. g., res. 102—109, 189—194 or 499-504 (MALDI)
and 332-343,364-376 or 412—423 (LC-MS(/MS).) It can
be observed that in addition to pure tryptic peptides (tryptic
recognition at K/R-X, with X is not P), several half tryptic

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

At two sites in the sequence microheterogeneities are
found: in the acidic subunit peptide encompassing res. 265—
279 and in the basic subunit peptide encompassing res.
424—-446. For the first peptide 3 variant peptides were iden-
tified at 1603.76, 1590.78, and 1618.75 Da corresponding
to the sequences GENESDEQGAIVTVR, GENESEEE-
GAIVTVK and GENESEEEGAIVTVR, respectively (var-
iants underlined). The observed variants, D - E, Q > E
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Figure 3. MALDI mass spectra of the tryptic digests of SDS-PAGE bands A and H. Identified pep-

tides are labeled with residue numbers.

and R — K, are homologous substitutions. In Fig. 4 the MS/
MS spectra of the 1590.78 and 1618.75 Da peptides are
shown (795.90 Da and 809.89 Da in their doubly protonated
forms, respectively). Both peptides display extensive y-ion
fragmentation series ranging from y(3)—y(12/13). Fragment
masses in both series are consistent with the proposed
sequences and are offset by 28.01 Da, in line with the C-

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

terminal residue being either R (156.10 Da) or K (128.09
Da). Localization of the other two microheterogeneities in
this peptide, D — E and Q — E, are supported by multiple
intact peptide data from both MALDI and LC-MS(/MS)
experiments (Table 1). The other peptide displaying hetero-
geneity is found in the acidic subunit: VFDEEL-
QEGHVLVVPQNFAVAGK (2525.30 Da) and VYDEEL-
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Figure 4. LC-MS/MS spectra of peptide (res. 265—279) showing sequence heterogeneity. (A) LC-MS chromatogram (basepeak
intensity) of the digest of band B. (B) Selected ion chromatogram (SIC) of the mass window 795.82—-795.94 Da, the insert shows
the mass spectrum for this peak. (C) SIC of the mass window 809.82—809.95 Da, the insert shows the mass spectrum for this peak.
(D) MS/MS spectrum of the peptide GENESEEEGAIVTVR. (E) MS/MS spectrum of the peptide GENESEEEGAIVTVK. For both
peptides the amino acid sequence and the precursor ion mass and charge state are shown.

QEGHVLVVPQNFAVAGK (2541.30 Da). Also here the
heterogeneity is due to a homologous substitution: F — Y,
and is supported by multiple peptides detected by MALDI
and LC-MS/MS (Table 1). The sequence microheterogene-
ities are found in multiple bands (A, B, C, J and K for res.
265—-279 and band H for res. 424—-446) indicating that the
different bands on SDS-PAGE do not correspond to distinct
genetic variant forms of Ara h 3 (like observed for soy gly-
cinin).

3.5 Proteolytic truncation

For each identified peptide in Table 1 the corresponding
band cut from the SDS-PAGE gel (Fig. 1A) can be found in
the rightmost column of the table. It can be observed that
the C-terminal 187 amino acids are only identified in band
H (the basic subunit), whereas the N-terminal 331 amino
acids are localized in multiple bands varying from A—L
(but not in H). Even though sequence coverage is around
35% for the acidic subunit, a pattern is discernable. In
Fig. 5 a schematic overview is given for the localization of
the different proteolytic products observed for Ara h 3.
Bands A, B, and C (~42—-45 kDa) encompass the whole N-

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

terminal region corresponding to the complete basic sub-
unit with minor C-terminal truncation of band B and C. The
smallest band on SDS-PAGE at ~ 13kDa, band L, is a trun-
cated N-terminal fragment of the acidic subunit including at
least res. 1 —78. The same pattern is found for band G (~27
kDa), starting at the N-terminus and including at least res.
1-194. Band F (~29 kDa) follows the pattern of band G,
however, fewer peptides are identified (3), limiting inter-
pretation. A complementary picture arises for band K (~16
kDa), with the first peptide identified at res. 176—188 and
ranging upto res. 279. Band K corresponds to an N-termin-
ally truncated acidic subunit, which most likely extends
until the C-terminus of the acidic subunit at N331. The
other bands D, E, I, and J are only defined by a minimal set
of peptides (1 or 2) and therefore assignment into the
sequence can only be done with limited confidence
(hatched bars in Fig. 5). However, the peptides identified do
correlate these bands to the acidic subunit. No processing
of the basic subunit is observed. Sequence coverage is par-
tially related to protein abundance in each band. The SDS-
PAGE intensities of bands A, B, C, and H are reflected in
their extensive peptide yields, whereas minor SDS-PAGE
bands such as D, E, I, and J bands give lower sequence cov-
erage.
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Figure 5. Schematic overview of the proteolytic truncation products A—L (black horizontal bars) in
relation to the amino acid sequence of Ara h 3. Hatched bars indicate tentative assignment (only 1
or 2 peptides recovered). Vertical grey areas marked dl, dll, and dlll indicate regions of disordered
structure. On top the acidic subunit and basic subunit are indicated, and the location of epitopes 1,
2, 3, and 4 [13, 15] and the interchain disulfide bridge are shown. An arrow indicates he cleavage

site between the acidic and basic subunit.

4 Discussion
4.1 Subunit composition

SDS-PAGE analysis and mass spectrometric analysis give a
consistent picture of the Ara h 3 acidic/basic subunit com-
position linked by a disulfide bridge (acidic subunit C88—
basic subunit C338) analogous to the subunit organization
of soy glycinin. The basic subunit (band H ~23 kDa on
SDS-PAGE, 20505 Da by MALDI) appears essentially as a
single polypeptide in Ara h 3. For the acidic subunit multi-
ple bands are observed ranging from 13—-45 kDa on SDS-
PAGE, indicating proteolytic truncation of the (pro)protein
in the peanut. Although relative intensities in MALDI mass
spectra can generally not be taken as quantitative measure
for protein abundance, relative intensities of highly homo-
logous proteins in a mixture can be interpreted semiquanti-
tatively. Based on SDS-PAGE and MALDI-MS the most
abundant polypeptides comprising the mature Ara h 3 in
peanuts are A, B, C, and H.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Under nonreducing conditions, the heterodimers comprised
of H-L, H-A, H-B, and H-C are ~equally abundant and
are responsible for >90% of the integrated MALDI signal
intensity in the high-molecular-mass range (Fig. 1B). The
same can be concluded from SDS-PAGE, for bands A, B, C,
and H. The disproportionately low staining intensity of
Coomassie blue for low-molecular-mass proteins (<15
kDa) may account for the faintness of band L. The other
bands are present in smaller quantities relative to polypep-
tides A, B,C,H,and L.

4.2 Localization of proteolytic fragments

In Fig. 5 a schematic overview correlating the Ara h 3
sequence with the different proteolytic products is shown.
Bands A, B, C, (F), G, and L are N-terminal polypeptides of
the acidic subunit of the mature Ara h 3 molecule truncated
C-terminally at different positions, and are characterized by
an apparent molecular weight on SDS-PAGE of 45, 43, 42
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(28), 27, and 13 kDa, respectively. Conversely, band K (and
J) are C-terminal polypeptides of the acidic subunit trun-
cated N-terminally, and are characterized by an apparent
molecular mass of 16 (and 17) kDa.

The Ara h 3 molecule as isolated has predominantly a hex-
americ structure but also a minor fraction in the trimeric
form is observed (< 10%, judged from gel permeation chro-
matography) [16]. The Ara h 3 used in this study is from the
same batch as used in [16]. The potential truncation sites of
Ara h 3 were analyzed using the recently published 3-D
structure of the soy glycinin A3B4 homohexamer [21]. Pro-
teolytic cleavage by an Asn-specific endoprotease yielding
the acidic and the basic subunit is required for hexamer for-
mation. In the acidic subunit of glycinin, three binding
regions are essential for proper assembly of the trimeric
proproteins into the mature hexameric structure. The Ara
h 3 equivalents of these regions are PGCPSTYEEP (region
I; res. 86—95), KVR(/H)R (region II; res. 127—130) and
LSPD (region III; res. 284—287), respectively. The residues
between binding regions I and II (res. 96—126) show a
highly disordered structure; the same is observed for the
residues observed between res. 180 and 200. A third disor-
dered region is found between binding region III and the C-
terminus of the acidic subunit, which is a region of high
variability in the glycinin protein family. We hypothesized
that proteolytic truncation most likely occurs in the disor-
dered regions that are not critically involved in hexamer for-
mation. The disordered regions are shown in Fig. 5 (dI—
dIII). Indeed, the molecular masses of the large polypep-
tides A, B, and C (and D and E) indicate truncation in the
disordered region following binding region III. Similarly,
polypeptide L corresponds to truncation in the disordered
region following binding region I. This small polypeptide is
covalently linked by the intermolecular disulfide bond to
the basic subunit at C88—-C338, consistent with the L-H
MALDI signal at 32.6 kDa in Fig. 1C. Given the high mass
accuracy (<0.2%) in the low-mass window and the high
sequence homology for the N-terminal ~ 110 amino acids a
tentative assignment of the C-terminus of polypeptide L
can be made. Calculation gives a mass of 12484 Da for the
polypeptide spanning ISFRQQ...SQRP res. 1 -107, indicat-
ing proteolysis by a proline specific endoprotease. The
sequence of peptide L includes binding region I, therefore
association in the hexameric structure can be rationalized.
The proteolysis products K, I, and J are truncated in the sec-
ond disordered region following res. 180. Polypeptide I is
C-terminally processed analogous to polypeptides A—G and
L. Polypeptides J and K are interesting since C88 is not
included in these N-terminally truncated polypeptides,
therefore they cannot form the disulfide bond with the basic
subunit. Apparently, the noncovalent interactions in the tri-
mer/hexamer are sufficient to retain these polypeptides in
the oligomeric Ara h 3 structure. Proteolysis in the disor-
dered regions of the acidic subunit accounts for the majority
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of the polypeptides observed including the high abundance
polypeptides A, B, C, H, and L. Only polypeptides F and G
have molecular masses that do not correlate with any of the
three disordered regions in the acidic subunit. Interactions
in the hexamer for these polypeptides are limited to binding
regions [ and I1.

Taken together, the most abundant polypeptides comprising
the mature Ara h 3 in peanuts, A, B, C, and H, follow the
canonical glycinin folding pattern that make-up the hex-
americ structure. Indeed the relative abundances of the
different truncation products, observed by both MALDI
and SDS-PAGE, are consistent with this rationale.

4.3 Sequence heterogeneity, variants, and
processing products

Sequence analysis of the five (nucleotide) database entries
for Ara h 3 indicates sequence variability mainly due to
homologous substitutions and minor gaps. Protein level
analysis of Ara h 3 by MS shows a set of peptides that does
not correspond uniquely to one of the four sequences, but
instead constitutes a sixth sequence homologous to the
other five Ara h 3 sequences. In addition to the proteolytic
truncation of polypeptides originating from a single
sequence, also microheterogeneities are observed at two
positions (in both the acidic and basic subunit) indicating
the presence of at least five Ara h 3 genes for the single pea-
nut variety (Runner cultivar) in this study. The primary
sequence was also analyzed with respect to potential post-
translational modifications including glycosilation, glyca-
tion, phosphorylation, and sulfation. The Ara h 3 sequence
contains three potential glycosilation sites having the N-X-
S/T/C (with X is not P) motif: QQPEENACQFQR (res.
10-12), GENESDEQGAIVTVR (res. 267-269) and
RNRSPDI (res. 349-351). The first and third tryptic pep-
tides located at/near the N-termini of either the acidic or
basic subunit are not recovered by MS, even taking into
account the different possible modifications. The second
potentially modified tryptic peptide is recovered by MS in
its native form (in different varieties, seeTable 1), excluding
glycosylation at this site. Peptides containing S or T were
analyzed for phosphorylation, however, no phosphorylated
peptides were recovered. Taken together, we conclude that
Ara h 3 is mainly proteolytically modified, with possible
glycosylation at residues 10— 12 and/or 349—-351.

4.4 Consequences forimmunological research

Epitope scanning by IgE-binding to synthetic peptides has
been shown to be a very powerful technique when applied
to peanut allergens in general (reviewed by Burks ez al. [4]).
Four IgE-epitopes have been reported for Ara h 3 and all
epitopes were located on the acidic subunit [15]. The domi-
nant epitope VTVRGGLRILSPDRK (res. 276-290,
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amino acids critical for IgE binding in boldface) is recog-
nized by all Ara h 3-allergic patients (N = 8) [15]. A recent
report showed that 87% of symptomatic peanut allergic
patients had specific IgE directed against this dominant epi-
tope [26]. Bands A, B, C, and K, and probably D and J con-
tain the C-terminal part of the acidic subunit rendering this
dominant epitope. It is interesting to note that the 14 kDa N-
terminal part of the acidic subunit that was originally identi-
fied as Ara h 3 [14] only contains a minor IgE-epitope [15].
Our data show that some of the mapped IgE-epitopes are
only partially present on the C-terminally processed acidic
subunit (bands D, E, F, and G) and these peptides can there-
fore not be the sensitizing allergen giving rise to IgE. Prob-
ably, the larger forms of the acidic subunit (band A, B, and
C) are the primary sensitizing allergens for these particular
IgE-epitopes. In a previous paper we showed by IgE-blot-
ting that peanut-derived Ara h 3 has IgE-binding sites on
the acidic as well as on the basic subunit, with the acidic
subunits stained more intensely [16]. For soy glycinin, IgE-
binding sites were found mainly on the acidic subunit [27—
29], while the basic subunit was reported to contain a min-
ority of the IgE epitopes [29], supporting the suggestion
that the acidic subunit is the most allergenic subunit for
legume glycinins.

For peanut-derived Ara h 3 we observed multiple peptides
for the N-terminal part of the dominant epitope. Indeed the
tryptic peptides identified (1603.76, 1590.78, and 1618.75
Da) showed the sequence microheterogeneity of this epi-
tope including the R — K variation (VTVRGGLRILSP-
DRK, variation underlined). Although the variation does
not affect amino acids identified to be critical for IgE-bind-
ing [15], it does show that the DNA level sequence and
resulting recombinant protein do not necessarily correlate
with the protein as isolated from its native environment. In
the peanut, a much richer Ara h 3 protein pool is found than
for the Escherichia coli-derived recombinant protein/pep-
tides used for epitope scanning experiments. The presence
of multiple Ara h 3 genes and gene products in the peanut,
in addition to proteolytic N- and C-terminal truncation,
yields a much wider repertoire of allergens than a single-
chain E. coli-derived recombinant protein, probably bearing
potential IgE-epitopes that are not picked-up with recombi-
nant protein- or synthetic-peptide approaches. The amino
acid sequence of allergens purified from their native source
gives the molecular information required for detailed anal-
ysis of allergen structure, and structure variation due to
DNA sequence variation and post-translational processing.

4.5 Conclusions

In addition to the normal processing of proteins in the glyci-
nin family, Ara h 3 is further proteolytically truncated in the
acidic subunit at multiple sites. Sequence variants are
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observed at the peptide level and indicate the presence of
multiple Ara h 3 genes in peanuts. Characterization of the
allergenicity of Ara h 3 should therefore also include IgE-
binding studies with peanut-derived Ara h 3, providing the
high degree of variation in the Ara h 3 protein structure, as
this is what peanut-allergic individuals are confronted with.

This work is part of research program No. 49 “Mass spec-
trometric imaging and structural analysis of biomacromole-
cules” of the “Stichting voor Fundamenteel Onderzoek der
Materie (FOM)”, which is financially supported by the
“Nederlandse organisatie voor Wetenschappelijk Onder-
zoek (NWO)”. A contribution of the University of Nebraska
Agricultural Research Division, Lincoln, Nebraska, USA
68583. Journal Series No. 14543.
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