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ABSTRACT Ves v 5 is one of three major aller-
gens found in yellow-jacket venom: phospholipase
A1 (Ves v 1), hyaluronidase (Ves v 2), and antigen 5
(Ves v 5). Ves v 5 is related by high amino acid
sequence identity to pathogenesis-related proteins
including proteins from mammals, reptiles, insects,
fungi, and plants. The crystal structure of Ves v 5
has been solved and refined to a resolution of 1.9 Å.
The majority of residues conserved between the
pathogenesis-related proteins can be rationalized
in terms of hydrogen bonding patterns and hydro-
phobic interactions defining an a-b-a sandwich core
structure. A small number of consensus residues are
solvent exposed (including two adjacent histidines)
and located in an elongated cavity that forms a
putative active site. The site has no structural resem-
blance to previously characterized enzymes. Ho-
mologous antigen 5’s from a large number of differ-
ent yellow jackets, hornets, and paper wasps are
known and patients show varying extents of cross-
reactivity to the related antigen 5’s. The structure of
Ves v 5 allows a detailed analysis of the epitopes that
may participate in antigenic cross-reactivity, findings
that are useful for the development of a vaccine for
treatment of insect allergy. Proteins 2001;45:438–448.
© 2001 Wiley-Liss, Inc.
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INTRODUCTION

Ves v 51 is the name in allergen nomenclature1 of the
yellow-jacket (Vespula vulgaris) venom protein antigen 5.
Ves v 5 belongs to a superfamily of extracellular proteins
found in mammals, reptiles, insects, fungi, and plants that
share high sequence identity. The proteins are either
pathogenesis related,2 venom related,3,4 or produced in the
reproductive organs and cells.5–7 So far the only direct
evidence of the biological function of this protein superfam-
ily has been the report of weak trypsin-inhibiting effect of
a 25-kDa protein secreted by human glioblastoma cells8

and reversible ryanodine receptor blocking by the toxin
helothermine from Mexican beaded lizard venom.4 For Ves
v 5, no trypsin-inhibiting effect has been shown (T.P. King,

data not shown). The ryanodine receptor, RyR, is the
channel responsible for the release of Ca21 from the
sarcoplasmic reticulum in muscle cells, but it also plays a
role in Ca21 regulation in non-muscle cells.9–12 Helother-
mine, however, having 22% sequence identity to Ves v 5,
has a cysteine-rich C-terminal also found in the mamma-
lian proteins but absent in the insect, plant, and fungal
proteins.

Patients allergic to insect stings often show clinical
symptoms of allergy against multiple insects.13,14 This can
be the result of consecutive sensitization by exposure to
individual allergens from different insect venoms, or it
may be caused by cross-reactivity towards one or several
allergens. The fact that homologous allergens from differ-
ent species can give rise to clinically observed allergic
cross-reactivity suggests that clinical cross-reactivity in
some cases is due to structural homology of the allergens.
Structurally conserved allergen molecular surfaces have
been identified among the major tree pollen allergens,15

providing the structural basis for allergic cross-reactiv-
ity.16 It has been suggested that conserved allergen molecu-
lar surfaces among inhalant allergens harbor major IgE-
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binding epitopes,16 but it remains to be established whether
this is also the case for stinging insect allergens. A
characterization of the molecular surface of these aller-
gens will require determination of their three-dimensional
structures.

Ves v 5 is one of the three major protein components of
vespid venom with allergenic properties: Ves v 1 (phospho-
lipase A1),17 Ves v 2 (hyaluronidase),17 and Ves v 5.3

Phospholipase A1 splits off a fatty acid moiety from the 1 or
2 position of phosphatidyl compounds. Hyaluronidase hy-
drolyzes 1,4-linkages between N-acetyl-(-D-glucosamine
and D-glucoronate residues in hyaluronate, the mucopo-
lysaccharide constituting the bulk of animal connective
tissue, but the biochemical role of Ves v 5 is unknown.

The crystal structures of bee venom hyaluronidase with
51% sequence identity to Ves v 218 and rat pancreatic
lipase with 32% sequence identity to Ves v 119 have been
solved. In addition, NMR structures of the pathogenesis-
related protein from tomato, p14a with 27% sequence
identity to Ves v 5 have been described.20 Here we report
the X-ray structure of Ves v 5 and analyze structural and
possible functional relationships to the other proteins from
the pathogenesis-related superfamily. Furthermore, the
allergological consequences of conserved surface patches
found by sequence alignment of antigen 5’s from the
Vespula species and the related proteins from Dolicho-
vespula, Polistes and Solenopsis are discussed.

MATERIALS AND METHODS
Crystallization and Data Collection

Recombinant Ves v 5 was expressed in the yeast Pichia
pastoris and purified as previously described.21 The recom-
binant protein was provided with an N-terminal leader
sequence consisting of the EAEAEF sequence. Crystalliza-

tion was achieved using the sitting drop vapor diffusion
method with a precipitant composed of 16–20% w/v PEG
6,000 and 100 mM citrate-buffer pH 5.0–6.0, and a drop
size of 5 mL protein solution (5 mg/mL) 1 5 mL precipitant.
Crystals were obtained in 2 to 14 days and belong to the
orthorhombic space group P212121, with cell dimensions
a 5 46.0 Å, b 5 62.3 Å, and c 5 83.2 Å. Crystals were
soaked for ;10 sec in a cryo-buffer containing 30% w/v
PEG 6000, 100 mM citrate pH 5.6, and rapidly cooled in
liquid nitrogen. Heavy atom soaks with K2PtCl4 and
HgCl2 were done in the crystallization drops by the
addition of 1 ml 5 mM heavy atom salt dissolved in water.
The soaking time was approximately 3 h for both salts.
Data was collected at beam line 711, MAXLABII Synchro-
tron Facility, University of Lund, Sweden. Diffraction data
were collected with a Mar345 image plate and integrated
and scaled with the Denzo and Scalepack programs.22

Data collection was optimized to get both Friedell mates
for derivatives and the Friedell mates were kept separate
during integration and scaling. Data collection statistics
are listed in Table I.

Structure Determination and Refinement

MIRAS phases were calculated based on two heavy atom
derivatives: HgCl2 and K2PtCl4. The heavy atom positions
were identified from peaks in the anomalous and isomor-
phous difference Patterson maps using the CCP4 program
suite.23 Heavy atom positions were refined and the phases
calculated with the program Sharp24 followed by solvent
density modification with a solvent content of 43% by the
program Solomon.25 The resulting electron density map
was easily traced using O.26 The model was refined with
CNS27 with the mli target function against data from 30 to
1.9 Å using a bulk solvent model and anisotropic B-factor

TABLE I. Crystallographic Data and Model Refinement

Data collection and analysis Native HgCl2 K2PtCl4
Resolution range, Å (outer shell) 30–1.9 (1.97–1.90) 40–2.00 (2.07–2.00) 60–2.00 (2.07–2.00)
Wavelength, Å 0.959 1.015 1.015
Completeness, % (outer shell) 92.0 (98.9) 94.6 (88.0) 99.0 (97.9)
Redundancy (outer shell) 8.1 (3.6) 9.0 (3.9) 7.2 (2.8)
Rsym, % (outer shell)a 6.7 (17.8) 7.0 (12.0) 4.8 (15.0)
I/sI (outer shell) 13.4 (6.9) 15.5 (11.3) 24 (6.2)
Number of sites 2 2
Phasing power acentric/centricb 1.4/1.0 1.7/1.6
Rcullis acentric/centricc 0.84/0.83 0.78/0.80
FOM after SHARP acentric/centric 0.41/0.31
FOM after Solomon 0.90

Refinement statistics
No. of reflections
(free)

Rconv
d/Rfree

e

(%) No. of non-H atoms No. of waters
R.m.s.d. dihedrals

(°)
R.m.s.d. bond lengths

(Å)

17,556 (845) 20.9/23.5 1,676 253 23.3 0.006
aRsym 5 ¥hkl(¥i(uIhkl,i 2 ^Ihkl&u))/¥hkl,i^Ihkl&, where Ihkl,I is the intensity of an individual measurement of the reflection with Miller indicies h, k, and
l, and ^Ihkl& is the mean intensity of that reflection.
bRcullis 5 ¥hkliFPH,hkl 6 FP,hklu 2 FH,calc,hklu/¥hkluFPH,hkl 2 FP,hklu, where FPH is the structure factor of the heavy atom derivative, FP is the
structure factor of the native protein and FH,calc is the calculated structure factor for the heavy atom.
cPhasing power 5 ¥hklFH,hkl/¥hkluFPH,obs,hkl 2 FPH,calc,hklu
dRconv 5 ¥hkl(iFobs,hklu 2 uFcalc,hkli)/¥hkluFobs,hklu, where uFobs,hklu and uFcalc,hklu are the observed and calculated structure factor amplitudes.
eRfree is equivalent to the Rconv, but calculated with 5% of the reflections omitted from the refinement process.
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correction. Refinement steps were accepted if they pro-
duced a lowering of Rfree. The temperature factors were
refined for every atom but restrained to the temperature
factors of neighboring atoms. The refinement statistics are
listed in Table I. The Ramachandran plot as calculated by
the program PROCHEC28 shows no residues in disallowed
or generously allowed regions and 88.5% in the most
favorable regions of the phi-psi plot. The atomic coordi-
nates and structure factors have been deposited in the
Protein Data Bank (PDB)29 with the accession code 1qnx.

RESULTS
Overall Structure of Ves v 5

Ves v 5 posses a unique fold among structurally charac-
terized allergens. The structure determination reveals an
a-b-a sandwich protein (Fig. 1). The upper layer consists of
three a-helices, with one helix (IV, residues 155–160,
omitting the leader sequence from the numbering) run-
ning parallel to the b-sheet and two helices running
perpendicular to the b-sheet (I and III, residues 38–56 and
residues 126–139). Two 310 helices (IV’ and IV”) addition-
ally contribute to the upper layer of the sandwich. The
b-sheet is a four-stranded anti-parallel sheet (A’: residues
30–34; B: residues 110–118; C: residues 167–177; D:
residues 180–190). The lower layer consists of two a-heli-
ces (I” and II, residues 15–18 and 81–92) and the 310 helix
I’ (residues 3–5). The secondary structure classification is
based on the Kabsch and Sander algorithm.30

Only one protein with a similar structure is found in the
PDB, which are the NMR structures20 of a pathogenesis-
related protein from tomato named p14a. Structural com-
parison identifies a core structure composed of three major
a-helices (I–III), a minor a-helix (IV) and four b-strands
(A–D). A superimposition of the four a-helices and three
central b-strands (B–D) from Ves v 5 and p14a gives an
r.m.s.d. of 1.5 Å for 112 superimposable Ca-atoms.

Characterization of the Ves v 5-Like Protein
Superfamily

A SWISS-PROT search31 with the Ves v 5 sequence
identifies a protein superfamily in the PROSITE database,32

which shares the [GDER]-H-[FYWH]-T-Q-[LIVM]-[LIVM]-W-
x-x-[STN] and the [LIVMFYH]-[LIVMFY]-x-C-[NQRHS]-Y-

x-[PARH]-x-[GL]-N- [LIVMFYWDN] consensus sequence pat-
terns. Additional consensus sequences in the superfamily
can be identified by structural comparison of p14a and Ves v
5 and alignment of primary sequences from the superfamily
identified by a BLAST search.33 A total of seven consensus
sequences can be mapped in this way, where the consensus
mapped out by PROSITE represents the consensus patterns
number 6 and 7.

The alignment in Figure 2 includes representatives from
some of the different protein families included in the Ves v
5-like protein superfamily. The original alignment, from
which the consensus sequences presented here were ex-
tracted, is not shown, but it included 91 non-redundant
full-length primary sequences. The term consensus resi-
due covers a conservation of the physicochemical class of a
residue. The consensus groups are defined as: alcohol, o
(S,T); aliphatic, l (I, L, V); aromatic, a (F, H, W, Y);
negative, 2 (D, E); positive, 1 (H, K, R); charged, c (D, E,
H, K, R); tiny, u (A, G, S); small, s (A, C, D, G, N, P, S, T, V);
turnlike, t (A, C, D, E, G, H, K, N, Q, R, S, T); hydrophobic,
h (A, C, F, G, H, I, K, L, M, R, T, V, W, Y); polar, p (C, D, E,
H, K, N, Q, R, S, T).34,35 A consensus level of 90% is used in
the discussion. We have not considered residues falling in
the consensus groups p, h, t, and s to be consensus residues
in a strict sense and they are not included in the detailed
discussion of consensus patterns but they are mapped out
in Figures 2 and 3. The structural comparison of Ves v 5
and p14a gives the structural background for the consen-
sus sequences (using Ves v 5 numbering unless stated
otherwise).

The first consensus sequence is found in the C-terminal
of helix I: l45-p-x-H-N-t-h-R-t-x-h55 (sub indices refers to
Ves v 5 sequence numbers). Leu45 is stacking with Trp79
forming a conserved hydrophobic solvent exposed patch
outside the putative active site cleft [Fig. 4(A)]. This patch
covers 21% of the conserved solvent exposed surface of the
molecule. The NE2 of the conserved residue His48 partici-
pates in a hydrogen bond to the OH atom of another
consensus residue, Tyr189 in strand D. The OD1 and ND2

from the likewise conserved Asn49 is engaged in hydrogen
bonds with the backbone N and O of Leu77 from strand A,
which is contained in the second consensus sequence:
h74-x-h-x-W-s-x-p-h-t-t-x-A-t-x-a-u-p92. The function of
these hydrogen bonds is to turn the protein chain towards
helix II after the variable insert between helix I and
strand A.

The length of the loop inserts between helix I and strand
A vary in the superfamily, but the diverging backbones
converge at Leu77 in the beginning of strand A. The side
chain of the conserved Arg52 from helix I seems to be
important for the formation and stabilization of the ter-
tiary structure. It is positioned at the C-terminus of helix
IV and participates in no less than five hydrogen bonds
including bonds to the backbone oxygens of Lys75, Met160,
Trp162, and Thr165. Met160, Trp162, and Thr165 are all
included in the [GDER]155-H-[FYWH]-T-Q-[LIVM]-[LIVM]-
W-x-x-[STN]165 consensus sequence defined in PROSITE.
Lys75 is solvent exposed and the side chain is not con-
served in the superfamily.

Fig. 1. Overview of the Ves v 5 structure with secondary structural
elements labeled. The figure is generated using Molscript48 and
Raster3D.49,50
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From the second consensus sequence: h74-x-x-h-x-W-s-x-
p-h-t-t-x-A-t-x-a-u-p92 [Figs. 2 and 4(B)], Trp79 has hydro-
phobic contacts to residues from helix I. The exact struc-
tural role of this residue is not clear as the limited
variability of this solvent exposed residue suggest it to
have a role extending the creation of a packing environ-
ment for helix I.

The side chain of the consensus residue Asn80 is partici-
pating in hydrogen bonds with backbone atoms of residue
82 and 83, thereby stabilizing helix II. The hydrophobic
consensus residues Ala87 and Ala91 make helix II amphi-
patic. The residues create the packing environment be-
tween helix II and strand C and D of the b-sheet. Trp90
has a hydrogen bond to the backbone of Gly97, thereby

contributing to the positioning of His98 in the central
cavity.

Superposition of Ves v 5 and p14a shows that p14a has a
one turn extension of helix II, and the alignment in Figure
2 suggests that helix II in the majority of family members
have the same length as in Ves v 5. The alignment also
shows that Cys94 and His98 following helix II are con-
served in the third consensus sequence: p93-C-x-h-x-H-s99.
In the insect proteins, Cys94 is partitioning in a disulfide
bond with Cys26 found N-terminal to helix I, while a
cysteine in the position corresponding to Cys94 forms a
disulfide bond with a cysteine found at the C-terminal end
of the C-strand in the other members of the protein
superfamily. Both disulfide linkages, however, place His98

Fig. 2. Alignment of Ves v 5-like proteins. The consensus residues (having amino acid residue property
conserved in . 90% of the protein superfamily) have shaded background. The consensus groups are defined
in the results and discussion section. The background of residues belonging to the consensus groups o, l, a, 2,
1, c, and u is shaded in a darker shade of gray. The secondary structural elements of Ves v 5 are included as
well as Ves v 5 sequence numbers. Sol i 3, Solenopsis invicta venom allergen51; p14a tomato, pathogenesis-
related leaf protein 6 from tomato52; SC7, fruiting body protein SC7 from Schizophyllum commune (bracket
fungus)7; human trypsin inhib., 25 kDa human trypsin inhibitor53; human glipr, glioma pathogenesis-related
protein from human54; helothermine from the salivary glands of Mexican beaded lizard4; human TPX-1,
testis-specific protein from human.6 The alignment was made with multialign55 and alscript.56 The program
MView was used in consensus pattern analysis.35 Asterisks mark the putative active site residues and the &
sign marks the only conserved disulfide bridge in the superfamily.
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in the same position relative to the PROSITE consensus
sequence: [GDER]155-H-[FYWH]-T-Q-[LIVM]-[LIVM]-W-
x-x-[STN]165.

In the structure of Ves v 5, His98 is situated on one side
of a cleft pointing directly towards His156 at the other side
of the cleft [Fig. 4(C)]. The distance between His98 NE2

and His156 NE2 is 5.2 Å. The situation is more complicated
in the NMR structures of p14a, where no sequential
connectivity information is observed for the histidine
residue corresponding to His98. In 11 of the 20 deposited
models of p14a, this histidine residue is pointing into the
cleft area, and in 9 models it is pointing away from it. The
position of His98 in the Ves v 5 structure suggests that this
residue is a candidate for an active site residue along with
His156. His156 has already been pointed out as a possible
active site residue by Fernández et al.20

Inserts of varying length are found in the various
members of the protein superfamily between the position
of His98 and the beginning of strand B. The residues
forming the beginning of strand B form the fourth consen-
sus sequence for the superfamily: G110-p-N-l-h-h-t116.
Gly110 is required at the beginning of the b-strand due to
the restricted space available at this end of strand B. The
side chain of Asn112 has a hydrogen bond to the side chain
of Tyr189, a conserved residue in strand D, and is solvent
exposed in the central cavity with an additional hydrogen
bond to the backbone of His156. In this way, the central

cavity residues are linked by side chain hydrogen bonds
between conserved structural elements to the interior of
the molecule (Asn112-Tyr189-His48).

The backbone oxygen of Val113 is hydrogen bonded to
Trp133 NE1 from helix III, a residue that is conserved
throughout the superfamily and points into the cavity
close to His156 (3.5 Å). The side chain of Val113 forms a
part of the solvent exposed wall in the central cavity.

Strand B and the loop to helix III is seen to be of varying
lengths within the superfamily. However, structural align-
ment of P14a and Ves v 5 demonstrates helix III to start at
superimposable positions: Pro126 in Ves v 5.

In helix III, the residues: t128-h-h-t-x-W-x-s-E-h-t-x-a140

form the fifth consensus sequence [Fig. 4(D)]. Trp133 is
stacking with the possible active site residue His156 and
has a side chain hydrogen bond to the backbone oxygen of
Val113. The Glu136 side chain has a short hydrogen bond
(2.5 Å) to His156 ND1 and hydrogen bonds with more usual
lengths to the backbone nitrogen of the same residue,
hereby both positioning the histidine in the central cavity
and influencing its pKa. Tyr140 contributes to the hydro-
phobic packing environment between helix I, helix III, and
helix IV.

After helix III, the alignment (Fig. 2) shows a coil region
of very variable lengths. In some of the superfamily
members, the region is stabilized by one (human glipr and
P14a) or two (human trypsin inhibitor) disulfide bonds,

Fig. 3. A: Stereographic Ca trace of Ves v 5 with sequence numbers for every 10’th residue. B,C: Richardson representation and solvent accessible
surface of Ves v 5 looking into the cleft area and (D,E) with the conserved cleft area on the right. The stereographic picture is in the same orientation as
the representations in B and C. Dark blue residues are consensus residues belonging to the physiochemical groups o, l, a, 2, 1, c, or u, while light green
residues belong to the groups s, t, h, or p. The stereographic picture is made with Molscript,57 while the surface accessible pictures were made with
msms58 and dino.59
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Fig. 4. Richardson representation of Ves v 5 including ball and stick models of the discussed consensus
residues. Dotted lines represent hydrogen bonds. Residue number and backbone atoms are included when the
interaction is to backbone atoms, while residue name and number and side chain atoms are included when the
side chain is participating in the interaction. Some secondary structural elements are made transparent to give
a better view of the interactions. A: Interactions involving residues from consensus pattern 1. B: Interactions
involving residues from consensus pattern 2. C: Stereographic figure of the interactions involving residues from
consensus pattern 3 and 4. D: Interactions involving residues from consensus pattern 5. E: Interactions
involving residues from consensus pattern 6.
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while disulfide bonds are absent in the helothermine
protein, human TPX-1, Sol i, Ves v 5, and the S. commune
protein 7. In Ves v 5, two one-turn helices precede helix IV,
but none of the residues forming these helices are con-
served. In contrast, the sixth consensus pattern: h154-s-H-
a-T-Q-h-s-W-t-t-o-x-x-l-G-C-u171 is highly conserved and
forms a motif characterizing the protein family.

Tyr157 is part of the hydrophobic packing arrangement
between helices I, III, and IV [Fig. 4(E)]. A hydrogen bond
is found between Thr158 OG1 and Asn194OD1. Asn194
found C-terminal to strand D is conserved throughout the
superfamily. The side chain of Gln159 is hydrogen bonded
to Thr165OG1 and to the backbone N of Gly193, a consen-
sus residue following the D strand. The structural role of
the conserved Trp162 is to provide a hydrophobic interface
behind the conserved Gly193-Asn194 segment, which in
turn determines the orientation of helix IV including
His156. The consensus residues in strand C, Val168,
Gly169, and Gly171, are packing towards the hydrophobic
side of the amphipatic helix II.

A disulfide bond is found between Cys170 in strand C
and C187 in strand D. It is the only disulfide bond that is
conserved throughout the superfamily and it further stabi-
lizes the b-sheet. Although the proteins of the superfamily
generally have several disulfide bridges, the majority of
the disulfide bridges must have been introduced after the
first evolutionary divergence events. A high degree of
divergence is also found in the region between strand C
and strand D. This is where the cysteine bridging to the
His98-region is located in all but the insect proteins.

The seventh consensus pattern is: h182-h-h-h-x-C-p-Y-s-
P-x-G-N-h-h-s197. Of these residues, the roles of Cys187,
Tyr189, Gly193, and Asn194 has already been mentioned.
Pro191 is positioned at the tip of the turn after strand D
that dictates the direction of the C-terminal of the protein.

Conserved B-cell Epitopes Among Ves v 5 Homologs

Vespids from different species have a similar protein
composition in their venom including three groups of
allergens, Vespula group 1, 2, and 5.36 Skin testing of
allergic patients using extracts from different vespid spe-
cies show a high proportion of multiple reactivities, in
agreement with RAST-based serum IgE antibody as-
says.14,37 RAST inhibition studies show that multiple
reactivities are caused by cross-reactivity in the majority
of patients, i.e., the presence of structurally similar epitopes
on homologous allergens, and sensitization to more than
one species occurs only in a minority of patients.38

All Ves v 5 homologs from the Vespula genus are
serologically cross-reactive, although some sera from aller-
gic patients are less reactive towards Ves s 5.39,40 No
serological data are available for Ves vi 5. Partial cross-
reactivity has been observed between Vespula and Dolicho-
vespula antigen 5’s and between Vespula and Vespa anti-
gen 5’s,41 essentially reflecting the phylogenetic
relationship and primary sequence identity between the
Vespula and Vespa genera, whereas Dolichovespula and
Vespula are not as closely related (see Fig. 5). In a study
using mouse sera a low cross-reactivity between the aller-

gens Ves v 5 and Pol a 5 was suggested, but the study was
less conclusive about the relation between Ves v 5 and Dol
m 5.3

An alignment of selected antigen 5 sequences from
Vespula (yellow jackets), Dolichovespula (white-face hor-
nets, yellow hornets), Vespa (hornets, European hornets),
Polistes (paper wasps), and Solenopsis (fire ants) shows a
high degree of sequence identity (Fig. 5). Vespula , Dolicho-
vespula, Vespa and Polistes all belong to the Vespidae
family. When considering only the Vespula antigen 5’s, a
very high degree of surface conservation is observed (Fig.
6), the conservation of residues being almost evenly distrib-
uted with only a few non-conserved residues scattered over
the molecule.

In contrast, the surfaces conserved, when comparing
sequences from the Vespula and Polistes genera, are
restricted to 5 regions with solvent accessible areas of 392
Å2, 585 Å2, 589 Å2, 673 Å2, and 1053 Å2, respectively (the
solvent accessibility was calculated using the NACCESS
program42 with a probe radius of 1.4 Å). Similarly, five
surface patches corresponding to the 5 surface patches
conserved between Vespula and Polistes, are conserved
between Vespula and Vespa /Dolichovespula. In the latter
case, the areas are 280 Å2, 496 Å2, 730 Å2, 803 Å2, and
1,043 Å2. In Figure 6, the conserved surface areas are
highlighted in different colors.

DISCUSSION
Core Fold of the Superfamily

An overview of the secondary structural elements, with
the side chains of the consensus sequences in blue, is
shown in Figure 3. The figures demonstrate that the
consensus residues primarily are found in the core of the
protein. Overall, the majority of hydrogen bonds and
hydrophobic interactions involving consensus residues are
with other consensus residues. The alignment in Figure 2
shows that most of the secondary structural elements in
Ves v 5 (strand A–D and helix I, II, III, and IV) must be
expected to be characteristic for all the Ves v 5-like
proteins, as the consensus residues are found in these
elements. The interactions between the consensus resi-
dues assist the packing of secondary structural elements
hereby defining the a-b-a sandwich core fold of the super-
family.

Localization of a Putative Active Site

Only a very limited number of the consensus residues
contribute to the molecular surface of Ves v 5, as can be
seen from the solvent accessibility surface (Fig. 3). These
residues form the central cavity of the molecule, with
His98 and 156 opposing each other at the sides of the
cavity. One Hg21 ion was bound between His98 and
His156 in the Ves v 5-HgCl2 derivative suggesting that the
cleft in vivo could harbor an active site with a divalent
cation and two histidine ligands, but attempts to soak
Zn21, an ion found in many di-histidine sites, into the
crystals were unsuccessful.

The largest cavity on enzyme surfaces often corresponds
to catalytic centers.43 The fact that the majority (65%) of
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the solvent exposed molecular surface of consensus resi-
dues is located in the central cavity of Ves v 5 makes us
suggest that not only do the Ves v 5-like proteins form a
superfamily with the same overall fold, but they are also
likely to share biological function and have a similar
enzymatic mechanism.

The trypsin-inhibiting effect observed for one of the
proteins may be a coincidence rather than the primary
function of the protein. The fact that helothermine can
function as a reversible inhibitor of the ryanodine receptor
indicates a role of Ves v 5-like proteins in the blocking of
RyR Ca21 currents, a suggestion consistent with the tissue
expression pattern of the proteins. A definitive assignment

of this function to the protein superfamily would require
the determination of the ryanodine receptor blocking
potential of more than one member of the protein family.

Conserved B-Cell Epitopes Among Ves v 5
Homologs

Antigen 5’s from different species are expected to have
identical protein fold due to the high degree of sequence
similarity.44 The conserved surface areas, therefore, are
likely to constitute structurally similar surface contours,
which are candidates for epitopes defined by cross-reactive
antibodies. Studies of antigen-Fab complexes by X-ray
crystallography indicate that the surface area covered by a

Fig. 5. Structural alignment of Ves v 5 homologous proteins from insect venoms. The secondary structural
elements found in Ves v 5 are included as well as the Ves v 5 sequence numbers. Residues with gray
background are identical to residues found at corresponding positions in Ves v 5. Ves m 5, Vespula maculifrons
antigen 53; Ves v 5, V. vulgaris antigen 53; Ves f 5, V. flavopilosa antigen 560; Ves p 5, V. pensylvanica antigen
560; Ves g 5, V. germanica antigen 560; Ves vi 5, V. vidua antigen 560; Ves s 5, V. squamosa antigen 560; Dol m
5.01, Dolichovespula maculata antigen 561; Dol a 5, D. arenaria antigen 53; Dol m 5.02, D. maculata antigen
561; Vesp m 5, Vespa mandarinia antigen 5 (Swiss-Prot entry P81657); Vesp c 5.01, V. crabo antigen 560; Vesp
c 5.02, V. crabo antigen 560; Pol f 5, Polistes fuscatus antigen 560; Pol e 5, P. exclamans antigen 53; Pol a 5, P.
annularis antigen 53; Sol i 3, Solenopsis invicta allergen51; Sol r 3, S. richteri allergen.62
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contact region in an antibody binding epitope is 800–900
Å2.45 Allergic patients cross-reactivity may be explained
by the cross-linking of receptor bound IgE on the surface of
mast cells and basophils, through simultaneous interac-
tion with two conserved surface areas. Any conserved
surface area of less than 800–900 Å2 must thus be
expected to cause a decrease in the binding constant for
the IgE’s.

This model supports the observed pattern of clinical
cross-reactivity with extensive cross-reactivity within the
Vespula genus, and variable cross-reactivity between
Vespula and Vespa /Dolichovespula genera and between
Vespula and Polistes. Furthermore, comparison of antigen
5 sequences from Vespula and homologous sequences from
the Solenopsis genus identify conserved surface areas
restricted to four small regions with solvent accessible
areas of 220 Å2, 235 Å2, 266 Å2 and 450Å2, respectively.
One of these areas is the conserved central cavity (Fig. 3).
In agreement with the clinical observations, these con-
served surface areas are too small to predict cross-
reactivity of allergic patients’ IgE.46

This structurally based model of IgE cross-reactivity
could be further substantiated by experiments based on
skin prick test of allergic individuals or assays based on
histamine release from human basophils, experiments
that are in progress. The model is similar to a model
previously described for the tree pollen allergen Bet v 1.15

Patients allergic to Bet v 1 show clinical cross-reactivity to

the homologous allergens from alder and hazel, which may
be explained by the occurrence of conserved surface areas
representing epitopes defined by cross-reactive antibodies.
It was proposed that exposure to pollens from the related
trees through consecutive pollination and antibody affinity
maturation would target high-affinity IgE antibodies to
the conserved surface areas.16 Thus, the conserved surface
areas were proposed to constitute major IgE binding
epitopes being candidates for site-directed mutagenesis
aiming at the development of safer vaccines for allergen
immunotherapy. Exposure to multiple species is a rela-
tively rare event in vespid venom allergic patients and the
conserved surface areas are less likely to represent domi-
nating IgE binding epitopes. As a consequence, cross-
reactivity is expected to be more variable from patient to
patient, in agreement with clinical observations.47 The
concept of reducing IgE binding by substituting highly
solvent exposed amino acids located centrally in conserved
surface areas, however, could still be applicable for vespid
venom allergens, since such artificial vaccines would be
expected to reduce IgE binding irrespective of the sensitiz-
ing species, which only rarely can be determined.
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