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Allergens in Hymenoptera venom XXV:
The amino acid sequences of antigen 5
molecules and the structural basis of
antigenic cross-reactivity

Donald R. Hoffman, PhD Greenville, N.C.

The complete amino acid sequences have been determined by solid-phase protein sequencing
for eight different vespid venom antigen 5 molecules. These include five species of yellow
jackets, Vespula squamosa, V. flavopilosa, V. germanica, V. pensylvanica and V. vidua,
representing all three species groups; two variants from the European horet, Vespa crabro;
and a species of paper wasp, Polistes fuscatus, from a second subgenus. The new sequences
were compared with the seven previously published sequences from yellow jackets, hornets, and
wasps, and to that of Solenopsis invicta 3 allergen from imported fire ant venom. These
comparisons provided structural evidence to support the observed high degree of cross-reactivity
among the antigens of the commion group of yellow jackets and among those of the two
common North American subgenera of paper wasps studied. The antigen 5 of V. squamosa
and of V. vidua were significantly different from those of the vulgaris group. Common featwres
that could generate immunologic cross-reactivity were seen among the antigen 5 molecules of
homets of both genera and among those of yellow jackets, hornets, and paper wasps. The
imported fire ant allergen has only minimal conserved areas in common with the vespid
allergens, which explains the lack of observed IgE cross-reactivity. These results provide the
structural basis for the cross-reactivity patterns observed in clinical practice and suggest that the
commercial extracts of yellow jacket and paper wasp could be prepared with Sfewer carefully
selected species. (J ALLERGY CLIN IMMUNOL 1993,92:707-16.)
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The two major allergens of venoms from vespid
wasps are antigen 5 and phospholipase A"
Hyaluronidase and some minor proteins are also
venom allergens." The imported fire ant aller-
gens Solenopsis invicta (Sol i) 3 has also been
found to be a member of the antigen S family by
comparison of protein sequences.” In the early
studies to establish venoms for use as skin testing
and in vitro diagnostic rcagents, it was noted that
many persons are multiply reactive to vespid ven-
oms.” Without formal proof this was assumed to
be due to cross-reactivity. Extensive RAST inhi-
bition studies demonstrated the existence in many
persons of true immunologic cross-reactivity of
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Abbreviations used
¢DNA: Complementary DNA
Dol a:  Dolichovespula arenaria allergen
Dol m:  Dolichovespula maculata allergen
PIR: Protein Identification Resource
Pol a:  Polistes annularis allergen
Pol e:  Polistes exclamans allergen
Pol - Polistes fuscatus allergen
Sol i: Solenopsis invicta allergen
TFA: Trifluoroacetic acid
Ves f: Vespula flavopilosa allergen
Ves g Vespula germanica allcrgen
Ves m: Vespula maculifrons allergen
Ves p:  Vespula pensylvanica allergen
Ves s:  Vespula squamosa allergen
Ves v:  Vespula vulgaris allergen
Ves vi: Vespula vidua allergen
Vesp ¢: Vespa crabro allergen

IgE antibodies among the groups of yellow jack-
ets," '" among species of paper wasps,'* between
Dolichovespula hornets, among yellow jackets and
hornets, among yellow jackets and paper wasps,"
and among Vespa hornets, Dolichovespula hornets,
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TABLE |. Peptides sequenced to establish

structures of antigen 5 molecules TABLE I. cont.
Fraction Residues Fraction Residues
A. Vess S D. Vesf5
N-Terminal 1-62 N-terminal 1-60
Staph V8 proteasc Endo Asp N
#21 201-203 #15 99-102
#47 152-168 #16 135-138
#52 62-83 #21 200-204
#54 1-41 #23 199-204
#56 138-148 #29 43-49
#58 136-148 #49 103-123
#61 45-61 + #51 1-42
#66 126-138 #52 179-199
#73 169-200 #53 168-178
Insoluble 84-118+ #0601 139-167
Endo Asp N #62 50-80
#66 and 67 178-205 #69 124-134
#82 51-99 + #75 81-98
#93 140-170 + #79 139-204
Insoluble 104-129 + Staph V8 protcase
Trypsin #23 200-204
#53 155-165 #52 179-198
#59 140-154 #53 108-178
#69 176-201 + #60) 139-167
#84 64-73 -
#87 74-96 L. Vesp 5
#91 74-90 N-Terminal 1-60
§ . Endo Asp N
Insoluble 108-132+ #16 121123
B. Vesvi 5 #19 135-138
N-Terminal 1-63 #20 99-102
Endo Asp N #31 43-50
#58 52-82 #44 103-124
#59a 105-125 #49 {-42
#59b 101-116+ #57 51-80
#63a 141-179 #62 124-134
#63b 180-206 #78 81-98
#64 126-140 #85 139-198 +
#75 83-100 Trypsin of Endo-Asp-N #85
~ #37 175-181
CVesgs #52 153-174
N-terminal 1-60 #56 182-204
Endo Asp N
#15 99-102 F. Vespc S
#16 135-138 N-Terminal 1-63
#48 103-123 Staph V8 Proteasc
#55 178-204 #24 44-50
#59 50-80 #36 51-60
#65 124-134 #48 166-185 +
#78 139-177 #50a 166-175
#81 81-98 #50b 1-25+
#54 61-82
#56a 137-165

+, Peptide continues beyond last residue sequenced: Endo
Asp N, endoproteinase Asp N: staph V8 protease, staphylo-
coccal V& protease.

* Additional peptides were scquenced that duplicated those
listed.
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TABLE |. cont.

Fraction Residue
#56b 51-82
#58 176-202
#60 83-115
#71 116-139 +
#77 116-136

G. Pol f§

N-Terminal 1-38

Endo Asp N
#45 1-29 4
#49 HR2-121+
#55 75-82
#56 30-64 +
#84a 83-101
#84b 140-169 +
#88 126-139
#93 102131+

Staph V& Protease of

Endo-Asp-N #84

#65 169-190 +
Staph V8 Protease of

Endo-Asp-N #45

#21 63-74

#33 30-41
Insoluble staph V8 protease

#00 169-208

and yellow jackets." However, IgE antibodies
against Sol i 3 did not cross-react with vespid
venoms.'” Many cases of multiple reactivity were
not due to cross-reactivity, because dose-depen-
dent inhibition could not be demonstrated," and
many scra were reactive with only venom from a
single species or species group.™ ™

Most modern taxonomists place the social wasps
in the superfamily Vespoidea. Many solitary wasps
are in the superfamilics Pompiloidea and Sphe-
coidea, whereas bees are in the superfamily
Apoidea. Ycllow jackets of the genus Vespula, hor-
nets of the genera Dolichovespula and Vespa, and
paper wasps of the genus Polistes are all members
of the family Vespidae. Although traditionally ants
have been placed in the superfamily Formicoidea,
much contemporary evidence indicates that ants
belong in the superfamily Vespoidea.

The complete amino acid sequences have been
reported for antigen 5 molecules from six species
of vespids. Dol m 5.01 and 5.02 from the white-
faced hornet, Dolichovespula maculata®; Dol a S
from the yellow hornet, Dolichovespula arenaria;
Ves v 5 from the yellow jacket, Vespula vulgaris;
and Pol a 5 from the paper wasp, Polistes annu-
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laris'” have been sequenced from complementary
DNA clones. Ves m 5 from the yellow jacket,
Vespula maculifrons, and Pol e 5 from the paper
wasp, Polistes exclamans, have been sequenced by
solid-phase amino acid sequencing of overlapping
peptide fragments."”

In this article we present the complete amino
acid sequences of antigen 5 from seven additional
species of vespids, including an additional genus
and representatives of three other specics groups.
The proteins sequenced include Ves 5, Ves g 5,
and Ves p 5 from the vulgaris group of yellow
jackets, Vespula flavopilosa, V. germanica, and
V. pensylvanica; Ves s 5 from V. squamosa, and Ves
vi S from the rufa group yellow jacket, V. vidua.
Vesp ¢ 5.01 and 5.02 were isolated from the venom
of the European hornet, Vespa crabro, and Pol [ 5
from the venom of the paper wasp, Polistes fusca-
tus, of the subgenus Fuscopolistes. The 16 antigen
5 sequences were compared, to determine the
structural relationships that generate the immu-
nologic cross-reactivity.

METHODS
Venom

Commercial grade imported fire ant venom was a gift
from Vespa aboratories, a division of ALK (Spring
Mills, Pa.). Fire ant venom allergens were purificd by
Sephadex G-75 superline gel filtration and high-perfor-
mance cation exchange chromatography as previously
described.™ Antigen 5 was prepared from hand-milked
venom of D. maculata, V. maculifrons, V. squamosa,
Vespa crabro, and P. exclumans, as previously de-
scribed,” by gel filtration and cation exchange chroma-
tography. The allergens from the other species were
prepared from commercial grade venom sac cxiract
obtained from Vespa Laboratories. Purity of allergens
was assessed by sodium dodecyl sulfatc-polyacrylamide
gel electrophoresis, and N-terminal sequencing runs of
50 to 60 cycles.

Reduction and alkylation

Purified proteins were reduced in cither 6 mol/L
guanidine HCI, 0.5 mol/L Tris-HC (pH 7.4), 0.01 mol/L.
cthylenediamine tetraacetic acid, or 8 mol/L urea in (0.1
mol/L. ammonium bicarbonate (pH 7.8), with S mg of
dithiothreitol under nitrogen for 2 hours at 56° C. The
reduced proteins were alkylated cither with 13.4 mg of
iodoacetic acid (Pierce Chemical Co., Rockford, IiL),
freshly dissolved in 0.1 ml of 0.5N sodium hydroxide, in
(he dark under nitrogen at room temperaturce for 1
hour, or with 2wl of 4-vinylpyridine (Sigma Chemical
Co., St. Louis, Mo.) for 2 bours under nitrogen at room
temperature.” Denaturing agents and excess reactants
were removed either by dialysis or with the use of a
Rapidchanger desalting cartridge (Promega, Madison,
Wis.).
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TABLE Il. Computer-generated comparison of amino acid sequences of antigen 5 molecules

expressed as percent of identical residues

% ldentical residues

Sequence Vesv5 Vesf5 Ves m5 Ves g5 Vesp5 Vess5 Vesvi5 Dola5 Dol m5.0 Dol m5.02 Vesp ¢ 5.01

Ves v § 98 95.1 93.6 936
Ves f5 98 95.1 93.1 93.1
Vesm 5 95.1 95.1 95.1 93.1
Ves ¢ 5 93.6  93.1 95.1 94.1
Vesp 5 93.6 93.1 93.1 94.1

Vess 5 711 70.6 72.1 70.6 72.5
Ves vi 5 74 74 73 74 74.5
Dol a5 678 673 67.3 66.8 69.3
Dol m 501 649 649 64.9 64.4 64.9
Dol m 5.02 64 63.5 64.5 62.6 64.5
Vesp e 501 673 668 66.8 66.8 68.8
Vesp ¢ 5.02 659 65.4 65.4 66.3 67.3
Pole S 585 58.5 58 58.9 59.9
Polus 57 57 58 57.5 58.9
Pol 5 589 589 58.9 58 59.4
Sol i3 433 433 44.3 44.3 43.8

71.1 74 67.8 064.9 64 67.3
70.6 74 67.3 64.9 63.5 66.8
72.1 73 67.3 64.9 64.5 66.8
70.6 74 606.8 64.4 62.6 60.8
725 74.5 69.3 64.9 64.5 68.8
80.5 68.6 67.2 65.3 68.1
80.5 68.6 70.6 06.8 71.6
68.6 68.6 76 85.1 71.6
672 70.6 76 773 72.1
65.3 66.8 85.1 773 67.8
68.1 71.6 716 72.1 67.8
60.7 70.0 70.1 7Ll 006.3 97
60.6 61.1 66 60.7 63.7 61.2
ol.1 61.1 65 60.7 63.7 61.2
6l1.1 oL.5 62.6 59.7 64.2 60,7
44.8 45.8 47.4 40.2 49.8 49.1

Protein fragmentation

Cyanogen bromide cleavage was performed in 70%
tormic acid with at least a [00-fold excess of eyanogen
bromidc, in the dark under nitrogen at room tempera-
ture for 24 hours.™ Ten volumes of water were added,
and the mixture was dried in a centrifugal vacuum
cvaporator. Scquencing grade staphylococcal V8 pro-
tease, trypsin, chymotrypsin, and endoproteinase-Asp-
N werc all purchased from Sigma Chemical Co. Diges-
tions were performed in 0.1 mol/L. ammonium bicar-
bonate (pH 7.8), or Tris-HCI (pH 7.4), with up to
2 mol/L urea added il necessary for solubility, with 2 to
4 ug of enzyme per milligram of protein at 37° €. 21
Enzyme hydrolyses were stopped by adding (rifluoro-
acetic acid (TFA) (Pierce Chemical Co.).

Separation of peptides

Peptide digests were separated by high-performance
chromatography with an 0.46 x 25 cm Vydac 218TP54
reverse-phase column (The Scparations Group, Hespe-
rig, Calif.) with a gradient starting at 0.1% TFA in
water to 70% of 0.07% TFA in acetonitrile. The flow
rate was 0.6 mi/min and 0.5-minute fractions were
coliceted in microcentrifuge tubes. The separation was
monitored at 220 nm.

Protein sequencing

Sequencing was performed with a Milligen-Bio-
scarch Model 6625 Prosequencer (Millipore Corp.,
Mariborough, Mass.) after the manufacturer’s proce-
dures with cycles J3. This is a solid-phase, fully auto-
mated sequencer/phenylthiohydantoin analyzer. Pro-
teins were coupled o cither 1,4-phenylene diisothiocy-
anate~derivatized disks or arylumine disks, and the
covalently bound protein was reduced and alkylated

in the presence of 6 mol/L guanidine HCL as described
previously. The disks were then washed five times each
in water and methanol, and air dried. Peptides sepa-
rated from digests were coupled to arylamine disks for
sequencing. In rare cases peptides were coupled to
14-phenylenc diisothiocyanate-derivatized disks to ver-
ily aspartic or glutamic acid residues.

Alignment and database comparisons

The Hitachi Softwarc Engincering America, Ltd.
(Brisbane, Calif.) Hibio Prosis programs and compact
disk edition of the Protein Identification Resource
(PIR) (National Biomedical Research Foundation) and
SWISS-PROT (Europcan Molecular Biology Labora-
tory) data bases were used on an MS-DOS computer
system. The program can automatically align pairs of
sequences, and a manual alignment routine is provided
for multiple scquences. The PIR was release 29, Sep-
tember 1991, and SWISS-PROT release 20. November
1991. PIR release 35, January 1993, was also compared
by the Atlas program, which can search only for strings
of 30 amino acids at a time.

RESULTS

The complete amino acid sequence of Ves s 5
was determined by solid-phase sequencing of the
N-terminal 60 residues and sequencing each of
the isolated peptides from endoproteinase-Asp-N,
staphylococcal V8 protease, and trypsin digestions
(Table T). The complete set of overlapping pep-
tides were sequenced to establish unambiguously
the sequence without reference to related mole-
cules. The scquences of Ves g 5 and Vespula vidua
(Ves vi) 5 were determined from N-terminal runs
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% ldentical residues

Vesp ¢ 5.02 Pole5 Pola5s Pol f5
65.9 58.5 57 58.9
65.4 58.5 57 58.9
65.4 58 58 58.9
66.3 58.9 57.5 58
67.3 59.9 589 59.4
66.7 60.6 61.1 61.1
70.6 61.1 oLl 61.5
70.1 66 65 62.6
741 60.7 60.7 61.5
66.3 63.7 63.7 64.2
97 61.2 61.2 60.7

60.2 60.2 59.7
60.2 98.5 927
60.2 98.5 93.2
59.7 92.7 93.2
49.5 44.9 45.8 45.8

and by sequencing cach of the peptides from
endoproteinase-Asp-N digestions. The sequence
of Tes p S was determined from an N-terminal
run. sequencing all the peptides trom an endopro-
teinase-Asp-N digestion and from the tryptic di-
gestion of the C-terminal Asp fragment. The se-
quence of Ves [ 5 was determined from an N-ter-
minal run, which sequenced the complete set of
endoproteinase-Asp-N peptides, and the staph-
ylococcal V8 digest of the C-terminal Asp pep-
tide. The two variants of Vesp ¢ 5 did not separate
by ion exchange chromatography and were se-
quenced together by an N-terminal run and by
scquencing each of the peptides from a staphylo-
coccal V8 protease digestion. The sequence of Pol
5 was determined from an N-terminal run of 37
residues, which sequenced each of the endopro-
teinase-Asp N—gencrated peptides, with further
digests of the N- and C-terminal fragments by
staphylococcal V8 protcase. Because of the simi-
larity of antigen 5 molecules, it was not necessary
to generate sets of overlapping peptides for each
protein, because 5 ¢cDNA sequences and four
protein sequences with complete overlaps have
been determined. The set of peptides used to
determine cach sequence is shown in Table 1. The
new sequences have been deposited in the PIR
database under acquisition numbers A44522
through H44522.

The 16 amino acid sequences of antigen 5
molecuies were compared pairwise with the Prosis
program. The percent identity between cach pair
is given in Table II. The sequences were also
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aligned by computer, and these are illustrated in
the figures. The sequences of the yellow jacket
antigen 5 are shown in Fig. 1. The vulgaris group
proteins, Ves v 5, Ves f5, Ves m 5, Ves g 5, and Ves
p 5, were all closcly related with from 93.1% to
98% identical residues. Almost all the substitu-
tions were conservative, involving only a single
base change. There was only one nonconservative
substitution from Ves v to f and two fromvtog v
top, ftom, ftog ftop mtog and g top. There
werc three nonconservative substitutions from Ves
v to m and four from m to p.

The sequence of Ves s 5 contained an additional
amino acid residue, a threonine residue at posi-
tion 21. Identity was only 70.6% to 72.5% with the
vulgaris group of antigen 5 (Table II). From Ves s
5 to Ves p 5 there were 57 amino acid substitu-
tions, 13 of which were nonconservative. Ves s is
usually placed in a different subgenus from the
vulgaris group of yellow jackets.™ This is also
consistent with studies of immunologic cross-re-
activity that show that Jes s venom can be recog-
nized as different from the vulgaris group venoms
by both human IgE" ** and animal 1gG* antibod-
ics. The sequence of Ves vi 5 contained the
additional threonine seen in Ves s 5 and an
additional lysine at the N-terminus. The sequence
was 73% to 74.5% identical to those from the
vulgaris group and 80.5% identical to Ves s 5.
Only five of the 40 amino acid differences be-
tween Ves vi 5 and Ves s 5 were not conservative.
Ves vi is normally placed in the rufa specics
group,” which have smaller nests and are usually
predators. The rufa group insects rarely sting
human beings. These sequence data suggest that
Ves s is more closely related to the rufa group
than to the vulgaris group but is clearly distinct.

The scquences of antigen 5 molecules from
three species of Polistes (paper wasp) venonis are
shown in Fig. 2. Pol a and Pol e come from insects
in the subgenus Aphanilopterus, and Pol f from the
subgenus Fuscopolistes. All three molecules are
205 residues long, with only three amino acid
differences between Pol a 5 and Pol ¢ 5, 14
between Pol a 5 and Pol f 5, and 15 between Pol
e 5 and Pol f 5. All these differences represent
conservative substitutions. Thesc findings are con-
sistent with the high degree of immunologic sim-
ilarity seen among paper wasp venoms from these
subgenera.’”” Some immunologic differences have
been noted between the venoms of the New
World genera of Polistes, discussed previously, and
venom from the Old World species P. dominu-
Ius,™ for which no sequence data are available at
present.

The amino acid sequences of the antigen 5
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Ves v 5 1 ~-NNYCKIKCL KGGVHTACKY
Ves £ 5 1 —kAkkARkkkkk ARk hRAARR
Ves m 5 ] ~hkARAAAk A A KA ARAARRRR
Ves g 5 1 —kAhkhkkRAAkA KAhkkhhhkk
Ves p 5 1 —kRRARRARR AkkhhkhRkhR
Ves s 5 1 ~VUD*hkkhkk khkkkhkhhhk
Ves vi 5 1 KVAKRARARR hhkhhkhhhdk
Ves v 5 51 NDFRQKIARG LETRGNPGPQ
Ves f 5 Bl XAkKXRARKIR ArkhhAhhhd
Ves m 5 51 AARARRAKRR ANKRKKRRAK
Ves g 5 51 kkAhhkARRAEh ARAkRRAARARN
Ves p 5 51 Akkhkhhhhhk RARRARKAAKN
Ves 8 5 51 *EAXNAVAAR hhhhhhhhhk
Ves vi & 51 ARARKRVAKE ArhAkAkhdx
Ves v 5 101 DTCRDVAKYQ VGQNVALTGS
Ves f 5 101 *hkkkThhdk hkhkkkkkhhh
Ves m § 101 *hkkhhhkhkkh hhkhhhhkhkdk
Ves g 5 101 *kkkAk*kkAkD IkAkAAhkha
Ves P 5 101 %A hkARARAD hhkhkhhhhkkhok
Ves 8 5 101 ***K*TT**N *x**T*YSS*
Ves vi 5 101 ***K*TE**P #****I*KRST
Ves v 5 151 NDFLKTGHYT QMVWANTKEV
Ves £ 5 151 AN**kxkkhkd hhkhkhkkhhhd
Ves m 5 151 ANRRATRAkE AXARAAARAR
Ves g 5 151 *NXA*kThkkhk krkhrhhhhk
Ves p 5 151 *N*NHI*kk*x kkkkkhkks]
Ves s § 151 *E*KXIXx*k¥k A*kAAXkKkk*]
Ves vi 5 151 *NLK**hkkk wkdhkukRKerd]
Ves v 5 201 ELYQTK

Ves £ 5 201 *kkkkk

Ves m 5 201 *kkkkk

Ves g 5 201 dedkdkkdkx

Ves p 5 201 **kkkk

Ves s 5 201 *V*ERx*

Ves vi § 201 K**EK*

J ALLERGY CLIN IMMUNOL
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G-SLKPNCGN KVVVSYGLTK QEKQDILKEH 50

Kokhhhhhhh RRRARXRRRL RhhRkkRRAR 50
Ko kARRRRAE AKRRR KRRk A KA hhkhhhhk 50
E-***x kA% AKAAARRARE XAXARAARKK 50
KRR RRAR K[ RARRKRAR ERRAKRAAARN 50
ATATAX AN KA MAAKAR*URXQ ANKNER#* T 50

KTHThhk***K MAXKAXAAAE AX*REXKAVH 50

PPAKNMKNLV WNDELAYVAQ VWANQCQYGH 100
Khhkhhdhkh Rhkhhhkhhhkd AXRARRAARN 100

KARKKRKKKR AShARART ke RkAkkhkensd 100
KARRKRRRAR ASHRRAKTAR AARARKARNR 100
KRRRRAKAAR RRRKKKKRRK ARARRKRARK 100
HRKKKAN*Ah RANRAXNI** TH*ShAKA*% 100
KRk RAANKR* AXAKARNT A% RARShAN*I* 100

TAAKYDDPVK LVKMWEDEVK DYNPKKKFSG 150

HRARKRRKRE RkkhRhhhkh RrARARRAR® 150
KRKVANKRAR ShdkAhkhkhk RAAARRAAAE 150
REAKERNKIA KRRRRKRRIR RARARANRRE 150
KXDAKANARE AR RARARRNR ARRRKKKARE 150

**AUVAXENVGN **#*Ax*Nkx* *F**TISWEQ 150
*AALFASAGR Akxk*ANk*k% *FrANIEWXK 150

GCGSIKYIQE KWHKHYLVCN YGPSGNFMNE 200

KAKARKFRR, RARKRAAARN ANKAARNQRh 200
ARAKARAR AL NRAKRARREN KARRRNAQR* 200
KREIRIIRRD ANRIRKIARR Ak kAR RAGhE 200

KRKAKRKIAAN ERRRARRAAR AXRARKAGA N 200
*ARKRRAUDN NAYTAAA AR AR*A*X*GHQ 200
*k*AVAKVKD EXYThkhhhk xkd kX XARAKX 200

FIG. 1. Comparison of amino acid sequences of antigen 5 molecules from seven species of
yellow jackets. Dashes indicates gaps inserted to maximize homology, and asterisks indicate
residues identical to those of top sequence. Sequence of Ves v 5 was determined from translation
of the cDNA sequence'” and others by amino acid sequencing of overlapping peptides.

molecules from three species of hornets are com-
pared in Fig. 3. The sequences of Dol m 5.01 and
5.02' and Dol a 5" have been presented and
compared previously. Vesp ¢ 5 was found as two
variants, differing by six amino acid residues, of
which four are conservative substitutions. Two of
three residues were also deleted between posi-
tions 143 and 152 relative to the Dolichovespula
hornet antigen 5. Vesp ¢ 5 is 66.3% to 72.1%
identical to Dolichovespula and 65.4% to 71.6%
identical to yellow jacket venom antigen 5 mole-
cules. Vesp ¢ 5 is also 59.7% to 61.2% identical to
paper wasp antigen 5’s. This is consistent with the
immunologic observations that Vespa crabro
venom is as closely related to yellow jacket venom
as it is to Dolichovespula venoms.'

The scquences of antigen 5 molecules from a
representative species of cach genus including Sof

i 3 from imported fire ants and Ves s § are
compared in Fig. 4. A number of gaps have been
inserted to maximize homology. It is possible to
align all the cysteine residues. The pattern shows
several regions arc relatively conserved among the
vespid wasp antigen 5. These include fairly long
stretches of sequence such as residues 49 to 99. By
contrast, only short regions are in common be-
tween Sof i 3 and the vespid venom proteins, Sol
i 3 also has two regions of inserted amino acids
from residues 11 to 13, and 151 to 154. Extensive
immunologic studies of human IgE antibodies
have not revealed any detectable cross-reactivity
between Sol i 3 and vespid antigen 5." In addition
to the changes discussed within the individual
groups, a glycine insertion is present after residuc
11 in Vespula antigen 5's. Paper wasp antigen 5
molceules have an insertion of serine and lysine at
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EEKKLIVSEH 50
ETTTRTT TS 50
ARRRRRRNEH 50
VWASQCQFLV 100
SRk RRRARAR 100
XTI TES LTS 100
FNYNTGITKQ 150
2T T 150
P3¢ Y 150
GPAGNYLGQL 200
AARRRRR KK 200
RERRARARAR 200

FIG. 2. Comparison of amino acid sequences of antigen 5 molecules from three species of paper
wasps. Symbols are as in Fig. 1. Sequence of Pol a 5 was determined by translation of cDNA
sequence.'” Sequences of Pol e 57 and Pol f 5 were determined by amino acid sequencing.
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51
74
61
51
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101
124
111
101
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151
174
161
151
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201
224
211
201
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NNYCKI~-CPK
RhkRRERKARS
*kk Rk XKASR
**kk*AKARS
* kX XA XK*RS

60
FRQKVAQGLE
ARANRAR A k&
ERAKRKKARR
*RkR*ARAAE
AkkkRKREKE

110
CRNTAKYPVG
KARRRRRQRR
*ﬁ**E*iin
RRRGARRRS R
*RXSKARS K

160
-~FSKVGHYTQ
kRN kR kAR
Nekkkhhhhk
KLN#® ke ke de k&
KLN#*%hkak

VYERK
Thkkk
I*

Thkkk
Thhhk

20
GTHTLCKYGT
AT hkhARThK
*ThkAARKFrk
*Thkhkhhhk
ATk khkhhhk

70
TRGNPGPQPP
HRAKAARRRKR
AhRRRARERE
(23T
kRRARIRRRKR

120
QNVAIASTTG
ARTRRSHARA
ARARERARRR
*RTREGH**A
**TXEG**SA

170
MVWGKTKEIG
RARRRKRERK
AERRIRRK K
kkkA kR Ak hk
khRARR kR

30 40
SMKPNCGGKI VKSYGVTNDE
Atk xR *RNV **ARkLrkhx
AhhRRRASK], ARVHIKSh Ak
*THk*k*KNV **ASHL¥KQ*
*ThA*k**KNV **AS*LAKQ*

80 90
AKNMNLLVWN DELAKIAQTW
AARRAYRRRE AAARRRARAR
FRRREYRERE KAk REIRAKR
RRSHATHRAAL AARRQRAAVR
AKRSRETRARE AARRQARAVR

130 140
NSYQTMSYLI KMWEDEVKDY
TQFDRP*K** #Q*****TEF
ARKARRAKRN ErAANARAAF
DNFGSV*NMV #kkkkkhhhk
DNFVNVANMV #aakikkhkk

180 190
CGSVKYIENK WHTHYLVCNY
REKTRRKRDN AYRKKAAAXR
HhRKAERKKN ARk FRXRRRK
ARRTh* kARG *kAREAAkhhk
**XED***DG *AR*k kA k%

50
KNEIVKRHNE
RARR[ARAR]D
ERERRNARRQ
NL**L*Q# k%
NLAXL*Qk &%

100
ANQCNFGHDQ
*kXRDAN®*D
*RRRShkRAR
RERRKY R AN
KRR EIYRRKN

150
NPHKDLMHNN
*YKVG*QNS*
**K*GT*GD*
QY~-~GSPK-#*
QY--GSPK-#*

200
GPAGNYMNQP
ARGRADFA%*
KhkkkrkDhkx
Ak kRAYGHE*
* kXX RYGHER

FIG. 3. Comparison of amino acid sequences of antigen 5 molecules from three species of
hornets. Symbols are as in Fig. 1. Sequences of Dol a 5" and Dol m 5.01 and 5.02'® were
determined by translation of the cDNA sequences. Sequences of Vesp ¢ 5.01 and 5.02 were
determined by direct amino acid sequencing.
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10 20 30 40 50
Ves v 5 NNYCKIKCLK GG--VHTACK YG-SLKP--N CGNKVVVSYG LTKQEKQDIL
Ves 8 5 VDkkkhhkkkd khookkhhhkk *ATAThk——k *AAMIAKA** VRQARKAEX*
Dol m 5.01 KhAKRAKKRY KT hhk[ k% FATAMAk——k X*XRNAXKA**® RANDRX*NE®#*
Vesp ¢ 5.01 KRAKRANKRS ke ThhkLhk AXTAThAk—uk *RKNAXKAS* *AAXANLE##*
Pol e 5 VD*** %% *PS k——-T**Vk(Q *XEXT*#*SK* *AG**[KAV* P*EEA*KL*V
Sol i 3 T***NLQSC* RNNAI**M*Q *TSPTPGP-M *LEYSN*GFT DAEKDAIVNK
60 70 80 90 100
Ves v 5 KEHNDFRQKI ARGLETRGNP GPQPPAKNMK NLVWNDELAY VAQVWANQCQ
Ves s 5 HIRRRRANAY *hhhhhkhhhh KAAKKXAXAN AXRAKNAKAN TARTA*S*k*K
Dol m 5.01 ARAKKKRAANY AKAAARRRRKK *ARAARXRKXN VARARARA*K [h*ThkARA*D
Vesp ¢ 5.01 RQRREX KR RY AXAAKIARRN ARkRARKSHN THARARARNQ TARARAARKN
Pol e 5 S*kkXREKkXAY AQhkkhhkhkhhk XARKARSDAN DRAIKAKAKH ThAkXASKR*
Sol i 3 HNELRQ*VAS GKEMRGTNG* Q*PAV~~K*P *AT#*DP***T IA*R**k*4T
110 120 130 140 150
Ves v 5§ —YGHDTCRDV AKYQVGQNVA LTGSTAAKYD DPVKLVKMWE DEVKDYNPKK
Ves 8 5 ~kAARKAKKAT TAANKk*A*]* USSk***VAE NVGN***Ak% NA*X**FPk*TT
Dol m 5.01 ~FN**D**NT *kkkkks*]* ISST**TQF* RASk*xIAQkx ***TEF*Y#*V
Vesp ¢ 5.01 —***kANAANS ***Skeax]* EGST*ADNFG SVSNMA*xxk *kk*k*x*xQYGS
Pol e 5§ FLV**K**NT ***Prx***I% YA*GSKLP-* VVS-*I*L**x Nak**FxYNT
Sol i 3 ~FE**A**N* ERFAX***I% A*S*SGKNKS T*NEMILL*Y N**%*FDNRW
160 170 180 190 200
Ves v 5 ----KFSGND FLKTGHYTQM VWANTKEVGC GSIKYI-QEK WHKHYLVCNY
Ves s 5 ~=~=SWEQ*E *KkThkkkkkk *kkkKkhkkThk%k AhkR*V-DNN *YThrkkkak
Dol m 5.01 ~===GLQNSN #*R*Vkkkkkk *kkGKXA*XI*k **AA*k*—EDN *YThkkhkkn
Vesp ¢ 5.01 = —e-ee- PKAK LN#AVA®Akkh hXk*kKhkhkkThk*k kAkk*kk—ENG **kRhkhkkhdk
Pol e 5 ====GITKQN *A*I*kkhkk AKGK*k*Tkk *x[***-EN* MON***Thk*
Sol i 3 ISSFPSDD*I IM*VE****] ***K*SKI** AR*MFKEPDN *TH****xkkk*
210
Ves v 5 GPSGNFMNEE LYQTK
Ves s 5 KRR RRAGRQK VHER*
Dol m 5.01 **G*k*DF*QP I*ER*
Vesp ¢ 5.01 **AXXVG**P T*ER*
Pol e 5 **A**YIL.GQL P*TK*
Sol i 3 **AX*VLGAP I*EI*K

FIG. 4. Comparison of amino acid sequences of antigen 5 molecules from two species groups of
yellow jackets, both genera of hornets, paper wasps, and Sof i 3 from imported fire ants. Symbols
are as in Fig. 1. Sequence of So/ / 3 was determined by amino acid sequencing of overlapping

peptides.®

28 and 29, phenylalanine at 101, and deletions at
positions 129 and 134 relative to the other
vespids. The calculations of identity in Table 11
show that the yellow jacket antigen 5 molecules
are more related to hornet antigen 5 than to
paper wasp antigen 5. The paper wasp antigen S is
slightly closer to the hornet antigen 5 than to
yellow jacket, but only marginally so. The range of
vespid antigen 5 identify with So/ i 3 is from 43.3%
to 49.8%.

DISCUSSION

The antigen 5 family of wasp venom proteins
all possessed a number of distinguishable
features. The molccules were all from 202 to
212 amino acids long, with eight cysteine

residucs. The predicted isoclectric points were
8.6 to 9.5, except for Sol i 3, which is 8.04. As
shown in Fig. 4, it is possible to align the
cysteines with only a relatively small number of
insertions and deletions. All  the vespid
molecules showed at least 57% identity, and the
imported fire ant molecule showed from 43%
to 49.5% identity with the vespid molecules.
Many regions of the molecules were conserved
among the vespids and partially conserved in
fire ant allergen. This high degree of
conservation of many of the areas around the
cysteines, the similar locations of cysteines, and
the existence of relatively long  conserved
regions suggest that the tertiary conformations
may be similar for the vespid venom molecules.
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The structural features correlated with the ob-
served cross-reactivity patterns of human IgE an-
tibodies. The allergens from the vulgaris group of
vellow jackets were structurally very similar and
essentially totally cross-reactive serologically. Ves
s 5 was significantly different structurally and can
be distinguished by some sera from allergic pa-
tients."" "' No serologic data were available for
Ves vi 5, which was also structurally different from
the vulgaris group. The antigen 5 molecules from
species representing both major North American
subgencra of paper wasps were very closely re-
lated, with no nonconservative amino acid substi-
tutions. Serologic testing also showed very little
difference in allergen recognition by human IgE
antibodies among the species of these two sub-
genera.™ The structures of the two variants of
antigen 5 from the European hornet showed sig-
nificant differences from both yellow jacket and
Dolichovespula hornet venoms, which was consis-
tent with the serologic observations of partial
cross-reactivity with both groups.” Enough com-
mon features were shared among all the vespid
venoms to explain the partial cross-reactivities
observed in many allergic patients among the
four genera.™ ' Enough differences were present
among the genera, yellow jacket species groups,
and hornet species to explain the not infrequent
oceurrence of IgE antibodies that arc specics,
group, or genus specific."

Sol i 3 showed a much lower degree of sequence
identity with the vespid antigen 5 molecules and is
significantly less basic in charge. Extensive sero-
logic studies with human IgE antibodies have not
revealed any significant immunologic cross-reac-
tivity with vespid antigen 5." This is similar to the
situation observed with the ragweed pollen aller-
gens Amb a 5 and Amb t 5, which have 45%
sequence homology and are essentially non-cross-
reactive immunologically.™

As amino acid sequence data become available
for more groups of related allergens and addi-
tional studies of tertiary structure are performed,
it may become possible to quantify the sites and
probabilities of cross-reactions at both the B and
T cell levels. This information will allow the
rational design of synthetic peptides to modulate
specific allergen responses™ to cross-reactive al-
lergen groups. Other allergens such as grass pol-
lens and some tree pollens also are composed of
mixtures of several classes of structurally related
protein molecules®™ *” such as the vespid venoms,
so studics of this nature may aid in the develop-
ment of class-specific peptide mixtures such as
vespid venom and grass polien.
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The cight additional vespid antigen 5 sequences
described in this article bring the number of
complete vespid venom antigen 5 sequences to 15,
in addition to Sof i 3, which is also a member of
this protein family. This is the largest series of
related allergen sequences known.

The function of antigen 5 is unknown, although
it has been postulated to be an invertebrate neuro-
toxin.** *” Although all these insccts are known to
sting vertebrates either in defense of their colonies
or themselves, this may be a secondary role. Other
wasps use their stings to paralyze prey for food.
V. squamosa is a social parasite of V. maculifions,
and the queens of each species use their stings for
offense and defense, respectively.”? Some of the
protein components in vespid venoms may have
evolved for use against other insects or inverte-
brates rather than vertebrates. This may help to
explain why variation in the amino acid sequences
within a restricted framework of antigen 5 struc-
ture is so significant. The venom proteins may have
become optimized for use against specific inverte-
brates. No proteins similar to antigen 5 have been
described from venoms of the predatory sphecid
and pompiloid wasps. Because an antigen 5 mole-
cule is found in fire ants (formicoid wasps), it would
not be unexpected in other wasps.

These studics provide a structural basis for the
cross-reactivity of antigen 5 molecules from vespid
venoms that can be seen clinically by both skin
testing and in vitro testing,” “ ”* '* and in labora-
tory studies with animal antisera.” * * * Recently
reported studics of the sequences of vespid venom
phospholipases™ *' indicatc that thesc enzymes
are very similar in closely related species of yellow
jackets and significantly different between yellow
jackets and white-faced hornets. Presently, com-
mercial venom extracts sold in North America
contain a mixture of venoms from several species
of yellow jackets and paper wasps. These studics
and the cross-reactivity studies previously report-
ed'"”’? suggest that these venom protein extracts
could be more simply formulated. Simpler formu-
lations would be easier to standardize and con-
trol. All the vulgaris group of yellow jackets have
allergens that are highly cross-reactive and very
similar structurally, and only a single representa-
tive is probably needed. V. squamosa venom aller-
gens are significantly different from those of the
vulgaris group, so they nced to be present in the
mix. Stings by insects of the rufa group such as
V. vidua, are rare, and this venom is probably not
needed. All the important paper wasps found in
the United States and Canada belong to the two
subgenera studied. Their allergens are also very
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similar structurally and highly cross-reactive. A
single-species venom would probably be sufficient
for diagnosis and therapy. ‘The three hornet
venom antigen 5 molecules all show significant
differences in structure and are not fully cross-
reactive.” * * ¢ " I s probably necessary to
continue to have all three available, although
yellow hornet and Europcan hornet should
have only limited use in areas where these
insects are not found” " and where patient reac-
tivity results from cross-reactivity with other
vespid venoms.
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