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Antigen 5 is a major allergen of vespid venom. It has
artial sequence identity with proteins from diverse
ources. The biologic function of Ag 5 and its related
roteins is not known. We are interested in the expres-
ion of Ag 5 with the native conformation of the natu-
al protein since its B cell epitopes are mainly of the
iscontinuous type. When expressed in bacteria, re-
ombinant Ag 5 formed an insoluble intracellular
roduct, and it did not translocate from cytoplasm to
eriplasm by the addition of a pelB leader sequence to
he cloned protein. When expressed in yeast Pichia
astoris, Ag 5 was secreted because the cloned protein
ontained a yeast a signal leader sequence. Recombi-
ant Ag 5 from yeast was shown to have the native
tructure of the natural protein and the recombinant
g 5 from bacteria did not. This was shown by com-
arison of their solubility, electrophoretic behavior,
isulfide bond content, CD spectrum, and binding of
gE antibodies from allergic patients and IgG antibod-
es from mice immunized with natural Ag 5 or recom-
inant Ag 5s from yeast or bacteria. These studies
ere made with Ag 5s from yellowjacket (Vespula vul-
aris) and paper wasp (Polistes annularis). © 1999

cademic Press

Antigen Ag2 5 is one of three known venom allergens
f vespids (1). The other two venom allergens are hy-
luronidase and phospholipase A1 (2). Vespid allergic
atients have IgE and IgG antibodies specific for these
llergens.
Homologs of Ag 5 are present in different vespids

hat include hornets, yellowjackets, and paper wasps
1). Ag 5 has 23–35% sequence identity with proteins

1 To whom correspondence should be addressed. Fax: (212) 327-
878.

2 Abbreviations used: n, natural; rb, recombinant bacteria; rp,

secombinant yeast; Ag, antigen

10
rom diverse sources. These sources include fire ant
hat is distantly related to vespids (3), hookworm (4),
izard (5), mammalian testis (6), human brain (7), and
lants (8). The biologic function of Ag 5 and its se-
uence-related proteins is not known.
Hornet Ag 5 has been expressed in bacteria but the

ecombinant (rb) protein is not properly folded (9). The
b-protein has the continuous T and B cell epitopes of
he natural (n) protein but it lacks the discontinuous B
ell epitopes of the n-protein. The great majority of Ag
-specific antibodies in vespid allergic patients, or in
enom-immunized animals, are specific for the discon-
inuous epitopes. For immunological studies, it is use-
ul to have adequate amounts of Ag 5 with the native
onformation. But natural Ag 5 is available only in
imited amounts from venom.

In this paper we report the expression of Ag 5s from
ellowjacket (Vespula vulgaris) and paper wasp
Polistes annularis) in bacteria and in yeast. These two
llergens are designated as Ves v 5 and Pol a 5, respec-
ively, in accordance with the accepted allergen nomen-
lature system (10). Immunochemical studies showed
he recombinant (rp) protein from yeast to have the
ative structure of n-Ag 5 but not the rb-protein from
acteria.

ATERIALS AND METHODS

DNA sequences. All recombinant plasmids used for
xpression of Ves v and Pol a 5s in bacteria or in yeast
ere confirmed by sequencing their Ag 5 coding region.
he sequence data for Pol a 5 was the same as that in
enBank. But the data for Ves v 5 differed from that in
enBank with two nucleotide changes at positions 579
nd 587. The first change is a silent mutation of G to A
ubstitution and the second one of T to A substitution
esults in a codon change of Met to Lys at amino acid
esidue 196. The two nucleotide changes may repre-

ent insect polymorphism rather than random muta-

1046-5928/99 $30.00
Copyright © 1999 by Academic Press
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411YELLOWJACKET AND PAPER WASP VENOM ALLERGEN ANTIGEN 5
ions since the Ag 5 cDNA used in this study was
repared in the same manner as was done previously
1).

Expression of Ves v 5 in bacteria. Two pairs of plas-
id vectors and bacterial hosts were studied: pQE12

nd M15(Prep4) cells (Qiagen, Chatsworth, CA) and
ET22b and B121(DE3) cells (Novagen, Milwaukee,
I). cDNA encoding Ves v 5 with the desired 59 and 39

estriction sites were prepared by PCR amplification of
es v 5 encoding plasmid (1) with the primers in Table
: primers 1 and 2 for pQE12 and 3 and 4 for pET22b.
he cDNA was inserted into the appropriately cut vec-
or then used for bacterial transformation. Experimen-
al procedures for the construction of r-plasmid and for
he isolation of r-protein from transformed bacteria
ulture are the same as those reported previously for
ornet Ag 5, Dol m 5 (9).
Expression of Ves v 5 and Pol a 5 in yeast. The

lasmid vector pPICZa-A was used for expression in
ichia pastoris strain KM71 (Invitrogen, San Diego,
A). Procedures used below were from the Invitrogen
anual of EasySelect Pichia expression kit and from
ef. (11).
cDNA encoding Ves v 5 was inserted into the cut

ector following the same procedures used in the pre-
eding section; the required cDNA was obtained by
CR with primers 5 and 6 in Table 1. cDNA for Pol a 5
as similarly prepared with primers 7 and 8 in Table
. The recombinant plasmids were amplified in
OP10F9 cells following their transformation.
Recombinant plasmids were linearized with the re-

triction enzyme SacI and then used to transform yeast
ells by the PEG procedure, as described in the manual
rom Invitrogen. Transformed cells were selected on
PDS agar plates (yeast extract, peptone, dextrose,

TABLE 1

Primers and Probes for Ves v and Pol a 5s

BamHI N 1 N Y C K I K6

1. CGT GGA TCC AAC AAT TAT TGT AAA ATA AAA

Bgl II * K 204 T Q Y L E199

2. CGT AGA TCT TTA CTT TGT TTG ATA AAG TTC
3. Same as No. 1 but BamHI site is replaced with NcoI site.
4. Same as No. 2 but BglII site is replaced with XhoI site.
5. Same as No. 1 but BamHI site is replaced with EcoRI site.
6. Same as No. 2 but BglII site is replaced with XbaI site.

EcoRI V 1 D Y C K I K6

7. CGT GAA TTC GTT GAT TAT TGT AAA ATA AAA

XbaI * K 205 K T Y P L200

8. CGT TCT AGA TTA TTT TTT TGT ATA AGG TAG

G12 G K L C K I K C Y3

9. ACC TCC TTT CAA ACA TTT TAT TTT ACA ATA

I 12 G S P C K I K C Y 3

10. GAT ACC ACT TGG ACA CTT TAT TTT ACA ATA
orbitol) with 0.1 mg/ml Zeocin. Selected transfor- d
ants were checked for the presence of Ag 5 encoding
DNA by PCR following digestion with Lyticase
Sigma, St. Louis, MO) (12).

Transformation of yeast was also done by electropo-
ation as described in the manual from Invitrogen.
fter recovery for 1 h in 1 M sorbitol, an equal volume
f YPD medium was added. After an additional 1 h, the
ransformed cells were plated on YPDS agar plates
ith 1 mg/ml Zeocin for selection of hyper-drug-resis-

ant transformants (11).
Yeast cells from selected clones were grown in

00-ml bottles at 30°C with orbital shaking at 225 rpm
ntil A600nm of 4–6. Each bottle contained 100 ml of
MGH medium (pH 6.0 phosphate buffer containing
east nitrogen base, biotin, glycerol, and histidine).
he cells were collected by centrifugation and resus-
ended in 25 ml of BMMH medium which contained
ethanol in place of glycerol in BMGH medium. Incu-

ation was continued at 30°C with shaking at 275 rpm
or 5 days with daily addition of 25 ml of methanol.

The collected culture fluid was concentrated 20-fold
y ultrafiltration through PM10 membrane (Amicon,
everly, MA). After equilibration with 50 mM ammo-
ium acetate buffer, pH 4.6, and clarification, the sam-
le was applied to a cation-exchange column (20 3 0.9
m) of SE-53 (Whatman, Fairfield, NJ) equilibrated
ith the same buffer. The column was eluted at 60
l/h with a 300-ml linear gradient of 0.1 to 0.7 M NaCl

n 50 mM ammonium acetate (pH 4.6). r-Ves v and Pol
5s were eluted as dominant peaks at about 0.38 and

.18 M NaCl, respectively. The pooled solution was
esalted on a reverse-phase column (7 3 0.9 cm) of C18
ilica (Separations Group, Hesperia, CA) and the col-
mn was eluted at 60 ml/h with a linear 120-ml gradi-
nt of 0 to 60% 2-propanol in 0.1% trifluoroacetic acid.
-Ag 5s were eluted at about 30% 2-propanol and were
ecovered on lyophilization. They were dissolved in
.02 M acetic acid and stored at 4°C. Their concentra-
ions were established from their UV spectra; A280nm

alues of 1.93 and 1.62 for 1 mg/ml solution were used
or Ves v and Pol a 5s, respectively.

CD spectra of about 0.2 mg/ml solutions of Ag 5 in
.02 M acetic acid or phosphate buffer of pH 7.2 were
aken in cells of 1 mm pathlength in an AVIV 62DS
pectrometer.

Copy number of Ag 5 encoding cDNA in the yeast
enome. Genomic DNA was isolated following the
rocedures given in Ref. (11, 13). Dot blot analysis was
ested with labeled probe 9 or 10 given in Table 1. The
robes were labeled with 32P using reagents supplied in
kit from NEN Life Science Products (Boston, MA).

outhern hybridization was done according to proce-
ures given in Ref. (14).

Sulfhydryl contents of proteins before and after re-

uction. Reduction of proteins proteins (1–6 mM) in 6



M
m
t
t
M
b
i
d
4
g
g
6

v
f
0
t
o
d
s
g
f
w
a

v
I
s

R

t
t o

t
c
t
g
t
p
n
i
I
r

b
c
p
T
t
t
S
p

T

F
e
v
r
K
1
s

F
a

412 MONSALVE, LU, AND KING
urea 1 0.1 M NaBH4 1 60 mM selenocystamine was
ade at 25°C for 30 min. In situ generated selenocys-

eamine served to catalyze the reduction (15). Reduc-
ion was terminated on addition of equal volume of 0.3

acetic acid to decompose the excess NaBH4 followed
y the addition of 3 vol of 1.7 mM 4,49-dithiodipyridine
n 6.7 M urea. Sulfhydryl groups in the mixture were
etermined by the increase in A325nm from the released
-thiopyridone (16). Control experiments with oxidized
lutathione, lysozyme, and bovine plasma albumin
ave the expected values with an experimental error of
10%.
Inhibition ELISA. This was done as described pre-

iously (9) in Nunc-Immuno plate with Maxi-sorp sur-
ace, and the wells were coated with 5 mg/ml Ag 5 in
.05 M Tris–HCl buffer, pH 8. Sera dilution for inhibi-
ion ELISA was chosen to give about 2

3 maximal binding
f specific IgG1 to solid-phase antigen. Bound IgG1 was
etected with biotinylated goat anti-mouse IgG (g1
pecific) and extraavidin–alkaline phosphatase coju-
ate. Mice sera were collected at week 7 from groups of
our female BALB/c mice which had received four bi-
eekly intraperitoneal injections of 2 mg Ag 5 1 1 mg
lum in 0.2 ml of phosphate-buffered saline.
Inhibition ELISA was also done with sera from

espid-allergic patients, and the bound Ag 5-specific
gE was detected with biotinylated mouse antibodies
pecific for human IgE (PharMingen, La Jolla, CA).

ESULTS

Expression of Ves v 5 in bacteria. Two vectors were
ested. One was pQE12 which placed a hexahistidine
ag at the C-terminus of the expressed protein for ease

IG. 1. SDS–PAGE analysis of Ag 5s with or without mercapto-
thanol reduction, (B and A, respectively). Samples shown are rb-Ves
(lane 2), n-Ves v (lane 3), n-Pol a (lane 4), rp-Ves v (lane 6), and

p-Pol a (lane 7). Lane 5 (in A only) contains 5 ml of culture fluid from
M71 cells producing Ves v Ag 5. Lane 1, standards of 65, 29, 20, and
4.5 kDa. About 2 mg of protein was applied to each lane. The gel was
mtained with Coomassie blue R-250 dye.
f isolation. The other was pET22b that added a poten-
ial translocation signal to the N-terminus of the
loned protein for translocation from the cytoplasm to
he periplasm with accompanying signal peptidase di-
estion to remove the leader sequence. The transloca-
ion signal is the pelB leader sequence for a bacterial
ectate lyase. However the expected translocation did
ot occur with Ag 5. The rb-protein was obtained as an

nsoluble precipitate in the bacteria with both vectors.
t could be solubilized in urea or guanidine hydrochlo-
ide solution.
The rb-protein with a hexahistidine tag was isolated

y successive metal ion chelation and reverse-phase
hromatography. The rb-protein differed from the n-
rotein in being readily soluble only in acidic pH ,4.
he rb-protein gave one main band on SDS–gel elec-
rophoresis with mobility slightly slower than that of
he n-protein, as shown in Fig. 1A, lanes 2 and 3.
imilar findings with 2-mercaptoethanol reduced sam-
les are shown in Fig. 1B, lanes 2 and 3.
The n- and rb-Ves v 5 differed in their CD spectra.

he data in Fig. 2A suggest that the rb-protein has a

IG. 2. CD spectra of n- and rb-Ves v 5s in 0.02 M acetic acid in A
nd n- and rp-Ves v 5s in 0.02 M phosphate, pH 7.2, in B.
ore disordered structure than the n-protein. The
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413YELLOWJACKET AND PAPER WASP VENOM ALLERGEN ANTIGEN 5
pectra were taken in 0.02 M acetic acid, because of the
imited solubility of rb-protein at neutral pH.

Expression of Ves v and Pol a 5s in yeast. Both Ag
s were expressed with the vector pPICZa-A in P.
astoris cells of KM71 strain. The cloned Ag 5 is a
usion protein with the yeast a factor signal peptide for
ecretion into culture. This was found to occur with
oth Ag 5s. They were easily isolated from the culture
y ion-exchange chromatography as shown in Fig. 3.
oth rp-Ag 5s were soluble in acidic or basic pH as
ere their n-Ag 5s.
Both rp-Ves v and Pol a 5s gave single bands on

DS–gel electrophoresis with mobilities identical to
heir n-counterparts (Fig. 1A, lanes 6, 7, 3, and 4,
espectively). Pol a 5 showed a faster mobility than Ves
5 did although they have 205 and 204 amino acid

esidues, respectively. This difference is seen in Fig. 1A
ith the n-Ag 5s as well as with rp-Ag 5s. This differ-
nce was less following reduction in Fig. 1B.
Edman degradation for 11 cycles showed the N-ter-
inal sequence of rp-Ves v 5 to be a 1/4 mixture of
AEF- and EAEAEF-[Ves v 5] and that of rp-Pol a 5 to
e EAEAEF-[Pol a 5]. The EA and EAEA sequences
epresent a portion of the yeast signal sequence, which
emains attached to Ag 5, and the EF sequence results
rom the EcoRI restriction site for ligation of Ag 5
DNA with the vector. These findings suggest that
ignal peptide cleavage had occurred at two adjacent
ites with different rates.
Mass spectroscopy confirmed the identities of rp-Ves
and rp-Pol a 5s to have their correct parent ions.

IG. 3. Isolation of rp-Pol a and Ves v 5s by SE-53 chromatogra-
hy. Concentrates from 100 ml of induced yeast culture were applied
o column and about 2.7 and 10.2 mg of rp-Pol a and Ves v 5s were
solated. The yeast clone for Pol a 5 was a poor producer and that for
es v 5 was a high producer.
hese results are not shown. s
CD spectra of n- and rp-Ves v 5s in pH 7.2 phosphate
uffer were superimposable as can be seen in Fig. 2B.
imilar data were obtained for Pol a 5. They are not
hown as the findings parallel those for Ves v 5.

Yield of rp-protein from different yeast clones.
ransformation of yeast cells may result in insertion of
ultiple gene copies into the yeast genome with a low

requency of 1 to 10% (11). One of the 12 Ves v 5-ex-
ressing clones were screened produced about 100 mg
f rp-Ag 5 per liter of culture and the others produced
bout 20 mg per liter. Southern blots confirmed that
he genomic DNA of a high producing clone contained
bout 10 times more copies of Ag 5-encoding cDNA
han the poor producing clones (data not shown).

We did not find a high producing clone for Pol a 5 on
creening 16 clones, which were from PEG transforma-
ion. We repeated our screening with five clones from a
opulation, which were from transformation by elec-
roporation then enriched for multicopy gene inte-
rants by their hyper-drug resistance (11). All five
lones were found to be high producers of 105 mg of
p-Pol a 5 per liter of culture.
Comparison of n-, rb-, and rp-Ves v 5s. rb-Ves v 5
as found to contain 0.5 6 0.1 and 8 6 1 sulfhydryl
roups before and after NaBH4 reduction, respectively.
oth n- and rp-Ves v 5s were found to contain 0.1 6 0.1
nd 8 6 1 sulfhydryl groups before and after reduction,
espectively. These proteins were titrated for sulfhy-
ryl group in guanidine hydrochloride and in urea. The
imilar results in the two denaturants suggest that the
ow sulfhydryl content of rb-Ves v 5 was not due to
heir inaccessibility but was due to incomplete pairing
f its eight cysteinyl residues to form disulfide bonds.
he absence of sulfhydryl group in n- and rp-Ves v 5
uggests that their eight cysteinyl residues are paired
o form four disulfide bonds.

n-, rp-, and rb-Ves v 5s were compared for their
nhibition of binding of rp-Ves v 5-specific antibodies to
olid-phase rp- and n-Ves v 5s as given in Figs. 4A and
B, respectively. The Ves v 5s were also compared for
heir inhibition of binding of n- and rb-Ves v 5-specific
ntibodies to their respective solid-phase antigens as
hown in Figs. 4C and 4D.
The inhibition results indicate that n- and rp-Ves v

s were indistinguishable when examined with n-Ves v
-specific antibodies in Fig. 4C. They were also indis-
inguishable with rp-Ves v 5-specific antibodies on
olid-phase n-Ves v 5 as shown in Fig. 4B but they were
istinguishable on solid-phase rp-Ves v 5 as shown in
ig. 4A. These results suggest that n- and rp-Ves v 5s
ave very similar epitopes but rp-Ves v 5 has one or
ore epitopes that are absent in n-Ves v 5. The new

pitope is most likely related to the signal peptide

equence of EAEAEF in rp-Ves v 5.
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414 MONSALVE, LU, AND KING
The results in Figs. 4A and 4C indicate that rb-Ves v
was a poor inhibitor for the binding of n- or rp-Ves v

-specific antibodies to their respective solid-phase Ag
. The results in Fig. 4D indicate that rb-Ves v was a
ore effective inhibitor than n-Ves v 5 or rp-Ves v 5 are

n their inhibition of binding of rb-Ves v 5-specific
ouse antibodies to solid-phase bacterial rb-Ves v 5.
he results in Figs. 4A–4D suggest that n- and rp-Ves
5s have more common epitopes than n- and rb-Ves v

s do. The results in turn suggest that n- and rp-Ves v
s are more similar in their structures than the n- and
b-proteins are.

ELISA inhibition of binding of specific human IgE to
olid-phase Ves v 5 was also done with sera from three
llergic patients, and data from one representative
ase are shown in Fig. 5. rp- and n-Ves v 5 were equally
ffective inhibitors.

ISCUSSION

The above findings are in accord with the common
bservations that r-proteins that remain intracellular

IG. 4. Inhibition ELISA with mouse sera specific for rp-Ves v 5 (A
-, n-, and rb-Ag 5s, respectively, in A–D. Reciprocal sera dilutions w
espectively. The inhibitors are n-, rp-, and rb-Ves v 5s represented
n bacteria are usually folded incorrectly and that l
hose which are secreted are usually folded correctly.
ncorrect folding of proteins in bacteria may result
rom inadequate intracellular concentrations of chap-
rones (17), as well as from the reducing environment
f the cytoplasm (18). Our attempt to induce translo-
ation of the r-protein from the cytoplasm to the
eriplasm by attachment of a translocation signal was
nsuccessful, although this approach led to processing
f other proteins with different leader sequences
19,20). However, attachment of a yeast secretory sig-
al resulted in the secretion and processing of r-Ag 5
rom yeast.

Immunochemical tests strongly indicated that rp-Ag
from yeast had the native conformation of the natural
rotein. The rp- and n-Ag 5s were indistinguishable in
heir solubility, gel mobility, secondary structure as
eflected by their CD spectrum, and disulfide bond
ontent. The electrophoretic mobilities of n- or rp-Ag 5s
n SDS gel decreased following mercaptoethanol reduc-
ion but this did not occur with rb-Ag 5 (Fig. 1). These
esults suggest that rp-Ag 5s are compact molecules

d B), n-Ves v 5 (C), and rb-Ves v 5 (D). Solid-phase antigens are rp-,
2 3 104, 1 3 104, and 3 3 103 for n-, rp-, and rb-Ves v 5-specific sera,
open circles, squares, and triangles, respectively.
an
ere
ike the n-proteins.
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415YELLOWJACKET AND PAPER WASP VENOM ALLERGEN ANTIGEN 5
n- and rp-Ves v 5s were also indistinguishable by
heir binding of human IgE from different patients and
ntibodies from pools of mice immunized with n-Ves v
. But they were distinguishable by antibodies from
ice immunized with rp-Ves v 5. Our data suggest that

p-Ves v 5 has one or more new epitopes that are
bsent in n-Ves v 5. One new epitope is probably re-
ated to the incompletely removed signal peptide se-
uence. We have shown previously the N-terminus of
he homologous hornet Ag 5 to be weakly immunogenic
21). The EAEAEF sequence of rp-Ag 5 apparently has
onverted its N-terminus to a strongly immunogenic
apten.
Hornet Ag 5 has been expressed in insect cells (22).

he recombinant Ag 5 was secreted into the culture
edium for insect cells, so it is likely to be properly

olded. The present findings indicate that it is more
dvantageous to express Ag 5 in yeast cells than in
nsect cells because of its ease of isolation. The yeast
ulture is essentially free of proteins other than r-Ag 5,
s can be seen from its gel pattern in Fig. 1A, lane 5,
ut the insect culture contains added serum proteins
s growth supplements. It was therefore possible to
btain r-Ag 5 of high purity from yeast culture after a
imple isolation procedure.
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