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Abstract A honey bee antennal water-soluble protein, APS2,
was purified and characterized as the first Hymenoptera putative
odorant-binding protein. Comparison of its measured M,
(13695.2 £ 1.6) to that of the corresponding cDNA clone shows
it does not undergo any post-translational modification other
than a 19-residue signal peptide cleavage and formation of three
disulfide bridges. These biochemical features are close to those of
Lepidoptera odorant-binding proteins. In situ hybridization
experiments demonstrated its specific expression in olfactory
areas. Based on its higher expression in the worker than in the
drone, ASP2 might be more involved in general odorant than in
sex pheromone detection.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

In insects, hydrophobic odorant molecules are thought to
be translocated from the air to the receptor proteins of the
sensory dendrites by soluble proteins, the so-called odorant-
binding proteins (OBPs), major protein components of the
sensillum liquor [1]. The pioneer work of binding experiments
in Lepidoptera species [1] led to the distinction of a category
of such proteins involved in sex pheromone detection, namely
the pheromone-binding proteins (PBPs), which are largely
male-specific [2]. The differential location of PBPs in diverse
categories of olfactory sensilla together with their binding
specificity supports the hypothesis of a functional implication
in ligand transport and/or selection [3-6]. Other moth proteins
homologous to the PBPs and commonly found in both sexes
were called general odorant-binding proteins (GOBP), since
there is no direct evidence of odorant-binding properties [2].
PBPs and GOBPs share common biochemical properties such
as high hydrophilicity, low molecular weight (15-21 kDa) and
acidic isoelectric point (4-5) [5,6].

The behavioral and neurobiological mechanisms underlying
the striking odor discrimination ability of the worker honey
bee have been thoroughly investigated [7,8]. The related
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Abbreviations: DIG, digoxigenin; GOBP, general odorant-binding
protein; IS-MS, ion-spray mass spectrometry; OBP, odorant-binding
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molecular mechanisms have been considered only recently [9].
In this context the characterization of OBP-like proteins is of
interest. Considered from their respective odor repertoires,
foragers and drones are largely different [10]. We took advan-
tage of these sexual differences to characterize a putative OBP
which was more abundant in workers than in drones. Its
¢DNA was cloned and sequenced and its antennal localization
determined by in situ hybridization.

2. Materials and methods

2.1. Tissue preparation and protein extraction

Honey bees Apis mellifera L., workers and drones, were reared in
natural conditions (hive). Antennae, legs, brain, thorax and hemo-
lymph were isolated from adults, homogenized in PBS, EDTA
5 mM, pH 7.4, PMSF 1 mM, chimostatin (Boehringer Mannheim)
1 pg/ml, antipain (Boehringer Mannheim) 1 pg/ml, leupeptin (Boeh-
ringer Mannheim) 1 pg/ml, pepstatin (Boehringer Mannheim) 1 pg/
ml, N-tosyl-L-phenylalanine chloromethyl ketone (Sigma) 1 ug/ml, N-
tosyl-L-alanine chloromethyl ketone (Sigma) 1 pg/ml. Sediments were
removed by centrifugation for 5 min at 4°C, 12000 X g. Water-soluble
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Fig. 1. Compared chromatographic profiles of worker and drone
water-soluble antenna-specific protein. RPLC fractionation of water-
soluble proteins from 100 antennae of workers or drones on a
2.1X100 mm Aquapore column in a 25 mM CH3;COONH,, pH
6.8/CH3CN system. A linear gradient of 9.5-50% CH3CN was ap-
plied in 50 min at a flow rate of 200 ul/min. Dashed line indicates
the CH3CN gradient.
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Fig. 2. Nucleotide and deduced amino acid sequences of O12.7 antennal cDNA clone from Apis mellifera L. workers. EcoRI and Xhol cloning
sites used for cDNA library synthesis are indicated in italic characters. The 5 RACE primer position is indicated in bold-faced characters and
the presumed polyadenylation site AATAAA in lower-case characters. Asterisk marks the termination codon. The nucleotides and amino acids
are numbered at the right end of each line, with the starting codon as a reference. The N-terminal sequence of the purified mature protein

ASP2, determined by Edman sequencing, is underlined.

and membrane-associated proteins were separated by ultracentrifuga-
tion for 45 min, 140000 X g (average) at 4°C (Beckman L5, rotor Ti
60).

2.2, Protein purification and characterization

Water-soluble proteins from antennae were separated by RPLC on-
line coupled with both IS-MS (Sciex API100, Perkin-Elmer) and a
Perkin Elmer model 173 microblotter. RPLC was run using a Per-
kin-Elmer device (Applied Biosystems Inc. pump 140C and detector
785) on a 2.1 X100 mm C8 Aquapore column (300 A) in a 25 mM
CH3COONH,4 pH 6.8 using CH3CN linear gradients (9.5% for 5 min,
from 9.5% to 50% in 50 min at a flow rate of 200 pl/min). After being
monitored for absorbance at 215 nm, the flow was split between the
microblotter (160 pl/min) equipped with a Problot Perkin Elmer
PVDF membrane and the ion-spray source (40 pl/min). IS-MS experi-
ments were controlled with the Sample Control 1.1 software using a
positive mode from 600 to 3000 amu with 0.2 amu steps and a 0.4 ms
dwell-time. The ion spray needle voltage was +5000 V and the orifice
plate voltage +40 V. Mass spectrometry data were analyzed with the
Perkin Elmer Sciex Bio-Multi-View 1.2 software. The blotted PVDF
membranes were cut according to the eluted peak positions and sub-
mitted to Edman microsequencing using a Perkin Elmer Applied Bio-
systems Procise 494A sequencer with reagents and methods of the
manufacturer. The average molar masses were calculated from the
sequence using the Perkin Elmer Sciex Peptide Map 2.2 software
and the isoelectric point using the Perkin Elmer Sciex Peptide Mac
Bio Spec 1.0.1 software.

2.3. RACE 3’ amplification

Approximately 1 ug poly(A*) mRNA from 600 worker antennae
was purified with the Quick mRNA Prep Kit (Pharmacia). Total first
strand cDNA synthesis was performed with Mu-MV reverse tran-
scriptase (Stratagene), using the polyT primer from AZAP II ¢cDNA
Library Synthesis Kit (Stratagene). The 5’ extension primer
CGAAGCTTA(A/G)TA(T/ICO) ATGGA(A/G)TA(T/C)(CIT)TIATG
was deduced from the amino acid sequence KYMEYLM and the 3’
primer was GAGAGAACTAGCTCGAGTT.

2.4. Worker antennal cDNA library synthesis and screening

Antennae were sectioned from 7500 adult workers and poly(At)
mRNA isolated using the Quick mRNA Purification Kit (Pharmacia).
A ¢DNA library of 107 primary recombinants was generated from 14
ug poly(A™) mRNA using the AZAP II ¢cDNA cloning system (Stra-
tagene). PCR amplification product labeled with the DIG Random
Priming Kit (Boehringer Mannheim) was used for library screening
under high stringency conditions according to the DIG-DNA Detec-
tion Kit procedure (Boehringer Mannheim). Nucleotide sequence of
both strands was performed by Eurogentec custom service.

2.5. In situ hybridization procedure

T3 and T7 polymerases were used to generate sense and antisense
DIG-labeled 11UTP RNA probes (Boehringer Mannheim) from lin-
earized ¢cDNA template. The procedure of Byrd et al. [11] was
adapted for in toto hybridization. Antennae were prehybridized for
20 h and hybridized with the full-length DIG-labeled RNA for 18 h at
55°C in the 50% formamide hybridization solution. Detection
was performed in standard conditions with the anti-DIG AP
conjugate antibody (1:100) and colorimetric substrates from Boeh-
ringer Mannheim were applied for 20 min at 37°C. Antennae were
then embedded in Tissue-Tek OCT, rapidly frozen in nitrogen, and
7 um cryosections were cut and mounted on polylysine coated slides.

3. Results and discussion

As shown in Fig. 1, an antenna-specific protein, ASP2,
eluting at 29.0% CH3CN, was separated by HPLC and char-
acterized by an identical M, in workers (13695.2+1.6) and
drones (13694.9%+0.9) and a same N-terminal sequence
(IDQDTVVAKYMEYLMPDIMP). The total ion counts
and UV detection (Fig. 1) indicated that this protein was
about 5 times more abundant in workers than in drones. It
exhibited the biochemical criteria of OBPs, i.e. acidic isoelec-

ASP2 --MNTLVTVTCLLAALTVVRGIDODTVVAKYMEYLMPDIMPCADELHI SEDIATN T QARKNG---ADMSQLGCLKACVMKRIEM 78

PBPRP5_DME MQSTPIILVAIVLLGAALVRAFDEKEALAKLMESAES----CMPEVG-ATDADLOEMVKKQP---ASTYAGKCLRACVMKNIGI 76

GOBP2 APER MGYKLLLMYIAIVIDSVIGTAEVMSHVTAHFGKALEE----CRDESGLSPEILNEFKHFWSEDFDVVHRELGCAI ICMSNKFSL §0
* * *
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Fig. 3. Sequence comparison of ASP2 with two other insect putative odorant-binding proteins. Amino acid sequences were aligned according
to the Clustal W1.6 procedure. Amino acids conserved between ASP2 and the two other sequences are indicated in bold-faced characters. As-
terisks mark the six conserved cysteines. Abbreviations and references: GOBP2 APER, general odorant-binding protein from Antherea pernyi
[20], PBPRPS DME, pheromone-binding protein related protein from Drosophila melanogaster [21].
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Fig. 4. Expression pattern of ASP2 mRNA in adult bee antennae. a: worker (X400), b: drone (X300), c: drone (X2000). Longitudinal sec-
tions were hybridized with antisense riboprobe from the O12.7 clone. The nonspecific labeling in the intersegmental membrane is due to anti-
DIG AP conjugate antibody. Abbreviations: ac, auxiliary cell; acl, auxiliary cell layer; an, antennal nerve; cu, cuticle; in, intersegmental mem-
brane; st, sensilla trichodea.
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tric point and hydrophobicity. Its apparent M, determined by
SDS-PAGE was in the range of 18.5 kDa (data not shown), in
accordance with those reported for PBPs and GOBPs. The
disagreement with mass spectrometry determined M, could
be assumed to be due to non-standard interactions with
SDS [12]. We did not find any known protein homologous
to the N-terminal sequence of ASP2 in the EMBL, Genbank,
Swissprot and PIR sequence libraries.

The complete 012.7 cDNA sequence corresponds to ASP2
(Fig. 2). It comprises 603 nucleotides, including cloning sites,
an open reading frame of 429 nucleotides starting at the ATG
codon in position 1 and ending at the TAA codon at positions
427-429. A 142-amino acid polypeptide is encoded by the
open reading frame. The comparison of the amino acid se-
quence deduced from O12.7 with the N-terminal sequence of
ASP2 shows that a 19-residue N-terminal sequence is cleaved
after translation (Fig. 2). Comparison of the measured M, of
ASP2 (13695.2+1.6) to the calculated M, of the mature
protein deduced from O12.7 (13700.8) shows a discrepancy
of 5.6x1.6 amu, which allows us to conclude that the
protein encoded by 012.7 is indeed ASP2 and that the
6 amu M, difference originates in the formation of three di-
sulfide bridges between all six cysteines. This protein does not
therefore undergo any post-translational modification in ad-
dition to signal peptide cleavage and disulfide bridge forma-
tion. This is the first evidence of total cysteine pairing in an
insect OBP-like protein. The isoelectric point of ASP2 has
been calculated to be 4.8, in agreement with those reported
for OBPs.

The deduced amino acid sequence was compared with those
of Lepidoptera binding proteins and related proteins isolated
in Diptera. Whereas PBPs present at least 90% amino acid
identity within Lepidoptera and GOBPs up to 40% [2], the
honey bee ASP2 protein only exhibits 8-15% identity with
Lepidoptera or Diptera. As illustrated in Fig. 3 the six cys-
teines are found to be perfectly aligned in all known sequen-
ces, except for Limantria dispar PBP2 [3] which has lost the
first one (data not shown). It is therefore likely that these
conserved cysteines are involved in disulfide bonds whatever
the species concerned.

The ASP2 protein precursor was analyzed for local hydro-
phobicity according to Kyte and Doolittle [13]. In addition to
the putative signal peptide found to be highly hydrophobic,
other short hydrophobic regions can be observed, but are
neither long nor hydrophobic enough to be membrane-span-
ning domains. In Antherea polyphemus PBP3 [14], a phero-
mone analogue has been shown to specifically interact with
a hydrophobic domain ranging from D?” to R0 [15], which is
not conserved either in the ASP2 amino acid sequence and
hydrophobicity profile or in the fruit fly OBP-like proteins,
suggesting that the ligand binding sites may differ upon such
divergent proteins.

The ASP2 protein was purified by RPLC and compared
through non-SDS-PAGE to the crude extract of worker
water-soluble proteins from different tissues, i.e. antennae,
legs, thorax, brain and hemolymph, to ensure its antennal
specificity (not shown). In situ hybridization revealed a strik-
ing density of the O12.7 mRNA specifically associated with
the antennal olfactory regions (articles 3 to 10 in workers, to
11 in drones). In drones, the labeled cells or cell clusters were
very few, generally located on the proximal and/or distal bor-
ders of each article, in the right place where sensilla trichodea
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A are restricted [16]. In workers, the labeled cells or cell clus-
ters were numerous and uniformly distributed in the layer of
auxiliary and epithelial cells situated under the cuticular evag-
inations of chemosensory sensilla (Fig. 4). In Lepidoptera,
GOBPs and PBPs have been proposed to be secreted by sen-
silla auxiliary cells into the extracellular cavity continuous
with the sensory process-surrounding space within the sensory
sensillum [17-19]. In situ hybridization experiments suggest a
similar conclusion for honey bee ASP2.

In conclusion, in order to select proteins preferentially in-
volved in worker bee olfaction, water-soluble proteins from
various tissues from workers and drones were compared and
led to the identification of an antenna-specific protein which
was most abundant in workers. In situ hybridization indicates
that this sexual difference is also related to the number of cells
expressing ASP2. Both its distribution pattern of expression
confined to olfactory sensilla and its biochemical features
close to those of Lepidoptera odorant-binding proteins are
consistent with its involvement in olfaction.
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