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Odorant-binding proteins (OBPs) are small, water-soluble 
proteins uniquely expressed in olfactory tissue of insects 
and vertebrates. OBPs are present in the aqueous fluid sur- 
rounding olfactory sensory dendrites and are thought to aid 
in the capture and transport of hydrophobic odorants into 
and through this fluid. OBPs may represent the initial bio- 
chemical recognition step in olfaction, because they trans- 
port odorants to the receptor neurons. Insect OBPs are rep- 
resented by multiple classes: pheromone-binding proteins 
(PBPs) and general odorant-binding proteins (GOBPl and 
GOBPP). PBPs associate with pheromone-sensitive neurons, 
while GOBPs associate with general odorant-sensitive neu- 
rons. Analysis of N-terminal amino acid sequences of 14 
insect OBPs isolated from six species indicated that the 
PBPs were variable and the GOBPs were highly conserved. 
However, inferred properties of these proteins were based 
only on partial sequence data. We now report the full-length 
sequences of a GOBPl and GOBPP from the moth Manduca 
sexfa and compare these sequences with those of PBPs 
from three species, including M. sexta, Anthefaea polyphe- 
mus, and A. pernyi. We also compare these with a GOBPP 
of A. pernyi, previously identified only as a novel OBP. These 
comparisons fully support our N-terminal analysis. The sig- 
nal peptide sequences of seven insect OBPs reveal con- 
served sequences within OBP classes, but not between OBP 
classes even within the same animal species. This suggests 
that multiple OBPs may be coexpressed in the same cell 
type, but differentially processed in a class-specific manner. 
Properties of the GOBPs suggest that general olfaction is 
broadly receptive at the periphery. Properties of the PBPs 
suggest that pheromone olfaction is discriminatory at the 
periphery, and that the initial biochemical steps in phero- 
mone detection may play an active role in odor perception. 

The odorant-binding proteins (OBPs) of insects represent a mul- 
tigene family of lipid carriers that are uniquely expressed in 
olfactory tissue (Vogt et al., 199 1). They reside in the aqueous 
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fluid surrounding the dendrites of the olfactory neurons and are 
presumably expressed in and secreted by the glia-like support 
cells that ensheathe the neuronal somata. The proposed function 
of these OBPs is to solubilize and transport hydrophobic odor- 
ants into and through the aqueous fluid surrounding olfactory 
dendrites. The most thoroughly described members of this group 
are the pheromone-binding proteins (PBPs), identified and ei- 
ther partially or fully sequenced from seven moth species (Vogt 
and Riddiford, 198 la,b; Gyorgyi et al., 1988; Raming et al., 
1989, 1990; Vogt et al., 1989, 199 1; Breer et al., 1990). Full- 
length cDNA sequences have been obtained for PBPs of the 
tobacco hawk moth Munduca sexta (Gyorgyi et al., 1988) and 
the giant silk moths Antheraeupolyphemus (Raming et al., 1989) 
and A. pernyi (Raming et al., 1990). The PBPs are about 16 
kDa, are freely water soluble, exist at concentrations in vivo of 
about 10 mM (Klein, 1987) and probably exist as homodimers 
(De Kramer and Hemberger, 1987). 

Besides the PBPs, two additional classes of insect OBP have 
been described: the general odorant-binding proteins GOBPI 
and GOBP2 (Vogt et al., 199 1). PBP, GOBP 1, and GOBP2 are 
all expressed in the same individual species, but the GOBPs 
show a pattern of expression distinctly different from the PBPs. 
While the PBPs are largely male specific, associating with pher- 
omone-specific sensory neurons, the GOBPs are present in both 
sexes, associating with olfactory neurons thought to respond to 
general odorants. 

A striking feature of difference between the PBPs and the 
GOBPs is the degree to which their respective sequences vary 
when compared between species: the PBPs are variable, while 
the GOBPs are highly conserved. N-terminal amino acid se- 
quences of seven PBP, five GOBP2s, and two GOBPI s were 
compared among six moth species (Vogt et al., 199 1). The PBPs 
of different species showed a high degree of variability, with 
identity values ranging from 0.32 to 0.77, depending on which 
two PBPs were compared. The identity values relate to the 
number of same amino acids per position over the determined 
sequence, such that a score of 1 .O would indicate the same exact 
sequence. In contrast to the PBPs, the GOBPs showed a much 
higher degree of conservation among the same moth species, 
with identity values ranging from 0.93 to 1 .O. The three classes 
of OBP were distinctly different from each other in their overall 
sequence motifs, with between-class identity value ranges of 
0.26-0.57 (PBP vs. GOBP2), 0.21-0.46 (PBP vs. GOBPl), and 
0.47-0.57 (GOBPl vs. GOBP2). 
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Two features can be inferred from these variation patterns. 
First, while there is relatively low identity among the three 
classes, there are conserved motifs common to all three groups. 
Thus, the three classes are presumed to be derived from dis- 
tinctly different though homologous genes, rather than from a 
common but alternatively processed transcript of a single gene. 
This view is supported by recent analysis of the genomic or- 
ganization of the A. pernyi PBP gene (Krieger et al., 1991). 
Second, the sequence differences between the three OBP classes 
suggested that PBP, GOBPl, and GOBP2 bind different classes 
of odorant molecules. Specific odorant-binding properties im- 
plied that the OBPs act as odorant filters peripheral to the re- 
ceptors, since the OBPs are situated between the external en- 
vironment and the sensory neurons. 

Finally, a comparison of seven OBP signal peptides shows a 
pattern of conservation suggesting that multiple OBP classes 

These inferences were based on comparisons of only a rela- 
tively small part of the OBPs, about one-fifth their overall length. 
Since it was possible that this N-terminal variation would not 
extend to the rest of the protein, we have now obtained full- 
length sequences of the M. sexta GOBPl and GOBP2 through 
cDNA cloning. This allows for comparison of the full amino 
acid sequences of all three classes of OBP from a single species, 
as the sequence of the A4. sexta PBP is also available (Gyorgyi 
et al., 1988). We are further able to compare the full amino acid 
sequences of two GOBP2s, as Breer et al. (1990) have recently 
reported the sequence of a novel class of insect OBP from A. 
pernyi, which can now be identified as a GOBP2. A comparison 
of the full-length sequences of three PBPs, two GOBP2s, and 
one GOBPl supports our N-terminal analysis of variation and 
the inferences drawn (Vogt et al., 1991) as well as the impor- 
tance that conserved cysteine residues and hydrophobic do- 
mains may have in the overall structural and functional prop- 
erties of the proteins (Breer et al., 1990; Raming et al., 1990). 

directly in RNase-free H,O. RNA was polyA selected twice for cDNA 
synthesis and once for Northern blot analysis. 

Construction ofcDNA library. A cDNA library was constructed in 
LamdaZAP II (Stratagene) from polyA’ RNA isolated from preemerged 
and newly emerged adult male M. sexta. Blunt-end, double-stranded 
cDNA was synthesized from 5 pg of RNA by a method utilizing RNase 
H (Gubler and Hoffman, 1983) using a kit (Amersham). EcoRI/NotI 
linker adapters (Invitrogen) were then ligated to the cDNA, and the 
product was electrophoresed on a 1.2% agarose gel along with size 
markers and visualized with ethidium bromide. The portion of the gel 
containing DNA greater than 700 base pairs (bp) long was excised, and 
the cDNA was electroeluted (Invitrogen GeneluterTM). Eluted cDNA 
was phenol+hloroform extracted, precipitated in Na-acetate/ethanol, 
and ligated onto IamdaZAP II arms, which were then packaged using 
Gigapack Gold II (Stratagene). This library contained about 10’ plaque 
forming units (pfu), of which greater than 90% contained inserts. A 
plate-amplified ahquot of the library was used for this GOBP study. 

Polymerase chain reactions. Polymerase chain reactions (PCR; Saiki 
et al., 1985) were done on a Perkin-Elmer Cetus DNA Therm0 Cycler. 
Reaction conditions throughout were as follows: Reactions contained 
10 x buffer (10 ~1 of 500 rn& KCl, 25 mM MgCl,, 500 mM Tris pH 8.4, 
1 mg/ml BSA, 1% Triton X-100) dNTP mix (2 rl of a mixture con- 
taining 10 mM of each base in H,O), sense primer (10 yl of 5 pmol/r.rl 
in H,O stock), antisense primer (10 ~1 of 5 pmol/pl in H,O stock), Taq 
DNA nolvmerase (3 U: Promeaa). and temnlate DNA in H,O to a final 
volume of 100 ~1: The reacti&“cycle was 94”C/30 set, 52”C/l min, 
72”C/3 min for 35 cycles. The reaction was initiated with a single de- 
naturation step of 94”C/3 min. 

Primers for PCR were degenerate oligonucleotides based on the 
N-terminal amino acid sequences of M. sexta GOBPI and GOBP2 
(Table 1; Vogt et al., 1991). Initial PCR studies of GOBPZ used degen- 
erate oligonucleotides based solely on the predicted nucleic acid se- 
quence. For cloning of PCR products, primers were synthesized with 
an EcoRI recognition sequence, preceded by four dTTPs for the purpose 
of providing the enzyme with enounh DNA to the 5’ side of its site for 
effective cutting (Table 1). 

oratories) using buffers and reaction protocols supplied with the enzyme. 
RNasinTM (Promega) was included at 40 U per reaction. Aliquots (l/IO) 
of this reaction mixture were used as template material for the initial 

Initial template DNA for PCR was single-stranded cDNA synthesized 
from oligo-dT-primed RNA (adult female antenna& 0.5 pg polyA’ re- 
acted with M-MLV H- Reverse Transcriptase; Bethesda Research Lab- 
may be coexpressed but independently processed within the PCR reactions. Template DNA for subsequent PCR was either PCR 
same class of sensilla. product DNA or pBluescript (Stratagene) containing insert cDNA. 

For synthesis of screenina nrobes. PCR-amnhfied DNA was nel DU- 

Materials and Methods 
Animal tissues. Manduca sexta were reared in our laboratory from em- 
bryos at 28°C on a 16:8-hr light/dark cycle. Embryos were obtained as 
fertilized eaas from J. Hobaood. USDA Aaricultural Research Service. 
Oxford, NE Antenna1 and-leg tissues were dissected from preemerged 
or newly emerged adult male animals and directly frozen at liquid ni- 
trogen temperature. Tissues were stored at -80°C until use. 

RNA isolation and polyA+ selection. RNA for library construction 
and for PCR experiments was isolated from tissue taken from pre- 
emerged and newly emerged adult animals. RNA for Northern blot 
analysis was isolated from tissue taken from newly emerged adults. RNA 
was isolated by either of two equally suitable methods. By one method, 
tissue was homogenized in a Brinkman PT lo-35 homogenizer in guani- 
dinium thiocyanate (4 M; 25 mM sodium citrate, pH 7.0; 0.5% sarcosyl; 
72 @ml P-mercaptoethanol) and centrifuged briefly to remove debris. 
The supematant was overlaid onto a CsCl pad (5.7 M; 50 mM Na-acetate) 
and centrifuged 24 hr at 30,000 rpm, 20°C in a swinging bucket rotor. 
The resulting RNA pellet was redissolved in RNase-free H,O and pre- 
cipitated in Na-acetate/ethanol. The final pellet was dissolved in RNase- 
free H,O and stored at -80°C as total RNA. Alternatively, tissue was 
homogenized in the same guanidinium solution in a porcelain mortar 
and pestle in liquid nitrogen and processed through an acid-phenol 
extraction and isopropanol precipitation after the method of Chom- 
czvnski and Sacchi (1987: Promeaa Technical Bulletin TB064:5/88). 
In-either method, no more than 6.1 gm tissue was homogenized per 
milliliter of guanidinium solution. 

Total RNA was polyA selected by affinity chromatography with oligo- 
dT cellulose (type 2, Collaborative Research Inc.) following a modified 
handbook protocol (Davis et al., 1986) where polyA+ RNA was eluted 

rified and then subjected to asecond round ofamplification. This second 
product was gel purified, restriction digested with EcoRI, gel purified 
again to remove the small end restriction fragments, and then ligated 
into pBluescript that had been EcoRI digested and dephosphorylated 
(calf intestinal phosphatase; Maniatis et al., 1982). The plasmid DNA 
was transformed, by heat shock (Maniatis et al., 1982) into DH5a 
competent cells (Clontech), which were prepared after Maniatis et al. 
(1982). DNA from individual colonies was prepared and sequenced as 
described below. 

To gel purify PCR-amplified DNA, the entire reaction mixture was 
electrophoresed in an 8% polyacrylamide gel (PAGE) in TBE (89 mM 
Tris, 89 mM boric acid, 2 mM EDTA; Maniatis et al., 1982). The am- 
plified DNA band was visualized by soaking the gel for 5 min in 1% 
methylene blue in H,O, followed by a rinse in H,O. Further destaining 
was unnecessary, and the DNA band was excised. DNA was eluted from 
the excised gel overnight in elution buffer (0.5 M ammonium acetate, 
10 mM Mg-acetate, 1 mM EDTA, 0.1% SDS; in a 37°C shaking incu- 
bator). DNA was precipitated from this solution by addition of 2 vol 
ethanol (no additional salt) and chilling on dry ice for 30 min. Following 
centrifugation. the DNA pellet was resusoended in TE (10 mM Tris. 1 
mM EDNA, pH 7.5) and-reprecipitated with Na-acetate/ethanol. The 
DNA was finally resuspended in TE and stored at - 20°C. 

Labeling of screening probes. Cloned PCR product cDNA was pre- 
pared from large-scale plasmid preparations (500 ml) where the DNA 
was subjected to two rounds of CsCl-gradient centrifugation (Maniatis 
et al., 1982). Insert cDNA was isolated by EcoRI digestion of the plas- 
mid, followed by purification by PAGE (8%, TBE), as described above. 
Labeled probe was made by filling the EcoRI cut ends with dTTP and 
‘*P-dATP using the Klenow fragment of E. co/i DNA polymerase I. The 
labeling reactions for the Northern probes were as follows: DNA (25 
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ng in 2.5 ~1 TE), 10x Klenow buffer (2.5 ~1 of 0.5 M Tris-HCI, pH 7.2, 
0.1 M MgSO,, 1 mM dithiothreitol, 500 &ml BSA), dTTP (2 nmol in 
HLO), “P-dATP (45 &i, 3000 Ci/mmol; Amersham), Klenow (2.5 U), 
and Hz0 to 25 ~1. The entire 25 ~1 reaction was used, with no further 
cleanup, in IO ml of hybridization solution. The labeling of probe for 
library screening differed from the above only in scale, with reactants 
adjusted proportionally to a final volume of 92 ~1 containing 80 ng of 
DNA, and this probe was divided for use in two 40 ml hybridizations. 
Aliquots of probes were examined by PAGE (8%, TBE) prior to use, 
and probes were stored at -20°C until use. 

Northern blot analysis. PolyA-selected RNAs (1 &/lane) from adult 
male antenna and legs were electrophoresed on a 1.5% agarose gel con- 
taining formaldehyde, along with RNA size markers. RNA was then 
transferred to Nylbn membrane for 4 hr in 0.5x TE using a vacuum 
blotter fLKB Vacuaene). Transferred RNA was UV cross-linked to the 
membrane (Stratalkke;, Stratagene). The portion ofthe membrane con- 
taining size-marker RNA was-cut away, stained with 1% methylene 
blue. and destained with H,O to visualize the RNAs. Prehvbridization. 
hyb;dization, and washes were as described below for lib&y lifts. The 
prehybridization and hybridization volumes were 10 ml, and mem- 
branes were processed in sealed plastic bags. Membranes were exposed 
to x-ray film (Kodak X-OMAT AR) at -80°C for 8 hr. 

Library screening and sequencing of selected clones. LamdaZAP II 
were plated with E. co/i XLI-blue (Stratagene) on 15-cm plates at a 
density of 15,000 pfu per plate, three plates for each GOBP. Phage DNA 
was transferred to replicate nylon membranes (ICN), and the DNA was 
UV cross-linked to the membranes (Stratalinker, Stratagene) following 
denaturation. Membranes were prewashed for 10 min (5 x SSPE), pre- 
hybridized 6 hr at 45°C (5 x Denhardt’s, 5 x SSPE, 0.2% SDS, 0.05 mg/ 
ml salmon sperm DNA), and hybridized 16 hr at 45°C (same as prehy- 
btidization solution with formamide added to 50%). Membranes were 
then washed twice in 2 x SSC, 0.1% SDS at 20°C; twice in 0.2 x SSC, 
0.1% SDS, 20°C; twice in 0.2 x SSC, 0.1% SDS, 60°C. Filters were 
wrapped in plastic and exposed to x-ray film (Kodak X-OMAT AR) at 
-80°C for 4 d. Recipes for Denhardt’s, SSPE, and SSC were from 
Maniatis et al. (1982). 

In the primary screen, about 0.5% of the plaques were positive for 
GOBPI or GOBP2. For each GOBP Drobe. 20 olaaues were isolated 
and stored at 4°C in SM (20 mM Tris-‘HCl, PH 7.4; iO0 mM NaCl; 10 
mM MgSO,; 0.1% gelatin) containing chloroform. Ten plaques isolated 
in each first-round screen were rescreened at a density of about 500 pfu 
per I5 cm plate, processed as above but without replicate lifts. Four 
positive clones were isolated for each primary plaque, and these were 
designated GOBP I- 1 through GOBP 1 - 10 (a-d) and GOBPZ- 1 through 
GOBP2- 10 (a-d), respectively. All 20 “a” clones were individually plas- 
mid rescued to pBluescript, following supplied protocols (Stratagene), 
and the clones were further characterized as plasmids in E. co/i DHSa. 

For PCR characterization of clones, a fraction of an individual colony 
was suspended in 10 ~1 of H,O, the PCR reaction mix with appropriate 
primers was added, and the reaction was run and analyzed as described 
above (under Polymerase chain reactions). The colony bacteria sus- 
pended in H,O were denatured in reaction tubes prior to addition of 
the PCR reagents: 60°C/3min, 80”C/3min, 94”C/3min, 4°C. 

For sequencing, plasmid DNA was prepared by an alkaline lysis mini- 
preparation (Kraft et al., 1988) and subjected to double-stranded se- 
quencing using the dideoxynucleotide chain-termination method (Sang- 
& et a<, 1977) and modified T7 DNA polymerase (SequenaseTM 
seauencinp. kit. version 2.0. USB). labeling with Yj-dATP (600 Ci/ 

I  ,  ,  

mmol; Amersham). Sequencing primers were the Ml3 reverse 
(S’AACAGCTATGACCATG 3’) and -40 (S’GTTTTCCCAGTCAC- 
GAC 3’) primers, corresponding to sites Ranking the polylinker region 
in pBluescript, and sense and antisense primers (20 bases long) corre- 
sponding to the N-terminal regions of the respective cDNA species 
(GOBPl: sense, 5’CACGCTAGGTTTTGGACAGG 3’; antisense, 5’ 
TGTTAACTGACTCTCTTCCC 3’; GOBP2: sense, S’CCATGTTA- 
CGGCGCAmG 3’; antisense, 5’ACCTCCACTGGCAGTCCGA 3’). 
The N-terminal primers were designed based on the sequences of the 
respective PCR-derived screening probes (indicated by position in Fig. 
3). Because ofthe small sizes of the inserts (around 700 bp), no additional 
manipulations were necessary to obtain full-length sequences. 

RNA transcription and in vitro translation. Plasmid DNAs for clones 
GOBPl-8 and GOBP2-7 were each linerized with the restriction enzyme 
Hind III, which uniquely cut each plasmid in the polylinker region at 
the 3’ end of each insert. One microgram of each DNA was transcribed 
into RNA using T3 RNA polymerase in the presence of a capping analog 

(Stratagene RNA Transcription Kit). The reaction was modified by 
incubating for 2 hr in the presence of RNasinTM (Promega; 40 U/re- 
action), with an additional aliquot of polymerase added after 1 hr. RNA 
was extracted twice with phenol/chloroform/isoamyl alcohol and once 
with chloroform/isoamyl alcohol and precipitated with NaCl/ethanol. 
Aliquots of the transcribed RNA were analyzed by formaldehyde gel 
electrophoresis and by UV spectroscopy. One-third of each transcribed 
RNA (about 4 fig), and H,O as control, was translated into protein in 
vitro using rabbi; reticulocyte lysate (Promega) in the presence of “S- 
methionine (Tran35S-Label. 1000 Ci/mmol. ICN) and RNasinTM (Pro- 
mega) (Vogt kt al., 1989). Aiiquots (l/25) ofkach reaction were analyzed 
by SDS-PAGE (15%) (Laemmli, 1970), along with molecular-weight 
markers (BioRad). The gel portion containing the marker lane was ex- 
cised, and the protein bands were visualized by staining with Coomassie 
blue. The gel portion containing the translation products was fixed 30 
min in 6% formaldehyde, soaked 60 min in 1 M sodium salicylate 
(Chamberlain, 1979), rinsed briefly in H,O to remove surface salicylate 
crystals, and dried in vacua. The gel was then exposed to preflashed 
x-ray film (Kodak X-OMAT AR) at -80°C for 4 hr. 

Analysis of cDNA sequences. Analysis of cDNA sequences, including 
Kyte-Doolittle (Kyte and Doolittle, 1982) hydropathy analysis, was 
done using DNASIS (version 6.00) and PROSE (version 6.00) computer 
programs (Hitachi Software Engineering Co., Inc.). 

Results 
PCR ampkjication of GOBPZ and GOBPI cDNA 
We began our study with GOBP2, designing degenerate PCR 
priming oligos based on the known N-terminal amino acid se- 
quence of this protein (Table 1; Vogt et al., 199 1). Primer sites 
were chosen to make two sizes of product from the GOBP2 
cDNA template (Fig. 1). Furthermore, to reduce the degeneracy 
level for the probes GOBP2- 1 -sense and GOBP2-2-antisense, 
two and four forms, respectively, were synthesized, each con- 
taining different sequences based on specific amino acid codon 
choices (Table 1, Fig. 1). These probes were then used to amplify 
GOBP2 cDNA from a pool of cDNAs synthesized from total 
antenna1 RNA (1 pg). Criteria for successful amplification were 
that both the short and the long product were made (Fig. l), 
that both products were specifically generated from antenna 
cDNA compared with leg cDNA (data not shown), and that one 
member of the mixed primer sets worked the best. The reaction 
did produce the predicted size DNAs (Fig. 1). Only reactions 
primed with GOBP2- 1 a-sense yielded the predicted bands (data 
not shown). All of the GOBP2-2-antisense primers were effec- 
tive, but GOBP2-2d-antisense was the most effective (data not 
shown). 

We then redesigned two of the GOBP2 primers to contain 
the recognition sequence for the restriction enzyme EcoRI at 
the 5’ end of the primer. The sequences of these primers, GOBP2- 
la-sense(EcoR1) and GOBP2-3-antisense(EcoRI), are shown in 
Table 1. These two primers were equally effective as their non- 
appended analogs at amplifying GOBP2 cDNA. 

For GOBP 1, only two degenerate oligonucleotides were de- 
signed, based on the known N-terminal amino acid sequence 
of this protein (Vogt et al., 1991), GOBPl-sense(EcoR1) and 
GOBPl -antisense(EcoRI) (Table 1). These primers contained 
the EcoRI recognition sequence and were effective at amplifying 
GOBPl cDNA, based on predicted product size, from a pool 
of cDNAs synthesized from total antenna1 RNA (Fig. 1). 

Northern blot analysis 

Northern blot analysis was performed to determine GOBP2 and 
GOBPl message size and to determine appropriate prehybrid- 
ization/hybridization/wash conditions for processing nylon lifts 
during library screening. Probes for GOBPl and GOBP2 both 
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GOBP2 GOBPl 
l-2 1-3 1-2 1-3 1.2 l-2 
DNA DNA con con DNA con 

GOBPP 

5 1 = 
- 

65 bp 

105 bp 

GOBPl 

2 3 
“IIUI”*llW” I*IMI”- 
5 1 

89 bp 

Figure 1. Strategy for amplifying N-terminal nucleic acid sequences of GOBPl and GOBPZ utilizing PCR. Short bars above lines indicate positions 
of sense primers; short bars below lines indicate positions of antisense ptimers. Multiple bars indicate multiple oligos to same amino acid sequence 
but with limited degeneracy (see Table 1). Predicted product sizes are indicated in base pair (bp) length. An autoradiogram of an 8% PAGE gel of 
the PCR products of these reactions is shown. Numbers over lanes indicate primer pairs used. DNA and con indicate source of template: cDNA or 
control (H,O), respectively. Arrowheads indicate correct products. 

recognized RNAs ofabout 700 base length (Fig. U). Both RNAs 
were specific to antenna1 RNA, relative to leg RNA. This rel- 
atively small GOBP mRNA size is in contrast with the PBP 
mRNA size, which was about 1.4 kilobases (kb) for A4. sexta 
(Gyorgyi et al., 1988) and A. polyphemus (Raming et al., 1989). 

Library screening 

on amplification of predicted size DNA (data not shown). DNAs 
were digested with EcoRI and analyzed for size on a 1.2% aga- 
rose gel (data not shown). Insert sizes ranged from around 600 
bp to around 1500 bp, where the larger ones presumably con- 
tained more than one cDNA species. DNAs derived from sev- 
era1 clones containing inserts in the size range of 600-900 bp 
were sequenced. 

An amplified cDNA library in LamdaZAP II, containing cDNAs 
of preemerged and newly emerged adult male antennae, was cDNA and inferred amino acid sequences of GOBPI and 

screened with the GOBPl and GOBPZ probes. Ten clones from GOBPZ 

each screening were converted to pBluescript by plasmid rescue. The sequences of two insert cDNAs, GOBPl-8 and GOBP2-7, 
Plasmid DNAs were subjected to PCR using the appropriate are shown in Figure 3, along with the inferred amino acid se- 
GOBPl and GOBPZ EcoRI primers, and all were positive based quences. Numbering of nucleotides begins with number 1 at the 

Table 1. Sequences of oligonucleotides used as PCR primers 

Oligonucleotide 

GOBPZ- 1 a-sense 
GOBPZ- 1 b-sense 
(TAEVMS) 
GOBPZ-Za-antisense 
GOBPZ-Zb-antisense 
GOBPZ-Zc-antisense 
GOBPZ-Zd-antisense 
(EESREE) 
GOBP2-3-antisense 
(MDEFKH) 
GOBPZ- 1 a-sense(EcoRI) 
(TAEVMS) 
GOBP2-3-antisense(EcoRI) 
(MDEFKH) 
GOBPl -sense(EcoRI) 
QVMmV) 
GOBPl -antisense(EcoRI) 
(EEKMEE) 

Sequence 

AC(AGCT)GC(AGCT)GA(AG)GT(AGCT)ATGAG 
AC(AGCT)GC(AGCT)GA(AG)GT(AGCT)ATGTC 

TC(TC)TC(TC)CT(GA)CT(TC)TC(TC)TC 
TC(TC)TC(TCGA)CG(TCGA)GA(TC)TC(TC)TC 
TC(TC)TC(TC)CT(TCGA)GA(TC)TC(TC)TC 
TC(TC)TC(TGCA)CG(GA)CT(TC)TC(TC)TC 

GTG(TC)TT(GA)AA(TC)TC(GA)TCCAT 

TTTTGAATTCAC(AGCT)GC(AGCT)GA(AGCT)ATGAG 

TTTTGAATTCGTG(TC)TT(GA)AA(TC)TC(GA)TCCAT 

TTTTGAATTCCA(AG)GT(AGCT)ATGAA(AG)CA(CT)GT 

TTTTGAATTCTC(TC)TCCAT(TC)TT(TC)TC(TC)TC 

Amino acid sequences corresponding to oligonucleotide sequences arc indicated in parentheses below oligonucleotide 
names; see Figure 4 for single- to triple-letter amino acid code conversions. 
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A GOBPl GOBP2 

kb 
Figure2. GOBPl and GOBP2 mRNA 
(A) and proteins (B). A represents a 
Northern-blot analysis of GOBPl and 
GOBPZ (autoradioaram). Each lane 
containedT 1 pg polyA+ RfiA from adult 
male antenna (A) or leg (L). Each pair 
oflanes was probed with either GOBP 1 
or GOBPZ DNA probe. RNA ladder is 
indicated in kilobase (kb) units. B rep- 
resents in vitro translations of RNA 
transcriptsofclones GOBPl-8 (I-8)and 
GOBP2-7 (2-7; fluorogram of 1‘5% SDS- 
PAGE). Lane 0 is control reaction with 
no added RNA. Molecular-weight 
markers are in kilodalton (7&z) units. 

A 1 

presumed translational start codons. The previously derived 
N-terminal amino acid sequences for GOBPl and GOBP2 sug- 
gest that the cDNA sequences encoding the initial amino acids 
of the mature proteins start at positions 67 and 6 1, respectively. 
Open reading frames extend forward to a stop TGA at position 
499 in GOBPl-8 and a stop TAA at position 484 in GOBP2- 
7. Thus, the mature protein of GOBPl is estimated to be 144 
amino acids in length (MW, 16.9 kDa, 19.1 kDa including signal 
peptide), and that of GOBP2 is estimated to be 14 1 amino acids 
(MW, 16.2 kDa, 18.5 kDa including signal peptide). The cDNA 
derived amino acid sequence revealed two errors in the previ- 
ously reported N-terminal sequences (Vogt et al., 1991): posi- 
tions 19 of both M. sex& GOBPl and GOBP2 are cysteines. 

As both GOBPl and GOBP2 are apparently secreted proteins, 
we expected that their mRNAs would encode signal peptides 
for cross-membrane translocation. The initial amino acid codon 
of each mature protein is preceded by an open reading frame 
encoding peptides characteristic ofsignal sequences (von Heijne, 
1986; Rapoport, 1990). An in-frame ATG is present as a poten- 
tial translational start site about 20 codons 5’ of the codons for 
the first amino acids of the mature proteins. Furthermore, the 
encoded amino acid sequence of these signal peptides has char- 
acteristic central hydrophobic domains, flanked by relatively 
hydrophilic regions (Figs. 3, 4). 

Both GOBPl-8 and GOBP2-7 contain polyadenylated 3’ tails 
and are therefore full length at their 3’ ends. GOBPl-8 has an 
AATAAA 12 bases 5’ of a CA that leads into a polyA stretch. 
GOBP2-7 has an AGTAAA 13 bases 5’ of a CA that leads into 
a polyA stretch. These sequences are characteristic motifs of 
polyadenylation signals in eukaryotes (Bimstiel et al., 1985; 
Sheets et al., 1990; Wickens, 1990). Both insert cDNAs extend 
only a relatively short distance 5’ of their predicted translational 

B 
0 l-8 2-7 

42.7 

8’ 

kDa 

21.5 

start ATG. This is probably due to the method of second-strand 
cDNA synthesis employed. In the RNaseH method for priming 
second-strand synthesis (Gubler and Hoffman, 1983), RNA in 
the cDNA/RNA hybrid is nicked with RNaseH, and second- 
strand cDNA synthesis is primed from the nicked 3’ RNA ends. 
Since there is no primer for the extreme 5’ end of the RNA in 
this strategy, this region is not preserved and is presumably 
therefore missing in our inserts. This would be most noticeable 
for short mRNAs, as in our case, where there was little sequence 
to begin with 5’ of the start ATGs. The majority of our char- 
acterized clones for both GOBPl and GOBP2 did not in fact 
contain the translational start ATG, but terminated between the 
start ATG and the coding region ofthe N-terminus of the mature 
protein (the target for our screening probes). 

RNA transcription and in vitro translation 

Clones GOBPl-8 and GOBP2-7 were transcribed to RNA, and 
the RNA was translated to protein by in vitro translation using 
a rabbit reticulocyte lysate. Translated proteins were examined 
by SDS-PAGE (Fig. 2B). The translation of GOBPl-8 appeared 
as a major band with apparent molecular mass of 18 kDa. The 
translation of GOBP2-7 appeared as a band with apparent mo- 
lecular mass of 18.5 kDa. The apparent masses of both trans- 
lation products were close to the calculated masses based on 
amino acid sequence, supporting our interpretations of open 
reading frames. The slightly smaller than calculated apparent 
mass of the GOBPl-8 product presumably reflects the imper- 
fectness of determining molecular masses by SDS-PAGE. Both 
GOBPl-8 and GOBP2-7 appear to be suitable for full-length 
protein expression, containing functional translation start and 
stop signals. 
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GOBPl-8 

-2 TCBICEGGGC~GACACACGGAGCTTGGTGCTGGTGGTCCTGGTGGGGCTGGTGGGAGCGG 
M G Q D T RSLVLVVLVGLVGAV 

59 TGTCTGCT~GTCCAGGTGATGAAGGATGTCACGCTAGC 
SADVQVMKDVTLG 

4 
FGQALEQ 

119 ~TGCA~GAAG~GAGTCAGTTAAC4GAGGAGAAAATGGAGGAGTTCTTCCATTTCTGGC 
CREESQ LTEEKMEEFFHFWR 

179 GTGAGGACTTCAAGTTCGAGCACCGCGAGTTGGGCTGCGCGCTCCAGTGCATGAGCCGCC 
E D F KFEHRELGCALQCMSRH 

239 ACTTCAACCTGCTCACCGACTCCAGCCGCATGCATCACGAGTTCATCA 
FNLLTDSSRMHHENTDKFIK 

299 AATCGTTCCCTAATGGTGCTGTCCTATCAAAGACGATGGTTTGTG 
S F PNGAVLSKTMVEL I H N C E 

359 AGCTACAACACGACGCAGAAGAGGACCACTGCTGGCGTATCCTCCGAGTGGCGGAGTGCT 
L Q HDAEEDHCWRILRVAECF 

419 TTAAGATCTCCTGCACGAAGGCTGGCATCGCGCCTTCTATGGAGGTCATGATGGCGGAGT 
K I SCTKAG IAPSMEVMMAEF 

479 TCATCATGGAACTG~CAATGATTCACGAGATTAGGTTAGGGTACAGGGTAC~CGGCC 
I M E L K Q * 

539 TCGCTTTCCGATTGGACGATGTTTTGTTATCAATCAATC mTTATTTGACTGT= 

599 AAAAAAA 

659 AAAAAA 

GOBP2-7 

-16 AGGCAGTGAAGTCGCG~GTCAACCGGCTGATATTGATATTGATGGTCGTGGTTGTGTTCATCAC 
MVNRLILMVVVVFIT 

45 TGATTCGGTGATGGG-GCAGAGGTGATGAG CCATGTT&-&%ATTTTqGGAAGGC 
DSVMGTAEVMSHVTAHFGKA 

4 
105 GTTAGAGGAGTGTCGGGAAGAGTCAGGACTGCCAGTGGAGG~GATGGATGAGTTC~CA 

LEECREESGL PVEVMDEFKH 

165 CTTCTGGCGCGAGGATTTCGAGGTGGTGCACCGCGAGCTGGGCTGCGCCATCATCTGTAT 
F W R E DFEVVHRELGCAI I c M 

225 GTCCAACAAGTTCGAGCTGCTGCAGGATGATACACGCATCCATCACGTC~GATGCATGA 
S N K F E L L Q D D T R I HHVKMHD 

285 TTATATCAAGAGCTTCCCCACGGCCAAGTACTACTATCAGAG~GATGGTTCAGCT~TTCA 
Y I K S F PNGQVL SEKMVQLIH 

345 CAACTGCGAGAAGC~TACGACGACATCGCGGACGATTGTGACCGCGTGGTT~GGTTGC 
N C E K Q Y D D IADDCDRVVKVA 

405 AGCCTGCTTCAAGAAGGATGCGAAGAAGGAAGGAATTGCTGTGGCCATGATAGA 
ACFKKDAKKEG IAPEVAMIE 

465 AGCTGTCATCGAGAAGTACTAACCACAC~CGCATTTGGACACTGATTT~GTT~GCATGG 
A V I E K Y * 

525 CATG AAAAAAGTAAAAAAAAAAAATGTATCACAATTTG mTGATTTATGTTTT= 

585 AAAAAAAAAAAAAAAAAA 

Figure 3. cDNA and inferred amino 
acid sequences of GOBPl-8 and 
GOBP2-7. Base position 1 is the A of 
each translational start ATG (bold and 
underlined). The initial codon of ma- 
ture protein is indicated (bold and un- 
derlined; GOBPI-8: GAC; GOBP2-7: 
ACA). In-frame translational termina- 
tion codons are indicated in bold, and 
the presumed utilized termination co- 
dons are indicated with asterisks. Poly- 
adenylation signals are underlined 
(GOBPl-8: AATAAA, CA; GOBP2-7: 
AGTAAA, CA). Sequences (cDNA) with 
heavy underlining and arrows indicate 
positions and orientations of N-termi- 
nal-based sequencing primers. Hydro- 
phobic amino acids in signal sequences 
are indicated (bold). See Figure 4 for 
single- to triple-letter amino acid code 
conversions. GenBank accession num- 
bers: M73797 (GOBPl-8); M73798 
(GOBP2-7). 
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Discussion 
Biochemistry of insect olfaction: PBPs and GOBPs 
Insects detect odorants with sensory neurons arrayed along their 
antennae (Keil, 1984, 1989; Steinbrecht and Gnatzy, 1984). The 
cell bodies of these bipolar neurons are embedded in the epi- 
thelium and ensheathed in specialized glia-like support cells. 
Axons project inward to the brain, and ciliated dendrites project 
outward into the external environment. These dendrites are 
protected from the environment by being encased in hollow 
cuticular sheaths, the lumen ofwhich is filled with proteinaceous 
fluid. The entire structure is referred to as a sensillum. Odor 
molecules are thought to enter a sensillum by passing through 
pores that penetrate the cuticular sheath. Odors must then enter 
and pass through the sensillum fluid in order to reach presumed 
receptor proteins in the dendritic membrane (Vogt et al., 1988). 

Terrestrial animals smell odorants that are primarily hydro- 
phobic volatile lipids, in contrast to aquatic animals, which 
smell odorants that are water soluble, such as amino acids (Carr 
et al., 1990). In aquatic animals, the odorant molecules have 
ready access to the sensory neurons, at least with respect to 
solubility. However, in terrestrial animals there is a hydrophilic 
barrier to lipid odorants that is situated between the air and the 
sensory neuron. This barrier is the watery sensilla fluid in ter- 
restrial insects and the watery mucus that covers the olfactory 
epithelium in terrestrial vertebrates. OBPs have been proposed 
as agents that help solubilize lipid odorants into and through 
these watery barriers, allowing the odorants access to dendritic 
receptor proteins (Vogt et al., 1985; Vogt, 1987; Pevsner et al., 
1988a). 

OBPs have been identified in several insect (Vogt and Rid- 
diford, 1981a,b; Gyorgyi et al., 1988; Vogt et al., 1989, 1991; 
Breer et al., 1990; Raming et al., 1990) and vertebrate species 
(Pelosi et al., 1982, 1990; Lee et al., 1987; Pevsneret al., 1988b). 
Though the insect and vertebrate OBPs have a similar proposed 
function (Vogt, 1987; Pevsner et al., 1988a), they are not ho- 
mologous across phyla (Gyorgyi et al., 1988; Raming et al., 
1990). The first insect OBP to be described was the pheromone- 
binding protein (PBP) of the silk moth Antheraea pofyphemus 
(Vogt and Riddiford, 198 la,b). This 15 kDa protein was present 
only in male antenna1 tissue, was shown to be a major com- 
ponent of the extracellular sensilla fluid, and was observed to 
bind sex pheromone. PBPs have been identified from several 
additional moth species, including the wild silk moths Anthe- 
raea pernyi and Hyalophora cecropia (both Satumiidae), the 
domestic silk moth Bombyx mori (Bombycidae), the hawk moth 
Manduca sexta (Sphingidae), and the gypsy moth Lymantria 
dispar and Douglas fir tussock moth Orgyia pseudotsugata (both 
Lymantriidae) (Vogt and Riddiford, 198 la; Gyorgyi et al., 1988; 
Raming et al., 1989, 1990; Vogt et al., 1989). In some species, 
notably M. sexta, PBP is present in both sexes, but levels in the 
female antennae are comparatively very low (Gyorgyi et al., 
1988; Vogt et al., 1991). 

Studies ofthe A. polyphemus PBP indicated that it was present 
in very high concentration, about 10 mM (Vogt and Riddiford, 
198 1 b; Klein, 1987), and that it may exist in vivo as a homodimer 
(De Kramer and Hemberger, 1987). Sex-pheromone binding 
has been observed by the A. polyphemus PBP (Vogt and Rid- 
diford, 198 1 b; De Kramer and Hemberger, 1987; Vogt et al., 
1988), as well as by the PBPs of L. dispar (Vogt et al., 1989). 
The binding of sex pheromone was suggested to be weak (Vogt 
and Riddiford, 1986; Vogt, 1987), possibly with a binding con- 

Table 2. Pairwise identity comparisons of OBP sequences 

Aper PBP 

Apol PBP 

Msex PBP 
Msex PBP 

Msex GOBPl 0.27 0.28 0.31 
Msex GOBPl 

Msex GOBP2 

Aper GOBP2 

‘ea m MgOBP2 

Fractional values are based on absolute identities only, where a 100% 
identity would have a value of 1 .OO. Boxed areas indicate comparisons 
either within or between respective OBP groups. Species abbreviations 
are as for Figure 4. 

stant around 1 Om’ M (De Kramer and Hemberger, 1987). It was 
proposed that sex pheromone, on entering a sensillum, was 
solubilized into the sensillum fluid through interaction with PBP 
(Vogt et al., 1985; Vogt and Riddiford, 1986; Vogt, 1987). In 
this scheme, sustained PBP-pheromone interactions hold the 
pheromone in solution long enough for pheromone to migrate 
to and interact with a receptor protein in the dendritic mem- 
brane. Pheromone is thought to be subsequently and rapidly 
degraded by potent sensilla enzymes (Vogt et al., 1985, 1990; 
Rybczynski et al., 1989, 1990). Studies of other PBPs have all 
yielded findings consistent with this view. 

Recently, two additional classes of insect OBP have been 
described (Breer et al., 1990; Vogt et al., 199 1). These OBPs 
had a pattern of expression suggesting that they associate with 
sensory neurons that detect general odorants and were thus named 
general odorant-binding proteins (GOBP; Vogt et al., 1991). 
Unlike the male-specific PBPs, the GOBPs were present in both 
female and male antennae. Two different GOBPs were suc- 
cessfully isolated from the general-olfactory sensilla of female 
M. sexta antenna (Vogt et al., 199 l), and one GOBP was pre- 
viously observed to bind an odorant (Vogt and Riddiford, 198 1 b; 
Vogt, 1987). Two classes of GOBP were identified based on 
N-terminal amino acid sequence comparisons: GOBPl and 
GOBP2 (Vogt et al., 199 1). They were designated 1 and 2 based 
on their relative migration in non-SDS PAGE: GOBPl migrated 
slower than GOBP2. All three insect OBPs (PBP, GOBPI, and 
GOBP2) were coexpressed in the same individual species. The 
cells that express the OBPs are thought to be the glia-like support 
cells that ensheathe the sensory neurons and line the base of the 
sensillum lumen. 

PBP, GOBPI, and GOBPZ: comparisons offull-length amino 
acid sequences 

Vogt et al. (199 1) compared the N-terminal amino acid se- 
quences of seven PBPs, five GOBP2s, and two GOBPl s. These 
proteins were isolated from six moth species representing four 
phyletic families. Sequence motifs were present that indicated 
that all 14 proteins were homologous. However, sufficient dif- 
ferences exist between the sequences to justify classifying the 
proteins into three groups. A particularly striking feature was 
that PBPs showed considerable sequence variation when com- 
pared between moth species, while both GOBPl and GOBP2 
were highly conserved within their classes and among the same 
moth species from which the PBPs were compared. However, 
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Figure 5. Hydropathy plots (Kyte- 
Doolittle) comparing the M. sexta PBP, 
GOBPZ, and GOBPl. Window size was 
nine amino acids. Hydrophobic amino 
acids were scored positive. Analysis is 
for mature proteins only, and amino 
acid positions are indicated on the 
x-axes. 
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these conclusions were based on information derived from rel- 
atively small regions of the OBPs, and similar analysis based 
on full-length sequences was desired. 

Full-length sequences of four insect OBPs have previously 
been reported: the PBPs of M. sexta (Gyorgyi et al., 1988), A. 
polyphemus (Raming et al., 1989) and A. pernyi (Raming et al., 
1990) and a novel OBP from A. pernyi (Breer et al., 1990). The 
novel OBP from A. pernyi can now be identified as a GOBP2 
based on its high degree of sequence identity with the A4. sexta 
GOBP2 reported here (Table 2, 0.87). The full-length sequences 
of these four proteins are presented, together with the sequences 
of A4. sexta GOBPl and GOBP2 of this report, in Figure 4. 

The overall homology of the three OBP classes is clearly sup- 
ported by the boxed domains in Figure 4, where amino acids 
are boxed if they appear in more than one OBP class at a given 
position. Pairwise amino acid identity comparisons of the fully 
sequenced insect OBPs are summarized in Table 2. The PBPs 
ofA. polyphemus and A. pernyi are nearly identical (0.9 I), which 
might be expected of two sibling species that utilize the same 
chemical pheromone (Kochansky et al., 1975; Meng et al., 1989). 
Each of the GOBPs is consistently only about 30% identical to 
the respective PBPs. The M. sexta and A. pernyi GOBP2s are 
nearly identical (0.87), while the PBPs of these same species are 

much less so (0.65). Both GOBP2s are about 50% identical to 
the A4. sexta GOBPl . 

In general, comparisons of the full-length amino acid se- 
quences of the six insect OBPs fully support our earlier conclu- 
sions, which were based solely on N-terminal sequence analysis 
(Vogt et al., 199 1). There are at least three classes of insect OBP: 
PBP, GOBPl, and GOBP2. Identity comparisons indicate that 
variation observed in N-terminal regions persists throughout 
the full lengths of the proteins. Identity values in full-length 
pairwise comparisons are of similar magnitude to those based 
on N-terminal sequence alone. Among the same group of spe- 
cies, the PBPs are variable while the respective GOBPs are 
highly conserved. 

Six cysteines have previously been noted to be conserved 
among the M. sexta, A. polyphemus, and A. pernyi PBPs (Ram- 
ing et al., 1990) and the novel OBP (GOBP2) of A. pernyi (Breer 
et al., 1990). Breer et al. (1990) suggested that this cysteine 
conservation could indicate disulfide bridging to maintain three- 
dimensional structure of the proteins and/or possibly to main- 
tain the homodimeric form proposed initially for the A. poly- 
phemus PBP (De Kramer and Hemberger, 1987). The M. sexta 
GOBPl and GOBP2 also contain these six cysteines, indicated 
in Figure 4 (shaded columns), supporting suggestions that these 
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PBPZ, Aper(APR-2) 

-20 -10 -1 

MIRKVLLSVLLAVLMTXNLGQA 

PBPl Aper(APR-1) 

PBP, Apol 

PBP, Msex MNKTTTKMKVAVVAIVVYLAVGNVDS 

GOBPl, Msex MGQDTRSLVLVf?ZVGLVGAVSA 

GOBPS, Msex 

GOBPZ, Aper 

Figure 6. Signal peptide sequences of seven insect OBPs. Shaded regions indicate hydrophobic amino acids. Boxed regions indicate conserved 
sequences between the PBPs of A. polyphemus and A. pernyi (APR-1) and between the GOBP2s of M. sexta and A. pernyi. Two sequences are in 
italics to help identify them as separate classes in the figure. PBP2, Aper(APR-2) is from Krieger et al. (199 1). The remaining sequences are shown, 
and sources indicated, in Figure 4. Refer to Figure 4 for single- to trinle-letter amino acid code conversions and for an explanation of the species 
abbreviations. 

cysteines are structurally important. There are numerous ad- 
ditional fully conserved amino acid positions, and these may 
further suggest important structural conservation existing 
throughout the three OBP classes. 

Comparisons in hydropathy between the A4. sexta PBP, 
GOBPl , and GOBP2 are made in Figure 5. The three proteins 
appear generally similar. The most notable difference is that 
GOBP 1 is more hydrophobic in its C-terminal region than either 
GOBP2 or PBP, especially in the region surrounding amino acid 
120. There are also slight differences between all three proteins 
around amino acid 20, and again around amino acid 70. The 
differences in hydrophobicity/hydrophilicity, together with the 
sequence differences, suggest that the three proteins are suffi- 
ciently unique to exhibit relative specificity in ligand binding. 
Quantitative and comparative ligand-binding studies between 
the three classes would be desirable. 

Breer et al. (1990) have reported that a novel OBP, here 
identified as a GOBP2, was expressed solely in female antenna1 
tissue of A. pernyi, based on probing of tissue RNA with OBP 
DNA by slot blot analysis. We have observed that the GOBP2s 
of five other species, including that of the sibling species A. 
pofyphemus, were expressed in both male and female antenna1 
tissue (Vogt et al., 199 1). It is possible that A. pernyi represents 
a special case, and that GOBP2 expression in this species is sex 
specific. It may instead be the case, however, that the antennae 
of male A. pernyi, like those of the male A. polyphemus (Boeckh 
et al., 1960), are so reduced in the number of sensilla for general 
olfaction that there was insufficient male GOBP2 mRNA in the 
Breer et al. (1990) experiment to detect. Tissue in situ analysis 
of the different sensilla classes on male and female antennae 
utilizing GOBP DNA probes could clarify this apparent dis- 
crepancy. 

in the same general cell type, these intracellular signals might 
be expected to be conserved, especially within a given animal 
species, and the signal peptides might also be expected to be 
conserved. However, signal peptides are known to show little 
sequence conservation beyond their core hydrophobicity (Ra- 
poport, 1990). Nevertheless, among the insect OBPs, the signal 
peptides are surprisingly well conserved within a given OBP 
class, but poorly conserved between classes in a given animal 
species (Fig. 6). This class conservation suggests that the OBP 
signal peptides might be involved in class-specific processing. 

Both the GOBPs and PBPs are apparently represented by 
multiple classes. GOBPl and GOBP2 were established as sep- 
arate classes from N-terminal sequence studies of proteins from 
six moth species (Vogt et al., 1991). Recently, a second PBP 
from A. pernyi was identified and sequenced (Krieger et al., 
199 1). The two A. pernyi PBPs are distinguished as APR- 1 (Fig. 
4, PBP, Aper) (Raming et al., 1990) and APR-2 (Krieger et al., 
199 1). APR- 1 and APR-2 are about 85% identical in the mature 
proteins. Though similar, the two proteins apparently do not 
represent two alleles of the same gene, since the amino acid 
differences are nonrandom in position and are clustered to hy- 
drophobic domains that are possibly involved in ligand binding 
(Krieger et al., 1991). The suggestion was made that APR-2 
functions together with APR-1 to bind the respective phero- 
mone components, an aldehyde and an acetate ester (Meng et 
al., 1989; Krieger et al., 1991). Thus, APR-1 and APR-2 pre- 
sumably represent two distinct PBP classes in A. pernyi. Two 
distinct PBPs have also been identified in the gypsy moth L. 
dispar (Vogt et al., 1989, 1991). 

Conserved sequences among certain OBP signal peptides 
suggest coexpression and intracellular sorting 

In the context of evolution, the pressures that shaped the prop- 
erties of the mature OBP proteins were and are fundamentally 
different than the pressures that shaped their signal peptides. 
The mature proteins evolved to interact with external chemical 
signals and to function in a behavioral context, while the signal 
peptides evolved to interact with intracellular signals involved 
in trafficking. Cytosolic signal recognition particles (SRPs) bind 
to signal peptides as they emerge from ribosomes, and then bind 
to specific protein receptors in the endoplasmic reticulum (ER) 
membrane to initiate protein translocation into the ER (re- 
viewed bv Ranoport. 1990). For homoloaous vroteins exvressed 

Signal peptide sequences of seven insect OBPs are shown in 
Figure 6: those of the six OBPs indicated in Figure 4 plus 
APR-2 of A. pernyi. All of these OBPs are thought to be ex- 
pressed in and secreted by glia-like support cells that ensheathe 
the sensory neuron somata and have highly folded apical mem- 
branes facing the sensillum lumen. The OBPs are presumably 
secreted across these apical membranes. The OBP signal pep- 
tides all contain hydrophobic cores of IO- 12 amino acids flanked 
by more hydrophilic regions, characteristic of signals involved 
in protein translocation into ER for the purpose of secretion 
(von Heijne, 1986; Rapoport, 1990). 

Two pairs of signal peptides show additional conservation in 
their sequences: those of the GOBP2s of M. sexta and A. pernyi 
and those of the PBPs of A. polyphemus and A. pernyi (APR- 
1; Fig. 6). Comparisons of the two GOBP2s reveal the amino 
acid sequences LILM (M. sexta) and LLLM (A. pernyi) as well 

_ __ / - . as DSVMG (M. sexta) and DSVIG (A. pernyi). No such domain 
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similarities are discernable between the three M. sexta signal 
sequences. Similar comparisons of the PBP signal peptides show 
that PBPs of A. polyphemus and A. pernyi (APR-1) are nearly 
identical and much different from the signals of the A4. sexta 
PBP or the second A. pernyi PBP (APR-2). The near identity 
of the two Antheraea PBPs (0.90) compared with the dissimilar 
,%L sexta PBP [0.23 with either A. polyphemus PBP or A. pernyi 
(APR- l)] might be explained solely by the relative phyletic re- 
latedness of these three species. However the very different sig- 
nal peptide of the A. pernyi APR-2 requires an alternative ex- 
planation. Apparently, evolutionary selective pressures have 
acted on these signal peptides to retain conservation within a 
given OBP class. Perhaps these signal peptides contain infor- 
mation for differential intracellular processing among the re- 
spective PBP and GOBP classes. 

We have previously suggested that GOBPl and GOBP2 might 
be expressed in distinctly different general-olfactory sensilla (Vogt 
et al., 199 1). However, comparative analysis of the OBP signal 
peptides suggests that the signal peptides might be involved in 
differential processing of the OBP classes, and such differential 
processing suggests that different OBPs are coexpressed. Cer- 
tainly there are separate sex pheromone- and general odorant- 
sensitive sensilla classes, with PBPs associating with one class 
and GOBPs associating with the other (Vogt et al., 199 1). How- 
ever, specific classes of olfactory sensilla may contain multiple 
classes ofthe appropriate OBPs. In this context, conserved signal 
peptides could ensure that coexpressed OBPs would be directed 
toward different ER so that independent control could be main- 
tained for subsequent processing and secretion of each OBP. 
For example, since the OBPs may exist as protein dimers (De 
Kramer and Hemberger, 1987) independent control might be 
important to regulate correct homodimerization versus hetero- 
dimerization. Another indication of differential regulation of 
the OBP classes is the in-class conservation of the peptidase 
cleavage sites, where the signal-side amino acid of each site is 
constant within an OBP class but different between classes (Fig. 
6). The class-distinct sites might indicate that different pepti- 
dases are utilized or that cleavage rates are different for respec- 
tive classes. 

Variation among PBPs, GOBPls, and GOBP2s: functional 
signiJicance 

Our findings show that the PBPs are variable while the respec- 
tive GOBPs are highly conserved. Based on these different vari- 
ation patterns, we suggested functional roles for the respective 
insect OBPs (Vogt et al., 199 1). The variation in the PBPs was 
consistent with their association with sex pheromone-specific 
neurons. Each species utilizes a different sex pheromone, and 
thus the PBP of each species has evolved to be different in a 
context of processing species unique odorants. In contrast, the 
GOBPs of the same species are all nearly identical, suggesting 
that the GOBPs all share a common ligand. Because the GOBPs 
associate with general-odorant neurons, this common ligand is 
interpreted to be a common pool of general odorants. Further- 
more, because there are two GOBPs, GOBPl and GOBP2, we 
suggested that they might interact with two distinct classes of 
general odorants. 

The different classes of OBP define separate sensory pathways 
in the insect olfactory system: the PBPs associate with sex pher- 
omone-specific neurons, while the GOBPs associate with gen- 
eral odorant-sensitive neurons (Vogt et al., 1991). It may be 
that GOBPl and GOBP2 also define separate general-odorant 

sensory pathways by being expressed in distinctly different sen- 
silla, as suggested by Vogt et al. (199 1). However, analysis pre- 
sented here ofsignal peptides belonging to several OBPs suggests 
that GOBPl and GOBP2 may be coexpressed by the same cells 
and hence in the same sensilla. A similar situation may exist 
for two PBPs of A. pernyi (APR-1 and APR-2; Krieger et al., 
199 1). In either case, coexpression or not, the OBPs are situated 
between the external environment and the sensory neurons and 
therefore represent the initial biochemical step in odor detection 
in these animals. We have suggested that the OBPs act in part 
as odorant filters, peripheral to the receptor neurons, limiting 
which kinds of molecules have access to the receptors (Vogt et 
al., 199 1). This suggestion was based on the existence ofmultiple 
OBP classes within a given animal species and the presumption 
that respective OBPs possess different ligand-binding specific- 
ities, suggested by sequence and hydrophobicity differences. 
However, if the OBPs do act as filters, the nature of these filters 
would be different depending on whether or not OBPs are coex- 
pressed. 

If OBPs are all individually expressed in distinctly different 
sensilla, their filtering properties might ensure that only a re- 
stricted set of odorants would be solubilized into the sensillum 
fluid and subsequently gain access to the receptor neurons. In 
contrast, if OBPs are coexpressed, their individual odorant- 
binding specificities might complement and ensure that a broad- 
er class of odorants would have access to the receptor neurons. 
In the case of coexpression, odorant detection would be en- 
hanced rather than restricted. This could be clarified by im- 
munohistological or tissue in situ studies and ligand-binding 
studies. Nevertheless, there remains a fundamental difference 
between the PBPs and the GOBPs. The PBPs evolved only to 
be effective at processing a very narrow group of odorant mol- 
ecules, the species-specific sex pheromones. In contrast, the 
GOBPs evolved to be effective at processing a very broad group 
of general odorants, and based on the interspecies conservation 
of the GOBPs, these general odorants were of common impor- 
tance. 

The interspecies conservation of the GOBPs has implications 
concerning our understanding ofthe life history ofthese animals. 
The various moth species in the study utilize quite different 
habitats. For example, M. sexta feed and deposit eggs only on 
tobacco plants; B. mori feed specifically on mulberry leaves; L. 
dispar live in deciduous forests throughout the northern hemi- 
sphere; 0. pseudotsugata live only in coniferous forests of the 
northwestern United States and southwestern Canada; yet the 
GOBPs ofall these species have nearly identical sequences (Vogt 
et al., 199 l), suggesting that these animals are equally receptive 
to the same odorants irrespective of odorant habitat. In the 
course of evolution, the influences of odorant habitat on natural 
selection of the olfactory system might have been expected to 
induce specificity at the detection level. However, the high con- 
servation of the GOBPs suggests that these olfactory systems 
have been selected instead to be broadly sensitive to all odorants. 
These observations suggest that, if habitat selection by odor cue 
exists, its mechanism most likely resides entirely in the brain, 
presumably at the level of the olfactory lobe (Boeckh et al., 
1987). 

Odorant-binding proteins may represent one of many mo- 
lecular adaptations to terrestrial life. The presence of nonhomol- 
ogous OBPs in vertebrates versus insects (Gyorgyi et al., 1988; 
Raming et al., 1989, 1990; Breer et al., 1990) is consistent with 
terrestrialization occurring independently in these two groups 
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and indicates that the OBPs of the two groups are the result of 
convergent evolution. A third group, terrestrial gastropods, may 
also possess an independently evolved OBP system. The olfac- 
tory epithelium of the African land snail Achatina filica is cov- 
ered with a proteinaceous fluid distinctly different from the 
mucus covering the rest of the animal, and it has been suggested 
that this proteinaceous fluid might aid in odorant capture (Chase, 
1986). An aspect that is unique to the insects and other arthro- 
pods is that their olfactory neurons are compartmentalized by 
the cuticular sensilla. This compartmentalization has apparently 
allowed for different olfactory pathways to become specialized 
in different sensilla classes. In the general-olfactory pathway, 
conservation of GOBPs suggests that the periphery may be 
broadly tuned, and that odor discrimination occurs primarily 
in the brain. In the sex-pheromone pathway, however, the spe- 
cies uniqueness of PBPs indicates that odor discrimination is 
occurring in the periphery, and that the initial biochemical steps 
in odor detection may have a profound role in odor perception. 
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