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Abstract. We have isolated and characterized cDNAsphobic sex-pheromone molecules to specific neural re-
representing two distinct pheromone binding proteinsceptors in male antennae (Vogt 1987; Vogt et al. 1991a;
(PBPs) from the gypsy motliymantria disparWe use Prestwich et al. 1995). PBPs are a member of a larger
the L. dispar protein sequences, along with other pub-gene family, the insect Odorant Binding Proteins (OBPs;
lished lepidopteran PBPs, to investigate the evolutionary/ogt 1991a), small, water-soluble proteins expressed in
relationships among genes within the PBP multigenehe olfactory tissue of insects. Initially defined by their
family. Our analyses suggest that the presence of twability to bind sex pheromone, PBPs are found in very
distinct PBPs in genera representing separate moth siigh concentrations (10 mM) in the aqueous fluid (the
perfamilies is the result of relatively recent, independentsensillar lymph) that surrounds dendrites of pheromone-
gene duplication events rather than a single, ancient, dusensitive neurons within the olfactory sensilla along the
plication. We discuss this result with respect to the bio-antennae (Vogt and Riddiford 1981; Vogt et al. 1989).
chemical diversification of moth PBPs. Binding and expression studies have led to a model of

PBP function in which pheromone is bound into a hy-
Key words: Lepidopteran pheromone binding pro- drophobic pocket of the PBPs, allowing the long chain
teins — Molecular evolution — Gene duplication — hydrocarbons to cross the aqueous barrier of the sensillar
Lymantria dispar lymph and interact with specific receptors on the surface
of pheromone-sensitive neurons (Vogt et al. 1989;
Prestwich 1993; Du and Prestwich 1995). In their role of
binding and solubilizing pheromone, PBPs may act as
Introduction selective filters for the female pheromones by specifi-
cally binding, and solubilizing, the appropriate phero-
mone molecules.

Pheromone binding proteins have been described in
eight species of moths. Single proteins have been iden-
tified in five species (Krieger et al. 1993; Krieger et al.
1996; Gyorgyi et al. 1988; Raming et al. 1989), pairs of
*Present addressDepartment of Medicinal Chemistry, University of PBPs have bee_n described in the remaining three species
Utah, Salt Lake City, UT 84112, USA (Nagan-Le Meillour et al. 1996; Vogt et al. 1989;
Correspondence taT.J.S. Merritt; e-mail: merritt@biol.scarolina.edu  Krieger et al. 1991). In species expressing two PBPs, the

Pheromone binding proteins (PBPs) function in lepidop-
teran mate location by facilitating the delivery of hydro-
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individual proteins have been demonstrated to differendenaturation at 95°C for 1 min, annealing at 48°C for 1 min, and

tiaIIy bind the chemical components of the female phero_extension at 72°C for 1 min. PCR products were cloned into pGEM-T
vector (Promega) and sequenced manually. Dideoxy DNA sequencing

mone (Vogt et al. 1989; Du and Prestwich 1995; Nagan_was performed with US Biochemicals Sequenase 2.0 kit2BaiATP

Le Meillour e_t al. 1.996)- This differential _binding as the label. At least three independent clones per PCR fragment were
represents a fine tuning of PBP pheromone interactionsequenced on both strands.
making possible a greater specificity of pheromone sig- The RACE method (rapid amplification of cDNA ends; Frohman

nal recognition (Vogt 1989; Krieger et al. 1991; Du and |19t93) was “Sefdtéo ﬁ?pgfg’;qe ;ﬁf";é:é‘g 3 Col‘?]j,”gt?‘”d “””Z‘”S‘
. . . ated regions of the Ldis c . amplifications used gene-
Prestwich 1995; Prestwich et al. 1995). specific primers designed from the LdisPBP1 cDNA clones:
Given the potential for greater binding and substrate ypgp3 is, 5—GACGACCCATGCCAGACTATG—3 and,
specificity that duplicate PBPs allow, has selection acted drPBPS5 is, 5—CTTAGCGAGACAGAGGATGAC—3.
to alter PBP pheromone binding? Genes that code fofonditions for the PCR, cloning, and sequencing were as described
proteins that are involved in recognition of other mol- @Pove:

ecules are often under diversifying selection (e.g., major

histocompatibility Cqmplex’ HtheS et al. 1990; offac- LdisPBP2 Cloning and Sequencirfgrst and second strand cDNA
tory receptors, Ngai et al. 1993; Hughes and Hughesere synthesized using the Stratagene ZAP-cDNA Synthesis kit from
1993; immunoglobins, Tanaka and Nei 1989). In thesel00 mg of total RNA by oligo-dT priming. Double-stranded DNA was

cases where selection has been documented. the pattépﬁthylated to protect intern&co Rl sites, blunt-end ligated tBcoRI
of gene evolution has been firmly established. The ﬁl,Sﬂ[i)nkers, digested witlEcoRI, and size selected to obtain cDNAs >500
9 Y ’ p in length. The cDNAs were ligated into lambda ZAP and amplified

step in |nvest|gat|r_19 the pos_S|b|I|ty of selection in the on XL1-Blue (Stratagene). Approximately 100,000 plaque forming
evolution of PBPs is to establish the pattern of evolutionunits (PFU) were screened under expression conditions using rabbit
of this multigene family_ antiserum prepared against LdisPBP1 and LdisPBP2 (anti-LdisPBP;

The duplication of genes and their subsequent funcYogt et al. 1989). After overnight growth, duplicate plaque lifts were

- - : - _obtained on 137-mm, 0.45 mm nitrocellulose (Schleicher & Schuell)
tional divergence is a fundamental but incompletely un presoaked with 100 mM IPTG. Positive clones were identified using a

derstood process In the generation of protein d'Vers'tYL:ZSO dilution of primary anti-LdisPBP in conjunction with a Promega

and adaptive evolution (Li 1983; Hughes 1994). It hasimmunoblot kit based on a goat anti-rabbit IgG coupled to alkaline
been hypothesized that PBPs have evolved by a procesgsosphatase. Following plasmid rescue from the lamda ZAP, plasmid
of gene duplication (Vogt 1989; Krieger et al. 1991), but DNA was isolated using Qiagen miniprep reagents and protocols.

C ideoxy DNA sequencing was performed with US Biochemicals Se-
the pattern of duplication has not been reconstructed b uenase 2.0 kit antPS-dATP as the label. Primers included T7 and T3

phylogenetlc an_aIyS|s. At_leaSt tWQ al_tematlves presengligonucleotides for coding and anticoding strands, respectively, fol-
themselves: a single, ancient duplication event followedowed by internal primers based on initial sequence data.

by losses in multiple taxa or multiple, relatively recent,
unique duplication events. These two scenarios have dif-

fer.em |mpl|cat|ons fo.r the role of dUpllcatlon n th? evo- jsPBP1 and LdisPBP2) sequences reported here, insect OBP sequences
lution of _these proteins. We repo.rt here .the clonlng aNsed in the phylogenetic analysis were obtained from the GenBank
sequencing of the complete coding regions of the twjatabase or the primary literaturégrotis segetun(AsegPBP;
Lymantria disparPBP genes (LdisPBP1 and LdisPBP2) Prestwich et al. 1995/ntheraea pernyPBP1 (AperPBP1; Raming et

and present a phylogeny of the published PBP genes. W 1990) and PBP2 (AperPBP2; Krieger et al. 1994)theraea poly-

; ; hemusPBP (ApolPBP1; Raming et al. 1989Bombyx moriPBP
show that for those examples in which two PBPs have’
P morPBP; Krieger et al. 1996}ieliothis virescens®BP (HvirPBP;

been 'd_ent'f'ed’ these dUp“Cat? P_BPS are prOdUCtS QEtBrieger et al. 1993)Lymantria disparPBP2 (Prestwich et al. 1995);
recent, independent, gene duplication events. Manduca sext®BP (MsexPBP; Gyorgi et al. 1988)ntheraea pernyi
GOBP2 (Breer et al. 1990} eliothis virescensGOBP1 and GOBP2
(Krieger et al. 1993)Manduca sext&OBP1 and GOBP2 (Vogt et al.
1991b).

Amino acid sequences from each mature protein were aligned using
the ClustalV multiple alignment program (Higgins and Sharp 1992).
LdisPBP1 Cloning and Sequencinigiree hundred fifty-four base pairs Minor adjustments were made to the alignment manually (Fig. 1). The
(bp) of the LdisPBP1 coding region were amplified from Complemen- putative signal sequences (the first 19 and 20 amino acid residues of
tary DNA (cDNA) synthesized according to manufacturer’s instruc- LdisPBP1 and LdisPBP2, respectively) were excluded from the phy-
tions (Superscript Preamplification System, Gibco BRL) using thelogenetic analyses because of difficulty recognizing homology across
Polymerase Chain Reaction (PCR) (Saiki et al. 1988). Degenerate olithe PBPs and because signal sequences have been shown to evolve at
gonucleotides were designed from published lepidopteran PBP sedifferent rates than the rest of a protein (Garcia-Maroto et al. 1991). A
quences. The forward primer (LdPBP44F) was designed from the firsphylogeny was constructed by the neighbor-joining method (Saitou and
30 amino acid residues of LdisPBP1 (Vogt et al. 1989). The reverseNei 1987) using the algorithm implemented in MEGA (version 1.0;
primer (LPBP123R) was designed from an alignment of all publishedKumar et al. 1993). Pairwise gamma distances were calculated accord-

Phylogenetic Analyse$n addition to the twaL. dispar PBP (Ld-

Materials and Methods

PBP sequences: ing to the formula of Nei et al. (1976), with tleeparameter set to 2.05
LdPBP44F is, 5—TTYGCNAARCCNATGGARGC—3, and, (Uzzel and Corbin 1971). The pairwise deletion option for gaps and
LPBP123R is, 5—~GGNRCCCANTTIARMTYRAG—3, missing data was used throughout the distance analyses. Bootstrapping
(I = 2'—deoxyinosine; M= A|C; N = A|CIG|T; R= A|G; Y = (Felsenstein 1985) was used to evaluate the degree of support for

C|T). PCR was carried out for 40 cycles under the following conditions: particular groupings in the neighbor-joining analyses.
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MsexPBP SPDVMKNLCL NFGKALDECK AEMNLSDSIK DDFANFWVEG YEVSNRDTGC AILCLSKKLD
BmorPBP SQEVMKNLSL NFGKALDECK KEMTLTDAIN EDFYNFWKEG YEIKNRETGC AIMCLSTKLN
AperPBP1 SPEIIKNLSQ NFCKAMDQCK QELNIPDSVI ADLYNFWKDD YVMTDRLAGC AINCMATKLD
ApolPBP1 SPEIMKNLSN NFGKAMDQCK DELSLPDSVV ADLYNFWKDD YVMTDRLAGC AINCLATKLD
AperPBP2 SPEVMKNLCM NYGKAMDQCK QELNLPDSVI ADLYNFWKDD YVMTDRLAGC AINCLSTKLD
HvirPBP SQDVMKNLSM NFAKPLEDCK KEMDLPDSVT TDFYNFWKEG YEFTNRHTGC ASLCLSSKLE
AsegPBP 2222222222 22222222722 2222272277272 ?DFYNFWKEG YEFTNRQFGC AILCLSSKLE
LdisPBP1 SKEVMKQMTI NFAKPMEACK QELNVPDAVM QDFFNFWKEG YQITNREAGC VILCLAKKLE
LdisPBP2 SKDVMHQMAL KFGKPIKLCQ QELGADDSVV KEFLDFWKDG YVMKDRQTGC MLICMAMKLE
MsexPBP MIDPDGKLHH GNAMEFAKKH GADEAMAKQL LDIIHNCENS TP--PNDDAC LKTLDIAKCF
BmorPBP MLDPEGNLHH GNAMEFAKKH GADETMAQQL IDIVHGCEKS TP--ANDDKC IWTLGVATCF
AperPBP1 VVDPDGNLHH GNAKEFAMKH GADASMAQQL VDIIHGCEKS AP--PNDDKC MKTIDVAMCF
ApolPBP1 VVDPDGNLHH GNAKDFAMKH GADETMAQQL VDIIHGCEKS AP--PNDDKC MKTIDVAMCF
AperPBP2 IVDPDGNLHH G-AKEFAMKH GADDGMAHEL VDIIHGCEKS SP--PNDDKC IKTMDIAMCF
HvirPBP LLDQEMKLHH GKAQEFAKKH GADDAMAKQL VDMIHGCSQS TPD-ATDDPC MKALNVAKCF
AsegPBP LLDQDLKLHH GKAQEFAKKH GADEAMATRL VDMIHGCSQS TPD-VADDPC MKTLNVAKCF
LdisPBP1 LLDQDMNLHH GKAMEFAMKH GADEAMAKQL LDIKHSCEKV ITI-VADDPC QTMLNLAMCF
LdisPBP2 LLDSAMEIHH GSTFAFAKAH GADEAMAQQI IDIVHGCTTT YPAAETNDPC QRAVNVAMCF
MsexPBP KKEIHKLNWA PNMDLVVGEV LAEV-

BmorPBP KAEIHKLNWA PSMDVAVGEI LAEV-

AperPBP1 KKEIHKLNWV PDMDVVLGEV LAEV-

ApolPBP1 KKEIHKLNWV PNMDLVIGEV LAEV-

AperPBP2 KKEIHKLNWV PNMDLVVGEV LAEV-

HvirPBP KAKIHELNWA PSMELVVGEV LAEV-

AsegPBP VAKVHDLKWA PSMDLIMGEV LAEV-

LdisPBP1 KAEIHKLDWA PTLDVAVGEL LADT-

LdisPBP2 KAHVHKLNWA PDVELLVADF LAESQ

Fig. 1. Alignment of all published lepidopteran PBPs; putative signal sequences are not included (see Methods). Question marks represent mis

data. Note that the extra amino acids separate proteins along phylogenetic lines (see text for details).

Results a cDNA consisting of 672 nucleotides, including an ATG
start codon, TAG stop codon, and 123 nucleotides’of 3
The twoLymantria dispa®BPs previously identified by ~untranslated sequence. The cDNA open reading frame
protein purification (LdisPBP1 and LdisPBP2, Vogt et codes for an 162 amino acid protein (Fig. 1). As in PBP2,
al. 1989), were cloned and sequenced through a collabdhe first 19 amino acids of PBP1 appear to form a signal
rative effort between two laboratories. Screening af a sequence, the remaining 143 amino acids forming the
disparantennal expression library with an antibody pre-mature protein. Comparison of the predicted amino acid
pared against both. dispar PBPs identified two inde- sequence with the N-termin&l dispar PBP sequences
pendent clones of LdisPBP2, but failed to identify any (Vogt et al. 1989) identified this protein as LdisPBP1.
clones of LdisPBP1. The LdisPBP1 gene was obtained LdisPBP1 and LdisPBP2 were aligned with all other
using PCR with degenerate primers based on publishegublished moth PBPs using ClustalV (Fig. 1). A neigh-
lepidopteran PBP sequences. bor-joining analyses of aligned PBPs is shown in Fig. 2.
Sequence analysis of two clones identified by anti-The tree topology reflects currently accepted relation-
body screening revealed identical sequences differinghips among higher lepidoptera (Minet 1991), indicating
only in the length of their poly(A) tails. Both clones two major groups that correspond to the superfamilies
contained the DNA sequence encoding the previoush\Bombycoidea Bombyx, Manduca, Antheragand Noc-
identified LdisPBP2 N-terminus. An ATG start codon tuoidea Lymantria, Heliothis, Agrotls Bootstrapping
preceded the N-terminal encoding region by 57 nucleoprovided strong support for the separation of the two
tides, defining a region encoding a signal peptide sesuperfamilies and an independent origin of the duplicate
guence typical of insect OBPs and other secreted propairs of PBPs (evidenced by sister taxa relationships of
teins (Vogt 1991b; von Heijne 1986). An in-frame stop PBPs within genera). Conversely, bootstrapping analyses
codon (TAG) was present in both clones 495 bp down-provided little support for groupings that united the
stream of the start ATG. The sequence encodes a matupernyiPBPs and.. disparPBPs. AperPBP1, AperPBP2,
protein of 145 amino acids (Fig. 1). and LdisPBP1 grouped together in only 2% of the boot-
Sequence analysis of LdisPBP1 PCR products revealstrap trees. Similarly, AperPBP1, PBP2, and LdisPBP2
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99 ApolPBP1
= w0 I—— AperPBPI

| — AperPBP2

MsexPBP

BmorPBP

93 AsegPBP Fig. 2. Neighbor-joining phylogeny relating
—‘i lepidopteran PBPs. Bootstrapping values (500
HvirPBP replicates) from neighbor-joining analysis are to
- o LdisPBP2 the above left of each node. Although drawn as
_—| unrooted, an analysis with insect odorant binding
LdisPBP1 proteins as outgroup taxa suggests that the root be
drawn between BmorPBP and the HvirPBP/Aseg
PBP clade. Arrows indicate location of two
Distance (0.1) putative gene duplication events.

grouped together in only 1% of the bootstrap trees. In-esis requires four loss events, in addition to the single
terestingly, the ApolPBP1 and AperPBP1 proteinsduplication, to account for the pattern of single and du-
formed a highly supported clade that grouped with theplicate genes in Fig. 2: a loss Br mori, another loss in
AperPBP2, suggesting that the duplication event thaM. Sexta,an apparent loss i\. polyphemugprotein
generated the two PBPs preceded the common ancestegquencing identifies only one PBP in this species; Vogt
between these twéntheraeaspecies. and Riddiford 1981) and one loss in the common ances-
tor of H. virescensand A. segetumThe recent duplica-
tion, or independent origin, hypothesis only requires two
Discussion duplication events, one in the common ancestoAof
polyphemusindA. pernyi,one inL. disparand the single

We have cloned and sequenced the complete cDNA&PParent loss i. polyphemusThe independent origin
from the pair of pheromone binding proteins expressed'YPOthesis is the simpler, more parsimonious of the two
in male L. dispar. The L. dispar PBPs were initially hypotheses. Th|§ mdependentong!n hypothe§|5|nd|cates
discovered as two male specific proteins in a non-Spsthat the duplication events producing the LdisPBPs and
PAGE analysis of antennal protein extracts. Based on théhe AperPBPs occurred late in the diversification of the
N-terminal sequences (30 amino acids) it was propose#Vvo lepidopteran superfamilies.
that these two PBPs were products of separate gene loci In the earliest work on PBPs, using protein purifica-
(Vogt et al. 1989). It has been shown by Southern blotion and a limited number of species, single proteins for
that the two AperPBP proteins are encoded by separatgach species were found (Vogt and Riddiford 1981). As
gene loci (Krieger et al. 1991). The level of sequencemore species have been examined, using both protein
divergence between the LdisPBP cDNAs reported hereipurification and PCR analysis, duplicate PBPs have often
and direct comparison to the levels of divergence bebeen identified (Vogt et al. 1989; Krieger et al. 1991).
tween the two AperPBP proteins further supports ourRecent protein purification and sequencing has identified
claim that the LdisPBPs are products of two separatéwo PBPs in another noctuid mothlamestra brassicae
gene loci as opposed to allelic variants of a single locus(Nagan-Le Meillour et al. 1996); the N-terminal se-
With the sequencing of the twhaymantria PBPs, quence data is too short to include in our phylogenetic
complete coding sequences are now available from duanalysis, but these proteins may represent a separate du-
plicate PBPs from two separate lepidopteran superfamiplication within the Noctuoidea. Interestingly, N-
lies. This allows us to address the question: Are the PBRerminal protein sequencing indicates tkargyia pseu-
pairs the product of a single, relatively ancient, duplica-dotsugataa moth within the same family dsymantria
tion event preceding the diversification of the two super-dispar, has only a single PBP (Vogt 1991a). Although
families, or the product of two independent duplicationsinsufficient sequence data is available to allow inclusion
within the two superfamilies? The answer to this ques-n our analysis, this could represent either a loss of one
tion affects our interpretation of how multiple PBPs are PBP gene, or place the duplication leading to the two
employed by different taxa. The maintenance of a singlelispargene later than the separation of these two genera.
ancestral duplication implies relatively ancient selectiveBoth of these points, and our phylogenetic analysis of the
pressure and a similar function for the two PBPs in thelL. disparandA. pernyiPBP genes, argue that duplica-
different species. More recent, independent, duplicationsions of PBP genes are relatively common and relatively
imply independent selective pressures and more distinaecent events in the evolution and diversification of moth
functions for the PBPs. The ancestral duplication hypothspecies. Implicit in this argument of multiple, recent,
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duplications are changes in selective pressure leading t¢ieger J, von Nickisch-Rosenegk E, Mameli M, Pelosi P, Breer H
the maintenance of duplicate PBPs, changes that have (1996) Binding proteins from the antennaeBdmbyx morilnsect

) . . . Biochem Mol Biol 26:297-307

arisen independently in at least two separate instances, - oc o Vot B0 4B .

These selective pressures are both intriguing, and to datéumar S, Tamura K, Nei M (1993) MEGA: molecular evolutionary
p guing, ' genetics analysis, version 1.0. University Park: Pennsylvania State

elusive. Just as puzzling, given the number of modern  ypiversity

taxa with two PBPs is the lack of any evidence for an-j wH (1983) Evolution of duplicate genes and pseudogenes. In: Nei
cient duplicate PBPs. In total, the evolution of PBPs M, Koehn RK (eds) Evolution of duplicate genes and proteins.
appears to be a story of multiple late, independent, gene Sinauer and Associates, Sutherland, Ma

duplications; the actual frequency of these duplicationé\’””Et J (1991) Tentative reconstruction of the ditrysian phylogeny

and their exact biological implications remain to be de- _(-éPidoptera: Glossata). Ent Scand 22:69-95
termined Nagnan-Le Meillour P, Huet J, Maibeche M, Pernollet CD (1996)
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