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Odorant receptor c-terminal motifs in divergent insect species
Raymond Miller"? and Zhijian Tul®

IDepar‘cment of Biochemistry, Virginia Polytechnic Institute and State University, Blacksburg, VA 24061

Abstract

Insect odorant receptors are a large family of seven transmembrane proteins believed to be G-protein coupled receptors.
The peptide sequences of two odorant receptors within a given species may share as little as 17% identity, and there is
limited similarity between receptors of divergent species. One exception is DmOr83b, which is found in Drosophila
melanogaster and is highly conserved in at least ten other insect species. DmOr83b is broadly expressed in most of the
olfactory sensory neurons of D. melanogaster at most developmental stages, while other odorant receptors tend to have
more restricted and specific expression patterns. DmOr83b is critical for D. melanogaster olfaction, and it is involved in
properly localizing other odorant receptors possibly by forming heterodimers with these receptors. The C-terminal
region has been implicated as sites for such heterodimer formation. Multiple em for motif elicitation (MEME), a hidden
markov model based program, was used to uncover three conserved motifs in the C-termini of a vast majority of the
odorant receptor peptides from Anopheles gambiae, D. melanogaster, and Apis mellifera. These motifs are also found in
DmOr83b and its orthologs and the order of these motifs is conserved as well. The conservation of these motifs among
divergent odorant receptors in divergent species suggests functional importance. We propose that these motifs are
involved in receptor- receptor protein interactions, contributing to the heterodimer formation between DmOr83b (or its
orthologs) and other odorant receptors.
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Introduction

Insect olfaction and olfactory signaling is a rapidly grow-
ing area of research (Rutzler and Zwiebel 2005). Several
protein families are being studied that include odorant
binding proteins, sensory neuron membrane proteins,
odorant degrading enzymes, and odorant receptors. A
large body of recent literature has been written on insect
odorant receptors (Clyne et al. 1999; Vosshall et al. 1999;
Hill et al. 2002; Sakurai et al. 2004; Robertson and Wan-
ner 2006). Most of the papers addressing insect odorant
receptors report either the discovery of receptor genes in
an insect species (Hill et al. 2002; Robertson et al. 2003),
and/or the expression of selected odorant receptor genes
at various points of the organism’s life cycle (Melo et al.
2004). Odorant receptor gene expression is usually local-
ized to the insect sensory organs such as antenna and
maxillary palp (Vosshall et al. 2000; Fox et al. 2001), and
more recently have been found to be expressed in the
proboscis (Kwon et al. 2006). There are also a growing
number of papers addressing the specific functions of sev-
eral odorant receptor proteins (Wetzel et al. 2001;
Hallem et al. 2004; Larsson et al. 2004; Sakurai et al.
2004).

Insect odorant receptors have been reported to be
putative G-protein coupled receptors (Clyne et al. 1999;
Gao and Chess 1999; Hill et al. 2002), but recently this
status has been questioned (Benton 2006; Wistrand et al.
2006). The most extensively researched insect odorant
receptor is DmOr83b in Drosophila melanogaster. A highly
conserved ortholog of DmOr83b has been found in all
insect species with sufficient genomic sequence informa-
tion. This list includes D. melanogaster (Vosshall et al.
2000), Anopheles gambiae (Pitts et al. 2004), An. stephensi (R.
Miller and Z. Tu, unpublished data), An. quadriannulatus
(R. Miller and Z. Tu, unpublished data), Aedes aegypti
(Melo et al. 2004), Culex quinquefaciatus (Xia and Zwiebel
2006), Bombyx mor: (Sakurai et al. 2004), Heliothis virescens
(Krieger et al. 2002), Apis mellyfera (Robertson and Wan-
ner 2006), and Tribolium castaneum (GenBank Accession
XP_973196. Note that the GenBank name for OR is
GPROR. This is in contrast to the vast majority of the
other insect odorant receptors, which are not conserved
between species of different genera. DmOr83b is broadly
expressed in most of the olfactory sensory neurons of D.
melanogaster at most stages of development (Vosshall et al.
2000; Larsson et al. 2004). This again is in contrast to
other odorant receptors, which have been reported to
have a restrictive expression pattern (Vosshall et al. 2000;
Fox et al. 2001). D. melanogaster lacking a copy of
DmOr83b are not able to respond to olfactory cues, and
other odorant receptors are not properly localized to the
membrane of olfactory sensory neurons (Larsson et al.
2004). DmOr83b is capable of forming a heterodimer
with at least one D. melanogaster odorant receptor:
DmOr43a (Neuhaus et al. 2005). The requirement of a

heterodimer of two G-protein coupled receptors has only
been previously observed in the GABA complex where
heterodimer formation is required for the function of po-
tassium/calcium channels (Jones et al. 1998; White et al.
1998). Benton and co-authors provides further evidence
of heterodimer formation involving DmOr83b with
DmOr22a/b, and additionally point to the C-terminal
domain of odorant receptor peptides as being the site of
heterodimer formation (Benton et al. 2006). The specific
location(s) of the protein-protein interaction(s) were not
explored. However, previous reports have indicated lim-
ited amino acid conservation occurring in the C-terminal
end of D. melanogaster odorant receptor (DmOr) peptides,
including a nearly invariable tryptophan residue (Clyne
et al. 1999; Scott et al. 2001; Vosshall 2003).

Using a hidden markov model based program called
multiple em for motif elicitation (MEME) (Bailey and
Elkan 1994), we have discovered three C-terminal motifs
in 76 of the 79 previously annotated An. gambiae odorant
receptor peptides (Hill et al. 2002). Subsequent analysis
indicates that these motifs are conserved within the odor-
ant receptor peptides of D. melanogaster and Ap. mellifera
(Robertson and Wanner 2006). This is significant given
that it has been reported that insect odorant receptor
peptides are highly divergent within and between species
(Clyne et al. 1999; Vosshall et al. 1999; Hill et al. 2002;
Vosshall 2003). For example, the amino acid identity
between insect odorant receptors of the same species is
only 17% in some cases (Vosshall 2003). We hypothesize
that these motifs are protein-protein interaction sites in-
volved in odorant receptor-odorant receptor interactions
or potentially heterodimer formation between DmOr83b
and other odorant receptors.

Materials and Methods

Alighment of An. gambiae odorant receptor
peptides with ClustalW

All 79 An. gambiae odorant receptor peptides (Hill et al.
2002) were aligned using ClustalW v1.83.1 (Thompson et
al. 1994). Default parameters were used (multiple align-
ment gap opening penalty = 10, gap extension penalty =
0.2). Alignments were illustrated using the Jalview java

alignment editor (Clamp et al. 2004).

Motif discovery in odorant receptors pep-
tides using MEME

An. gambiae and Ap. mellifera odorant receptor peptide se-
quences were obtained from the supplementary material
of two separate studies (Hill et al. 2002; Robertson and
Wanner 2006). Fifty-nine D. melanogaster odorant receptor
peptides were obtained from the Ensembl database
(http://www.ensembl.org) and were used in the analysis.
The program multiple em for motif elicitation (MEME)
(Bailey and Elkan 1994) (http://meme.sdsc.edu/meme/)
version 3.5.1 was compiled on a Macintosh computer
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running Mac OS 10.4.8. Each MEME analysis was run
with peptide dataset from each species as input. For all
three datasets MEME was run using the following com-
mand line: meme datasel_name -protein -mod zoops -minw 15 -
maxw 45 -wg 8 -ws 0.2 -evt .00001 -nmotyfs 8. The program
command call is meme, while dataset_name identifies the in-
put dataset, -protein indicates the dataset contained pep-
tide sequences, and -mod defines the search model. The
remaining parameters were -minw, which sets the minim-
um possible motif width at 15 residues, -maxw, which sets
the maximum possible motif width at 45 residues, -wg,
which is the gap opening penalty, -ws, which is the gap
extension penalty, -eof, which is the maximum e-value for
a motif to be reported, and -nmotifs, which indicated the
number of motifs that are searched for in the input data-
set. Gap opening and extension penalties were reduced
from the default values of wg=11 and ws=1 to wg=8 and
ws=0.2 to reduce artificial breakup of the motifs due to
small insertions or deletions. In addition to searching for
the top 3 motifs as set by default, -nmotifs 8 was used to
determine whether more than three motifs existed in
each dataset.

MAST searching of An. gambiae gustatory re-
ceptor peptides for odorant receptor motifs
The motif alignment and search tool (MAST) (Bailey and
Gribskov 1998), another program in the MEME pack-
age, was used to search for AgOr motifs in all 76 An. gam-
biae GRs (Hill et al. 2002). MAST version 3.5.1 was in-
stalled as part of the MEME package (see above). Com-
mand line used for MAST was: mast mo-
uf_matricies_found_by_meme —d database_of AgGrs. The mo-
uf_matricies_found_by_meme are the profile matrices of the
motifs found in a previous MEME analysis and they ef-
fectively define the motifs. These matrices were used to
search the database_of AgGrs, where AgGrs stands for An.
gambiae gustatory receptors. No other parameters were
used.

Weblogo diagrams

All weblogo diagrams were constructed using the web-
logo program (Crooks et al. 2004)
(http://weblogo.berkeley.edu/). MEME output includes
BLOCKS of the motifs. If an odorant receptor peptide
sequence was found to have a motif, the part of the pep-
tide sequence that contains that motif was used in an
alignment, which produced an aligned BLOCK. The
aligned BLOCK was used to construct weblogos.

Results

ClustalW alignments of An. gambiae odorant
receptors

An alignment of all 79 An. gambiae odorant receptor
(AgOr) peptides using the multiple sequence alignment
program ClustalW (Thompson et al. 1994) revealed very
little strict sequence conservation (Figure 1). There were

a small number of conserved or highly prevalent residues
located in the C-terminal region (Figure 1, blue-colored
residues). One of these highly conserved residues is a
tryptophan residue found in all but four AgORs. The
lack of strict sequence conservation in AgOrs, and the
prevalence of the conserved tryptophan residue is consist-
ent with what has been previously reported for DmOr

peptides (Vosshall 2003).

MEME identifies c-terminal
gambiae odorant receptors
To locate conserved patterns a hidden markov model

motifs in An.

based program named multiple em for motif elicitation
(MEME) was used (Bailey and Elkan 1994). MEME has
been used to locate potential regulatory sites in sequences
upstream of genes (Ohler et al. 2002), potential protein-
protein interaction domains (Fang et al. 2005), and ho-
mologous genes missed by homology search (Janssen et
al. 2004). One key advantage of MEME over common
alighment programs is its ability to find motifs that are
not absolutely conserved in consensus sequence. Other
advantages of MEME are its speed, no need for prior
knowledge about a dataset, and its ability to locate motifs
that may not be in the same order through all members
of a dataset.

All 79 AgOr peptides were used as input for MEME run
using a gap opening penalty of eight and a gap extension
parameter of 0.2. Three motifs were identified within the
dataset all with hi%hly significant e-values (4“.267401,
4.5¢ 3% and 1.1 3%%) (Figure 2, Table 1). All three mo-
tifs were present within the last 70 or 90 amino acid
residues of the C-terminal end of AgOr peptides, and 76
out of 79 (96%) AgOr peptides had all three motifs. The
order of the motifs from N-terminal to C-terminal is mo-
tif 3, motif 2, and motif 1. MEME numbers the motifs
according to their relative e-values with motif 1 having
the best e-value. In subsequent discussions, the three mo-
tifs are referred to as motif A, motif B, and motf C, with
motif A being furthest of the three from the C-terminus
and motif C being the closest to the C-terminus. This
naming system is used to allow meaningful comparison
between results from different species where these motifs
have different ranks of e-values relative to each other.
The combined p-value of finding all of the identified mo-
tifs in a given odorant receptor Eeptide in the dataset
ranged from 2.49¢ 12 to 2.62¢ %% The combined p-
value was the probability of finding a match of a se-
quence in the dataset to a group of motifs by random
chance (Figure 2). Significantly, AgOr7, the mosquito or-
tholog of DmOTr83b, has all three motifs at the C-termin-
al end (Figure 2, asterisk). When the number of motifs for
MEME was increased to search for from three to eight
motifs, only one additional motif was found with a signi-
ficant distribution (2.967295, present in 63 of 79 AgOr
peptides). This motif had limited sequence conservation
with the notable exception of a histidine residue located
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- N
MotifA___ Motif B
AgOrd1 GT ! TEDKGVKFSAGVYS - LTHNELSKQ- - - - - - - DKQI FRLLLLSS@QPQTLTCAGMTCISL - - - - - NLFVNMS QK F)ES | FMMLRNM- - - - - - - - - - - - - -
AgOrd2 GTLIELKSDQFKDALYD- - - 1A -EQGMFKYVLKSAGQPKQLTCGRFAV INM- - - - - NLELA I HKK | ¥SF FMMLQNM - - -
AgOrd3 GTILSIKNEEIEHAFYD SL -EKKDFL I MFHKCQHAKEMTVASMAPLNI - - - VLEIAIMQKI LAMMMMRFSE -
AgOrdd GTILSIKNFFIFHAFYD- - -5S1 - -FKKDFL I MFHKSQHAMEMTVASMAPINT - - - - - VLFIAITMOK | MAY AMMLEMNFFE - - - -
AgOr66 GTVMQIMNERMIDY I SN~ - - LP - -EQKQFKFMLARSQLSAE | MI RSVGPMNM- - - - - ETETD | MQKMYSA FAMMYSFLVDLG- - -
AgOr67 GTVMQIMNERMI DY I SN MLPTE - - - -EQKQFKFMLARSQLSAE | MI RSVGPMNM- - - - -ETETD | MQKMYSA FAMMYSFLVDLG- -
AgOr72 GHLVELK IDAMYNKI IS KLPLK- - - -EQKEFRFLMSRQQCPMI LTAYGFHPMNF - - - EAYMSVLKVLFQFFVMIMQY IDRN- - -
AgOr73 GHLVELKIDALYNKI IS RLPVE - - - -EQKEFRFLLSRQGGPMI LTAYGFHPMNF - - - - -EAYMSVLKGLFQF FYMI LQY | GRN - - -
AgOIrTd GHLVELKNDALYNKV IS - - -MPRYKLPVK - - - -EQKDFRFLMSROGNPMML TAYGFHPMNF - - - - -
AgOr71 CHLVE IKIDALYNKI IS KLPVK - - - - EQKE FRFLMSRQQYPMML TAY GFHPMNF - - - - -
AGOrT0 GHL | EQK | DAMYNK 1 IS - - - EQKE FRFLMSRQQCPMML TAYGFHPMNF .- .
AgOrég GHFVELK IDEMYNS 1S - - -EQKEFAFLMCRQORPMMLTAYGFLTMNF - - - - - ESYMSVLKGLMQFFVMIMQYVE - - -
Agorz ANEVLEQSLGIGDA I ¥N DFEEP- - - - IRKRL I L1 | ARAQRPMY | KVGNVYPMTL - - - - -EMFQKLLNVS¥SY FTLLRRVYN
AgOr10 SNEVREESMA | AQASYS LNVDDT- - - - IKKKLLMMT I RAQRPLE | TVGNVYPMTL - - - - -EMFQSLLNAS
AgOr32 GSA | SAKSVSVADAI¥G DAPLA- - - -VKKLVY | CLMRAGKPY IMKSG- F I EASL- - - - -PTLKK | LESSABY | TMLMS LEADLNEKKT -
AgOr3s GSMMYDESLKVADAIYQ EAPPA - - - -EQKRLRLCIMRAQKP IVTKGG-FIKATL- - - PTLKKILNSTGSY | TMLLSLETEQ- - - - -
AgOr38 GTVVRESSEAIQTVAYG QFDRN - - - - TRHLVOMMMVRAKY GCNVDVP - FFRTSM- - - ATFESVIVRSAMSY | TLMKSFL - - -
AgOI39 GT!IRDSSEAVQTVAYD- - - FP - TRHL | QMMMI RAGYGSNVDVP - FFETSM- - - - - ASFSAIVRTASSY I TLMKSFL- -~ - - - -
AgOr3 GTDLTTESYGVALAIYD- - -SE -MRRKLRLLLQRSQKPLGVTAGKFRFVNV - - - - - AQFGKMLKMS[S FYVVLKEQF -
AgOrs GSDLTSESLSVARAAYG SL - IQRKLRMV LQRAQKPVGI SAGKFCFVDI - - - EQFGNMAKTS FY IVLKDQF -
AgOrT3 GEQLSNESARVAHTVYE - - -5G - 1QKDLQL 1 | ARAGRPVGI TAGKFGYMNM- - - - - EQLGI IVKTTNS 1Y | | LRDQF -
AgOr15 GEKLSYESARVAHTIYE - - -SG -10KDLAQL I LVRAQSPVGI TAGKFYYMNM- - - - - EQFGI IVKTT] FFVILRDQI -
AgOri7 GELLSYESARIAHIVYK NG -VQKDLQV I | ARAQKTVGI TAGKFCYMNM- - - AQLGI I VKTT FFVILRDQI -
AgOrts GNQLSDESARVASVVYD- - -CR - LRKDLQL | MLRAQRSVG | TAGKFCFMNM- - - - - EQFGEVVKTTNSFFVVLRDQF - - - - - - -
AgOrss GTQLSMESARIAYAVYN — GK IAKHLQL | LLRAGKP | G| TAGKFCF | NM EQFAKLLKTT¥SVFILLRDLL
AgOr18 GTQLSQES INVGQALYA - - - SG -MRKH I SFMI MRSQRRVGL TAAKFCFVDM- - - - - EQFGAMLNMS FFVVLKDAF -
AgOr14 GTRLSTOAVELSKSVYG CaG - 100GLRMVLHRTQSPVGIQAGKFCFVDV - - - ELFONMVYNKS FFIVLKDAF -
AgOrs1 GTRLSTQAVELSESVYA- - -CO) - |GQRLRMVLHRTGSPVGI QAGK FCFVDM- - - - - ELFQKMVNKS¥SCF I VLKDAL -
Aqort2 CSDLTTTGTTISRAMYE - - - FQ) - 1QKTVAMY | ARGRARLR | TAWGI IPIDL- - - - - ELFAKVVKASMTVLLVLKDFI - -
AgOr19 CSDLTTTGTTISRAMYE - - - FQ) - 1QKTVAMY | ARGQARLR I TAWGI IPIDL- - - - -ELEAKVVKASYTVLLVLKDFI - -
AgOrzo CTELATTGTLIACQSYE- - - FR| - 1QKMISTIVARSQLPLRI TACGF I TVNV - - - - - ELFAKVVKTTESGF I VLKDFI - - o
AgOr21 CTELDTTGK I VSRQOMYE - - - FR| -VOKMVAMI | ARSATPLQI TACGFIPINL - - - - - ELFTKVVKHS¥TVLAVLKDLI - - -
AgOrs0 CTELTNTATTISQQI¥Y KHSPA- - - -VQKMVAMI | ARGRAPLQIKACGF I PINL- - - - -ELFAKVVKTS¥SVL I VLRDFV -
AgOr29 GTQLTDKGEEVLMALQQ DQSIP- - - - 10KQLLFMIRRSGKP | | LSAGK | FYANV - - - - - LOFSEMVQKS¥SFYLVLKNVF -
AgOrs3 GSQLTTOGEDLLMALQQ DAPVP - - - - 1QRQI LLMIRRSQTPL | LRAGKLFSANV - - - - -VQFGD | VOKS¥SFFLVLKNVF - -
AgOr3o GTQFTSNAEEVLDELQQ LARYDQSIP - - - - 1QKQI YFMIHRSQTRIELTAGKLFPVNI - - - AQFSE | VKKS¥SYYLVLKDI F - -
AgOrd6 GNELTLKGLE | STAMYS - - - TNIYDQPVK - - - -LQKMVVP | | QQSQOR | GI TAAKFYY IDY - - - - -NRYGQS LK TA¥SFYLLLKDI F - -
AgOr47 GNELTLKGLE I STAMYF- - - TN -LQKMVVP | | QQSQQR I G| TAAKFYY IDY - - - - - NRYGQS LKTANSFYLLLKDIF- - -
AgOrdg GNUL TEENAN I SHSAFN- - -CR| -IRKYFLRI I LOAHRKAT I TAGKFYNVNI = - - - - VIFAQLIKISETYYMIMKEMF - - -
AgOrdg GNRLSTENTSVAIAVYS TD| - LOKQFQQMI RHAY IPRG I TVGKFHFVDM- - - ASFGQLLKAIFSYYLILKELF- -
AgOrS6 GTEL|EQSEAVADA | FH- - - SK - ROKDMC FLMMRANKPVK L TAAKL FVV TR - - - - - DSFTQVIKGART | FTLMSQFLDNPVN- - - - - - - -
AgOrST GTEL | EQSEAVADAIFH- - - SKIWY TQKLN- - - - - - - - - - - RQKDMCF LMMRAKRPVK L TAAKL FVV TR - - - - - DSFTQVIKQANTI FALMSQVLDDTMG- - - - - - - -
AgOr27 CTELIEQSEAVADAIFH- - 8K RQKDMCFLMMRANKPVK L TAAKLFVV TR DSETQV | KQAMT I FTLMSQF LDNPVN
AgOrze GTELIEQSEAVADGI FN- - - SK| -VQKDLSFVLMRAKKPVRLTAAKLFVVTR- - - - - DSFTQVMKQAMTI FALMSQFLDDI AN
AgOrd GNE | NYMAQKVHOQATAF - - -VNYPDMN I K - - - -TRKLLIAFQQI TARGIKCSAKY I FTIELS---MAQTEVTI IKTS¥SYLAVLRSMTD
AgONGS GNE | NYMAQKVHRATAF - - - VNYPDMN I K - - - -CRKLLIAFQQI TAVGIKCSAKYVFTIQLS - - -METEVTI LKTSN8Y LAVLRSMTD -
AgOr34 GNEVTLKSYALTNAIYS - - - SRIlYDMPQS - - -NRKSVQMFLVRTNKPFAVAAFGY FNFNL - - - - - PAETTI LNMA¥SVYCVLQRKA - KNV -
AgOr37 GNEVTRKSHLLRTS I¥S- - -SR - -ERKTLRMLLORMNKP L TLKAFYFENYNL - - - - - QAETTTLNMAKSLYALLQRNALKKY - -
AgOrsT I EKLNDLNEA | GRALYSG- - FOWPOMLQY - DQ-RFRRGYV TVRHTLMLY | GRSGKGFQCS YGGLGS | SM- - - - - ERFAQLMOKSYSLLTILLOFAK- - - - - -
AgOr6? VEDLNDLNRQIGTILYN- - - FDWPRLILRF -S| -HYRRQYFSVRRTILLVILQSAOSIL RFSYGAHGF | SM- - - HSFAF | MOKS¥SMI TFMLQFQN - -
AgOr63 VENLRDLKPRIASTVYD- - - FDMMLQMRCPNP - RHRAQYRHVRRTLLLLTAQSDQT | QFSFAGI GE I SM- - - - - NSFAQLLEKSNSMLTFLLQFAK - - - - - -
AGORTS VEMLVQLNRKVSTSLYG- - - FSWPQYLRY - - - - - - - - GRT I KRPMMLMI MQANMTKDFSAGGLTTVSA - - - - - ELFAKTCRMI ¥ TMMMFMANMAT -
AGON7E VEMLVGLNRKVSTSLYG QYLRY- - - ~GRT I KRPMMLMI MGANMTKDFSAGGLTTVSA - - - - - ELFAK TCRMI ¥ TMMMFMANMA T
Agor7e VEMLVGLNRKVSTSLYG QTLRY - - - -GRT | KRPMMLMI MGANMTKDFSAGGLTTVSA - - - - -ELFAK TCRMI M TMMMFMANMA T
AgOrT? VDEME LLHEGOAFAVYS GAIMO- - - -SKPFLLITIRMAQVPLRFMCGRMYQLST- - - - -ELETSVVQF | ¥SL | MMLLOFK -
AgOr79 VDEME LLHEGQAFAVYS GAIMQ- - - ~SRPFLLITIRMAQVP LRFMCCOMYQLST- - - - -ELFASVVQF | ¥SLIMMLLQFK - - - - - - - -
AgOr60 LSQINDLHARIGIVMCE DKLRFST FASAYRQMRASFLI 11 IRSQKPLSFSISAAGTISM- - - ARFADLLNSS LMIVMFQLKERI I AKL TSDGNN
AgOrég8 GA | |ERKVDDLHISLMH - - ROKEYKLLLLRAQQPSGMS | AGLTPVNY - - - - - ETYTQIMKMLMOLFALAMNFLK - - - - - - cccme
Agord GTRLATQQQLLEHALYA - - FRSS | RMMLRQS@RHAH | TVGKFFRVNL - - - - - EEFSRIVNLSESAYVVLKDY | KMDVQ- -
AgOr31 GSQLYYES TQVHDAVFK - TOKML | NCMMRAKKPVNAKSG - FTQAS LP TLNAVWIOY | LNSAGSYVALLMS LME ---
AgOrt CNE | SYTTDKFTEFVGF - - TSQAMI FFLAMTLKDVH | KYGEVLKVTLN- - - LHTELQIMKLSHSY LAVLQSMESE - - - - - - - - - -
AgUIG4 I DSVNDLHTEVGY | MY'S - ATLOYADUGLS TE TLRPLRRS | L1VLQQTLRPLRFGYGYSGSLSM- - - - - QREGE FMQQ1 ¥S L | MFLAQLN S
AgOr54d GETFNIKSDELTVAIY¥N VP - -DOKAMRLLLMASANPGRLSYG- FGTVNMR - - -AFFEIFRKT I AMMMI SVNEEE - - - -
AgOi23 GTFLSSKNEKLVEE I ¥N- - - VNIWYGLTTK - - - ~HQKTLQQI LLTSQHPVVLSDG-FSPIDL- - - - - FNEVE | YKK | ¥8Y LMVLQKVS - - - - - - -
AgOr24 GTSLELKGGVTNALTLK I GAIHWDKLSGR - - - - DMK FMKMY LMMS QKPKMLMAATLPLNI T- - - - - -AFLQIHKF | ¥SL IMMLENTKG -
AgOrs9 VEKLQDMNRS | GDRLYG- - - TE LKLQYSR- -DFQREYRSAALTIRLLIMRSQHRVRFTCGS | NPVEM- - - EKFTEFLNLS INMFLLSIN- - -
AGOrT1 ANE | HACADRLSMSAYK - - - SOMYRYDRG - = = = = = = = = - - - TNRMLQI F I LYSNRPLKMHAF - F I SMSL - - - - -DTFLA| LRASNSYFT1LKQLP TNF - - -
AgOrs2 VEDLOATNKR | GWT LYNDKWSDIWLOYGRE - - - - - QPAALREFRTTLS | | LLATARSLSLRGSD | VEVSW- - - - -QTEASMLK TS¥SVMMFL | ELRRLNR - - -
AgOr36 VDRLNEVNTQIGILLYS - - - LDWPVELQY TKATASR - - YRQARSSLL | MMSK TQKS LG | RCGGMFEMSS - - - - - EAFAS LVKL TM TMLMFLRDTQKPN - - - .
AGOr25 GNLLLIESDSLSSCVYS- - - I DWHTMPVP - - - - - - - - . EQKLLMVMI AHAQKPQVLRGI FMPLIMS - - - - - - SFLSVIKASKSYFTLLH .
AgOrds GNVLY | VSDRLKDSVYG IRWYRCTVS QOKRLMFLLANAQPE | VMGAVF | PVTMT SEVTI IRAAMSYFTILY
Agord0 GQTLKNQGLKVGDALWK LCGAS -~ - - - - - -YRRRLV I | LMNAGRPVRLTGLKLYELNL- - - - -ETYYTVLKAAFSYYTI | KKFR-
AgOrz8 AQQ| TEEARLVSDHI¥N- - - I P LADPK - - - - - - - - LOKD I LTFMVKAQKP TGV TASKFYMVTL - - - - -OTFQRISSTSESYFTLLQTINQO
AgOr8 GNKL | VASSQIPYSAFEG- - -NWI GASVS - - - - - - - -YORSLLFVMLRSTTVOKLTALKFS I VEL - - - - -ASYSKI LETS FEY F TLLKAMYEPNEKKMK -
AgOr6 FKTHQSLG- -V IDAAYG- - - CEWYREGSVA - - - - - - - FHRSVLQI | HRS@QSV | LTAWK | WP | QMS - - - - - TESQI LQASWSY FTLLKTVYGN- - - - - -
AgOr22 GE LVVSKAGEVNTGVYAN - - -Ql -RDLHDI LFMLRNAQRNYGFS | GGFGFLSF- - - ATETAVMKTAMSCNAFLHRVMN - - - - - -
Agorss CDLLKIQVHAIKFRLYS DYLRPVSG-PLYPRCRRIRSS | LIVMTRAEHELR | SCGSVYDMSL - - - - - TTCWAVLQFSKSVFTLLLS FFENEPRDQ- - - - - -
AgOr7 GNRL | EESSSVMKAAYS - - - CHWYDGSEE - - < < - << - - - - AKTFVQIVCOOCOKAMT | SGAKFFTVSL - - - - - DLFASVLGAVVTY FMVLVOLK - - <« = =<« -
AgOr3d GNRVTNMSTGISDATIS - - -CNWIVLADG- - - = = = = == = - - LKKDLRFTTMRSQKP PV IDVYWLFPLTY - - - - - ETFIAILBRS.SIFTLLRTMIE ------------
Figure 1. Multiple sequence alignment of the C-terminal region of all 79 Anopheles gambiae odorant receptors. AgOr peptides were aligned
using ClustalVWV, and the subsequent alignment visualized using Jalview. A residue present at a given site in 50% or more of the AgOr peptides
is boxed in blue. The more intense the blue the more often the residue is found at that site. Only the C-terminal region of the alignment is
shown. The positions of motifs A, B, and C are shown. These motifs were not identified using alignment shown here. Instead they were iden-
tified using MEME. See Table | and Figure 3 for details.
L J

approximately 70 residues to the N-terminal of An. gambi-
ae motif A.

Weblogo diagrams of motif A (Figure 3A), motif B
(Figure 3B) and motif C (Figure 3C) illustrate the level of
amino acid conservation within each motif at each posi-
tion (Crooks et al. 2004). It is apparent from the weblogo
diagrams that only a small portion of each motif consists
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of highly prevalent residues although there are additional
areas where the chemical properties of the residues such
as hydrophobicity, charge, and side chain structure are
conserved. For example, in motif B of An. gambiae (Figure
3B) residue 1 and 2 are predominately positively charged
residues while residues 4, 6, 7, and 8 are hydrophobic.
The most highly conserved residues in the AgOr motifs
are the tryptophan residue in motif A (Figure 3A), and a

Miller et al.
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Table 1. Three conserved C-terminal motifs in An. gambiae, D. melanogaster, and Ap. mellifera odorant receptor peptides.

1 No. of odorant receptors Motif 4

Motif containing moti £2 E-value3 Prevalent Amino Acid Sequence

An. gambiae | Motif A 78179 l1e7332 G[T|NJELTX[K|E][S|NIEX[V|I][A|S]DA[I|L|V]YSSPWY
Motif B 77179 45e73¢7 [QIR]KXLIL|R][FILI[M[I[L][I|LIMIMR[A|S]QKP[L|VIG[I|L]TAG[K|G]
Motif C 79179 42¢740! [VIM][N|SI[M|L]E[T|LIFAX[I|VI[L|VIK[T|K]SYS[Y|FIF[T|M][VIL][L|M]

D. melanogaster | Motif A 59/59 6.0e 368 [QIE][L|TIF[P|LIYCYY[GJAI[N|TIL[L{I|VIXXESEX[L|VIAXA[A|L][Y|F]SSNWY

Motif B 54/59 L1e”'7? Y[R|K][R|KIXLL[L|F]F[I|L|MIMR[A|S]Q[R|K|QIPVX[L|IJ[K|R|T]AG
Motif C 59/59 1.7¢7214 [SINI[LIMIXTEXTA[SI[I|VILIK|RIX[A|SI[Y|F]F[T|A]LL[R|K]SM

Ap. mellifera | Motif A 164/170 6.8¢ 09! G[QIE|D][l|L]LI[E|DI[E|QI[S|CIXINIEI[I|VI[GIAINAVYMSNWY
Motif B 152/170 3.7¢7880 [K|LIDLIL[IVI[M]IRS[S|NIXPCKIL|IITAG[K|G][L|!|F]
Motif C 160/170 4.8¢71086 DIL|M|VISLETF[T|GIS[I|VI[L|I[K|S]T[S|AIFSY[L|F][N|T][L|VILR

frequent at this position.

'The naming of motifs A, B, and C is described in Results section. They are from N- to C- terminus.
2The number of odorant receptors containing a given motif is given as a fraction of the total number of odorant receptors in a species.
3An estimate of the likelihood of each motif being found in the dataset by random chance.

“The sequences are from MEME output and they reflect the amino acid residues that are most frequent at these positions. For example, having a G in the output
sequence does not mean that all odorant receptors of that species will have a G residue at that position. A [|] indicates more than one amino acid residue is

tyrosine/serine dyad in motif C (Figure 3C) mentioned
above.

Odorant receptor c-terminal motifs are not
found in gustatory receptors

Insect gustatory receptors are another family of putative
G-protein coupled receptors. Insect gustatory receptors
and odorant receptors are the closest relatives to each
other in evolutionary terms (Clyne et al. 2000; Scott et al.

2001). DmGr2la in D. melanogaster is able to confer re-
sponse to carbon dioxide (Suh et al. 2004) in conjunction
with DmGr63a (Jones et al. 2007; Kwon et al. 2007).
The motf alignment and search tool (MAST) (Bailey and
Gribskov 1998) was used to search for the previously
identified AgOr motifs in all 76 An. gambiae GRs (Hill et
al. 2002). The best hit showed an e-value of 0.033 for a
motif in the C-terminal region of one gustatory receptor.
The poor e-value of the hit as well as further manual

~

~

Combined

p-value Motifs

Name

AgOrl || 2.49e-12

AgOr2 | 1.89¢-26

AgOr3 || 9.97¢-34|

[agort | 2.73e-22)

AgOrs | 3.52¢-33|

AgOr6 | 3.95¢-21]

Kagor7 | 1.84e-18

1.50e-17

AgOrS |

A0 |

3.63¢-14

1.44¢-25

AgOr]OI

AgOrli]| 7.29¢-21

5.58e-26

AgOr12|

AgOr13] 1.85¢-37

AgOr14] 8.17¢-29

AgOr1s| 5.02¢-37

AgOrl6] 2.62¢-38

AgOr17) 1.30e-31

AgOr1g[ 4.78¢-34

5.58e-26

AgOr19|

AgOr20| 1.35¢-25

SCALE 100 125 150 175

| | | [ | | | | | | |
200 225 250 275 300 325 350 375 400 425 450

in this dataset to a group of motifs by random chance.

Figure 2. C-terminal motifs found in Anopheles gambiae odorant receptors. The image was taken directly from the MEME output and shows
the position of three C-terminal motifs located in the first 20 AgOr peptides. Only the first 20 AgOrs were shown to save space. The aster-
isk points to AgOr7, which is the An. gambiae ortholog of DmOr83b. The combined p-value is the probability of finding a match of a sequence
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Figure 3. Weblogo presentation of motifs A, B, C in Anophels gambiae, Drosophila melanogaster, and Apis mellifera odorant receptor pep-

tides. Each line contains weblogo diagrams for motifs A, B, or C in one species. Weblogo diagrams indicate the prevalence of amino acids at
specific positions. A). Weblogo presentation of motif A in all three species. B). Weblogo presentation of motif B in all three species.
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acids at specific positions in each motif.

Figure 3 cont. C) Weblogo presentation of motif C in all three species. Shown are weblogo diagrams indicating the prevalence of amino

inspection suggests that it is not a true match. Thus this
analysis indicates that the AgOr motifs are specific to
odorant receptors and not a feature of G-protein coupled
receptors.

Odorant receptor c-terminal motifs are
found in D. melanogaster and Ap. mellifera
odorant receptors

A DmOr peptide database of 59 DmOrs was used as in-
put into MEME to determine if any similar motifs existed
in these odorant receptors. This analysis revealed three
motifs found in the C-terminal end of a vast majority of
these peptides (Table 1). All three motifs were found in
54 of 59 (92%) DmOrs. As was the case in AgOr pep-
tides these three motifs are in the same order in all
DmOr peptides. A side-by-side comparison of the web-
logo diagrams from motifs A and B in both species re-
veals obvious similarities in sequence (Figure 3A and 3B).
Most significant is the highly conserved tryptophan
residue in motif A of both species. Part of motif A in
DmOr peptides has been previously identified as the se-
quence of Phe-Pro-X-Cys-Tyr-(X)20-Trp  (Vosshall
2003). The analysis showed several additionally con-
served residues such as a glycine (residue 9) and a tyr-
osine/phenylalanine (residue 24). Motif C is very similar
in both species in terms of their sequences and boundar-
ies (Figure 3C).
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Eight motifs were found in Ap. mellifera odorant receptor
peptides (AmOr). Three of the motifs are apparent ortho-
logs to the dipteran motifs A, B, and G (Table 1, Figure
3) both in terms of their sequence and relative location.
Among the eight AgOr motifs, motifs A, B, and C ranked
as number 1, 4, and 2 in terms of the significance of their
respective e-values. The motif that had the third best e-
value was near the middle of the receptor peptide, and is
not shared with the dipteran receptors. Motifs ranked
number 5 to 8 appear to have limited distribution in sub-
groups of AmOr peptides, and thus are not universal mo-
tifs in all AmOrs. These motifs are not further discussed
in this paper. All three motifs are present in 147 of 170
(86%) AmOr peptides (Table 1, Figure 3). Motifs A, B,
and C in AmOrs share similar sequence with dipteran
Motifs A, B, and C respectively (Figure 3). For example
there is a highly prevalent glycine residue followed by
two variable residues, and then a highly prevalent leucine
residue in motif A of all three species in addition to the
conserved tryptophan residue. AmOr motif C is again
very similar to the dipteran motifs (Figure 3C). However,
instead of a tyrosine/serine dyad there is a phenylalan-
ine/serine dyad in AmOr. The MEME analysis has
therefore found three C-terminal motifs that are located
in An . gambiae, D. melanogaster and Ap. mellifera odorant re-
ceptor peptides. Most of the residues in these motifs are
not highly conserved, but several are highly prevalent
across these diverse insect species.

Miller et al.
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Discussion

Three motifs were located in the C-terminal ends of the
odorant receptor peptides of three divergent insect spe-
cies An. gambiae, D. melanogaster, and Ap. mellifera using a
hidden markov model program. Table 1 lists the number
of odorant receptors containing these motifs in each spe-
cies, the e-value of the motifs, and the prevalent amino
acid sequences of these motifs. The vast majority of insect
odorant receptor peptides analyzed contain these C-ter-
minal motifs. This is interesting considering that insect
odorant receptor proteins are a very diverse family hav-
ing very little conservation between species or within one
species (Clyne et al. 1999; Vosshall et al. 1999;
Robertson et al. 2003; Vosshall 2003). These motifs were
not found in An. gambiae GRs despite the close evolution-
ary relationship between the odorant receptor and GR
families (Clyne et al. 2000; Scott et al. 2001).

Although all of the motifs described above had wide dis-
tribution in odorant receptors of the three species, motif
B was not present in a small, but significant number of
odorant receptors, especially in Ap. mellifera (Table 1).
The absence of motif B may be explained by either tech-
nical or biological reasons, or both, as described below.
Eleven of the 18 AmOrs lacking motif B had incomplete
C-termini in current annotation, and two of the peptides
were clearly pseudogenes (Robertson and Wanner 2006).
Motif B was also not found in AmOr2, which is the hon-
eybee ortholog of DmOr83b. However, a close inspec-
tion of the AmOr?2 sequence revealed no amino acid sub-
stitution in the motif B region in comparison with
DmOr83b and one substitution in comparison with
AgOr7 (Figure 4). Therefore, sequence variation between
motif B of the three species may explain why nearly
identical sequences were recognized as motif B in
DmOr83b and AgOr7 but not in AmOr2. Motif B was
also lacking in two AgOrs and four DmOrs. Motif B was
not as well conserved as the other two motifs (Figure 3).
It is possible that the specific sequence of motif B is not as
important as the chemical or structural properties of the
residues in this motif. In comparing motif B in all three
insect species (Figure 3B), some amino acid residues are
present that are highly variable, but most of the residues
in this region are hydrophobic in character. This conser-
vation of hydrophobicity in these five residues may be
functionally significant, while at the same time are diffi-
cult to be recognized by computer programs. It is also
possible that motif B serves a role in enhancing a

biological process, but is not absolutely required. For ex-
ample, based on the working hypothesis that these C-ter-
minal motifs are involved in protein-protein interactions,
odorant receptor proteins lacking motif B might have a
lower binding efficiency.

Having identified these motifs it is appropriate to ask why
these motifs are present in the highly diverse insect odor-
ant receptor family? As mentioned above, one possibility
is that these motifs are involved in protein-protein inter-
actions. There have been many efforts to identify
protein-protein interaction sites through i silico methods,
which resulted in the identification of several key
characteristics. Protein-protein interaction sites are ex-
posed on the surface of proteins and are hydrophobic,
circular, and protruding (Janin and Chothia 1990;
Young et al. 1994; Jones and Thornton 1995; Jones and
Thornton 1997). Within these interaction areas are small
“hot-spots” of a few residues contributing greatly to the
overall binding energy of protein-protein interactions
(Clackson and Wells 1995). In one survey it was found
that tryptophan, tyrosine, and arginine are highly preval-
ent in these “hot-spots” (Bogan and Thorn 1998). Anoth-
er study reported that tryptophan, phenylalanine, and
methionine residues are significantly conserved in bind-
ing sites, but not on other exposed surfaces of proteins
(Ma et al. 2003). Highly conserved and prevalent trypto-
phan, tyrosine, phenylalanine, and arginine residues
were located in the C-terminal motifs of odorant recept-
ors (Figure 3). We hypothesize that these motifs are
protein-protein interaction sites, which would explain the
conservation of only a few residues across the highly di-
verse insect odorant receptor protein family.

Unfortunately, at present there is no X-ray crystal struc-
ture of any insect odorant receptor or gustatory receptor
that may illuminate the exact positioning of the newly
discovered motifs and their potential role in protein-pro-
tein interaction. Hydrophobicity analysis can be useful at
least in determining where residues are in relation to
transmembrane helices. In this study the TMHMM serv-
er (http://www.cbs.dtu.dk/services/ TMHMMY/)
used to predict the transmembrane helices of five odor-

was

ant receptors each from An. gambiae, D. melanogaster, and
Ap. mellifera along with DmOr83b (data not shown). Motif
A 1n all three species was found within helix 6, and per-
haps part of the helix 67 loop. The difficulty of pinning
down the exact positioning of helix 7 in particular makes
this conclusion hard to draw unequivocally. It also makes
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Figure 4. Conservation at the C-terminal regions of DmOr83b and its orthologs. Shown here is a ClustalWV alignment of the last ~90 amino
acid residues of the Or83b family members in Drosophila melanogaster (DmOr83b), Anopheles gambiae (AgOr7), and Apis mellifera (AmOr2).
The relative position of motifs A, B, and C are shown.
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