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Abstract

Background: Synaptotagmin genes are found in animal genomes and are known to function in the
nervous system. Genes with a similar domain architecture as well as sequence similarity to
synaptotagmin C2 domains have also been found in plant genomes. The plant genes share an
additional region of sequence similarity with a group of animal genes named FAMé62. FAM62 genes
also have a similar domain architecture. Little is known about the functions of the plant genes and
animal FAM62 genes. Indeed, many members of the large and diverse Syt gene family await
functional characterization. Understanding the evolutionary relationships among these genes will
help to realize the full implications of functional studies and lead to improved genome annotation.

Results: | collected and compared plant Syt-like sequences from the primary nucleotide sequence
databases at NCBI. The collection comprises six groups of plant genes conserved in embryophytes:
NTMC2Typel to NTMC2Typeb. | collected and compared metazoan FAMé2 sequences and
identified some similar sequences from other eukaryotic lineages. | found evidence of RNA editing
and alternative splicing. | compared the intron patterns of Syt genes. | also compared Rabphilin and
Doc2 genes.

Conclusion: Genes encoding proteins with N-terminal-transmembrane-C2 domain architectures
resembling synaptotagmins, are widespread in eukaryotes. A collection of these genes is presented
here. The collection provides a resource for studies of intron evolution. | have classified the
collection into homologous gene families according to distinctive patterns of sequence
conservation and intron position. The evolutionary histories of these gene families are traceable
through the appearance of family members in different eukaryotic lineages. Assuming an intron-rich
eukaryotic ancestor, the conserved intron patterns distinctive of individual gene families, indicate
independent origins of Syt, FAM62 and NTMC2 genes. Resemblances among these large, multi-
domain proteins are due not only to shared ancestry (homology) but also to convergent evolution
(analogy). During the evolution of these gene families, duplications and other gene rearrangements
affecting domain composition, have occurred along with sequence divergence, leading to complex
family relationships with accordingly complex functional implications. The functional homologies
and analogies among these genes remain to be established empirically.
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Background

Synaptotagmins (Syts) share a common structure: an N-
terminal transmembrane (TM) sequence followed by a
variable length linker and two tandem, distinctly con-
served C2 domains, C2A and C2B. Syt1 [1] identified as a
protein component of synaptic vesicles, is known to be
required for nervous system function, acting crucially in
the fast, synchronous component of calcium regulated
synaptic vesicle exocytosis [2]. Genomic analysis of Syt
genes [3,4] indicates that animal genomes encode diverse
sets of Syt genes but always maintain a Syt1 orthologue.
Although it is likely that Syt1 orthologues function simi-
larly [2,5-8] the functions of the other Syt genes, in differ-
ent species, still remain to be established. The complexity
of this task increases with the number of Syt genes and
these increase along with organism complexity. The first
study of the full set of Syt genes in a model organism [9]
indicated that only Syt1 is expressed on synaptic vesicles.
The other Syt genes were found to be expressed in different
and distinct places. Many studies using different mamma-
lian Syt genes, indicate tissue distributions which are pri-
marily neural eg. [[10,11] and references therein].
Naturally occurring, cell type-specific expression patterns
have, however, rarely been described eg. [[7,9,12,13] and
references therein]. The discovery of genes in plants which
are similar to Syt genes [3,4,14] further complicates func-
tional predictions. While the plant genes and another
group of animal genes (FAMG2) share similarity with Syt
genes, little is known about their functions. A preliminary
biochemical analysis of proteins from the human FAMG2
gene family has just been published [15] but growing
speculation about the plant genes [16-18] necessitates a
more detailed description of their similarities and differ-
ences which could usefully inform future functional stud-
ies. I have made use of the abundance of recently
deposited nucleotide sequences from a wide range of
organisms, to carry out a comparative genomics analysis
of these genes, in order to shed light on their evolutionary
relationships.

Results

Collection of plant gene sequences

In order to undertake a comparative analysis of the plant
Syt-like genes, 1 collected and compared full-length homo-
logues from an evolutionary range of plants. In order to
perform an unbiased search for as many homologues of
these relatively unknown genes as possible, I looked at all
of the primary nucleotide sequence data in the NCBI
sequence databases [19]. This information is fragmentary,
little of it being in the form of complete sequences, either
of transcripts or genomes. By far the most abundant
source of new plant sequences are ESTs, but these repre-
sent particularly small fragments and their sequences are
not determined to high accuracy. I therefore needed to
gather sets of overlapping ESTs to find full-length gene
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sequences. In order to focus the search to the detection of
genuinely homologous sequences, 1 used nucleotide
sequence probes of plant sequences already identified.
Only those database sequences closely related to the
probe sequence would be identified in a given search.
These matching sequences were added to the collection
and joined to any overlapping sequences already present
in the collection. Reiterated searches served to expand the
collection and extend the length of gene fragments. Had I
used amino acid sequence probes to search for homo-
logues of these genes, I would have detected a wider range
of fragments with amino acid similarity, but these would
not necessarily be homologous. Overlapping nucleotide
sequences would be required in any case, to piece together
whole genes from the identified EST fragments, so the
simplest strategy to gather full-length relatives of these
genes was to use nucleotide probes. I avoided gathering
processed sequences in the sequence databases: these
include genes predicted from genome annotation pipe-
lines, as well as the vast majority of amino acid sequences
which are predicted from nucleotide sequences. These
sequences may not be accurate and could mislead subse-
quent analyses if used without verification.

So I carried out reiterated rounds of blastn searching of
nucleotide sequences at NCBI [19]. In the first few rounds,
I used probes representing the plant gene coding
sequences I had already identified (genes 85 to 117) [4].
After each round, 1 collected all of the statistically signifi-
cant hits with high scoring segments longer than 30
nucleotides and assembled these sequences into a gap4
database [20]. Repeated searching with different probes,
followed by gap4 assembly of only previously uncollected
hits, allowed me to gradually but efficiently build a com-
prehensive collection. Each probe detected a unique spec-
trum of homologous plant sequences. Probes from a
given species could be used to find similar sequences from
related species. Probes covering more conserved regions
could be used to find sequences from a wider range of rel-
atives. Sequences from closely related species could be
used to bridge non-overlapping contigs from a single spe-
cies. In the later stages of the collection process, I carefully
separated the contigs so that in most cases, each represents
a set of overlapping sequences from one species only. As a
final step, to ensure that the collection was as comprehen-
sive as it could be at this time, I searched the nucleotide
sequences at NCBI using tblastn with amino acid
sequence probes and confirmed that the top scoring hits
had already been collected.

As well as examining transcript sequences, I also collected
genomic sequences where available. I particularly wanted
to examine the genome of Physcomitrella patens which is
currently being sequenced [21]. I had previously identi-
fied Syt-like genes in the genome sequences of Arabidopsis
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thaliana and Oryza sativa but both of these represent rela-
tively recently evolved angiosperms whereas the moss
genome represents an ancient bryophyte. I used the trace
archive at NCBI [22] as well as resources at PHYSCObase
[23] where transcript sequences are also available. I con-
firmed the genomic and transcript sequences from several
Physcomitrella patens gene loci and deposited these
sequences in the public databases [EMBL:AM140045,
EMBL: AM140046, EMBL: AM140047, EMBL:
AM140048, EMBL: AM140049, EMBL: AM140050]. In
contrast to animal Syt genes, which appear to increase in
number along with organism complexity [4], I found that
the haploid genome of Physcomitrella patens has even more
of these plant genes (19 or more) than either Oryza sativa
(13) or Arabidopsis thaliana (11). Additional file 1 lists full
details of each gene identified. Additional file 2 lists
alphabetically, in rough phylogenetic order, all of the
plant species in which genes in this collection have been
identified. Genes were identified in a wide evolutionary
range of land plants, from bryophytes to rosids.

Analysis of full-length plant genes

Database searching identified six distinct groups of plant
genes. Since all of the genes encode relatively long pro-
teins, most of the collection comprises gene fragments
which cannot yet be extended to full-length. Only where
a large number of overlapping sequences were available
was it possible to derive full-length gene sequences from
EST contigs. Consequently, the full-length sequences rep-
resent the relatively abundantly transcribed, or the shorter
genes. Genomic sequences were useful for identifying full-
length sequences, irrespective of transcript abundance, as
well as for providing the intron-exon structure of the gene.
Full-length amino acid sequences were compared using
Multalin [24]. The previously used nomenclature (SytA,
SytB, SytC etc.) following [14] is somewhat arbitrary and
is inadequate for a consistent and meaningful description
of these plant genes. I propose the following naming con-
vention for these plant N-terminal-TM-C2 domain genes:
NTMC2Typel.1, NTMC2Typel.2, NTMC2Type6 and so on.
Multiple alignments of full-length sequences from each
group are presented in figures 1, 2, 3, 4, 5, 6

Figures to 1, 2, 3, 4, 5, 6 show the overall domain pattern
common to all of the genes: the N-terminal region, TM
region, linker, C2 domain region and C-terminal region.
Strongly conserved intron patterns, as well as distinctive
patterns of sequence conservation, distinguish the six
types of NTMC2 genes. The six groups are not entirely
homogeneous. Physcomitrella patens NTMC2Type2.3 for
example, while sharing its bulk with the other members of
the NTMC2Type2 group, has different N and C termini
and lacks the second C2 domain. The NTMC2Type2
group is also notable in that some of its members are RNA
edited (see figure 2 and full details in additional file 1). In
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some members of this group, the genomic sequence of the
second coding exon lacks one nucleotide at its 3' termi-
nus, resulting in a faulty, frameshifted gene. However,
these genes are still able to produce functional transcripts
with the missing guanosine restored. Transcripts for both
Arabidopsis thaliana NTMC2Type2 genes, and the Oryza
sativa NTMC2Type2.2 gene are edited in this way. Tran-
script sequences have not yet been deposited in the
sequence databases for the Physcomitrella patens
NTMC2Type2.1 and the Medicago truncatula
NTMC2Type2.2 genes, but I have assumed that they are
similarly edited. The genomic loci of the Physcomitrella
patens NTMC2Type2.2 and NTMC2Type2.3 genes and
the Oryza sativa NTMC2Type2.1 gene, do not lack the
equivalent nucleotide, and are not frameshifted. The
genomic locus of the Medicago truncatula
NTMC2Type2.1 gene lacks the equivalent exon-intron
boundary altogether and is not frameshifted. The first
coding exon of the Medicago truncatula NTMC2Type2.1
gene is equivalent to a fusion of the first three coding
exons of the NTMC2Type2 genes mentioned above, with
the corresponding two introns missing. The frameshift
error thus appears to be associated with a particular
intron. Other examples of divergent members of a group
are Physcomitrella patens NTMC2Type4.3, which
diverges at its C terminus and Physcomitrella patens
NTMC2Type5.2 and NTMC2Type5.3, which have a differ-
ent intron pattern. Group 6, as a whole, is not well con-
served C-terminal of the C2 domain.

Collection of animal FAM62 genes

I had previously identified genes in metazoans and non-
metazoans which encode N-terminal-TM-C2 domain pro-
teins sharing similarity with those of plants [4]. In the
meantime, with the annotation of the human genome,
the three members of this gene family in Homo sapiens
have been named FAMG62A, FAM62B and FAM62C [25]. 1
sought to identify homologues of these genes in other
organisms by tblastn searching genomic sequences,
thereby identifying full-length genes and their intron-
exon structures. In contrast to the current status of primary
nucleotide sequences from plants, many more animal
genomic sequences are available to search. One reason for
this is that animal genomes are relatively small in compar-
ison to plant genomes and are therefore relatively less
expensive to sequence. After identifying FAMG62 gene
homologues in genomic sequences, I searched transcript
sequences using blastn with nucleotide probes, to confirm
the predicted gene structures. I identified FAM62 homo-
logues in a range of metazoan genomes. Details of each
gene are listed in additional file 3.

Analysis of full-length FAM62 genes
Full-length amino acid sequences were compared using
Multalin [24]. Figure 7 shows a multiple alignment of the
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Physcomitrella 1 |MGVVNTVLGLVGPGHGLEFGLVIGYFLPI YL - ceLvRNEDYER RN YL DI TCRNTREQAQP R TDLYGP K FKLDATEF ESLTLGS TP P TFVNKVYET
Physcomitrella 2 |MGIVSTILGFVGFGWGIGVGLAIGYFLFI yvnz%yvz LGEIPL ‘ "LKDIWPYLDKAT IDKYGP IEFQSLTLGTLPPTEVEMKVYDT
Physcomitrella 3 |MGIVGTIL - TPL; 3 FLKDTWPCLEKATCKKLRKKAQPYT IDFESLTLGTL
Pinus For TIRP: EIPL THDMWPYLDKAICRKIRDTTKPMIDQYVGKFKIES IEFETLTLGTLPPTLOGMKVYET
Picea MGE THEMWPYLDKATCQI IRDKTKPMIEQYVGKFKIESTETETLTLGTLPPTLOGMKVYDT
oryza_1 MGIVSMLIDF IVIGYFLFI CKTAQDIANPIIAENKEKYKIDSIEFETLTLGSLPPTFORMKAYVT
oryza_2 MGVISTVLGF TvIGYYFFI] ICRTALDIAKPIIEENRKTYKLESIEFESLTLGSLPPTFQRMKVYVT
zea MGVISTVLGFSGFGFGFSAGIVIGYFLFI] TCRTAQDTAKPTIAENTAKYKIDSVEFESLTLGSLPPTFQGMKVYVT
Sorghum KOV TS VLG FTGEGEGFSAG TV IGYFLF 11~ V0P ADVKDVKVRPLVEYDSKSLEGTL P B PLVNPDYDRI— S WELNRFLELMWBYEDKATCRTAQDTAK> 1 TAENTAKYKIDSVEFETLTLGSLPPTEQGHKYYVT
Triticum MGVVSTVLGLI TATGYYFFI] NSLDGILPEIPMHVKNPDYDRI---DWLNRFLELMAPNLNKATCRMAQDTAKP 1 IAENCEKYKIDSVEFETLTLGTLPPTFQGMKVYVT
Hordeun MGVVSTVLGLI TVIGYYFFI-- DGILPET T LELMWPNLNKAICRMAQDIAKPIIAENCEKYKIDSVEFETLTLGSLPPTFQGHKVYIT
oryza 3 MCFFRTVLGE vIcyyLEIl— (pPVT DRI - DWLNKFVENTWPYLDKATCKTAKETAKP 1 1AENTAKYKIDSVEFETLTLGSLPPTFQRNKVYTT
Aquilegia MGFFSTIFGLFGFGMGISTGLVAGYYLFIl-~ T ILPEIPLI FIELMWPYLDKATCKTARNTAKP I IAEQIPKYKIDSVEFEVLTLGSLPPTFOGMKVYVT
vitis MGIVSTIL ISIGLLIGYYLFI-- TVRE! BT NKEIENMWPYLDKAICKTAKNIAKPIIAEQIPKYKIDSVEFEALTLGSLPPTFOGMKVYAT
Solanum MGFVSTIL TRP! LSEIPLWVKCP! FLEYMWPYLDKAICRTAKDIAAPIIAEQIPKYKIDSVEFETLTLGSLPPTFQGMKVYVT
Lycopersicon MGFVSTIL T TPL NKFIEYMWPYLDKATCRTAKDIAAPTIAEQTPKYKIDSVEFETLTLGSLPPTFOGHKVYVT
citrus M 1 TPL FLELMWPYLDKAICKTAKNIAKPIIAEQIPKYKIESVEFETLTLGTLPPTFQGMKVYVT
Populus MGFFSTILGFCGFGVGISTGLTIGYYLFI-— ETPL T FIQLMWPYLDKATCKTAENTAKPTIAEQTPKYKIDAVEFETLTLGTLPPTFHGHKVYVT
Medicago_1 MCFFSTIFGFFGEGVGISIGLVVGYFLET|— 11T ETENWIKNPDFDR, NKEIELMWPYLDHAICKTAKNIAKD T TEEQTPKYKIDSVEFQTLTLGTLE PTEQRMKYYVT
Phaseolus MGFFSAILGFFGFGVGISIGLVAGYFLFI-— K PEIPLWVKSPDF! FLEYMWPYLDKAICKTAKNIAKPIIAEQIPKYKIDSVEFETLTLGSLPPTFQGMKVYVT
MGILSAILGFVGFGVGTSTGLVIGYYVFI-~YFLPTDVKNPAL BT NKFIELMWPYLDKATCKTARTIAKPTIAEQTPKYKIDSVEFEALSLGTLPPTFOGIKVYVT
Lactuca MGVVSTIMGAFGFGIGVPTGLVIGYYLFIl-— 1 FIELMWPYLDKAICKTVKTIAEPIIKEQIPKYKIDAVEFDTLTLGNLPPTFQGMKVYST
Gossypium MGVLSSVMGVFGFGIGTSVGIVIGYYMFI-~YFLPTDVKDPKT ETPLWVKNPDF! FIETMWPYLDTATCTTARNIAKPIDEQIPKYKIQSVEFETLTLGTLPPTFOGMKVYVT
Medicago_2 MSTLSTIASFLCFGIGTSLCLLIGYFMFI - YFEST LPETPLUIKNEDYDRE- - ~DWLNKEVECHWPYLNKATCKTTRTI AKP T TAEQTPKYKI DSVEFEELNLGSLPETEQRMKVYST
Glycine_1 MGILSTIASFFGFGVGTSIGLVIGYYLFIl-~ T LEEIPIHIKNE FILYMWPYLDKAICKTARSIAKPIIAEQIPKYKIDSVEFEELSLGSLPPTFQGMKVYVT
Arabidopsis_1 MGFFSTILGFCGFGVGISLOLVIGYVLFVl-~YLLPNDVKDPETRST NPDFDRV---DWINRFLEYMWPYLDKAICKTAKNIAKP I IEEQIPKYKIDSVEFETLTLGSLPPTFORMKVYLT
Arabidopsis_2 MOTTSTTLCY TGP aPOTT TG TV TG YLET] —YPQSTD. POEIKOLVELDSETTATHE bR EMAVNDDE DR -DWLNKLIGHMAD YMDNAT CKMAKSTAKE T TAEQT PN K TDSVER EMLTLGSLEESP QRMKVYAT
MGIVSMVLSFIGFCIGFSVGIVIGYFLFI-— ETPLWLKNP LELMWPYLNKATCRIAQDVANPT IAKNKEKYKIDYIKFETFTLGSLPPTFQRVEVQUT
T YLRL TIRP: PDIPLWVKCPDYERV---DWINKF IFDMUPFLDKAICNTIRSVIRPTFDQYVGQYGIKS IEFGHLTLGALPPTFOSIKVYEN
Arabidopsis_3 Msnwsvmucwxcxpmuncpwu”ysstaqsmupnvmsxsvunumnwnmpuy V- -~ DWFNKFISYMWPYLDKAVCGIIRSSVQPLFADYIGTFCIES IEFENLSLGTLPPTVHEVKFYET
Glycine_2 MGLVSSFLGILGFAVGIPLGLEVGFFLF' PEIPLWVKTPDY NKFLLDTWPFLDTATCKIIRSRAQPTFFEYIGKYQTKATEFDKLSLGTLPPTVCGIKVLET
0 0 42
150 160 170 180 190 200 210 220 230 240 250 260 270 280
Physcomitrella_1  KEKEMILEPSFKFAGNPNIT TLKPLIPVFPCFSKIIVSLMSK] KLLGGDIM, rchynvqmn KMDT “'Is TIEVTIVKATNLVR
Physcomitrella 2  KEAEMILEPSFKFAGNPNIIVAVKAFGL ITLKPLIPVFPCFSKIVVSL KLLGGDIMATPGLYGF EIPT PVGVVEVKIIRATNLMK
Physcomitrella 3  KEREIIFEPSFKFAGNPNIIIAVKAFGLKATVQLVDVOAFATARITLKHLVPMEPCFSKVVISLUD wumcLKLLGGDvm\Jpsusrvagmannmzmnwrxuz1yLmm-E-AAKnpchvzvnmARmLK
Pinus QEKELIMEPALKWAGNPNVI LQMVDLOVFAVPRVTLKPLVPSFPCFAKIFVSLMEKPHVDFGLKLLGGDVMAT PSLYQFVQEMIKEQVANLY LWPKTLEVP 1LD-QR-ATHKPVGMLEVKVVKATDLKK
Picea QEKELIMEPVLKWAGNPNVIVAVKAFGLRATVOLVDLQVFAIPRVTLKPLVPSFPCFAKIFVSLEEKPHVDFGLKLLGGDLMAT PGLYQFAQEMIKEQVANLYLWPKTLEVP ILD-QR-ATHKPVGMLHVKVVRAINLKK
oryza_1 EEQELIMEPSLKWAANPNVIVVVKAYGLKATIONVDLQVFASPRITLKPLVATIPCFAKILVSLMEKPHVDFGLKLLGADVMAT PILYSFVOETIKKQVASMYLWPKTLEVP IMDP SK~ASKRPVGI LLVKVLRAQNLQK
oryza_2 EEQELINEPSLKWAANPNVTVVVKAYGLKATVOIVDLOVFASPRITLKPLVPTFPCFAKILVSLMEPHVDFGLKLFGADLUAT PGLYRFVOETTKKQVASHY LWPKTLEVP TMDPSK-ASKKPVGI LLVKVLRAQNLRK
zea EEQELIMEPSLKWAANPNITVAVKAYGLKATIQIVDLQVFASPRITLKPLVPTFPCFAKILVSLEEKPHVDFGLKLLGADVMAT PGLYRFVOETIKKQVASHY LWPKTLEVP IMDP SK-ASKRPVGILLVKVVRAQNLRK
Sorghum EEQELIMEPCLKWAANPNVIVVIKAYGLKATVQIVDLQVFALPRITLKPLVPTFPCFAKILVSLMEKPHVDFGLKILGADVMAT PGLYRFVOETIKKQVAIMYLWPKTLEVP IMDPSK~ASKKPVGI LLVKVIRAQNLRK
Triticum DEKELIMEPSLKWAANPNITVVAKAYGLKATVOIVDLOVFASPRITLKPLVPTFPCFANXSVSLHEKPHVDXGLKLFGADLNAT PVLYKFVODT TKKQVGNMYLWPKTLEVP TMDPSK-ASKXPVGILLXKVVRAQNLKK
Hordeun DEKELIMEPSLKWAANPNITVVAKAYGLKATVQIVDLQVEASPRITLKPLVPTFPCFANISVSLEEKPEVDFGLKLEGADLMAT PVLYKFVODT IKKQVANMY LWPKTLEVP IMDP SK-ASKKPVGI LLLKVVRAQNLKK
oryza_3 DEQELIMEPSIKWAGNPNITVVVKAFGLKATAQ’JIDLHVFALPRITLKPLV?SFPCFAKIVVSLMEMPHVDFGLKLLGADLHAIPGL‘{VFVdEIIKTOVANHYLWPKVLEV?IMDFi-AQKKPVGILHVNIVRA\IKLTK
Aquilegia DEKELIMEPCLKWAGNPNVTVAVKAFGLKATIQVVDLQVFAAPRITLKPLVPSFPCFAKILVSLEDKPHVDFGLKLLGADVHS TPGLYSFVOEF IKEQVANNY LWPKTLEVY IMDPAK-AQKRPVGILHVKVVRAIKLKK
vitis DEKELI ITVAVKAFGLI QVEAAPRITLKPLVPSFPCFANIFVSLMEKPEVDFGLKLLGADVMAIPGLYRLVQELIKDQVANMYLWPKTLEVP IMDPAK - AMKKPVGI LSVKVVRAMKLKK
Solanum EEKELIMEPST KATVQVVDLOVFAAPRITLKPLVPSFPCFANIFVSLMEKPHVDFGLKLLGADLNSIPGLYRFVQETIKDQVANMYLWPKTLEVQTLDPSK-AMKKPVGVLEVKILRAMNLK
Lycopersicon EEKELIMEPST FGL QVFAAPRITLKPLVPSFPCFANIFVSLMEKPEVDFGLKLLGADLMSIPGLYRFVOETTKDQVANMY LWPKSLEVQILDP SK-AMKKPVGVLHVKILRAMNLKK
citrus DEKELT NVTIGVKAFGL QVFAQPRITLKPLVPAFPCFANIYVSLMEKPEVDFGLKLVGADLXVIPGLYRFVQELIKTQVANMYLWPKTLEVP ILDPSK-AYRRPVGILHVKVVKAMNLKK
Populus DR TP KA P A KL KA T A QDL QVE A PR T KLV TN T AN T VS LUEKP IVDF GLKLLGADLNS TFGL YRVVQE  TKDQVANNYLUPKTLEVP LLDPAN -AMKREVGTLRVRVLRANKLRK
Medicago_1 DEKELTMEPS TKWAGNPNVTTAVKAFGLKATVONVDLOVFLLPRI TLKPLYPSFBCEANTYVALMERPHVDE GLKLLCADLMS TGV YRTVOEL TKDQVANMYL Ak ver LKK
Phaseolus DEKEL THEPSVKWAGNPNVIVSVKAF GLKATYQUYDLQVFLLERVTLKPLVE SFCEANTNYSLMERPHVDF GLKLTGADLMS T PGYYRIVGDLTKDGVANMY LW KTLEVE 1LDHSK -ALARFVOTLVKVLEANKLKK
Malus GEKELT NILGL QVFACPRITLKPLVSA KIFVSLMEKPHVDFGLKLLGADANAIPGLYRFVQELIKEQUANMYLNPKALEVQTMDPTH-AMRKPVG ILHIKVLKAMKLKK
Lactuca DDKELIMEPSFKWAANPNIHVAVKAFGLRPTIQVVDLQVEASPRITLKPLYPSFPCFCQILVSLEEKPEVDFGLKLLGADLMS I PGLYRFVOELTKTQVANMY LWPKTLVVPVLDPAK-AMKREVGMLNVKVLRAMKLKK
Gossypium DEKEIIMEPSLKWAGNPNIITAVKAFGLKATVQVVDLQVFAVPRITLKPLLSVFPCFANIYVSLYDKPHVDFGLKLLGADVMAT PGLYRFVOELTKDQVANMYLWPKALQVP TMDPTQ-AMKKPVGMLDVKVVKAMKLRK
Medicago. 2 DEKELI T Ol/VDLOVFASPRIMLKPLVPSFPCFANTYVSL KLLGADAMSTPCLYRIVGETTKDQVAKMYLWPKALQVQTMDP S0~ AMKKPVGTLEVKTLKAVKLRK
Glycine_1 DEKELI TIVAIKAFGL QVEAAPRITLKPLVPSFPCFANIYMSLMEKPVDFGLKLLGADAMNS 1PGLYRIVOAI TKDQVARNYLSPKALEVQIMDPTK - AMKVPVGILAVKVVRAEKLKK
Arabidopsis_1 DEKELIMEPCLKWAANPNILVATKAFGLKATVOVDLQVFAQPRITLKPLVP: NIYVSL KLGGADLMS TPGLYRFVQEQTKDOVANMYLWPKTLVVP TLDPAK-AFRRPVGIVHVKVVRAVGLRK
Arabidopsis_2 DDKEIIMELSVKWAGNPNIIVVAKAFGLKATVON IDLQVYATPRITLKPLVPSFPCFANIFVSLEDKPQVDFGLKLLGADVMAT PGLYRFVOEL TKDQVANNY LWPKTLNVQIMDP SK~AMKKPVGLLSVKVIKAIKLKK
oryza_a sL KAYGLKATIQNVDMQVFVLPRITLKPLVSSFPCFANILVSLMENPHVDFGLKLLGADVMAT PVLYKEVQETIMDQVASMFLHPKTLEVE IMDPSK-ASKKPVG I LLVKVLRAQNLRE
oryza_s REKELVIEPVIRWASIANVT IMLTPRVTLKPLVP: NLCVSLMERPHIDFGFKLLGGDVMATPGLHRFVREKT SKQIANLYHWPKLIQTPTLDEASGATKKPVGTLHVKVIRAMNLLK
Arabidopsis_3 NEKELLPEPSIKWAGNPNIVLVLKVLSLRIRVOLVDLOFFAIVRVALKPLLPTFPCFGMVVVSLEEKPHYDF GLKVLGGDLYS IPGLYRYVOETIKRQVSSHYHWPQULE TP TLDSSIPASVKKPVGLLEVS ILRARNLLK
Glycine_2 NGKELVMEQVIKWAGNPEIVLSVYVASLKITVOLVDLQIFARPRVILRPLVPTF PCFANIVVSLMEKPHVDF GMNVXGGD IMS I PGLYRFVOET IKKQVANLYLWPQTLE TP TLDESTVATKKPVGI LHVNVVRAQKLLK
Cc2-1 0 0
290 300 310 320 330 340 350 360 370 380 390 400 410 420
Physcomitrella_1 KVQLV-NTIHSKKT 7 LTI g T LYNGLRLLKN ITFEILFKPE
Physcomitrella 2  KDFMGKADPYVKI EWNQTFKL #DLOENVPKLQT-VRLPANIDD - DEANS -Ki RGELTFEMNLRLFKémzsmmxsnnncw
Physcomitrella 3  TDFMGKADPYVKIRLV-NSVLSKTTRTKANTLNPEWHEIFKL VFDWERK Tve RGDIVFEMTFK
Pinus KDMLGKS DY VKLKLEGEKLE SXX 1TV KQSNLNPENNEEFNF VVKDP ES OALELT EL inLLETL IKPRGOI VEK
Picea LKMMGEKL LNPEWNEEFKE vy, LQAYDLK —LNLL 171
oryza_1 LGRS0 1k LTHEBEKLE EXK TV RONLNE EVNEDE £ E VYR TORLE TR VE of ILLK —¥Nr T ITLEMTYKPFKEDDT VK
oryza_2 KDLLGKSDPYVKLKMSDDKLPSKKTTVKRSNLNPEWNEDFKF EINVFDWEQ) ILLK L TYKPE IDNA-DVVEK
ea KDLLGKSDPYVKLKMSDDKLPSKKTTVKRSN KeVVIDE IPLRELL ~LNLL YKPFKEEDI) TEK
Sorghum KDLLGKSDPYVKLKMSDDKLPSKKTTVKRSNLNPEWNEDF —LNLL YKPFKEEDGET TEK
Triticum XDLLGKADEYAKLKMTDDKLE SKKTSVXRENLNPENNEDEKPVVTOR: EVDVEDWE LL H TILEATYKPF
Hordeum KDLLGKSDPYAKLKMTDDKLPSKKTSVKRSNLNPEWNEEFKFVVTDE: ILLKEL L B TYKPF
oryza_3 KDFLGKSDPYVKLKLTEEKLPSKKTSVKRSNLNPEWNEDFKL ELTVYDWEQV IGMSVIPLKELIP TYKPE TEK
Aquilegia KDLIGASDPYVKLKLTEDKLPSKKTTVKHKN NF EFTVY TPLRDLT YKPFKEEDIPK-DT
vitis XDLMGASDPYVKMKLTEDKLPSKKTTVKLKNLNPEWNEEFNMVVKDP: VYDHEQV! VIPLKEL NL IVLEALYKPFKDTEIPK-DLEDP-NAIEK
Solanum KDLLGASDPYVKLKLTESKL LNPEWNEEF ELSVYDWEQT VIPLK L IMVELTYKPE
Lycopersicon KDLLGASDPYVKLKLTESKL LNPEWNEEFNMVVKDE: YDWEK: TPLKDL DIMVELTYKPE
citrus EDLLGASOD YV LKITEDKLPS AT TVERKNLNPE N EE KEL LYVEFMYKPFKEEDL: VoK
Populus G KIKLTEDKLPAKKTTVKHKN ¥ LKELTPEEPKT YKPF KE--QREQK
Medicago_1 XDLLGASDPYVELRL KTTVKHKNLNPENNEEFNT DWECh ITLK] TVVEVTYK 1PK
Phaseolus KDLLGASDPYVKLKLTDDKLPSKKTSVKHKNLNPEWNEEFNLT EINVYDWE X LDLL TVVELTYKPF DET-QTVEK
Malus KDFLGGADPYVKIKLTEDKLPSKKTTVKHGTLNPEWNEEFNF EFMVYDWEK: IPLK VELIYK
Lactuca KDIL LKLTEDKLPSKKTVVKHKNLNPEWNEEFHL EITVY TPLKET IMIELVYKPFTDDQT TEK
Gossypium KDFLGK LKLTEEKL TVKQSN ¥ EIIL KDL
Medicago_2 KDIMGGADPYVKLKLKDDKLASKKTTVKYKNLNPEWNEEFNVVIKDE: YDWEC TPVKELTPNEPKLLL-IKLL IVEVMYKPF
Glycine_1 KDLLGASDPYVKLKLTEEKLPSKKTTVKYKNLNPEWNEEFNT ELTVYDWEQT TPLKET —LNI VEVLYKPF' IEK
Arabidopsis_1 KDLMGGADPFVKIKLSEDKIPSKKTTVKHKNLNPEWNEEF ¥ ALK| —LEL RGKLEVELLYK
bidopsis_2 YVK KHSNLNPEWNEEFDL QLIVY IGMNVIQLKDLTPEEPK LYVEVEYKPFKDDDIPE-NIDDP-NAVEK
oryza_4 KGPLGKRDPYVKLKMSGSKLPSKKTAVKHSN KFVIRDPETQELDI L ONCRT SLRRLTE TRV LT DNL LK TWED-NGLON - -ERSACHITLELTYREFREGRLQRED -~
oryza s HDLLGKSDP VKL RLSGEKLP S KK TS TXHSNLNPENNEHF RF TVKDPETOTL EL LGHQUVPLRLL TS YESKLFTLDLLKSMDP - NDPHN - -KKNRGKLVVELTFDPFRDDSNSTILHSDGEGNVSY
Arabidopsis_3 KDLLGTSDPYVKLSLTGEKLPAKKTTIKKRNLNPEWNEHFKLI EVE IPLQKINPGERKEFN-LDLI KKRGRLEVDLRYVPFREEST
Glycine_2 MDLL KLSLTGDKLPAKKTTVKRKNLNPEWNEKFKI ¥ YENKEFI-LDL KPRGKIVVDLTFVPFKEDSXKFGGPSEGYSRKES
430 440 450 460 470, 180 190 500 510 o 520 530 540 550 560
Physcomitrella_1 VT H-HNNPEVELHE: vk OFSLGHADT RINETY 1OVVLDWOAY
Physcomitrella 2 VI PFVEVNE VKK THOL HIEV fEILGSVNIPLGDVVK-NKNINSKYGLANS -HGMIQVELKWKPV.
Physcomitrella 3 PHHGGVLSVT! PEVELHF 1K QRFSNQLDDSPISDSLAVEVLE KRS ML FHRQESLGYVDIPLQDVVN-NKTINEKFQLVDS-PGMIQLELTHRIS
i PAGGGLLVVRVI Py X QEFEFML VDINLSDVVN-NKRINEKYHLIDSKNGKIQIELLWRSS
Picea TNPYVRLLFKGEEKKTKPVK QEFEFML VDINLSDVVN-NKRINEKYHLIDSKNGK
oryza_1 TNPYARIIFKGNERKTKVIK IEF LHVEVLSKPPKKWL»IHGKETLGYIDINLADVIS»NKRINETYHLIDSKTGQIQIELQWRTS»»
oryza_2 a PAGGGLLY NPYAKITFKGEERKTHVIK LATE IHGKETLGYIDISLADVIS-NKRINEKYHLIDSKNGQTQTEMQWRTS:
ea A LY EGKH-HTNPYAKIIFKGEEKKTKVIK LHVEVISKAPKAGL-IHGKETLGYIDISLADVIS-NKRINEKYHLIDSKNGQIQTELQWRTS,
Sorghum APD-----GTPAGGCLLEVIVAEAKDLECKH-HINFYAKI IFKGEEKKTKVIKK EF LHVEVLSKAPKKGL-IYGKETLGY IDVSLADVIS-NKRINEKYHLIDSKNGQIQIELQWRTS:
Triticum S EGKH-HTNPYAKIIFKGEEKKTKVIKK FEF LHVEVLSKAGKKGI-LHGKEALGYIDISLADVIS-NKRINEKFHLIDSKNGQIQIELQWRTS
Hordeum EGKH-HTNPYAKIIFKGEEKKTKVIKK EF LHVEVLSKAGKKGI-LHGKEALGYIDITLADVIS-NKRINEKFHLIDSKNGQIQIELQWRTS
oryza 3 Vi H_HTNPYVRIVE EEPPINDKMQIEVISRPPSIG- - IHSKENLGYVVISLADYIN-NKRINEKYHL IDSKNGRIQLELOWRTS
Aquilegia PYVRILF I% ML ISASSRMGI-LHPKETLGYIDINLADVVS-NKRINEKYHLIDSKNGRIQIELQWRTGS—
vitis PYVRLLF T% ML 1 -LHPKETLGYVDINLSDVVS-NKRINEKYHLIDSKNGKIQIELQWRTST-
Solanum PYVKILF X 1, IGL-LHPKETLGYVDINLSDVVS-NKRINEKYHLIDSKNGRLQVELQWRTAS—
Lycopersicon TNPYVKILF X 1, 1GL-LAPKETLGYVD INLSDVVS- KR INEK YL IDSKNGRLOVELQNRTAS -
citrus TNPYARILFRGEERKTKHVK T ~LHPKETLGYIDINLSDVVS-NKRINEKYHLIDSKNGRIQTELQWRTA-~
Populus a FAGGCLLYYT NPYVRLLFRGEEKRTKHVK DXPEVNEKLAVEVSTSSRIGL-LHPKESLOYVDINLTOV YHLIDSKNGQIOT
Medi 1 A POARLIFRGEEKKTKRIKKI I LH! o} VDINLGDVVS-NKRINEKYHLIDSKNGRIQVELQWRTA:
Phaseolus O TPEGGGLLVVIVHEAQDVEGKY-HINDHVRLIFRGEEKKTRRIKK HVEV, ETLGYIDINLGDVVA-NKRINERYHLI
a LVIT H-HTNPQVRILF XK ILEEPP KETLGYVDIDLADVVS-NRRINEKYHLIDSKNGRLOLELQWRTAS -
Lactuca -GTPEGGGLLVVIIHQAEDFEGKH-HTNPFVRMLE XK 1, EVVSTFSRMGL- THPKETLGYVDIQLGDVVS-NKRINGKYNLIDSRNGKLOVELOWRTSS~
Gossypium -GTPAGGGLLVVIVHEAEDIEGKY-HTNPHVRLLE X IGL-LHPKEFLGYVTISLADVVN-NRRINERYHLMDFKNGGIQIERQGRTF.
Medicago, 2 a LISI PEARLIE EDPEINBRLYVEVT SASSKLOL-LHPKBTLYVDINLSDVVS NKRINEKYALIDSKNGR QL ELOWATS
Glycine_1 1T PYVRLLF X ML LGL-LHPKESLGYVDIKLSDVVT-NKRINEKYHLIDSRNGRIQIELQWRTE
Arabidopsis_1 PYVRIYF ML LEVEVLSTSSRY VDIPVVDVVN-NKRMNQKFHLIDSKNGKIQIELEWRTAS—
Arabidopsis_2 Y-HTNPSVRLLF RVKKNREDRADEDFQFPLDED P INDKL HVEVISSSSR-L- THPKPTLYVVINLGDVYS -NRRINDKYHLIDSKIGRIQTELQWRNSS -
oryza_s LYVY TNPYVKLTFKGVEKK EEFEF LRVE TDISLADVII-NKRIIEMYDLINSKRGQIQTEFQWKSS.
LLVSVENA NPYAVVHFRGERKETHITK: AT DINLVDVVN-NGRINEKYHLINSRNGMVHVEMKWSTV.
is_3 PYAVVLFRGEKKKTKMLK T T DINLDDVVD-NGRINQKYHLINSRNGITHIEIRWITS
Glycine_2 o1 TVIQEA: PFAVLTFR ML IHIEVMSK PKESLGHVEINLRDVVH-NGRINDKYHL INSRNGVMHVE IRWKVV:

Figure |

plant NTMTypel genes. Amino acid sequences of full-length gene products are aligned. The N-terminal TM region is boxed.
Intron positions and phases are marked. C2 domains are indicated. Alternatively spliced regions are boxed. Full details are in
additional file I.
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LTGQAVEPIWLALLSYFRQMWDYFGLMLHLYLAPDERLGREAVDIFLIGTVPSFLL

MDYMYPC.

RDFIARVIDLLNQATETVCVSLPAYFLQGWESFQTAPQRNVGPGEKVEREATSLFLVETVPSFVA

MAQPYSTSYEADEGLRRRTAGQGEIDYGTTPVVGRVAGRYEGYDTAPIRRQYDESKSTTSTSAPP.

140 150 160 170 180
. . . 0. . .
RSTSALLLLGVVPGFIAGLGLV-AFSHCQTSRSHKRRMKTGLIHMISEMNKDDYWSLFPK-SVLP
GTASVTSVIGIVVGFIAGLGIILAFGQYAQRKRSSERRMKAGLIHLISEMKRSDYRSVFPK-SHLP
MGFLVGLVLGIAAGVALIVGFARAENSRAARRRQLAATIASFSKMTIEDSRKLLPA-DLYP
~-MGVVIGVLVGVGLIVGFVKSENYRSKCRSELATTIAAFARMTVEDSRKIFTP-EQYP!
IMGFVFGVVVGIIVGLAIIIAFVRSENSRSARRSQLATTIAAFARMTVEDSRKLLPS-QFYP
IMAFVFGLVLGILVGLAIIVIFVRFENHRSKLRSELATTVAAFARMTVEDSRKLLPP-QYYP
MGFVFGLVVGLVVGLGIIVGFVRSENARSKLRSELATTIAAFARMTVEDSKKILPA-EFYP
MSFIAGLITGLVVGIALIVLFVRSENARSMRRTALATTIAAFARMTVEDSKKLLSP-EFYP
MGFIVGVVIGLLVGIAIIIGFVKLENSRSKLRSELANTVAAFARMTVEDSRKLLPP-EFYP
MGFLFGLFIGIAVSFGLVVAFARYSSVRSTRRADLAKTIAAFARMTVODSRKLLPG-DFYP
MGFISGMIIGIMIGMILVVAFARQESTRSKRRTDLAKTIAKFARMTVEDSRKLLPP-NFYP
IMAFLLGAFLGLVLGVAVVMAFARLENTRAEQRRELAATVSSFSKLTVEDLRKLIPL-ELYP
MAFLFGAFLGLVVGVAVVMAFARFENSRAEQRRELAAIAAAFSKLTVODLRKLIPP-EFYP
IMAFLFGALLGLVLGVGVVMAFARIENSRAEQRRQLAATVSSFSKLSVODLKTLIPT-EAYP
~---MAFLFGALLGLVLGVGVVMAFARLENSRAEQRRELAATVSSFSKLTVQDLKTLIPT-ESYP.
YVSQFSFFGQFVIGICCGLCLQGVYMLYSLHRKHORKRKTLQVAQMAILEENQLKILLPTQEAFP:

190

270 280 290 300 310 320
+1 . . . . .
FE| ~--ISTDVNTRWFGNASCTLSVSTIMGVSFPLYVKDIHIKGVFRFIYKPLVDE
LEGLRMLEL--EPKGISMDVDTRWIGNASCVLEVSSIVGVSFPVQVKDIHSKMVFRFIFKPLVDE
FTGVSIIEN--DESGIVMELEMNWDANPSIILDVKTRLGVSLPT
FTGISILEG--GSEGITMELEMNRDGNPSIILDIMTYLGVGLPVQVKNIGFTGIFRLIFRPLVDE
FTEVSIIED--GGDGVTMELEVQWDGNPSIILDIKTLVGLALPVQVKNVGFTGVFRLIFKPLVNE
FTGVSIIED--GSDGITMELEMQWDGNPSIILAIKTLVGVALPVQVKDIGFTGVFRLIFKPLVDE
FTGVSIIED--GGSGVTMELEMQWDANSSIILAIKTRLGVALPVQVKNIGFTGVFRLIFRPLVDE
FTGVSIVED--GGEGITMELEMNWDGNPSIILDIKTRLGVGLPVQVKNIAFTGVFRLIFKPLVPE

FT[5VSVIDG--DKNGITLELDMQWDGNPNIVLGVKTLVGVSLPI
FTGVSILESESGPNGITMELEMQWDGNPKIVLDVKTLLGVSLPT
FTEISIIEEDSGPNGATMEFDLOWDGNPDIVLAIKTKVGIVLPVQVKNIGFTGVFRLIFKPLVAE
FTGVSILDS--DSSGITMELELQWDGNPNIVLDIQTTLGISLPVQVKNIGFTGVLRLVFKPLVAE
FTGVSILES--DDSAITMELELQWDGNPNIVLDIQTTLGISLPVQVKNIGFTGVLRLVFKPLVAE
FTGVQILDS--DSAGITMELDMQWDGNPNIVLDIQTTLGISLPVQVKNIGFTGTLRLLFKPLVAE
FTGVQILDS--DSAGITMELDMQWDGNPNIVLDIQTTLGISLPVOVKNIGFTGTLRLLFKPLVAE

KNIGFTGVFRLIFKPLVDE

AEQYRKNPNTENERLADESARREDDDSKTSNSGSMGVVGMLKNPRNRMYLATLVAATPFMISFTF

200 210 220 230 240 250 260

. 0 . .0 . . . .
RWIEFSDLDKVEWLNSVIKKIWPFFNERYSKMLMKRWEPYLDSHKPSFVNLVSFHELTLGSVAPQ
RWIVNRELEKVDWMNIILRKLWPFFNERYSKILLKDWEHRLETFKPAFANSVRVQELTLGSVAPN
SWVVFSTQOKLKWLNQELIKIWPFVNARASELIKTSVEPVLEQYRPIILASLKFSKLTLGTVAPQ
PWVVFSNQOKLNWLNSHLEKIWPFVDEAASELVRSSVEPILEQYRPMILASLKFSKFTLGTVAPQ
SWVVFSNRQKLTWLNSHLTKIWPYVNERASELIKTSAEPILEEYRPMILSALKFSKFTLGTVAPQ
SWVVFSHHQKLGWLNSHLEKMWPYINEAASELIKTSVEPMLEQYRPVILSSLKFSKFTLGTVAPQ
SWVVFSHROKLTWLNHHLEKLWPYVNEAASELIKSSVEPVLEQYRPFILSSLKFSKFTLGTVAPQ
SWVVFSQRQKLTWLNAHLTKIWPYVDEAASELIKANLEPTLEQYRPMVLSSLSFSKFTLGTVAPQ
SWVVFSERQKL TWLNHHLTKIWPYVDERASELIKASVEPVLEQYRPAIVASLTFSKLTLGTVAPQ
SWVVFSQROKLNWLNLELEKIWPYVNERASELIKSSVEPVLEQYTPAMLASLKFSKFTLGTVAPQ
SWVVFTQRQKLNWLNSHLEKIWPFVNERATELVKSNVEPILEQYRPVVLSSLTFSTFTLGNVAPQ
SWVSFTQKORIKWLNQELVKIWPFVNERASELIKTSVEPIFEQYKSFILSSLHFSKLTLGTVAPQ
SWVSFTQKQKLKWLNQELVKIWPYVNEAASELIKTSVEPVFEQYKSFILASLHFSKLTLGTVAPQ
SWVSFNQKOKLKWLNQELVKIWPFVNEAASELIKSSVEPVFEQYKSFILASIHFSKLTLGTVAPQ
SWVSFTQKQKLKWLNQELVKIWPFVNEAASELIKSSVEPVFEQYKSFILASIHFSKLTLGTVAPQ
RWISFTDFEKVEWLNDTLTKLWPYIDQRASSLIKEKVQPILDOYAMGIIQKLELKQVAFGNKAPQ

330 340 350 360 370 380 390

. 0. . . 0 . +2 . .
LPGFGAVTYSIRKKKKFDFVVMVVGGDISNVPGMVQKLHLMVQSAVIESLSWHR-~--FRRFLCPR
LPGFGAFTLSIRKMKKFDFTLKVVGGDVSSIPGVTEKLNEMIHNAVLESLSWPMRICIQIISTPA

KDIGFTGVFRLIFKPLVDQLPCFGAVCFSLRKKKKLDFRLKVIGGEISAIPGISDALEPTIKNAIEDSITWPVRKVIPIIP -~

FPCFGAVCYSLRKKKKLDFTLKVVGGDMTAIPGISDAIEGT IRDAIEDSIIWPVRKIIPILP-——
FPGFGAVCYSLRQKKKLDFTLKVIGGDISTIPGLYDATEGATRDAVEDSITWPVRKIVPILP -~
FPCFGAVCYSLRNKKKLDFKLKVVGGDISTLPGISDAIEGT IRDAVEDSITWPVRKIFPILP-——
FPGFAAVSYSLREKKKLDFTLKVVGGDISTIPALSDSIEATIHDAIEDSITWPVRKIVPILP-——
FPCFGAVSFSLROKKKMDFTLKVVGGDISATIPGVADALESTIRDAVEDSITWPVRKVIPILA-~~

KNIGFTGVFRLIFRPLVEDFPCFGAVSVSLREKKKLDFTLKVVGGDISAIPGLSEAIEETIRDAVEDSITWPVRKVIPIIP-~—

FPCFGALSYSLREKKGLDFTLKVIGGELTSIPGISDAIEETIRDAIEDSITWPVRKIIPILP-~~
FPAFGAVCFSLRKKKALDFTLKVVGGDISTLPGVSEAIEETIRDAIEDSITWPVRKVIPIIP-——
LPCFGAVCCSLREKSKVDFTLKVIGGEMTATPGISDAIEGTIRDTIEDQLTWPNRIVVPIVP———
LPCFGAVCCSLREKSKVEFTLKVIGGEMTAIPGISDAIEGTIRDTIEDTLTWPNRIIVPIVP——~
LPCFGAVCVSLREKSKVDFTLKVVGGEMTAIPGISDAIEGTIRDTIEDTLTWPNRIIVPIVP-——
LPCFGAVCVSLREKSKVDFTLKVVGGEMTAIPGISDAIEGTIRDTIEDTLTWPNRIIVPIVP——~

VIELE-======~ DETVLEIKILWETSQEGVVLSVDFPGPNYTVKLKNWFLEGTAKLIFKPLTGTIPGFGAVLVSLTEPPEFDFDLKFLGGDVGMVPGVEKMIDNS TRTALMDSLVWPSRIVVPMIPG-~

400 C24:01

+2 . +2 .
----- RNAAFFAAPGAGAKPPLGILDLRLVOGRDL -
DSNTTRNAATFAATGSEGKPPVGILDVKLVOGRDL~

410 420 430 450

RDRGKPPDPFALVYTIHSIPGHIRKSMT!
WDTGKPPDPFALLYIHATPGQIRRSTTI|

GDYSDLELKPTGVLEVKLVQAKELTNKDIIGKSDPFAELYVRPVRDRMKKSKTI

GDYSDLELKPVGVLEVKLVQAKELTNKDMVGKSDPFARLYIRPLPDRMKRSKTI
GDYSELELKPVGTLEVKLVQAKGLTNKDLIGKSDPYAVLFVRPLPEKTKKSKTI
GDYSDLELKPVGTLEVKLVQANGLTNKDIIGKSDPFAELYIRPLRNTTETSKVI
GDY[SDLELKPVGMLEVKLVQAKNLTNKDLVGKSDPFAKMFIRPLREKTKRSKTI|
GDY[SDLELKPVGKLDVKVVQAKDLANKDMIGKSDPYAIVFIRPLPDRTKKTKTI|
GDY[SNLELKPVGTLDVKLVQAKNLSNKDIIGKSDPFAVVFVRPLRDKTKTSKIT|

GDYISDLELKPVGLLEVKLVEARDLTNKDLVGKSDPFAVLYIRPLQODKMKKSKT Ifp

470 480 490 500
0 00

RENNPIWNEFFELEFDDLEDGKVMVVLLDEAAPQEFQVLGYCOFFLQ---EGRITERWPKIYEG
QNNNPIWNEFFELEFNDLKEEKIVIVLFDNAAPQEFQVLGYCQOFYLQGLDDRRVTERWLKVFKD

460 510 520

GDY[SDLELKPVGTLEVKLVQARDLTNKDLIGKSDPFAIVYVRPLPDKMKRSKT INNDLNP IWNEHFEFIVEDADTQTVTVKIYDDDGIQESELIGCAQVTLKDLQPGKVKDVWLKLVKD

NNELNPIWNEHFEFVVEDPLTQHLVIKIYDDEGLQOAAELIGCAHVRLNELEPGKVKDVWLKLVKD

GDYSDLELKPVGILEVKLVQAKELTNKDIIGKSDPYAVLYIRPLRNRTKKSKTINNDLNP IWNEHFEFIVEDASTQHLFVKVYDDEGLQOSSELIGCTDIKLSELEPGKIKDVWLKLVKD

NNDLNPIWNEHFEFIVEDETTQHLVVKVYDDEGLQASELIGCAQVQLSELEPGKVKDVWLKLVKS
NNDLNPIWNEHFEFIVEDESTQHLVVRIYDDEGIQSSELIGCAQVRLCELEPGKVKDVWLKLVKD
NNDLNPIWNEHFEFVVEDTSTQHLIVKIFDDEGLQAAELLGCCHVKLSELVPGKVKDIWIKLVKD
INNDLNPIWNEHFEFVVEDASTQHLVVRIYDDEGVQASELIGCAQIRLCELEPGKVKDVWLKLVKD
ISNSLNPIWNEHFEFIVEDVSTQHLTVRVFDDEGVGSSQLIGAAQVPLNELVPGKVKDIWLKLVKD

NQLNPIWNEHFEFIIEDESTQHLTIRIFDDEGIQAAELIGCAQVSLKELEPGKVKDVWLKLVKD
NNDLNPIWNEHYEFVVEDTSTQRLTVKIYDDEGLQASELIGCARVDLSDLQPGKVKEVWLDLVKD

GDYSDLELKPTGVLEVKLVEARDLTNKDLVGKSDPFAVLYIRPLREKTKKSKTI
GDYSDLELKPVGLLEVKLVEARDLKNKDPLGKSDPFAVLYIRPLSAKTKKSKTI
GDYSDLELKPVGLLEVKLVEARDLKNKDPLGKSDPFAVLYIRPLSAKTKKSKTI
GDF|SFLELHPVGELEVKLIEAKNIKNTDLIGKADPFVTLFVRQTKDKVKRSTSK

NNDLNPIWNEHYEFVVEDISTQHLTVKIYDDEGLOSSEIIGCARVDLADLQPGKVKDLWLDLVKD
NNDLNPIWNEHYEFVVEDSSTQHLTVKIYDDEGLQPSEIIGCARVDLSDVTPGKVKDVWLELVKD
NNDLNPIWNEHYEFVVEDSSTQHLTVKIYDDEGLQPSEIIGCARVDLSDIMPGKVKDVWLELVKD
SNTLRPVWNEDFKIHVEDPESQALTLRLMDDESVOKSEYIGTVOLAIKEFEPHVKKELWCDVLED

530 540 550 560 570 580 590 600 610 620 630 640 650
TQCHGSLHDGKYRGOQ} RMWELIRGILTVTVVRAENLLSTDFHRKSDPYVVLCMIKHKRLRKKTTVIHSNLNP
ARCLGNLDETKYRGQ' NLWELIRGILTITVARAENLLPADFQGRSHPYVALHMMKQKRLKKKTSVKQSTLNP
LEIQ---RDRKDRGOVHLELLYCPFDMKEETPNPFRQQFSMTSLERTM: ~TSMENGSGSNGFNRLSSRKKKEIIMRGVLSVTVISGEDLPAMDMNGKSDPYVVLSL-KKSKTKYKTRVVSESLNP
LEIQ---RDQKNRGOVHLELLYCPYGMTNGFSNPFANNVPLTSLEKVL: ----KSGVEAAQNGGEI-NRRKDVIVRGVLSVTVISAEDLAPTDLLGKADPYVVVTM-KKTETKNKTRVVPESLNP
LEIQ---RDNKNRGQVHLELLYCPYGTENSFTNPFARNYSMTSLEKVL—=mm==~ KGSSNGIDSNGNESEAAQRKKEVIIRGVLSVTVISAEDLPAVDFMGKSDPFVVLTL-KKAETKNKTHVVNNSLNP
LDLQ---RDNKNRGOVHLELLYCPFGMENGFANPFTSNSAMTSLEKAL: KSEMNGANATESEKEAAQKRREVIIRGVLTITIISAEDLPPVDLMGKADPYVVLTL-KKSGAKNKTRVVNDNLNP
LDVQ---RDTKYRGOVHLELLYCPFGMENVFTNPFAPNFSMTSLEKVLTNGEKALKSGANGTEATELEKDASQKRREVIIRGVLSVTVILAENLPASDLMGKADPYVVLTM-KKSETRNKTRVVNDCLNP
LDLQ---RDNKDRGKVHLELLYCPYGMENGFTNPFTSNYTMTSLEKVL == ========== KSGDNENGDFVNKKRTVIIRGVLSVTVISAEDLPAVDLMGKADPFVVLTM-KKTGMKNSTRVVNENLNP
LEIQ---RDTKNRGHVHLELLYIPYGSGNGIVNPFVTS-SMTSLERVL--~ KNDTTDEENASSRKRKDVIVRGVLSVTVISAEEIPIQDLMGKADPYVVLSM-KKSGAKSKTRVVNDSLNP
LEIQ---RDTKNRGQVOLELLYCPLGKEGGLKNPFNPDYSLTILEKVLKPES-~--EDSDATDMKKLVTS-~~--KKKDVIVRGVLSVTVVAAEDLPAVDFMGKADAFVVITL-KKSETKSKTRVVPDSLNP
LEIH---KDNKYRGHVHLELLYCPYGVENTFKSPFVRDYSLTTFEKTLKNGA D D RRKSNVIVRGVLSVTVISAEDLPIVDFMGKADPFVVLAL-KKSEKKQKTRVVNETLNP
LEIQ---RDKKRRGQVHLELLYYPFGKQEGVSNPFADQIQLTSLEKVL: KTESNGFDVNQRKNVIMRGVLSVTVISAEDLPPMDVMGKADPFVVLYL-KKGETKKKTRVVTETLNP
LEIQ---RDKKPRGOVHLELLYYPYAKHEGVPNPFANQIQLTSLEKVL: KTESNGYDVNQRKNVIMRGVLSVTVISAEDLPPMDIGGKADPFVVLYL-KKGETKKKTRVVTDTLNP
LEIQ---RDKKPRGOVHLELLYYPFEKQEGVSNPFAGQIQLTSLEKVL: KTESNGYDVNQRKNVITRGVLSVTVISAEDIPAMDVMGKADPFVVLYL-KKGETKKKTRVVTETLNP
LEIQ---RDKKPRGQVHLELLYYPFDKQEGVSNPFASQIQLTSLEKVL: KTESNGYDVNQRKNVITRGVLSVTVISAEDIPAMDVMGKADPFVVLYL-KKGETKKKTRVVTETLNP
PESH---ATDQIRGSIHVIVTYIPYTREQVEAKRGFNETEKKIYEE- HRLIAEQINRPHKTTGDAPKQQGNITQHPEEQPRQPGPAAEL

660 670 6800 690 700 710 720 730 740 750
VWDESFEFQIEDASQDMLLLHVWNHDSFGKPLM-—--——-—— VAQKHISGSPSIFKCFHFSSTYGYIIAIPGITSLVFILKLNQLSSLLCIISSHWF-

IWHETFDFHVQDARQDMLIAEVWNDEIIGRPYLGSTATTLTRVLQEYAFEEKFRLVGVPSGRLYL!
VWNQTFDFVVEDGLHDMLMLEVYDHDTFSRPYMGRCILTLTKVLIEEDYKDSFKLEGAKSGKLNL
VWNQTFDFVVEDGLHDMLILEVWDHDTFGKDYMGRCILTLTRVLMEGEYKETFELDGAKSGKLNL
VWNQTFDFVVEDGLHDMLLVEVYDHDTFGKPYMGRVILTLTRAILEGEYKERFELDGAKSGFLNL

VWNQTFDFVVEDGLHDMLILEVWDHDTFGKDYMGRCILTLTRVILEGEYQDSIPLDGAKSGKLNVHLKWNAQPIYRE

IWNQTFDFVVEDGLHDMLIAEVWDHDTFGKDYMGRCILTLTRVILEGEYTDCFELDGTKSGKLKL
VWNQTFDFVVEDGLHDMPVVEVYDHDTFGKDYIGRCILTLTRVILEGEYKECFQLEGAKSGRLHL!
VWNQTFDFVVEDGLHEDMLVLEVWDHDTFGKPYIGRCILTLTRVIMEEEYKDWYPLDESKTGKLQL

VWNQTFDFVVEDALHDLLTLEVWDHDKFGKDKIGRVIMTLTRVMLEGEFQEWFELDGAKSGKLCVHLKWTPRLKLRDA;

VWNQTFDFVVEDGLHDMLIVELWDHDTFGKEKMGKVIMTLTKVILEGEYDETF ILDDAKSGKINL
IWNQTFDFVVEDALHDLLMVEVWDHDTFGKPYIGRCILTLTRVILEGEFQDEFVLQGAKSGKLNL
IWNQTFDFMVEDALHDLLMVEVWDHDTFGKDYVGRCILTLTRVILEGEFQDTFVLQGAKSGKLNL
IWNQTFDFVVEDALHDLLIVEVWDHDTFGKDYIGRCILTLTRAILEGEFQDTYVLQGAKSGKLNL
IWNQTFDFVVEDALHDLLMVEVWDHDTFGKDYIGRCILTLTRAILEGEFQDTYALQGAKSGRLNL

RLSWENSIGTSVISDKPSLLSPSEHFPSSHGLLQLFPMDVSPN
HLKWSPQPTFRDSREEDSLRFR-==========—=————————
HLKWAPQPIYRD
HLKWMPQSIYRD

HLKWMPQPIYRDT
NLKWMAQPLYRD
HLKWMAQSIYRD

HLRWTPQHKYREP
HFKWTPQPIYRDRDRDQ
HFKWTPQPIYRVRDRDQ
HFKWTAQPIYRDRDRDQ
HFKWTAQPIYRDRDRDQ

plant NTMC2Type2 genes. Amino acid sequences of full-length gene products are aligned. The N-terminal TM region is
boxed. Intron positions and phases are marked. C2 domains are indicated. RNA edited regions are boxed. Full details are in

additional file I.
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Physcomitrella_1
Physcomitrella 2
oryza
Arabidopsis
Medicago_1
Medicago_2

Physcomitrella_ 1
Physcomitrella_2
oryza
Arabidopsis
Medicago_1
Medicago_2

Physcomitrella 1
Physcomitrella_2
Oryza
Arabidopsis
Medicago_1

10 20

—--MAKKKLVDGVAKEAKDLWEHL!
---MSKKKMVNDATKEAKELWEHL,
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60 70 80 90

0. .0

RH--EKPELPYLIPIFLLAWILERWLISFSNWVPVFVTVWVTIQYGKHRREREVEGLNNRWRRHILCSQPSTPIEPCEWLNKMLMNVWPNF!
LH--EKQALPYLIPVFLLAWILERWIISFSNWVPVFVTVWATIOYGKHRREREVEDLNNRWRRHILCSQPSTPIEPCEWLNRMLMNVWPNF:

30 40 50 100 110

~MAKKKLKKLHAKD--ALEFFNQVMV--EQPLLPFLVPLVLFAWFVERWVVPFSNWVPLLAAVWAT]OY GRFKRRSAIEDLNKRWKHLILNTTIPTTPIEPCEWLNKLLVEVWPNY!
MGRRIKRKGLINTE-AAREFINHLVA--ERHSLLLLVPLVLAFWAIERWVFAFSNWVPLVVAVWASIOVGSYQRALLAEDLTKKWRQTVFNASTITPLEHCQWLNKLLSEIWLNY!

MSSKKGLMIPNNLEEASVKLLNQFVKVKENSRISYFLILVFIAWFIHKWIFSFSNCLPVILLLFAST

MSRKKRVFSIDSIEEVAVDFFNYV:

156 166
EFSLGTAPPMFGLQGAYWSIDGKQ]
EFHLGTAPPMFAHEGAYWSTEGEQ
EFSLGCCPPTLGEHGMRWMTSGDQ)
EFSLGSCPPLLGLHGTCWSKSGEQ
EFSLGSRPPSLGLQGIRWSTSGDQ

GNYQRKILEEDLNKKWNRIIVNTSPVTPLEQCEWLNLLLSQIWSNY
GRYQRKLLVEDLDKKWKRIILNNSPITPLEHCEWLNKLLTEIWPNY:

LQO--EKPKIPFFIPVILIACAVEKWVFSFSTWVPLALAVWATIO|

176 186 196 206 216 226 236 246 256

0 . . 0. . 0

PVLNMGFEWDTTEMSVLISAKLGGPLRGKTARIVVNS ITHVKGOLRLLPVLDGQAVLFSFANTPEVRIGLVFGSG-ANAIPQTELPFISSWI{
AVLNMGFEWDTTEMTILISAKLGGPLRGKTASILVNSIHIKGOLRLLPVLDGQAVLFSFKNTPEVRIGLAFGSG-TLSYPQTELPFISSWIY
KVMRLGFDWDSNEMSVMFLAKLAKPLIG-AARIVINSIHIKGOLLLLPILDGEAILYSFESTPEVRIGVAFGSGGSQAVPGMELPGVSTWL
KIMRLDFNWDTTDLSILLQAKLSMPFNR-TARIVVNSLCIKGOILIRPILEGRALLYSFVSNPEVRIGVAFGGGGGQSLPATELPGVSSWIY
RLLKMGFDWDTSEMSILMVAKLS~--VG-TARIVINSLHIKGOLLVTPILDGKALLYSFVSTPEVRIGIAFGSGGSQS~-~ATELPGVSPWL{

120 130 140

0. .

MEPKIVRRLSHIAQITYCILFI-LQLSMEVE
LEPKLTERFRRIVQTTYFVPFLSLQISMEVA
MEPKLSKKFQSTVEKRLKHRKPKLIPKIELQ
MNKKLSLRFSSMVEKRLRQRRSRLIENIQLL
FNPKLSTRLSAIVEKRLKLRKPRFIERVEVQ
FNPKLSSRLSAIVEARLKLRKPRFLERVELQ

266 276 286

EMLLVDTLTRTMVEPRRRILCLPAVDLKKKA
EKLLVDTLNRTMVEPRRRCFSLPAEDRKKKA
KLLTETIVKTMVEPRRLCFSLPPVDLRKRA
VKILTETLNKKMVEPRRGCFSLPATDLHKTA
VKLFTDTLVKTMVEPRRRCFSLPAVDLRKYA

EFSLGSCPPSLALQGMRWSTIGD(
302 312

VGGIFSVTVVSARNLAKLDHRESRI

RVMOLGFDWDTHEMSILLLAKLAKPLMG-TARIVINSLHIKGOLIFTPILDGKALLYSFVSAPEVRVGVAFGSGGSQSLPATEWPGVSSWI

322 332 342 352 362 372 382 392 402

NSGNGAVSNGDGSNHASSNEGSLGS-———-—- NGSVNKKSEKSRFVEISCEDLTRKTGMQSGPFLHVWNESYDMVLHDNLGTVRLNVYEQGH

EKLFTDTLVKTMVEPRRRCFTLPAVDLRKKA

412 422 432

INNVNYDFLGSCEVKVKYVDDDSTIFWAVGPA

VGGIFSVTIVSARDLTKSSAQDSRNSSNAMMSNGDASVHLSNNGSNNGSSHGGSKNGSVNKKSEKLRFVEISCEDLTRKTGMQSGPFPHVWNETYDMVLHENVGTVHLNVYEQGON-VKYDFLGSCET

VGGVLSVTVVSASNVGRNTTNEIGIRQSSS-G-GSTSGIADNKVSQT-=====m=————————mmm FIEVEVGSLVRKTSTSKGPNP-AWNSTFNLVLHGETGVVKFNLYELDSGGVKVTYLTSCET

IGGIIYVTVVSGNNLNRRILRGSPSKSSEI-GE NSSSKPVOQT!

FVEVELEQLSRRTEMKSGPNP-AYQSTFNMILHDNTGTLKFNLYENNPGSVRYDSLASCEV:

VGGTIYVSVISANKLSRSCFKG--RQONGT-SDGCLEDNLSDKDLOT

~---FIELEAEELTRRTGVRLGSTP-RWDTTFNMVLHDNTGIVRFNLYQCPSDSVKYDYLASCEIKM

VKYVDDDSTIFWAVGPA
VKYVLDDSTIFWAIGHN
MKYVGDDSTMFWAVGSD
RHVEDDSTIMWAVGTD

Medicago_2 VGGIIYVRVISANKLSSSSFKASRRQQSGS-TNGSSEDVSDDKDLHT

498

448 458 %58 478 488

Physcomitrella_1
Physcomitrella_2

QSVLISRVPCCGKEVELTIPLENATSGHLTVKLLLKEWQFSDGSKAVANYNPALVIHDQONAVGTQPVQPTFTGRKLKISAIEGRNLAP-MDRTGKSDPYLKLFYG
QSVLISRVESCGKEVEFTIPLENVASGHVTVKLVLKEWQFSDGSKAVANSSPSSSMLGQONSAGAQSMRPTLTGRKLRISAIEARDLAP-MDRTGKSDPYLKLFYG

—--=-FVEVEIEELTRRTDVRLGSTP-RWDAPFNMVLHDNTGTLRFNLYECIPNNVKCDYLGSCEIKLRHVEDDSTIMWAVGPD

C2-1
508 518 528 538 548 568 578

0 . . . .
[LIRKTKTVNQDL~--NPVWNQDFIFQEVSGGEYLKIKCYD
LIRKTKIVNQEL--NPTWNQDFLFQEVTGGEYLKIKCYD

558

Ooryza SGAVAKRTELCGQEVGMVVPFEDIR-GHLTVTLVLKEWQFSDGSVTLSNSLSN----GSHSSFDVSPKLQSRTGRKLRVAVVEGKALAV-NGKSGKCDPYVKVQYGKALYKTKTLSHTT--RPVWNDKFEFDEITGGEYLKIKCYS
Arabidopsis NGVIAKHAEFCGQEIEMVVPFEGVSSGHLTVRLLLKEWHFSDGSHSL~-NSVNS-~-~~-SSLHSLDSSSALLSKTGRKIIVTVLAGKNLVS-KDKSGKCDASVKLOYGKIIQKTKIVNAA-~-~ECVWNQKFEFEELAGEEYLKVKCYR
Medicago_1 SGVIAKHAKFCGEEVEMLVPFEGANSAHLKVRIVVKEWQFSDGSHSL-TNLHA----SPOKSLKGSSNLLSKTGRKLKITVVEAKDLDA-KDRFGKFDPYIKLQYGKVVMKTKIAPPPATLTAVWNDTFEVDENSGDEYLIVKCFS
Medicago_2 SGIIAKQAQFCGDEIEMVVPFEGTNSGHLKVSIVVKEWQFSDGTHSL-NNLRN----NSQQSLNGSSNIQLRTGKKLKITVVEGKDLAAAKEKTGKFDPYIKLQYGKVMQKTKTSHTP -~ -NPVWNQTIEFDEVGGGEYLKLKVFT
594 604 614 624 634 644 654 664 674 (j2 2 684 694 704 714 724
. . . . 00.0 . . . . 0 . . . .
Physcomitrella_1 ADRFGDENLGNARVNLEGIEEGAPKDVWVPLEKINQGEIHLRIEVVASELLONPSTNGSENGSHPTGDGCMVEVVLVEARDLVAANWGGTSDPYVSVRYGQIKKRTKVVYKTLNPAWGQTLEFTDDGSPLVLHVKDYNNILPTVST
Physcomitrella 2 ADRFGDENLGSARVNLQGIEEGTPKDVWVPLEKIKQGEIHLRIEVVAPELSQIPSgﬂGSENGSHPTGDGCVVEIVLVEARDLVAADWGGTSDPYVSVRYGQIKKRTK"VYKTLTPTWGQTLEFPDDGSPLVLHVKDYNNILPTVSI
Oryza ADTFGDESIGSARVNLEGLLDGDSREVWVPLEKVDSGEIRLQIEPIKSD=====~ FNGILKhSSGRVEATWIELVIIEARDLIAADLRGTSDPYVRVHYGSKKKRTK"VYKTLSFDWNQTFEFPETGEPLILHVKDHNAVLPTASI
Arabidopsis EEMLGTDNIGTATLSLQG-INNSEMHIWVPLEDVNSGEIELLIEALDPE YSERDSS KGLIELVLVEARDLVAADIRGTSDPYVRVQYGEKKQRTKVIYKTLQPKWNQTMEFPDDGSSLELHVKDYNTLLPTSST
Medicago_1 EEIFGDENIGSAHVNLEGLVQGSIRDVWIPLEGVSSGELRLKIEAIWVE-—-—-— NQEGSKGPPSGVTNGWIELVLIEARDLIAADLRGTSDPFVRVNYGNLKKRTKVVHKT INPRWDQTLEFLDDGSPLTLHVKDHNALLPTSS T
Medicago_2 EELFGDENIGSAQVNLEGLVDGSVRDVWIPLERVRSGEIRLKIEAIKVD====~~ DQEGSTIGSGSG-~-NGWIELVLIEGRDLVAADLRGTSDPYVRVHYGNFKKRTKVIYKTLTPQWNQTLEFPDDGSPLMLYVKDHNALLPTSST
740 750 760 770 780 790 800 810 820 830 840 850

GHCEVDYDKLPPNQTLDQWLPLOGVNKGEIHFQVTRRVPERHLKAASEEQ-PKLIASSNFSG
GHCDVDYEGLPPNQOMLDSWLPLOGVNKGEIHVKVTRKVPERLVKAASEEQ-PKPTFAPTYSG
GQCTVEYSMLPPNQPAVKWIPLOGVKSGEVHVKITRKVPHLEKKTSFQTDASSLGKGHKISS!

Physcomitrella_l
Physcomitrella 2
oryza
Arabidopsis
Medicago_1
Medicago_2

GECVVEYQSLPPNQTSDKWIPLOGVKSGEIHIQIARKVPEIQTRQSPDFE-PSLTKLHQSPS!
GECVVEYQRLPPNOMADKWIPLOGVKRGEIHIQITRKVPEMQKRQSMDSE-PSLSKLHQIPT!

Figure 3

0 . . . . . .
gERSLIRKAMTLAEEEEEIEYIRQMLEELEGAEEERELTVTQLQKDRDLLITKVKELEKAMSGFF—

GNCVVEYQGLKPNETADKWIILOGVKHGEVHVRVTRKVTEIQRRASAGPG-TPFNKALLLSNOMKQVMIKFQNLIDDG-DLEGLAEALEELESLEDEQEQYLLOLQTEQSLLINKIKDLGKEILNSSPAQAPSRDS -
SFKEMTKKVRYLIEDG—NLEELSTTLSELETLEDTQEGYIAQLETEQMLLISKINELGQEIINSSPSLNGSGN ——————

860

RSLLRKAMALAEEEEDIEEIRQMLEELEGAEEEREVTISQLQOKDRDVLIAKVRELEKAMSGFF---
RDSLKKFTGLVDEGGDTEAMSLALTEIESIQDEQDMYIQOLEREKAALLRKIQELGSEIVRTSSGPARMPY -~

KOMMIKFRSQIEDG-NLEGLSTTLSELETLEDTQEGYVAQLETEQMLLLSKIKELGQEIINSSPSPSLSRRISESVN

plant NTMC2Type3 genes. Amino acid sequences of full-length gene products are aligned. The N-terminal TM region is
boxed. Intron positions and phases are marked. C2 domains are indicated. Full details are in additional file I.

three FAMG62 gene products from Homo sapiens. All three
share a common gene structure, but while FAM62B and
FAMG62C each encode three C2 domains, FAMG62A con-
tains a repeat of the portion of the gene encoding the first
two C2 domains, resulting in a total of five C2 domains.
Figure 8 shows a multiple alignment of four FAM62 gene
products from Danio rerio. The genome of Danio rerio
encodes at least four FAM62 genes. All four share a com-
mon gene structure, but while FAM62B and FAM62C each
encode three C2 domains, the FAM62A homologues con-
tain additional repeats of the module which encodes the
first two C2 domains. This results in a total of five C2
domains in FAM62A1 and nine C2 domains in FAMG62A2.

Figure 9 shows a multiple alignment of FAMG62 gene prod-
ucts from a range of metazoans. The genomes of Dro-
sophila melanogaster, Anopheles gambiae, Apis mellifera,
Strongylocentrotus ~ purpuratus, Ciona intestinalis and
Caenorhabditis elegans each appear to encode one FAMG2.
The genome of Tribolium castaneum has an unusual and

compact FAM62 locus. It is approximately 12 kilobases
long and contains three closely spaced FAMG62 copies in
tandem. Only the first copy retains the intron pattern
common to other FAM62 genes and is shown in figure 9.
The other two copies have diverged from the first and
from each other, both in terms of amino acid sequence
and intron position (see figure 10 and further details in
additional file 3). A duplicated, alternative exon in the
region of the first C2 domain of the insect FAMG2 genes is
shown boxed in figures 9 and 10. This is reminiscent of
alternative readings of the C2B region of certain Syt1 genes
[3,26,27]. In the Syt1 cases, the insect Syt1 genes employ
RNA editing to alter this region, while Caenorhabditis ele-
gans and Aplysia californica encode duplicate alternative
exons like the insect FAM62 genes here. The duplicated
alternative exons are absent from the second and third
FAMG2 copies in Tribolium castaneum (figure 10). Verte-
brate genomes encode at least three FAMG2 genes. The
FAMG62B genes of vertebrates appear to be most similar to
the single FAMG2 genes of other organisms and are there-
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. . . . 0. . . .0 . . . . 1
Physcomitrella_1 - MVLVGLIFGWLVGVALICGLKVMMDRRSRKRTKKVAAIELFNLIDEVELKKLCSDSYPNHVSFTTYEKVNWLNSMLEKFWPSILTRTEDMVKMKLAPVLESYKPTGISALTLDKFQLGKTPPQID]
Physcomitrella_Z - MVLSGLIIGWLVGVVIIARWRYMMDKRNKKRIQKATGIELLNVIDEMDLKKLCEQSLPNHISFLTFEKVEWLNKTLDKFWPSIVERTEKEVKMRLGPMLVAYKPVEISSLTLDKFHLGKTPPKID]
Physcomitrella_3 MAACVLEPNRPRIGSTILGHLVVGFVVGVGLVAGFKYFSDKRSKWRLOHIAGIHLLSLADEFDFKRLCKESYPSHISFLTFEKVRWVNEILEKIWPFVVERTEKPGKEWLGPVVEFYRPTRISSLTVEKFHLGKAAPHID]

oryza_l  =eeeem—eeeeeed MGLISGMVMGMVVGVALMAGHSRVMORRSRKRIAKAADIKVLGSLGRDDLKKLCGDNFPEWISFPQYEQVKWLNKHLSKLWPFVDORATAVVKESVEPLLDDYRPPGIKSLKFSKFSLGTVSPKIE
Triticum MGLVVGVVIMAGWSRVMORRSRKRVAKAADIKVLGSLGREDLKKLCGDNFPEWISFPQYEQVKWLNKHLSKLWPFVSQAATAVVKESVEPLLDDYRPPGIKSLKFNKFSLGNVSPKIE
Zea MGLI IVGVAIMAGWSRVMRRRSTKRIAKAADIKVLGSLSRDDLRKLCGDNFPEWISFPQFEQVKWLNKHLSKLWPFVVEAATVVVKESVEPLLDDYRPPGIKSLKXSKFSLGNVSPKIE
saccharum MGLISGMVMGVMVGVAXMAGWSRVMRRRSTKRIAKAADIKVLGSLTRDDLRKLCGDSFPEWISFPQFEQVKWLNKHLSKLWPEVVERATVVVKESVEPLLDDYRPPGIKSLKFRKFSLGNVSPKIE
sorghum  —mmmmmmemeee MGLISGMVMGMVVGVX IMAGHSRVMRRRSTKRVAKAADIKVLGSLTRDDLRKLCGDNFPEWVSFPQFEQVKWLNKHLSKLWPFVVDAATVVVKESVEPLLDDYRPPGIKSLKFSKFSLGNVSPKIE
Aquilegia MGLISGMLMGMVVGIALMAGWQYMMRYRSTKRISKAVDIKLLGSLSRDDLKKLCGDNYPEWISFPMFEQVKWMNKQLSKLWPFIADAATI ITRESVEPLLEEYRPPGITSLKFSKLSLGNVAPKIE
Populus MGLISGLFLGIVFGIGLMAGWKHMMQYRSTKRVAKAVDIKLLGSLNRDDLKKICGDNFPDWISFPAFEQVKWLNKQLGKLWPFVAEAATAVVKESVEPLLEDYRPPGITSLKFNKFSLGTVPPKIE
Solanum MGLITGILMGMICGIGLMAVWKHMTRYRSNKRIAKAVDVTVMGCLCRDDLKKVCGDNFPEWISFPVYEQVKWLNKQLSKLWPFIAEAGEATI IKECVEPLLEDYRPPGITSLKFSKLSLGTVAPKIE
Lycopersicon MGLISGILMGMICGIGLMAVWKHMTRYRSNKRIAKAVDVKVMGCLCRDDLKKVCGDNFPEWISFPVYEQVKWLNKQLSKLWPSTAEAGEAI IKESVEPLLEDYRPPGITSLKFSKLSLGTVAPKIE
Nicotiana MGLISGILMGMMLGIGLMAAWKHMMRYRSNKRVAKAVDVKLMGCLNRDDLKKVCGDNFPEWISFPVYEQVKWLNKQLSKLWPFIAEAGEAT TRESVEPLLEDYRPPGITSLKFSKLSLGTVAPKIE
Medicago_1 MGLISGIFMGMLFGIALMAGWARMMRYRSAKRIAKAVDIKILGSLNREDLKKICGENLPEWISFPVYEQVKWLNKLLSKLWPFVAERATMVIKESVEPLLEEYRPPGITSLKFSKLSLGNVAPKIE]|
Gossypium MGLISGILLGIIFGISLMAGWRHMMRYRSTKRIAKAADIKVLGALNRDDLKKICGDNFPEWISFPVYEQVKWLNKQLSKLWPSVAEAASAVIKESVEPLLEEYRPPGITSLKFSKLSLGTVAPKIE
vitis MGLISGILMGTIFGIALMAGWVHMMRYRS IKRVAKAVDIKLLGSLNREDLKKICGDNFPEWISFPVYEQVKWLNKQLTKLWPFVADRATLVIRESVEPLLEDYRPPGITSLKESKLSLGNVAPKIE
Medicago_2 MGLFFGIFLGVLFGVALMAGWERMMTYRSRKRIAKHAVDIKLLGSLNRDDLKKICGENLPEWISFPVYEQVKWLNKQLSKLWPFVADRATMVIRESVEPLLEEYRPPGISSLKFSKLSLGTVAPKLE]
Arabidopsis MGLISGILFGIIFGVALMAGWSRMMTHRSSKRVAKAVDMKLLGSLSRDDLKKICGDNFPQWISFPAFEQVKWLNKLLSKMWPY IAERATMVIRDSVEPLLEDYRPPGITSLKFSKLTLGNVAPKIE
B 2 O e ——— MGFISGVVMGMIIGVALIAGWSRAMARRAAKRSAKAADVNALASLDREDVKKICGENLPEWVSFPEYEQVKWLNKQLSKLWPFVEERATMVIRDSVEPILDDYRPAGISSLKFSKLSLGTVPPKIE

150 160 170 1800 190 200 210 0 220 230 240 250 260 270 280

. . . . . . . . . . . . -+ .
Physcomitrella_1 GIRIQRLVKGQVHMDMDFKWAGTGDIVLNI-GFMGSKLPVQLKNLSFFATIRVIFQLSEEIPCISALVVALLSKPKFQVSYKLNVLGGFNNNLPGLSDMIEDMVESSIADQLEWPHRIVLPVGDTPANVISDLGLKPQGQ
Physcomitrella_2 GVRIQRFREGOVHMDMEFKWGGSGEIVLNI-GFMRTKLPVQLKNLSFFATIRVIFOLSEVIPCISALVVALLPKPKFQIGYKLNVIGGNNANLPGLGDMIEDLVNSTVADQVEWPHRIVVPVGDTPADIMSDLGLKLOGQ
Physcomitrella_3 GIRVOSLRKSQVHLDMDFKWGSEGDVVLNA-AIMGSNVSIQLKDLSFYATIRLIFQLSDQIPCISAYVVAVLPDPKYRIDYNLKVGGGNTAAIPGLGDMIEDLVHSCITDMLEWPRRLIFPIGDTPMNVT|SDLELKPQGK

Oryza_1 GIRIONIQPGQIIMDIDLRWGGDPSIILAVDA-VVASLPIQLKDLQVYTIVRVVFQLSEEIPCISAVVVALLAHPEPKIQYTLKAIGGSLTAVPGLSDMIDDTVNSIVSDMLKWPHRLVVPLG-VNVD-TSELELKPQGR
Triticum GIRIQNLQPGQIIMDIDFRWGGDPSIILAVDA-RVASLPIQLKDLQVFTVVRVVFQLSEEIPCISAVVVALLAEPEPKIQYTLKAVGGSLTAIPGLSDMIDDTVNS IVNDMLQWPHRLVVPLG-VNVD-TSELELKPEGK
Zea GIRIQONLQPGQIIMDIDFRWGGNPSIILAVDA-VVASLPIQLKDLQVYTVIRVIFQLSEDIPCISAVGVALLADPEPKIQYTLEVIGGKLTAVPGLSDMIDDTVDSIVSDMLLWPHRHVVKLG-VNVD-TSDLELKPQGR
Saccharum GIRIQNLQPGQIIMDIDFRWGGNPSIILAVDA-VVASLPIQLKDLEVYTVIRVIFQLSEDIPCISAVVVALLADPEPKIQYTLKAIGGSLTAVPGLSDMIDDTVNSIVSDMLLWPHRHVVKLG-VNVD-TSDLELKPQGR
Sorghum GIRIQNLQPGQIIMDIDFRWGGNPSIILAVDA-VVASLPIQLKDLQVYTVIRVIFQLSEDIPCISAVVVALLADPEPKIDYTLKAIGGSLTAVPGLSDMIDXXV VKLG-VNVD-TSDLELKPQGR
Aquilegia GIRVQSLOKGQITMDIDFRWGGDPSIILAVEAALVASIPIQLKDLQVFTVVRVIFQLTDEIPCISAVVVALLSEPKPRIDYTLKAVGGSLTALPGISDMIDDTVNTIVTDMLOQWPHRIVVPIGGIPVD~-TSELELKPQGK
Populus GIRVQSLKQGQVTMDIDLRWCGDPSIILGVEAALVASIPIQLKDLEVYTVIRVIFQLAEEIPCISAVVIALLSEPKPKIEYILKAVGGSLTALPGVSDMIDDTVNS IVTDMLQWPHRIVVPIGGIPVD-ISELELRPQGK
Solanum GIRVQSLKKGQITMDIDFRWGGDPNIVLGVEAAMVASIPIQLKNLQVFTVIRVIFQLTEEIPCISAVVVALLSEPKPRIDYVLKAVGGSLTALPGLSDMIDDTVNTIVTDMLEWPHRIVVPIGGIPVD-TSDLELKPQGK
Lycopersicon GIRVOSLKKGQITMDIDLRWGGDPNIVLGVEAAMVASIPIQLKNLQVFTVIRVIFQLTEEIPCISAVVVALLSEPKPRIDYVLKAVGGSLTALPGLSDMIDDTVNT IVTDMLEWPHRIVVPIA--PVD-TSDLELKPQGK
Nicotiana GIRVQSLKKGQITMDIDLRWGGDPNIVLGVEAAMVASIPIQLKNLQVFTVIRVIFQLTEEIPCISAVVVALLSEPKPRIDYVLKAVGGSLTALPGLSDMIDDIVNTIVTDKLEWPHRIVVPIGGVPVD-TSDLELKPQGK
Medicago_1 GIRVQSLTKGQIIMDVDLRWGGDPSIILAVEAALVASIPIQLKDLKVFTIARVIFQLAEEIPCISAVVVALLAHPKPRIDYTLKAVGGSLTALPGISDMIDDTVNTIVTDMLQWPHRIVVPLGGIPVD-ISDLELKPHGS
Gossypium GVRVQOSLKKGQITMDIDFRWGGDPSIILGVEAALVASIPIQLKDLOQVFTVIRVIFQLAEEIPCISAVVVALLSEPKPRIDYTLKAVGGSLTAIPGISDMIDDTVKT IVTDMLQWPHRIVVPIGGIPVD-TSELELKPEGR
Vitis GIRVOSLKKGQIIMDIDLRWGGDPSIILAVEAALVASIPIQLKDLOQVFTVARVIFQLAEEIPCISAVIVAPLSHPKPRIDYTLKAVGGSLTALPGISDMIDDTVNTIITDMLQWPHRIVVPIGGMPVD-TSELELKPQGK
Medicago_2 GIRVQSLKKGQIIMDIDFRWGGDPNIVLGVEA-LVASIPIQLKDLQVFTIIRVIFQLAEEIPCISAVVVALLAHPKPRIDYTLKAVGGSLTALPGLSDMIDDTVNSIVTDMLOWPHRIVVPLGGTPVD-TSDLELKPQGL
Arabidopsis GIRVQSFKEGQVTMDVDLRWGGDPNIVLGVTA-LVASIPIQLKDLQVFTVARVIFQLADEIPCISAVVVALLAHPKPRIDYTLKAVGGSLTAIPGLSDMIDDTVDTIVKDMLOQWPHRIVVPIGGIPVD-LSDLELKPQGK
Oryza_2 GIRIQSFKKGQITMDVDFRWGGDPNIVLAVDT-LVASLPIQFKNLQVYTIIRVVFQLCDEIPCISAVVVALLAHPKPRIDYILKAVGGSLTAMPGLSDMIDDTVASLIADMLOWPHRIVVPLGGVDVD-VISDLELKPHGK
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. . . . . . . . . 0 . .

Physcomitrella_ 1 LKVTVVKAENLKNQEAIGKSDPYVKLYVRVLFKEKTTTIGDNLNPVWNQE FLLDVEDTETQALVLQIMDED-VGSDKQMGIASIPLNELVPDTEVLITQKVLKSLDTARVKDKGDRGTITVKLKFHPYTEEEQEIAT
Physcomitrella_ 2 LKVKVFKAEKLKNKETVGRSDPYVLLFVRVLFKKKTKVIHSNLNPEWMES FLFNVEDTETQTLILQVMDED-IGADKELGIASVPLHDLKPDTEIEITQKLLKSLDTAKVKDKSDRGSITISLKYHPYTKEEQVAAM
Physcomitrella_3 LTVTVVRANDLKNMETIGISDPYVVLYVRVLFKKKTRVIHHNLNPEWNDPDSVFHFDVEDTETQTLVLQVKDEEHFGTDKELGVTVVPLCVLKPDTEIEIRKKLAPSLDTVRVKDEGDRGSITVKLLYHLYTETEQLRAM
Ooryza_1 LTVTVVKATSLKNKELIGKSDPYVILYVRPMFKVKTKVIDDNLNPEWNET--~FPLIVEDKETQSVIFHVYDEDRLOQODKKLGVAKLAVNSLOQPEATSEITLKLQQSLDSLKIKDTKDRGTLHLQVTYHPFSKEEQMEAL

Triticum LSVTVVKATSLKNKELIGKSDPYVTLYVRPMFKVKTKVIDDNLNPEWNET FELIVEDKETQSVIFEVYDEDNLQODKRLGVAKLAVNNIVPETPSEITLKLMQSVDSLKIKDYRDRGSLHLKVMYHPFTKEEQLEAL
Zea LSVTVVKATSLRNKEMIGKSDPYVKLYVRPMFKVKTKVIDDDLNPEWNET FDLIVEDKETQSVIFEVYDEDKLQODKRLGVAKLAVNTLESEITQDATLKLLHSLDPIKNKDTKDRGTLHLKVKYHPFTKEEQLEAL
Saccharum LSVTVVKATSLRNKEMIGKSDPYVKLYVRPMFKVKTKVIDDDLNPEWNET FDLIVEDKETQSVIFEVYDEDNLQODKRLGVAKLAVNTLEPVITQEVTLKLLHSLDPIKNRDTKDRGTLHLKVKYHPFTKEEQLEAL
Sorghum LSVTVVKATSLTNKEMIGKSDPYVKLYVRPMFKVKTKVIDDELNPEWNET FDLIVEDKETQSVIFEVYDEDKLQQDKRLGVAKLAVNPLEPEITQEFTLKLLHSLDPIKNRDTKDRGTLHLKVKYHPFTKEEQLEAL
Aquilegia LSVTVAKANDLKNMEMLGKSDPYAVVYIRPLFKVKTKVINNNLNPVWNEV---FELIAEDKETQSLVLEVFDKDVAGODKRLGIAKLPLINVEPDAPQEIDLRLLPSLDMMKIKDKKDRGTITIKVLYHQFNKEEQLAAL
Populus LTVTVVKANDLKNMEMIGKSDPYAVVYVRPMFKVKTQVIDNNLNPVWNQT FDLIAEDKETQSLILEVFDKDI-GQODKRLGRAKLALNELEAETWKELEFGLLSSFDTLKVKDKKDRGTITIKVFYHEFNKEESLAAL
Solanum LTVTIVKANGLKNHEMIGKSDPYAVVYIRPLFKVKTKTIDNNLNPVWDQT FELIAEDKETQSLFVEVFDKDNIGQDERMGVAKLPLNELVADAAKEIELRLLPKLDMLKVKDKKDRGTITIKVLYHEFNKEEQLAAL
Lycopersicon LTVTIVKANGLKNHEMIGKSDPYAVVHIRPLFKVKTKTIDNNLNPVWDQT FELIAEDKETQSLFIEVFDKDNIGQDQRMGVAKLPLNELVADAAKEIELRLLPKLDMLKVKDKKDRGTITIKVLYHEFNKEEQLAAL
Nicotiana LIVTVVKANGLKNHEMIGKSDPYAVVYIRPLEKVKTKTIDNNLNPVWDQT FELIAEDKETQSLIVEVFDKD-VGQDQRMGVAKLPLNELVAEAAKEIELRLLPKLDMLKVKDKKDRGTIPIKVLYHEFNKEEQLAAL
Medicago_1 LKVTIVKATDLKNMEMIGKSDPYVVLYIRPLFKVKTKVINNNLNPVWDQT FELIAEDKETQSLILHVFDED-IGODKRLGIVKLPLIELEVQTEKELELRLLSSLDTLKVKDKKDRGTLTVKVLYYQFNKEEQLAAL
Gossypium LTVTVVKANDLKNMEMIGKSDPYVVVYIRPLFKVKTKVIDNNLNPVWNQT FELIAEDRETQALTVEVFDQD-IGQODKRLGIAKFRLIELEPETPKEITLNLLSSLDTLKVKDKKDRGNCTIKLLYHQFNKEEQLIAL
Vitis LTLTIVKANDLKNMEMIGKSDPYVVVHIRPLFKIKTKVIENNLNPVWNQT FELIAEDKETQSLILEVIDKD-ITQDKRLGIAKLPLNDLEAENPKEIELRLLPSLDMLKIKDKKDRGTITIKVLYHAFNKEEQMAAL
Medicago_2 LKVTVMKANDLKNMEMIGKSDPYVVVHIRPLFKVKTKVIDNNLNPIWNEE FDLIAEDKETQSLTLHVFDKD-IGQODKRLGVAKLPLINLEAETEKEIELRLLSSLDTLKVKDKKDRGTLRIKYFYHEFNKEEQMAAL
Arabidopsis LIVTVVKATNLKNKELIGKSDPYATIYIRPVEFKYKTKATENNLNPVWDQT FELIAEDKETQSLTVHVFDKD-VGQDERLGLVKLPLSSLEAGVTKELELNLLSSLDTLKVKDKKDRGSITLKVHYHEFNKEEQMAAL
Oryza_2 LTVTVVRAESLKNKELIGKSDPYVVLYIRPMFKEKTSVIDDNLNPEWNET FSLIAEDKETQHLILQVFDEDKLKQDKRLGIAKLPLNDLEMESVQEINLQLLSSLDTTKVKDKKDRGVLTIKVLYHPFTKAEALEAL

430 440 450 460 470 480 490 500 510 520 530 540 550
Physcomitrella 1  LREKEMLAAKEALKNS-GVVGGAMDAVGGGVKLVGTGISTAGSTGV. KLVGTGVGA VGLVGSGVVRA KRLSSSSRLATSVATPVNGSPLHEVNGTQKVKE
Physcomitrella_2  LAEQNELKAREQM-NN-GVIGGAMDAVGGGVKMVGSHGISAVGSGGS-- KLVGTGVGAVGSS--- VGIVGSGVVKASRLVSSGVKRLSSSNRLVSTTSTPVNGSPMHEVNGISKLKEV
Physcomitrella_3  VEEKEEIQAKEDLKNA-GVIGGNMDALTKSLKPSRNGTETVESGVM-- KVGRMMSKGIKSF IHDSLSPR
oryza_1 ESEKRATEERKRLKEA-GVIGSTMDALGGAASLVGYGVGLVGTGIVGGVGLVGSGIGAGVGLVGSGVGLVGSGIGAVGSGLGKAGKFMGKTVAGPFSMSRKNGSSSTAPQ
Triticum ESEKKAIEERKRLKEA-GVIGSTMDALGGAASLVGYGVGFVGTGVAGGVGLVGSGLGAGAGLVGSG=== IGAVGSGLGKAGKFMGRTVTGHLGMSRKSGSSSTVPQ
Zea EMEKQATEERKRLKEA-GIIGSTMDAVG --§GVGFVGTGIGAGLGFVGSGIGAGAGLVTSG--~ KAGKFMGRTVTGPFSMSRKNGSSSTAPQ
Saccharum EMEKQAIEERKRLKEA-GVIGSTMDAVGGAASLVGYGVGLVGTGIGAGIGLVGSGIGAGAGLVGHG--~ KAGKFMGRTVTGPFSMSRKNGSSSTAPQ
Sorghum EMEKQAIEERKRLKEA-GVIGSTMDAVGGAASLVGYGVGFVGTGIGAGIGLVGSGIGAGAGLVGSG-~~ KAGKFMGRTVTGPFSMSRKNGSSSTAPQ
Aquilegia EEEKKLLEERKKMKEA-GMIGSTMDALDGAASF MVGTGL! AGVGI LGAVGSGLSKAGRFMGRSITGQSSGPKK-SGTSTPVG
Populus EEEKQIIEQRKKLKEA-GVIGSTMDALDGAASLVGSYGVGLVGGGY AGVGFV LGAVGSGLSKAGRFMGRTITGQSS--KR-TGNTTPVN
Solanum EAEKATLEERKKLKAE-GVIGSTMDA-—===== VGHGVGMVGSGIGAGVGFVGTGLGAGVGIVGSG--====~ FGAVGSGLSKAGKFMGRTFTGSSKK
Lycopersicon EAEKAILEERKKLKAE-GVIGSTMDA-——==== VGYGVGMVGSGIGAGVGLVGTGLGAGVGIVGSG- FGAVGSGLSKAGKFMGRTFTGSSKK
Nicotiana EAEKAILEERKKLKSE-GVIGSTMDALDGAASLVGYGVGLVGTGLGAGVGLVGTGVGAGVGIVGSG— FGAVGSGLSKAGKFMGRTFPSSSKK SGSSTPVN--SIQENGGAKPLKTVLANTD
Medicago_1 EAEKATLEERKKLKAA-GVIGSTMDAVGSGVGLVGYGIGLVGTGIGAGAGLVGSGIGAGAGLVGSG— FGAFGSGLSKAGKFMGRTITGHSGS-RR-SGSSTPVH-~NPQENGSPKKTQ -
Gossypium EEEKRILEERKKLKEA-GVIGSTMDALDGAASLVGYGVGMVGTGIGAGVCLVGSGVEAGVGIVGSG- LGAVGSGLSKAGKFMGRTFTGHSS--KR-SGSSTPVN--SIXENGGAKPL~
Vitis EEEKRILEERKKLKEA-GVIGSTMDALDGAASLVGYGIGLVGSGVGAGVGLVGTGLGAGVGIVGSG— LGAVGSGLSKAGKFMGRSITGQSSSNKR-NGSTTPVN--NTQENGGVKP -~
Medicago_2 EAEKMTLEQRKKLKEE-GVIGSTMDALDGAASVVGSGAGLVGSGIGAGDGMVGHGFGAGAGIVGSG— LGAVGSGLSRAGKFMGRTITGQSASRRSASGSSTPVF--NVEESGGGAKPR.
Arabidopsis EDEKKIMEERKRLKEA-GVIGSTMDAVGMVGSGLGAGVGMVGTGIGTGVGLYGSGVSSGVGMVGSG======~ FGAVGSGLSKAGRFMGRTITGQSSKR---SGSSTPVN--TVPENDGAKQQ-
oryza_ 2 ELEKKTVEERRKTKEETAAVSGAADAASGVTSTVTHAAGAGVAAGAAAPGAGATAAGSGVGLVGTGIGAVGSGIGAFGTGLSKAGKFVGRTVTGPFSSARRSASSVPTID-~E

Figure 4

plant NTMC2Type4 genes. Amino acid sequences of full-length gene products are aligned. TM regions are boxed. Intron
positions and phases are marked. C2 domains are indicated. Alternatively spliced regions are boxed. Full details are in addi-
tional file 1.
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MVTLVVTSVKVFPDSTRNPQLPVASYTVGTLHSRPLGTCLTAQIHGPKNLFHGRPYKLDNHFQSKCRIGVRALPGKRKWRLLASVADGSKGDTKSGQLLNRFLKRGNPEIVVSDDSQELANDASNSROQEPQKKMQEEVEIPDDGTEPSLKPLGLY
MLPPSAGTPLP-PPSLAAASTSSCFLPSLLPIRRRRWPTPKATATAAFPPRRPAPLSANNLPLHT
LTPSAGIP-P-PSLSAASSPSTSYSLLYLPRRCRRLPVPRASSS--FAPKRSAPVPTTTLPPEA
MIPQTSSSNFDFRLPVDVSCTLLCPCSNELRAVFFT-~~--R-SRVLRP-SVKISNFRFISCGFRGNSKNLRLTDSSRKAANRFVIARFTNEFEDE
MILQ CSSFDFPSFVSRRLLCPCSNEHGLIVFSDGFTKR-RRILRRVHAANSNSRFVSSGIRTDSKNIGLADSARRAARSLVVTRFSNEFEDE
MLEMAQAHQFLKIMYHTQSTSCONTSSQSMVLLLPVIDENHEQFVTLRAPSSRSLGSYDTAGSMKYHRSKVLPTSRICRVPESQLRRVDOSWKPQIGRNIPWSLATT
MAQAHPVPNIMYHTHRQSCQSITSSSPVLLLRELDGKHQQFVNLNSISSSFYGSCGNAKLMKHHQLRVLPSSRICRVPESQLCRVDQPRKPQIDRNISWSLATA
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KAAKATKDRLLEAALKQVEEVKGFATNTSWINYFTSVDASPGTPLIPFLGDSLLGLGGLVLVAAALASWLRKARLGKKVLNTKEAGPTKPPRTKDILNAQAAVAAP IALSMLLOSDMKKKESAEWLNMVVGKVWNLYRRSLETATIEAVQPVIDE
PGVSETTSTSTSSTTFASGTFRGAGGEDPLVSKLRTQLGVIHPLPAPPVNRISVLGLFALFFFVGAAFR| KRRR---AEREVKVNGTWPQVPTSSFSLFLEEKDLQRKESVEWVNMVLGKLWKVYRPGIENWIVGLLQPVIDN
PSTSAAVEAPAPFSVTAPGTYRG--GEDPLVSKLRTOLGVIHPLPAPPISRISVVGLFALFFFVGAAF KRRR---AERELKVNGSWPQVPTPSFSLFLE-KDLORKESVEWVNMVLGKLWKVYRTGIENWIVGLLQPVIDN

GSSKESNDOQA. EDPIVDKLRTQLGVIHPLPSPTINRSVISLFVFFFFVGVAEF KRQRETGGDGNQRGVGPWPQVPT-SFSLFLE-KDLQRKESVEWVNMVLGKLWKVYRAGIENWLVGLLQPVIDD
EASSSSQESAIQGDRNNFTNFR--~-~-EDPIVDKLRTQLGVIHPIPSPPISRNAIGLFAFFFFVGVIQ KRRRQMAGDGGQRGAGPWAQVPT-SFSLSLE-KDLQRKESVEWVNMVLVKLWKVYRGGIENWLVGLLQPVIDD
GPHAFMTNNRMSISYSARQRKDSTVVHAQAVHRSISFLPGAGPLRDFLF--ALIGAVFAFLFAGMLA-KVWSL. EERYFRAT NM. IQGQKESVEWVNMVIHKVWKVYRRSLEVWLVQLLOPAIDN
GSHVVMTDFTRSNLYPTRQGRYSAVVHAQAVHRSFSLLPGAGPLRDFLF--ALIGAVFAFFFAGFLA-RLWSL-======mu=- EERYFRATSAERGSATMPEMG--=-======= SNQGQKESVEWVNMVIHKVWKVYRRSLQVWLVQLLOPAIDN
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Arabidopsis_2 GLALLWFGVITSVLVLVAINMGGSSFFN
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Physcomitrella 3

Figure 5

FYSEASGTPVVEHGATSPLSRSSDPKEENPRFEKETGELGSKDDPSSDLSKTEGNHLLWLCMFTTVAYIIGCSLHISNPLHP
VKQG---NGSARRGEQVESNSTHSSNTNASENATT-———~~ YPSIFSSDGDIRVPRRVNDSEQQGEYSSIPADCRASVWDNNVERLTISGSYDPKEESTQLENEAGLVSK- -~ -~ GDASKAEGNKHLLWLCMFTTVAYVIGWSLHFSNPLHP

plant NTMC2Type5 genes. Amino acid sequences of full-length gene products are aligned. TM regions are boxed. Intron

positions and phases are marked. C2 domains are indicated. Full

details are in additional file |.

fore included in figure 9. Alternatively spliced regions of
Homo sapiens and Mus musculus FAM62B are shown boxed
as well as some alternatively spliced regions of Ciona intes-
tinalis FAMG2.

Analysis of the structure of Syt genes

Collection and analysis of the plant NTMC2 genes and
animal FAMG2 genes revealed intron patterns which are
highly conserved within the different groups, implying a
long evolutionary history for the whole length of each
gene. | have previously looked at the intron patterns of Syt
genes and found strong conservation of particular intron
positions [3,4]. To make clear the differences between the
plant and animal N-terminal-TM-C2 domain genes and
Syt genes which are also N-terminal-TM-C2 domain
genes, I analyzed the intron positions within the coding
regions of Syt genes from a wide a range of metazoans.
Details of Syt genes shown here but not previously
reported [4] are in additional file 4.

Figure 11 shows an overview of the intron patterns in Syt
genes. Intron positions and their phases are shown rela-
tive to TM, C2A and C2B domains. The conserved introns
between the C2A and C2B domains stand out clearly. I
have included Syt17 (also known as B/K [28]) homo-
logues here. Although Syt17 homologues lack the N-ter-
minal TM domain and were therefore excluded from my
previous analysis [4] their intron structure is indeed char-
acteristic of Syt genes and different from other Syt-like
genes, such as those encoding Doc2 and Rabphilin pro-
teins (figure 12, details in additional file 4). The HUGO
gene nomenclature committee [25] have agreed to name
the Homo sapiens gene locus SYT17 so I follow this nomen-
clature here. The finding of a Syt9 homologue in Strongy-
locentrotus purpuratus expands beyond vertebrates a group
of Syt genes (Syt3, Syt6, Syt9 and Syt10) previously seen
only in vertebrates. I have identified additional Syt genes
in genomes examined previously. The Ciona intestinalis
Syta. (following the nomenclature of [9]) is a previously
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KITGTQ----SMSMRFDSLNTIHERHDRLDRTA

plant NTMC2Typeb genes. Amino acid sequences of full-length gene products are aligned. The N-terminal TM region is
boxed. Intron positions and phases are marked. C2 domains are indicated. Full details are in additional file I.
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Figure 7

Three Homo sapiens FAMé62 genes. Amino acid sequences of the gene products are aligned. The N-terminal TM region is
boxed. Intron positions and phases are marked. C2 domains are indicated. An alternatively spliced region in the second C2

domain is boxed.

unidentified member of a group present in Caenorhabditis
elegans, Drosophila melanogaster, Anopheles gambiae and
Ciona intestinalis but not present in Strongylocentrotus pur-
puratus, Danio rerio or Homo sapiens. The Danio rerio
genome sequence is still being completed and has yielded
substantially more information since my last analysis [4].

In figure 11, I have arranged the Syt genes into groups of
likely orthologues and paralogues. Genes from different
species, which are more similar to each other than to other
genes from the same species, can be classed as ortho-
logues, and thus defined, are taken to be related by vertical
descent from a common ancestor [29]. The functional
implications of such a relationship are that orthologues
may fulfil similar, perhaps equivalent, roles in different
species. As mentioned in the Background section of this
paper, this may be broadly true for Sytl genes which
appear to be present in all animals. The intron pattern dis-
tinctive of Syt1 genes, is highly similar to the intron pat-
terns of the Syt2, Syt5 and Syt8 genes. These genes appear
only in the evolutionarily more modern vertebrate line-
ages, so it is likely that they have arisen via Syt1 duplica-

tion during the evolution of vertebrate lineages and could
therefore be classed as paralogues, relative to Sytl. The
functional implications of such a relationship are that par-
alogues may fulfil a subset of the roles of the parent ortho-
logue through a process of subfunctionalization, or
acquire new roles through a process of neofunctionaliza-
tion [29]. The Syt11 genes appear similarly related to the
Syt4 group and the Syt14 genes similarly related to the
Syt16 group. The Syt6, Syt10 and Syt3 genes also appear
similarly related to the Syt9 group. Until a more complete
picture emerges from the accurate identification of com-
plete genome complements of Syt genes and Syt-like genes
from many more eukaryotic lineages, it will not be possi-
ble to classify these genes more accurately as orthologues
and paralogues.

Discussion

I have examined groups of genes in plants and animals
which encode N-terminal TMs followed by a linker and
one or more C2 domains. The NTMC2 genes and the
FAMG62 genes share sequence similarity in the linker
region between the N-terminus and the first C2 domain.
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Figure 8
Four Danio rerio FAM62 genes. Amino acid sequences of the gene products are aligned. The N-terminal TM region is
boxed. Intron positions and phases are marked. C2 domains are indicated. Repeated modules are underlined.
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Metazoan FAM62 genes. Amino acid sequences of the gene products are aligned. The N-terminal TM region is boxed.
Intron positions and phases are marked. C2 domains are indicated. Alternatively expressed regions are boxed.
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Three Tribolium castaneum FAMé62 genes. Amino acid sequences of the gene products are aligned. The N-terminal TM
region is boxed. Intron positions and phases are marked. C2 domains are indicated. Alternatively expressed regions are boxed.

This region has recently been identified as a conserved
domain of unknown function named SMP [30]. The
NTMC2 genes have one or two C2 domains and the
FAMG2 genes have three or more C2 domains. The plant
genes and the animal genes each have modular gene struc-
tures with conserved intron positions. Figure 13 shows a
summary of the structures of the FAM62 genes and the
NTMC2 genes.

FAMG62-like genes are identifiable in yeasts and fungi, but
their more divergent sequences and general lack of introns
set them apart from the group of metazoan FAM62 genes
and I have not analysed them here. I have identified sim-
ilar genes in other non-metazoans, such as Trypanosoma
brucei, Ostreococcus tauri and Cyanidioschyzon merolae, but
these too are quite divergent and lack introns (details in
additional file 5). All of the full-length nucleotide
sequences in this paper are listed in additional file 6. All
of the full-length amino acid sequences in this paper are
listed in additional file 7.

The NTMC2Typel, NTMC2Type2 and NTMC2Type3
genes are Syt-like, in that they have an N-terminal TM and
two separately conserved C2 domains. Their conserved
intron patterns distinguish them from Syt genes which
have only been found in metazoans and have their own
distinctive  intron  patterns. The NTMC2Typel,
NTMC2Type2 and NTMC2Type4 genes are highly similar
up to the first C2 domain, indicating a possible gene
fusion or fission.

A gene fission event is apparent in the genes encoding
Doc2 and Rabphilin proteins (figure 12, details in addi-
tional file 4). Rabphilin and Doc2 are related proteins,
each with two tandem C-terminal C2 domains which
share amino acid sequence similarity with Syt C2
domains. They have partly shared gene structures. The
genes encoding the Doc2 proteins comprise the C-termi-
nal half of the genes encoding Rabphilin and thus lack the
N-terminal Rabphilin effector domain. Whereas genes
encoding Rabphilin are widely distributed among meta-
zoans, genes encoding Doc2 appear to have arisen in the
vertebrate lineage. Ciona intestinalis has one Rabphilin
gene and no Doc2 genes. Mus musculus has one Rabphilin
gene and three Doc2 genes. Figure 12 illustrates these
sequences and their common gene structure. The con-
served intron positions help to clarify the relationship
between the Doc2 genes and the Rabphilin genes. The
intron patterns within the C2 domain regions of these
genes appear dissimilar to those of any of the other groups
of C2 domains analysed here, further demonstrating that
genes which share similarity at the amino acid level, can
be divided into genuinely homologous families on the
basis of their gene structures.

The difficulty of applying a consistent and meaningful
gene nomenclature is highlighted by this work. In the
past, gene naming was usually the result of slow and
painstaking research. Genes were given names indicating
a phenotype or functional aspect of an expressed product.
Now in the genome era, vast numbers of genes are appear-
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Figure 11

Intron pattern in Syt coding regions. This figure shows an overview of the structures of Syt genes. Intron positions relative
to TM, C2A and C2B domains, and their phases are indicated. Phase 0 introns are indicated by black dots. Phase | introns are
indicated by red dots. Phase 2 introns are indicated by blue dots. Question marks indicate unknown regions where the
genomic sequence is incomplete. The positions of additional alternative exons [ |,4] are indicated by asterisks. Groups of likely
orthologues are indicated in shades of blue. Groups of likely paralogues are indicated in shades of red.

ing at great speed. To make sense of all this new informa-  genome annotation. Genes can express multiple func-
tion, evolutionary genomics [29] aims to dissect the  tional products and be regulated differently in different
complex relationships between genes in different life  contexts. This means that it cannot be straightforward to
forms over evolutionary time scales, thereby improving  predict the functional consequences of variations at par-
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Rabphilin and Doc2 genes. Amino acid sequences of the gene products are aligned. Intron positions and phases are marked.
The Rabphilin effector domain is boxed and C2 domains are indicated.

ticular genomic loci, in different species or even different
individuals. Functional annotation of genomes is there-
fore not a straightforward task.

There is already confusion with Syt nomenclature (see for
example SYT5, Syt5, SYT9 and Syt9 in the Gene and
Pubmed databases at NCBI). Equivalent genomic loci in
different species can be given different names through
separate genome annotation pipelines, and the commu-
nity of researchers engaged in functional studies of the
gene products, continue to supply yet more names relat-
ing to the particular functions they have studied (for
example, see [15]). In this paper I have named the Syta
genes, which lack human homologues, in line with [9]. 1
have named those with human homologues, according to
the HUGO gene nomenclature committee approved
human gene names [25]. Three Syt genes in Caenorhabditis
elegans remain unclassified at present and 1 have simply
numbered them (1) to (3) for now. The Wormbase [31]
nomenclature for Caenorhabditis elegans Syt genes: snt-1 to
snt-6 does not (apart from snt-1 being numbered consist-
ent with its relationship to other Sytl genes) yet take
account of their evolutionary relationships. Flybase
[32]Syt gene names are currently restricted to three of the

seven Syt genes in Drosophila melanogaster: Syt1,4 and 7
(vet see [33] where four Syt genes were identified in Dro-
sophila melanogaster, but only two of these match Flybase
Syt genes, likely due to inaccuracies in the source data-
bases used). While the Homo sapiens and Mus musculus
genes encoding Rabphilin have now been named RPH3A
and Rph3a, respectively, the genes encoding Doc2 pro-
teins have not yet acquired genome nomenclature com-
mittee approved names. I named the FAM62 genes in this
paper according to the HUGO gene nomenclature com-
mittee approved names, but these names have no func-
tional meaning. I suggest a nomenclature for the plant
genes which describes their domain composition. This
may have some functional relevance.

For the future annotation of genomes with homologues of
the genes discussed here, it would be useful to incorporate
these gene predictions into the sequence databases such
that they are obviously visible and appropriately con-
nected. This should be possible via the recently intro-
duced Third Party Annotation (TPA) facility at the NCBI
and EMBL nucleotide sequence databases. Genome anno-
tation needs to be updated continuously and the informa-
tion from separate genome projects integrated. A possible
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Structures of 6 groups of plant genes and the similar FAM62 genes of metazoans. TM regions are represented by
red boxes and C2 domains by blue boxes. Intron positions and phases are indicated. Those within square brackets are not

always present.

wiki solution to the problem of updating genome annota-
tion has recently been proposed [34].

Conclusion

A comparative genomics analysis of genes with N-termi-
nal-TM-C2 domain architectures helps to understand how
these genes have evolved. Although it is not possible to
draw firm conclusions about the total gene complement
of organisms from incomplete genome sequences, such
information is needed for sound inferences about the ori-
gin and diversification of gene families. The examination
of a wide variety of fragmentary sequences does, however,
provide much information, useful both for understanding
the evolution of genes and their functional products.
Large scale, structure-based comparisons of protein
sequences inform functional perspectives on the evolu-
tion of protein repertoires eg. [[35-37] and references
therein]. A structural analysis of eukaryotic C2 domain
proteins [38] has considered the evolution of this particu-
lar domain. For more gene-oriented perspectives, see eg.
[29,39,40] and for a consideration of non-coding
sequence evolution, see eg. [41,42].

The collection of genes used here, includes evolutionarily
widely dispersed genes with distinctive intron-exon pat-
terns. It includes several gene families with long evolu-
tionary histories. The origins of these gene families are not
yet clear but appear to be several. Genome sequences from
more lineages of simple, deep-branching eukaryotes may,
in future, reveal the earlier histories of these gene families.
The collection demonstrates different modes of gene evo-
lution: the C2 domain duplication of FAMG62A genes, the
whole gene duplication of the Tribolium castaneum FAMG62
genes and Mus musculus Doc2 genes, the alternative exons
of the C2-1 domain encoded by insect FAM62 genes, the
gene fusion/fission of NTMC2Type2/NTMC2Type4 and
Rabphilin/Doc2 genes, and the expansion and diversifica-
tion of the Syt gene family. Intron gains and losses are also
demonstrated. Intron movements in the duplicated Tribo-
lium castaneum FAMG2 genes and intron movement with
functional consequences in the NTMC2Type2 genes are
interesting examples. The mechanisms of intron gain and
loss and the causes of intron evolution are matters of con-
siderable debate [39,43]. This gene collection provides
some useful information for this area of investigation.
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Different gene products in this collection share a domain
architecture which implies membrane proteins tethered
by TM domains, which via their C2 domains, interact with
lipids, other membranes and other proteins, sometimes in
a calcium regulated manner. Functional studies on many
of these genes have yet to be undertaken. It remains to be
seen exactly what levels of functional equivalence exist
even between different members of the same gene family,
for example, the Syt gene family. An empirical approach to
investigating the functions of plant NTMC2 genes and
animal FAMG2 genes would therefore seem more wise
than attempting to make functional predictions based on
their shared structural domains, which are not homolo-
gous. Improved understanding of the evolutionary rela-
tionships among these genes will help to guide and
interpret future functional studies as well as informing the
effort to annotate genome sequences. I hope that innova-
tions in gene and genome annotation will in future allow
the easy integration of new results from functional studies
and that new functional studies can likewise be informed
by evolutionary considerations based on good annota-
tion. Complex, eukaryotic genes are difficult to predict
accurately from genome sequences and need to be verified
by comparison with transcript sequences. This is espe-
cially important when subtle gene regulation by alterna-
tive splicing and RNA editing is involved. Ideally, in time,
it will be possible to integrate all sources of data into a
comprehensible resource.

Methods

Cloning and sequencing of Physcomitrella patens genes

Physcomitrella patens genomic DNA was a gift from Didier
Schaefer. 1 used this as a template for PCR reactions. I
amplified genomic regions using Pfu turbo polymerase
with phosphorylated primers and cloned the products
into Sma digested pBSIIKS-. After sequencing, overlap-
ping clones were selected and digested with restriction
enzymes in such a way as to ligate the genomic locus into
one piece. The sequence of each genomic clone was
deposited in the public sequence databases
[EMBL:AM410046, EMBL:AM4100449,
EMBL:AM410050]. cDNA clones, also gifts from Didier
Schaefer, were obtained from the M. Hasebe collection
[44] at PHYSCObase [23] and sequenced completely.
These sequences were deposited in the public sequence
databases [EMBL:AM410045, EMBL:AM410047,
EMBL:AM410048].

Confirmation of RNA editing of Arabidopsis thaliana
NTMC2Type2.2

A full-length ¢DNA clone of Arabidopsis thaliana
NTMC2Type2.2 was a gift from Boris Voigt. I confirmed
the coding sequence and deposited this in the public
sequence databases [EMBL:AM410051].

http://www.biomedcentral.com/1471-2164/8/259
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