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Abstract

Background: Small G proteins, which are essential regulators of multiple cellular functions, are
activated by guanine nucleotide exchange factors (GEFs) that stimulate the exchange of the tightly
bound GDP nucleotide by GTP. The catalytic domain responsible for nucleotide exchange is in
general associated with non-catalytic domains that define the spatio-temporal conditions of
activation. In the case of small G proteins of the Arf subfamily, which are major regulators of
membrane trafficking, GEFs form a heterogeneous family whose only common characteristic is the
well-characterized Sec7 catalytic domain. In contrast, the function of non-catalytic domains and
how they regulate/cooperate with the catalytic domain is essentially unknown.

Results: Based on Sec7-containing sequences from fully-annotated eukaryotic genomes, including
our annotation of these sequences from Paramecium, we have investigated the domain architecture
of large ArfGEFs of the BIG and GBF subfamilies, which are involved in Golgi traffic. Multiple
sequence alignments combined with the analysis of predicted secondary structures, non-structured
regions and splicing patterns, identifies five novel non-catalytic structural domains which are
common to both subfamilies, revealing that they share a conserved modular organization. We also
report a novel ArfGEF subfamily with a domain organization so far unique to alveolates, which we
name TBS (TBC-Sec7).

Conclusion: Our analysis unifies the BIG and GBF subfamilies into a higher order subfamily, which,
together with their being the only subfamilies common to all eukaryotes, suggests that they
descend from a common ancestor from which species-specific ArfGEFs have subsequently evolved.
Our identification of a conserved modular architecture provides a background for future functional
investigation of non-catalytic domains.
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Background

Guanine Nucleotide Exchange Factors (GEFs) are obliga-
tory components of signaling cascades regulated by small
GTP-binding proteins (called small G proteins hereafter).
Their biochemical activity is to stimulate the dissociation
of the tightly bound GDP nucleotide from the small G
protein in response to cellular signals. Thereby, they favor
the binding of the more abundant cellular GTP, organiz-
ing the active conformation of the small G protein which
can recruit its effectors (reviewed in [1]). Each small G
protein family features its own ensemble of GEFs charac-
terized by a conserved catalytic domain responsible for
nucleotide exchange, which is generally combined with
non-catalytic domains that define the spatio-temporal
conditions of activation. In the case of small G proteins of
the Arf family, which are major regulators in membrane
trafficking (reviewed in [2]), the exchange domain is a
conserved module of ~200 amino acids called the Sec?
domain [3]. Its biochemical (reviewed in [4]) and struc-
tural [5,6] mechanisms have been investigated in detail.
Remarkably, the Sec7 domain is the only domain that is
conserved in all ArfGEFs (reviewed in [7,8]) and it is to
some extent interchangeable between species [9]. In con-
trast, little is known about the functions of the other
domains, which are likely to determine intracellular local-
ization of ArfGEFs and their responsiveness to specific
signals.

As for most small G proteins, Arf family members are out-
numbered by ArfGEFs in many species. In humans for
instance, 5 Arf proteins have been identified, and there are
at least 13 proteins carrying a Sec7 domain, of which most
have been characterized as bona fide ArfGEFs (reviewed in
[7,8]). Thus an individual Arf protein may be activated by
more than one GEF, emphasizing that essential aspects in
building up the Arf responses may be encoded by the
modular architecture of their GEFs. Sequence similarity in
the non-catalytic regions forms the basis for the classifica-
tion of ArfGEFs into subfamilies. 8 subfamilies are cur-
rently identified in eukaryotes with sizes ranging from
small (~40-80 kD including CYH, EFA6 and FBS), to
medium (~100-150 kD, including BRAG/LONER, SYT1,
SYT2) and large (~170-200 kD) ArfGEFs (reviewed in
[7,8]). Large ArfGEFs comprise two subfamilies which we
will refer to as the BIG and GBF subfamilies after the name
of their human representatives. The GBF subfamily
includes human GBF1 [10], Arabidopsis GNOM [11] and
Saccharomyces Geal and Gea2 [12], the BIG subfamily
human BIG1 and BIG2 [13,14] and yeast Sec7p [15]. An
additional subfamily called RalF is found in Rickettsie and
Legionella bacteria, likely acting on an host Arf pathway
[16]. Analysis of the CYH and EFA6 subfamilies, present
only in multicellular animals, and that of the large Arf-
GEFs, found in all eukaryotes, have yielded most of the
functional data currently available. CYH and EFA6 are
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Venn diagram of the nine Sec7-containing sub-
families sorted according to the species where each
subfamily has been found. The TBS subfamily was identi-
fied in this study. The BIG and GBF subfamilies are merged in
a higher order subfamily (GBG), and are the only subfamily
common to all eukaryotes.

active on Arf6 at the plasma membrane where they may
function in the crosstalk of membrane traffic, cytoskele-
ton dynamics and signalling in endosomal pathways
(reviewed in [17]). Most members of the BIG and GBF
subfamilies characterized so far function in vesicular traf-
ficking at the Golgi [12,14,18], except for BIG2, which
also localizes on recycling endosomes [19], and GNOM
which acts in the endosomal recycling pathway [11].

The domain architecture of non-catalytic regions of Arf-
GEFs, hence their contribution to specific aspects of the
build-up of the Arf response, is essentially not established
except for those ArfGEFs with domains found in other
classes of cellular regulators. The known domains include
membrane-interacting PH domains in the CYH (reviewed
in [20]), EFA6 [21] and possibly BRAG/LONER[22] sub-
families, and a putative F-box in the FBS subfamily [23], a
protein-protein interaction domain that has been
involved in the recruitment of substrates to the SCF ubiq-
uitination machinery. Coiled-coil structures have also
been predicted in the N-terminus of the CYH subfamily
and in the C-terminus of the EFA6 subfamily. In CYH,
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Table I: BIG and GBF protein sequences used in this study.
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Species Protein name 2 Accession Number Size in amino acids
Metazoa Ag Q7PWN5 EAA 14874 1522
Q7PXQ7 EAA00837 1285
Ce QIXWG5 NP_493386 1628
QIXTFO NP_499522 1820
Dm QVWI AAF53331 1653
Q9IVE96 AAF58532 1983
Hs BIGI Q9Y6D6 1849
BIG2 Q9Y6D5 1785
GBFI Q92538 1859
Rn BIGI XP_232614 1987
BIG2 Q7TSUI 1791
GBFI XP_347197 1883
Fungi Ca EAL04295 EAL04295 1839
EAL02873 EAL02873 1015
Nc Q7SAX4 EAA33549 1940
Q7SALS EAA33457 1626
Sc SEC7 P11075 2009
GEAI P47102 1408
GEA2 P39993 1459
Sp SC71 Q9UTO02 1811
SC72 Q9P7V5 1822
Q9P7R8 NP_596613 1462
Viridiplantae At Atlg01960 Q9LPC5 1750
At3g43300 NP_189916 1728
At3g60860 Q9ILZX8 1793
At4g35380 065490 1711
At4g38200 NP_195533 1698
GNOM Q42510, Atlgl3980 1451
GNLI QIFLYS5, At5g39500 1443
GNL2 NP_197462, At5gl19160 1375
Os 9631.m01366 Q8S565 1789
9630.m00920 QIXGN9 1687
9634.m04029 - 1704
9635.m03752 - 1680
9631.m04495 - 1456
9630.m02122 - 1396
9632.m00175 Q7XTII 1407
Alveolata Pt GGGl CR533425 1615
GGG2 CR533424 1628
GGG3 CR533423 1598
GGG4 CR533422 1599
GGG5 CR533421 1435

aUnnamed sequences are designated by their NCBI accession number, AGI (Arabidopsis Genome Initiative) locus numbers for At and TIGR model
temporary IDs for Os. BIG and GBF subfamily members are in normal and bold characters respectively, except for Pt members which have not been
assigned to either subfamily (see also Figure 8). Species abbreviations are: Ag, Anopheles gambiae; Ce, Caenorhabditis. elegans; Dm, Drosophila
melanogaster; Hs, Homo sapiens; Rn, Rattus norvegicus; Ca, Candida albicans; Nc, Neurospora crassa; Sc, Saccharomyces cerevisiae; Sp, Schizosaccharomyces
pombe; At, Arabidopsis thaliana; Os, Oryza sativa; Pt, Parameciumtetraurelia).

they are involved in dimerization [3], recruitment of part-  been the subject of many investigations, their architecture
ners [24] and Golgi targeting [25], and in actin remode-  is barely described, making it difficult to associate bio-
ling functions in the case of EFAG [21]. On the otherhand, = chemical activities with their molecular structure.
although the functions of BIG and GBF subfamilies have
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Here we investigate the domain architecture in the BIG
and GBF subfamilies, including all sequences from fully
annotated eukaryotic genomes and our novel annotation
of Sec7-containing proteins from the Paramecium tetraure-
lia alveolate. Sequence comparisons combined with sec-
ondary structures and splicing patterns analysis identifies
five novel domains that are conserved between BIG and
GBF subfamilies, thus unifying them as a higher order
subfamily with a probable common ancestor. Our analy-
sis of Sec7-domain containing sequences from Para-
mecium also introduces a novel subfamily of ArfGEFs
unique to alveolates, which we call TBS (TBC-Sec7).

Results and discussion

A conserved domain architecture in BIG and GBF
subfamilies

The BIG and GBF subfamilies are the only ArfGEFs sub-
families common to all eukaryotes [8] and the sole Arf-
GEFs present in plants [26] (Figure 1). They are therefore
possible representatives of ancestral ArfGEF functions and
may provide a model to understand the nature and imple-
mentation of activities associated with the exchange func-
tion carried by the conserved Sec7 domain. However,
domain 'hunting' in BIG and GBF subfamilies was com-
plicated by the facts that the Sec7 domain is their only
domain that could be identified from known domain rep-
ertoires, and that their poorly characterized non-catalytic
regions were not found outside these ArfGEF subfamilies.
Alternatively, we based our search of candidate structural
domains in BIGs and GBFs on the bioinformatics analysis
of their own sequences, taking advantage of the growing
number of sequences from fully annotated genomes from
mammals, insects, plants, nematode, and fungi, to which
we included our annotation of Sec7-containing proteins
from the newly sequenced genome of Paramecium.

Multiple alignments of 42 sequences (listed in Table 1)
revealed that the BIG and GBF subfamilies share an unex-
pected conserved architecture (schematized in Figure 2).
Two homology domains are located in N-terminus of the
Sec7 domain - the DCB (~150 aa) and HUS (Homology
Upstream of Sec7, ~170 aa) domains - and three in its C-
terminus -the HDS1 (Homology Downstream of Sec7,
~130 aa), HDS2 (~160 aa) and HDS3 (~120 aa) domains
(Figure 3,4,5,6,7). In Arabidopsis GNOM, the DCB
domain is included in an N-terminal region of ~250 resi-
dues involved in dimerization and possibly binding to
cyclophilin5 and called the Dimerization/Cyclophilin
Binding region [27], after which the new domain was
named (Figure 3). All domains are predicted to have a
high content of a-helices that co-align in the multiple
sequence alignments, reinforcing the prediction of
sequence similarities and suggesting that these domains
form folded structural units that may share common func-
tional features. Except for the N-terminal DCB domain
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Figure 2

The common domain architecture of the BIG and
GBF subfamilies. From N- to C-terminus : DCB , HUS,
Sec7, HDS1, HDS2, HDS3. Linker regions of variable length
and sequence are shown in grey, with alternate splicing sites
in human GBFI, BIGI| and BIG2 in black, white and grey dia-
mond shapes respectively. Interactions reported in the litter-
ature are indicated in boxes of width corresponding to the
mapped regions, except for myosin IXb interaction which
was studied only with full-length BIGI. Arrows indicate pre-
dicted Protein kinase A-anchoring motifs. | [45]; 2[27]; 3 [46];
4[47]; 5 [48]; € [49]; 7 [507; 8 [51].

which is also found in the yeast protein Ysl2p [28], all of
them are unique to these two ArfGEFs subfamilies within
the detection limits of the BLAST search. The HUS domain
features a remarkably conserved N(Y/F)DC(D/N) motif,
which we call the HUS box, which is predicted to locate in
a loop where it may be available for functional interac-
tions (Figure 4). The N- and C-terminal ends of BIGs and
GBFs are more variable, including an unusual enrichment
in Asp/Glu or Pro residues in some members. A specific
feature of BIG members is that their C-terminus is in gen-
eral less variable than that of GBFs, and is predicted with
a significant amount of secondary structures. In contrast
to the predicted structural domains, the intervening
regions are highly variable in length and do not yield
aligned sequences. Analysis of their amino-acid composi-
tion reveals a paucity of hydrophobic residues which is
predicted to associate with an essentially unfolded
conformation, suggesting that they act as linkers to tether
the functional domains together.

To further investigate the predicted organization of BIGs
and GBFs in 6 conserved helical domains connected by
variable linkers, splicing patterns of human BIGs and
GBFs were analyzed in the large number of cDNAs and
ESTs in the databases that correspond to GBF/BIG tran-
scripts. This revealed the use of alternate splice donor and
acceptor sites predicted to yield proteins with insertions
and deletions ranging from 1 to 38 residues, and a
number of splice variants arising from exon skipping
(Table 2). Strikingly, all observed sequence variations
occur in regions identified as linkers between conserved
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BIG1_HUMAN/70-228 SKTNFIEADKYFLPFELACQ[S. .KCPR[IVST[SLDCLIQKLIAYGHLITGNAPD

BIG2_HUMAN/58-216 PKANFI[EADKY[FLPFELACQ|S|. . KSPRV[VST|SLDCL|IQKLIAYGH|[ITGNAPD

Q9VJW1_DROME/72-230 DAASIINAETY[F|LPFELACK[]S|..RSPR[IVVTALDCLQKLIAYGHLTGSIQD

Q9XWG5_CAEEL/69-227 AGGTAVEADRY[F|LPFELACN[S|..KSPK[IVITALDCL|QKLIAYGHLTGRGAD
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Q9V696_DROME/56-217 EDLRQI[E[PQVF|LAPFLEVIRTADATGPLTSLALASVNKLLSYGL|IDPTSPN

Q9XTFO_CAEEL/56-248 ADLADMN[PQTY[L|S[PFLDVIKAQNTNGP[ITEAALAAVAKFLNYGL|IDASSIK
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GNL2_ARATH/67-228 KDAMNSIWV|SG|I|TS|CRLEKTDLV. SEDA ILQVLTGIMKH. . P
GEA2_YEAST/87-248 IGAHRAT|VNAL|THCRFEGSQQL. S[DD/S .|VVIFLLRS I[VD|S|. . P
GEAl_YEAST/90-251 QIAVRETVVALTHCRFEASKQI.SDD|S WV TLLRDIZTS]. .S
00000000000000Q 0000000000000000000
10(_) 119 12(? 139 149 15(.)
BIG1_HUMAN/70-228 HI.ETIHEGTVLQAVRTCYNIYLAS. .KNLINQTTRARATLTOMLNVIFARMENQALQEAKQMEKERHRQH
BIG2_HUMAN/58-216 HI.EIHEGT[I|LQTVRTCYN|IYLAS..KNLINQTTAKATLTOMLNVIFTRMENQVLQEARRLEKPIQSKP
Q9VJW1_DROME/72-230 HV.E[IHEFTLLQAVRTCYD|IYLSS..KNLVNQTTARATLTOQMLNV|IFARMENQVYELPPPNSNPTNGSI
Q9XWG5_CAEEL/69-227 HC.EVHGASLILAVRTCFN‘IYLTS. .KSPIN‘QATAKGTLTQVINTVFGNMEKFGNIKDDETIVREVVEV
3g60860_ARATH/77-233 SL.R|IHGKCLLLVVRTCYD|I[YLGS..KNVVNQTTAKASLIQILVIVEFRRMEADSSTVPIQPIVVAELME
1g01960_ARATH/72-228 SL.R[IJHGDS[LLQIVRTCY[GI[YLGS..RNVVNQATAKA|SLVOMSVIVFRRMEADSSTVPIQPIVVAELME
49g35380_ARATH/62-214 CI.L|IRGDCLLHVVKTCYNIIYLGG..LSGTT|QICAK/SVLAQMMLV/IIFTRSEEDSLDVSVKTIYVNEL. .
4938200 _ARATH/61-215 RI.L|IRGDCLLHLVR[TCYNVYLGG..FNGTNQICAK[SVLAQIMLIVEFTRSEANSMDASLKTVNVNDLLA
3g43300_ARATH/97-252 KF .KVHGEPLLGV|IRVCYN|IALNS....PINQAT|SKAMLTOMISIVFRRMETDIVSASSTVSQEEHVSG
SEC7_YEAST/267-445 SS.LICHGAS[LLKA[IRTIYNVIFVFS. .LNPSNQGIAQATLITQIISSVYDKIDLKQSTSSAVSLSTKNHQQ
GGG2_PARTE/36-189 KH.HIYGES|V|TRV[F|SLLINLHSVS..KIVAI|INASKERAC|QKIVST|YFARLEDYGILAEDEYQLAIQQQG
GBF1_HUMAN/54-215 VGAHLTNESVCEIMQSCFR|ICFEMR.LSELL}RKSAEHTLVDMVQLLFTRLPQFKEEPKNYVGTNMKKLK
Q9V696_DROME/56-217 EGAAV|SNVSMCEVML|ISCFK/ISFEPR.LSELLRRS/AEKSLKDMVLLFFMRLPQFAEERSDTMLQKRFTIG
Q9XTFO_CAEEL/56-248 PGILL|SNEAV|CDMMQISCFR/IVFEQN.LSLLLRKAAES/TLADMTQLIFTRLPTFVEDTRHPYIRQLVNPT
GNOM_ARATH/83-245 ASVML|SNQH|VICTV|V|N|TCFRVVEQAGMKGELL|QRVARHTMHELVRC|IFSHLPDVERTETTLVNRAGSIKQ
GNL1_ARATH/81-243 ASNGIL|SNQD|I|CTI[VN|TCLIRVVHQS SSKSELL|QRIARHTMHELIRC/IFSQLPFISPLANECELHVDNKVG
GNL2_ARATH/67-228 SSELLEDQANV|CTIV|NTCF|QVIVQQSTGRGDLL|QRNGRYTMHELIQIIIF|SRLPDFEVRGDEGGEDSESDT.
GEA2_YEAST/87-248 YGDL|L/SNS I|T[YDV|L|QT I 1|S| ACNNR.RSEVLFNAESTMIAVTVKIFSKLKTIEPVNVNQIYINDESYT
GEA1l_YEAST/90-251 FGDY[L/SDTII[YDVLIQTTL/SLACNTQ.RSEVLRKTAEV|TIAGITVKLETKLKLLDPPTKTEKYINDESYT
Figure 3

The conserved domains of the BIG/GBF subfamily: DCB domain. Multiple sequence alignement of the conserved
domains from BIG and GBF representative sequences showing secondary structure predictions that co-align in all sequences.
Colour coding is red for invariant residues, yellow for a sequence similarity score threshold of 0.15 using the BLOSUMé62
matrix. The gap in helix 4 is due to an insert in the drosophila Q9V696 sequence, and may be resulting from a sequence anno-
tation error.
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3g43300_ARATH/324-509 IELESMSIGQRDALLVFR[TLCKMGMKEDS . ... ... DEVTTKTRIL OGMLE|GV|SHSFTKNFH
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GGG2_PARTE/318-500 SHSTFSEQYVKDAYE[ILEMLC|QLISQRDPQN. .. .. PQLAQMIIKCKVL YEALAQSDTTILQHKPK.
GBF1_HUMAN/392-566 EGTALVPYGLPCIRELFRFLI/SLITNPHDR. . v vvuw.. HNSEVMIHM TVALE[SAP. .VAQCQT. .
Q9V696_DROME/356-532 DVTSLSPYGLPFIQELFRFLIJILICNPLDK .QNSDSMMHT TVAFEVAADNIGKYEG. .
Q9XTFO_CAEEL/377-558 GGEEKMPYGLPCCRE[LLRFLIITMTNPVDR. .o v vuv... HNTESMVIL IVALEAIADFLPNYDI..
GNOM_ARATH/305-491 LHIMTEPYGVPSMVE|[IFHFLC/SLLNVVEHVGMGSRSNTIAFDEDVPLF NSATIELGGSSIRHHPR. .
GNL1_ARATH/306-492 ENAMMAPYGIPCMVE|[IFHFLCTLLNVGENGEVNSRSNPIAFDEDVPLF NSAIELGGPSFREHPK. . .
GNL2_ARATH/233-414 ...MSGGYGIRCCIDIFHFLCSLLNVVEVVENLEGTNVHTADEDVQIF NSATIELS/GDAIGQHPK......
GEA2_YEAST/320-508 QAYADDNYGLPVVRQYLNLLLSLIAPE . ..o v ... NELKHSYSTRIF OTALEIS/GDRLOQLYPR......
GEA1_YEAST/305-490 AENVEPNYGITVIKDYLGLLLSLVMPE . « v oo vu.. NRMKHTTSAMKL NAAIEISGDKFPLYPR......
8(? 99 10(.) 119 129
BIG1_HUMAN/411-593 TKQYLCVALISKNG . V[S|SVPEVFELSLS[I|FLTL/L S NF KT HLKMQ I E|V[F FJKE[IFLY[T
BIG2_HUMAN/362-544 IKQYLCVALSKNG.VS|SVPDVFELSLA[I|FLTLLSNFKMHLKMOQ IEV|FFKE|I|FLN|T
Q9VJIW1_DROME/304-486 IKQYLCVALSNNG.VISLVPEVFELSLS|I[FVALLSNFKVHLKRQ IEV|FFKE|I|FLN|T
Q9XWG5_CAEEL/264-443 IKRT|LCIMALITRNA . VISNNIQVFEKSLA[IFVELLDKFKTHLKAS IEV|FFNSV|ILPM
3g60860_ARATH/337-519 IKQFLCLSLLKNS . ASTLMI|IFQLSCS|I|FIS|LVARFRAGLKAEIGV|FFPMIVLRV
1g01960_ARATH/328-507 IKQYLCLSLLKNS.ASNLMI|IFQLSCS|ILLS|LVSRFRAGLKAE IGV|FF|PMIVLRV
4g35380_ARATH/284-466 ..... VKQY[LCLS[LILKNS . AV|SIMS|IFIQLQCA|I[FMS|LIL SKLRS VILKAE I GI|FFPMI[VLRV
4g38200_ARATH/263-456 PQKICR IKQLLCILSLLKNS . ALSVMS|IFQLQCA|I[F T TLLRKYRSGMK|S|E VG I|F F|P ML|VLRV|
3g43300_ARATH/324-509 VKAY[LS|[YALILRAS . V|S|0SSV|IFQYASG|I[FSV|LLLRFRDS|LKGE IGI|FFPI|IVLRS
SEC7_YEAST/488-678 GKERVC[FIDS[IRQYLRLVL/SRNA.A|SPLAPVFEVTLE[IMWLLIANLRAD[F VKEIPVFLTEIYFP|T
GGG2_PARTE/318-500 ee....LISILKEQLLESLLKNS.LISAEKQLLILTLN|IFIQLIWRVR[SHLKKELEALIENVYFKF
GBF1_HUMAN/392-566 .+ LLGLIKDEMCRHLFQLL. SIERLNLYAASLRV/CFLLFESMREHLKFQMEMY IKKLME I|T
Q9V696_DROME/356-532 . .....LLELVKDDLCRN[LISLL. S|SERLS[IFAADLQ[L|CFL[L|FES|LRGHLKF|QLEAYLRK[LSE I|T
Q9XTFO_CAEEL/377-558 ...... LMPL|IKNELCRNLLQLL . DTNRLPVLAATNR[C|CFLL[FESMRMHMKF|QLE|S|Y LKKLQS IV
GNOM_ARATH/305-491  ...... LL|SLIIQDELFRNLMQFG.L|SMSPL|IL|SMVCS|I|VLN|LY QHLR[TE[L KLQLEAF F|SC[VIILRIL
GNL1_ARATH/306-492 ... LLTLIQDDLF|ICNLMQOFG.MSMSPLILSTVCS[IVLNLYLNLRTELKV/QLEAFF|SYVLLRI
GNL2_ARATH/233-414 ... LLRMVODDLFHHLIHYG.AS|SSPLVLSMICS|C/ILN|IYHFLRKFMRL|QLEAF F|SFVLLRYV|
GEA2_YEAST/320-508 ee... . LETLISDPIFKSILFIIQNTTKLSLLQATLQLFTTLVVILGNNLOLIQIELTLTRIFSILLDDGTANNSS
GEAl_YEAST/305-490  ...... ILE[SLIISDPIFKSVLFIIQS[STQYSLLQATLQELFTS|LVVILGDYLEMQIELTLRRIFEILEDT...TISG
000000000cceeeecss Q0000Q00Q
13!_) 14(? 159 169 17(_) 189
BIG1_HUMAN/411-593 ...STS.SFDHKWMV[I] [LTRIC|. ADAIQS[VVD|I[YV] LNAANTIFERLV[NDLSKIRAQGR
BIG2_HUMAN/362-544 ...STS.SFEHRWMV[I L|TR[IC|. AD]AIQC[VVD|I|YV LNAANIFERLV|NDLSKIAQGR
Q9VJIW1_DROME/304-486 ...NSS.SFEHKWMV|I LITR[IC|. ADAIQS|VVD[I|YV FSAANLFERLV|NDLSK|IAQGR
Q9XWG5_CAEEL/264-443 . ..NTC.AFEQKWIV|L I|GK|IL|. AN[P|Q S|V VDM V| MTSPNLFKS IVEVV|SKTTRTT
3g60860_ARATH/337-519 ...VAQPNFQQKMIV[L LIDKLC|. LD|S|QI[LVD|I[FL VNS SN IFERMVN|GLILK|TAQGV
1g01960_ARATH/328-507 ...VAQPDFQQEKMIV] LDK[LC|. vD|S|Q I|L vD|I|F I§YPIEDVN S SN I FERMVNGLILK T|AQGV
4935380_ARATH/284-466 ...VLQPSYLQKMTV[L LIDKMS|. QD[PIQLMVD|I|F V[{YPIYDVE S S|N I LER I VINGL|LKT/ALGP
4938200_ARATH/263-456 ...VLQPSFVQKMTV[LS LILEN[IC|. HD[P[NL|I ID|I[F VUFPIEDVE S P|N I F ER I V[N/GL{LK|TALGP
3g43300_ARATH/324-509 ...SECPN.DQKMGV[L LIEKVC|. KD[PQML VDY VYl DILEAP|N L F ERMV|T|T|L|S|K[I[AQGS
SEC7_YEAST/488-678 ...TTS.TSQQKRYF[| I|QR[IC|. NDPRT|LVEF|Y LN YP{eNIPGMPNVME|I T VD Y/L/TRLALTR
GGG2_PARTE/318-500 ...SNS.SFDHEKQY T FINK|IL|. TRPKV|VIE[I[FVYPpIeS|VGONNLLKKILDMOCRIII|QGR
GBF1_HUMAN/392-566 .. .NPKMPYEMKEMAL| I[VOLW.RIP|SFVTEILY IJYPIEDY YCSNLFEELTKLLSKNAFPV
Q9V696_DROME/356-532 .. .NPKTPYEMRELA[L LILOLW.RIPGFVTEL|YI[YPIYDLYCTDMFESLTNLLSKYTLSA
Q9XTFO_CAEEL/377-558 ...NGGGGTEQKEMA[L LiVQLW . RIPGLVTEMYLEFPIYDLYCGNIFEDLTKLLVENSFPT
GNOM_ARATH/305-491 ...KYGPSYQQUQEVAM LIVN[FC|. RQK/S FMVEMYARNLPIYD I TC SN VF EELSNL|L|S[K|S|T|F PV
GNL1_ARATH/306-492 ...KHGSSYQQUQEVAM LIVD|L.C|. RQHT F|T AE[V|F ARJFPIYD|I T C SNV F E[DV S|NL|L|S[KNAF PV
GNL2_ARATH/233-414  ..... TGFLPL|QEVAL| LIINFC|. RQPAF|IVEAY V[ YPIY§DPMCRIN I FEETGKV|LICRHTFPT
GEA2_YEAST/320-508 SENKNKPS.IIKELL[T I|SILWTRS|P|SFFTS|TF IYFRIENLDRADV S I|NFLKALTKLALPE
GEAl_YEAST/305-490 DVSKQKPP.AIRELI[] s ILWIHSPAFFLOLEVFONLDRSDLS IDF IKELTKFISLPA
Figure 4

The conserved domains of the BIG/GBF subfamily: HUS domain. See Figure 3 legend for alignment details. The highly
conserved HUS motif is boxed in blue. The gap in helix 5 domain is due to an insert in the Arabidopsis 3g43300 sequence, and
may be resulting from a sequence annotation error.

domains (Figure 2). Together with our domain analysis, =~ where the impact upon folding of domains with essential
this suggests that splicing at non-canonical exon/intron  function would be minimal.
boundaries is only tolerated in regions of the protein
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E

1 1o 20 30 40 50 60 70
BIG1_HUMAN/915-1083 MEQMAKTAKALMEAVSHVQAP[FITSATHLEHVRPMFKLAWTEFLAAFSVGLQDCDDTEVASLCLEGIRCAIRIACT
BIG2_HUMAN/860-1028 MEQMAKTAKALMEAVSHAKAPFTSATHLDHV[RPMEKLVWTP|LLAA[Y|S|IGLQONCDDTEVASLICLEGIRCAIRIACT
Q9VJIW1_DROME/801-969 MEVISLTATNLMQSVSHVKSP|FTSAKHLEHV|RP|MF|KMAWTP|F|LAAF|SVGLQDCDDPEIATLICLDGIRCAIRTIACT
Q9XWG5_CAEEL/767-934 .FFRTSKKLALMESASDADAYFTPAQHQHHV[KPMFKICWTPICLAAF|SVGV|QMSDDEEEWSL|CLRGFRLGVRAACV
3g60860_ARATH/843-1008 DDLMKHMQEQFKEKARKSEST|Y[YAATDVVILRFMIEACWAPMLAAF|SVPLDOSDDLIVINICLEGFHHAIHATSL
1g01960_ARATH/835-999 .DLIRHMQERFKEKARKSESV|Y[YAASDVIILR[FMVEVCWAPMLAAF|SVPLDQSDDAVITTLCLEGFHHAIHVTSV
4935380_ARATH/793-958 GRLIRDIQEQFQAKPEKSESV[YHTVTDISILRF|ILEVSWGPMLAAF|SVTIDOSDDRLATSLICLQGFRYAVHV|ITAV
4938200_ARATH/776-942 GLLIKDIQEKFRSKSGKSESAYHVVTDVAILRFMVEVSWGPMLAAF|SVTLDQSDDRLAAVECLRGFRYAVHVTAV
3g43300_ARATH/796-957 TEDIVRKTQEIFRKHGVKRGV[FHTVEQVDIIRPMVEAVGWPLLAAF[SVTMEVGDNKPRILLICMEGFKAGIHIAYV
SEC7_YEAST/1055-1220 ISSKTELVFKNLNKNKGGPDV|Y/YAASHVEHV|KS|IF|ETLWMS|F/LAALTPPFKDYDDIDTTNKICLEGLKISIKIAST
GGG2_PARTE/791-943 ...EDSLKKWFKEHP..NSDAF/CYVNSIEHMK|SLLQQTWS|V|IFAS|I|SVFLEQSEDQQQILLICFETIQAFIQLMGR
GBF1_HUMAN/893-1066 LVRENYVWNVLLHRGATPEGI[FLRVPTASYDLDLETMTWGPTIAALSYVEFDKSLEETIIQKAISGFRKCAMISAH
Q9V696_DROME/839-1021 LVRENYQWKVLLRRGDTHDGH|[FHYVHDAS YDV|E|I F|N I V[W|GA|S|L SA[L|S|FMFDKS|T .[ETGYQR[TLIAGF|[SKSAA[I|[SAH
Q9XTFO_CAEEL/854-1051 .VKEDYMWKVLLRRGETAEGS[F|YHAPTGWNDH[D|L F|]AV C[WG[P|AVAAL|S|Y V[FDKS[EHEQILQKAL[T/G YRKCAK[IAAY
GNOM_ARATH/756-930 PEMTPSRWIDLMHKSKKTAPY|/ILADSRAYLD[HDMF|AIMS|GP|T|IAAIS|VV[FDHAEHEDVYQT|CIDGFLAIAK[I[SAC
GNL1_ARATH/758-930 . .MTASRWISVIYKSKETSPYIQCDAASHLDRDME|YIV|S|GP|TIIAAT|S|VVFEQAEQEDVLRR/CIDGLLAIAKLISAY
GNL2_ARATH/688-861 .EMNPNRWIELMNRTKTTQPF|SLCQFDRRIGRDMFATIAGPSIAAV/SAFFEHSDDDEVLHECVDAMISIARV.AQ
GEA2_YEAST/777-982 .ISSTTVITEIKKDTQSVMDKLTPLELLNFDRIATIFKQV|GP|S|IVSTLFINIYVVASDDHISTRMIT|SLDKCSY|I|SAF
GEA1_YEAST/773-972 «....SVMTEMQRDFTNPISKLAQIDILQYEKAIFSNVRDIILKTLFKIFTVASSDOISLRILDAISKCTFINYY
Q QQ00000000000000
B(_) 9(? 10(_) 11(?
BIG1_HUMAN/915-1083 F|S[TIOLERDAY V|QAL/ARF T|LLTVSSGITE s « vt st e v v vseencencencencensenses  MKOQRNIDTIKTL
BIG2_HUMAN/860-1028 FIGMQOLER[D|AY VQALARF S[LLTASSSITK. e . .MKQENIDTIKTL
Q9VJIW1_DROME/801-969 F|HMS LERD|AY VQA[LARF TILLNANSPINE. . .MKAKNID|TIKTL
Q9XWG5_CAEEL/767-934 L/QAT LERN|AF I|QALARF TILLTAKNSLGE . . .MRVKNIEAIKLL
3g60860_ARATH/843-1008 MSMK THR|/DAJF VT S[LAKFT/SLIHSPA. . .D. . . IKQRNIEATIKAT
1g01960_ARATH/835-999 MS|LIKTHRDAFV|TSLAKFT|SLHSPA. . .D. e . . IKQKNIERAIKAI
49g35380_ARATH/793-958 MGMQTQRDAIF V|T SMAKF TN[LHCAA. . .D. e e . . MKOQEK|NVDRA[VKA[L
49g38200_ARATH/776-942 MGMQTQRDAF V|T SMAKF TNLHCAG. . .D. e . . MKOQEKNVDRAVKA[T
3g43300_ARATH/796-957 LIGMD TMRYAFLITSLVRETFLHAPK . « cEv v v vt voennnennnn . .MRSKNVEALRIL
SEC7_YEAST/1055-1220 FIRIINDART|S|FV/GALVIOFCNLONLE « « cE v v v v v v o e ennnann . . IKVEKNVNAMVIL
GGG2_PARTE/791-943 FDLDEEKDT|F ISFLYRYCTNI.PS..... eeeeaeee.. . NYKQILGVQTL
GBF1_HUMAN/893-1066 Y|GIL|SDVFDINL I|I S|LICKF TALISSE . « . . . . eteieieieietee.. . .SIENLPSVFGSNPKAHIAAKTV
Q9V696_DROME/839-1021 Y|N[LJH S DF|D|AL VL T|L|C[K F T|T|L LS SVEQHEPAPANNE . . . TQ. v v tvvevweenees . QAVNFGLNGKAQARMRTV
Q9XTFO_CAEEL/854-1051 Y|GMKE VFD|NL C|T HL|C|K F T|T/L)ITSMRDGGAGGGADED. . . VDLSAAALLSHS . . SSPEAVALAFGENHKAQLATRTL
GNOM_ARATH/756-930 HHLEDVLD|DIL V[V S|LICK FT|TLLNP SSV ¢« o v v vt v et e e eeaeenesnennenenns DEPVLAFGDDAKARMAITIT/T
GNL1_ARATH/758-930 Y|H[LIN S VL|D|D|L V|V S|L/C/K FT|PFFAPLSA . « o v v vt e ot e e e e aeenesnnnensenns DEAVLVLGEDARARMATEAV
GNL2_ARATH/688-861 Y/GLIED I LiD|E|L I|AS|F|C/KF T/ TLLNPYTT .+ « « c s v s vsveveeeeeeeneeeess . PEETLFAFSHDMKPRMATLAY
GEA2_YEAST/777-982 F|D|F|K DL FIN|D|T LN S|TAKGT|T|L{INSSHDDELSTLAFEYGPMPLVQIKFEDTNTEIPVSTDAVRFGRSFKGQLNTVVF
GEAl_YEAST/773-972 [E/s[EIpQ s Y[NDIT VL HLJGEMT/TIL/AQSSA . . . . KAVELDVDSIPLVEIFVEDTGSKISVSNQSIRLGONFKAQLIC/TVL)Y
129 139 149 159 169
BIG1_HUMAN/915-1083 TTVAHTD[GN|. . . Y[JGNS[HETLKCI|SQLKLAQLIGTGVKP. .RYISGTVRGREGSLTGT
BIG2_HUMAN/860-1028 ITVAHTDGN’. . . Y[L/GNS|JHE[ILKCI|SQLELAQLIGTGVKT. .RYLSGSGREREGSLKGH
Q9VJW1_DROME/801-969 IMVAHTDGN|. . . YL/GS SLD[I VIK[C I|SQLELAQLIGTGVRP. .QFLSGAQTTLKDSLNPS
Q9XWG5_CAEEL/767-934 LLI|GDEDGE|. . . Y{LEEN|JVDVMK/CMSSLELVQLIGTGLNS..AMSHDTDSSRQYVMKAT
3g60860_ARATH/843-1008 LRLADEEIGN|. . . YLIQDAREHILTICVSRFEQLHLLGEGAPP. . DATFFASKQNESEKSKQ
1g01960_ARATH/835-999 VK[LAEEEGN|. . . YL|ODA[JEH[I L/T|CV|SRFEHLHLLGEGAPP. .DATFFAFPQTESGNSPL
49g35380_ARATH/793-958 ITIAIEDGN’. . .HLHGS|JEHILTCLSRIEHLQLLGEVSPS. .EKRYVPTKKAEVDDKKA
49g38200_ARATH/776-942 IS[IAIEDGN|. . . HL/ODAREH[ILTICLSRIEHLOLLGEGAPS . .DASYFASTETEEKKALG
39g43300_ARATH/796-957 L|GLICDSEPD|. . . TILQDTRYNAVLECV|SRLIEFII|. STPGIAA..TVMHGSNQISRDGV. ..
SEC7_YEAST/1055-1220 LEVALSEGN. . . Y{LEGS|JKD[IL|LVV|SQMERLQLISKGIDR. .DTVPDVAQARVANPRVS
GGG2_PARTE/791-943 IKV|ILOS|GQ|. . . YLRKSWKVALQLISRLEQLHQVIVKKIKV. .DSPYKENYNQED. .. ..
GBF1_HUMAN/893-1066 FHLAHRHGD|. . . I|LREG[JKN[I MEAMLQLFRAQLLPKAMIE. . VEDFVDPNGKISLQREE
Q9V696_DROME/839-1021 FILILVHDY(GD|. . . CLRES|YKH/ILDLYLOLFRLKLLPKSLIE. . VEDFCEANGKAMLILEK
Q9XTFO_CAEEL/854-1051 F|Y[LVHENGN|. . . ILREG|RNLFEALLQLFRARLLPAELTE. . VEDYVDEKGWVNIQRVH
GNOM_ARATH/756-930 FIT|IANKY/GD|. . . Y|IRTG|JRN[IL|D|C IILRLEKLGLLPARVAS . . DAADESEHSSEQGQGKP
GNL1_ARATH/758-930 FILIANKY/GD|. . . Y|I|SAG|JKN[IL|E[CVIL SLNKLHILPDHIAS . . DAADDPELSTSNLEQEK
GNL2_ARATH/688-861 F|TILANTF|GD|. . . SIRGGRRN|I VDIC LKLRKLQLLPQSVIE. . FEINEENGGSESDMNNV
GEA2_YEAST/777-982 FRIIIRRNKD[PKIF|SKEL[LN|/IVN|I I|LTL{YEDL|IL|SPDI. . FPDLQKRLKLSNLPKPSPE
GEAl_YEAST/773-972 FOIIKEI[SDPSIVSTRL NQ\H‘QHLKLFENLMEPNLPFFTNFHSLLKLPELPLPDPD

Figure 5

The conserved domains of the BIG/GBF subfamily: HDS| domain. See Figure 3 legend for alignment details.

Evolution of BIGs and GFBs from a common ancestor

Combined, our analysis reveals that the BIG and GBF sub-
families share the same overall domain organization, and
are likely to descend from a common ancestor gene that
duplicated first to form the BIG and GBF groups, and
again within these groups to yield species-specific BIG and
GBF members. These two subfamilies can therefore be

unified as a higher order ArfGEF subfamily (called below
GBG for GBF/BIG GEFs), from which unrooted phyloge-
netic trees can be built (Figure 8). Unlike previous phylo-
genetic analysis which compared ArfGEFs based on their
Sec7 domains after diverging non-catalytic regions have
been trimmed [8], our trees were established from the
simultaneous alignment of all 6 conserved domains
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1 10 20 30 40 50
BIG1_HUMAN/1107-1289 ASIQESIGETSSQSVV..VA.VDRIFTGSTRIDGNAIVDFVRWLCAVSMDELLST v v v v v v TH...PRM@ES
BIG2_HUMAN/1054-1236 ASFQESVGETSSQSVV..VA.VDR/IFTG|STRLDGNAIVDFVRWLCAVSMDELASP . v v vt vue.. HH...PRMgS
Q9VJIW1_DROME/968-1149 PSVKEHIGETSSQSVV..VA.VDR[IF MR[LDGDAI[VDF|[VKALCQVSVDELQQ . « ¢ ¢ v o v v v v QQ...PRMJS
Q9XWG5_CAEEL/943-1125 HSLQDALGETSSQSVV..VA.IDR/IF AR[L|SAEAIVYFVRALCAVSREELSHP « ¢ v oo v v AA...PRMBL
3g60860_ARATH/1053-1235 EQMSSIVSNLNLLEQVG..E.MNQVF OKLNSEAIIDFVKALCKVSMDELRSP . v ovvuue.. SN...PRV@S
1g01960_ARATH/1044-1226 EQMNNLISNLNLLEQVG..D.MS[RIF ORLINSEAIIDFVKALCKVSMDELRSP . oo v vvue.. SD...PRVS
4g35380_ARATH/1000-1184 EQIKSFIANLNLLDQIGNFE.L[NHVY| ORLINSEAIVS|FVKALCKVSMSELQSP . v v v v v v TD...PRVES
4g38200_ARATH/982-1166 DQINNFIANLNLLDQIGSFQ.L[NNVY| ORLKTEAIVAFVKALCKVSMSELOSP . v v v vvue.. TD...PRVfFS
3g43300_ARATH/951-1132 QISRDGVVQSLKEL..AGRP.A[EQVF VK[LPSE[SV|VE[F|FTALC/IGVSAEELKQ . v ¢ ¢ v v v v v v SP...ARVS
SEC7_YEAST/1253-1438 TLSPEISKFISSSELV..VL.MDN[IF SELSGNAIVDFIKALTAVSLEEIESS . v . c0vu.c... ENASTPRMS
GGG2_PARTE/945-1125 ....ISIERLFQQI..QYDQ.IDKIF INLDSN[SILEF|IRALCELSKEEIKY o vt v v v v v v e v enenn NRL@L
GBF1_HUMAN/1098-1277 TENQEAKRVALECI..KQCD.PEKMI KFLQLE|SLIQE[LMKALV|SVTPD. . ... Eeveuwennn ETYDEEDAAMRC
Q9V696_DROME/1048-1236 YEEQDFIKLGRKCI..KECQ.L/DQMI| KFVQLE|SLIQELLKC[VLALLKA. . ... PQGH.KSIGLPYAEDQTVEW
Q9XTFO_CAEEL/1084-1278 QEQLSSMKLASQVI..SECR.P|S|QIV| KY[LTST|SLAELLSS|[TAANSAQIVEQAEPQQKTASLSGEDEDALVfFY
GNOM_ARATH/973-1158 EQQLAAHQRTLQTI..QKCH.IDS[IF KFLQAESLLOLARALIWAAGR. . ¢ o .. .. PQKGTSSPEDEDTAVYC
GNL1_ARATH/973-1149 EEELAAYKHARGIV..KDCH.IDS[IF KF|LQAESLOQOLVNSLIRASGK . ¢ ¢« vt v v v v v vnennnn DEASSVGC
GNL2_ARATH/894-1084 ALGMSEFEQNLKVI..KQCR.IGQIF SVILPDVAVLNLIGRSLIYAAAGKGQ . .« .. .. KFSTAIEEEETVKC
GEA2_YEAST/1011-1194 .EEIKSSKKAMECI..KSSNIAASVF SN|ITADLI|KTLILDSAKTE « « ¢ ¢ v v v v v v e KNADNSRYFEAELL{JT
GEAl_YEAST/1012-1184 . ........... CV..KASHPL[S|S|VE| OLV|[SPKMIETLLSSLVIE. « o e v v v v v KTSENSPYFEQELLL
Q00Q0000QQ00Q0Q
69 79 89 9(? 109 119 12(.1 13(?
BIG1_HUMAN/1107-1289 LIOKIVIE[T]SYYNMGRIRLQWSR[IWEV[I]GDHFNKVGCNPNE . DVAIFRAVDSIRQOISMKFLIEKG. . ELANFRF|QKDF L
BIG2_HUMAN/1054-1236 LIQK|IVIE|I|S Y YNMNRIRLQWSR[IWHV|IGDHFNKVGCNPNE . DVAIFAVDS|LROLSMKFLEKG. . ELANFRF|QKDFL
Q9VJW1_DROME/968-1149 LIQK|IVIE|I|S Y YNMERIIRLQWSR[IWQV|LGEHFNAVGCNSNE . EISFFALDS|LROLSMKFMEKG . . EFSNFRF|QKDFL|
Q9XWG5_CAEEL/943-1125 LIGKVVEVAF YNMNRIRLEWSRIWNV|IGEHFNAAGCNSNE.AVAYF|SVDALRQL[SIKFLEKG. . ELPNFR[FQKDFL|
3g60860_ARATH/1053-1235 LTKIVEIAHY‘NMNRIRLVWSSIWQVLSGFFVTIGCSENL .SIAIFAMDSLRQLSMKFLERE. .ELA|N‘YNFQNEFM
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Figure 6

The conserved domains of the BIG/GBF subfamily: HDS2 domain. See Figure 3 legend for alignment details.

(DCB, HUS, Sec7, HDS1, HDS2 and HDS3), excluding
variable linkers. The same tree topology was obtained
with both neighbor-joining and maximum likelihood
methods, and was retained using any one of the new con-
served domains alone (data not shown). Bootstrap analy-

sis strongly supported this topology for most branches.
Only a few small branches located at the base of the
groups were found in less than 60% of the trials in one of
the two methods, but this never occurred with both meth-
ods simultaneously.
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Figure 7

The conserved domains of the BIG/GBF subfamily: HDS3 domain. See Figure 3 legend for alignment details.

The tree topology strongly suggests that in most organ-
isms, GBG members sort in separate branches,
corresponding to their classification in BIGs and GBFs.
Remarkably, our annotation of Sec7-containing proteins
in the genome of Paramecium reveals the first departure
from this distribution, as all GBGs in this species are
located in a single branch, which is closer to the BIGs. This
unexpected tree topology may indicate that alveolates
diverged from animals/fungi and plants before the dupli-
cation of an ancestral GBG into the BIG and GBF, and that
GBGs in that organism are representative of this ancestral
gene. Alternatively, duplication may have been followed
by loss of GBF genes. Current knowledge of the phyloge-
netic branching of alveolates relative to the plants and ani-
mal/fungi branches does not permit resolution between
those two possibilities.

GBGs in plants: refining the functional evolution of BIGs
and GBFs

In fungi and mammals, BIGs and GBFs are represented by
only one or two members, whose functions in vesicular

trafficking at the Golgi within each group appear largely
overlapping [12,14]. In contrast, plants encode a large
number of GBGs in both the BIG and GBF branches but
lack other ArfGEFs (Figures 1, 8). In Arabidopsis, none of
the GBGs map to duplicated chromosomes where identi-
cal functions may be encoded [26,29]. In addition, com-
parative analysis with the rice genome nearing
completion identifies at least five branches each repre-
sented by one rice and one or two Arabidopsis homologs
(Figure 8). This correspondence between two highly diver-
gent plant species indicates that GBGs diversified early
during plant evolution, probably reflecting functional
specialization along with the establishment of plant mul-
ticellularity. While GNOM has a plant-specific function in
recycling plasma-membrane proteins needed for cell-cell
communication and cell polarity establishment [11], pos-
sibly closer to the function of EFA6 or CYH subfamilies in
metazoans, other plant GBGs are expected to fulfill the
presumed ancient function of regulating Golgi trafficking
exemplified by mammalian and yeast GBGs. Comparison
of orthologous pairs in plants further reveals that they
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Change in protein

Apparent cause of variation in transcript

GBFl Extra Q at 337, 55 residues upstream of HUS domain

New Ser and loss of 14 residues at 613, between HUS and Sec7
domains
Loss of VSQD at 1494, 38 residues upstream of HDS3

Frame-shift at 1625 causing loss of last 19 residues of HDS3

Loss of 38 residues starting at 1784, near C-terminus

BIGI  Frame-shift at 1340, 32 residues upstream of HDS3

Loss of VSEKPL at 1557, 68 residues downstream of HDS3

New T and loss of 33 residues at 1607, | 18 residues downstream of

HDS3

BIG2 Frame-shift at 1542, 106 residues downstream of HDS3

Insertion of 3 nucleotides (nt) resulting from use of alternate 3'
acceptor site within intron during splicing of exons 10 and ||

Loss of 36 nt resulting from use of alternate 5' donor site within
exon |5 during splicing with exon 16

Loss of 12 nt resulting from use of alternate 5' donor site within
exon 33 during splicing with exon 34

Intron retention between exons 36 and 37 leading to frame shift and
premature termination

Loss of 114 nt resulting from use of novel cryptic splice donor and
acceptor sites within exon 40.

Loss of 59 nt resulting from use of alternate 5' donor site within
exon 28 during splicing with exon 29

Loss of 18 nt resulting from use of alternate 5' donor site within
exon 33 during splicing to exon 34

Loss of 96 nt resulting from use of alternate 3' acceptor site within
exon 35 during splicing with exon 34

Loss of exon 35 resulting from splicing of 5'donor site of exon 34
with 3" acceptor site of exon 36

a All changes were expressed relative to the reference sequence stored under accession number NM_004193 (hGBF1), NM_006421 (hBIG1) and

NM_006420.1 (hBIG2).

b All variants are supported by one or more cDNA/ESTs as detailed in the Aceview for each gene that can be obtained at [38].

have different sensitivities to Brefeldin A (a widely used
fungal inhibitor of Golgi traffic) as predicted from the
sequences of the binding site of the drug carried by the
Sec7 domain [6]. This observation clearly illustrates that
differences in outcome following BrefeldinA treatment
may not reflect differences in underlying molecular mech-
anisms, but instead simply reflect neutral sequence differ-
ences at the Sec7 domains between species. In particular,
not all BIGs may be BFA-sensitive or GBFs BFA-resistant,
unlike suggested by their original nomenclature.

A novel ArfGEF subfamily in alveolates

A remarkable evolutionary feature of ArfGEFs is that while
GBGs seem to be ubiquitous to all eukaryotes, fungi and
animals kingdoms evolved their own ArfGEFs subfamilies
unrelated to those of the other kingdoms. We thus
addressed the question of whether Paramecium, which
has a large number of GBGs (at least five, of which four
are present as pairs as the result of recent duplications) but
appears to lack the specialization into the BIG and GBF
subgroups, has the same ArfGEF distribution as plants or
features a second ArfGEF subfamily. We thus searched the
newly sequenced genome from Paramecium tetraurelia and
the available alveolate genomes from Cryptosporidium
parvum and Tetrahymena thermophila for additional Sec7-
containing proteins. This identified a novel putative Arf-
GEF subfamily characterized by the association of the
Sec7 domain with a TBC (Tre/Bub2/Cdc16) domain (Fig-

ure 9), which was found only in the protists kingdom. The
TBC domain is predicted to carry a GAP (GTPase activat-
ing protein) activity towards small G proteins of the Rab
family [30], suggesting a potential crosstalk between Rab
and Arf pathways. Such a relationship between these two
small G proteins families, which are major regulators of
membrane traffic, would not be unprecedented, as for
example the SYT1 ArfGEF gene was identified in yeast by
its genetic interactions with Rab proteins in the exocytic
pathway [31]. Interestingly, alveolates have specialized
exocytic pathways based on a membrane organelle lying
beneath the plasma membrane, the trichocyst, where this
unique ArfGEF family may potentially function.

Conclusion

A conserved scenario for the activation of Arf proteins by
their GEFs?

The identification of a conserved modular architecture in
all GBG subfamily members suggests that the mechanistic
basis for their activation of Arf is likely to follow a similar
scenario. Candidate functions for the conserved domains
include oligomerization, the collection of input signals,
membrane localization, regulation of the exchange activ-
ity, scaffolding of Arf proteins to their downstream effec-
tors, not excluding signaling to partners outside the Arf
pathways. Dimerization has been reported in the BIG sub-
group for BIG1, which forms heterodimers with the
highly homologous BIG2 ArfGEF [14], and in the GBF
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subgroup for GNOM, which forms homodimers [27]. The
conservation of the DCB domain in GBGs, which is
responsible for the dimerization of GNOM, suggests that
such a dimerization function may be general to this
domain in GBGs. Another unresolved issue is the conser-
vation of the cellular partners effecting the functions asso-
ciated with the conserved domains. Our identification of

an almost invariant motif in the HUS domain argues in
favor of this domain interacting with a conserved partner.
However, the ancient divergence into the BIG and GBF
groups and their subsequent divergence into species-spe-
cific members suggest that specialized requirements are
likely to have evolved in most organisms, possibly yield-
ing less conserved partners outside the Sec7 and HUS
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domains. Finally, whereas in plants all ArfGEFs are pre-
dicted to function according to the scheme defined by the
conserved domains, other species have additional ArfGEF
subfamilies with a modular architecture unrelated to that
of the GBG subfamily. It is not known to what extent the
GBG's scenario for Arf activation will also apply to non-
GBGs ArfGEFs, acting alone or in association with protein
partners. In the case of the GBGs, our definition of the
structural homology domains as reported here should
now provide a robust background for future investiga-
tions of their interactions and functions.

Methods

Protein sequence databases were searched with amino
acid sequences from human BIG1, human GBF1 and Ara-
bidopsis GNOM using the BLAST algorithm [32]. Para-
mecium tetraurelia genes were identified with the BLAST
algorithm using genome sequence data from Genoscope
[33] and manually annotated using Artemis [34].
Tetrahymena sequences were retrieved from the Tetrahy-
mena thermophila genome sequencing project server [35].
Arabidopsis sequences were retrieved from the
Arabidopsis Genome Initiative database [36], rice
sequences from the TIGR Rice annotation project [37].
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Splice variants for hGBF1, hBIG1 and hBIG2 were identi-
fied from information provided under Aceview in the
December (03) release for their respective listings at the
NCBI [38]. Multiple sequence alignments were performed
using ClustalW [39] with default alignment parameters or
T-coffee [40,41]. Reliability of the alignments was evalu-
ated according to the T-coffee score, and ranged from aver-
age to good for all predicted domains. Average sequence
identities were respectively 24 % (DCB domain), 26 %
(HUS domain), 44% (Sec7 domain), 26% (HDS1
domain), 28% (HDS2 domain) and 21% (HDS3
domain). Aligned sequences were displayed with ESPript
[42] using a similarity global score of 0.15 calculated
using the BLOSUMG62 matrix. Unrooted phylogenetic
trees were generated using the neighbor-joining algorithm
of ClustalW excluding gapped regions, and with a maxi-
mum likelihood method using the PHYML package [43].
Phylogenetic trees for individual domains was performed
on the subset of sequences used in Figure 3. The reliability
of the trees was assessed by a bootstrap analysis (1000
replicates). Trees were drawn with TreeView version 1.6.6.
Secondary structure predictions on aligned sequences
were carried out with the PHD program along with the
ClustalW multiple alignment [39]. Non-structured linkers
poor in hydrophobic residues were predicted with the
PONDR algorithm [44].
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