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Abstract The Sec7 domain ADP-ribosylation factor
(Arf) guanine nucleotide exchange factors (GEFs) are
found in all eukaryotes, and are involved in membrane
remodeling processes throughout the cell. This review is
focused on members of the GBF/Gea and BIG/Sec7 sub-
families of Arf GEFs, all of which use the class I Arf proteins
(Arfl-3) as substrates, and play a fundamental role in
trafficking in the endoplasmic reticulum (ER)—Golgi and
endosomal membrane systems. Members of the GBF/Gea
and BIG/Sec7 subfamilies are large proteins on the order of
200 kDa, and they possess multiple homology domains.
Phylogenetic analyses indicate that both of these subfami-
lies of Arf GEFs have members in at least five out of the six
eukaryotic supergroups, and hence were likely present very
early in eukaryotic evolution. The homology domains of
the large Arfl GEFs play important functional roles, and
are involved in interactions with numerous protein partners.
The large Arfl GEFs have been implicated in several
human diseases. They are crucial host factors for the repli-
cation of several viral pathogens, including poliovirus, cox-
sackievirus, mouse hepatitis coronavirus, and hepatitis C
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virus. Mutations in the BIG2 Arfl GEF have been linked to
autosomal recessive periventricular heterotopia, a disorder
of neuronal migration that leads to severe malformation of
the cerebral cortex. Understanding the roles of the Arfl
GEFs in membrane dynamics is crucial to a full under-
standing of trafficking in the secretory and endosomal
pathways, which in turn will provide essential insights into
human diseases that arise from misregulation of these
pathways.

Keywords Guanine nucleotide exchange factor -
GBF1 - BIG1 - BIG2 - ADP-ribosylation factor -
Small G protein

Introduction

The distinguishing feature of eukaryotic cells is their inter-
nal membrane organization. Membrane-bound organelles
such as the endoplasmic reticulum (ER), the Golgi appara-
tus, and endosomes, ensure that specialized functions are
carried out in the appropriate delimited environment. Each
organelle possesses a characteristic lipid and protein com-
position, but is highly dynamic and linked to other organ-
elles via trafficking pathways. There are two major
membrane trafficking systems in eukaryotes, the secretory
and the endocytic systems. The secretory pathway trans-
ports secreted and membrane proteins synthesized in the
ER to their final destination (plasma membrane (PM), cell
exterior or intracellular organelle). Endocytosis pathways
transport material from the cell exterior to intracellular
organelles such as the lysosome (or vacuole in yeasts).

The Golgi apparatus is a structurally complex and highly
dynamic organelle that is found at the crossroads of the
secretory and endosomal membrane trafficking pathways.
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The mechanisms that generate and maintain Golgi structure
are not well understood. However, activation of the ADP-
ribosylation factor 1 (Arfl) small G protein is absolutely
required to maintain Golgi structure and function in eukary-
otic cells, since inhibiting Arf1 activation by drugs or muta-
tions causes complete disassembly of the Golgi apparatus
and a complete block in trafficking pathways through the
Golgi (Klausner etal. 1992; Jackson 2009). Membrane
trafficking in eukaryotic cells is mediated by transport vesi-
cles that bud from a donor compartment, then are targeted to
and fuse with an acceptor compartment (Bonifacino and
Glick 2004; Behnia and Munro 2005). Arfl is required for
vesicle budding, where its activation results in recruitment
of effectors such as coat complexes to membranes. Coat
complexes deform membranes and concentrate cargo into a
membrane domain to form a vesicle that carries the cargo
from the donor to acceptor compartment. Targeting of a ves-
icle to its correct acceptor compartment membrane requires
tethering molecules that link the vesicle and target mem-
branes at a distance. A series of steps ensues that result in
engagement of SNARE proteins, which mediate membrane
fusion (Bonifacino and Glick 2004). The proteins involved
in vesicle budding, cargo sorting, tethering, and fusion are
highly conserved in evolution (Behnia and Munro 2005).

Recent advances in genome sequencing efforts have
allowed definition of six major supergroups of eukaryotes
(Adl et al. 2005). Interestingly, phylogenetic studies have
indicated that the Last Common Eukaryotic Ancestor (the
LCEA) possessed a complex endomembrane system and
that many of the major families of proteins involved in
trafficking arose prior to the divergence of the eukaryotic
supergroups (Jekely 2003; Dacks and Field 2007; Gurkan
et al. 2007; Kloepper et al. 2007; Pereira-Leal 2008). The
LCEA probably already had small G proteins including pri-
mordial Arf and Rab proteins, coat complexes, membrane
tethering complexes, and SNAREs (Gurkan et al. 2007;
Koumandou et al. 2007; Kloepper et al. 2008; Pereira-Leal
2008; Dacks et al. 2009).

There are nine subfamilies of Sec7 domain Arf guanine
nucleotide exchange factors (GEFs) in eukaryotes (Cox
et al. 2004). In this review, we will focus on two of these
subfamilies, the GBF/Gea and BIG/Sec7 GEFs. Other well-
studied subfamilies of Arf GEFs include the ARNO/cyto-
hesin, SYT1, SYT2, EFA6, and BRAG subfamilies, which
are in general smaller proteins, and which function primar-
ily in endosomal-PM trafficking pathways (Shin and
Nakayama 2004; Casanova 2007; Gillingham and Munro
2007). Of the nine subfamilies of Arf GEFs, only those of
the GBF/Gea, BIG/Sec7, ARNO/cytohesin, and RalF sub-
families have significant activity on the class I Arfs, Arfl—
Arf3. RalF is the founding member of a family of bacterial
Arfl GEFs, first found in Legionella pneumophila and
Rickettsia prowazekii (Nagai et al. 2002; Amor et al. 2005).
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These proteins do not arise from the bacteria themselves,
but were incorporated into these bacterial genomes through
horizontal transfer from their eukaryotic host (Nagai et al.
2002). We will not discuss this special subfamily of Arfl
GEFs in this review. Among the eukaryotic Arfl GEFs,
there has been some controversy as to whether ARNO/
cytohesin GEFs actually use class I Arfs as substrates in
vivo, as they localize primarily to the endosomal-PM sys-
tem where Arf6 functions. However, a key paper from the
Donaldson laboratory has provided new insights into this
issue through identification of a GTPase cascade involving
both Arfl and Arf6 in cells (Cohen et al. 2007). Cohen
et al. demonstrated that interaction of Arf6-GTP with the
PH domain of ARNO is essential for its recruitment to the
PM, where it then activates Arfl. Structural and biochemi-
cal analyses showing release of an autoinhibitory interac-
tion within ARNO by Arf6-GTP provide further molecular
insight into this regulatory cascade (DiNitto et al. 2007).
Hence, although the ARNO/cytohesin proteins are bona
fide Arfl GEFs, we will focus this review on the GBF/Gea
and BIG/Sec7 Arfl GEFs, which function in Golgi and
endosomal membrane trafficking pathways.

The GBF/Gea and BIG/Sec7 subfamilies are related,
with members sharing sequence similarity principally in
five homology domains (Mouratou et al. 2005). The major-
ity of these Arfl GEFs are high molecular weight proteins,
on the order of 200 kDa, and for this reason they have been
referred to as the large Arf GEFs. The GBF/Gea and BIG/
Sec7 Arfl GEFs function in internal membrane systems
such as the Golgi apparatus, the trans-Golgi network
(TGN) and endosomal pathways (Zhao et al. 2002; Shin
and Nakayama 2004; Park etal. 2005; Casanova 2007;
Gillingham and Munro 2007).

Although the GBF/Gea and BIG/Sec7 Arfl GEFs share
a common domain structure, they clearly form two distinct
subfamilies (Cox et al. 2004; Mouratou et al. 2005). Mem-
bers of each subfamily have different localizations and
functions, with GBF/Gea GEFs in general functioning in
the ER-early Golgi membrane system and BIG/Sec7 GEFs
functioning in the late-Golgi and endosomal membrane
systems. Mammalian GBF1 localizes primarily to the inter-
mediate compartment between the ER and the Golgi
(ERGIC) and to cis-Golgi membranes (Kawamoto et al.
2002; Zhao et al. 2002; Garcia-Mata et al. 2003), and yeast
Gealp and Gea2p localize to the cis-Golgi (Chantalat et al.
2003). In plants, all the Arf GEFs fall into the GBF/Gea and
BIG/Sec7 subfamilies, so the situation is more complicated.
Like its yeast and mammalian counterparts, the A. thaliana
Arfl GEF GNLL1 localizes to and functions at the cis-Golgi,
but another member of the GBF/Gea subfamily, GNOM,
localizes to and functions in the endosomal membrane sys-
tem, although it still retains a capacity to function in the
early Golgi (Richter et al. 2007). To compensate for the
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lack of endosomal-PM Arf GEFs, plants have thus diversi-
fied the functions of the GBF/Gea subfamily members,
and possibly those of the BIG/Sec7 subfamily as well. In
mammals and yeast, the BIG/Sec7 proteins localize to and
function at the trans-Golgi, the TGN and endosomes
(Franzusoff et al. 1991; Shinotsuka et al. 2002a; Shinotsuka
etal. 2002b; Zhao et al. 2002; Charych et al. 2004; Shin
et al. 2004).

In this review, we will discuss the evolution of these
Arfl GEFs, and present an analysis of conserved domains
that are common to both subfamilies as well as those that
are specific to either the GBF/Gea or BIG/Sec7 proteins.
We will describe the interacting partners of these Arfl
GEFs, indicating which of the homology regions of these
proteins are involved in each interaction. Finally, we will
describe studies that have implicated the Arfl GEFs in human
disease, including recent studies describing specific inhibitors
of members of the GBF/Gea subfamily of Arfl GEFs.

Phylogenetic analysis of the Arfl GEFs

The number of complete genome sequences has increased
dramatically in the past few years, and now are available in
public databanks for a wide variety of both prokaryotes and
eukaryotes. Analyses of these genome sequences have
indicated that there are six major supergroups of eukaryotes
that diverged from the LCEA (Adl etal. 2005). These
supergroups are the Excavata, the Chromalveolata, the
Archaeplastidia, the Opisthokonta, the Amoebozoa, and the
Rhizaria. Fungi, including the well-studied model system
Saccharomyces cerevisiae and mammals, are part of the
same supergroup, the Opisthokonta. Complete genome
sequences from members of five of the six eukaryotic
supergroups are available, with the Rhizaria being the one
exception. We searched the complete genome sequences of
representative members of these five supergroups for mem-
bers of the two subfamilies of large Arfl GEFs, and found
members of both the GBF/Gea and the BIG/Sec7 proteins
(Tables 1, 2). Humans have two BIG/Sec7 proteins, called
BIGI1 and BIG2, and only one GBF/Gea subfamily mem-
ber, GBF1. Arabidopsis, which like other plant species of
the Archaeplastida, have only GBF/Gea and BIG/Sec7 Arfl
GEF subfamilies and no others, have five BIGs and three
GBFs. Paramecium tetraurelia, a protozoan that belongs to
the Chromalveolata supergroup, has nine BIG/Sec7 mem-
bers, but no GBF/Gea sequences. The model organism Sac-
charomyces cerevisiae has one member of the BIG/Sec7
subfamily, Sec7p, and two members of the GBF/Gea sub-
family, Gealp and Gea2p (likely due to a recent genome
duplication event). The human pathogen Cryptosporidium
parvum, a member of the Apicomplexa, has no BIG/Sec7
proteins, and only one GBF/Gea sequence. The C. parvum

GBF protein shares a high level of homology with plant
GBF proteins such as the Arabidopsis thaliana GNOM pro-
tein. The Apicomplexa are characterized by the apicoplast,
an organelle which is thought to be the remnant of an endo-
symbiotic algal cell (Abrahamsen et al. 2004; Huang et al.
2004). It is likely that the C. parvum GBF gene, like other
plant-like genes in this organism, was transferred from
the primordial endosymbiosed algal cell to the nucleus of
the Apicomplexan ancestor that engulfed it (Huang et al.
2004). The closely related Cryptosporidium hominis
species has a very divergent Arf GEF that appears never-
the-less to be a member of the GBF/Gea subfamily (Xu
et al. 2004).

Phylogenetic analysis of the BIG/Sec7 and GBF/Gea
subfamilies of Arf GEFs using members from five
eukaryotic supergroups indicates a clear separation of
these two subfamilies (Fig. 1). The entire Arf GEF
sequences were used for the phylogenetic analysis, not
just the Sec7 domains as in previous studies (Cox et al.
2004; Mouratou et al. 2005). Using three different pro-
grams, the same tree topology was obtained, with high
confidence levels for a separation of the BIG/Sec7 and
GBF/Gea sequences into two different clades (Fig. 1).
Hence the presence of two subfamilies of large Arf
GEFs is ancient, and it is likely that both GBF/Gea and
BIG/Sec7 proteins existed within the LCEA before the
separation of the different eukaryotic lineages. The nine
protozoan Paramecium tetraurelia Arf GEFs, including
the five denoted GGGI1-5, clearly fall into the BIG/Sec7
subfamily (Fig. 1).

Homology domains of the GBF/Gea and BIG/Sec7 Arfl
GEFs

As described previously, the large Arfl GEFs have five
major sequence homology domains that are common to
members of both the GBF/Gea and the BIG/Sec7 subfami-
lies (Mouratou et al. 2005). These domains are the DCB
and the HUS domains upstream of the catalytic Sec7
domain, and HDS1, HDS2, and HDS3 that lie downstream
of the Sec7 domain (Fig. 2). This analysis was based on
sequence data from organisms found primarily within two
eukaryotic supergroups. When representative members of
five of the six eukaryotic supergroups are analyzed, the five
common homology domains are present in the Arfl GEFs
of most of the organisms examined, in both GBF/Gea
and BIG/Sec7 subfamily members (Figs. 3, 4, 5, 6, 7, 8).
However, HDS2 and HDS3 are the least conserved
domains, particularly for the GBF/Gea proteins, and
we were unable to find evidence for these domains in the
GBF protein of the Chromalveolata supergroup member
C. parvum.
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Table 1 Sequences used for the phylogenetic analysis and multiple alignments

Super-groups Groups Species Protein Accession Size in

name number amino acids

Opisthokonta Mammals Canis familiaris BIG1 Canf XP_535095.2 1,849

GBF1 Canf XP_850976.1 1,872

Equus caballus BIG1 Equc XP_001494609.1 1,840

GBF1 Equc XP_001499167.1 1,858

Homo sapiens BIG1 Homs* Q9Y6D6.2 1,849

BIG2 Homs* QI9Y6DS.3 1,785

GBF1 Homs* Q92538.2 1,859

Monodelphis domestica BIG1 Mond XP_001368081.1 1,849

GBF1 Mond XP_001369356.1 1,861

Mus musculus BIG1 Musm XP_001473216 1,846

GBF1 Musm NP_849261.2 1,861

Pan troglodytes BIG1 Pant XP_519797.2 1,849

GBF1 Pant XP_521592.2 1,859

Rattus norvegicus BIG1 Ratn?® EDM11544.1 1,846

GBFI1 Ratn* XP_001066196.1 1,862

Invertebratesss Anopheles gambiae BIG Anog?* XP_319652.3 1,662

GBF Anog? XP_321598.4 2,000

Drosophila melanogaster BIG Drom* NP_609675.2 1,653

GBF Drom® NP_610761.2 1,983

Nasonia vitripennis BIG Nasv XP_001605970.1 1,818

GBF Nasv XP_001601088.1 1,767

Tribolium castaneum BIG Tric XP_972785.1 1,663

GBF Tric XP_967092.1 1,742

Fungi Candida glabrata SEC7 Cang XP_445724.1 1,825

GEA Cang XP_447385.1 1,454

Kluyveromyces lactis GEA Klul* XP_454979.1 1,387

SEC7 Klul* XP_453828.1 1,848

Saccharomyces cerevisiae GEA1 Sacc? P47102.1 1,408

GEA2 Sacc® P39993 1,459

SEC7 Sacc?® P11075.2 2,009

Schizosaccharomyces pombe SEC71 Schp QIUTO02.1 1,811

SEC72 Schp QI9P7V5.1 1,822

GEA Schp CAB75411.1 1,462

Amoebozoa Mycetozoa Dictyostelium discoideum BIG Dicd?* XP_635808.1 1,886

GBF Dicd* XP_635561.1 1,748

Archaeplastida Flowering Arabidopsis thaliana BIGI1 Arat AAF76474.1 1,750

BIG2 Arat NP_191645.1 1,793

BIG3 Arat NP_195533.1 1,698

BIG4 Arat® 065490 1,711

GNLI Arat QOFLYS5 1,443

GNL2 Arat NP_197462.1 1,375

GNOM Arat® Q42510.1 1,451

Oryza sativa BIG Orys? AAMO0191.1 1,789

GBF3 Orys?* EAY91294.1 1,456

Vitis vinifera BIG Vitv CA024490.1 1,653

GBF3 Vitv CANG61434.1 1,433
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Table 1 continued

Super-groups Groups Species Protein Accession Size in

name number amino acids

Algae Chlamydomonas reinhardtii BIG Chlr® XP_001694943.1 2,150

GBF Chlr* XP_001700166.1 1,490

Ostreococcus tauri BIG Ostt? CAL51840.1 1,743

Chromalveolata Alveolata Tetrahymena thermophila BIG Tett* XP_001031228.2 1,842

Cryptosporidium parvum GBF Cryp? XP_625855.1 1,800

Excavata Protist Trichomonas vaginalis BIG Triv® XP_001327074.1 1,305

GBF Triv? XP_001316830.1 1,204

 Indicates sequences used for the alignments in Figs. 3,4, 5, 6, 7, and 8

Table 2 Additional sequences used only for phylogenetic analysis

GEF subfamily Species Protein name Accession number Size in amino acids
GBF/Gea Canis lupus familiaris GBF1 Canf XP_850976.1 1,872
Danio rerio GBF1 Danr XP_694714.3 2,059
Gallus gallus GBFI1 Galg XP_421632.2 1,852
Caenorhabditis elegans GBF Caee NP_499522.2 2,005
Strongylocentrotus purpuratus GBF Strp XP_001193947.1 1,447
Hydra magnipapillata GBF Hydm XP_002167603.1 1,705
Ciona intestinalis GBF Cioi XP_002128867.1 1,842
Neurospora crassa GBF Neuc XP_962693.2 1,588
Ustilago maydis GBF Ustm XP_757309.11738 1,738
Monosiga brevicollis GBF Monb XP_001742906.1 1,541
Coprinopsis cinerea okayama GBF Copo XP_001833466.1 1,499
BIG/Sec7 Rattus norvegicus BIG2 Ratn NP_851597 1,791
Canis lupus familiaris BIG1 Canf XP_859391.1 1,859
Danio rerio BIG1 Danr XP_001923315.1 1,833
Gallus gallus BIG1 Galg XP_418283.2 1,537
Caenorhabditis elegans BIG Caee NP_001129800.1 1,628
Strongylocentrotus purpuratus BIG Strp XP_791125.2 1,396
Ciona intestinalis BIG Cioi XP_002123264.1 1,689
Neurospora crassa BIG Neuc XP_962785.2 1,948
Ustilago maydis BIG Ustm XP_760498.1 2,038
Monosiga brevicollis BIG Monb XP_001748607.1 1,786
Coprinopsis cinerea okayama BIG Copo XP_001837141.1 1,910
Paramecium tetraurelia GGG1 Part XP_001428865 1,615
GGG?2 Part XP_001437414 1,615
GGG3 Part XP_001429046 1,598
GGG4 Part XP_001431359 1,599
GGGS Part XP_001450751 1,473

Because the GBF/Gea and the BIG/Sec7 proteins have dis-
tinct localizations and functions, it is pertinent to ask the ques-
tion of whether there exist homology regions specific to each
of the two subfamilies of large Arfl GEFs. Examination of
homology regions both upstream and downstream of the Sec7

domain indicated that among the representatives of all five
eukaryotic supergroups, only one domain, specific to the BIG/
Sec7 subfamily, lies outside of the common domains
(Fig. 10). All other regions of high sequence conservation
specific to either the GBF/Gea or the BIG/Sec7 subfamilies
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Fig. 1 Unrooted phylogenetic tree of the BIG/Sec7 and GBF/Gea Arf
GEFs using the full-length sequence of each protein. Three separate
analyses were performed using the programs MrBayes (Bayesian
inference), PAUP (maximum parsimony), and PhyML (maximum
likelihood). Bootstrap percentages are shown for each, with results us-
ing MrBayes in bold, PAUP in italics, and a PhyML in normal text.

that were present among members of all the eukaryotic super-
groups we examined were within the common homology
regions DCB, HUS, HDS1, HDS2, and HDS3. Hence it
appears that there is a highly conserved function and/or struc-
ture of the large Arfl GEFs that is preserved in both the sub-
families, and specific functions are superposed on this
common structural organization. Overall, there is a higher
level of sequence homology between the BIG/Sec7 subfamily
members than among GBF/Gea sequences.
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The sequences used for the analysis are shown in Tables 1 and 2.
Branches of the tree are color coded to indicate the eukaryotic super-
group that each sequence belongs to: Opisthokonta (red), Archaeplas-
tidia (green), Amoebozoa (blue), Chromalveolata (violet), and
Excavata (beige)

Outside of the catalytic Sec7 domain, which is the most
highly conserved domain of the Arfl GEFs, the N-terminal
domains DCB and HUS have the next highest levels of
homology, particularly among GBF/Gea family members.
As described previously (Ramaen et al. 2007), the DCB
domain was redefined to include residues upstream of the
originally defined domain (Mouratou et al. 2005) (Fig. 3).
The most highly conserved region outside of the catalytic
Sec7 domain is the “HUS box,” a region of seven amino
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Fig. 2 Domain structure of the BIG/Sec7 and GBF/Gea Arf GEFs.
Positions of the homology domains are shown for representative
sequences of the Opisthokonta supergroup (Saccharomyces cerevisiae,
Homo sapiens), and of the Excavata and Chromalveolata supergroups
(Trichomonas vaginalis, Tetrahymena thermophila); positions of
domains and sizes of proteins are drawn to scale. The only homology
domain unique to one subfamily is the BIG/Sec7 HDS4 sequence; only

acids near the end of the HUS domain (Fig. 4) (Mouratou
et al. 2005; Park et al. 2005). Including a wide range of the
eukaryotic sequences confirms the high level of homology
of this region, which has the consensus sequence Y/F ® N
Y/F D C D/E/N (where @ stands for hydrophobic). The
highly conserved aspartic acid residue within this motif is
invariant in all but one of the sequences examined (Fig. 4).
In vivo, this residue plays an important role in trafficking
and in GBF/Gea function in both mammalian cells and in
yeast (Park etal. 2005; Ramaen et al. 2007; Deng et al.
2009). On either side of this motif, there are residues con-
served within each subfamily of the Arfl GEFs, specific
either for GBF/Gea or BIG/Sec7 proteins (Fig. 4).

In the catalytic Sec7 domain, the loop between helices
a6 and o7 in yeast, plant, and mammalian large Arfl GEFs
has the invariant sequence FRLPGE, where the final resi-
due is the glutamic acid finger that is essential for exchange
activity (Goldberg 1998; Beraud-Dufour et al. 1999). When
members of other eukaryotic families are included, only
residues F and GE of this motif are invariant (Fig. 5).
Significantly, the catalytic glutamic acid residue is invariant
even in this wide range of eukaryotic organisms. Within the
Sec7 domain itself, there are several residues that are
highly conserved within each subfamily (Fig.5). Again,
there are more conserved residues among BIG/Sec7
subfamily members than among GBF/Gea sequences.

In the C-terminal homology regions HDS1, HDS2, and
HDS3, the BIG/Sec7 sequences had a significantly higher
level of homology than the GBF/Gea sequences (Figs. 6, 7,
8). Both HDS1 and HDS2 are more highly conserved
among the BIGs than among the GBFs (Figs. 6, 7), with the
second half of HDS2 showing a particularly high number of
conserved residues among BIG/Sec7 proteins of diverse
eukaryotic origin (Fig. 7). Indeed, the NCBI conserved
domain database has identified a portion of the BIG/Sec7
HDS?2 domain as highly conserved and named it DUF1981.
In contrast, there are few if any residues in the second half

a portion of the region shown in Fig. 10 is conserved in the Chromal-
veolata members that we analyzed (amino acid residues 1,600-1,665
of the Tetrahymena thermophila BIG protein, corresponding to amino
acids 1,675-1,740 of human BIG1). The orange box within the HUS
domain represents the highly conserved HUS box, sequence Y/F ® N
Y/F D C D/E/N (®: hydrophobic)

of HDS?2 that are conserved among all the GBF/Gea pro-
teins (Fig. 7).

The HDS3 domain was described previously, but our
analysis has indicated that this domain is 50-80 amino
acids longer than that proposed by Mouratou et al. (2005),
with the additional homology region located at the C-termi-
nal end of the originally defined HDS3 domain (Fig. 8).
Including representatives of the five eukaryotic super fami-
lies indicates that there is only weak homology within this
domain (Fig. 8), but when representative members of only
fungi, plants, and mammals are included, a significant level
of homology is found throughout the HDS3 domain among
members of both BIG/Sec7 (not shown) and GBF/Gea sub-
families (Fig. 9).

There is one homology region specific to a subfamily of
the large Arfl GEFs, which we call HDS4, and which is
present only among BIG/Sec7 proteins (Fig. 10). No equiv-
alent homology region can be found in the GBF/Gea
proteins. We found HDS4 sequences in eukaryotic super-
groups other than the Opisthokonta (animals, fungi) and
Archaeplastida (plants, algae), but with less homology. Both
Tetrahymena thermophila and Paramecium tetraurelia
BIG sequences have a region homologous to amino acids
1,675-1,740 of the human BIG1 HDS4 domain (Fig. 2,
data not shown). However, we did not find evidence for an
HDS4 domain in the Amoebozoa or Excavata supergroup
members Dictyostelium discoideum and Trichomonas
vaginalis, respectively.

Interacting Partners of the large Arfl GEFs

The highly conserved sequence homology domains of the
GBF/Gea and the BIG/Sec7 Arfl GEFs suggest that they
have important, conserved functions in evolution, and are
likely to be involved in protein—protein interactions.
Indeed, studies from a number of laboratories have

@ Springer
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Fig. 3 Conserved residues within the N-terminal region of the BIG/
Sec7 and GBF/Gea subfamilies of Arf GEFs containing the DCB
domain. Multiple sequence alignment showing conserved residues
specific to the BIG/Sec7 subfamily (pink), specific to the GBF/Gea
subfamily (blue), or both subfamilies (yellow). Invariant residues in all
the sequences are shown in red. The most highly conserved portion of
this region contains the DCB domain. Secondary structure prediction of
alpha-helical regions is shown above alignment in pink for BIG/Sec7
sequences, and below alignment in blue for GBF/Gea sequences.
Deletions in sequences are indicated by red Xs, and correspond to: S18-
G217, S319-P336 in SEC7_Sacc, R17-M82, S186-P202 in SEC7_Klul,
P106-G109 in BIG_Dicd, V120-H154 in BIG_Ostt, V89-N116 in
BIG_Chlr, and K101-D113 in BIG_Tett. Protein sequence alignments
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were created using Clustal W 1.83 (Thompson et al. 1994) and T-coffee
(Notredame et al. 2000) with default parameters. The multiple align-
ments were manually adjusted and edited using BioEdit version 7.0.8
(http://www.mbio.ncsu.edu/bioedit/bioedit.html). The GBF/Gea and
BIG/Sec7 alignments (done separately) were imported into BioEdit,
then these were manually corrected to correspond to the combined
alignment. Aligned sequences were displayed with ESPript (Gouet
et al. 1999) using the BLOSUM62 matrix with a similarity global score
of 0.15 and a difference score between conserved groups of 0.5. Second-
ary structure predictions on multiple alignments were performed at the
Poéle Bioinformatique Lyonnais (http://pbil.univ-lyonl1.fr/) and the con-
sensus of three different programs (the PHD, Predator, and GOR 1IV) is
indicated. Green box indicates AKAP domain of BIG2
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Fig. 4 Conserved residues within the N-terminal region containing
the HUS domain. Multiple sequence alignment showing conserved
residues specific to the BIG/Sec7 subfamily (pink), specific to the

GBF/Gea subfamily (blue), or both subfamilies (yellow). Secondary
structure prediction as in Fig. 2. Green box indicates AKAP domain of

BIG2
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Fig. 5 Conserved residues within the Sec7 domain. Multiple sequence
alignment showing conserved residues specific to the BIG/Sec7 sub-
family (pink), specific to the GBF/Gea subfamily (blue), or both sub-
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red. Alpha-helical regions from crystal structures of Sec7 domains is
shown. Green box indicates PKA phosphorylation site identified in
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Fig. 6 Conserved residues within the C-terminal region including the
HDS1 domain. Multiple sequence alignment showing conserved resi-
dues specific to the BIG/Sec7 subfamily (pink), specific to the GBF/
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spond to: Q858-Y982 in GBF_Dicd

Gea subfamily (blue), or both subfamilies (yellow). Invariant residues

in all the sequences are shown in red. Secondary structure prediction
as in Fig. 2. Deletions in sequences are indicated by red Xs, and corre-
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BIG1_Homs/1107-1289 ASIQESIG..ETSSQSVVVAVDRIFTGS|TRLDE ALVDFWWLCAVSMD’E‘LLST ....... THPRMFSLQK
BIG2_Homs/1054-1236 ASFQESVG..ETSSQSVVVAVDRIFTGSTRLDGNAIVDFVRWLCAVSMDELASP. ... ... HHPRMF S|LQK
BIG1_Ratn/1104-1286 ASIQESIG..ETSSQSVVVAVDRIFTGSTRLDGNAIVDFVRWLCAVSMDELLST. ...... THPRMF/SL QK
BIG_Drom/968-1149 PSVKEHIG..ETSSQSVVVAVDRIFTGSMRLDGDAIVDFVKALCQVSVDELQQ. . ... ... QQPRMF/SLQOK
BIG_Ano0g/959-1140 PSAKEHIG..ETSSQSIVVAVDRIFTGSIRLDGDAIVDFVKALCQVSLDELTR. .. ..... PQPRMF SLOK
SEC7_Sacc/1253-1438 TLSPEISK..FISSSELVVLMDNIFTKSSELSGNAIVDFIKALTAVSLEEIESSENA. ...STPRMFS[LQOK
SEC7_Klul/1114-1299 TLSPNISK..FITSSELVVLIDKIFTNSSALSGSAIVDFIKALTEVSFEEIESSQNA. ...TTPRMFS[LQOK
BIG_Dicd/950-1132 NQIKRLIEENPKELTFDSSIIERIFTNTSSLSDDSIVIFFRCLCEVSDDEINH.........YQRNYSLIK
BIG4_Arat/1000-1184 EQIKSFIANLNLLDQIGNFELNHVYANSQRLNSEAIVSFVKALCKVSMSELQSP.......TDPRVFSLTK
BIG_Orys/1065-1247 DQMNNVVT. .SLLEQVGMAEMNRVFVRSQKLNSEGIIDFVKALCKVSMEELRSA.......SDPRVFSLTK
BIG_Ostt/1053-1234 DDMHPPDP. .AVLAPLHPDELAHLFHVSVNLSGDAIVDFVRSLCELAIEEV.SA.......KHPRAYALTK
BIG_Chlr/1230-1412 HDPLSVPA..EVINSVDSGDLNRVFLTSGQLNSEAIVEFVRALTAVSYDELRDA.......RAPRVFSLTK
BIG_Tett/1069-1249 YNSQVIMK..YID....MSEIDKIFHLSNQFDAETIVEFIRCLCELSKEELENI.......HNPRIFCIQR
BIG_Triv/800-971 vi++rsitrs. . NATLNVNLIDELFTSTVSLDRESLVDFVRALCSVSKQELQE........KPARIYSLOQOK
GBF1_Homs/1098-1277 TENQEAKRVALECIKQCDPE. . KMITESKFLQLESLQELMKALVSVTPDEE. . .....TYDEEDAAFCLEM
GBF1_Ratn/1099-1278 TENQEAKRVALDCIKQCDPE. . KMITESKFLQLESLQELMKALVSVTPDEE.......TYDEEDAAFCLEM
GBF_Drom/1048-1236 YEEQDFIKLGRKCIKECQLD. .QMLQESKFVQLESLQELLKCVLALLKAPQGHKSIGLPYAEDQTVFWMEF
GBF_Anog/1075-1263 YEEQEVIKLSRKCVRDCQIE. .QIVNESKFLQLESLEELIGCLLAMIVPPEAHKSTAPAYGECTVVFLLEL
GEA1_Sacc/1000-1186 EEDIDFSIKAFECVKASHPLS.SVFENN‘QLVSPWMTF'TLLSSL. ...VIEK..TSENSPYFEQELLFLLETI
GEA2_Sacc/1010-1196 EEEIKSSKKAMECIKSSNIAA.SVFGNESNITADLIKTLLDSA. ...KTEK..NADNSRYFEAELLFIIEL
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GBF_Orys/982-1167 EQQLAAHQRTLQTIQKCRID. .S[IFTESKFLQPDSLLQLARALIWAAGRPQ..KVASSPDDEDTAVFCLEL
GBF_Chlr/1030-1216 TNSIAAATAAMEA.ANALLR..AATHISIHISAESLVQLVRAICGSGGPIP..RPPSSSMPWDASELCLEL
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BIG1_Ratn/1104-1286 IVEISYYNMGRIRLOWSRIWEVIGDHFN.........KVGCNPNEDVAIFAVDSLRQLSMKFL|..EKG.EL
BIG_Drom/968-1149 IVEISYYNMERIRLQWSRIWQVLGEHFN.........AVGCNSNEEISFFALDSLRQLSMKFM. .EKG.EF
BIG_Anog/959-1140 IVEISYYNMGRIRLOWSRIWQILGEHEN.........AVGCNTNEEIAFFALDSLROLSMKFI . .EKG.EF
SEC7_Sacc/1253-1438 MYDV/CYYNMDRIKLEWT PLWAVMGKAEN. . . ... ... KIATNSNLAVVFFAIDSLRQLSMRFL..DIE.EL
SEC7_Klul/1114-1299 MVDV/CYYNMDRIRLEWTPIWNVMGEAFN. ........ RIATESNLAVVFFAIDSLRQLSMRFL..DIE.EL
BIG_Dicd/950-1132 LVEVIEYNFKRIRLVFYNIWEIVVQHET......... KVGCNANIEIAQHAIDSLRQLANKYL . .EKQ.EL
BIG4_Arat/1000-1184 LVETAHYNMNRIRLVWSRIWNVLSDEFFV......... SVGLSENLSVAIFVMDSLRQLSMKFL . .ERE.EL
BIG_Orys/1065-1247 IVEIAHYNMNRIRLVWSSIWHVLSDEFEV......... TIGCSENLSIAIFAMDSLRQLAMKFL . .ERE.EL
BIG_Ostt/1053-1234 IVEVASFNMDRIRFIWARVWHVLSDEEV......... TVGCSPNLQISMTVVDSLRQLAMKFL . .SRT.EL
BIG_Chlr/1230-1412 IVEVAHFNMTRIRLVWSRIWAVLSEYFI......... TVGCHSNLPLAMYAVDALRQLAMKFL . .ERD.EL
BIG_Tett/1069-1249 IGEVTEFNMSRVRIIWNKIWDILKVHYN......... NVGCHNNIRVSCLAIDSLKQLAVKFL . .EKT.EL
BIG_Triv/800-971 VISVVAHFNVKRPKFLWVAVWDIIGDYLN. ........ FVGTLNKPGIPELAIDMTRQLASKFL . .LEE.EL
GBF1_Homs/1098-1277 LLRIVLENRDRVGCVWQTVRDHLYHLCV. ... ..... QAQ..DFCFLVERAVVGLERLAIRLL..RRE.EI
GBF1_Ratn/1099-1278 LLRIVLENRDRVGCVWQTVRDHLYHLCV......... QAQ..DFCFLVERAVVGLLRLAIRLL..RRE.EI
GBF_Drom/1048-1236 LVKIVVHNRDRMIPLWPAVRDOMYLLLM. .. ...... GSASCGYDYLLNRCIVAVLKLAIYLM. .RNE.EL
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GEA1_Sacc/1000-1186 SIILISEASYGQ.EFGALIADHMINISN......... LDG...... LSKEAIARLASYKMFLV..SRFDNP
GEA2_Sacc/1010-1196 TIALFLFCKEEK.ELGKFILQKVFQLSH. ........ TKG...... LTKRTVRRMLTYKILLI..SLCADQ
GEA_KIul/964-1149 SVSLFLF‘C‘KND‘A.VL‘S‘KFLLDK‘LSSICQ ......... NVS...... LSKNVLVRIISYKILII‘. .SIL ‘E‘N
GBF_Dicd/1084-1351 LSHIILLNQDRLGLVWNKYFEHCESIINIFEQVVSVSTANARLMTPLIEKVVMSIMYLLIRLI. .RKK.EV
GNOM_Arat/973-1158 LIAITLNNRDRIVLLWQGVYEHIATIAQ. ... ..... STV..MPCNLVDKAIFGLLRICQRLLP.YKE.SL
GBF_Orys/982-1167 LIAITLNNRDRIVLLWQGVYEHIANIVQ......... STV..MPCALVEKAIFGLLRICQRLLP.YKE.NL
GBF_ChlIr/1030-1216 LFTVLLRNRDRITLLWPRAYEHFATIFQ......... HSREC.DTVLVQKSIMAMMRLCQRLLPYKAA.DI
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BIG1_Homs/1107-1289 ANFRFQOKDFLRPFEHIMKRN. .RSPTEIRD. ...... MVVRCIAQMVNSQAANIRSGWRNIFSVFHLAASDQ
BIG2_Homs/1054-1236 ANFRFOKDFLRPFEHIMKKN..RSPTIRD....... MAIRCIAQMVNSQAANIRSGWKNIFAVFHQAASDH
BIG1_Ratn/1104-1286 ANFRFQKDFLRPFEHIMKRN..RSPTIRD....... MVVRCIAQMVNSQAANIRSGWKNIFSVFHLAASDQ
BIG_Drom/968-1149 SNFRFQKDFLRPFEHIMKKN. .ASPAIRD....... MVVRCIAQMVNSQAHNIRSGWKNIFSIFHLAAGDN
BIG_Anog/959-1140 TNFRFQKDFLRPFEHIMKKN. .NSPAIRD....... MVVRCVAQMVNSQAHNIKSGWKNIFSVFHLAAGDH
SEC7_Sacc/1253-1438 SGFEFQHDFLKPFEYTVQNS..GNTEVQE....... MIIECFRNFILTKSESIKSGWKPILESLQYTARSS
SEC7_Klul/1114-1299 TGFEFQLDFLKPFEHTVENT. .RDIDVQE....... MCIECFHNFILTKSGKIKSGWKPILKSLQYTAQSP
BIG_Dicd/950-1132 TNYNFQONEFLIPFQDIMKCN. .PSIIIKE....... LVIRCVAQLSILKSKNIKSGWKTIINVFTLGSKVL
BIG4_Arat/1000-1184 ANYHFQHEFLRPFVVVMQKS . .SSAEIRE....... LIVRCVSQMVLSRVSNVKSGWKNVFTVFETTAALDE
BIG_Orys/1065-1247 ANYNFOQNEFMKPFVVVMRKS . .RAVEIRE....... LIIRCVSQMVLARVSHVKSGWKSMFMVFATASYDD
BIG_Ostt/1053-1234 ANYSFQONEFLRPFVVVMRQS..PAVEIRE....... LIIRCVSQMVQARVSHIKSGWKSMFMVFTTAAADE
BIG_ChlIr/1230-1412 ANYTFQONDFLRPFVVVMRQS . .QAVEIRE....... LIIRCLSQMILARVTNVKSGWKSMFMVFTTAANDR
BIG_Tett/1069-1249 AHYQFOKDFLSPFEYIYQRNPQONLEIKE....... LILRCLFMMTMSKAQYLRSGWKVILRVVNLTLQED
BIG_Triv/800-971 INFHFQKRFMSPFQHIFDNQ. .RNVQVKD....... LVLTCISALVSELAENLQOSGWVVVEQVLTSAASGK
GBF1_Homs/1098-1277 SAQVLLSLRILLLMKPSVLSR..VSHQVA....... YGLHELLKTNAANIHSGDD .WATLFTLLECIGSGV
GBF1_Ratn/1099-1278 SGQVLLSLRILLLMKPSVLSR..VSHQVA....... YGLHELLKTNAANIHSGDD .WATLFTLLECIGSGV
GBF_Drom/1048-1236 CPIVLQSLKMLLMLKPALLLR..ISKQIS....... IGIYELLKTSAQNIHSEQD.WQI/IFNLLECVGAGA
GBF_Anog/1075-1263 CSTILQSLRMLLALRPAVILA..ISKPIS....... IGMYELLKTSAQNIHTEAD.WVIVFTVLECVGAGA
GEA1_Sacc/1000-1186 RDILSDLIEHDFLVKNEIFNTKYYESEWGKQVINDLFTHLNDVKYNERALKNVKF .WNFLRILISAKDRQF
GEA2_Sacc/1010-1196 TEYLSKLINDELLKKGDIFTQKFFATNQGKEFLKRLFSLTESEFYRGFLLGNENF .WKFLRKVTAMKEQSE
GEA_Klul/964-1149 PEYVVKLINEQLLTKNEVFDNSFFKSQAGANVLQRLLDLAEILNYQGALLHDQGF .WKLLRKYAALGTPSN
GBF_Dicd/1084-1351 FSTLSACIKLLLRV.GNVLDS..IAEKMS.......ISLIQLVQKNIDFLSTTPSAWEPILALIVLL.SGN
GNOM_Arat/973-1158 ADELLRSLQLVLKLDARVADA..YCEQIA.......IEVSRLVKANANHIRSQAG.WRTITSLLSITARHP
GBF_Orys/982-1167 ADELLRSLQLVLKLDARVADA..YCENIT.......QEVARLVKANAGHVKSQMG.WRTVVLLLSITARHP
GBF_Chlr/1030-1216 SEPLM@GIQLLSLVDEQVAHD. .LASTIA.......AEIQSLLQGAAAYIHNQQA.WMSICALIKVIHLDP
GBF_Triv/824-1006 RQDLIKLTDILVVLDNKQLNP. .LLLSGF.......KEFLNLFLDSYIEMHQFKS .LNQLLYNSIQVQNPS
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Fig. 7 Conserved residues within the C-terminal region including the
HDS2 domain. Multiple sequence alignment showing conserved
residues specific to the BIG/Sec7 subfamily (pink), specific to the

GBF/Gea subfamily (blue), or both subfamilies (yellow). Secondary
structure prediction as in Fig. 2. Deletions in sequences are indicated
by red Xs, and correspond to: Q1133-Y1211 in GBF_Dicd
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Fig. 8 Conserved residues within the C-terminal region including the
HDS3 domain. Multiple sequence alignment showing conserved resi-
dues specific to the BIG/Sec7 subfamily (pink), specific to the GBF/
Gea subfamily (blue), or both subfamilies (yellow). Secondary struc-
ture prediction as in Fig. 2. This domain is longer than that proposed
by Mouratou etal.; their coordinates for selected sequences are
BIGI_Homs (1372-1489), BIG_Drom (1233-1350), SEC7_Sacc

(1525-1704), BIG4_Arat (1278-1410), and hence all are 55 amino ac-
ids shorter than the domain proposed here. Coordinates in Mouratou
etal. for GBF/Gea sequences are: GBF1_Homs (1532-1644),
GBF1_Drom (1475-1666), GEA2_Sacc (1277-1433), GNOM_Arat
(1235-1349), making the HDS3 domain defined here 50-80 amino
acids longer than the one originally proposed
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GBF1_Homs/1532-1721 ADSRTLWAHCWCPELOGIACLICCDARROVRMQOALTYHQ . LLVHDLQ.KLDALEES LFPLLTKL
GBF1_Pant/1532-1721 ADSRTLWARCWCPLLOGIACLCCDARRQVRMOALTYO . RALLVHDLO. KLDALEWES LFPLLTKL
GBF1_Musm/1534-1723 ADSRTLWAHCWCPLLOGIACLCCDARROVRMOALTYHAO.RALLVHDLQ.KLDALEWES LFPLLTKL
GBF1_Ratn/1535-1724 ADSRTLWAHCWCPLLQGIACLICCDARRQVRMQALTY}HQ . LLVHDLQ.KLDALEWES LFPLLTKL
GBF1_Mond/1531-1720 ADSRTLWAHCWCPLLQGIAWLICCD MQALTY[Q . RALLVHDLQ.KLDALEWES LFPLLTKL
GBF1_Canf/1545-1734 ADSRTLWAHCWCPLLQGIACLCCD MQALTY}Q . RALLVHDLQ.KLDALEWES LFPLLTKL
GBF1_Equc/1531-1720 ADSRTLWAHCWCPLLQGIACLICCD MOALT YO . RALLVHDLQ.KLDALEWES LFPLLTKL
GBF1_Drom/1475-1666 PQSAALWSPGWCPLLQGIARLAMD THAIS|CHIQQRALLVHDLQ. TLSGTEWCS LFPLLNEL
GBF1_Anog/1513-1701 PQCSSLWSQGWCPLLOGIARLATD TSAITCIQ. LLVQDLQ.TLTGLEWAG LFPLLQEL
GBF1_Tric/1375-1560 AKETSLWTQGWCPLLQGIARLICCD MSAITYHQ.RALLVHDLQ. TLTGPEWEA LFPLLAHL
GBF1_Nasv/1321-1503 IATASLWPQAWRPLLQGIARLICCD AITSHQ.|S|TLLAHDLS . QLSAVEWSQ LFPLLAQL
GEA1_Sacc/1271-1408 RSNSALNKNEIIAAIQGLAHQCLNP|C ALQAME . NILLSRASQLRTEKVAVDN LLPIFE. .
GEA2_Sacc/1277-1431 EDNNDLRKNETIFATIIQALAHQCINP|C AVVTHE . QTLINKIEIPTNEMESVEE LLPLLN. .
GEA_Klul/1230-1387 NTKPTVSKSEIIAIIQALSHQCLNPC ALSSHME . NLLLKLLEPFVDNVISVIA LYPLTN. .
GEA_Cang/1316-1454 NFPDFYTNEVIIAIVQALAHQCTNPC AVS S0 . DSLIERIQIPSDQVQSLEQ ILPIL. ..
GEA_Schp/1250-1444 ESSEHFQDTRWKIIYDHVCKLICLISRS SLSCHQ . VEQLDQP .HEVSYTMA LLPTMENM
GNL1_Arat/1227-1422 MKLSEDIGKMWLKLVKNLKKV|CL AISMAQ.RAIAGADGI .MLPQPLWFQ VFILLDDV
GNL2_Arat/1177-1372 LRGVNFVHHLFLKLSEAFRKTTL AVTSHE . KSFTMGHEDLGFTPSGCIY IFPTIDDL
GNOM_Arat/1235-1428 GKMSQDIGEMWLRLVQGLRKV|CL ALOSIMQ . LGGVDGI.NLAHSMWSQ IFTVLDDL
GBF_Orys/1242-1436 DKVLEAIREMWLKLLQALKKL|SL ALTSIMQ . LTATEGV.CLQSSTWSH IFALLDDL
GBF_Vitv/1228-1422 SKMSQDIGEM LRLVQGLRKVHL ALISMQ.RCLSGVEGF.QLPHSLWLQ IFTMLDDL
£000000000000000000000000000 020000000000
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GBF1_Homs/1532-1721 LE........ NISPADVGGMEETRM.RASTLLSKVFLOHMSPLLSLSTFAALWLTILDFMDKYMHA. .. .G
GBF1_Pant/1532-1721 LE........ NISPADVGGMEETRM.RASTLLSKVFLOHMSPLLSLSTFAALWLTILDFMDKYMHA. .. .G
GBF1_Musm/1534-1723 LE. ... .0 NISPADVGGMEETRM. RASTLLSKVFLOHASPLLSLSTFAALWLTILDFMDKYMHA. .. .G
GBF1_Ratn/1535-1724 LE. ... ... NISPADVGGMEETRM. RASTLLSKVFLOHSPLLSLSTFAALWLTILDFMDKYMHA. .. .G
GBF1_Mond/1531-1720 LE........ NISPADVGGMEETRM.RASTLLSKVFLOHMSPLLSLPTFAALWLTILDFMDKYMHA. .. .G
GBF1_Canf/1545-1734 LE........NISPADVGGMEETRM.RASTLLSKVFLOHASPLLSLSTFAALWLTILDFMDKYMHA....G
GBF1_Equc/1531-1720 LE........ NISPADVGGMEETRM.RASTLLSKVFLOHMSPLLSLSTFAALWLTILDFMDKYMHA. .. .G
GBF1_Drom/1475-1666 LPES..... NAAGQLDAALLEESRI.RTATIMSKVFLOHTTLIELNAFNELWLDILDYIERFMKV. .. .G
GBF1_Anog/1513-1701 LQEK...... ATSPVEVSLLEESRI.RTATIMSKVFLHHTPLIALPNFQELWIEILDYFERFMTA....G
GBF1_Tric/1375-1560 LS. NIDPKDPLAMEETRM. RAATVLSKVFLHHATPLLSLPTFSNLWLIILDFIDKYMHA....D
GBF1_Nasv/1321-1503 LG v v v v v ns PIAANDPLAVEETRV.RAAMLLSKVFLHHANPLLTLPGFLPLWLTVLDLLRSYMHA. .. .D
GEA1_Sacc/1271-1408 . .. oo v u LDEIQDVKMKRITSII.L..SVLSKIFLGQH#. .VEG.VITSNETFLRVLNVFNKYVD. .. ...
GEA2_Sacc/1277-1431 oo v i v SSETQE. . .DQKILISSILTIISNVYLHYMK.LG. .KTSNETFLKILSIFNKFVE. .....
GEA_KIul/1230-1387 ... i EVDA.DS. .RKAVPLQONFLSLLSKLYLHYS .LE. .KTDNETYLKVLSIFNKHVD. .. ...
GEA_Cang/1316-1454 .. ........ LPEG.[QN. .ANS/QHMKEVFPMITKVYFHYIK .KG. . STTNDTFLKVLNMFNSCVE. .. ...
GEA_Schp/1250-1444 ITVL....TEKPEHKIFGLAQA[QMFNIICKTVLIDMNV[ASAQ. . KEMLHTLWLK AIKLSSIHG.S.
GNL1_Arat/1227-1422 LTFS....IENSRKTLKKTVEETLV .LATKLMSKAFLOSIIODISQQPSFCRLWVG LETYMSTEFRGK
GNL2_Arat/1177-1372 HEKLLDYSRRENAEREMRSMEGT LK. IAMKVLMNVFLVYMEQIVESAEFRTFWLG MDTCMKADLGEY
GNOM_Arat/1235-1428 LEIA....A..GSQKDYRNMEGTLL . LAIKLLSKVFLQOMOELSQLS|/TFCKLWLGVLTRMEKYMKVKVRGK
GBF_Orys/1242-1436 LEIS....Q.NHSQKDYRNMEGSLV . LAMKLVAKVYLQLMPDLFGLS/SFCKLWLGVLSRMEKYIKIKVRGK
GBF_Vitv/1228-1422 LDIA... .Q.GHSQKQYRNMEGHL@. LAMKLLSKVFLOLMNDLAQLTTFCKLWLGVLSRMEKYMKVKVKGK
2000000000000 0200000000
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GBF1_Homs/1532-1721 ssBLLsEAIﬁSLKﬂMLLV@DTAEIFHSADARGG ...... GPSAL@EIWERIDCFL?HLRDELFKQTV
GBF1_Pant/1532-1721 SSDLLSIHAIPESLKNMLLVMDTAEIFHSADARGG. . .. . . GPSALWEITWERIDCFLPHLRDELFKQTV
GBF1_Musm/1534-1723 SSDLLS DTAEIFHSADARGG. ... .. GPSALWEITWERIDCFLPHLRDELFKQTV
GBF1_Ratn/1535-1724 SSDLLS DTAEIFHSADARGG. ... .. SPSALWEITWERIDCFLPHLRDELFKQTV
GBF1_Mond/1531-1720 SSDLLS DTAEIFHNADTRGS...... GSSALWEITWERIDCFLPHLRDELFKQTV
GBF1_Canf/1545-1734 SSDLLS DTAEIFHNADARGG. ... .. SPSALWEITWERIDCFLPHLRDELFKQTV
GBF1_Equc/1531-1720 SSDLLS DTAEIFHSADARGG. ... .. SPSALWEITWERIDCFLPHLRDELFKQTV
GBF1_Drom/1475-1666 .SDTLS HSVRVFHNQD..GS......LQQALWELTWRRIGEFLEPNLKEELFHDEG
GBF1_Anog/1513-1701 . SDMLY HSVCVFHNTD..GV...... THSMLWDVTWQRISGFLPNLKDELFKHEG
GBF1_Tric/1375-1560 KSDLLA DSAKVFDGPD.......... GKSPLWAATWDRINKFLPGMKEELFREQQ
GBF1_Nasv/1321-1503 NSENLY ASAGVLOP . .ot v v v v s v un ESYLWTPTWRAIDTFLPNLKAELFPEPP
GEA1_Sacc/1271-1408 . .[DPTV EKE . v v v v v tn e n v e n e e n s e afn B P ... P
GEA2_Sacc/1277-1431 .DsDI LILDKKSIEKGNGSSSHGSAHEQTPESNDV. ..|lul. fasfe s oo - PN e
GEA_Klul/1230-1387 .DGKYV| MITKKREIEKKQGTTPSTDAESVPAEPTPVSK.|uf. ofuus v v ... o, o ..
GEA_Cang/1316-1454 .DPEI FIIMKKETIEAEST . . . oot v v nnenvnnenns S. .My 8 ... e
GEA_Schp/1250-1444 . . [ESMAf]. IKNVFMILHGAGALAGPT.IEVDPEIPDHLIKTWNTTWNNLFIYYPELSNDLNINN.
GNL1_Arat/1227-1422 RSE‘KVN KATGVLLPGDDIGS........ DSFWQLTWLHVNKISPSLQSEVFPQEE
GNL2_Arat/1177-1372 GDNKLQ KEKEILVQKE. ... .00 ... DDDLWEITYIQIQWIAPALKDELFPD. .
GNOM_Arat/1235-1428 KSDKLQ KTKGVLLQRSALGG........DSLWELTWLHVNNIAPSMRLELFPDQE
GBF_Orys/1242-1436 RSDKLQ KNRGILAKRSTIGG. ... .. .. DSLWELTWLHANNIS[TSLQSDV[FPSQE
GBF_Vitv/1228-1422 RSEKLPELV KTRGVLVQRSALGG. ... .... DSLWELEWLHVNNIAPTLQSEVEPDQV
Fig. 9 Conserved residues among members of the GBF/Gea subfam- (red). Only sequences from animals, fungi, and plants are included.
ily within the region including the HDS3 domain. Multiple sequence Secondary structure prediction of alpha-helical regions is shown above
alignment showing conserved residues (blue) and invariant residues alignment in blue

identified interacting proteins of the GBF/Gea and the BIG/  tion, but not a direct protein—protein interaction. Further
Sec7 Arfl GEFs (Table 3). It is important to point out that  studies are required to determine whether these interactions
many of these interacting partners have been identified by  are direct or via a bridging protein. Many of the interactions
yeast two-hybrid screens or by co-immunoprecipitation of  described in Table 3 have been previously reviewed (Cox
proteins from cells, which demonstrate a physical associa- et al. 2004; Shin and Nakayama 2004; Mouratou et al.
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BIG1_Homs/1610-1834 EQKLFAAET. . .. IKCVVQLELTIQTIDNIVFFPATSKKEDAENLAAAQRDAVDFDVRYV DT. .[0DQGMYRF[ETS QOLFKELDC
BIG2_Homs/1542-1766 NQKLFASLL....IKCVVQLELIQTIDNIVFYPATSKKEDAEHMVAAQQDTLDADIHI. . E..TEDQGMYKYMSSQHLFKLLDC
BIG1_Pant/1610-1834 EQKLFAALL....IKCVVQLELIQTIDNIVFFPATSKKEDAENLAAAQRDAVDFDVRYV. . DT..QDQGMYRFLTSQQOLFKILDC
BIG1_Musm/1607-1831 EQKLFAALL. ...IKCVVQLELIQTIDNIVFFPATSKKEDAENLAAAQRDAVDFDVRYV. . DT..QDQGMYRF[LTSQQLFKILDC
BIG1_Ratn/1607-1831 EQKLFAALL....IKCVVQLELIQTIDNIVFFPATSKKEDAENLAAAQRDAVDFDVRYV. . DT..QDQGMYRF[LTSQOLFKILDC
BIG1_Mond/1611-1835 EQKLFAALL. ...IKCVVQLELIQTIDNIVFFPATSKKEDAENLAAAQRDAVDFDVRYV. . DT..QDQGMYRF[LTSQQOLFKILDC
BIG1_Canf/1610-1834 EQKLFAALL. . ..IKCVVQLELIQTIDNIVFFPATSKKEDAENLAAAQRDAVDFDVRYV. . DT..QDQGMYRFLTSQOLFKILLDC
BIG1_Equc/1601-1825 EQKLFAALL....IKCVVQLELIQTIDNIVFFPATSKKEDAENLAAAQRDAVDFDVRV. DT..QDQGMYRFLTSQQOLFKILDC
BIG_Drom/1416-1647 EHNHFEALH....IRCVVQOLELIQTMDNIVFFPATSRKEDAETLAQAAADLTGGRSGS ECQREEQGMYGYLRTRQLLTLADC
BIG_Anog/1412-1647 . .VLFSNLL....IKCVVQLELIQTIDNIVFFPATSRKEDAETLAQATAELSAIHQQHASSYPSSLE. .. ECQREEQGMYSYLNTPHLLQLVDC
BIG_Tric/1431-1657 DATLFNKELA....IKSAVQLELIQTIDNIVFYPATSRKEDAETLALAAADMAGNGSLT . ... vv vt ECQREEQGMYRVLTSPHLLQLTDC
BIG_Nasv/1575-1813 RVKIFAALL....IKCVVQLELIQTIDNVVFYPATSRKEDQENLAAAQADMLNSKSEIGLTRNLLSNIGGDQQKEEQGMYCALPASHLLQLVDC
SEC7_Sacc/1811-2000 RINIKNSIV....VKCVLQLLMIELLNELF ENEDFAHC|IPYKEAIRITRL
SEC7_Klul/1637-1842 KVSVKNTEIV....VKCILOLLMIESLSELF . .[EVEQFINSIPFDEAIKLTTL
SEC7_Cang/1626-1820 KISIKNSIV....VKCVLOLLMIELLSELF . .(ONEELEHHIPYKQYIQITKL
SEC71_Schp/1608-1811 KKHHLKS[IV....VKCTLQLLMLNCLWELF . . JHSDNMLTN|IPKRKMVKLLDI
SEC72_Schp/1614-1814 KQMEFRSMI....RKCILOLLLIS|IVAELL . .[DNEEVFNHIPHEHVLKITVA
BIG1_Arat/1530-1745 RNRQLHAVVTDAKSKASIQIFVIQAVTDIY ..DM..YRMSLTANHMLMLFDA
BIG2_Arat/1562-1789 TATHLYAAISDAKCRAAVOLLLIQAVMEIY ..NM..YRPQLSAKNTLVLVDA
BIG3_Arat/1474-1696 SLQTMSYVVARTKSHITVQLQOVVQVVTDLY ..RI..HQQSLLASHVTVILEIL
BIG4_Arat/1489-1710 SLHIMSYVVSRTKKHIDVLSQEIVEVVSDLY ..[RR. .NQFSLSASHVDILADI
BIG_Orys/1564-1785 RSRNLYFAIGDAKCRAAVQLLLIQAVMEIY .NM..YRARLSSQNTVILFEA
BIG_Vitv/1427-1649 KSHRLYAAVSDAKCRAAVOLLLIQAV .NM..YRPRLSAKNIIVLFNA
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BIG1_Homs/1610-1834 ELESHRFAKA NEQR|TALWKAGFKGKS . KPNLLKOEFs[S|L AlC/cERTLERMYMD VSAWEEV TN [Bs YFET
BIG2_Homs/1542-1766 LQESHS[FSKA YEQRTVLWRAGFKGKS . KPNLLKQ}3T/S|S/LACCLRILFRMYV| RDSWEEI LT LAYFIT
BIG1_Pant/1610-1834 LLESHRFAKA NEQRTALWKAGFKGKS . KPNLLKQ]:TSSLACGLRILFRMYM ISAWEEYV LN LSYFLT
BIG1_Musm/1607-1831 LLESHRFAKA NEQRTALWKAGFKGKS . KPNLLKQ/3T/S/SLACGLRILFRMYM VSAWEEV LN LSYFLT
BIG1_Ratn/1607-1831 LLESHRFAKA NEQRTALWKAGFKGKS . KPNLLKQ/:T/S|SLACGLRILFRMY[T VSAWEEV LN LSYFLT
BIG1_Mond/1611-1835 LLESHRFAKA NEQRTALWKAGFKGKS . KPNLLKQ/?TS/SLACGLRILFRMYM TSAWEEV LN LSYFLT
BIG1_Canf/1610-1834 LLESHRFAKA NEQRTALWKAGFKGKS . KPNLLKQIAT|SS/L ACGLRILFRMYM VSAWEEV LN LSYFLT
BIG1_Equc/1601-1825 LLESHRFAKA NEQRTALWKAGFKGKS . KPNLLKQ}3T/S/SLACGLRILFRMYM VSAWEEV LN LSYFLT
BIG_Drom/1416-1647 LMQSHRFAKR HDQRSLLWRAGFKGSV.KPNLLKQ!TSSLACVLRIFFKMYG RSDWPGI V|0 LGYYLS
BIG_Anog/1412-1647 LL QSHRFAKQ NDQRTVLWKAGFKGSL . KPNLLKQ:T/QSLACVLRILFKMY/S RRDWQDI IG LDYFLS
BIG_Tric/1431-1657 LLQSHRFAKA HEQRNLLWKAGYRGST . KPNLMKQP THS|LACSLRILEKMY|C RQHWS|LI IG LDYFLK
BIG_Nasv/1575-1813 LLASHRFAKS HEQRNILWKAGFRGNV.KPNLLKQRTQSLACALRILEKMYS RTDWNLV| VE LDYFLS,
SEC7_Sacc/1811-2000 LEKS|YEFSRD YGLRTRLVEARVVDKI. .PNLLKQT/SAAAVLLDIMFQLYLNDDE . ... ....... KKADL IT VEGYVS
SEC7_Klul/1637-1842 LERS[YEFARD YELRTRLVEARVSNKI..PNLAKQ:TSSSAVLINILFKLYLNRESSENGSTKEIKKNQKNL VG VORY VA
SEC7_Cang/1626-1820 LEKS[¥YEFSRD YGLRTRLVEARVVDKI..PNLLKQTSAAAVLIDIMFKLYLNDDN. . .. ....... KKDEL IK VQGYVT
SEC71_Schp/1608-1811 LKQSWEFAES FEIRAKILSSGIVEHM. .PNLLSQ{ALCAKLYFYTAFECMSSLK. .S....... DSHDTEE M D! IYLAS|Q
SEC72_Schp/1614-1814 IYDSWQFARK KSLRITLLNVGFMKQL . .PNLLRQETASALLYITLLFRLLKTRD. . PLGK. ... TETDQKI FP LDMYAS
BIG1_Arat/1530-1745 MHGIGSNAHK LLLRSKLQELGSSLESQEAPLLRLEINESFQTCMTFLDNLISDQP. . V... .... GYNEAEI Is LEFYIN
BIG2_Arat/1562-1789 LHGVALHAHG TILRSRLQOELGPMTQMQODPPLLRLINES|YQICLTFLONLVADKT . .KKEE. .. .EEEEEET VN LNFYIE
BIG3_Arat/1474-1696 LSS I|S|SHAHQ LILQKKVRRACSILELSEPPMLHFENDTFONYLDILQATIVTNNP., .G. . ... .. VSLELNV| MT LKMYLK
BIG4_Arat/1489-1710 F/SCIASHAQQ TVLRRKFKRACSVQNLTEPQLLNF:NEAYKSYMMFLODMVTICNP ., .N....... VSKELDL VT, VKIYLK
BIG_Orys/1564-1785 LHT VATHAHK NDLRSKLQELGSMTQMQDPPLLRLIANES Y QLCLTILONICLDRS . .P. ... ... NERSVEV VG LEVYLS
BIG_Vitv/1427-1649 MHDVA/SHAHK TILRSKLQELGSMTQMQDPPLLRLINESYQICLTLLONLILDRP., .P. ... ... SYEEAEV VD) LoFYVE
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BIG1_HOms/1610-1834 ~ SESHR. .+ v v v vt v s v v v nn s v nnn e AWTNLLLLFETKVLKISDNRFKAHASFYYPLLC Q. FPLIPELRAVERRFELR.TIGVVF
BIG2_Homs/1542-1766 ~ SESHR. « v v v vt v v e v n s AWTSLLLLLLTKTLKINDEKFKAHASMYYPYLC Q.FDLIPELRAVLRKFFLR.IGVVY
BIG1_Pant/1610-1834 ~ SESHR. ... :v v vuneunn s AWTNLLLLFLTKVLKISDNRFKAHASFYYPLLC 0.FDLIPELRAVLRRFFLR.IGVVF
BIGI_Musm/1607-1831 ~ SESHR. ... .0 vvuneunn s AWTNLLLLFLTKVLKISDSRFKAHASFYYPLLC 0.FDLIPELRAVLRRFFLR.IGIVF
BIG1_Ratn/1607-1831 ~ SESHR. . v v v v vt v v v vnnn AWTNLLLLFLTKVLKISDNRFKAHASFYYPLLC Q.FDLIPELRAVLRRFELR.IGIVF
BIG1_Mond/1611-1835  SESHR. « v v vt v v v v v n s AWTNLLLLFLTKVLKISDNRFKAHASFYYPLLC Q.FDLIPELRAVLRRFELR.IGVVF
BIG1_Canf/1610-1834 ~ SESHR. ..t v v v v v vnen.n AWTNLLLLFLTKVLKISDNRFKAHASFYYPLLC Q.FDLIPELRAVLRRFFLR.IGVVF
BIG1_Equc/1601-1825 ~ SESHR. « v v v v v v e vnan AWTNLLLLFLTKVLKISDNRFKAHASFYYPLLC Q.FDLIPELRAVLRRFFLR.IGVVF
BIG_Drom/1416-1647 ~ SEAHR. ... .0t vuneunn s AWTSLLLLILTRLLKMSDARFATHVSNYYSLLC C.FDLKPELRSVLRRVFMR . IGPVF
BIG_An0g/1412-1647 ~ SEPHR. .. v v v v v i v v vn s AWTSLLLLVMTRLLKMSDARFAAHIASYYVFLC C.VDLKPELRTVLRRVELR . ISPVF
BIG_Tric/1431-1657  SEAHR. .. vt v v v v vnennn EWTMLLLLVLTRLLKMPDDRFAVHVSRYYPLLC Cc.FDLKAELRSILRRVELR.IGPVF
BIG_Nasv/1575-1813  SEAHR. .4 v v vt v v vt inen i n e snns AWTPILLLLLARILKMPDSRFAVHASSAYAALCEIMC.FDLKPELRSALRRFFLR.IGPVF
SEC7_Sacc/1811-2000 Dt v v v v v v v e AWRSVIVEILQGYYEFDDEDFRLYCPAMYALVIQILD.KSVPTELRHAIKQFLSR .| . .| .
SEC7_KIUl/1637-1842  Diuv vt ivinin i i enenea GVSERAANNWRPVIVEIIQGYSEFDDNDYKQQCKTMYDLILQILD.KPCPDDLRHVIRLFLTR. TRDIF
SEC7_Cang/1626-1820  Du vt v vt i v v in e RTMERSIISWRPVIVEILQGYYEFDDDDFKKEFCAPMYGFIIQILD.KSVPTELRHAIKLFLGR . VGELY
SEC71_Schp/1608-1811 FOQRVIGDNPVKGVAAFQPVIAALVSYINSLDEIQFSRGKSEFYQLLCATIVACGHIDQOLGTSLSNAFLR.YAC. .
SEC72_Schp/1614-1814 e e RNHAAWQPVIATILDSILNLPLELFSENIHTLYFSCCSMIAKENLDDQLRELLKNYENR . VGHIL
BIG1_Arat/1530-1745 QSSRWAVPSGSGKKKELTARAPLVVAAIQTLGNMGESLFKKNLPELFPLIATLISCEHGSGEVQVALSDMLQTSMGPVL
BIG2_Arat/1562-1789 SSAKKLQSESSRASEYRWRIPLGSGKRRELSARAPLIVATLQAMCTLDEASFEKNLKCLFPLLANLISCEHGSNEVQTALADMLGLSVGPVL
BIG3_Arat/1474-1696 LFQGDEL..EETRQPKNWILPMGAASKEEA SPLVVAVLKALRELKRDSFKRYAPNFFPLLVELVRSEHSSSQVPQVLSTVEHTCMGAMM
BIG4_Arat/1489-1710 DPQQQE...QQQRKPVLWVLPMESDRVEEATARTSLLVSSLEALCSLEAESLKKHVSSFFPLLVDLVRTEHCSPQVPYVLSNVLKS CIGPIL
BIG_Orys/1564-1785 NPSQL...SGAPQPLGHWLIPVGSSKRRELAARAPLVVSTLQAISGLGDSSFEKNLGQFFPLLAGLISCEHGSSEVQVALSDMESTWVGPVV
BIG_Vitv/1427-1649 RSGQI..PESSLGVQPRWLIPLGSGKRRELATRAPLVVVTLQAVCGLGDTSEERNLAQFFPLLSSLIGCEHGSNEVQVALSEMLRSSVGPVL
Fig. 10 Conserved residues among members of the BIG/Sec7 invariant residues (red). Secondary structure prediction of alpha-heli-
subfamily within the C-terminal region including the HDS4 domain. cal regions is shown above alignment in pink

Multiple sequence alignment showing conserved residues (pink) and

2005; Casanova 2007; Anders and Jurgens 2008), so we et al. 2007). This data confirmed the initial observations for

will focus here on more recent results. the Arabidopsis thaliana GNOM Arfl GEF that the DCB
The Arfl GEF interactions for which a direct protein—  domain is involved in dimerization (Grebe et al. 2000).
protein interaction has been demonstrated are listed in the For mammalian GBF]1, two proteins have been shown to

first part of Table 3. For BIG1, these include the exocyst interact directly, the small G protein Rabl (Monetta et al.
subunit Exo70 (Xu et al. 2005), the Myosin IXb molecular ~ 2007) and the COPI coat subunit gamma-COP (Deng et al.
motor (Saeki etal. 2005), and the BIGI1 protein itself  2009). Rabl plays an essential role in trafficking between
(Ramaen et al. 2007). The interactions with Exo70 and the ER and cis-Golgi (Behnia and Munro 2005). Like the
Myosin IXb suggest a role for BIG1 in targeting secretory  Arf small G proteins, Rabs cycle between GDP- and GTP-
vesicles to the PM. The BIG1 DCB domain has been dem- bound forms, and target effector proteins to membranes
onstrated directly to form a dimer through purification of ~ when in their active GTP-bound conformation. Rab
this domain from E. coli and gel filtration analysis (Ramaen  proteins are primarily involved in membrane fusion, with
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Table 3 Interactions between the Arfl GEFs and protein partners

Arf GEF  Species Interacting protein Interaction Technique showing direct References
domain interaction in vitro
Direct protein—protein interactions
BIG/Sec7 subfamily
BIG1 Hs Myosin IXb 1,305-1,849  Epitope-tagged proteins purified Saeki et al. (2005)
molecular motor from baculovirus,
immunoaffinity column
Ex070 exocyst complex 1-643 ColP of in vitro-translated, Xu et al. (2005)
component epitope-tagged proteins
BIG1 DCB Purification from E. coli, gel filtration =~ Ramaen et al. (2007)
BIG2 Rn p-subunit of GABA receptor  1,739-1849  GST- and His-tagged proteins Charych et al. (2004)
gamma-aminobutyric purified from E. coli,
acid type A receptor gel overlay assay
Gea/GBF subfamily
GBF1 Hs Rab1b small G protein 1-380 GST- and His-tagged proteins Monetta et al. (2007)
purified from E. coli, GST column
y COP COPI coat subunit nd GST- and His-tagged proteins Deng et al. (2009),
purified from E. coli, GST column Golinelli-Cohen
and Jackson, unpublished data
Geal/2p Sc Drs2p aminophospholipid Sec7 Purification from E. coli, Chantalat et al. (2004)
translocase transcription—translation
in vitro, immunoaffinity column
Sec21p COPI coat subunit N-Sec7 GST- and His-tagged proteins Deng et al. (2009)

purified from E. coli, GST column

Arf GEF Species Interacting protein

Interaction domain

Technique showing
physical association

References

Physical associations (possibly direct but not demonstrated)

BIG/Sec7 subfamily

BIG1/2 Hs FKBP13 FK506-binding
protein

PP1-y protein phosphatase

Hs 3CD poliovirus protein

BIG1 Hs Fibrillarin part of snRNP

particle U3 snoRNA
Integrin 1

KIF21A kinesin motor protein
La RNA binding protein

Nucleolin synthesis and
maturation of ribosomes

Nucleoporin 62 import
of protein to the nucleus
AMY-1 c-Myc interacting
protein, AKAP-binding
R subunits of PKA regulatory

subunits of type I
protein kinase

BIG2 Hs

TNFR1 tumor necrosis
factor receptor

1-331

nd

nd

nd

nd

885-1,849
nd
nd

nd

DCB

27-48 (Rla, RIp),

2-hybrid, colP

Kinase-anchoring proteins

Padilla et al. (2003)

Kuroda et al. (2007)

sequence, phosphorylation

Translation of 3CD
in cell extracts,
Western analysis

of membrane fractions

ColP

Necessary for correct

Belov et al. (2007b)

Padilla et al. (2008)

Shen et al. (2007)

glycosylation of integrin 1

ColP, colocalization
ColP
ColP

ColP

ColP, siRNA

2-hybrid, colP

284-301 (R, RIIB),
517-538 (RIa, RIlo, RIIB)

nd

Effect of siRNA/BFA

Shen et al. (2008)
Padilla et al. (2008)
Padilla et al. (2004, 2008)

Padilla et al. (2004)

Ishizaki et al. (2006)

Li et al. (2003)

Islam et al. (2007, 2008)

on the release of TNFR1,

colocalisation, co-IP
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Table 3 continued

Arf GEF  Species

Interacting protein

Interaction domain

Technique showing
physical association

References

GST-pulldown using purified
GST-Sec7 fragments
and yeast cytosol

GST-pulldown using purified
GST-Sec7 fragments
and yeast cytosol

Phospho-akt-substrate antibody

2-hybrid, colP

Colocalization,
2-hybrid, colP, siRNA

2-hybrid, colP, GST-pulldown
using cytosol, colocalization

2-hybrid, colP, colocalization

Deitz et al. (2000)

Deitz et al. (2000)

Miyamoto et al. (2008)

Ramaen et al. (2007)

Lefrancois
and McCormick (2007)

Garcia-Mata and Sztul (2003)

Wessels et al. (2006),

Sec7p Sc COPI coat complex 493-1,196
COPII coat complex 1,196-2,010
Gea/GBF subfamily
GBF1 Hs AMP-activated protein nd
kinase (AMPK)
GBF1 DCB and HUS
GGA adaptor protein DCB-HUS
for clathrin
pl15 tether 1,752-1,859
3A protein polio and 1-566
coxsackieviruses protein
GNOM At CYPS5 peptidyl-prolyl 1-146
transisomerase
GNOM DCB, GNOMADCB
Geal/2p Sc Gmhlp Golgi integral HDS1-3

membrane protein

Scp160p KH-domain
RNA binding protein

Belov et al. (2007a)
2-hybrid, GST-pulldown using Grebe et al. (2000)
GST-CYP5 and Arabidopsis
protein extracts
Grebe et al. (2000),
Anders et al. (2008)

Chantalat et al. (2003)

2-hybrid, in vivo complementation
2-hybrid, co-IP, colocalization

2-hybrid, co-purification Peyroche and Jackson (2001)

Hs Homo sapiens, Rn Rattus norvegicus, Sc Saccharomyces cerevisiae, At Arabidopsis thaliana, nd not determined

roles in regulation of tethering complexes and the pairing of
SNARE:s which directly mediate fusion (Behnia and Munro
2005). GBF1 was shown to be an effector for Rab1 in vitro,
and active Rabl in cells was shown to increase the associa-
tion of both GBF1 and COPI to membranes (Monetta et al.
2007). Interestingly, another Rabl effector, the tethering
protein p115, has also been shown to interact with GBF1
(Garcia-Mata and Sztul 2003). p115 not only acts to tether
membranes in ER-Golgi trafficking, but also interacts
directly with and promotes pairing of the ER-Golgi
SNARE proteins, which are required for membrane fusion
(Short et al. 2005). A precise molecular explanation for the
Rab1-GBF1-pl115 series of interactions has not been dem-
onstrated, but suggests a role for GBF1 in coordination of
vesicle budding and fusion processes.

The interaction between GBF1 and the gamma-COP
subunit of the COPI coat complex is conserved from yeast
to humans. This interaction is a direct protein—protein inter-
action in both systems (Deng et al. 2009; MPG-C and CLJ,
unpublished data). Studies from several laboratories have
indicated that GBF1 is involved specifically in recruitment
of COPI to early Golgi membranes. Knockdown of GBF1
by RNAI inhibits COPI association with membranes with-

out affecting other coats such as AP-1 (Ishizaki et al. 2008;
Manolea et al. 2008; Deng et al. 2009). In contrast, knock-
down of the BIG1 and BIG2 proteins prevents AP-1 associ-
ation with TGN membranes, without affecting COPI
(Ishizaki et al. 2008; Manolea etal. 2008). A model
explaining this specificity has been proposed, whereby
COPI interacts with the Arfl GEF GBF1 (Gealp and
Gea2p in yeast) prior to nucleotide exchange on Arfl, so
that the effector COPI is in place at the time Arf1-GTP is
formed (Deng et al. 2009). This model offers an explanation
for the observation that a single Arf protein, Arfl, can
recruit at least five different coat complexes, including
COPI, API1/clathrin, GGA/clathrin, AP3, and AP4, to
different sites within cells (Bonifacino and Lippincott-
Schwartz 2003). Interestingly, all these coat complexes
share sequence homology and are structurally similar
(Bonifacino and Lippincott-Schwartz 2003; McMahon and
Mills 2004), and function in a specific trafficking pathway
(Bonifacino and Lippincott-Schwartz 2003; McMahon and
Mills 2004). This is also true of the large Arfl GEFs, whose
function is required to recruit these coat complexes to
membranes. One of the regions of gamma-COP that
interacts with the Arfl GEFs is the appendage domain
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(Deng et al. 2009), a region that is structurally conserved in
all five coats recruited to membranes by Arf1-GTP (McMahon
and Mills 2004). These results suggest the possibility that
the different Arfl1 GEFs within these two subfamilies regu-
late coat assembly via a common mechanism involving
GEF-coat interactions.

An interaction between GBF1 and GGA coat complexes
has been proposed, although it has not been determined if
this interaction is direct (Lefrancois and McCormick 2007)
(Table 3). GBF1 functions and localizes to the cis-Golgi,
whereas the GGA proteins function and localize primarily
to the trans-Golgi and TGN (Hirst et al. 2001; Puertollano
et al. 2001; Mattera et al. 2003; Nakayama and Wakatsuki
2003; Puertollano et al. 2003). Severe perturbations of the
early Golgi caused by interfering with GBF1 function also
affect late-Golgi functions, where the GGA proteins act.
Hence, the results of this study are likely due to a more
indirect mechanism than by direct interaction of GBF1 and
the GGAs.

An important role for the Arfl GEFs in cell signaling
has emerged with the identification of BIG1 and BIG2 as
A-kinase anchoring proteins or AKAPs. AKAPs are PKA
regulatory subunit binding proteins that act as scaffolds to
compartmentalize signaling cascades. This function is
accomplished through formation of multi-protein com-
plexes that spatially restrict the PKA-cAMP signaling cas-
cade at specific membrane sites within cells. BIG1 and
BIG2 both contain AKAP domains that mediate binding of
the regulatory subunit RIIS of protein kinase A (PKA)
(Figs. 2, 3), and BIG1 accumulates in nuclei upon increase
in cAMP levels in cells (Li et al. 2003; Padilla et al. 2004;
Citterio et al. 2006). Both BIG1 and BIG2 immunoprecipi-
tated from HepG?2 cells can be phosphorylated by recombi-
nant PKA, and this results in a decrease in GEF activity
(Kuroda et al. 2007). One PKA phosphorylation site in
BIG1 has been identified, at the C-terminus of the Sec7
domain (Li et al. 2003) (Fig. 4). Furthermore, endogenous
protein phosphatase 1-y (PP1-y) was found in a complex
with BIG1 or BIG2 in microsomal fractions, indicating that
a phosphatase of this signaling pathway is physically asso-
ciated with BIG1 and BIG2 GEFs (Kuroda et al. 2007). A
recent study from this group has shown that another regula-
tory enzyme in this cascade, phosphodiesterase PDE3A, is
functionally associated with BIG1 and BIG2 (Puxeddu
et al. 2009). PDE enzymes break down cAMP to terminate
cAMP signaling, reversing its effects on BIG1 and BIG2.
Puxeddu et al. showed that PDE3A (but not PDE4)
co-immunoprecipitates with both BIG1 and BIG2, and that
knockdown of PDE3A led to a partial redistribution of
BIGI and BIG2 from Golgi membranes to cytosol. In addi-
tion to the cAMP-PKA regulatory proteins themselves, an
AKAP-binding protein AMY-1 has also been found to
associate with the RIIf-binding (AKAP) domains of both
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BIG1 and BIG2 (Ishizaki et al. 2006). In cells, AMY-1
TGN localization is abrogated in cells depleted of BIG2,
but not of BIG1, indicating that BIG2 is the physiological
partner of AMY-1 at the TGN (Ishizaki et al. 2006).

What are the functional consequences of BIG1 and BIG2
involvement as AKAPs in cAMP-PKA signaling? For
BIG1, phosphorylation by PKA results in its redistribution
from the Golgi and cytoplasm to the nucleus (Citterio et al.
2006). The precise function of BIG1 in the nucleus is not
known, but it involves interactions with nuclear proteins
including nucleolin, fibrillarin and RNA-binding protein
La, as well as the small nuclear RNA snoU3 (Padilla et al.
2008).

The type I tumor necrosis factor receptor (TNFR1) is
one of two receptors for TNF that mediates its effects on
inflammation, apoptosis, and the innate immune response.
TNFR1 can be released from cells by incorporation into
exosome-like vesicles which are shed from the surface of
cells (Hawari et al. 2004). BIG2 has been shown to play a
role in regulating this process by two mechanisms, one
involving its GEF activity, the other through its AKAP
domains. Activation of Arfl and Arf3 by BIG2 is required
for extracellular release of TNFRI1 in exosome-like vesi-
cles, and involves a physical association between BIG2
and TNRF1 (Islam et al. 2007). In addition, cAMP-depen-
dent protein kinase A signaling induces TNFR1 exosome-
like vesicle release through binding of PKA regulatory
subunit RII to AKAP domains of BIG2 (Islam et al.
2008).

Arfl GEFs and human disease

Mutations in the BIG2 Arfl GEF have been linked to
autosomal recessive periventricular heterotopia (ARPH),
a disorder of neuronal migration that leads to severe mal-
formation of the cerebral cortex (microcephaly) and
severe developmental delay (Sheen etal. 2004). Two
BIG2 disease alleles have been identified, including a
frameshift mutation that results in truncation of the major-
ity of the protein (Sheen et al. 2004). The disease symp-
toms are a result of the failure of a specific class of
neurons to migrate from their point of origin in the lateral
ventricular proliferative zone to the cerebral cortex
(Sheen et al. 2004; Ferland et al. 2009). This defect arises
from a defect in vesicular trafficking that alters the adhe-
sion properties of these neurons (Ferland et al. 2009).
Interestingly, mutations in other trafficking proteins can
give rise to periventricular heterotopia in humans or in
model systems, indicating that trafficking defects are
likely the root cause of this disease (Ferland et al. 2009).
Hence, the Arfl GEFs not only serve essential roles in
fundamental cell biological processes, but also play an
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important role in human development and neuronal
function (Sheen et al. 2004).

The Arfl GEFs have been shown to act as host factors
for pathogens mediating human disease. Replication of sev-
eral viruses has been shown to require GBFI, including
poliovirus, coxsackievirus, and coronavirus. Poliovirus and
coxsackievirus are enteroviruses belonging to the Picorna-
viridae family of positive strand non-enveloped RNA
viruses. Despite the fact that enteroviruses are not enclosed
by a membrane, their replication never-the-less depends
completely on host cell membranes. Upon infection, ente-
roviruses cause a massive reorganization of the intracellular
membranes of their host, including ER and Golgi mem-
branes (Bienz et al. 1983; Salonen et al. 2005). Replication
of poliovirus and coxsackievirus is completely inhibited by
BFA, and it has been shown that GBF1 is the major target
of this drug in poliovirus replication (Belov et al. 2007a;
Belov et al. 2008). The enteroviral 3A protein has also been
shown to block secretion in host cells, which inhibits the
innate immune response of the host (Doedens et al. 1997,
Wessels et al. 2006). This block in secretion also occurs
via GBF1, through physical association of 3A with GBF1
which inhibits its function on Golgi membranes in the host
cell (Wessels et al. 2006; Wessels et al. 2007). Hence, polio
and coxsackieviruses subvert the host membrane by block-
ing GBF1 activity on host cell Golgi membranes, reorga-
nizing these membranes, then activating GBF1 function on
Arfl for viral replication on these virally induced mem-
brane structures.

Although a major role for GBF1 in enteroviral replica-
tion has been demonstrated, there is evidence that the BIG1
and the BIG2 Arfl GEFs are also involved. Interestingly,
different viral proteins have been shown to recruit different
coats to virally reorganized membranes. In an in vitro sys-
tem, it has been shown that the 3A protein recruits GBF1 to
membranes (Belov et al. 2008), whereas the viral 3CD pro-
tein specifically recruits BIG1 and BIG2 (Belov et al.
2007b). Furthermore, 3A recruitment of GBFI1 results in
specific binding of COPI to membranes (Belov et al. 2008),
whereas, 3CD recruits the GGA3 coat to membranes
(Belov et al. 2007b). These observations support an inti-
mate coupling between recruitment of specific GEFs with
specific coats to membranes, and provide another line of
evidence supporting a connection between GBF1 and
COPI, and also a connection between BIG1/BIG2 and the
late-Golgi coat GGA3.

In addition to polio and coxsackieviruses, the RNA rep-
lication of a number of positive-strand viruses is BFA-sen-
sitive (Gazina et al. 2002; Molina et al. 2007; Tai et al.
2009). Among these is Hepatitis C virus (HCV), which has
been shown recently to depend also on the Arfl effectors
COPI and phosphatidylinositol-4-kinase for its replication
(Tai et al. 2009). These results strongly suggest that GBF1

is a required host factor for HCV replication. BFA also
inhibits replication of other families of viruses, including
the enveloped positive-strand RNA coronaviruses (Verheije
et al. 2008). For one member of the coronaviruses, mouse
hepatitis coronavirus, GBF1 and Arfl have been demon-
strated to be essential host factors for its RNA replication
(Verheije et al. 2008).

Given the important roles of the Arfl GEFs of the GBF/
Gea and BIG/Sec7 subfamilies in human disease, develop-
ment of drugs that specifically target these proteins is of
medical interest. As mentioned above, BFA is a natural
substance that is a potent and specific inhibitor of members
of both of these subfamilies. Recently, a chemical (Golgi-
cide A) which specifically inhibits GBF1, but not BIG1 or
BIG2, has been described (Saenz et al. 2009). Golgicide A
was identified in a screen for inhibitors of the cytotoxicity
of Shiga toxin, a protein produced by the pathogenic bacte-
rium Shigella dysenteriae (Saenz et al. 2009). This discov-
ery, in addition to providing an important inhibitor of
GBF1, demonstrates a crucial role for this Arfl GEF as a
host factor in S. dysenteriae infection.
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