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signals.

The ADP-ribosylation factors (ARFs) are a family of
small, ubiquitously expressed Ras-like GTPases that
are central to many vesicular transport processes in
eukaryotic cells!. Three ARFs are expressed in the
yeast Saccharomyces cerevisiae, whereas six have been
identified in mammalian cells?. Yeast ARF1 and ARF2
are 96% identical and are functionally interchange-
able: deletion of both ARFI and ARF2 is lethal, but
the single-deletion strains are viable. Yeast ARF1 and
ARF2 are 77% identical to human ARF1, and 69%
identical to human ARFS, and function in transport
through the endoplasmic-reticulum-Golgi (ER-
Golgi) and endosomal systems3. Yeast ARF3 is not
essential for viability, and probably corresponds to
mammalian ARF6*.

Mammalian ARFs can be subdivided into three
classes based on sequence. The class-I ARFs
(ARFs 1-3) are currently the best understood and
have been shown to regulate the assembly of several
types of vesicle coat complexes including COPI on
the Golgi apparatus, clathrin-AP1 on the trans-Golgi
network (TGN) and clathrin—-AP3 on endosomes?.
Little is known about the function of class-II ARFs
(ARFs 4, 5). ARF6 (the only class-IIT ARF) is known to
be located on the plasma membrane and a subpopu-
lation of endosomes®, but its precise function at
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these sites remains unclear. In some cell types,
ARF6 regulates endocytosis and membrane recycling
as well as aspects of cytoskeletal actin
assembly®.

Like other GTPases, ARFs cycle between active GTP-
bound and inactive GDP-bound conformations. For
most ARFs, the GDP-bound form is primarily cyto-
solic, whereas ARF-GTP is membrane bound (ARF6
was originally thought to associate constitutively
with membranes, but this has recently been called
into question”®). ARFs are myristoylated at their N-
terminus, at the end of a 17-residue amphipathic
o helix. Early models of ARF function had proposed
that the myristyl group and the helix would be re-
tracted into the core of the protein in the GDP-
bound conformation; upon GTP binding, they
would be extended outward, allowing insertion of
the myristate into the membrane bilayer®. However,
subsequent studies established that the myristate
group is exposed and interacts with phospholipids
when ARF is in the GDP-bound conformation. This
weak but measurable membrane association is com-
pletely abolished if the myristate is removed!?. The
ARF-membrane interaction is stabilized in the GTP-
bound form by a conformational change in the N-
terminal helix that exposes several hydrophobic
residues, including Leu8 and Phe9 (which are buried
inside the ARF protein in its GDP-bound form), and
allows their insertion into the membrane!!. This
interpretation of the role of the helical domain be-
comes important in understanding the mechanism
of ARF nucleotide exchange (Box 1).

The Sec7 family of proteins

ARFs require accessory proteins, referred to as
guanine-nucleotide-exchange factors (GEFs) to cata-
lyse the exchange of GDP for GTP, which otherwise
occurs very slowly under physiological conditions.
Although the existence of such an activity in Golgi
membranes was first demonstrated in 19921213, it was
not until 1996 that the first ARF GEFs were identified
using a genetic selection in S. cerevisiae'*. Since then,
it has become apparent that the ARF GEFs constitute
a large and surprisingly diverse family of proteins*
(Fig. 1). Although highly divergent in their overall
sequence, these proteins share one common feature
— a region of roughly 200 amino acids with strong
homology to the yeast protein Sec7p, which has
come to be known as the Sec7 domain.

Chardin and colleagues established that guanine-
nucleotide-exchange activity resides within the Sec7
domain and that this domain alone is sufficient for
exchange activity'>. The divergent sequences outside
the Sec7 domain might play some role in determin-
ing substrate specificity, either directly!® or
indirectly by targeting individual GEFs to specific
membrane sites. Given the high degree of phylo-
genetic conservation of the ARFs, it is not surprising
that proteins containing Sec7 domains have been
identified in a wide variety of organisms, including
yeast, plants, protozoa, worms, flies and mammals.
The initial studies demonstrating the existence of a
Golgi-membrane-associated ARF GEF activity also
showed that this activity was completely inhibited
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BOX 1 - PHOSPHOLIPIDS AS PARTNERS IN THE NUCLEOTIDE-EXCHANGE REACTION

ADP-ribosylation factor (ARF) can interact weakly with membrane phospholipids when bound to GDP, whereas its GTP-
bound form is tightly membrane bound owing to the interaction of the amphipathic N-terminal helix with the lipid
bilayer. It is likely that, in the exchange reaction, membrane interaction initiates the conformational change that is
completed by the guanine-nucleotide-exchange factor (GEF).

Lipids alone can stimulate exchange on ARF1 in the absence of a GEF and hence are capable, on their own, of displacing
the N-terminal helix'®. However, this reaction is extremely slow compared with that catalysed by the addition of a Sec7-
domain GEF, which accelerates nucleotide exchange on ARF by four to five orders of magnitude?3. Despite this powerful
catalytic action of Sec7-domain GEFs on ARF, the Sec7 domain of ARNO alone, in the absence of lipids, cannot stimulate
exchange on full-length myristoylated ARF1, and it is not possible even to isolate a complex between these two proteins
in solution in the absence of lipids®.

These results strongly suggest that lipids are required first, to extract the N-terminal helix. This then allows the GEF to
engage ARF in a productive complex. The tight association of the N-terminal helix with the lipid bilayer (characteristic of
the GTP-bound form of ARF) occurs very early in the exchange reaction, before GDP is released from the ARF-GEF
complex>8. These results correlate well with the striking observation that the structure of nucleotide-free ARF1 in the Sec7-
domain-ARF1 complex closely resembles the GTP-bound conformation'®. Although a truncated form of ARF1 lacking the
N-terminal helix was used in this study to improve crystallization, the binding pocket for the N-terminus no longer exists
in the complex owing to the extrusion of loop B2-A3-f3, suggesting that the helix would in fact be extended. This novel
and elegant mechanism of exchange ensures that the activation of ARF by a Sec7-domain GEF occurs exclusively at the
surface of a membrane (where the GEF is localized) and not in the cytoplasm.
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FIGURE 1

The Sec7 family of proteins. Representative members of four different subfamilies of Sec7-domain proteins are shown, with the Sec7
domains represented by grey boxes. For the high-molecular-weight proteins, coloured boxes represent regions showing a significant
level of sequence similarity; the functions of these domains have not yet been determined. There is only one motif
(I/V/L-N-F/L/Y-D-C) common to all members of both of these subfamilies, and this is represented by a dark-blue box upstream of
the Sec7 domain. Sequence comparisons were performed using the PIMA multiple-sequence-alignment program at the BCM Search
Launcher (http://www.hgsc.bcm.tmc.edu/SearchLauncher/ ). The coiled-coil (CC) and pleckstrin-homology (PH) domains of
the ARNO-cytohesin-GRP and EFA6 subfamilies are indicated. The proline-rich regions of EFA6 are designated ‘pr’.
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The Sec7 domain. (a) Structure of the Sec7

. . . ARNO 221 1P[E[DD -GND 252
domain of Gea2p (in violet and yellow) in complex  ggpy 226 .,,EDD_GND 257
with N-terminally truncated ARF1 (blue). Helices F, 2233{,“"" - '{"f Egﬁ;:,ﬂl i)
; : ; GNOM/Emb 723 T 1[E]E H HIGNE 755
G and H contribute residues to the hydrophobic 2k = MPEEQTGLV o
groove and are shown in yellow. The glutamic- ~ geste = RILH | =

acid residue (of the ‘glutamic finger’), which is
essential for guanine-nucleotide-exchange-factor
activity, is shown in ball-and-stick representation (purple). The residues of the hydrophobic groove critical for the brefeldin-A (BFA) response both in vitro and
in vivo are also shown in ball-and-stick representation (yellow). (Figure courtesy of Jonathan Goldberg.) (b) Sequence alignment of eight Sec7 domains.
Identical residues are boxed and homologous residues are in blue. The essential glutamate residue (corresponding to Glu156 of ARNO) is highlighted in pink.
The 35-amino acid region (boxed in purple) is the subdomain identified by mutagenesis studies as crucial for determining sensitivity to BFA. The M699L
mutation of Gealp confers resistance to BFA both in vivo and in vitro>*; the corresponding residue is highlighted in yellow in the alignment. The F190Y-A191S
two-amino-acid substitution in the ARNO Sec7 domain (highlighted in yellow) dramatically increases the sensitivity to BFA of its exchange activity on ARF1
both in vitro and in vivo when introduced into the Geal-ARNO-Gealp chimera®*. Similarly, introduction of the S199D,P209M double mutation (the
corresponding residues are highlighted in green in the alignment) into cytohesin-1 rendered it BFA sensitive in vitro®>. The alignment was performed using
the ClustalW multiple sequence alignment program at the BCM Search Launcher (http://www.hgsc.bcm.tmc.edu/SearchLauncher/ ).
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by the fungal toxin brefeldin A (BFA)!%!3. The mol-
ecular basis of this inhibition is now understood and
is described in detail below.

Structure of the Sec7 domain

The crystal structure of the isolated ARNO Sec7 do-
main has been determined at ~2 A resolution!”18,
The domain consists of ten a-helices (A-J) arranged
in an elongated cylinder (Fig. 2a). A prominent feature
of the domain is the presence of a deep hydrophobic
groove in the central region (comprising a-helices F,
G and H); together with the hydrophilic loop be-
tween helices F and G, this forms the binding site for
nucleotide-free ARF (Fig. 2a). The sequence of the
F-G loop (FRLPGE) is the most highly conserved
motif among Sec7 family members (Fig. 2b) and is
invariant in all but two of those currently character-
ized: in Sytlp, the corresponding sequence is
LELPKE?; in EFAG, it is LALMGE?L.

A second highly conserved motif makes up most of
a-helix H and contains a large number of solvent-
exposed hydrophobic residues (Fig. 2b). Point muta-
tions within these conserved motifs dramatically
reduce exchange activity, demonstrating that this
region constitutes the active site of the Sec7 do-
main'”1822, A more detailed mechanistic analysis by
Bruno Antonny and colleagues led them to propose
that the invariant glutamate at the C terminus of the
F-G loop (E156 in ARNO) forms a ‘glutamic finger’

that inserts into the nucleotide-binding fold, displac-
ing the coordinating Mg?* ion and possibly the
B-phosphate of the bound GDP?. Interestingly, a
charge-reversal mutation in this glutamate residue
identified in a mutant allele of the Arabidopsis
thaliana protein GNOM/Emb30 results in dramatic
developmental defects?*, and a similar mutation
introduced into the ARNO!1825 EFA62! and
cytohesin-122  Sec7 domains reduces exchange
activity to background levels.

The crystal structure of a complex between the
Sec7 domain of Gea2p and nucleotide-free ARF1'°
supports this model, indicating that the glutamate
side chain comes within 3 A of the B-phosphate site
and is likely to exert both steric and electrostatic re-
pulsive forces on the bound nucleotide. The Sec7 do-
main extensively engages both the switch-1 and the
switch-2 regions of the ARF molecule, which under-
go substantial conformational changes that allow
the glutamic finger access to the nucleotide-binding
site!?. The structure of nucleotide-free ARF1 in com-
plex with the Sec7 domain is already very similar to
that of the GTP-bound form, which has important
implications for understanding the mechanism of
exchange (Box 1).

High-molecular-weight GEFs

Members of the Sec7 family characterized to date
can be subdivided into two major classes based on
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sequence similarities and functional differences. The
large (>100 kDa) ARF GEFs have orthologues in all
eukaryotes examined and hence are probably
involved in evolutionarily conserved aspects of mem-
brane dynamics and protein transport. The smaller
(<100 kDa) family members do not have orthologues
in S. cerevisiae, whose complete genome has been
sequenced, suggesting a function specific to higher
eukaryotes. The >100 kDa ARF GEFs can be further
subdivided into distinct classes (Fig. 1). The first
includes yeast Gealp and Gea2p, Arabidopsis
GNOM/Emb30p, and human and hamster GBF1; the
second class includes yeast Sec7p and mammalian
BIG1 and BIG2. A third yeast Sec7-domain protein,
Syt1lp, shares little sequence similarity with members
of either of these classes and so it is possible that it
represents a third distinct class?®. No higher-eukary-
otic homologues of Syt1p have yet been identified.

The S. cerevisiae Gealp and Gea2Zp proteins share
50% identity and are functionally redundant: yeast
strains carrying a deletion of either GEA1 or GEA2 have
no growth or secretion defect so-far identified, whereas
the double-deletion strain is nonviable'4. Similarly,
Sec7p function is essential in yeast?®. The temperature-
sensitive mutants gealts, gea2A and sec7ts have defects
in ER-Golgi and intra-Golgi transport!#?’. Neither
Gealp nor Gea2p can replace Sec7p functionally in
vivo, and, vice versa, Sec7p cannot compensate for the
loss of Gealp and Gea2p, indicating that each must
have a distinct role within the cell. The Arabidopsis
GNOM/Emb30p protein can restore growth to a gealts
gea2A mutant, suggesting that it is a functional ortho-
logue of the Geal and Gea2 proteins®. In
Caenorhabditis elegans, there is only one ORF with ex-
tensive sequence similarity to Gealp, Gea2p, GNOM
and GBF1; this is called C24H11.7 (accession number
Z81475), but no functional information is yet available
for it. Although a number of sequences showing a high
level of similarity to Sec7p throughout their lengths
have been identified®® (Fig. 1), only Sec7p, BIG1 and
BIG2 have been characterized functionally.

GBF1 was originally identified in an attempt to
clone the factor responsible for the BFA resistance of
a mutant CHO cell 1ine®. It confers BFA resistance
when overexpressed in mammalian cells and co-
localizes with B-COP to the Golgi apparatus®'. Golgi
membranes purified from cells overexpressing GBF1
have the same level of nucleotide-exchange activity
on mammalian class-I ARFs as control cells express-
ing the endogenous level of GBF1, but, whereas the
latter is severely inhibited by BFA, the former is BFA
resistant®!. This interesting observation correlates
with the fact that Golgi membranes from GBF1-
overexpressing cells recruit the vesicle-coat complex
COPI in a BFA-resistant fashion. Moreover, in intact
cells overexpressing GBF1, the Golgi apparatus is not
affected by concentrations of BFA that completely
disassemble the Golgi of control cells. These obser-
vations all point to a role for GBF1 in class-I ARF
function in vivo. Surprisingly, it was found that
partially purified His6-tagged GBF1 was unable to
catalyse GDP-GTP exchange on class-I ARFs in vitro
under physiological conditions but could catalyse
exchange on ARFS5 (a class-IT ARF)3L.
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GNOM/Emb30 is the protein product of the gene
mutated in the gnom pattern-formation mutant of
the Arabidopsis embryo32. Mutants in the gnom gene
have a number of phenotypes, including cell-
polarity defects and inappropriate positioning of the
cell-division plane, starting as early as the first
embryonic division?%32. As described above, one
such gnom mutation, E658K, abolishes ARF nu-
cleotide-exchange activity?*. These results demon-
strate a role (either direct or indirect) for an ARF GEF
in the establishment and maintenance of cell polarity.

Sec7p was first identified by Novick and Schekman
in a selection for S. cerevisiae secretion-defective mu-
tants. Sec7p is a Golgi-localized protein in yeast3?
and plays an important role in ER-Golgi and intra-
Golgi transport?’. Sec7p is found in both membrane-
bound and soluble forms and is phosphorylated in
vivo, although the functional significance of this
modification is not known33. BIG1 (also called
p200-GEP) is a Golgi-localized protein in mammalian
cells, and this localization is mediated by a region
within the N-terminal third of the BIG1 protein®.
BIG1 and BIG2 catalyse nucleotide exchange most
efficiently on class-I ARFs in vitro and are also active
on ARFS5 but do not use ARF6 as a substrate343S. For
BIG1, a region ~100 amino acids upstream of the
Sec7 domain is required as well as the Sec7 domain
itself to obtain the same level of in vitro GEF activity
as for the full-length protein?%34.

Low-molecular-weight GEFs

The second subfamily of smaller ARF GEFs contains
the proteins ARNO', cytohesin-13¢, GRP1/
ARNO3%38 and EFA6?!. ARNO, cytohesin-1 and
GRP1/ARNO3 are closely related in size (45-50 kDa)
and sequence (77% identity), and share a common
domain structure (Fig. 1). The C. elegans genome also
encodes a protein of similar size and domain organiza-
tion (KO6H?7.4). The N-terminal ~60 amino acids form
a coiled-coil domain that, in ARNO, mediates homod-
imerization of the molecule's. This is followed by the
central Sec7 domain and an immediately adjacent
pleckstrin-homology (PH) domain. The PH domain
appears to mediate membrane association by binding
to either phosphatidylinositol (3,4,5) trisphosphate
[PtdIns(3,4,5)P,] or phosphatidylinositol (4,5) diphos-
phate [PtdIns(4,5)P,]. This interaction dramatically
stimulates the rate of ARF nucleotide exchange by
concentrating the reactants at the membrane
surface®.

Although PtdIns(4,5)P, was originally found to be
sufficient for both membrane recruitment of ARNO
and activation of ARF nucleotide exchange!®, several
groups have demonstrated a significant preference by
the ARNO*’, GRP1#! and cytohesin-1*2 PH domains
for PtdIns(3,4,5)P, (or its soluble head group) over
PtdIns(4,5)P, in vitro. Moreover, transient recruitment
of ARNO*°, GRP14¥#* and cytohesin-1% to the plasma
membrane in response to phosphoinositide-3-kinase
agonists has been demonstrated, and, in each case, re-
cruitment was blocked by the phosphoinositide-3-
kinase inhibitors wortmannin and LY294002. These
data suggest that members of the ARNO-
cytohesin—-GRP subfamily of ARF GEFs can be
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A time course of Golgi disassembly in the presence of brefeldin A (BFA).
GFP-galactosyltransferase-expressing Hela cells were treated with 1 g ml~! BFA and
were visualized by fluorescence microscopy in real time. The sequence runs
anticlockwise from the upper left corner, and the images show one cell
photographed at 0, 1:36, 4:33 and 4:57 minutes beginning 4 minutes after BFA
addition. Bar, 6 um. (Figure courtesy of Jennifer Lippincott-Schwartz.)
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FIGURE 3

recruited to membrane sites by local production of
PtdIns(3,4,5)P, in vivo.

The C terminus of these proteins includes a fourth
domain, variable in length, that contains a large pro-
portion of basic amino acids. In ARNO and
cytohesin-1, this polybasic region is interrupted by a
consensus protein-kinase-C (PKC) site, which in
ARNO is phosphorylated in vivo*¢. The polybasic do-
main cooperates with the PH domain to enhance the
binding of cytohesin-1 to PtdIns(3,4,5)P,, presum-
ably through electrostatic interactions with the
negatively charged lipids*. The presence of the PKC
site in ARNO and cytohesin-1 suggests a mechanism
by which the negatively charged phosphate reduces
membrane affinity by destabilizing such electrostatic
interactions. In support of this hypothesis, binding
of recombinant ARNO to phosphoinositide-
containing liposomes is dramatically reduced by ei-
ther PKC phosphorylation or substitution of the
phosphorylated serine (S392) with glutamic acid?’.
Interestingly, the lack of a corresponding site in
GRP1 implies that it would not be subject to similar
regulation. These results and those described above
support the idea that the small ARF GEFs are in-
volved in signal-transduction pathways originating
at the cell surface. Several lines of evidence suggest
that this is accomplished through direct activation
of ARF at the plasma membrane as a result of
plasma-membrane localization of the small ARF
GEFs?54043-4548 = glthough an additional role for
ARNO and ARNO3 at the level of the Golgi has also
been suggested®.

What is the physiological substrate of ARNO,
cytohesin-1 and GRP1/ARNO3 at the plasma mem-
brane? ARF6 is an obvious candidate, based on its re-
ported localization to the plasma membrane and a
subpopulation of endosomes®. In support of this hy-
pothesis, both ARNO?® and GRP1/ARNO3#* can cata-
lyse nucleotide exchange on ARF6 in vitro, as well as
on ARF1. Expression of ARNO in HelLa cells induces
changes in the organization of the actin cytoskeleton
similar to those caused by the activation of ARF6.
ARNO expression alone resulted in a loss of actin stress
fibres, but subsequent treatment of ARNO-
expressing cells with phorbol esters dramatically
stimulated the formation of actin-rich structures
resembling lamellipodia“.

Moreover, Czech and colleagues have shown that
both ARF6 and GRP1 are recruited into membrane
ruffles following treatment of cells with insulin. By
direct analysis of nucleotides bound to immunopre-
cipitated ARF, they also demonstrated that expres-
sion of GRP1 stimulates GTP loading of ARF6 in in-
tact cells**. Does this mean that ARF1 is not a
substrate for these plasma-membrane GEFs in vivo?
Certainly not. There are numerous examples of ARF1
recruitment to membranes in response to the ligation
of cell-surface receptors*>*°, and recent evidence sug-
gests that ARF1 plays a role in the assembly of focal
adhesions®!. It is therefore possible that both ARF6
and ARF1 are activated by ARNO, cytohesin or GRP1
in response to cell-surface signalling events.

Franco et al. described a novel Sec7-family member
specific for ARF6 in vitro, termed EFA62! (Fig. 1). Tt
contains three proline-rich regions that could inter-
act with other proteins. The Sec7 domain of EFA6 is
only 30% identical to that of ARNO, compared with
the 42% identity between those of ARNO and Sec7p.
Strikingly, the conserved motifs that form the cata-
lytic site are less well conserved in EFA62!, which
might explain its distinct substrate specificity.
Although EFAG6 is expressed primarily in the brain,
several other known sequences appear to encode re-
lated proteins with similarly divergent Sec7 domains
and that might be expressed more ubiquitously?!.

Consistent with its ability to activate ARF6 in vitro,
expression of EFA6 induced membrane ruffling in
CHO cells and also inhibited the uptake of fluor-
escent transferrin. Unlike ARNO, cytohesin and GRP1,
which are transiently recruited to the plasma mem-
brane in response to phosphoinositide production,
EFA6 appears to be primarily membrane bound and
thus might be constitutively active. Interestingly, ho-
mology searches reveal that the EFA6 PH domain is
closest in sequence to that of B spectrin, which, un-
like ARNO and its relatives, has an equivalent affinity
for PtdIns(4,5)P, and PtdIns(3,4,5)P,. The relative
abundance of PtdIns(4,5)P,, even in resting cells,
might therefore explain the constitutive interaction
of EFA6 with membranes.

Determinants of BFA sensitivity lie within the
Sec7 domain

Treatment of intact cells with BFA results in loss of
organelle identity and in a block to many transport
steps®?2. The most spectacular effect is the rapid
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disassembly of the Golgi complex and the redistri-
bution of resident Golgi markers into the ER, which
takes place within minutes of BFA treatment (Fig. 3).
Similarly, the TGN fuses with the early (sorting)
endosome’2. One of the earliest effects of BFA treat-
ment is the dissociation of a large number of peripher-
ally associated membrane proteins into the cytoplasm,
including COPI from the Golgi membranes'?!3.
Consistent with the idea that the Sec7 family of ex-
change factors are direct targets of BFA, a number of
these proteins (including Gealp and Gea2p!?,
GNOM/Emb30?8, Sec7p*3, BIG1%3* and BIG23%) have
an in vitro exchange activity that is sensitive to BFA.
Surprisingly, however, BFA has little effect on the in
vitro exchange activity of a subset of the Sec7-domain
ARF  GEFs (including ARNO!, cytohesin-14,
GRP1/ARNO33738 and GBF13}).

The identification of BFA-sensitive and -insensitive
ARF GEFs raises the question of what factors determine
response to BFA. Studies both in vitro and in vivo
pointed to the Sec7 domain itself as an important de-
terminant. The isolated Sec7 domains of Sec7p?53 and
BIG1?° have an in vitro ARF exchange activity that is
sensitive to BFA. Chimeric versions of Gealp and
Sec7p whose endogenous Sec7 domains had been re-
placed by that of the BFA-resistant ARNO Sec7 domain
were resistant to BFA in vivo in yeast>*. Random muta-
genesis of the GEA1 gene followed by selection of BFA-
resistant clones identified a 35-amino-acid region of
the Sec7 domain that is important for the effects of BFA
(Fig. 2b). Strikingly, this region contains a high density
of residues that differ between BFA-resistant and BFA-
sensitive ARF GEF subfamilies but are highly conserved
within each subfamily. Site-directed mutagenesis of a
subset of these residues demonstrated their impor-
tance in determining BFA resistance>*>S.

The target of BFA is an ARF-GDP-Sec7-domain
protein complex

Residues Y695 and M699 (in Gealp) or F190 and
M194 (in ARNO) affect BFA sensitivity in vitro and
in vivo when mutated. These residues lie in the
hydrophobic groove of the Sec7 domain, which
forms the heart of the binding site for nucleotide-free
ARF" (Fig. 2a). The simplest model to explain the
mutagenesis data is that the hydrophobic BFA
molecule binds to the hydrophobic groove of the
Sec7 domain, thus preventing ARF binding.
However, when this model was tested directly,
Peyroche et al. found that, far from acting as a com-
petitive inhibitor, BFA in fact acts as an uncompetitive
inhibitor that stabilizes an ARF-GDP-Sec7-domain
protein complex>* (Fig. 4). Similar results were
obtained for the Sec7 domain of human BIG1?%.

The hallmark of uncompetitive inhibition is that
the target of the inhibitor is an enzyme-substrate
complex rather than the enzyme itself. In the case of
BFA, the target of the drug is a normally very-short-
lived ARF-GDP-Sec7-domain reaction intermediate
(Fig. 4). Remarkably, BFA dramatically stabilizes this
normally transient intermediate in the exchange
reaction, forming an ARF-GDP-BFA-Sec7-domain
protein quaternary complex. Hence, BFA acts in a
fashion analogous to a dominant-negative mutation.
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FIGURE 4

Mechanism of action of brefeldin A (BFA) on ADP-ribosylation
factor (ARF). Brefeldin A binds to a normally very-short-lived
ARF-GDP-Sec7-domain reaction intermediate and forms a
stable quaternary complex, thus blocking the activation cycle of
ARF. Unstable reaction intermediates are shown in italics.

This novel mechanism of action might serve as a
paradigm for blocking other important signal-
transduction pathways, such as the key pathways in
the pathogenesis of cancer or other diseases. The con-
cept of looking for small molecules that stabilize re-
action intermediates (e.g. Ras—GEF or Rho-GEF com-
plexes) could provide a novel strategy for the
development of drugs useful for treating these
diseases®.

Are the Sec7-domain ARF exchange factors (or,
more precisely, Sec7-domain-ARF complexes) the
sole targets of BFA within the cell? In the secretory
pathway of yeast, the Gealp, Gea2p and Sec7p ARF
GEFs are indeed the major targets of BFA as expression
of BFA-resistant versions of these proteins renders yeast
cells BFA resistant for both growth and secretion®*. It re-
mains to be seen whether a similar conclusion holds
true for higher eukaryotes, but, in mammalian cells,
BFA induces the ADP ribosylation of at least two pro-
teins, one of which appears to function in Golgi
membrane dynamics®.

Conclusions and perspectives

In the three years since the first Sec7-domain ARF
GEFs were identified, much progress has been made
in characterizing their biochemical and molecular
properties, but many important questions remain
unanswered. The mechanisms by which the Sec7-
domain proteins are localized to membranes are of
crucial importance, because their location deter-
mines where ARF proteins will be activated in the
cell. The most progress in this area has been made for
the ARNO-cytohesin-GRP family members, which
have a PH domain that preferentially binds to mem-
branes containing PtdIns(3,4,5)P,. For ARNO,
PtdIns(4,5)P, is effective in recruiting the protein to
membrane lipids in vitro, although it is an open ques-
tion whether this effect is physiologically relevant.
The large ARF GEFs do not have canonical PH domains,
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and it is not known whether membrane recruitment
occurs by interaction with specific types of lipids, a
membrane-localized protein partner or both.

A second issue is the specificity of a given ARF GEF
for a particular ARF protein in vivo. Some exchange
factors (e.g. BIG1 and BIG2, which catalyse exchange
on both class-I and -II ARFs, and ARNO, which can
catalyse exchange on both ARF1 and ARF6) appear to
be promiscuous in vitro, but is this also the case in
vivo? Both in vitro and in vivo data indicate that a
given ARF can have multiple activators, but the sig-
nificance of this for ARF function in cells is not clear.
Finally, no protein except ARF itself has been
demonstrated to interact directly with any of the
large Sec7-domain proteins, and few examples exist
for the others. Sequence analysis alone does not shed
much light on the question because the only recog-
nizable motifs are the proline-rich domains of EFA6
and the coiled-coil motifs of EFA6 and the ARNO-
cytohesin—-GRP-family members.

Answers to the first two questions might well be
obtained by identifying the interaction partners of
Sec7-domain proteins. This avenue of research is sure
to help us to understand the roles of this diverse
family of proteins in membrane dynamics, protein
transport and the integration of these processes into
signal-transduction pathways within the cell.

References

1 Moss, ). and Vaughan, M. (1995) Structure and function of ARF proteins:
activators of cholera toxin and critical components of intracellular
vesicular transport processes. /. Biol. Chem. 270, 12327-12330

2 Roth, M.G. (1999) Snapshots of ARF1: implications for mechanisms of
activation and inactivation. Cell 97, 149-152

3 Gaynor, E.C. et al. (1998) ARF is required for maintenance of yeast Golgi
and endosome structure and function. Mol. Biol. Cell 9, 653-670

4 Moss, |. and Vaughan, M. (1998) Molecules in the ARF orbit.
J. Biol. Chem. 273, 21431-21434

5  Peters, P.). et al. (1995) Overexpression of wild-type and mutant ARF1
and ARF6: distinct perturbations of nonoverlapping membrane
compartments. J. Cell Biol. 128, 1003-1017

6  Chavrier, P. and Goud, B. (1999) The role of ARF and rab GTPases in
membrane transport. Curr. Opin. Cell Biol. 11, 466-475

7  Gaschet, ). and Hsu, V.W. (1999) Distribution of ARF6 between
membrane and cytosol is regulated by its GTPase cycle. /. Biol. Chem.
274, 20040-20045

8  Yang, C.Z. et al. (1998) Subcellular distribution and differential
expression of endogenous ADP-ribosylation factor 6 in mammalian cells.
J. Biol. Chem. 273, 4006-4011

9  Amor, ).C. et al. (1994) Structure of the human ADP-ribosylation factor 1
complexed with GDP. Nature 372, 704-708

10 Franco, M. et al. (1995) Myristoylation of ADP-ribosylation factor 1
facilitates nucleotide exchange at physiological Mg?* levels.
J. Biol. Chem. 270, 1337-1341

11 Antonny, B. et al. (1997) N-terminal hydrophobic residues of the
G-protein ADP-ribosylation factor-1 insert into membrane phospholipids
upon GDP to GTP exchange. Biochemistry 36, 4675-4684

12 Donaldson, |.G. et al. (1992) Brefeldin A inhibits Golgi
membrane-catalysed exchange of guanine nucleotide onto ARF
protein. Nature 360, 350-352

13 Helms, J.B. and Rothman, |.E. (1992) Inhibition by brefeldin A of a Golgi
membrane enzyme that catalyses exchange of guanine nucleotide
bound to ARF. Nature 360, 352-354

14 Peyroche, A. et al. (1996) Nucleotide exchange on ARF mediated by
yeast Geal protein. Nature 384, 479-481

15 Chardin, P. et al. (1996) A human exchange factor for ARF contains
Sec7- and pleckstrin-homology domains. Nature 384, 481-484

16 Pacheco-Rodriguez, G. et al. (1998) Guanine nucleotide exchange on
ADP-ribosylation factors catalysed by cytohesin-1 and its Sec7 domain.
J. Biol. Chem. 273, 26543-26548

17 Mossessova, E. et al. (1998) Structure of the guanine nucleotide
exchange factor Sec7 domain of human arno and analysis of the

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

1

42

43

44

45

interaction with ARF GTPase. Cell 92, 415-423

Cherfils, |. et al. (1998) Structure of the Sec7 domain of the Arf exchange
factor ARNO. Nature 392, 101-105

Goldberg, J. (1998) Structural basis for activation of ARF GTPase:
mechanisms of guanine nucleotide exchange and GTP-myristoy!
switching. Cell 95, 237-248

Jones, S. et al. (1999) Genetic interactions in yeast between ypt GTPases
and arf guanine nucleotide exchangers. Genetics 152, 1543-1556
Franco, M. et al. (1999) EFA6, a sec7 domain-containing exchange factor
for ARF6, coordinates membrane recycling and actin cytoskeleton
organization. EMBO /. 18, 1480-1491

Betz, S.F. et al. (1998) Solution structure of the cytohesin-1 (B2-1) Sec7
domain and its interaction with the GTPase ADP ribosylation factor 1.
Proc. Natl. Acad. Sci. U. S. A. 95, 7909-7914

Béraud-Dufour, S. et al. (1998) A glutamic finger in the guanine
nucleotide exchange factor ARNO displaces Mg?* and the
beta-phosphate to destabilize GDP on ARF1. EMBO /. 17, 3651-3659
Shevell, D.E. et al. (1994) EMB30 is essential for normal cell division, cell
expansion, and cell adhesion in Arabidopsis and encodes a protein that
has similarity to Sec7. Cell 77, 1051-1062

Frank, S. et al. (1998) ARNO is a guanine nucleotide exchange factor for
ADP-ribosylation factor 6. J. Biol. Chem. 273, 23-27

Achstetter, T. et al. (1988) SEC7 encodes an unusual, high molecular
weight protein required for membrane traffic from the yeast Golgi
apparatus. /. Biol. Chem. 263, 11711-11717

Franzusoff, A. et al. (1992) Immuno-isolation of Sec7p-coated transport
vesicles from the yeast secretory pathway. Nature 355, 173-175
Steinmann, T. et al. (1999) Coordinated polar localization of auxin efflux
carrier PINT by GNOM ARF GEF. Science 286, 316-318

Mansour, S.J. et al. (1999) p200 ARF-GEP1: a Golgi-localized guanine
nucleotide exchange protein whose Sec7 domain is targeted by the drug
brefeldin A. Proc. Natl. Acad. Sci. U. S. A. 96, 7968-7973

Yan, J.P. et al. (1994) Isolation and characterization of mutant CHO cell
lines with compartment-specific resistance to brefeldin A. /. Cell Biol. 126,
65-75

Claude, A. et al. (1999) GBF1: a novel Golgi-associated BFA-resistant
guanine nucleotide exchange factor that displays specificity for
ADP-ribosylation factor 5. J. Cell Biol. 146, 71-84

Jurgens, G. (1995) Axis formation in plant embryogenesis: cues and
clues. Cell 81, 467-470

Franzusoff, A. et al. (1991) Localization of components involved in
protein transport and processing through the yeast Golgi apparatus.

J. Cell Biol. 112, 27-37

Morinaga, N. et al. (1999) Brefeldin A inhibited activity of the Sec7
domain of p200, a mammalian guanine nucleotide-exchange protein for
ADP-ribosylation factors. J. Biol. Chem. 274, 17417-17423

Togawa, A. et al. (1999) Purification and cloning of a brefeldin
A-inhibited guanine nucleotide-exchange protein for ADP-ribosylation
factors. J. Biol. Chem. 274, 12308-12315

Kolanus, W. et al. (1996) Alpha L beta 2 integrin/LFA-1 binding to
ICAM-1 induced by cytohesin-1, a cytoplasmic regulatory molecule.
Cell 86, 233-242

Klarlund, J.K. et al. (1997) Signaling by phosphoinositide-3,4,5-
trisphosphate through proteins containing pleckstrin and Sec7
homology domains. Science 275, 1927-1930

Franco, M. et al. (1998) ARNO3, a Sec7-domain guanine nucleotide
exchange factor for ADP ribosylation factor 1, is involved in the control of
Golgi structure and function. Proc. Natl. Acad. Sci. U. S. A. 95, 9926-9931
Paris, S. et al. (1997) Role of protein-phospholipid interactions in the
activation of ARF1 by the guanine nucleotide exchange factor Arno.

J. Biol. Chem. 272, 22221-22226

Venkateswarlu, K. et al. (1998) Insulin-dependent translocation of ARNO
to the plasma membrane of adipocytes requires phosphatidylinositol
3-kinase. Curr. Biol. 8, 463-466

Klarlund, J.K. et al. (1998) Regulation of GRP1-catalysed ADP ribosylation
factor guanine nucleotide exchange by phosphatidylinositol 3,4,5-
trisphosphate. /. Biol. Chem. 273, 1859-1862

Nagel, W. et al. (1998) Phosphoinositide 3-OH kinase activates the beta2
integrin adhesion pathway and induces membrane recruitment of
cytohesin-1. J. Biol. Chem. 273, 14853-14861

Venkateswarlu, K. et al. (1998) Nerve growth factor- and epidermal
growth factor-stimulated translocation of the ADP-ribosylation
factor-exchange factor GRP1 to the plasma membrane of PC12 cells
requires activation of phosphatidylinositol 3-kinase and the GRP1
pleckstrin homology domain. Biochem. J. 335, 139-146

Langille, S.E. et al. (1999) ARF6 and gunaine nucleotide exchange factor
GRP1 as targets of insulin receptor signaling. /. Biol. Chem. 274, 27099-27104
Nagel, W. et al. (1998) The PH domain and the polybasic ¢ domain of

trends in CELL BIOLOGY (Vol. 10) February 2000



cytohesin-1 cooperate specifically in plasma membrane association and
cellular function. Mol. Biol. Cell 9, 1981-1994

46 Frank, S.R. et al. (1998) Remodeling of the actin cytoskeleton is
coordinately regulated by protein kinase C and the ADP-ribosylation
factor nucleotide exchange factor ARNO. Mol. Biol. Cell 9, 3133-3146

47 Santy, L.C. et al. (1999) Regulation of ARNO nucleotide exchange by a
PH domain electrostatic switch. Curr. Biol. 9, 1173-1176

48  Ashery, U. et al. (1999) A presynaptic role for the ADP ribosylation factor
(ARF)-specific GDP/GTP exchange factor msec7-1. Proc. Natl. Acad. Sci.
U. 5. A. 96, 1094-1099

49 Shome, K. et al. (1997) ARF proteins mediate insulin-dependent
activation of phospholipase D. Curr. Biol. 7, 387-396

50 Fensome, A. et al. (1998) ADP-ribosylation factor and Rho proteins
mediate fMLP-dependent activation of phospholipase D in human
neutrophils. /. Biol. Chem. 273, 13157-13164

51 Norman, J.C. et al. (1998) ARF1 mediates paxillin recruitment to focal
adhesions and potentiates Rho-stimulated stress fiber formation in intact
and permeabilized Swiss 3T3 fibroblasts. /. Cell Biol. 143, 1981-1995

52 Klausner, R.D. et al. (1992) Brefeldin A: insights into the control of
membrane traffic and organelle structure. /. Cell Biol. 116, 1071-1080

53 Sata, M. et al. (1998) Brefeldin A-inhibited guanine nucleotide-exchange
activity of Sec7 domain from yeast Sec7 with yeast and mammalian ADP
ribosylation factors. Proc. Natl. Acad. Sci. U. S. A. 95, 4204-4208

54 Peyroche, A. et al. (1999) Brefeldin A acts to stabilize an abortive
ARF-GDP-Sec7 domain protein complex: involvement of specific
residues of the Sec7 domain. Mol. Cell 3, 275-285

55 Sata, M., Moss, J. and Vaughan, M. (1999) Structural basis for the
inhibitory effect of brefeldin A on guanine nucleotide-exchange proteins
for ADP-ribosylation factors. Proc. Natl. Acad. Sci. U. S. A. 96, 2752-2757

56 Chardin, P. and McCormick, F. (1999) Brefeldin A: the advantage of
being uncompetitive. Cell 97, 153-155

57 Weigert, R. et al. (1999) CtBP/BARS induces fisson of Golgi membranes
by acetylating lysophosphatidic acid. Nature 402, 429-433

58 Béraud-Dufour, S. et al. Dual interaction of ADP ribosylation factor 1 with
Sec7 domain and with lipid membranes during catalysis of guanine
nucleotide exchange. /. Biol. Chem. (in press)

Apicomplexa are unicellular eukaryotes that are
obligatory intracellular parasites with short-lived
extracellular stages. The malarial agent Plasmodium
spp. is the most ‘potent’ of this parasitic group of
deadly pathogens of humans and livestock.
Toxoplasma gondii, however, is the most widespread
in host range and geographical distribution. Indeed,
T. gondii can infect almost all nucleated cells and ac-
counts for lifelong chronic infections in 10-90% of
adult humans, depending on the geographical re-
gion. Such a successful professional invader must be
capable of penetrating the host cell, eluding degra-
dation by the host cell lysosomal pathway, estab-
lishing a safe haven where it can acquire nutrients
from the host cell for rapid propagation, and then
exiting the host cell. To achieve most of these ob-
jectives, apicomplexa have evolved an intricate and
sophisticated network of constitutive and regulated
secretory pathways that is unparalleled in most eu-
karyotic cells'-6. This review details the strategy used
in Toxoplasma; a comparison with Plasmodium can
be found elsewhere!.

Spatial constraints of the cell

The T. gondii cell is relatively small (~2 X 8 pm),
banana shaped and exhibits several striking
features (Fig. 1). Most notable is the highly defined
and stable cortical (membrane) skeleton, found in
many protozoans’, that limits the direct accessibility
of vesicular traffic to the plasma membrane and
extracellular environment. Underlying the plasma
membrane is a tightly associated system of flattened
cisternae and microtubules. Braced on the cytoplas-
mic face with a basket of 22 helical microtubules,
the cortical cisternae (also known as the inner mem-
brane complex) are sutured to form a quilt-like
patchwork that continuously subtends the cell
surface8. Consequently, accessibility to the plasma
membrane is limited to the sutures between the
cortical cisternae and to the apical (anterior) pole in
the free parasite where the continuous cortical
skeleton is interrupted at the apical ring of micro-
tubules connecting to an extrusion known as the
conoid’.
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Differential sorting
and post-secretory
targeting of
proteins in
parasitic invasion

Huan M. Ng6, Heinrich C. Hoppe

and Keith A. Joiner

Toxoplasma gondii uses a highly coordinated arsenal of three

structurally and biochemically distinct secretory granules to

invade and develop in a wide range of host cells. Proteins of these

secretory granules are sorted to strategic subcellular locations

using distinctive sorting signals and are then triggered

differentially for exocytosis. These secreted proteins are

subsequently targeted and inserted into membrane domains.

Semipolarization of the secretory pathway

The limitation in surface accessibility might there-
fore impose a semipolarization of the T. gondii
secretory pathway, which in turn provides direc-
tionality to the host cell invasion process that is
driven by a cascade of exocytosis events initiated at
the cell apical pole (see Figs 1 and 2). The nucleus is
located near the centre of the cell, and the nuclear
envelope is continuous with the endoplasmic reticu-
lum (ER). Anterior to the nucleus is a single stack of
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