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ABSTRACT Cytohesin-1, a protein abundant in cells of
the immune system, has been proposed to be a human homolog
of the Saccharomyces cerevisiae Sec7 gene product, which is
crucial in protein transport. More recently, the same protein
has been reported to be a regulatory factor for the aLb2
integrin in lymphocytes. Overexpression of human or yeast
ADP-ribosylation factor (ARF) genes rescues yeast with Sec7
defects, restoring secretory pathway function. ARFs, 20-kDa
guanine nucleotide-binding proteins initially identified by
their ability to stimulate cholera toxin ADP-ribosyltrans-
ferase activity and now recognized as critical components in
intracellular vesicular transport, exist in an inactive cytosolic
form with GDP bound (ARF-GDP). Interaction with a guanine
nucleotide-exchange protein (GEP) accelerates exchange of
GDP for GTP, producing the active ARF-GTP. Both soluble
and particulate GEPs have been described. To define better
the interaction between ARF and Sec7-related proteins, effects
of cytohesin-1, synthesized in Escherichia coli, on ARF activity
were evaluated. Cytohesin-1 enhanced binding of 35S-labeled
guanosine 5*-[g-thio]triphosphate [35S]GTP[gS] or
[3H]GDP to ARF purified from bovine brain (i.e., it appeared
to function as an ARF-GEP). Addition of cytohesin-1 to ARF3
with [35S]GTP[gS] bound, accelerated [35S]GTP[gS] release
to a similar degree in the presence of unlabeled GDP or
GTP[gS] and to a lesser degree with GDP[bS]; release was
negligible without added nucleotide. Cytohesin-1 also in-
creased ARF1 binding to a Golgi fraction, but its effect was not
inhibited by brefeldin A (BFA), a drug that reversibly inhibits
Golgi function. In this regard, it differs from a recently
reported BFA-sensitive ARF-GEP that contains a Sec7 do-
main.

A human cDNA clone (B2–1) was isolated by Liu and Poha-
jdak (1), using subtractive hybridization (natural killer cells 2
T helper Jurkat cells). The protein product of the B2–1 gene,
expressed at high levels in natural killer cells and peripheral T
lymphocytes and at very low levels in purified monocytes and
several cultured cell lines, was initially believed to be a human
homolog of the Saccharomyces cerevisiae Sec7 protein (Sec7p),
a crucial component in protein transport between and from
compartments of the yeast Golgi (2). The two proteins differ
considerably, however, in size and cellular distribution. More
recently a Jurkat cell cDNA that encodes the same protein as
B2–1 was isolated using a yeast two-hybrid system with the
intracellular domain of integrin b2 as bait (3). It was named
cytohesin-1, and seems to play an important role in the
regulation of the adhesive function of aLb2 integrin (3).
Cytohesin-1 contains two structural motifs already known in
other proteins, a large central Sec7 domain of '200 amino
acids, which has been recognized to date in four other se-
quences, some of unknown function (4), and, in the carboxyl-

terminal region, a '100-amino acid (3) pleckstrin homology
(PH) domain; PH domains in several proteins are involved in
signal transduction processes (5). Overexpression of a cytohe-
sin-1 Sec7 domain fusion protein in Jurkat cells markedly
increased cell binding to the extracellular domain of ICAM-1,
and direct interaction of the Sec7 domain with the cytoplasmic
domain of b1 integrin was demonstrated in vitro (3).
ADP-ribosylation factor (ARF) proteins have been impli-

cated in vesicular membrane trafficking in several intracellular
compartments, including endoplasmic reticulum, Golgi, endo-
somes, and nuclear envelope. They are believed to initiate
vesicle formation in mammalian cells by recruiting clathrin or
COP I coat complexes to the donor membrane (6). Evidence
for interactions of ARF and the Sec7 gene product comes from
analysis of double-mutant combinations in yeast. Cells har-
boring both arf1-null and sec7–1 mutations exhibited synthetic
defects and arf12 together with sec21, ypt1, or bet2 mutations
were synthetically lethal (7). More recently it was reported that
overexpression of human or yeast ARF gene products rescued
Sec7-defective cells, restoring secretory pathway function in an
allele-specific manner (8).
ARFs are 20-kDa GTP-binding proteins discovered as

activators of cholera toxin-catalyzed ADP-ribosylation of the
a-subunit of the adenylyl cyclase-stimulatory G protein (Gsa),
other proteins, and guanidino compounds such as agmatine
(6). ARFs are active when GTP or the nonhydrolyzable
analogue guanosine 59-[g-thio]triphosphate (GTP[gS]), but
not GDP or ATP, is bound. Hydrolysis of bound GTP to GDP,
with assistance of a GTPase-activating protein, results in
inactive ARF-GDP. Conversion of ARF-GDP to ARF-GTP is
promoted by a guanine nucleotide-exchange protein (GEP).
Cytosolic (9) as well as particulate (10) GEPs that accelerate
GTP binding and, thereby, ARF activation have been de-
scribed. Inhibition of GEP activity by brefeldin A (BFA), a
fungal metabolite that reversibly causes apparent disintegra-
tion of Golgi in cells, has been reported by several groups. A
BFA-sensitive ARF-GEP that contains a Sec7 domain was
recently purified (11). Two soluble GEPs isolated earlier were
not inhibited by BFA (9, 12).
We report here that cytohesin-1, the protein product of the

B2–1 gene, acts as a GEP that accelerates [35S]GTP[gS] and
[3H]GDP binding to purified native ARF3 and induces ARF
binding to Golgi membranes via a mechanism insensitive to
BFA.

EXPERIMENTAL PROCEDURES

Materials

A line of transformed human lymphocytes from peripheral
blood (CRL 1773) was purchased from American Type Cul-
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ture Collection. Tri Reagent from Sigma was used for isolation
of total RNA. All reagents for reverse transcription–PCR
(RT-PCR) and cloning were from Boehringer Mannheim. For
high level expression and protein purification, QIAexpression-
ist from Qiagen (Chatsworth, CA) was used. [35S]GTP[gS]
(1000–1500 Ciymmol; 1 Ci 5 37 GBq) and [3H]GDP (32.7
Ciymmol) were from New England Nuclear. Sources of other
materials are noted in earlier publications (10).

Methods

RT-PCR. The RT reaction was performed using 2 mg of
poly(A)1RNA with specific primers in the coding region
(AGC TTC GGC CGG CTA CCC GGA GAG, 520–542) and
in the 39-untranslated region of B2–1 cDNA (GGG AGA
AGG GTG GGC AGT TAT CAC TGG GG, 1420–1450).
PCR primers of sequences ATG GAGGAGGAC GAC AGC
TAC and TCA GTG TCG CTT CGT GGA GGA GAC in the
59 and 39 regions, respectively, were used to amplify a full-
length cDNA using Pwo DNA polymerase with 35 cycles of
948C, 1 miny458C, 1 miny728C, 2 min. A second PCR was
performed to introduce KpnI andHindIII restriction sites at 59
and 39 ends, respectively.
Expression of Protein Product of B2–1 Gene. The B2–1

cDNA was subcloned in plasmid pQE30 using KpnI and
HindIII restriction sites in the same reading frame as the
63His tag. The B2–1ypQE30 expression construct was trans-
fected into the M15 host strain carrying the pREP4 repressor
plasmid, and transformants were selected on plates containing
both ampicillin and kanamycin. A single colony was trans-
ferred to 100 ml of Luria–Bertani medium containing 150
mgyml ampicillin and 30 mgyml kanamycin. When cultures
reached a density (OD600) of 0.5, expression of the protein was
induced by the addition of 2 mM isopropyl-b-D-thiogalacto-
pyranoside followed by incubation for 4 hr at 378C before cells
were harvested by centrifugation (4000 3 g, 5 min). The cells
were incubated with lysozyme (1 mgymg of cell protein) for 20
min on ice in buffer A (50 mM sodium phosphate, pH 7.8y200
mM NaCly10 mg/ml each aprotinin, leupeptin, and pepstatiny
0.5 mM phenylmethanesulfonyl f luoridey0.5 mM amino
ethyl1benzene sulfonyl f luoride) and lysed by three cycles of
freezing and thawing. The lysate was centrifuged at 14,000 3
g for 20 min at 48C. Ni21-nitrilo-triacetic acid resin, previously
equilibrated in buffer A, was added to the supernatant ac-
cording to instructions of the manufacturer. After incubation
at 48C with gentle agitation for 2 hr, the resin was transferred
to a column and washed with 20 volumes of buffer containing
50 mM sodium phosphate, 200 mM NaCl, and 10% glycerol
(pH 6.0). Protein was eluted with buffer A containing 0.1 M
imidazole and stored in small portions at 2208C. All experi-
ments were replicated at least twice with two different prep-
arations of His-tagged cytohesin-1.
Preparation of ARF and Golgi Fraction. Preparations of

native ARF1 and ARF3 from bovine brain cytosol (13),
recombinant myristoylated ARF5 (14), and Golgi fraction
from rat brain (15) have been reported.
Assay for GEP Activity. The GEP assay was based on

stimulation of [35S]GTP[gS] binding to ARF by a published
procedure (9). Data presented are means of values from
duplicate assays that differed ,10%.

RESULTS AND DISCUSSION

As shown in Fig. 1, a portion of the protein product of the B2–1
gene has extensive similarity to the sequence described by
Shevell et al. as a Sec7 domain (4). Sec7 domains have been
identified thus far in only four other proteins: yeast Sec7;
Arabidopsis EMB30 (4); an anonymous C. elegans ORF,
K06H7 (16); and a BFA-sensitive ARF-GEP (11). The amino
acid sequences of Sec7 domains in B2–1, Sec7, and EMB30 are

more similar to each other (42–47%) than any of them is to
K06H7 (Table 1). At the nucleotide level, B2–1 cDNA is'72%
identical (270 nt) to a partial cDNA clone (EST01394) isolated
from a brain library (17). Thus, the existence of a family of
cytohesin-1-like proteins seems probable. Both EMB30 and
Sec7 cDNAs encode large proteins of 1451 and 2009 amino
acids, respectively. Deletion of the yeast Sec7 gene is lethal. Its
inactivation causes defects in protein glycosylation and secre-
tion, reflecting a defect in transport between Golgi compart-
ments (8). In contrast to Sec7, EMB30 is not required for cell
viability (4), and the functional significance of the similarity
between the two protein products remains unclear. Other
proteins with Sec7 domains are much smaller than Sec7 itself
and do not necessarily function within the Golgi (e.g., cyto-
hesin-1), which serves to modulate the adhesive behavior of
integrin aLb2 in lymphocytes (3).
To define better the role of Sec7-related proteins in vesicular

transport, the protein product of the B2–1 gene was expressed
in Escherichia coli and its ability to regulate ARF activity was
investigated. His-tagged cytohesin-1 in the lysed bacteria was
completely soluble and, after affinity purification, appeared on
SDSyPAGE as a single band of '46 kDa (data not shown).
Protein yields were 15–50 mgyl of culture, and the purity was
'90%.
[35S]GTP[gS] binding to native ARF3 (ARF3) was in-

creased in a concentration-dependent manner by His-tagged
cytohesin-1 (Fig. 2). The affinity-purified protein increased
[35S]GTP[gS] binding almost 6-fold to 0.28 molymol ARF3.
Maximal binding was achieved in 20 min with 0.24 mg of the
recombinant protein. The supernatant fraction from nonin-
duced cells had little effect on [35S]GTP[gS] binding. Binding
of [3H]GDP, which reached a maximum of 0.17 mol [3H]GDPy
mol ARF3 after 60 min with 0.2 mg of cytohesin-1 (Fig. 3), also
was accelerated by cytohesin-1, but apparently less so than was
[35S]GTP[gS] binding.

FIG. 1. Alignment of sequences of Sec7 domains in related pro-
teins. Sec7 domains of cytohesin-1 (B2–1; amino acids 62–249), Sec7
(amino acids 827-1017), EMB30 (amino acids 557–752), and Caeno-
rhabditis elegans cosmid K06H7 (K06H7) sequences were aligned using
CLUSTAL (PC GENE). The Sec7 domains of B2–1 and KO6H7 contain
188 amino acids; Sec7, 189; and EMB30, 196.

Table 1. Percentage identity of amino acid sequences of Sec7
domains of four proteins

B2-1 Sec7 EMB30

Sec7 47.0
EMB30 45.7 42.3
K06H7 39.3 34.4 34.1

Sec7 domains of B2-1 and K06H7 each contain 188 amino acids;
Sec7, 189; and EMB30, 196.
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After binding of [35S]GTP[gS] to ARF3 in the presence of
a low concentration of MgCl2, with EDTA and phosphatidyl-
serine, there was no significant release during subsequent
incubation in the absence of cytohesin-1 (Fig. 4). When
cytohesin-1 was present, rates of release of [35S]GTP[gS] were
similar with 50 mM unlabeled GDP or GTP[gS] reaching 50%
in 20 min. Release was considerably slower with 50 mM
GDP[bS], as had been observed in studies of a '55-kDa GEP
purified from spleen cytosol (12), and was negligible without
added nucleotide.
The effect of concentration of GTP[gS] and GDP on release

of bound [35S]GTP[gS] from native ARF3 is shown in Fig. 5.
During incubation of ARF3-[35S]GTP[gS] and cytohesin-1
with 1 mM GTP[gS] or GDP for 40 min at 36.58C, 33% of
bound [35S]GTP[gS] was released. These dissociation experi-

ments revealed a difference in the behavior of cytohesin-1 and
the'55-kDa GEP from spleen cytosol (12). In the presence of
the latter, [35S]GTP[gS] release was apparently faster with
GTP[gS] than it was with GDP (12), which is similar to earlier
reports of the exchange of guanine nucleotide bound to S.
cerevisiae Ras2p catalyzed by Cdc25p (18).
Cytohesin-1, like previously characterized ARF-GEPs (9–

12), failed to activate recombinant myristoylated ARF5 (data
not shown). It is unclear why no GEP for a class II (ARFs 4
and 5) or class III (ARF6) ARF has been found. Perhaps those

FIG. 2. Effect of cytohesin-1 on [35S]GTP[gS] binding to ARF3.
Native ARF3 (0.25 mg,'12.5 pmol) was incubated with zero (M), 0.06
(F), 0.12 (å), or 0.24 mg (ç) of cytohesin-1 and 4 mM [35S]GTP[gS]
(2 3 106 cpm) in 100 ml containing 20 mM Tris (pH 8.0), 10 mM
imidazole, 100 mM NaCl, 10 mg of phosphatidylserine, 40 mg of BSA,
10 mMDTT, and 3.1 mMMgCl2 at 36.58C for the time indicated, then
at 08C for a total of 60 min. Proteins were collected on nitrocellulose
filters for radioassay of bound GTP[gS]. GTP[gS] bound to samples
without ARF3 or cytohesin-1 after 60 min at 08C was 0.1 pmol, to
ARF3 was 0.14 pmol, and to cytohesin-1 alone was 0.11 pmol. After
60 min at 08C, 12.5 pmol of ARF3 plus 0.06 mg, 0.12 mg, or 0.24 mg of
cytohesin-1 bound 0.99, 1.2, and 1.53 pmol, respectively. Control values
have been subtracted from the data presented.

FIG. 3. Effect of cytohesin-1 on [3H]GDP binding to ARF3.
Samples of ARF3 (15 pmol) were incubated with zero (M), 0.06 (F),
or 0.2 mg (å) of cytohesin-1; 2 mM [3H]GDP (7.5 3 105 cpm); and 4
mMMgCl2 in 100 ml of the medium described in Fig. 2, at 368C for the
indicated time before proteins with bound [3H]GDP were collected on
nitrocellulose for radioassay. Samples without ARF3, with or without
cytohesin-1, bound 0.06–0.08 pmol; these control values have been
subtracted from the data presented.

FIG. 4. Effect of cytohesin-1 on release of bound GTP[gS] from
ARF3. Samples of native ARF3 (1.5 mg, 75 pmol) were incubated with
4 mM [35S]GTP[gS] (2 3 106 cpm), as described (12), in 100 ml
containing 20 mM Tris (pH 8.0), 50 mM NaCl, 20 mg of phosphati-
dylserine, 50 mg of BSA, 12 mM DTT, 0.65 mM MgCl2, and 1 mM
EDTA for 40 min at 36.58C. Tubes were placed in ice and 20-ml
samples (15 pmol of ARF3) were transferred to tubes containing 50
mMunlabeled GTP[gS] (m), GDP (F), GDP[bS] (å), or no nucleotide
(ç), with (solid line) or without (dotted line) cytohesin-1 (0.5 mg) and
other additions, as indicated in Fig. 2, in a final volume of 100 ml. After
incubation for the indicated time, samples were filtered for radioassay
of protein-bound [35S]GTP[gS]. One hundred percent binding (3.1–3.2
pmol) was the mean of values from samples of ARF3 6 cytohesin-1
and unlabeled nucleotide kept at 08C for 60 min. Without ARF3,
0.03–0.05 pmol of [35S]GTP[gS] was bound; these control values have
been subtracted from the data presented.

FIG. 5. Effect of nucleotide concentration on release of bound
GTP[gS] from ARF3 with or without cytohesin-1. ARF3 (1.5 mg, 75
pmol) was incubated with 4 mM [35S]GTP[gS], as described in Fig. 4,
and cooled. Samples (20 ml) were then incubated with (m, F) or
without (M, E) cytohesin-1 (0.5 mg), and the indicated concentration
of GTP[gS] (E, F) or GDP (M, m) for 40 min at 36.58C before assay
of protein-bound [35S]GTP[gS]. One hundred percent binding (3.1–3.2
pmol) was the mean of values for ARF3 6 cytohesin-1 and unlabeled
nucleotide incubated at 08C for 60 min. Control values (0.06–0.08
pmol bound in the absence of ARF3) have been subtracted.
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reactions have characteristics or requirements sufficiently dif-
ferent that they have not been detected in the assays used thus
far. It is intriguing that two different Sec7 mutant yeast alleles
were rescued by expression of human ARF4 (8). The expla-
nation for the failure of human ARF5, which is more similar
to ARF4 than either is to other known mammalian or yeast
ARFs, to replace ARF4 is unclear, as ARF5 protein could not
be measured in those studies (8).
Inhibition of GEP activity by BFA causes apparent disinte-

gration of Golgi structure in cells (19, 20). Because activation
of class I ARFs increases their binding to Golgi membranes,
the effects of cytohesin-1 on ARF association with Golgi and
of BFA on this process were investigated. In the same exper-
iments, a GEP partially purified from brain cytosol by chro-
matography on Sepharose CL-6Bwas used as a positive control
for BFA inhibition. As shown in Table 2, [35S]GTP[gS] binding
to Golgi in the presence of ARF1 was increased by His-tagged
cytohesin-1, but that increase was unaffected by 2 mg of BFA;
whereas the increment in [35S]GTP[gS] binding caused by the
Sepharose CL-6B-purified GEP was inhibited '75% by the
same amount of BFA, as previously reported (11).
Several recent observations suggest that Sec7-related pro-

teins and ARFs play a key role in vesicular membrane traf-
ficking in several intracellular compartments. The observation
of allele-specific suppression of temperature-sensitive Sec7
mutants by yeast ARFs provides evidence that Sec7p and yeast
ARFs 1 and 2 interact functionally in vesicular transport (8).
It may be that at least two different families of Sec7-related
proteins are involved in the regulation of ARF activity: larger
proteins such as the products of Sec7-like genes (11), and the
smaller proteins (e.g., cytohesin-1) that participate in different
processes. The demonstration that cytohesin-1 is a GEP for
ARF3 and ARF1 (class I ARFs), along with evidence for the
existence of other members of a cytohesin family, permits
speculation that the latter could be GEPs specific for different
ARF proteins. The Sec7 domain could be essential for the
ARF-GEP activity, whereas the PH domain could be charac-
teristic for a specific ARF. It has been similarly suggested that
all proteins containing Dbl homology and PH domains in
tandem are guanyl nucleotide-exchange factors for members
of the Rho family of proteins (21).
On the other hand, it has not been shown that the Sec7

domain itself possesses GEP activity, whereas its interaction

with and effect on function of b2 integrin has been directly
demonstrated (3). Although it seems quite unlikely that the
same structural unit serves as an ARF-GEP and a b2 integrin
regulator, the designated Sec7 domain is certainly large
enough to accommodate more than one functional sequence.
Elucidation of the physical and functional consequences of
interactions of ARF with specific cytohesin domains and their
relationships to cytohesin–integrin interaction are clearly of
major interest and importance.

Note Added in Proof. ARF-GEP activity of the Sec7 domain of an
'47-kDa BFA-insensitive human protein termed ARNO (ARF nu-
cleotide-binding site-opener) has now been demonstrated (22). This
protein also contains a PH domain, which was shown to be responsible
for the stimulation of GEP activity by phosphatidylinositol bisphos-
phate (22). Larger yeast proteins [Gea1 and Gea2 (guanine nucleotide
exchange on ARF)] analogous to ARNO, which are 50% identical and
contain Sec7 domains, were also described (23). Gea1 displayed
BFA-sensitive ARF-GEP activity (23).
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Table 2. Effect of BFA on GTP[gS] binding to ARF1 and Golgi
in the presence of cytohesin-1 or ARF-GEP

Additions

[35S]GTP[gS]
bound, pmol

No BFA 2 mg BFA

None 1.1 1.3
Cytohesin-1 4.3 4.2
ARF-GEP 2.1 1.6

ARF1 (1 mg, 50 pmol) was incubated with Golgi membrane (12.5 mg
of protein) in Tris buffer (pH 8.0) containing 1 mM ATP, 5 mM
creatine phosphate, 1 unit of creatine phosphokinase, 3.3 mM MgCl2,
and 64 mM NaCl without or with cytohesin-1 (1 mg) or partially
purified BFA-sensitve ARF-GEP (20 mg) from Sepharose CL-6B
chromatography (11), and 2 mg of BFA in 0.2% EtOH or vehicle alone
in a volume of 90 ml at 218C for 10 min. After addition of 4 mM
[35S]GTP[gS], samples were incubated for 40 min at 36.58C before
assay of bound [35S]GTP[gS]. Control values (1.0–1.1 pmol bound in
the absence of ARF with or without cytohesin-1, ARF-GEP, andyor
BFA) have been subtracted.
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