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Arf GTPases control vesicle formation from different intra-
cellular membranes and are regulated by Arf guanine nucleotide
exchange factors (GEFs). Outside of their conserved catalytic
domains, known as Sec7 domains, little is known about Arf
GEFs. Rsp5 is a yeast ubiquitin ligase that regulates numerous
membrane trafficking events and carries a C2 domain that is
specifically required for trans-Golgi network to vacuole trans-
port. In a screen for proteins that interact with the Rsp5 C2
domain we identified Sec7, the GEF that acts on Golgi-associ-
ated Arfs. The Rsp5-Sec? interaction is direct, occurs in vivo,
and is conserved among mammalian Rsp5 and Sec7 homo-
logues. A 50-amino acid region near the Sec7 C terminus is
required for Rsp5 binding and for normal Sec7 localization.
Binding of Sec7 to Rsp5 is dependent on the presence of the
phosphoinositide 3-kinase Vps34, suggesting that phosphatidy-
linositol 3-phosphate (PI(3)P) plays a role in regulating this
interaction. Overexpression of Sec7 significantly suppresses the
growth and sorting defects of an rsp5 C2 domain point mutant.
These observations identify a new functional region within the
Sec7/BIG family of Arf GEFs that is required for trans-Golgi
network localization.

Newly synthesized proteins are transported from the Golgi
to either the plasma membrane or the lysosome. This sorting
decision is made at the trans-Golgi network (TGN)® where sep-
aration of secreted proteins from lysosomal proteins occurs. In
mammalian cells sorting at the TGN targets proteins for secre-
tion, to apical or basolateral membranes, or to the lysosome. In
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yeast, proteins follow similar pathways, although the distinc-
tion between plasma membrane compartments does not exist
and the intracellular destination is the lysosome-like vacuole.

Many proteins involved in these trafficking pathways have
been identified and characterized in yeast and are conserved in
mammalian cells (reviewed in Refs. 1-3). Some integral mem-
brane cargos destined for the lysosome are modified with a
monoubiquitin signal at the TGN by members of the Nedd4/
Rsp5 family of ubiquitin ligases (reviewed in Refs. 4 and 5).
Other integral membrane and luminal proteins do not require
modification with ubiquitin for efficient trafficking from the
TGN to the endosomal sorting pathway. However, the role of
ubiquitin in sorting of these cargos within the endosomal path-
way remains unclear (6 —10). Ubiquitinated cargo is recognized
at the Golgi by the ubiquitin-binding domains in GGA (Golgi
localized, vy-ear containing, Arf-binding) proteins that sort
TGN cargo into vesicles (reviewed in Ref. 3). After leaving the
TGN, cargo travels to the lysosome through a late endosomal
compartment, known as the multivesicular endosome (MVE),
where monoubiquitinated cargo is sorted into vesicles that bud
into the MVE lumen. The MVE vesicles and their contents are
then delivered in their entirety into the lumen of the lysosome
(reviewed in Refs. 11 and 12).

Arf proteins are the small GTPases that regulate vesicle for-
mation at the TGN (13, 14). Like other GTPases, Arf proteins
are activated upon exchange of bound GDP for GTP in a reac-
tion catalyzed by guanine nucleotide exchange factors (GEFs).
Arf activation by GEFs is a crucial regulatory step, because Arf
must be in the GTP-bound state to recruit vesicle coat proteins
to initiate vesicle budding (15, 16). Arf GEFs are characterized
by having a catalytic Sec7 domain, first identified in the Saccha-
romyces cerevisiae Sec7 protein (reviewed in Refs. 17 and 18).

Sec7 is a large, essential, Golgi-associated Arf GEF required
for the formation of transport vesicles from the TGN in yeast
(19). It is localized primarily to TGN membranes (20). Muta-
tions in Sec7 cause defects in the transport of a variety of cargo
proteins from the Golgi to the vacuole, including proteins that
travel by ubiquitin-independent and -dependent pathways (21,
22). Sec7 has two mammalian homologues, BIG1 and BIG2,
that primarily localize to the TGN to function in the release of
vesicles from this organelle (reviewed in Ref. 23). BIG2 also
localizes to the recycling endosome and is involved in organelle
integrity (24). Beyond the central catalytic domain, there are no
characterized domains within Sec7, and little is known about
the interactions and functions of the N- and C-terminal regions
of the protein (21). Recently, regions of homology have been
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TABLE 1
Yeast strains
Strain Genotype”

PJ69-4A trpl1-901 leu2-3,112 ura3-52 his3—-200 gal4A gal80A LYS2::GALI-HIS3 GAL2-ADE2 met2:GAL7-lacZ
PJ69-4a MATa, same as PJ69-4A
LHY1107 pNotI-RSPS[ TRP1] rspSA::HIS3 his3 trp1 lys2 ura3 leu2 barl
LHY1850 ura3A0 leu2A0 his3A1 met15A0
LHY3876 prsp§At 5757278 TRPT] pGFP-CPS rsp5A::HIS3 his3 leu2 ura3 trpl barl
LHY3923 prspS<*+#5 757278 TRP | rspSA:HIS3 his3 leu2 ura3 trpl barl
LHY4007 prps5<7>7778 TRPI his3 trp1 lys2 ura3 leu2 barl
LHY4377 pPRSPS[TRPI] rspSA:HIS3 leu2 ura3 trpl barl
LHY4488 pGFP-C2[TRP1] his3 trpl1 lys2 ura3 leu2 barl
LHY5440 SEC7-GFP::URA3 ura3A0 leu2A0 his3A1 met15A0
LHY5466 pNotI-RSPS[ TRP1] rspSA::HIS3 SEC7-GFP::URA3 his3 trpl lys2 ura3 leu2 barl
LHY5467 pNotI-rsp5*“’[ TRPI] rspSA::HIS3 SEC7-GFP:URAS3 his3 trp1 lys2 ura3 leu2 barl/bar1:HIS3
LHY5474 prsp5KH445 7577278 TRP| pSECZTURA3) rspSA:HIS3 his3 leu2 ura3 trpl barl
LHY5476 prsp5 it 75728 TRPT] rspSA:HIS3 his3 leu2 ura3 trpl barl
LHY5508 vps34A:kanMX4 SEC7-GFP:URA3 his3A1 leu2A0 met1SAO ura3A0
LHY5512 prspS *# 757278 TRP1] pSEC7[LEU2] pGFR;CPS[URA3] rspSA:HIS3 his3 leu2 ura3 trp1 barl
LHY5518 pNot[;,RSPS[TRP1] rsp5A::HIS3 sec7*” -GFP:URAS3 his3 trpl lys2 ura3 leu2 barl
LHY5519 pNotI-rsp5* “[TRPI1] rspSA:HIS3 sec7*“'R-GEP:URA3 his3 trpl lys2 ura3 leu2 bar1/bar1::HIS3
LHY5521 PRSPS[TRP1] pGFP-CPS[URA3] rspSA:HIS3 leu2 ura3 trp1 barl
LHY5604 pNotI-RSPS[TRP1] rspSA::HIS3 Sec7::URA3 SYS1-GFP:LEU?2 his3 trp1 lys2 ura3 leu2 barl
LHY5605 pNotI-RSPS[ TRPI] rsp5A::HIS3 sec7*“"®::UIRA3 SYS1-GFP:LEU2 his3 trpl lys2 ura3 leu2 barl

“ All strains are MATa unless otherwise noted.

identified within BIG1 and BIG2 (reviewed in Ref. 18). These
regions are sites of dimerization between BIG proteins and also
interact with other binding partners (25-29). However, the
function of these interactions is still unclear.

Ubiquitin signals are attached to biosynthetic cargo traveling
from the TGN to the lysosome by ubiquitin ligases, regulatory
proteins that catalyze the transfer of ubiquitin to substrates
(reviewed in Refs. 30 and 31). One family of ubiquitin ligases
that plays important roles in a variety of membrane trafficking
processes is named for the mammalian Nedd4 and yeast Rsp5
proteins. Rsp5 is the sole S. cerevisiae member of the Nedd4/
Rsp5 family; mammalian members include Nedd4-1,
Nedd4 -2, WWP1/AIP5, WWP2/AIP2, AIP4/Itch, Smurfl,
and Smurf2. These ligases have a conserved domain structure,
an N-terminal C2 domain, two to four central WW domains,
and a C-terminal HECT (homologous to E6AP C terminus)
catalytic domain (5, 30, 32).

The function of the C2 domains in these ligases is ambiguous.
C2 domains are found in proteins involved in vesicle trafficking,
lipid modification, GTPase regulation, and protein phosphoryl-
ation (33-35). They bind to both phospholipids and proteins,
and binding of Ca®>* to C2 domains can regulate these interac-
tions (34, 36). The C2 domains of Nedd4 and Smurf2 are impor-
tant for interaction of these proteins with the plasma mem-
brane (37-41). The Smurf2 C2 domain also plays an
autoinhibitory function through binding to the HECT domain
that inhibits autoubiquitination and substrate ubiquitination
(42). The Rsp5 C2 domain regulates trafficking in the late endo-
cytic pathway at the MVE (43-45).

Previously, we demonstrated that the Rsp5 C2 domain binds
phosphoinositides (43), particularly PI(3)P, which is enriched
on endosomal membranes (reviewed in Ref. 46). Specific amino
acids within the Rsp5 C2 domain that are required for PI(3)P
binding are also required for the ubiquitination of cargo travel-
ing from the TGN to the MVE, and thus for the sorting of this
cargo into MVE vesicles (43). To further understand the func-
tion of the Rsp5 C2 domain in TGN to vacuole trafficking, we
screened for proteins that bind to and function with the C2
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domain. Here we identify the Arf GEF Sec7 as an Rsp5 C2
domain-binding protein in vitro and in vivo, and we investigate
the physical and functional characteristics of this interaction.

EXPERIMENTAL PROCEDURES

Strains, Media, and Reagents—Strains used in this study are
listed in Table 1. Yeast strains were propagated in rich medium
(2% Bacto-peptone, 1% yeast extract, 2% glucose supplemented
with 20 mg/liter adenine, uracil, and tryptophan) or selective
minimal medium (47). Caffeine-containing medium was pre-
pared by adding caffeine to a final concentration of 6 mm before
autoclaving.

Anti-green fluorescent protein (GFP) antibodies were pur-
chased from Roche Applied Sciences and anti-glutathione
S-transferase (GST) antibodies were purchased from Amer-
sham Biosciences. Anti-Rsp5 antiserum was previously
described (43, 48).

Plasmids—A multicopy SEC7 plasmid (YepTA65) (19, 49)
was provided by N. Segev (University of Illinois, Chicago, IL).
Plasmids encoding Sys1-GFP and Gap1-GFP were provided by
B. Glick (University of Chicago, Chicago, IL) and R. Piper (Uni-
versity of Iowa, lowa City, IA), respectively. IRA3-marked or
LEU2-marked plasmids encoding GFP-carboxypeptidase S
(CPS) were provided by S. Emr (University of California, San
Diego, CA) or generated in our laboratory.® All site-directed
mutagenesis was performed with a QuikChange® mutagenesis
kit (Stratagene, La Jolla, CA).

The yeast two-hybrid C2 domain bait vector (LHP2103) was
constructed by PCR amplification of DNA encoding aa 1-142
of Rsp5, followed by insertion of the amplified fragment into the
yeast two-hybrid GAL4-binding domain vector, pAS2-1 (Clon-
tech, Palo Alto, CA). The 3K—Q (K75Q, K77Q, K78Q) muta-
tion was introduced into the bait plasmid by site-directed
mutagenesis (LHP2169).

DNA encoding aa 1836-2009 of Sec7 was amplified from
yeast genomic DNA and inserted into the pET-30 bacterial

D. A. Klos Dehring, W. Lin, and L. Hicke, unpublished data.
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expression vector by ligation-independent cloning (Novagen,
Madison, WI). Truncations and deletions of this fragment were
introduced by site-directed mutagenesis. The same method
was used to construct plasmids encoding the C termini of BIG1
(aa 1665-1849, LHP2396), BIG2 (aa 1567-1785, LHP2378),
and Geal (aa 1352-1408, LHP2353). Bacterial expression plas-
mids encoding GST-C2, GST-Sla1°°~*2°, and GST-Rvs167°"3
have been described (43, 50). The 3K— Q mutation was gener-
ated in GST-C2 (LHP1665) by site-directed mutagenesis. DNA
encoding the Itch C2 domain (aa 6 —146, LHP2699) was ampli-
fied with terminal BglII sites and ligated into BamHI-digested
pGEX-6P-2 (GE Healthcare).

To construct an integrating plasmid for insertion of a C-ter-
minal GFP tag into chromosomal SEC7, we amplified a frag-
ment encoding Sec7 aa 1513-2009 from genomic DNA. This
fragment was ligated into pUSE-URA3 (51), a plasmid encoding
aa 1815-2009 of Sec7 fused to a GFP, provided by B. Glick
(University of Chicago, Chicago, IL). The endogenous Spel site
was removed from the resulting plasmid and another Spel site
was introduced with silent mutations at the codons for aa 1722
and 1723 (LHP2505). An integrating plasmid to construct a
chromosomally encoded GFP-tagged Sec7 lacking the C2
domain-interacting region, GFP-Sec7*“'%, was similarly made
with the additional removal of DNA encoding aa 1836-1883
(LHP2507).

To provide wild-type and sec7 mutant strains for the local-
ization of Sys1-GFP, we constructed untagged SEC7 and
sec7*“/R integrants. DNA encoding the GFP tag from LHP2505
and LHP2507 was removed by digestion with BamHI and Eagl.
The ends of the remaining large fragments of the plasmids were
converted to blunt ends with T, DNA Polymerase (New Eng-
land Biolabs, Beverly, MA) and the plasmids were ligated. A
double stop codon was introduced after the codon for amino
acid 2009 by site-directed mutagenesis resulting in plasmids
encoding DNA to integrate untagged SEC7 (LHP2644) and
untagged sec7*“’® (LHP2645). Plasmids were digested with
Spel and transformed into yeast. Replacement of the endoge-
nous copy of SEC7 by homologous recombination was verified
by PCR amplification of genomic DNA recovered from trans-
formants. All mutations and plasmid sequences were verified
by digestion and/or automated sequencing.

Yeast Two-hybrid Screen—A plasmid encoding the binding
domain of Gal4 fused to the Rsp5 C2 domain (LHP2103) was
used to screen a yeast two-hybrid plasmid library (52). The
yeast strain PJ69-4a was transformed with the yeast two-hybrid
library and the strain PJ69-4A was transformed with LHP2103.
The resulting transformants were mated and diploids were
selected and transferred to minimal medium lacking leucine,
tryptophan, and adenine to select colonies exhibiting a positive
interaction. Plasmids from these colonies were recovered and
co-transformed with the original bait plasmid (LHP2103) and a
bait plasmid carrying the 3K—Q mutations (LHP2169). Plas-
mids from colonies that exhibited a positive interaction with
the wild-type bait plasmid a second time were sequenced.

Recombinant Protein Purification and Binding Experiments—
Hexahistidine (Hisg)-tagged and GST-tagged recombinant
proteins were expressed in BL21-Codon Plus Escherichia coli
(Stratagene) propagated in Luria broth supplemented with 40
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mg/ml kanamycin, or with 100 mg/ml ampicillin and 20 mg/ml
chloramphenicol, for plasmid maintenance. Recombinant pro-
tein expression was induced at 18 or 24 °C with 1 mm isopropyl
B-p-thiogalactopyranoside (Sigma). Purification of His,-tagged
proteins, purification of GST-tagged proteins, and binding
experiments with these proteins were performed as previously
described (43, 50, 53). Lysates and bound proteins were
resolved by SDS-PAGE and analyzed by Coomassie staining or
immunoblotting with anti-GST as previously described (43,
48). For binding experiments with GFP-tagged C2 domain
(GFP-C2) in yeast lysates, cells were harvested at a density of
1-2 X 107 cells/ml. Lysates were prepared by mechanical agi-
tation with glass beads in MES buffer (1% Triton X-100, 100 mm
MES, pH 6.5, 0.5 mm MgCl,, 1 mm EGTA, 0.2 mwm dithiothrei-
tol) containing protease inhibitor mixture (0.2 ug/ml chymo-
statin, 1 ug/ml leupeptin, 2.5 ug/ml antipain, 1 ug/ml pepsta-
tin, 1 mm phenylmethanesulfonyl fluoride). Lysates were
incubated on ice for 1 h with 2 mg/ml 3-p-maltoside and 1%
Triton X-100, cleared by centrifugation, and incubated with
immobilized proteins as described for bacterial lysates. Lysates
and bound proteins were analyzed by immunoblotting with
anti-GFP as previously described (43, 48).

Native Co-immunoprecipitation Experiments—Cells (1.5 X
10°) were harvested at a density of 1-2 X 107 cells/ml. Lysates
for immunoprecipitation were prepared by mechanical agita-
tion with glass beads in GFP IP buffer (50 mm Tris-HCl, pH 7.5,
150 mm NaCl, 1% Nonidet P-40, 0.5% deoxycholate) containing
protease inhibitor mixture, 2 mg/ml B-p-maltoside, and 1%
Triton X-100. Lysates were incubated on ice for 1 h and cleared
by centrifugation. Immunoprecipitations were performed
overnight at 4 °C with GFP antibodies and Protein G-Sepharose
(Amersham Biosciences). Precipitated proteins were washed
with GFP IP buffer and GFP IP wash buffer (50 mm Tris-HCI,
pH 7.5, 0.25 M NaCl, 0.1% Nonidet P-40, 0.05% deoxycholate),
resolved by SDS-PAGE, transferred to polyvinylidene difluo-
ride membranes (Sec7-GFP) or nitrocellulose membranes
(Rsp5), and analyzed by immunoblotting as previously
described using anti-Rsp5 or anti-GFP (43, 48).

Fluorescence Microscopy—Cells were grown to a density of
1-2 X 107 cells/ml and harvested at 4 °C. Cells were embedded
in 1.67% low melt agarose (American Biorganics Inc., Niagra
Falls, NY) on a slide and analyzed by fluorescence microscopy
(Leica DMIRE2 or Zeiss Axiovert 200M). For quantification of
GFP-CPS sorting, cells with a detectable GFP signal were
counted and binned into one of three groups based on the loca-
tion of the GFP signal: group 1, vacuolar lumen (solid spot);
group 2, limiting membrane of the vacuole (ring around the
vacuole); or group 3, vacuolar lumen and limiting membrane
(ring around the vacuole with diffuse internal fluorescence).
For Sec7-GFP and Sys1-GFP images, cross-sections were taken
along the z axis and projections were made using Image] ver-
sion 1.34.

Growth Suppression Analysis—Cells were transformed with
an URA3-marked multicopy plasmid encoding SEC7
(YepTA65, Refs. 19 and 49). To remove the plasmid, cells were
grown on medium containing 5-fluoroorotic acid. For serial
dilution growth assays, multiple transformants were grown
overnight to stationary phase. Cells were serially diluted to 2 X
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FIGURE 1. The C2 domain of Rsp5 binds to the C terminus of Sec7. A, yeast
two-hybrid analysis of the interaction between the C terminus of Sec7 (aa
1836-2009) and the wild-type or 3K—Q mutant C2 domain. Yeast strains
carrying the indicated activation and binding domain plasmids were incu-
bated on minimal medium at 30 °C. B, lysates prepared from bacteria express-
ing GST-C2 or GST-C23*~? were incubated with immobilized Hiss-
Sec7'83672099 Bound proteins were eluted by boiling, resolved by SDS-PAGE,
and analyzed by immunoblotting with GST antibodies. Hiss-Rvs167°H* was
used as a control for nonspecific binding. The presence of equal amounts of
immobilized protein in each reaction was verified by Coomassie staining of
the eluted, resolved proteins (not shown). C, proteins from yeast cell lysates
containing Sec7-GFP (LHY5440) and untagged Sec7 (LHY1850) were immu-
noprecipitated using GFP antibodies. Total lysates (0.7%, anti-GFP blot and
0.07%, anti-Rsp5 blot) and precipitated proteins were resolved by SDS-PAGE
and analyzed by immunoblotting (/B) with GFP or Rsp5 antibodies. IP,
immunoprecipitates.

no plasmid
lysate IP

105 2 X 10°, 2 X 10% or 2 X 10? cells/ml and transferred in
duplicate with an inoculating manifold to rich medium with or
without 6 mwm caffeine. Cells were grown at 37 °C.

RESULTS

The Rsp5 C2 Domain Binds to the Sec7 C Terminus—C2
domains bind to both lipids and proteins (38, 41, 42, 54 -57).
The Rsp5 C2 domain binds to PI(3)P, however, replacement of
the C2 domain with another PI(3)P binding domain, the Fabl
FYVE (Fabl, YOTB, Vacl, and EEA1) domain (58) did not res-
cue the growth or MVE sorting phenotypes conferred by dele-
tion of the C2 domain of Rsp5.” One explanation for this obser-
vation is that the Rsp5 C2 domain might participate in other
interactions important for Rsp5 function.

To identify C2 domain-binding proteins, we performed a
yeast two-hybrid screen with a bait plasmid encoding the Rsp5
C2 domain. Four clones were identified that encoded the C
terminus of the Arf GEF Sec7, spanning amino acids 1836 —
2009 (Fig. 1A). Mutation of three lysine residues in the Rsp5 C2
domain (K75Q, K77Q, and K78Q, referred to as 3K— Q) inhib-
its both PI binding and the ubiquitination of cargo destined for
entry into MVE vesicles, similar to the effects of the previously
published 5K—Q mutant (43). To determine whether K75Q,
K77Q, and K78Q are involved in binding to the C terminus of

7 A. Alder and L. Hicke, unpublished data.
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Sec7, we introduced the 3K—Q mutations into the yeast two-
hybrid C2 domain bait plasmid (C2**~9). The Sec7-C2
domain two-hybrid interaction was abolished by these muta-
tions (Fig. 14), suggesting that the C2 domain Lys’®, Lys””, and
Lys”® residues are involved in mediating protein-protein inter-
actions as well as protein-lipid interactions.

To test whether the C2 domain binds directly to Sec7, a His,-
tagged version of the Sec7 C terminus (aa 1836-2009) was
expressed in bacteria and immobilized on beads. Bacterial
lysates containing GST-C2 or GST-C2**~2 were incubated
with the immobilized proteins. GST-C2, but not GST-C23%~<,
bound to the immobilized Sec7 C terminus (Fig. 1B). Neither
C2 domain bound to a negative control, the SH3 domain of the
endocytic protein Rvs167.

To determine whether Rsp5 and Sec? interact in the cell, we
performed native immunoprecipitations of Sec7-GFP from
yeast lysates with anti-GFP. The immunoprecipitates were then
analyzed on immunoblots probed with Rsp5 antiserum. Rsp5
was precipitated specifically from lysates containing Sec7-GFP
and not from lysates containing untagged Sec7, indicating that
Sec7 and Rsp5 interact in vivo (Fig. 1C). Taken together, our
observations indicate that Rsp5 binds to Sec7 in vitro and
in vivo.

Overexpression of Sec7 Suppresses Phenotypes Conferred by
C2 Domain Point Mutations—Both the rsp5° < mutant and a
C2 domain mutation in which two additional lysines are
mutated, rsp5°< 2 (K44Q, K45Q, K75Q, K77Q, and K78Q),
are sensitive to growth on caffeine-containing medium and are
defective in sorting MVE cargo (data not shown, Ref. 43). The
growth phenotype of the rsp5°~ <2 mutant is more severe than
that of the rsp5* < mutant, resulting in less background
growth, therefore we used the rsp5°* < mutant for the follow-
ing suppression analysis. To test for a functional relationship
between Sec7 and Rsp5, we introduced a multicopy plasmid
encoding Sec? into rsp5°% < cells. Cells expressing rsp5°< <
as the sole source of Rsp5 grew poorly at 37 °C on medium
containing caffeine (Fig. 24). However, when Sec7 was overex-
pressed in these cells, growth on caffeine-containing medium
improved significantly. Rescue of caffeine-sensitive growth was
dependent on the presence of the SEC7 plasmid, because after
the plasmid was cured from the cells (see “Experimental Proce-
dures”), the cells reverted to poor growth on caffeine-contain-
ing medium (Fig. 2A4). Because the requirement for Rsp5, and
specifically the C2 domain, can be overcome by overexpression
of Sec7, this suggests that these proteins are functioning in the
same pathway.

GFP-CPS is a cargo protein that is modified with a ubiquitin
signal and is transported to the lumen of the vacuole through
internalization into luminal MVE vesicles. When GFP-CPS is
properly sorted, a fluorescent spot that coincides with the vac-
uole is observed by fluorescence microscopy. When sorting
into MVE vesicles is disrupted, GFP-CPS is observed on the
limiting membrane of the vacuole (59). We expressed GFP-CPS
in rsp5°* < cells with or without the SEC7 overexpression
plasmid. The rsp>*— < strain was defective in sorting GFP-CPS
to the vacuole lumen, as previously observed (43). Overexpres-
sion of Sec? partially rescued this defect; the cells carrying the
SEC7 plasmid showed less staining of the vacuole limiting
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FIGURE 2. Overexpression of Sec7 suppresses rsp5°~2 phenotypes. A,
strains expressing Rsp5 (LHY4377) or Rsp5°K—2 (vector, LHY3923; SEC7 plas-
mid, LHY5474; cured of SEC7 plasmid, LHY5476) were serially diluted and
grown at 37 °C on rich medium with or without 6 mm caffeine. All transfor-
mants tested exhibited this suppression phenotype. B, localization of GFP-
CPS in RSP5 (LHY5521) and rsp5°%—2 cells, with or without a multicopy SEC7
plasmid (LHY5512, LHY3876), was visualized by fluorescence and differential
interference contrast (DIC) microscopy. C, quantification of the GFP-CPS local-
ization experiment represented in B. In three independent experiments, flu-
orescent cells were counted (n; = 868, n, = 1652, n; = 3803) and classified by
location of the GFP signal: vacuolar lumen (solid), vacuolar limiting mem-
brane (ring), or both the vacuolar lumen and limiting membrane (partial).

Ring

membrane and more luminal staining (Fig. 2, B and C). These
observations suggest a functional relationship between Sec7
and the Rsp5 C2 domain that promotes sorting of cargo into
MVE vesicles.

The Interaction between Sec7 and RspS Is Conserved among
Homologues—Both Sec7 and Rsp5 are conserved proteins with
mammalian homologues. Sec7 homologues serve as Arf GEFs
on various membranes in the cell and are characterized by a
catalytic Sec7 domain. The Sec7 domain family includes two
large GEF families represented by Sec7/BIG proteins and Gea/
GNOM proteins (Fig. 34, reviewed in Ref. 18). As this classifi-
cation suggests, yeast Sec7 is more closely related to mamma-
lian BIG proteins (28% identical, 49% similar) than to the yeast
Gea proteins (18% identical, 36% similar). We inserted DNA
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FIGURE 3. The interaction between Rsp5 and Sec7 is conserved among
homologues. A, schematic of the ARF GEFs S. cerevisiae Sec7, human BIG1/2,
and S. cerevisiae Geal.The gray boxes represent the Sec7 catalytic domain and
the black box represents the CIR site. Hatched boxes represent regions that are
homologous within the Sec7/BIG family. White boxes represent regions that
are homologous within the Gea/GNOM family (23). B, bacterial lysates con-
taining GST-C2 and GST-C23*~2 were incubated with immobilized Hisg-
tagged C termini of Sec7, BIG1, BIG2, and Gea1. Bound proteins were eluted
by boiling, resolved by SDS-PAGE, and analyzed by immunoblotting with GST
antibodies. The presence of equal amounts of immobilized protein in each
reaction was verified by SDS-PAGE and Coomassie staining (not shown). C,
lysates prepared from bacteria expressing GST, GST-C2, GST-C23*~2, and
GST-ltch“® were incubated with immobilized Hisg-tagged C termini of Sec7
and BIG2. Bound proteins were eluted by boiling, resolved by SDS-PAGE, and
analyzed by immunoblotting with GST antibodies. Hiss-Geal was used as a
control for nonspecific binding. The presence of equal amounts of immobi-
lized protein in each reaction was verified by SDS-PAGE and Coomassie stain-
ing (not shown).

encoding the C-terminal regions of BIG1, BIG2, and Geal that
most closely aligned with Sec7 amino acids 1836-2009 into
bacterial expression plasmids. These His,-tagged C-terminal
fragments were expressed in bacteria, immobilized on beads,
and incubated with yeast lysates prepared from cells expressing
either GST-C2 or GST-C2**~< The C2 domain bound to the
BIG1 and BIG2 C termini, but not to the Geal C terminus.
Binding to BIG1 and BIG2 was markedly reduced by the
C2%¢~Q mutation (Fig. 3B). These observations indicate that
the Rsp5 C2 domain can bind to the C terminus of closely
related Sec7 homologues.

A mammalian member of the Nedd4/Rsp5 ubiquitin ligase
family is Itch, the mouse homologue of AIP4 (30, 60, 61). Itch/
AIP4 is localized to endosomes and the TGN. On endosomal
membranes, Itch/AIP4 functions in the ubiquitination of endo-
somal sorting machinery (62, 63). We expressed the C2 domain
of Itch as a GST fusion protein in E. coli and incubated lysates
prepared from these bacteria with the Sec7, BIG2, and Geal C
termini immobilized on beads. Both the Rsp5 and Itch C2
domains bound to the BIG2 C terminus, but not to the Geal C
terminus (Fig. 3C). Furthermore, the Itch C2 domain bound to
the C terminus of Sec7. The observed interactions between
Sec7, Rsp5, and their homologues suggest that the Sec7/BIG
GEF proteins bind to Nedd4/Rsp5 family ubiquitin ligases in
higher eukaryotes.

Identification and Characterization of the C2 Domain-bind-
ing Site in the Sec7 C Terminus—Because the Rsp5 C2 domain-
Sec? interaction is conserved and therefore likely to be func-
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FIGURE 4. Sec7 amino acids 1836 -1883 are sufficient for interaction with
the C2 domain of Rsp5. A, schematic of Sec7 C terminus fragments. The
ability of each fragment to bind the C2 domain is indicated on the right. B,
yeast lysates containing GFP-C2 (LHY4488) or GFP-C23%~2 (LHY4007) were
incubated with immobilized Hisg,-Sec7 fragments. Bound proteins were
eluted by boiling, resolved by SDS-PAGE, and analyzed by immunoblotting
with GFP antibodies. The presence of equal amounts ofimmobilized proteins
in each reaction was verified by SDS-PAGE and Coomassie staining (not
shown).

tionally important, we further defined the C2 domain-binding
site on Sec7. From plasmids isolated in the yeast two-hybrid
screen, we deduced that the region encoding amino acids
1836 —-2009 of Sec7 was involved in binding to the C2 domain.
We made truncations of DNA encoding this region in bacterial
expression plasmids (Fig. 4A). These Sec7 fragments were
expressed and immobilized on beads. Because there was high
background binding of bacterially expressed GST fusion pro-
teins to these immobilized Sec7 fragments, we incubated the
Sec7 fragments with yeast lysates containing a GFP-tagged C2
domain (GFP-C2) or GFP-C2° 72, The Sec7-(1836-1883)
fragment bound to the C2 domain, whereas the Sec7-(1884—
2009) fragment did not, and the 3K— Q mutation significantly
reduced or eliminated this interaction (Fig. 4B). This observa-
tion indicates that amino acids 1836 —1883 of Sec7 are sufficient
to bind to the Rsp5 C2 domain. Hereafter, we refer to this Sec7
sequence as the C2 domain interacting region (CIR). BIG1 and
BIG2 carry sequences in the corresponding regions of their C
termini that are 20% identical and 45% similar to the CIR.
Because Sec? is an essential protein, we investigated the role
of the Sec7 CIR in cell viability. We integrated DNA encoding
GFP-tagged Sec7 (Sec7-GFP) or Sec7“'® (Sec7*“"*-GFP) into
the genome in place of endogenous SEC7. The integration
events were confirmed by PCR analysis of genomic DNA iso-
lated from transformants and equal expression of the GFP-
tagged proteins was verified by immunoblotting. sec7*“**-GFP
integrants were alive and showed no observable growth defect
at 37 °C on rich medium or media supplemented with 6 or 8 mm
caffeine (data not shown). We conclude that the CIR of Sec7 is
not required for the essential role of Sec7 as an Arf GEF.
Characterization of the Cellular Interaction between Sec7
and Rsp5—To determine whether the interaction between
Sec7 and Rsp5 in vivo is dependent on the Sec7 CIR and the
Rsp5 C2 domain, we performed native co-immunoprecipita-
tion experiments. For these experiments, we used an rsp5
mutant carrying a complete deletion of the C2 domain, rsp5*<?,
rather than rsp53< <, so that our analysis would not be com-
plicated by indirect, C2-domain-mediated Rsp5 interactions
that might occur in the cell. Sec7-GFP and Sec7*“"*-GFP were
precipitated with anti-GFP from lysates of cells expressing
either Rsp5 or Rsp5°“?, and immunoblots of these precipitates
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FIGURE 5. The Sec7-Rsp5 interaction requires both the C2 domain and
CIR. Lysates prepared from RSP5 or rsp5“? cells expressing Sec7-GFP
(LHY5466, LHY5467), Sec7*“"R-GFP (LHY5518, LHY5519), or untagged Sec7
(LHY1107) were subjected to immunoprecipitation (/P) with GFP antibodies.
Total lysates (anti-GFP blots, 0.7%; RSP5 anti-Rsp5 blots, 0.07%; rsp54<2 anti-
Rsp5 blots, 0.14%) and precipitated proteins were resolved by SDS-PAGE and
analyzed by immunoblotting (/B) with GFP and Rsp5 antibodies.

SEC7-GFP no plasmid
VP534 vDs34A VP334
IP: a-GFP lysate lysate lysate

FIGURE 6. Vps34 is required for the interaction of Sec7 and Rsp5 in vivo.
Lysates prepared from VPS34 (LHY5440) or vps34A (LHY5508) cells expressing
Sec7-GFP, or VPS34 cells expressing untagged Sec7 (LHY1850), were sub-
jected to immunoprecipitation (/P) with GFP antibodies. Total lysates (0.7%,
anti-GFP blot and 0.07%, anti-Rsp5 blot) and precipitated proteins were
resolved by SDS-PAGE and analyzed by immunoblotting (/B) with GFP and
Rsp5 antibodies.

were probed with Rsp5 antiserum. In the absence of the C2
domain, there was a decrease in the amount of Rsp5 precipi-
tated with Sec7, although the interaction was not completely
abolished (Fig. 5). Similar to deletion of the C2 domain from
Rsp5, deletion of the Sec7 CIR caused a partial decrease in the
interaction between Rsp5 and Sec?7. Surprisingly, however,
deletion of both the C2 domain and the CIR abolished the Sec7-
Rsp5 interaction (Fig. 5). Similar amounts of Sec7-GFP and
Sec7*“"™®_GFP were immunoprecipitated from each lysate and
both Rsp5 and Rsp5°“? were expressed at a high level. There-
fore, the observed decreases in Rsp5 and Rsp5°“? co-precipi-
tated were likely the result of a diminished interaction between
Rsp5 and Sec7 and not to variation in mutant protein expres-
sion levels. These observations suggest that a C2 domain-CIR
interaction is important for binding of Rsp5 to Sec7, but that
other interactions also contribute to binding.

Role of Phosphoinositides in the Sec7-Rsp5 Interaction—DPre-
viously we showed that the Rsp5 C2 domain binds to PI(3)P
(43). To investigate the role of PI(3)P in the Sec7-Rsp5 interac-
tion, we analyzed cells that lack Vps34, the sole PI 3-kinase in
yeast. vps34A cells are severely deficient in PI(3)P and are defec-
tive in vacuolar protein sorting (64— 67). Sec7-GFP was immu-
noprecipitated using anti-GFP from lysates prepared from
VPS34 and vps34A cells. Rsp5 co-precipitated with Sec7-GFP
from VPS34 lysates, but not from vps34A lysates (Fig. 6), indi-
cating that Vps34, and possibly PI(3)P, is required for an inter-
action between Sec7 and Rsp5 to occur.

Physiological Functions of the Sec7 CIR Motif—Sec7 is
required for the transport of proteins from the Golgi to the
vacuole (19, 21, 22) and the Rsp5 C2 domain is required for
the sorting of biosynthetic cargo into MVE vesicles en route to
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FIGURE 7. Localization of Sec7 to the Golgi is dependent the CIR. Thelocal-
ization of Sec7-GFP (LHY5466), Sec7*“'*-GFP (LHY5518),and Sys1-GFP in SEC7

(LHY5604) and sec7*“® (LHY5605) cells was visualized by fluorescence
microscopy and DIC microscopy.

DIC  Sys1-GFP

the vacuole (43-45). Therefore we tested whether the CIR of
Sec?7 was required to transport several different cargos along
the TGN — vacuole pathway. Both GFP-CPS (ubiquitin-de-
pendent cargo) and carboxypeptidase Y (ubiquitin-independ-
ent cargo) were transported normally to the vacuole lumen in
sec7*“"® cells (data not shown). Regulated ubiquitin-dependent
trafficking of plasma membrane proteins (e.g. Gap1-GFP) from
the TGN to the vacuole was also normal in sec72“% cells (data
not shown).

We next investigated the role of the CIR in Sec7 localization.
Sec7-GFP and Sec7*“"™®-GFP were visualized by fluorescence
microscopy. Sec7 was observed primarily in three to four punc-
tate spots per cell, structures that were shown previously to
correspond to the Golgi (51, 68-73). By contrast, Sec7*“"%-
GFP was observed in fewer punctate spots, and instead had
increased cytoplasmic localization (Fig. 7). To determine
whether the mislocalization of Sec7*“'® was due to a CIR-de-
pendent Sec7-Golgi interaction or whether the ACIR deletion
disrupted overall Golgi structure, we analyzed the localization
of Sys1-GFP, a Golgi protein that colocalizes with Sec7 (72). In
both SEC7 and sec7**“'® cells, Sys1-GFP was found in three to
four punctate spots (Fig. 7), indicating that general Golgi mor-
phology is normal in the absence of the CIR and that the CIR is
likely to mediate a specific association of Sec7 with Golgi
membranes.

DISCUSSION

In this study we identified a direct interaction between the
Rsp5 C2 domain and a 50-amino acid region of the Sec7 C
terminus, termed the CIR. This is likely to be a biologically
important interaction because it is conserved between Rsp5
and Sec7 homologues. Intriguingly, this interaction requires
three lysine residues in the C2 domain that are also involved in
mediating interactions with phosphoinositides (43). Therefore,
itis possible that phosphoinositides and Sec7 compete for bind-
ing to the same surface on the C2 domain. C2 domains are able
to interact with both proteins and lipids (37, 38, 42, 54, 74, 75),
however, competition between proteins and lipids for binding
C2 domains has not been investigated. Rsp5 is able to form
homodimers (48), suggesting the possibility that two C2
domains of an Rsp5 dimer bind different ligands, forming a
network of interactions.

The CIR is a unique sequence that does not have motifs in
common with any currently characterized protein domains.
There is homology between Sec7 and BIG1/2 in this region

34194 JOURNAL OF BIOLOGICAL CHEMISTRY

(20% identity, 45% similarity), suggesting that this interaction
may be specific to the Sec7/BIG subfamily of Sec7 domain-
containing proteins. Although other regions of homology have
been characterized in this family (reviewed in Ref. 18), none
have been found that include the extreme C terminus or CIR.
Further investigation into specific CIR residues required for
binding to the Rsp5 C2 domain is necessary to define the min-
imal, conserved CIR motif.

We observed a significant, but partial, decrease in Sec7-Rsp5
binding in the absence of the CIR or C2 domain. Therefore, in
addition to direct binding of C2 domain lysines to the CIR,
other interactions mediate binding of Sec7 to Rsp5 in vivo.
These interactions could be direct and involve other parts of the
proteins. However, it is more likely that indirect interactions
occur, mediated through other binding partners present in the
yeast cell.

Vps34 is also required for the Sec7-Rsp5 interaction. Because
Vps34 is a PI 3-kinase, the Sec7-Rsp5 interaction may require
either the Vps34 protein or the production of PI(3)P by Vps34,
to associate efficiently. The Vps34 protein is involved in the
recruitment of proteins to endosomal membranes for retro-
grade endosome to TGN trafficking and Sec7 has been found to
accumulate in endosomal compartments in vps34A cells (76 —
78). Thus, perhaps Sec7 and Rsp5 cannot associate in vps34A
cells because the proteins are segregated to different subcellular
locations or organelle subdomains due to defects in retrograde
trafficking. Alternatively, PI(3)P might enhance Rsp5-Sec7
interaction by providing a microdomain for Rsp5 and Sec?
colocalization.

Sec7 overexpression suppresses the growth and GFP-CPS
sorting phenotypes of an rsp5 mutant with a defective C2
domain (rsp5°*~9), indicating a functional relationship
between the two proteins. The C2°~2 mutant cannot bind
well to either the Sec7 CIR sequence or to PI(3)P (this manu-
script and Ref. 43). Disrupting only the C2-CIR interaction is
unlikely to be deleterious because the sec7*“% mutation does
not confer a detectable phenotype. However, an Rsp5-Sec7
interaction mediated by the CIR domain, or other parts of Sec7,
may be crucial if Rsp5 is unable to bind PI(3)P. Thus, the higher
cellular concentration of Sec7 provided by overexpression
might overcome the defects caused by the rsp5°“— < mutation
directly by enhancing Rsp5-Sec? interaction, or indirectly by
stimulating the Golgi function in which Rsp5 participates.

As mentioned above, deletion of the CIR sequence from Sec?
did not cause a growth phenotype. It also did not affect TGN —
vacuole trafficking of multiple cargoes. Perhaps the CIR is
required for trafficking of specific cargo to the vacuole via an as
yet unidentified mechanism. It is also possible that the CIR
functions redundantly with other proteins or domains within
Sec7. Redundancy is likely, because the CIR deletion only par-
tially inhibited Rsp5-Sec7 interaction. It is also possible that a
CIR-C2 domain interaction is required for Sec7 ubiquitination,
although we were unable to detect ubiquitinated Sec7 (data not
shown). Interactions between Sec7/BIG GEFs and Nedd4/Rsp5
family ubiquitin ligases are conserved. The C terminus of BIG2
binds to the C2 domain of Itch. Itch and BIG2 both localize to
endosomal membranes (24, 63), consistent with the idea that
they might also interact in vivo. Even though deletion of the CIR

ASEVB VOLUME 283+NUMBER 49+ DECEMBER 5, 2008



sequence did not allow us to define a definitive role for the
Rsp5-Sec7 interaction, the conservation of the interaction
between Rsp5 and Sec7 homologues suggest it is likely to be
functionally important.

The CIR is important for Sec? localization, as indicated by
the increased cytoplasmic localization of Sec7 lacking the CIR.
Large Arf GEFs are recruited to the TGN independently of
interactions with Arf proteins (79), although little else is known
about how recruitment occurs. PI(3)P may recruit Sec7 to sites
of retrograde trafficking via an adaptor protein that interacts
with the CIR. CIR-binding proteins enriched on PI(3)P contain-
ing membranes would serve as a mechanism to retrieve Sec?
from endosomal compartments back to the TGN and promote
further vesicle fission from the TGN. Interestingly, Sec7 binds
to an uncharacterized membrane-anchored protein that might
serve this function (80).

Although Sec7 is a large protein (2,009 amino acids), few
binding partners have been identified. A central fragment of the
protein containing the catalytic Sec7 domain binds to Arf. A
large C-terminal fragment of Sec7 (aa 1197-2009) binds
directly or indirectly to the Sec23 and Sec24 components of the
COPII coat (21). Here we identify a conserved, novel interac-
tion of Sec7/BIG Arf GEFs and Nedd4/Rsp5 ubiquitin ligases
that requires the PI 3-kinase Vps34. Furthermore, we identify a
region near the Sec7 C terminus that participates in binding to
the C2 domain of the Rsp5 ubiquitin ligase and is required for
Sec7 localization, referred to as CIR. Coordination of cargo or
machinery ubiquitination and Arf activation may facilitate the
efficient transport of proteins that leave the TGN destined for
the vacuole.
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