Research Article 275

The yeast ADP-ribosylation factor GAP, Gcslp, is
iInvolved in maintenance of mitochondrial morphology
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Summary

Membrane trafficking is regulated, in part, by small GTP-  perinuclear structures close to mitochondria. The Gcslp
binding proteins of the ADP-ribosylation factor (ARF)  PH-domain was required for localization in mitochondria
family. ARF function depends on the controlled binding but not for the perinuclear region. Transport of
and hydrolysis of GTP. In vitro, the GTPase activity of carboxypeptidase Y and invertase was not significantly
yeast ARF proteins can be stimulated by Gcslp. Although altered by disruption of the gcslgene. This mutation did,
Gceslp was implicated in the regulation of retrograde however, reduce mitochondrial lateral distribution and
transport from the Golgi to the ER and in actin cytoskeletal  branching when yeast were grown in rich medium. In yeast
organization, its intracellular functions and distribution overexpressing Gcslp, mitochondrial morphology was
remain to be established. Following subcellular aberrant, with unbranched tubules and large spherical
fractionation of yeast grown in rich medium, Gcslp was structures. We suggest that Gcslp may be involved
localized in denser fractions than it was in cells grown in in the maintenance of mitochondrial morphology,
minimal medium. In yeast grown in rich or minimal possibly through organizing the actin cytoskeleton in
medium, Gcslp was distributed over the cytoplasm in afine  Saccharomyces

punctate pattern with more concentrated staining in the

perinuclear regions. Overexpressed Gcslp in yeast was Key words: Guanine nucleotide-binding protein, GTPase, Membrane
localized partially with mitochondria and partially in trafficking, Cytoskeletal organization

Introduction vitro (Poon et al., 1996; Poon et al., 1999). These two proteins

Eukaryotic cells are elaborately subdivided into membranedave overlapping functions in ER-Golgi transport, and Glo3p
enclosed organelles. These functionally distinct intracellulais important for retrieval of proteins from the Golgi to the ER
compartments communicate constantly and bidirectionally viAndreev et al., 1999; Poon et al., 1999; Dogic et al., 1999).
the flow of small transport vesicles that bud from a donoff he KDEL receptor was reported to regulate GAP recruitment
membrane through the recruitment of cytosolic coat proteind® membranes (Aoe et al., 1997). Two tyrosine-kinase-binding
Before fusion of a vesicle with the target compartment, theseroteins, ASAP1 and Pap, also function as ARF GAPs (Brown
coat proteins must be released back to the cytosol. ADFt al., 1998; Andreev et al., 1999), indicating that GAP activity
ribosylation factors (ARF) are a family of 20-kDa GTP-can be regulated by intracellular proteins as well as by
binding proteins that regulate membrane traffic (Boman angxtracellular signals.
Kahn, 1995; Moss and Vaughan, 1998). Binding of GTP GCSlwas identified as a gene required conditionally for re-
activates ARF1, facilitates its association with membranes arghtry of stationary phase cells into the cell cycle (Filipak et al.,
enables it to recruit coat proteins to initiate vesicle buddingl992; Ireland et al., 1994). Mutangcsl cells lose
Inactivation of ARF by hydrolysis of the bound GTP releasesgnitochondrial activity (Filipak et al., 1992) and exhibit
coat proteins (and ARF) from vesicle membranes. Unlike othetesicular trafficking defects at nonpermissive temperature
monomeric small GTP-binding proteins, ARFs do not havéPoon et al., 1996). Gcsl contains putative zinc-binding PH,
detectable GTPase activity (Kahn and Gilman, 1986) and theand ERM-homology domains (Blader et al., 1999). The yeast
inactivation requires a GTPase-activating protein (GAP).  gcstl with a mutation in the zinc-finger region had a growth
Several GAPs were identified by their ability to enhance théefect similar to that of thgcstnull mutant (Ireland et al.,
GTPase activity of ARF proteins in vitro (Cukierman et al.,1994). Gcslp was also reported to be required for normal actin
1995; Poon et al., 1996; Randazzo, 1997; Brown et al., 1998ytoskeletal organization and for actin polymerization in vitro
Premont et al., 1998; Andreev et al., 1999; Poon et al., 199@lader et al., 1999).
Turner et al., 1999). An ARF GAP localized to the rat liver Despite these observations, the cellular function and
Golgi complex was found to contain a zinc-finger motif thatdistribution of the Geslp remain unclear. We found that Geslp
was important for GAP activity but had no effect on subcellulafunction in yeast vesicular transport differs from that of ARF1;
distribution (Cukierman et al., 1995). Structurally, thisit was required for efficient transport of alkaline phosphatase
mammalian GAP is very similar to the zinc-finger proteinsbut not carboxypeptidase Y or invertase. Endogenous Gcslp
Gceslp and Glo3p that are GAPs for yeast ARF1 and ARF2 iwas more concentrated in the perinuclear region when yeast
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were grown in minimal synthetic medium and was distributedenerated using a’-AZn oligonucleotide (attgcccttgaagctgecggta-
throughout the cell in a fine punctate pattern in yeast grown itecatagaggg) primer in combination with tHeed anti-sense primer:

rich medium.gcs1 mutants appeared to have reduced lateraltacaagtcttcttcagaaatcagcctittgticgaaatcgaaatcgtcccatttg, so that the
distribution and branching of mitochondria when grown in richéncoded protein would have a Myc sequence EQKLISEEDL at its
medium. When Gcs1p was overexpressed in cells, the prote?iterm'”us' In the second PCR, appropriate pairs of overlapping

. . . PR : - agments were combined with the &nd 3-end primers to generate
appeared in a mitochondrial distribution and in perinuclea he full-length GesAZn mutant sequence. PCR amplification of GCS1

structures C!Ose to mltochondrla'. We suggest Fhat Gcsl'p ﬁ%gments with primer pairs of thé-&nd primer and an anti-sense PH
a mutifunctional molecule, which may be involved inyomain deletion primer (ttatgcagaccgtictigtggagg) resulted in the
mitochondrial and ER membrane dynamicSatcharomyces  GesiPH mutant. The PCR fragments were then ligated into pT7Blue
plasmid (Novagen), sequenced and subcloned into plasmids pVT 101U
Materials and Methods g[ ;OZiJés%pression plasmids containing the ADH1 promotor (Vernet
Strains, media and microbiological techniques For amplification of the PH domain of Geslp (corresponding to the
Yeast culture media were prepared as described by Sherman et raksidues 226-352), primer pairsdgatccgcagggtccagcaatactttgaBd
(Sherman et al., 1986). YPD medium contained 1% Bacto-yeast extradt;ggatccttgaatgaatgttgagaadatdat incorporatedBanH| sites were
2% Bacto-peptone, and 2% glucose. SD minimal medium containegsed. The DNA fragment containing the Gcsl-PH domain was
0.17% Difco yeast nitrogen base, 0.5% ammonium sulfate and 2%mplified from the clone@CS1coding region. The PCR product was
glucose. Nutrients essential for auxotrophic strains were supplied Bgated to pT7Blue plasmid (Novagen) first and then subcloned into the
specified concentrations (Sherman et al., 1986). Yeast strains SEXCGF1a vector usinBarHI cutting sites to obtain a GFP-PH fusion
6210.5 (MATa/ MATa, his3/his3, leu2/leu2, trpl/trpl, ura3/ura3), construct. For the induction of GFP-PH fusion protein, yeast cells were
YPH250 (MATa ade2, his3, leu2, lys2, trpl, ura3-52), and YPH252rown overnight in selection medium containing galactose, and cells
(MAT a ade?2, his3, leu2, lys2, trpl, ura3-52) (Skirski and Heiter, 1989¢xpressing the fusion protein were observed using FITC optics.
were used in this study. Transformation was by the lithium acetate
method (lto et al., 1983). Plasmids were constructed according to ] ) )
standard protocols (Sambrook et al., 1983). Preparation of yeast cell extracts and immunoblotting
Whole yeast extracts were prepared by agitating (using a vortex mixer)
) ) yeast cells suspended in TE buffer (10 mM Tris, pH 7.4, 1 mM EDTA)
GCS1 gene disruption with glass beads for 1 minute followed by incubation on ice for 1
GCS1 DNA generated by PCR was ligated into pT7Blue plasmidninute, repeated five times. After brief centrifugation to clarify the
(Novagen). The yeast Leu2 gene was inserted at the Hpal site of tlysate, protein was quantified by Coomassie blue assay (Pierce).
GCS1 gene, producing pTGCS1L. Gene disruption was accomplish&toteins separated by SDS-PAGE were transferred to PVDF
by a one-step gene replacement method (Rothstein, 1983). Briefly, theembranes (Millipore Corp.), which were incubated (60 minutes, room
~2.7-kb DNA fragment excised from pTGCSI1L by Ncol and BamHItemperature) with antibodies in Tris-buffered saline (pH 7.4) containing
cleavage was used to transform various tesi2ains and leucine 0.1% Tween 20 and 5% dried skimmed milk. Bound antibodies were
prototrophs were selected as described (Huang et al., 199%)etected with the ECL system (Amersham Pharmacia Biotech).
Sporulation, growth, and tetrad analysis were carried out as described
(Sherman et al., 1986).
Protein labeling and immunoprecipitation
. o ) ) Yeast grown overnight at 30°C in minimal medium with 200 mM
Expression and purification of recombinant proteins and (NH4):S0y to an AB0O of 0.5 were incubated for 30 minutes at 37°C,
polyclonal antibody production transferred to sulfate-free minimal medium (final A600=5) and
The open reading frame GICS1was obtained by PCR, using primers incubated for 15 minutes at 37°C or 30 minutes at 15°C before addition
that incorporated uniquélcd and BanHI sites at the initiating of 30 uCi of Pro-mix L-35S label (blend dP5S] methionine and
methionine and 31 bp downstream of the stop codon, respectively. FGPS|cysteine, 14.3 mCi/ml) peregfo unit. After 10 minutes (37°C) or
the His-tagged Gcslp, a DNA fragment containing@@S1coding 20 min (15°C), labeling was terminated by addition of 5%(v/v) of chase
region was generated by amplifying yeast genomic DNA withsolution containing 0.3% cysteine (w/v), 0.4% of methionine (w/v) and
sequence-specific primers. The PCR product was purified and ligatd®0 mM (NH;)2SQs. Samples (1 ml) were removed at the indicated
to the expression vector pET30a (Novagen), yielding pET30aGCS1ime thereafter and added to equal volumes of ice-cold 20 mM; NaN
The His-tagged fusion protein was synthesized in BL21(EEIjoli in double-distilled water. Cells were collected and washed once with 10
and purified on NfNTA resin (Qiagen, Chatsworth, CA) as describedmM NaNs. Glass beads (30@) and 300l of buffer containing 50
(Huang et al., 1999). Denatured, purified recombinant Geslp isolatedM Tris-Cl (pH 7.5), 1% SDS, 1 mM EDTA and 1 mM PMSF were
from an SDS-PAGE gel was used as an antigen to raise polyclonatlded and the mixture was mixed vigorously (vortex mixter) for 90
antibodies in rabbits, essentially as described in Huang et al., 19%8@conds at room temperature before boiling (95°C) for six minutes.
(Huang et al., 1999). Affinity-purified polyclonal antibodies were Immunoprecipitation, electrophoresis and autoradiography were done
diluted 1:10 for western blotting and used undiluted for indirectessentially as described previously (Huang et al., 1999) using anti-
immunofluorescence experiments. carboxypeptidase Y or anti-vacuolar alkaline phosphatase antiserum.

Construction of Geslp mutant expression clones Subcellular fractionation

Gceslp mutants with zinc-finger disruption (GaZh) or PH domain  Yeast grown in selective minimal medium or YPD medium were
deletion (GcsAPH) were constructed by amplifying the cloned GCS1harvested by centrifugation and washed once with 10 mMsNzdfbre

gene with mutant-specific primers. For the zinc-finger-disruption, twolyticase digestion of cell walls in a solution of 1.2 M sorbitol and 100
step PCR was used. In the first PCR, overlappingn 3 DNA mM potassium phosphate, pH 6.5. Spheroplasts were suspended in
fragments were generated. ThHeeBd primer (tagaccatgtcagattggaaa- buffer containing 0.1 M sorbitol, 20 mM HEPES (pH 7.4), 50 mM
gtggacc) and'3end primer (ggcagcttcaagggcaatgaaagctccaaactt) servedtassium acetate and 1 mM EDTA with protease inhibitors, and then
as primers for amplification of theé sagment. The ‘3fragment was  disrupted on ice with 20 strokes in a Dounce homogenizer. The lysate
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WT gesl arfl temperature. The cells were then washed three times with PBS,
chase(min) 0 5 15 0 5 15 0 5 15 suspended in mounting solution containinggm| Hoechst 33258
pALP and inspected by microscopy.
mALP T S e ™ IR e ™ 8 -
p2CPY _| . = Invertase assay
plCPY ] — = - S Cells grown to a density ofx10 cells/ml in YP medium containing
mCPY b 3 *e -e 5% glucose were harvested by centrifugation, washed twice with

. . ) sterile HO and suspended in YP medium containing 0.05% glucose
Fig. 1. Maturation of vacuolar enzymes ALP and CPY. Wild-type 5 derepress the expression of invertase, which was measured as

(ARF1/GCS}) andgcslandarfl mutant cells were grown, described by Novick and Botstein (Novick and Botstein, 1985).
radiolabeled witi$°S-labeled methionine and cysteine and incubated

for the indicated chase time (min) before immunoprecipitation. p1

CPY is the core-glycosylated form found in the ER, p2 is the outer Extraction of Ges1p from membrane fraction

chain-glycosylated Golgi form and the mature form (M) results from after overnight growth in YPD medium, yeast were harvested and

proteolytic processing in the vacuole. pALP is the proenzyme form gigested with Lyticase as described above. Spheroplasts were

and mALP is the mature form in the vacuole. suspended in buffer containing 0.6 M sorbitol, 5 mM MES (pH 6.0),
1 mM KCl and 0.5 mM EDTA with protease inhibitors and disrupted
on ice with 20 strokes in a Dounce homogenizer. The lysate was

was centrifuged (450) to remove debris and unbroken cells. Clearedcentrifuged (45@) twice to remove debris and unbroken cells. The

lysate (0.8 ml) was loaded on top of a manually generated six-stepeared lysate was centrifuged (13,ap@r 10 minutes at °C) to

sucrose gradient (0.7 ml each of 60, 50, 40, 30, 20 and 10% sucrosepiellet fraction P13. P13 was suspended in the same buffepu(600

lysis buffer), which was then centrifuged at 170,800r three hours  To determine the nature of the association of Ges1p with membranes,

in a Beckman SWH55 rotor at 4°C. Proteins in samples (1p0f 200 ul of P13 was adjusted to a concentration of 1 M NaCl in the

fractions, collected manually from the top, were precipitated with 109%6ame buffer, and 200l of P13 was left untreated on ice for 30

TCA, separated by SDS-PAGE and analyzed by immunoblottingminutes before centrifugation at 150,@p@r one hour in a Beckman

Diluted antibodies against mitochondrial porin (1:500) (MolecularSW55 rotor at 4°C. The remaining 2QDof P13 were centrifuged,

Probes Inc.), Kar2 (1:1000), Emp47 (1:5000) and ARF1 (1:5000) (Leand the pellet was suspended ind®.3 M sucrose, 10 mM Tris-

et al., 1997) were used to identify organelles. HCI, pH 7.4. Ice-cold N#&£LOs, pH 11.5, was added to a final
concentration of 0.1 M. After 30 minutes on ice, the sample was

) ) layered on top of 0.5 ml of 0.3 M sucrose, 10 mM Tris-HCI, pH 7.4

Indirect immunofluorescence and centrifuged at 150,0@0for one hour in a Beckman SW55 rotor

Cells grown to a density of 1x207 cells/ml in 25 ml of minimal  at 4°C. Samples were then analyzed by western blotting as described

selective medium with 2% glucose or 2% galactose or YPD mediurabove.

were prepared for indirect immunofluorescence essentiallv as

described (Lee et al.,, 1997). Antibodies included affil

purified anti-Gecslp and anti-mitochondrial porin (Molec

Probes Inc.) diluted to 1:100, with secondary antibodies / A YPH252 YPH252 B Recombinant

Fluor™ 488 goat anti-rabbit IgG and Alexa Fli¥r594 goa gest Wild Type ___Geslp

anti-mouse IgG (Molecular Probes Inc.) used at 1:100( 0ug 20ug 10pg 30mg 20ug 10ug 100ng 50ng 10ng

1:2000 dilutions, respectively. For detection of a

monoaclonal anti-actin (clone C4, ICN Biomedicals, Inc.) kpa & = ¢ e 27 !’

used at a 1:400 dilution. Nuclei were stained with H332¢ == — . '

pg/ml) included in the mounting solution. Preparations \ 183: s | —

inspected with a Nikon Microphot SA microscope _'_L.-ﬁ. p——t __‘E == ‘e -

photographed on Kodak Elite chrome 400 film. _ e e -

For detection of actin, 3 ml of yeast overnight cultures® 53~ - ' - 2. »

fixed with 3.7% formaldehyde at room temperature for : = - = —

hour. Cells were then pelleted, washed twice with 1 ml of —— E = ——

and permeabilized by incubation in 1 ml of 0.2% TritonX- 0 WP W = Sy - -

in PBS for 10 minutes at room temperature, followed by 25__-_ z - El_ N

washes in PBS. Approximately 2 @9 units of cells wer — . -ﬂ- — —

incubated in 4Ql of PBS containing 0.15M Alexa Fluof™ L B - C s X

594-phalloidin (Molecular Probes) for one hour at rc a8 = -~ 1 - _‘:v\’ _\% Q
| - g & L&

kDa wa ¥ ¢ P P

Fig. 2. Detection of Geslp and mutated forms in yeastby — 155__ 105—

western blot analysis. The indicated amounts of proteins fromag — 98— =

(A) YPH 252 wild-type ogcsimutant cells and (B) purified

His-tagged Gcslp or (C) ~2@ of proteins frongcsimutant 53— E S

cells overexpressing wild-type Geslp, HA-tagged zinc-finger-

mutated AZn) Geslp, PH domain-deletedRH) Geslp or Gl e = !— -

GFP-fused PH domain (GFP-PH) were separated by SDS- 33 — 33— 3 —

PAGE. Proteins were stained with Coomassie blue (A) or .

transferred to PVDF, reacted with affinity-purified antibodies 25 — 25—

against Geslp and detected using the ECL system. Positions of
protein standards (kDa) are at the left.
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A A 1 2 3456 7 8 9 10 1112

1 2 3 456 7 8 9 10 11 12 KAr2 e - i — - - — e

Kar2 _— - =_..-_ — s e - Emp47 — PGP~ - -
Ges1 e e e DS - -
Porin —_.._-*_._

artin

B 1 2 34 56 78 910 11 12 Fig. 4. Effect of overexpression of Geslp on mitochondrial
—— __ == morphology. Data are presented as in Fig. 3. (A) lysates of
Kar2 WS ® = spheroplasts frorgcslcells overexpressing wild-type recombinant
Emp47 T WD e - - Gcslp under the control of té®H1 promoter and grown in
Ges1 a ———— - minimal medium were fractionated for analysis by immunoblotting.

i = (B) and (C) indirect immunofluorescence stainingaglcells
Porin o e e D - overexpressing wild-type Geslp. (B) spheroplasts were reacted with
. 5 purified anti-Gcs1p antibodies (b) or anti-porin antibody (c) or
yARF1 * DS AR T S5 stained with H33258 (a). Arrows indicate perinuclear localization
A and arrowheads mitochondria. Panel C, spheroplasts were reacted
PGK with purified anti-Ges1p antibodies (b) or anti-actin antibody (c) or

stained with H33258 (a). Arrowheads indicate colocalization of
Gceslp and actin structures.

MOCK 1M NaCl 0.7M NazC03
P s P s P s
ces - s
Fig. 3. Subcellular localization of endogenous Gceslp. Yeast YPH ,
252 cells were grown in minimal medium (A) or YPD medium (B). Porin o, . - [ .
Lysates of spheroplasts from cells were fractionated by sucrose
gradient (10-60%) centrifugation. Proteins in samples (10f Fig. 5.Geslp is weakly associated with membrane fraction. The

fractions were precipitated, separated by SDS-PAGE and analyzed gR/mitochondria-enriched fraction (P13) from wild-type yeast was
by immunoblotting. Geslp, yARF1, Emp47 (Golgi marker), porin - treated with 1 M NaCl, 0.1 M N&Os or buffer (Mock) on ice for 30
(mitochondrial marker), Kar2 (an ER marker), and PGK minutes, followed by centrifugation at 150,09€br one hour. The
(cytoplasmic marker) were identified with specific antibodies and  yegylting supernatant and pellet fractions were analyzed by western
detected using the ECL system with exposure to Hyper-film MP.  p|otting using anti-Ges1p or anti-porin antibodies.

Gradient fractions were numbered from the top. Below the

immunoblots in each panel are results of indirect

immunofluorescence staining of YPH 252 wild-type (a, b, c, d) or . . . o o
gesimutant (e) cells. Cells were fixed with formaldehyde: which did not result in significant growth defects at 37°C, 30°C

spheroplasts were prepared and reacted with purified anti-Geslp Or 15°C (data not shown). In addition, unlike a previous report

antibodies (c) or anti-porin antibody (d, e) followed by secondary ~ (Ireland et al., 1994), Gecslp was not required for stationary

antibodies. In (a) are phase images of the cells in b, ¢, and d. Nuclefghase cells to re-enter the cell cycle at the 15°C nonpermissive

acids were stained with H33258 (b). Arrows indicate perinuclear  temperature (data not shown).

localization and arrowheads mitochondria. To evaluate processing of two vacuolar hydrolases, pulse-
chase labeling witt#5S-labeled cysteine and methionine of
wild-type andarfl, andgcsl mutant cells was followed by

Results _ _ _ immunoprecipitation of carboxypeptidase Y (CPY) and
Function of Geslp differs from that of ARF1 in vesicular vacuolar alkaline phosphatase (ALP) (Fig. 1), which follow
transport different maturation pathways (Cowles et al., 1997). CPY is a

To assess the cellular functions of Gcslp, @@S1lopen  soluble vacuolar hydrolase that is core-glycosylated in the ER
reading frame was disrupted using theu2 marker gene, to produce the pl form, followed by oligosaccharide extension
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1 2 3 45 67 89 10 11 12 1 2 3 45678 9 1011 12

Emp47 L D e - Emp47 PP - - -
GestaZn I SS S BB .S - - Ges1APH [T

Porin e - e - - Porin T e on @ @ = -

yARF 1 S = — YARF 1 (- —
ry B ;
- B

Fig. 6. Effect of overexpression of Geslp on mitochondrial
morphology does not require its zinc-finger motif. Data are presente
as in Fig. 3. Upper panel, lysates of spheroplasts fresticells
overexpressing GCAZn and grown in minimal medium were
fractionated for analysis by immunoblotting. Lower panel, indirect

Fig. 7. The C-terminal PH domain of Geslp is required for
mitochondrial localization. Data are presented as in Fig. 3. Upper
panel, lysates of spheroplasts frgoslcells overexpressing
GcesIAPH and grown in minimal medium were fractionated. Lower

immunofluorescence staining @éslcells overexpressing GasZn. - ; -
i by : . panel, indirect immunofluorescence staining of spheroplasts reacted
ir?t?-ergr?rgagfwiigvsée (rg?%tf gt;\ng %'fr'neﬂég'égii%pﬂ?gaﬁﬁéﬁég with purified anti-Ges1p antibody (B) or anti-porin antibody (C) or
P Y : stained with H33258 (A).

tubular mitochondria and arrowheads mitochondria.

in the Golgi complex (p2 form) and proteolysis in the vacuole Gcslp, ARF1, Kar2 (ER marker), Emp47 (Golgi marker),

lumen to generate mature CPY. Unlike Hrél mutation, the  porin (mitochondrial marker) and PGK (cytoplasmic marker) in

gcslmutation did not block CPY processing (Fig. 1, lowersubcellular fractions separated by sucrose density gradient

panel. compare five and 15 minute chase times with Qcentrifugation were identified by western blot analysis (Fig. 3).

minutes). Most of the Geslp in yeast grown in minimal medium was near
ALP is a type Il membrane protein, delivered as a proenzymihe top of the gradient — and was apparently cytoplasmic — as

to the vacuole and cleaved rapidly near the C-terminus to yieldas the majority of ARF1 and PGK (Fig. 3A). However, much

mature enzyme. Like tharfl mutation, thegcsl mutation of the Geslp in yeast grown in YPD medium was found in

delayed ALP processing from the precursor to mature vacuolaenser fractions, which contained ER, Golgi and mitochondrial

form (Fig. 1, upper panel. Compare 5 minutes of chase timmarkers (Fig. 3B). By immunofluorescence microscopy,

with 0 minutes). Unlike ARF1, however, Gcslp was notendogenous Gceslp in yeast grown in minimal medium was

required for efficient export of invertase at non-permissiveconcentrated largely in the perinuclear region (Fig. 3A,C,

(15°C) or permissive (30°C) temperatures (data not shownarrowheads), whereas in yeast grown in YPD medium, it was

Wang et al. (Wang et al., 1996) reported that endocytosis of timore widely distributed through the cell in a fine punctate

vital dye FM4-64 was impaired in thgcsl mutant at non-  pattern (Fig. 3B,C). Although, distribution of the mitochondrial

permissive temperature (15°C), but neither FM4-64 nor Lucifemarker porin appeared very similar in wild-type ged1lmutant

yellow uptake was blocked in ogcstnull mutants at 15°C or cells grown in minimal medium (Fig. 3A,D,E), it differed

30°C (data not shown). Thus, in tigesl mutant, the

kinetics of vesicular trafficking of ALP was specifice Phase H33258 GFP-PH Alexa Fluor 59

disturbed, without apparent alteration of ER to Gol¢ b ﬁ ;

endocytic pathways. ) '

Among total cellular proteins, antibodies prepared ag

Gceslp reacted only with a protein of ~39 kDa,

expected size for Geslp (Fig. 2A, lower panel). ] f

protein was not detected irgasimutant (Fig. 2A) orb |

the preimmune serum (not shown). Immunoblotting & .‘

this antiserum detected nanogram amounts of Gesly "

2B) as well as various mutant forms of Geslp (Fig. O

Fig. 8. Overexpression of GFP-fused PH domain of Ges1p did o

not affect distribution of mitochondrial or ER markers or actin.

J
Immunofluorescence staining @éslcells overexpressing "
GFP-fused PH domain and reacted with purified anti-Gcslp' !
antibody (c, g and k), anti-porin antibody (d), anti-Kar2 H
antibody (h) or Alexa FludM 594-phalloidin (1), or stained
with H33258 (b, f and j). N P

Subcellular localization of endogenous Gceslp
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markedly when cells were grown in YPD medi(fig. 3B,D,E). The C-terminal one-third of Geslp, reported to be important
Of the endogenous Gcslp, only a minor part appeared to ba& progression from the stationary to G1 phase of the cell cycle
localized to mitochondrial regions (Fig. 3, arrows). (Ireland et al.,, 1994), was characterized as a PH domain

homologue (Blader et al., 1999). Because PH domains mediate
] ] ] phospholipid and protein interactions (Gibson et al., 1994) that
Mitochondrial morphology was altered in yeast can be important for protein-membrane interactions, we
overexpressing Geslp suspected that deletion of the PH domain from Gcslp might
Using gradient fractionation of the lysategafslmutant yeast interfere with its mitochondrial localization. After expression in
expressing recombinant wild-ty@CS1under the control of the thegcsimutant yeast, GCAPH lacking 125 amino acids at the
ADH1 promoter, Geslp was significantly more concentrated i€-terminus corresponding to the PH domain was recovered in
the denser fractions (Fig. 4) than it was in wild-type cellghe least dense fractions of the lysate. Less &Ridlwas found
(Fig. 3A). Most of the Gcslp apparently comigrated withthan with the overexpressed wild-type Geslp (Fig. 4) in fractions
mitochondrial marker (porin) and ER marker (Kar2) proteinscontaining ER and Golgi markers (Fig. 7). In cells, most of the
Using a Gcslp-specific antibody, we observed thaGcesIAPH mutant was concentrated in the perinuclear region
overexpressed Gcslp in yeast was localized partially with thgig. 7B), and mitochondrial morphology was similar to that in
mitochondria (Fig. 4B, arrowheads). Staining nucleic acids withwvild-type cells (Fig. 7C). To learn whether overexpression of the
H33258 showed that some of the Gcslp had perinucle®H domain alone would reproduce the effects of overexpression
localization (Fig. 4B,a, arrows), indicating that it might localizeof wild-type Gecs1p on mitochondrial morphology, GFP fused to
to the ER as well as the mitochondrial membrane. the N-terminus of the PH domain was overexpressegtéi
Abnormal mitochondrial morphology was seen in cellsmutant yeast. GFP-PH did not colocalize with or affect the
overexpressing Gceslp. Yeast mitochondria can form branchetistribution of mitochondrial or ER markers or actin (Fig. 8).
networks distributed evenly around the circumference of the
cell in the peripheral cytoplasm (Yaffe, 1999). In cells )
overexpressing Geslp, mitochondria appeared as unbrancHaigcussion
tubules or in several small patches (Fig. 4B,c, arrowheadshs reported here, the functions of Geslp and ARF1 in yeast
Moreover, enlarged mitochondria in yeast overexpressing Gesigesicular transport were different, and overexpression of Geslp
did not have ER marker staining (data not shown), indicatingltered the mitochondrial morphology. Endogenous Gcslp
that the mitochondria with which Ges1p was associated were nekhibited a fine punctate distribution in the perinuclear region
wrapped in ER. when cells were grown in minimal medium, whereas it was
Gceslp has been implicated in normal actin cytoskeletalistributed unevenly over the cytoplasm in a punctate pattern in
organization in vivo and stimulates actin polymerization in vitrocells grown in rich YPD medium, indicating that subcellular
(Blader et al., 1999). Using Gcslp-specific antibodies antbcalization of Geslp could be altered by growth conditions.
monoclonal anti-actin antibodies, we observed that overexpressktitochondria ingcs1mutant cells appeared to be more limited
Gceslp was concentrated in patches in yeast and colocalizedateral distribution and branching than in wild-type when yeast
partially with the actin structures (Fig. 4C, arrowheads)were grown in rich YPD medium (Fig. 3). Although endogenous
suggesting that its overexpression affects mitochondrigbcslp could not be determined to be unequivocally localized to
morphology as a consequence of perturbing actin structures. mitochondria, overexpressed Gcslp was clearly associated in
To evaluate the stability of the association of Gcslp wittpart with mitochondria and partially with perinuclear structures
membranes, the ER/mitochondria-enriched fraction (P13) frorm close proximity to mitochondria. On the basis of these
velocity sedimentation was extracted with 1 M NaCl or with 0.1lobservations, it appears that the subcellular localization and
M NaxCQOz, which solubilizes peripheral, but not integral, perhaps function(s) of Geslp may depend on the physiological
membrane proteins (Fujike et al., 1982). Geslp, like a peripherabnditions of the cell.
membrane protein, was solubilized by,R&x (pH 11), whereas Geslp functions as a GAP for ARF1 Baccharomyces
porin, a mitochondrial outer membrane integral proteincerevisiae(Poon et al., 1996), although effects of thesl
remained membrane associated (Fig. 5). mutation on vesicular trafficking are still controversial (Poon et
al.,, 1996; Poon et al., 1999; Blader et al., 1999). Sgosd
mutants exhibited defects in endocytic and exocytic pathways at

C-terminal PH Domain, but not the zinc-finger motif, of the non-permissive temperature of 15°C (Poon et al., 1996;
Gcslpis required for mitochondrial localization and the Wang et al., 1996). Poon et al. (Poon et al., 1999) later reported
effect of overexpression on morphology that Geslp was required for efficient maturation of CPY from

A mutant (GesAZn) in which two cytsein residues in zinc- the ER to the Golgi to the vacuole at the permissive temperature,
finger motiff had been replaced by alanine was expressed unddthough this phenotype was not observed by Blader et al.
the ADH promoter in thegcsl mutant cells. Similar to (Blader et al., 1999). We found that transport of the vacuolar
overexpressed wild-type Gceslp (Fig. 4), the mutant wasnzyme ALP, but not CPY, was slowed in gestnull mutant.
recovered in higher density fractions of the cell lysate thaProcessing of both ALP and CPY was defective irettfitand
contained Kar2 and porin (Fig. 6). By immunofluorescencelo3 mutants, indicating that ARF1 and Glo3p function in the
microscopy, GeAZn, like overexpressed Gcslp, was present irsame transport steps (our unpublished results). In contrast to
some tubular or spherical structures that also stained with angarlier findings (Wang et al., 1996), fluid-phase endocytosis was
porin antibody (Fig. 6). Thus, the zinc-finger motif of Ges1lp wasiormal in ourgcstnull mutant. The minor vesicular transport
apparently not required for the effects of overexpressed wilddefect in thegcslmutant, together with the report that Glo3p is
type Geslp on mitochondrial localization and morphology.  the predominant GAP required for retrieval of ER proteins (Poon
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et al., 1996; Dogic et al., 1990), suggests that Gecslp is nf¥langeat et al., 1999) and interacts with actin in vitro (Blader
critically involved in ARF1-mediated trafficking. The recent et al., 1999). Blader et al. (Blader et al., 1999) reported that
report that COPI subunits can interact with the ARF-GARGcslp inhibited the depolymerization of actin filaments.
Glo3p, but not with Geslp (Eugster et al., 2000), is consister@verexpression of Geslp might, therefore, perturb the normal
with our conclusion. actin polymerization-depolymerization cycle with resulting
Although Gceslp was identified as a gene product required faffects on organelle morphology. Thus, the abnormal
re-entry into the cell cycle from the stationary phase at thenitochondrial morphology observed in cells overexpressing
nonpermissive temperature of 15°C (Ireland et al., 1994), outcslp may be due to an indirect effect on the actin cytoskeleton
gcsknull strains did not exhibit this phenotype, perhaps becausather than a direct action on the mitochondria. Our
of different yeast genetic backgrounds. The W303 strain used lapderstanding of the mechanism(s) responsible for this altered
Ireland (Ireland et al., 1994) was more dependent on TIglp fanorphology awaits further investigation.
Golgi function than was the SEY6210 strain (Lewis et al., 2000). Yeast two-hybrid analysis revealed that Gcslp could also
The W303 cells were also more sensitive to disruptionRf§  interact with Akrlp, another cytoskeletal protein that may be
a gene whose mutant phenotype is strikingly similar to that dfivolved in endocytosis (Kao et al., 1996). Thus, Geslp could
tlgl. This is due to mutation of the SSD1 locus in W303 (Li ande a peripheral membrane protein that interacts with parts of the
Warner, 1996; Tsukada and Gallwitz, 1996). Slight inhibition ofcytoskeletal network to maintain mitochondrial structure.
invertase secretion by mutant yeast at non-permissivilutations in the conserved GTP-binding motif in dynamin-
temperature could be strain-dependent (Tsukada et al., 1999)rélated proteins, such as Drpl and DNML1, induced
Gceslp functions in the secretory pathway, cells lacking this GARearrangement of the mitochondrial networks into large
would be expected to display a secretion defect also at m@erinuclear tubules or a linear bundle of tubules aligned along
permissive growth temperature, but secretion defects in Geslpre side of the cell (Smirnova et al., 1998; Otsuga et al., 1998).
lacking cells were not reported (Poon et al., 1999; Dogic et alQverexpression of Geslp in yeast may similarly interfere with
1999) or found in our studies. the normal dynamics of mitochondrial organization, producing
Because endogenous Geslp was found mainly in a punctgibenotypes that resemble those associated with mutation of
distribution in the cytoplasm, and relatively little was associatedynamin-like GTPases.
with mitochondria, it was surprising that the overexpressed Gcslp is structurally and functionally related to centanyin-
Gceslp was clearly localized partially with mitochondria anda mammalian phosphatidylinositol 3,4,5-trisphosphate-binding
partially in the perinuclear region. Based on its solubilizatiorprotein, which has also been implicated in normal actin
with NaCOs, the overexpressed Gceslp appeared to beytoskeletal organization (Venkateswarlu et al.,, 1999).
associated with the mitochondrial outer membrane as RBhosphatidylinositol phosphates have fundamental cell
peripheral membrane protein. The Gs&f mutant, but not functions in signal transduction, membrane trafficking and
GesWPH, was also partially localized to mitochondria, cytoskeletal remodeling (De Camilli et al., 1996). Growing
indicating that the PH domain, but not the zinc-finger motif, olevidence suggests that phosphorylation-dephosphorylation of
Gceslp could be important for mitochondrial association. Mosphosphoinositides in specific intracellular locations signals
of the overexpressed G&s2H was found in the perinuclear either the recruitment or the activation of proteins essential for
region, indicating that structural elements required for theesicular transport. Crosstalk between phosphatidylinositol
perinuclear distribution must reside outside of the PH domainmetabolites and GTPases is an important property of these
Several types of evidence suggest that there may be a hitherégulatory mechanisms. ARF was reported to mediate
unrecognized protein trafficking pathway between the ER anckcruitment of phosphatidylinositol 4-kinase and stimulate
the mitochondria (Soltys et al., 1999). Mitochondrial matrixsynthesis of phosphatidylinositol 4,5-bis-phosphate on the Golgi
proteins were found at extra-mitochondrial locations, whictcomplex, independently of its activities on coat proteins and
raised the possibility of integrating mitochondria into vesiculaiPLD (Godi et al., 1999).
trafficking pathways (Soltys et al.,, 1999). A glycoprotein Although specialized ER-like membranes complexed to
synthesized in the rat liver ER was subsequently present mitochondria have been described (Rusinol et al., 1994), the
mitochondria (Chandra et al., 1998). regulation of interactions between the ER and the mitochondria
In yeast overexpressing Geslp or Qe&d, the mitochondrial  is still unclear. Recent findings by Prinz et al. (Prinz et al., 2000)
reticulum either collapsed into spherical organelles or formed asuggest that the membranes of the ER and mitochondria in yeast
unbranched tubular structure at one side of the celycbl  are linked at certain sites and that the ER may have an effect on
mutant yeast overexpressing GABH or the PH domain of the structure of mitochondria. Identification of Geslp localized
Gceslp, the mitochondria appeared to be normal. Th® the perinuclear region and mitochondria, as well as its effects
mitochondria also appeared to be normal in yeast overexpressiog mitochondrial morphology, leads us to speculate that Geslp
Glo3p, suggesting that Gcslp and Glo3p do not havies a mutifunctional molecule (like ARF GEFs), which may also
overlapping functions, at least in regard to mitochondriahct at different intracellular membranes to regulate actin
morphology (C.-F.H., C.-C.C., L. T.,, L.-M.B. and F.J.S.L.,cytoskeleton organization. Integration of these unexpected
unpublished). Mitochondria in wild-type yeast can formfindings into an understanding of the role of Geslp in overall
branched networks located in the peripheral cytoplasm arattin cytoskeletal organization and intracellular membrane
distributed evenly around the circumference of the celdynamics remains a challenge for future studies.
(Hermann and Shaw, 1998). Mitochondria that have lost
cytoskeletal attachments collapse into spherical organelles\we thank Schroder-Kohne for providing us with anti-Emp47
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resembles an actin-binding domain in the ERM protein familyfor critical reading of this manuscript. This work was supported
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