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Small molecule inhibitors provide powerful tools to characterize
highly dynamic and complex eukaryotic cell pathways such as those
mediating membrane traffic. However, a lack of easy and generalizable assays has constrained identification of novel inhibitors despite
availability of diverse chemical libraries. Here, we report a facile
growth-based strategy in yeast to screen for pathway-specific inhibitors. The approach uses well characterized synthetic genetic growth
defects to guide design of cells genetically sensitized for inhibition of
chosen pathways. With this strategy, we identified a family of
piperazinyl phenylethanone compounds as inhibitors of traffic between the trans-Golgi network (TGN) and endosomes that depends
on the clathrin adaptor complex AP-1. The compounds did not
significantly alter other trafficking pathways involving the TGN or
endosomes, indicating specificity. Compound treatment also altered
localization of AP-1 in mammalian cells. These previously uncharacterized inhibitors will be useful for future studies of clathrin-mediated
transport in yeast, and potentially in other organisms. Furthermore,
the easily automated technology should be adaptable for identification of inhibitors of other cellular processes.
clathrin 兩 small molecule 兩 AP-1 兩 GGA 兩 yeast

T

he study of membrane traffic has long relied on the use of a
limited set of small molecules that inhibit transport of lipids
and proteins between organelles. A number of trafficking pathways connect the trans-Golgi network (TGN) and endosomes,
major sorting stations within the secretory and endocytic pathways, yet no small molecule inhibitors with established specificity
for a single pathway between these organelles have been identified. Development of such inhibitors will be instrumental in
dissecting contributions of individual pathways and understanding how this traffic is integrated with other cellular processes.
Clathrin, a polymeric vesicle coat protein, plays a largely structural role in endocytosis and traffic between the TGN and endosomes. Clathrin function in these pathways requires cytoplasmic
adaptor proteins that recruit clathrin to specific membranes and
also concentrate transmembrane cargo into nascent clathrin coated
vesicles (1). Adaptor protein-1 complex (AP-1), a heterotetrameric
complex, is one of several highly conserved clathrin adaptors
involved in traffic between the TGN and endosomes. AP-1mediated transport is required for proper subcellular distribution of
proteins that traffic between the TGN and endosomes, including
medically relevant molecules such as the tumor suppressor insulinlike growth factor II receptor (IGF-IIR) and, in polarized cells, the
low-density lipoprotein receptor (2, 3). Furthermore, AP-1dependent traffic may play a role in evasion of HIV-infected cells
from the immune response (4). Yet, although AP-1 plays a fundamental role in trafficking between the TGN and endosomes in
species as divergent as yeast and mammals, there are still conflicting
models for where and how AP-1 functions (5). Thus, to develop
additional tools to analyze AP-1-dependent transport pathways and
possibly establish leads for therapeutic molecules, we sought to
identify small molecule inhibitors that mimic genetic defects in
AP-1 dependent traffic in yeast.
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Growth based chemical screening offers advantages including
identification of compounds that are cell permeant and functional
in metabolically active cells (6). Furthermore, such screens require
simple readouts, common reagents, and easy optimization. However, to observe growth effects of a compound the target must be
involved in cell proliferation, and even in this case, it is difficult to
ascribe reduced or enhanced growth to a particular pathway. We
reasoned that a common genetic phenomenon, synthetic lethality,
would provide a way to focus a growth based assay on a particular
cellular process. Synthetic lethality describes a genetic relationship
in which combination of two mutant genes elicits a much more
severe reduction in growth than either mutation alone (Fig. 1a).
Synthetic lethality can result from several situations (7); for instance, gene products may act in two parallel pathways that together
are essential so that eliminating a single gene product still leaves one
pathway intact whereas elimination of both is lethal. Alternatively,
two gene products may act in a single essential pathway. Eliminating
either gene product alone leaves sufficient activity for viability but
eliminating both completely blocks the pathway.
A small molecule that inhibits a particular pathway should display
the same spectrum of synthetic lethal interactions as mutations that
inactivate the pathway. We refer to synthetic lethal interactions
between a chemical compound and a genetic mutation as ‘‘composite synthetic lethality’’ (CSL). CSL has been used as a method
to identify potential targets of bioactive compounds in yeast (8–12).
Likewise, CSL should also be effective in identifying novel bioactive
compounds that inhibit a particular pathway. In this case, the
desired target pathway must have a known genetic synthetic lethal
partner. Cells lacking the synthetic lethal genetic partner will serve
as a specificity flag by growing poorly when the target pathway is
inhibited. In contrast, wild-type cells should be relatively impervious to the same treatment.
Results
Identification of Inhibitors That Mimic Synthetic Growth Interactions
of AP-1 Mutations. In yeast, mutations in the AP-1 ␤ subunit gene

display severe synthetic growth effects when combined with mutations of genes encoding a second class of clathrin adaptor; the
GGA (for Golgi-localized, ␥ ear-containing, ARF-binding) proteins (13). The GGA proteins, Gga1p and Gga2p, are closely
related proteins which act in traffic between the TGN and endosomes (14). GGA proteins carry out many of the same activities as
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Fig. 1. Compound synthetic lethal identification of small molecules that inhibit membrane traffic. (a) Schematic of synthetic lethality. Pathways are symbolized
by squares and circles on the left; cells are shown on the right. Inactive pathways and reduced cell growth are indicated by dashed outline and gray object. Cells
with both pathways intact grow robustly (Top) as do cells lacking one or the other pathway (Middle Two), however cells lacking both pathways grow poorly
or are inviable (Bottom). Pathway inhibition can be induced by mutations in components of pathways or, in the case of CSL, by chemical inhibition of these
components. (b) Chemicals identified by CSL screening, which restored chitin rings in chs6⌬ cells. Cells lacking CHS6 (MDY335) were grown overnight in the
presence of DMSO or indicated compounds (25 M), harvested, and stained for chitin rings with ccfw (arrowheads). Wild-type (MDY326) and chs6⌬ apl2⌬ cells
(MDY573) are shown for comparison. (c) Chemical structures and Chembridge identification numbers of active compounds shown in b.

AP-1 such as clathrin and cargo binding and therefore are thought
to be partially redundant with AP-1. Thus, to identify AP-1 pathway
inhibitors we screened for compounds that inhibited the growth of
gga1/2⌬, but not wild-type cells. To maximize sensitivity to inhibitors, we performed screens in strains lacking PDR5 and SNQ2,
encoding two ABC transporters known to contribute to drug
resistance in yeast. From a 30,000 compound library, 17 chemicals
were identified by these criteria. Of these 17, 3 displayed additional
synthetic interactions resembling mutations affecting AP-1mediated pathways: the compounds inhibited the growth of cells
carrying a temperature sensitive allele of the clathrin heavy chain
(chc1-ts) but were innocuous to cells lacking functional AP-1 (Table
1). The other compounds may target unknown pathways that are
synthetic lethal with the GGA pathway.
CSL Inhibitors Affect AP-1-Dependent Transport. As a more direct test

for inhibition of AP-1-dependent traffic, we examined the effects of
compounds on localization of the chitin synthase Chs3p. Chs3p
deposits a ring of chitin around emerging buds that remains as a scar
after bud release (15). Cell surface localization and function of
Chs3p depends on Chs6p. In chs6⌬ cells, Chs3p is retained intracellularly, reducing chitin incorporation at the bud site and conferring resistance to the cell wall toxin calcofluor white (ccfw) (16).
Intracellular retention in chs6⌬ cells requires AP-1; inhibition of
AP-1-mediated traffic restores cell surface localization of Chs3p,
the appearance of chitin rings, and ccfw sensitivity (17). Of the 17
compounds, the 3 that displayed AP-1-like synthetic lethal interactions were the only ones that induced chitin rings in chs6⌬ cells
and also were the only ones that shared a piperazinyl phenylethanone backbone (Fig. 1 b and c). We refer to these compounds as
A5, G3 and O3. By growth inhibition of gga1/2⌬ cells and ccfwtreated chs6⌬ cells, A5 was the most potent (Fig. 2a), with an
estimated EC50 of 4 M for gga1/2⌬ growth inhibition. Neither A5
nor G3 inhibited growth of wild-type or AP-1-deficient cells at
concentrations up to 300 M. Treatment with A5 was as effective
6236 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0607773104

in inhibiting growth of gga1/2⌬ cells carrying wild-type SNQ2 and
PDR5 as it was with the original gga1/2⌬ snq2⌬ pdr5⌬ cells,
indicating that these mutations are not necessary for sensitivity to
this set of compounds (data not shown).
Clathrin dependent TGN-endosome traffic in yeast can also be
monitored by measuring the maturation of the mating pheromone
␣-factor precursor. The efficiency of maturation serves as a sensiTable 1. Effects of chemicals identified in CSL screen
Chembridge ID
5405958
6632436
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5108486
5459862
5573168
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Listed are chemicals that reproducibly reduced growth of cells lacking
GGA1 and GGA2 (gga1/2; MDY327) and relative growth of chemical-treated
cells lacking APL2 and APL4 genes encoding the two large subunits of AP-1
(apl2/4⌬: MDY334), or carrying a chc1-ts allele (MDY330). The last column
indicates the ability of compounds at 25 M to induce chitin rings in cells
lacking CHS6 (MDY335). ⫹⫹⫹, 70 –100% of wild-type growth; ⫹⫹, 50 –70% of
wild-type growth; ⫹, ⬍50% of wild-type growth.
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tive indicator of the integrity of clathrin-dependent TGNendosome pathways necessary for localization of the TGN protease
Kex2p that initiates maturation (18). Alone, genetic inactivation of
AP-1 pathway components does not affect ␣-factor maturation but
when AP-1-dependent traffic is perturbed together with chc1-ts or
gga2⌬, strong defects in maturation ensue (13, 19). Like genetic
inactivation of AP-1 pathway components, the three compounds
inhibited ␣-factor maturation in gga2⌬ cells but not wild-type cells
(Fig. 2b). In agreement with the growth-based assays, A5 exhibited
the most potent effects (Fig. 2b) and exacerbated ␣-factor maturation defects in gga2⌬ and chc1-ts cells but not in cells already
lacking functional AP-1 (Fig. 3a).
AP-1 Pathway Inhibitors Are Specific. We also examined the effects

of A5 on other traffic pathways involving the TGN and endosomes.

The pheromone receptor Ste3p is transported through the secretory pathway to the plasma membrane where it undergoes constitutive endocytosis, transport through endosomes, and delivery to
the vacuole for degradation (20). By pulse–chase immunoprecipitation, turnover of Ste3p was undisturbed by A5 treatment of
wild-type, gga2⌬, and chc1-ts cells (Fig. 3b), indicating that A5 did
not impede Ste3p transport through either the secretory or endocytic pathways. We further assessed the secretory pathway by
monitoring processing and secretion of ␣-factor in wild-type cells.
Precursor ␣-factor is translocated into the endoplasmic reticulum
and core glycosylated. The core oligosaccharides are elaborated
during transport through the Golgi, yielding the heterogeneous
highly glycosylated precursor. Proteolytic maturation at the TGN
produces the mature peptide. Processing and secretion of ␣-factor
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Fig. 3. Compound A5 specifically inhibits AP-1-dependent traffic. (a) Synthetic ␣-factor maturation defects caused by A5. Cells of the indicated genotype (same
strains as in Fig. 2a) were treated with compound, and ␣-factor was analyzed as in Fig. 2b. (b) Degradation of Ste3p is not affected by compound A5 treatment.
Cells were treated and labeled as in Fig. 2b, and Ste3p was immunoprecipitated at the indicated chase points from cell lysates and visualized by SDS/PAGE and
autoradiography.
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Fig. 2. Synthetic growth and traffic inhibition by CSL active compounds. (a) Synthetic growth effects. Compounds A5 (Top), G3 (Middle), and O3 (Bottom) were added
at different concentrations to wild-type (MDY326), AP-1⌬ (apl2⌬ apl4⌬; MDY334), chc1-ts (MDY330), and gga1/2⌬ (MDY327) cells, or chs6⌬ (MDY335) cells with 60 M
ccfw. Values represent the fold growth inhibition observed after overnight incubation with compound compared with growth of the same strains with DMSO. (b)
Synthetic effects on ␣-factor maturation. Wild-type (MDY326) or gga2⌬ (MDY380) cells were treated with indicated compounds (25 M) or DMSO (⌽) overnight,
metabolically labeled for 10 min, and subjected to a 30-min chase. Secreted ␣-factor was immunoprecipitated from the media and imaged by SDS/PAGE followed by
autoradiography.
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Fig. 4. Compound A5 does not significantly affect other pathways through the
TGN. (a) Secretion of ␣-factor is unaffected in A5-treated cells. Wild-type cells
(MDY 326) were grown in the presence of 25 M A5 or DMSO overnight. Cells
were labeled for 10 min, and then ␣-factor was immunoprecipitated from the
media (e, extracellular) or from cell lysates (i, intracellular) at indicated chase
points. Immunoprecipitates were imaged by SDS/PAGE followed by autoradiography. (b) Maturation of ALP is unaffected by compound A5 treatment. Wild-type
cells (SEY6210) were grown in the presence of 25 M A5 or DMSO overnight. Cells
were labeled for 5 min, and ALP was immunoprecipitated from cell lysates at
indicated chase points. For comparison, apl6⌬ (GPY1783-25a) cells were analyzed
in parallel. ALP precursor (p) and mature (m) forms are indicated. (c) Maturation
of CPS is only slightly affected by A5 treatment. Wild-type cells (MDY 326) or
gga1⌬ gga2⌬ cells (MDY327) were treated and analyzed by pulse– chase immunoprecipitation as in a. CPS precursor (p) and mature (m) forms are indicated.
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is not dependent on AP-1 (19). Likewise, processing and secretion
of ␣-factor in wild-type cells were unaffected by A5 (Fig. 4a).
Vacuolar alkaline phosphatase (ALP) is synthesized as a precursor that is proteolytically matured in the vacuole after delivery
from the Golgi by a clathrin-independent pathway that requires
another adaptor complex, AP-3 (21, 22). Treatment of wild-type
cells with A5 resulted in no accumulation of precursor ALP by
pulse–chase immunoprecipitation, in contrast to cells lacking a
subunit of the AP-3 complex (Fig. 4b). The vacuolar protease
carboxyl peptidase S (CPS) depends on the GGA proteins for
transport to the vacuole and proteolytic maturation. A5 elicited only
a subtle delay in CPS maturation (⬍2-fold; Fig. 4c). By comparison,
deletion of the GGA genes completely prevented maturation over
the same time period (Fig. 4c). The slight effect of A5 on CPS
maturation may reflect activity of AP-1 and associated proteins in
CPS transport as AP-1 and Gga proteins physically interact (13).
Together our results provide evidence that CSL screening effectively identified specific inhibitors of AP-1 dependent membrane
traffic.
We tested unrelated compounds, sortin-2 and sortin-3, known to
affect traffic to the vacuole in yeast and plant cells, for inhibition of
AP-1 dependent traffic (23). Neither sortin enhanced ␣-factor
maturation in cells carrying chc1-ts or gga2⌬, nor did they induce
ccfw sensitivity in chs6⌬ cells (data not shown). Thus, the piperazinyl phenylethanone compounds identified here seem to be
uniquely specific for AP-1-dependent traffic.
Several previously uncharacterized synthetic analogues of A5
6238 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0607773104
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and 30 M compound (ccfw growth inhibition), and, for toxic compounds,
the concentration at which compound produced a 2-fold growth inhibition
of wild-type cells (Toxic).

were prepared [Table 2 and supporting information (SI) Materials
and Methods]. Although none of the new compounds were more
potent than A5, the different activity levels of highly related
Duncan et al.

a

DMSO

A5

10
5
0-.3

.3-.6

.6-.9 .9-1.2 1.21.5

1.51.8

1.82.1

>2.1

Cell Area of High Intensity (%)

Count (Frame)

15

0

20

20

Count (Frame)

Count (Frame)

b 20

7701175

15
10
5
0

15
10
5
0

0-.3

.3-.6

.6-.9 .9-1.2 1.21.5

1.51.8

1.82.1

Cell Area of High Intensity (%)

>2.1

0-.3

.3-.6

.6-.9 .9-1.2 1.21.5

1.51.8

1.82.1

>2.1

Cell Area of High Intensity (%)

compounds such as S8 and S9 (Table 2) suggest that this family of
compounds may have a specific cellular target(s).
Compound A5 Alters AP-1 Localization in HeLa Cells. We determined
whether A5 exhibits activity in mammalian cells by investigating
localization of AP-1 in HeLa cells. AP-1, visualized by immunofluorescence, is normally distributed throughout the cell with a
diffuse perinuclear concentration (Fig. 5a). Incubation with compound A5 resulted in a more distinct perinuclear localization of
AP-1 staining (Fig. 5a). Quantitation of staining intensity in
A5-treated cells revealed a clear increase in high-intensity regions
compared with DMSO-treated cells (Fig. 5b). In particular, substantially fewer weakly staining cells (⬍0.3% of their area occupied
by high-intensity regions) were present in A5-treated cells compared with DMSO-treated cells. Conversely, strongly staining cells
(⬎1.2% of area occupied by high-intensity regions) were more
abundant in the A5-treated population. To probe the specificity of
this effect, we tested a related compound, 7701175, which displays
much reduced activity in yeast (Table 2). AP-1 staining intensity in
cells treated with 7701175 resembled that of DMSO-treated cells,
with a substantial fraction of weakly stained cells and only a slight
increase in highly stained cells (Fig. 5 a and b). These results provide
evidence that compound A5 specifically alters the distribution of
AP-1 in mammalian cells and raise the possibility that A5 may
target an evolutionarily conserved event. Furthermore, the enhanced perinuclear accumulation of AP-1 in the presence of A5
suggests that the drug acts at a stage after AP-1 membrane
recruitment. A5 treatment of yeast did not seem to alter the
distribution of GFP-tagged AP-1. However in yeast AP-1 is localized as scattered foci, a pattern that may obscure the type of change
apparent in HeLa cells where AP-1 is more diffusely distributed.

Discussion
Our results indicate that piperazinyl phenylethanone-based chemicals identified by CSL inhibit membrane traffic between the TGN
and endosomes without apparently altering other related pathways.
Duncan et al.

Thus, we have used the chemical-genetic strategy of CSL to identify
previously uncharacterized pathway-specific inhibitors active in
living cells. Extensive research has yielded a plethora of synthetic
lethal interactions covering the entire spectrum of cellular processes
in yeast, including many pathways conserved in multicellular eukaryotes (7, 24). Thus, CSL should be useful in generating probes
for a variety of biological functions. The approach should be, in
principle, applicable in any cell-type or situation where chemical
and genetic inactivation can be combined. In particular, a variety of
cancers are hypersensitive to perturbations in pathways that normally may not affect cellular viability (25). Taken together, these
considerations suggest that targeted CSL is an effective strategy to
identify small molecule inhibitors for investigation of basic cellular
processes as well as possible lead compounds for therapeutics
development.
Materials and Methods
Strains. The deletion allele of APL2 was generated as described
(26). The chc1-ts allele was generated by homologous recombination of two PCR products. One was an amplified region of plasmid
YIpCHC521⌬cla containing mutations conferring temperaturesensitive growth; the second encoded a region overlapping the C
terminus of CHC1 and containing the URA3Mx cassette and
sequences 3⬘ of CHC1 (27, 28). Primer sequences are listed in SI
Materials and Methods. The deletion alleles of PDR5 and GGA1
were generated by using standard PCR-based knockout methods
(29). All other alleles were derived from commercially available
deletion libraries (Research Genetics, Huntsville, AL). Strains were
generated from crosses with MDY326 (MAT␣ his3⌬1 leu2⌬0
ura3⌬0 met15⌬0 lys2⌬0, pdr5⌬::URA3, snq2⌬::KanMx) to generate
strains MDY327 (gga1⌬::URA3Mx, gga2⌬::KanMx), MDY330
(chc1-ts::URA3Mx), MDY334 (apl2⌬::URA3, apl4⌬::KanMx),
MDY335 (chs6⌬::KanMx), MDY380 (gga2⌬::KanMx), and
MDY573 (chs6⌬::KanMx, apl2⌬::URA3, apl4⌬::KanMx, MET15).
SEY6210 and GPY1783-25a (apl6⌬) used for ALP analysis have
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Fig. 5. Localization of AP-1 in treated human cells. (a) Compound A5 increases perinuclear staining of AP-1 in HeLa cells. Cells were treated for 8 h with 50 M
A5, 7701175, or DMSO in DMEM. Cells were fixed, and AP-1 was visualized by immunofluorescence microscopy. (b) Quantitation of cell area occupied by
high-intensity staining. Samples were imaged, and the percentage of cell area covered by high-intensity staining was determined for each image frame (n ⫽ 70).
Displayed is the distribution of images within the indicated areas occupied by high-intensity staining.

been described (13). Strains used for analysis of compound effect
in the absence of drug pumps were SEY6210 and GPY3431 (30).
Media and Reagents. All media were from GIBCO; chemical
reagents were from Sigma unless otherwise noted. YPD medium is
1% Bacto-yeast extract, 2% Bacto-peptone, dextrose added to 2%
after sterilization. SCMG is yeast nitrogen base without amino acids
or ammonium sulfate, 0.1% monosodium glutamate, 40 mM lithium acetate, 2% dextrose supplemented with amino acids and bases
required for growth of auxotrophic strains. HeLa cells were grown
in DMEM high glucose with L-glutamine and sodium pyruvate and
supplemented with 10% FBS and pen-strep. The Chembridge
Diverset E library was used for CSL screens; compound O3, G3,
7701175, and initial samples of A5 were purchased from Chembridge. Initial NMR analysis suggested commercial A5 to be a
hydrochloride salt. We generated both the neutral and hydrochloride salt forms and observed that commercial A5 was identical to
the synthetic sample of A5-HCl by gas chromatography and NMR
analysis (SI Text). Both A5 and A5-HCl demonstrated the activities
of commercial A5; however, activity levels of neutral A5 were more
stable (data not shown). For experiments in Table 1 and Fig. 2b,
A5-HCl was used; for all other experiments, neutral A5 was used.
Screening and CSL Phenotypic Analysis. For initial compound screen-

ing, overnight cultures of MDY326 and MDY327 were diluted to
OD600 0.00001 and 0.0003 in YPD, and 30 l of each were
transferred into 384-well plates (Nunc, Rochester, NY). Compounds were transferred from 10-mM stocks by using sterile replica
pinners (Genetix, Boston, MA), resulting in approximate screening
dosage of 30 M. Plates were incubated for 18–24 h at 30°C in a
humidified chamber. Plates were sealed with Costar sealing tape
(Fisher Scientific, Pittsburgh, PA) and vortexed vigorously; seals
were removed and absorbance was read at OD490 with a Spectramax
340PC Spectrophotometer. Absorbance was normalized to untreated wells in each plate. For CSL analysis, MDY326, MDY327,
MDY330, MDY334, MDY335, SEY6210, or GPY3431 was diluted
to 0.0003 in YPD. For ccfw sensitivity determination, MDY335 was
diluted into YPD with 60 M calcofluor white. For dosage determinations, compounds were serially diluted in cultures to obtain the
final concentration in 30-l samples, and cells were grown and
analyzed as for compound screening.
Immunoprecipitation and Immunoblotting. For pulse–chase immunoprecipitation of Ste3p and ␣-factor maturation assays, cells were
grown at 30°C to an OD600 of 0.2 in YPD supplemented with
DMSO or compounds. Cells were washed twice with SCMG with
50-M compound and then 50 Ci (1 Ci ⫽ 37 GBq) [35S]methionine (Perkin–Elmer, Waltham, MA) per OD600 was added for
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labeling. Chase was initiated at 10 min by pelleting the cells and
resuspending at 2 OD600 per ml in YPD. At time points indicated
for Ste3p and at 30 min of chase for ␣-factor maturation, 0.5 OD600
in 200 l were transferred to tubes containing sodium fluoride and
sodium azide (10 mM final). Immunoprecipitation of ␣-factor and
cell lysis and immunoprecipitation of Ste3p were performed as
described (31, 32). For pulse–chase immunoprecipitations of ALP,
CPS, and ␣-factor, cells were treated as above, except that in the
case of ALP cells were labeled for 5 min and in all cases the chase
was initiated by addition of 1:10 volume of 2% yeast extract, 0.3%
cysteine, and methionine. Immunoprecipitation of CPS, ␣-factor,
and ALP has been described (18, 30).
Microscopy. For visualization of chitin bud-scars in yeast, MDY336
cells were grown as described for compound screening. Fifteen
microliters of cells were mixed with 15 l of 2.5 mM calcofluor
white in YPD and incubated for 10 min. Cells were washed twice
with 1 ml of YPD and visualized by fluorescence microscopy. For
AP-1 immunofluorescence, cells were fixed in 3% formaldehyde
and then incubated with 1:500 dilution of anti-AP-1 antibody 100/3
(Abcam, Cambridge, MA) in 0.44 mg/ml BSA and 0.22% Saponin
for 1 h. Cells were washed with PBS followed by a 60-min incubation
with 1:500 dilution of Alexa Fluor 594-conjugated goat anti-mouse
antibody (Molecular Probes, Invitrogen, Carlsbad, CA). Cells were
mounted in ProLong Gold (Invitrogen) and visualized on a Zeiss
Axiovert 200M Microscope with a 9100-CCD camera
(Hamamatsu, Hamamatsu City, Japan) for HeLa cells and an
ORCA II camera (Hamamatsu) for yeast cells. Image analysis was
performed on images exported to the .lsm format from Axiovision
(Zeiss, Thornwood, NJ). Metamorph software (Zeiss) was used to
generate intensity histograms. Cell area was defined as pixels at or
above 224, and high intensity was defined as pixels at or above 704.
Cell area and pixel intensity were computed for individual image
frames usually containing four to eight cells. A total of 70 frames
for each treatment were analyzed, and the number of frames in
which overall cell area was occupied by given intensity intervals was
plotted.
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