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Chemical genetics screen for enhancers of rapamycin
identifies a specific inhibitor of an SCF family E3

ubiquitin ligase
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The target of rapamycin (TOR) plays a central role in
eukaryotic cell growth controll. With prevalent hyperactivation
of the mammalian TOR (mTOR) pathway in human cancers2,
strategies to enhance TOR pathway inhibition are needed.

We used a yeast-based screen to identify small-molecule
enhancers of rapamycin (SMERs) and discovered an inhibitor
(SMER3) of the Skp1-Cullin-F-box (SCF)Met30 ybiquitin ligase,
a member of the SCF E3-ligase family, which regulates diverse
cellular processes including transcription, cell-cycle control
and immune response3. We show here that SMER3 inhibits
SCFMet30 jp vivo and in vitro, but not the closely related
SCFCde4, Furthermore, we demonstrate that SMER3
diminishes binding of the F-box subunit Met30 to the

SCF core complex in vivo and show evidence for SMER3
directly binding to Met30. Our results show that there is

no fundamental barrier to obtaining specific inhibitors to
modulate function of individual SCF complexes.

Conserved from yeast to humans, the target of rapamycin (TOR)
protein is a serine/threonine protein kinase that controls various
aspects of cellular growth by regulating translation, transcription,
autophagy, cytoskeletal organization and metabolism!. Rapamycin,
a secondary metabolite produced by Streptomyces hygroscopicus,
specifically inhibits the activity of TOR, resulting in starvation-
like phenotypes. Over the past few years, deregulation of pathways
upstream and downstream of mTOR has been implicated in a variety
of cancers, making the TOR signaling pathway a potential target for
cancer therapy and rapamycin (and its analogs) an attractive anti-
cancer agent?. Results from first-round clinical trials suggest that
different types of tumors have different sensitivities to rapamycin
and in many cases rapamycin does not completely halt the progress

of the disease*®, thus making it desirable to identify small mole-
cules that can act in concert with rapamycin. Although combina-
tion strategies taking advantage of known interacting pathways (e.g.,
mTOR and IGFIR, PI3K or AKT) are being pursued®~%, an unbiased
search for novel exploitable pathways has not been reported. The
unbiased cell-based approach described here has the potential to
elucidate new interactions of TOR signaling with other pathways
and to provide valuable chemical tools to study signaling networks
in various settings.

We and others have previously shown that yeast is a promising
platform for high-throughput discovery of small-molecule modi-
fiers of rapamycin-sensitive TOR functions, including both sup-
pressors (small-molecule inhibitors of rapamycin or SMIRs) and
enhancers (SMERs), which show potential for modulating TOR-
related processes in higher organisms®!0. Here we used the yeast-
based screen to identify new SMERs targeting cell growth control
(Online Methods). Using a ChemBridge DiverSet library contain-
ing 30,000 small molecules, we identified >400 compounds that,
in the presence of a suboptimal rapamycin concentration, gave a
‘no growth’ phenotype (Supplementary Data Set 1). After remov-
ing toxic compounds using unrelated screening data sets (Online
Methods), a total of 86 potential SMERs were identified, which were
synthetic sick/lethal with rapamycin but showed little toxicity by
themselves at the concentrations used (Supplementary Data Set 2
and Supplementary Fig. 1). The SMERs encompass a variety of
modes of action and biological activities, including direct inhibition
of mTOR kinase activity, new post-translational regulation of mTOR
function, and inhibition of patient-derived brain tumor initiating cells
(unpublished data). Five structurally distinct molecules that exhibited
differing effects on growth (Online Methods) were selected for further
analysis (Fig. 1a).
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Figure 1 Two unsupervised data analyses classify five SMERs
into three different groups based on their gene expression
profiles. (a) Chemical structures of SMER1 to SMERS5.

(b) Two-dimensional hierarchical clustering reveals that the
expression profile of SMER1 is similar to that of rapamycin
(Rapa), whereas the profiles of SMERs 2, 4 and 5 are
indistinguishable from that of DMSO (solvent) control.

The profile of SMER3 is distinct. Each row corresponds to
a gene, and each column corresponds to an experimental
sample. (c) Principal component analysis is consistent
with hierarchical clustering. Light blue, DMSO; blue,
SMER1; cyan, SMERZ2; red, SMER3; sage, SMER4;
chartreuse, SMERD5; green, rapamycin. Replicates were
obtained from independent small-molecule treatments in
separate experiments.

The primary challenge for phenotype-based chemical genetic
screens is the subsequent target identification, for which a variety of
technologies—from affinity to genomics based—has been developed
(see ref. 11 and reviews therein). We first sought to take advantage
of the tremendous information on gene expression related to various
cellular pathways in yeast and performed genome-wide expression
profiling using DNA microarrays. We expected that expression
profile changes induced by SMERs can be linked to gene expres-
sion changes caused by genetic perturbations!2. To capture early
and/or direct transcriptome changes and avoid secondary effects,
cells were treated with SMERs for a short period (30 min) and the
extracted RNA was processed to probe Affymetrix GeneChips
(Online Methods).

The hierarchical clustering pattern of our microarray data classi-
fied the five SMERs identified from the screen into three distinct
groups (Fig. 1b). Treatment of yeast cells with SMER2, 4 or 5 had no
obvious effect on global gene transcription, whereas SMER1’s effect
on transcription shared extensive similarity with rapamycin (M.A.,
unpublished data). SMER3’s expression profile, on the other hand,
is different from all the others. Consistent with hierarchical cluster-
ing, principal components analysis (Fig. 1¢) also readily distinguishes
these effects on gene expression.
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We focused primarily on SMER3, given its
distinct profile. Notably, a set of methionine
biosynthesis genes (referred to as MET-genes
hereafter) was upregulated in SMER3-treated
cells (Supplementary Tables 1 and 2). GO
analysis revealed that, in addition to the
enrichment of sulfur metabolism genes
among the induced group, genes involved in
cell-cycle regulation were overrepresented in
the downregulated group of SMER3-specific
genes (Supplementary Tables 1 and 2).

Induction of MET-gene expression in
response to SMER3 exposure suggested
that the cellular pathway controlling homeo-
stasis of sulfur-containing compounds was
a possible target for SMER3. The key regu-
lator of this pathway is the ubiquitin ligase
SCFMet30, which restrains the transcriptional
activator Met4 in an inactive state in a
methionine-replete media by attachment of
a regulatory ubiquitin chain'3. Inactivation
of SCFMet30 prevents Met4 ubiquitination,
permitting the formation of an active Met4-
containing transcription complex that
induces expression of the MET-genes and
blocks cell proliferation.

One hypothesis to explain the MET-
gene activation and growth inhibition in
SMER3-treated cells is that SMER3 inhibits
SCFMet30, Tn agreement with this notion,
Met4 ubiquitination was blocked in cells
exposed to SMER3 (but not to rapamycin)
(Fig. 2a). Furthermore, genetic analyses
have previously demonstrated that deubi-
quitinated Met4 mediates cell cycle arrest
upon inactivation of SCFMeB30 (ref. 13),
and deletion of MET4 rescues lethality of
met30A (ref. 14). Notably, met4A cells were
also less susceptible to growth inhibition by
SMERS3 (but not rapamycin, exemplifying specificity) (Fig. 2b and
Supplementary Fig. 2). These findings are consistent with SMER3
being an inhibitor of SCFMe'0, However, the incomplete resistance of
met4A to SMER3 (Fig. 2b) suggests that SMER3 likely has additional
targets other than SCFMe30 and that cell growth inhibition by SMER3
is not solely due to SCFM¢830 jnhibition. This is not uncommon as
even imatinib (Gleevec), which was originally believed to be a highly
specific inhibitor of BCR-Abl], is now appreciated to exert its biological
effects through protein kinases in addition to its intended target!>.

SMER3 enhances rapamycin’s effect and also inhibits SCFMet30,
suggesting a connection between the TOR and SCFM¢t30 pathways. To
test whether SMER3 functions as an enhancer of rapamycin through
inhibition of SCEMe30, we asked if genetic inhibition of SCFMet30
could mimic SMER3 in the synergistic effect with rapamycin. Indeed,
hypomorphic alleles of the individual components of SCFMet30 and
its E2 ubiquitin-conjugating enzyme, Cdc34, were hypersensitive to
rapamycin (Fig. 2¢). The synthetic lethality with rapamycin appears
to arise largely from reduced SCFMeB30 activity because inhibition of
Cdc4, which forms a related, essential SCFCdc4 ubiquitin ligase, only
resulted in minor rapamycin hypersensitivity (Fig. 2¢c). Together these
results suggest that SMER3 enhances rapamycin’s growth inhibitory
effect by inhibition of SCFMet30,
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Figure 2 SMER3 targets SCFMet30, a a SMERS (uM)
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cdc4-3 and met30-6 because these mutants 3<

exhibited fitness defects at 30 °C even cde4-3 52

without rapamycin, or 30 °C (standard growth met30-6 EQ

temperature) for met30-9 and skpI1-25 met30-9 é e

because these alleles are not temperature 8

sensitive until 37 °C. (d) SMERS specifically skp1-25 0.2 4+ . . . . . :
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ligases were expressed and purified from insect

cells and used in in vitro ubiquitination assays. Reaction products were analyzed by immunoblotting. The asterisk indicates a protein cross-reacting
with the anti-Met4 antibody. (e) The amount of unubiquitinated substrate (Met4 and Sic1) was quantified on a Fuji LAS-4000 imaging system, and
inhibition was expressed as the ratio of unubiquitinated substrate in DMSO/SMER3.

To test whether SMER3 can directly inhibit SCF ubiquitin ligases,
we assayed ubiquitination of well-established SCF substrates by puri-
fied SCF complexes in vitro. Indeed, addition of SMERS3 to the ligase
reactions inhibited ubiquitination of Met4 by SCFM¢30 in a dose-
dependent manner, whereas SMER1 had no effect (Supplementary
Fig. 3). To assess specificity of SMER3, we also examined in vitro
ubiquitination of Sicl by the related WD40 repeat containing SCFCd<4,
For direct comparison of SMER3’s effects, activities of SCFMet30 34
SCFCdet were analyzed in a single reaction mix containing both ligase
complexes and their substrates Met4 and Sicl (Fig. 2d). Owing to the
faster kinetics of the SCFCdC4-catalyzed ubiquitination, the Sicl reac-
tion was probed at two incubation times: first at 5 min, corresponding
to the linear range for the SCFC4<* reaction (at which time there was
no Met4 ubiquitination by SCFM¢t30), then at 25 min, corresponding to
the linear range of the SCFMet30 reaction. Consistent with the selective
in vivo effect of SMER3 on SCEMet30, iy vitro ubiquitination of Sicl was
unaffected by SMER3 (Fig. 2d,e). In some experiments with SCERCded,
a modest effect is seen on high molecular weight conjugates (data not
shown), but it is clear from the direct head-to-head comparison where
both enzymes are in the same tube that there is a very large difference
in sensitivity of the two ligase complexes toward SMER3.

To investigate the mechanisms of specificity in the inhibition of
SCFMet30 by SMER3, we examined the association of Met30 and the

740

SCF core component Skp1. We found that Met30 was no longer bound
to Skpl immunopurified from cells treated with SMER3 (Fig. 3a),
suggesting that SMER3 prevents the assembly of SCFMe¢t30 or induces
SCF complex dissociation (Supplementary Note). We next asked
whether SMER3 affects the binding of other Skp1 interactors or acts
specifically on SCFMet30, Skp1-bound proteins were purified from
cells treated with SMER3 or DMSO solvent control and their relative
abundance was determined using stable isotope labeling with amino
acids in cell culture (SILAC)-based quantitative mass spectrometry.
Among the 11 identified F-box proteins, only binding of Met30 to
Skp1 was substantially inhibited by SMER3 (Fig. 3b). Skpl and Met30
protein levels were not affected by SMER3, nor were the interactions
of the SCF core components Cdc53 (cullin) and Hrtl (RING compo-
nent) with Skp1 (Fig. 3b and Supplementary Fig. 4 ).

To further address the specificity of SMER3 for Met30 in vivo, we
compared the cell cycle arrest phenotype induced by SMER3 to that
of temperature-sensitive mutants of Met30, Cdc4 and the SCF com-
ponents induced by nonpermissive temperatures. SMER3 induces a
phenotype resembling that of genetic inhibition of Met30, whereas
genetic inhibition of general SCF components or the specific F-box
subunit Cdc4 gives a completely different elongated cell cycle arrest
phenotype (Fig. 3¢). Inhibition of any of the SCF core components
simultaneously blocks SCFMet30 and SCFC4°4, yeet the arrest phenotypes

VOLUME 28 NUMBER 7 JULY 2010 NATURE BIOTECHNOLOGY



@ © 2010 Nature America, Inc. All rights reserved.

Figure 3 Molecular mechanism for the
specificity of SCFMet30 inhibition by SMER3.
(a) Protein-protein interaction between Met30
and Skp1l is diminished by SMER3 in vivo.
Yeast cells expressing endogenous 13Myc-tagged
Met30 were either untreated, or treated with
solvent control (DMSO) or 30 uM SMER3 for
30 min at 30 °C. 13MycMet30 was immuno-
purified and immunocomplexes were analyzed
for Skp1 binding by western blot analysis.

(b) SMER3 specifically targets SCFMet30

in vivo as determined by quantitative mass
spectrometry. A yeast strain expressing
endogenous HBTH-tagged Skpl was grown

in medium containing either heavy (13C/15N)
or light (12C/14N) arginine and lysine to
metabolically label proteins. Skpl-bound
proteins were purified and analyzed by mass
spectrometry. Abundance ratios for SCF
components identified by multiple quantifiable
peptides are shown as SILAC ratios of ‘light’
(SMER3-treated) over ‘heavy’ (DMSO-treated)
peptide intensities. (c) SMER3 specificity for
SCFMet30 yersus SCFCAe4 s verified by cell
cycle arrest morphology. Temperature-sensitive
mutants were shifted to 37 °C for 4 h.

The Skp1l depletion phenotype was observed
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after repression of Skpl expression in dextrose medium for 12 h. SMER3 treatment of cells was for 6 h. Scale bar, 10 um. (d) SMER3 protects endogenous
Met30 from protease digestion. Yeast cells expressing Met30-RGS6H were lysed and digested with thermolysin in the presence of SMER3 versus DMSO control,
and the extent of proteolysis was analyzed by immunoblotting. (e) SMER3 protects recombinant Met30 from protease digestion. The asterisks (*) indicate the
Met30 fragment that is protected by SMER3 from protease digestion. Full-length blots for a,d and e are in Supplementary Figure 8.

of SCF core mutants strongly resemble Cdc4 inhibition (Fig. 3c).
This indicates that the cdc4 cell cycle arrest morphology is ‘dominant’
over that of met30 and that inhibition by SMER3 is indeed specific
for Met30 without affecting Cdc4 or SCF in general. Additionally,
whereas SMER3-treated cdc4 temperature-sensitive mutant cells have
a phenotype at permissive temperatures resembling genetic inhibition
of Met30, their phenotype changes to that resembling Cdc4 inhibi-
tion when shifted to nonpermissive temperatures (Fig. 3¢c), further
demonstrating that SMER3 has little effect on Cdc4 in vivo.

To test direct binding of SMER3, we employed differential scan-
ning fluorimetry'® using purified Met30-Skp1 versus Skp1 proteins
(Met30 cannot be obtained in isolation without Skp1). The addition of
SMERS3 altered the melting temperature of Met30-Skp1, but not that
of Skp1 alone, indicating that SMER3 does indeed directly target the
Met30-Skpl complex (Table 1). The simplest model to explain the
biochemical specificities of SMER3 is that it binds directly to Met30

and Supplementary

but not Skp1l. Because drug binding often stabilizes a folded state or
conformation of its protein target, leading to increased resistance to

protease digestion (as assayed by drug affinity responsive target stability
or DARTS!!), we tested whether protease susceptibility of Met30 is
altered by the presence of SMER3. Indeed, when yeast cell lysates
were treated with the protease thermolysin, we observed SMER3-
dependent protection of Met30 (Fig. 3d,e and Supplementary Fig. 5),
but not Skpl. These experiments suggest that Met30 is the direct
molecular target of SMER3, although we cannot exclude that SMER3

binding to Met30 may require Skp1.

Met30 contains at its N terminus the F-box motif, which binds
Skp1, and at the C terminus the WD40 repeats, which serve as protein-
protein interaction motifs for substrate binding!”. We found that
the Met30 F-box, but not the Cdc4 F-box, was protected to a similar
extent as full-length Met30 by the presence of SMER3 in DARTS
experiments (Supplementary Figs. 6 and 7). In contrast, SMER3

NATURE BIOTECHNOLOGY VOLUME 28 NUMBER 7

failed to protect the WD40 repeat domain of Met30 (Supplementary
Fig. 6 and Supplementary Note). These results suggest that SMER3
may recognize the F-box motif of Met30, yet further investigation is
required to understand how SMER3 binds to Met30.

In this study, we demonstrated that SMER3 (i) specifically inhibits
in vitro ubiquitination by recombinant reconstituted SCFMe0 (Fig. 2d,e

Fig. 3), (ii) selectively disassembles or prevents

assembly of SCFMe30 but not other SCF complexes in vivo (Fig. 3a—c)
and (iii) directly binds to Met30 (or Met30-Skpl complex), but not
Skp1 alone (Fig. 3d and Table 1). Together, these experiments suggest
that SMER3 specifically inactivates SCFMe30 by binding to Met30.
Designing specific inhibitors for SCFs has historically been con-
sidered highly challenging owing to their common scaffolding sub-
units and similar enzymatic steps
faced with kinase inhibitors??. The biological specificities demon-
strated by this first-generation hit provide encouraging examples for

18-21" reminiscent of the obstacles

Table 1 SMER3 binding to Met30-Skp1 in DSF

Tm (°C)
Met30 (2 pM) Met30 (4 pM) Skpl (5 pM)
DMSO 45.17 48.03 45.65
1 uM SMER3 46.00 48.02 46.17
10 uM SMER3 27.85 26.90 46.42
100 uM SMER3 27.13 26.45 45.02
1 uM Rapamycin 46.30 46.08
10 uM Rapamycin 47.70 45.98

JULY 2010

SMER3 directly binds to Met30-Skp1, but not Skpl alone, as determined by differential
scanning fluorimetry (DSF). Met30 and Skp1l were either co-expressed or Skpl was expressed
alone in insect cells and the complex was purified based on a GST-tag fused to Met30,
whereas Skp1l was purified based on a His-tag fused to Skp1l. Protein, drug and Sypro
Orange dye were added to 384-well plates and melting curve fluorescent signal was
detected using the LightCycler 480 System Il. Melting temperatures (Tm) were deter-
mined by the LightCycler 480 Protein Melt Analysis Tool.
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such potential and highlight the importance of unbiased cell-based
approaches in drug discovery and in biological studies.

In conclusion, we identified several small-molecule enhancers of rapamy-
cin from a phenotype-based chemical genetic screen. Genomic, genetic and
biochemical analyses indicate that one of the SMERs (SMER3) inhibits
an E3 ubiquitin ligase in yeast, SCFM¢530, which coordinates nutritional
responses with cell proliferation. Because increasing evidence suggests that
ubiquitin E3 ligases are involved in tumorigenesis?3, we believe that SMER3
and SMER3-like molecules represent a class of E3 ubiquitin ligase inhibitors
that can potentially be used as anti-cancer drugs in the future.

In addition, our study provides a link between the TOR pathway and a
separate network that monitors the sulfur-containing amino acids methio-
nine, cysteine and the primary methyl group donor S-adenosylmethionine
(SAM). This genetic interaction may be simply explained by the conver-
gence of these two pathways on regulation of the G1 cyclins (refs. 14,24 and
see Supplementary Table 2 for SMER3). Alternatively, it is possible that
more complicated co-regulations occur in which TOR inhibition, although
insufficient for activation of the ‘sulfur starvation’ response, may in fact
enhance this response during times of sulfur depletion (Supplementary
Note). We have preliminary data suggesting that SMER3 also acts in a
synthetic lethal fashion with rapamycin in human A549 lung cancer cells
(data not shown), but the target pathway for SMER3 in mammalian cells
has yet to be determined. It is noteworthy that cancer cells and tumors are
particularly dependent on metabolic networks linked to methionine?>6,
indicating that mammalian processes similar to that controlled by SCFMet30
in yeast might provide potential anti-cancer targets.

Synthetic lethal interactions between rapamycin and the ubiquitin-
like modification systems (Fig. 2¢) suggest potential therapeutic benefit
for combination therapy with rapamycin and any small molecule that
inhibits a component of SCF or an activator of SCF, such as in sensitiz-
ing a tumor’s response to rapamycin and/or preempting the develop-
ment of drug resistance. Beyond cancer and tumor-prone syndromes,
a variety of other diseases including hypertrophy, neurodegeneration
and aging are linked to the TOR pathway?”-?8, For example, several
SMERs have been identified that effectively enhance autophagy and
reduce toxicity in Huntington’s disease models through unknown
mechanisms!?. Similar chemical genetic approaches are applicable
to the study of other pathways, drugs and diseases.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturebiotechnology/.

Accession codes. NCBI Gene Expression Omnibus (GEO), GSE22269.
The library database and complete genomic data sets are also available
on the web (http://labs.pharmacology.ucla.edu/huanglab).

Note: Supplementary information is available on the Nature Biotechnology website.
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ONLINE METHODS

Chemical genetic screen. The screen for SMERs was carried out as described’
with several modifications. The earlier screen, using a high rapamycin con-
centration, was designed to identify potent SMIR activities. Here, the fol-
lowing modifications were made to optimize the identification of SMERs:
(i) lowering the concentration of rapamycin such that it inhibits wild-type
yeast only partially, thereby facilitating the detection of synthetic lethal hits,
and (ii) raising the final concentrations of library compounds in the medium
(2.5x%; ~25 uUM) to better recognize (and eliminate) hits that are cytotoxic even
without rapamycin. Other changes include the use of a larger collection of the
ChemBridge DiverSet library and implementation of robotic pin transfer to
deliver library compounds. The library database is available on our web site
(http://labs.pharmacology.ucla.edu/huanglab/).

Selection of SMERs. Yeast growth was scored using a scale of “1-” (least) to
“6-” (most severe growth inhibition) by visual inspection once a day for 5 d,
resulting in 446 compounds that caused varying degrees of ‘no growth’ pheno-
type. Growth results were compared to OD data obtained from an unrelated
screen’? performed with the same compound library to eliminate potential
nonspecific toxic hits. This was done by categorizing compounds as corre-
sponding to growth that is at least 1 s.d. below the average OD reading, at least
1 s.d. above the average reading, and no significant change. If a compound was
seen to significantly inhibit growth in this unrelated screen and our screen,
it was eliminated as a nonspecific toxic hit, narrowing the list of 446 hits to
86 compounds (SMERs). Further, the SMERs were sorted based on the OD
readings from the unrelated screen, followed by sorting based on our own
growth rankings, allowing for growth comparison between both screens owing
to compound treatment. SMERs 1, 3 and 4 were selected based on their ability
to severely inhibit growth in our screen (6- score), while exhibiting no effects
on growth in unrelated screens. SMERs 2 and 5, on the other hand, only weakly
affected growth in our screen (2- score) and displayed no effects on growth in
unrelated screens. By selecting structurally distinct compounds that exhibit
differing degrees of growth inhibition, we hoped to isolate SMERs that have
different cellular targets and/or mechanisms of action.

Expression analysis (experimental part). Yeast cells were grown to mid-
log phase (0.5-2 x 107 cells/ml) at 30 °C, in YPD medium, unless otherwise
specified, before treatment with small molecules for 30 min. Treated cells
were harvested and flash frozen in liquid nitrogen. Total RNA was isolated
using the RiboPure Yeast kit (Ambion) and RNA quality was checked using
an Agilent 2100 Bioanalyzer (Agilent Technologies). Biotin-labeled cRNA
probes were generated from total RNA using the One-Cycle Target Labeling
Assay and used for hybridization to Affymetrix GeneChip Yeast Genome
2.0 arrays (Affymetrix), according to manufacturer’s specifications. The Yeast
2.0 array includes ~5,744 probe sets for 5,841 of the 5,845 genes present in
S. cerevisiae and 5,021 probe sets for all 5,031 genes present in S. pombe. The
arrays were scanned using Affymetrix GeneChip Scanner 3000 (Affymetrix)
and raw data generated using the GeneChip Operating System GCOSv1.4.
Raw data were further processed and analyzed using GCOS or dChip (see
below) as indicated.

Gene expression analysis (computational part). Gene expression data were
normalized in dChip (http://www.dchip.org/)®!. Model-based expression
indices were calculated and log2 transformed. Genes were filtered by two
criteria: the s.d. across the samples had to be between 0.5 and 1,000, and the
genes had to be present in at least 20% of the samples. Hierarchical clustering
and principal component analysis on filtered genes were performed in dChip.
Differentially expressed genes were selected by the following criteria: there
should at least be a twofold difference in expression between treatments and
controls; the P-value of the two-tailed, two-sample unpaired equal variance
t-test must be <0.05. GO (gene ontology)3? analysis was performed using GO
term finder on the Saccharomyces Genome Database (http://www.yeastgenome.
org/). The complete data sets are available on the web (http://labs.pharmacology.
ucla.edu/huanglab/).

Protein analyses. Yeast cells were cultured to mid-log phase (~0.8 x 107 cells/ml)
at 30 °C, in YPD medium, or YPD plus adenine (YPDA) medium
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where indicated, for small-molecule treatment. Equal concentration
of DMSO carrier (0.45% here) was used across all samples. For west-
ern blot analysis, protein extracts were prepared in 8 M urea buffer (8 M
urea, 0.2% SDS, 200 mM NaCl, 100 mM Tris-HCIl pH 7.5, phosphatase
inhibitors (10 mM sodium pyrophosphate, 5 mM EDTA, 5 mM EGTA,
50 mM NaF, and 0.1 mM orthovanadate), and complete protease inhibitor
cocktail (Roche)). Cell pellets were broken with glass beads for 2 x 40 s at
4 °C in a FastPrep-24 (MP Biomedicals). Whole cell lysates were collected
after centrifugation (18,000g, 10 min) and diluted to a final concentration of
4 M urea for SDS-PAGE. Proteins were transferred to a PVDF membrane and
probed with antibodies as indicated.

For immunoprecipitation cells were lysed in (50 mM HEPES pH 7.5, 0.2%
Triton X-100, 200 mM NaCl, 10% glycerol, 1 mM DTT, 10 mM Na-pyrophos-
phate, 5mM EDTA, 5 mM EGTA, 50 mM NaF, 0.1 mM orthovanadate, ] mM
PMSE, and 1 pg/ml each aprotinin, leupeptin and pepstatin). Protein complexes
were immunopurified with anti-myc antibodies (Santa Cruz Biotechnology),
washed three times with 1 ml lysis buffer, and proteins were eluted by boiling
in SDS-PAGE loading buffer before analysis by immunoblotting.

Generation of the met4 null strain. The met4A strain was generated in the
BY4741 strain background via one-step replacement of the MET4 open read-
ing frame with a kanMX6 cassette>? and selected for YPD/G418 plates sup-
plemented with 20 uM S-adenosylmethionine (SAM, which is required for
viability of the met4A mutant in this background). All deletions were verified
with PCR. Primer sequences used are shown below.

MET4-F1:
5’-aagcgcacttctgataagcacttttattectttttttccactgtgaacgeggatccccgggttaattaa-3
MET4-R1:
5’-tgcacgtatatatatatatatatataattaaactgtatagtctgttattgaattcgagctcgtttaaac-3’
MET4-C1:

5’-ctcgtegcacatgctattgt-3”

MET4-C2:

5’-ccacgtaggccaactgttct-3”

Kan_755R:

5’- atacctggaatgctgttttgcegg-3’

Growth curve analysis. Wild-type or met4A yeast cells in the BY4741 back-
ground were seeded in a 96-well plate format at an initial cell density of 2 x
10° cells/ml in YPD + SAM (50 uM), in the presence of SMER3, rapamycin,
or DMSO carrier control. Plates were incubated, without shaking, at 30 °C
and automated absorbance (optical density or O.D.) measurements of each
culture well were taken at 595 nm every 30 min for 30 h using SpectraMax
340PC microplate reader (Molecular Devices).

Synthesis of 9H-Indeno[2,1-b][1,2,5]oxadiazolo[3,4-e]pyrazin-9-one,
SMER3. To a stirred solution of 3,4-diaminofurazan (100 mg, 1.0 mmol)
in acetic acid (2.5 ml) and ethanol (2.5 ml) was added ninhydrin (178 mg,
1.0 mol). The mixture was stirred at reflux overnight and cooled to
22 °C. The precipitate was collected by filtration, washed with ethanol
(20 ml) and dried to give the product (SMER3, 198 mg, 88%) as a yellow
solid. 1H NMR (400 MHz, DMSO-d,) & 8.29 (m, 1H), 8.05 (m, 2H), 7.95
(t,J = 6.8 Hz, 1H).

SCF E3 ligase assay. Met4 in vitro ubiquitination assays were carried out as
previously described* with the exception that recombinant SCFM¢®3? compo-
nents and FLAG-6xHisMet4 were expressed in Hi5 cells. Briefly, S5'Skp1, Cdc53,
6xHisMet30 and Rbx1 were co-expressed in Hi5 cells and SCFMeB30 was puri-
fied on glutathione sepharose. Recombinant FLAG-6xHisMet4 was bound to SCEMet30
and the ligase/substrate complex was eluted with glutathione. Sicl in vitro ubi-
quitination by recombinant SCFC4<4 was performed as described?, with
the exception that ubiquitinated Sicl was detected by immunoblotting.
To directly compare the effect of SMER3 on SCFMe¢t0 and SCFCdc4, Met4
and Sicl ubiquitination were assayed in a single reaction. Approximately
150 nM SCFMet30 apnd SCFCdet were incubated with DMSO (solvent control)
or SMERS3 for 20 min at 25 °C. The reaction was started by addition of a final
concentration of 250 nM yeast E1 (Boston Biochem), 0.8 pM recombinant
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Cdc34 purified from E. coli*®, 5 mM ATP, and 80 uM ubiquitin (Sigma).
Reactions were incubated at 30 °C and samples were taken after 5 min and
25 min reaction time to accommodate different reaction kinetics by the
two SCFs. Products were separated on SDS-PAGE and analyzed by immuno-
blotting using anti-Met4 and anti-Sicl antibodies. Quantification was done
on a Fuji LAS-4000 imaging system.

Quantitative comparison of Skpl complexes after SMER3 treatment by
mass spectrometry. A yeast strain expressing N-terminal HBTH-tagged
Skpl from the endogenous locus was generated by a PCR-based approach as
described®”. Briefly, a PCR-based integration of a TRPI-GALI-HBTH was used
to generate a strain expressing HBTH-tagged Skp1. This strain is viable only on
galactose plates. A PCR fragment encoding the SKP1 promoter with flanking
homology regions for the HBTH tag and 5’ regions of the SKP1 gene was then
used to replace the TRPI-GALI fragment at the SKPI locus. Transformants
were selected for growth on dextrose plates. The resulting strain carried the
HBTH-tag inserted into the SKPI locus before the coding region without any
other changes at the locus.

To quantitatively analyze changes in Skp1-associated proteins in response
to SMER3, we used the QTAX strategy>®. Briefly, for SILAC labeling, 200 ml
cultures of cells expressing TPTHSkp1 were grown in medium containing either
30 mg/1 1>C N arginine and 100 mg/1 lysine (‘light’) or the same amount of
13C¢ 15N, arginine (isotopic purity > 98 atom %) and 13C4 °N,, lysine (iso-
topic purity > 98 atom %) (Cambridge Isotope Labeling) (‘heavy’). When cells
reached an A, of 0.5, the light culture was treated with 20 uM SMER3 for
30 min at 30 °C. The same amount of DMSO was added to the heavy culture
as solvent control. Formaldehyde was then added to both cultures to a final
concentration of 1% to cross-link and stabilize protein complexes in vivo, and
cells were incubated at 30 °C for 10 min. Cross-linking was quenched by the
addition of 125 mM glycine for 5 min at 30 °C. Cells were harvested by filtra-
tion and stored at -80 °C.

Cell lysis and purification of proteins was performed as described3®*° with
the following modifications. Cells were lysed with glass beads in 500 pl of
buffer-1 (8 M urea, 300 mM NaCl, 0.5% Nonidet P-40, 50 mM sodium phos-
phate, 50 mM Tris, pH 8, 20mM imidazole) per tube in a FastPrep FP120
system. Cleared lysates were pooled and 10 mg of total protein extract of each
light and heavy lysate were mixed and then incubated with Ni2+-sepharose
(pre-equilibrated in buffer-1) (Amersham Biosciences) overnight at 25 °C.
Ni?*-sepharose was then washed once in buffer-1 and twice in buffer-1, pH
6.3. Proteins were eluted in buffer-2 (8 M urea, 200 mM NaCl, 50 mM sodium
phosphate, 2% SDS, 10 mM EDTA, 100 mM Tris, pH 4.3). The pH of the eluate
was adjusted to pH 8.0, and then loaded onto immobilized streptavidin (pre-
equilibrated in buffer-3 (8 M urea, 200 mM NaCl, 0.2% SDS, 100 mM Tris,
pH 8.0)) (Pierce). After incubation for 5 h at 25 °C the streptavidin beads
were washed three times in buffer-3, and three times in buffer-3 without SDS.
Streptavidin beads were then washed extensively with 25 mM NH,HCO;, pH 8,
and the proteins were released by on-bead digestion with trypsin at 37 °C
for 12-16 h. Tryptic peptides were extracted three times using 25% (vol/vol)
acetonitrile, 0.1% (vol/vol) formic acid. The peptides were further purified on
Vivapure C18 micro spin columns according to the manufacturer’s instruc-
tions (Sartorius Biotech). Peptides were analyzed by 1D LC-MS/MS using a
nanoLC system (Eksigent) coupled online to a Linear Ion Trap (LTQ)-Orbitrap
XL mass spectrometer (Thermo-Electron) as described*’. Data were analyzed
using Protein Prospector developmental version 5.1.7. Relative abundance of
proteins was determined by measuring the peptide peak intensities.

DARTS experiment using recombinant Met30. Met30 was PCR-subcloned
into pcDNA3.1(-) (Invitrogen) and expressed using Promega TnT T7 Quick
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Coupled Transcription/Translation System. Thermolysin digestion was per-
formed using translated lysate incubated with SMER3 or vehicle control, and
stopped by adding EDTA pH 8.0. Samples were subjected to 4 -12% NuPAGE
gradient gel (Invitrogen) and western blot analysis carried out with anti-RGSH
(Qiagen) and anti-GAPDH (Ambion) antibodies.

Protein expression and purification. Full-length Met30 and Skpl (yeast)
proteins were overexpressed in insect cells as a glutathione S-transferase
(GST)-fusion protein and N-terminal 6X His-tagged protein, respectively.
After co-infection with both viruses expressing GST-Met30 and His-Skpl,
GST-Met30 and His-Skpl complex was isolated from the soluble cell lysate
by glutathione affinity chromatography. The Met30/Skp1 protein complex
was released from the column after cleavage by TEV protease. The protein
sample was in a final solution of 20 mM Tris-HCI (pH 8.0), 200 mM NaCl
and 5mM DTT.

Full-length yeast Skp1 (N-terminal 6X His-tagged protein, as above) was
overexpressed in insect cells and isolated from the soluble cell lysate using
Ni-NTA affinity chromatography. The protein sample was in a final solution
of 20 mM Tris-HCl, 300 mM NaCl and 15 mM imidazole.

Differential scanning fluorimetry. Protein melting experiments were car-
ried out using the LightCycler 480 System II (Roche). Protein melting was
monitored measuring the fluorescence of the hydrophobic dye Sypro Orange
(Invitrogen) binding to amino acids of a denatured protein. The instrument
was set up with a detection format of 465 nm as the excitation wavelength and
580 nm as the emission wavelength to detect Sypro Orange-specific signal.
Melting curve fluorescent signal was acquired between 20 °C and 85 °C using
a ramping rate of 0.06 °C s~1, and an acquisition of ten data points per degree
Celsius. Melting temperatures (Tm) were determined by the LightCycler 480
Protein Melt Analysis Tool.
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