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The flexibility and specificity of ubiquitin-dependent proteolysis are mediated, in part, by the E3 ubiquitin
ligases. One class of E3 enzymes, SKp1/cullin/F-box protein (SCF), derives its specificity from F-box proteins,
a heterogeneous family of adapters for target protein recognition. Grrl, the F-box component of SCF¢ ™,
mediates the interaction with phosphorylated forms of the G, cyclins Clnl and Cln2. We show that binding of
CIn2 by SCF™™ was dependent upon its leucine-rich repeat (LRR) domain and its carboxy terminus. Our
structural model for the Grrl LRR predicted a high density of positive charge on the concave surface of the
characteristic horseshoe structure. We hypothesized that specific basic residues on the predicted concave
surface are important for recognition of phosphorylated Cln2. We show that point mutations that converted the
basic residues on the concave surface but not those on the convex surface to neutral or acidic residues
interfered with the capacity of Grrl to bind to Cln2. The same mutations resulted in the stabilization of CIn2
and Gic2 and also in a spectrum of phenotypes characteristic of inactivation of GRR1, including hyperpolar-
ization and enhancement of pseudohyphal growth. It was surprising that the same residues were not important
for the role of Grrl in nutrient-regulated transcription of HX7T1 or AGPI. We concluded that the cationic
nature of the concave surface of the Grrl LRR is critical for the recognition of phosphorylated targets of

SCFS™! but that other properties of Grrl are required for its other functions.

Ubiquitin-mediated proteolysis is now widely recognized as
an important regulatory process in eukaryotes. Its usefulness in
biological regulation is due to the tremendous flexibility and
specificity of the ubiquitination machinery. That machinery
comprises an elaborate assemblage of components that in-
cludes the E3 ubiquitin ligases. Two classes of E3 complexes,
the anaphase promoting complex and the Skpl/cullin/F-box
protein (SCF) complex have come under intense scrutiny due
largely to their involvement in regulation of the cell division
cycle. Both factors are now understood to comprise modular
sets of adapters that confer specificity on relatively nonspecific
E2 ubiquitin-conjugating enzymes. Furthermore, both classes
of regulatory complexes are highly conserved among eu-
karyotes (reviewed in reference 14). One key to understanding
the regulation conferred by these factors is to understand the
basis for substrate discrimination.

SCF complexes comprised of Skpl, Cdc53/cullin, Rbx1/
Rocl, and an F-box protein associate with ubiquitin-conjugat-
ing enzymes (Ubcs) to mediate the interaction of SCF with
specific substrates (21, 24, 48, 50). SCF comprises a family of
protein complexes, each with a different F-box protein compo-
nent. The nature of the F-box protein determines the specific-
ity of the interaction between Ubc-SCF and its targets. Related
complexes have been demonstrated in yeast, plant, and animal
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cells. Although 11 F-box proteins have been identified in the
budding yeast genome most have yet to be assigned to a spe-
cific function. Three (Cdc4, Grrl, and Met30) have been
shown clearly to associate with SCF (7, 42). SCF complexes
containing each of those proteins have been shown to interact
with a distinct group of ubiquitination targets. For example,
SCF“¥* is specifically required for the ubiquitination of the
CDK inhibitors Sicl (9, 49) and Farl (13) and the replication
protein Cdc6 (8). SCF™ targets the G, cyclins CIn1 and Cln2
(2, 42) and the putative Cdc42 effector Gic2 (17) for ubiquiti-
nation, and SCF™***? has been shown to be involved in recog-
nition of both the morphogenesis checkpoint kinase Swel (19)
and transcription factor Met4 (18, 45). Involvement of F-box
proteins as specificity factors for ubiquitination is not restricted
to yeasts but appears to be a common theme among eu-
karyotes. Among the best-characterized mammalian F-box
proteins are B-TRCP (reviewed in reference 22) and Skp2 (6,
33, 36, 52), which play roles in the recognition of IkBa and of
p27 and E2F1, respectively. Thus, the E2-SCF ubiquitinating
complexes comprise an evolutionarily conserved system that is
widely exploited in the regulation of diverse biological pro-
cesses.

Although there does not seem to be any consistent feature in
the proteins targeted by SCF for ubiquitination, many of the
targets that have been studied to date are phosphorylated. In
some cases those proteins have been shown to be phosphory-
lated and to depend on phosphorylation for proteolysis. In
several cases, the target proteins were shown to bind to SCF
only in their phosphorylated state. Phosphorylation-dependent
binding, ubiquitination, and degradation of Clnl and CIn2 by
SCFC™ (30, 42, 49, 55), of Sicl by SCF<4** (9, 49), and of
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IkBa by SCFPTR (reviewed in reference 22) have been dem-
onstrated using a combination of in vivo mutational analysis
and in vitro reconstituted ubiquitination systems. In each case,
targeting of the proteins for ubiquitination has been shown to
depend on a specific F-box protein and the phosphorylation
state of the protein. Thus, ubiquitination of specific targets not
only depends on the identity of that target but also on its state.

In addition to their involvement in targeting proteins for
ubiquitin-mediated proteolysis, there are a number of exam-
ples of the involvement of F-box proteins in transcriptional
regulation. Although in some cases SCF-dependent ubiquiti-
nation and even proteolysis may be involved, in most cases the
mechanism has yet to be established. Met30 has been shown to
be important for repression of MET gene expression (51), and
Grrl is required for induction of the expression of hexose and
amino acid permeases encoded by the HXT genes (reviewed in
reference 38) and AGPI (15), respectively. Although Met30
clearly regulates MET gene expression via SCF-dependent
ubiquitination of the transcription factor Met4, ubiquitin-me-
diated proteolysis appears to be unimportant for that regula-
tion (18; but see reference 45). The role of Grrl in nutrient-
regulated transcription in yeasts is even less clear. Induction of
the HXTI gene in response to glucose is defective in grriA
mutants. That defect is suppressed by inactivation of the tran-
scriptional repressor, Rgtl (39-41, 53). This has led to the
hypothesis that Grrl inactivates Rgtl or a coregulator in re-
sponse to glucose (10, 31), perhaps via ubiquitin-mediated
proteolysis. Grrl has also been shown to be required for tran-
scriptional induction of the amino acid permease gene AGPI
in the presence of exogenous amino acids. However, because
the relevant transcription factors have not been identified,
neither the targets nor the precise role of Grrl in that process
has been established.

These and other observations clearly define a role for F-box
proteins in determining the specificity of SCF-target interac-
tions. However, the basis for that specificity and the nature of
the protein-protein interaction sites remain to be elucidated.
This class of proteins is characterized by the presence of an F
box. Although their other features are less conserved, many
contain motifs recognized as protein-protein interaction do-
mains conserved throughout biological systems. The leucine-
rich repeat (LRR) is one such motif (reviewed in reference
26). An LRR domain is comprised of multiple LRRs, each
consisting of a beta strand and an alpha helix separated by a
variable region, which all fold into a horseshoe structure that
forms a parallel beta sheet on the concave surface with helices
on the convex surface. These domains are found in a variety of
proteins of disparate function, including the F-box proteins Grrl
and Skp2.

We investigated the LRR domain of Grr1 as a potential site
for target recognition. Grrl contains 12 complete LRRs and 1
partial LRR belonging to the LRR cysteine-containing sub-
family. We investigated whether the LRR domain of Grrl
interacts with its substrates and characterized the basis of the
specificity of Grrl for phosphorylated substrates. As was pre-
viously shown (23, 31), we found that the LRR region is es-
sential for the functioning of Grr1 and its ability to bind target
proteins. Molecular modeling of the Grrl LRR revealed an
unusually high density of cationic charges on the concave sur-
face of the horseshoe. Based on that model, we showed that
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those positively charged residues are important for binding
phosphorylated G, cyclin. In contrast, the same residues were
shown not to be important for assembly of the SCFS™! com-
plex. The inability of Grrl to bind phosphorylated targets re-
sulted in their stabilization and in phenotypes consistent with
inactivation of SCF®™!. However, the same mutations had no
effect on some of the other Grrl-dependent functions. We
concluded that the positively charged surface of the LRR is
critical for the recognition of at least one class of phosphory-
lated SCFE™! targets.

MATERIALS AND METHODS

Yeast strains and culture. Yeast strains used are listed in Table 1. All strains
were isogenic with 15 Daub, W303a, or %1278b, as indicated. Culture conditions
and medium were as indicated and were prepared by standard methods.

Pseudohyphal growth was evaluated on synthetic low-ammonia dextrose plates
(SLAD) which contained 50 pM ammonium sulfate, 6.8 g of yeast nitrogen base
per liter without amino acids or ammonium sulfate, 2% dextrose, and 2% washed
agar (12). Agar was washed five times as a 2% (wt/vol) suspension with deionized
water for 30 min per wash. After the final wash, the agar was sterilized by
autoclaving at 4% (wt/vol) in deionized water and diluting to a 2% (wt/vol) final
concentration with 2 filter-sterilized liquid media. Yeast extract, peptone, and
yeast nitrogen base were from Difco Laboratories, and agar was from Angus.
Other reagents were obtained from Sigma Chemical Co.

Plasmids. Plasmids used in this study are listed in Table 2. Full-length GRR1
was cloned by adding an NcoI-Ndel fragment encompassing the first 840 nucle-
otides generated by PCR into pADHI-grr1 AN (31). All pADH1-derived plasmids
contained a single hemagglutinin (HA) epitope at the amino-terminal end of the
GRRI open reading frame. The grrl point mutants were constructed by site-
directed mutagenesis with the pALTER mutagenesis system (Promega). Frag-
ments encompassing the mutated site or sites were subcloned into pADHI-GRRI
for use in interaction studies and into the pKAN-6His vector (modified from
pKHA3) (Kan") (35; S. B. Haase, M. Wolff, and S. I. Reed, unpublished results)
for targeted integration into the GRRI locus. grrl AL was constructed by deleting
the EcoRV-Stul fragment encoding amino acids 447 to 754 from the open
reading frame, whereas grr/AC was constructed by adding the first 840 nucleo-
tides of the open reading frame of GRRI to a grrIANC construct that was
generated by PCR (nucleotides 840 to 2700, amino acids 280 to 900). grr/ ANCF
was generated by PCR and included nucleotides 1171 to 2700, which encode
amino acids 391 to 900. All DNA fragments generated by PCR were sequenced
to confirm fidelity prior to use.

Antibodies. The 12CAS5 anti-HA monoclonal antibody was derived from as-
cites fluid provided by I. Wilson, The Scripps Research Institute, La Jolla, Calif.
The antibody was conjugated to protein A-Sepharose for use in immunoprecipi-
tation experiments. Affinity-purified polyclonal anti-Cln2 (57) and anti-Cdc28
(56) antibodies were prepared as previously described. Anti-6His (Quiagen),
anti-myc (Santa Cruz Biotechnology) and anti-HA (Babco) were obtained com-
mercially. Polyclonal anti-glutathione S-transferase (anti-GST) was a generous
gift from S. Reed (The Scripps Research Institute).

Preparation of yeast cell extracts. Exponentially growing yeast cells were
pelleted, washed with cold 1X phosphate-buffered saline, and resuspended in
yeast lysis buffer (50 mM Tris-HCI [pH 7.5], 150 mM NacCl, 0.1% NP-40, 10%
glycerol) containing 50 mM sodium fluoride, protease inhibitors (0.4 mM phe-
nylmethylsulfonyl fluoride, 1 pg of pepstatin per ml, 1 ug of leupeptin per ml,
and 1 pg of aprotinin per ml), and phosphatase inhibitors (0.1 mM sodium
orthovanadate, 5 mM EDTA, 5 mM EGTA, and 10 mM sodium pyrophosphate).
Cells were lysed with glass beads by using seven cycles of vortexing for 1 min
followed by a 1-min incubation on ice. Extracts were collected after centrifuga-
tion for 15 min at 14,000 rpm in an Eppendorf S417R microcentrifuge. The
protein concentrations of the lysate were determined by the Bio-Rad protein
assay (Bio-Rad Laboratories).

Immunoprecipitation and immunoblotting. Inmunoprecipitation was carried
out by incubating 750 to 1,000 pl of yeast extract containing 0.5 to 1.0 mg of total
yeast protein with anti-HA (12CAS5) antibody conjugated on protein A-Sepha-
rose beads (Sigma) for 1 h at 4°C with gentle rocking. The beads were then
washed three times with 1 ml of yeast lysis buffer, resuspended in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer, and re-
solved by SDS-PAGE. For immunoblotting, proteins were transferred to Imo-
bilon membranes (Millipore Corp.) by semidry transfer at 200 mA for 2 to 6 h.
The proteins were detected using Super Signal (Pierce). Dilutions of the anti-
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TABLE 1. Strains used in this study

Strain Relevant genotype® Source
CWY231 15Daub 44
YHY209 15Daub his2::GALI-CLN2-FLAG::HIS2 S. Lanker
K699 W303 K. Nasmyth
YHY565 W303 GRRI-6His::KanMX2 This study
YHY284 W303 grrl::LEU2 This study
YHYS597 W303 grrl AL-6His::KanMX?2 This study
YHY599 W303 grrl AC-6His::KanMX2 This study
YHY668 W303 grr1-B4Q-6His::KanMX2 This study
YHY602 W303 grrl-B4E-6His::KanMX2 This study
YHY654 W303 grr1-R4850-6His::KanMX2 This study
YHY600 W303 grrl-R680Q-6His::KanMX2 This study
YHY670 W303 grrl-R680E-6His::KanM X2 This study
YHY643 W303 grrl-K498E-6His::KanMX2 This study
YHY604 W303 grrl-K498E R550E-6His::KanMX2 This study
YHY671 W303 grrI-R680Q R709Q-6His::KanMX2 This study
YHY672 W303 grrl-R680E R709E-6His::KanMX2 This study
YHY285 W303 leu2::GAL1-CLN2::LEU2 This study
YHYS595 W303 leu2::GALI-CLN2::LEU2 grrl AL-6His::KanM X2 This study
YHY669 W303 leu2::GALI-CLN2::LEU2 grr1-B4Q-6His::KanMX2 This study
YHY603 W303 leu2::GALI-CLN2::LEU2 grrl-B4E-6His::KanMX2 This study
L5366 MATa/o ura3-52/ura3-52 28
RLVsc504 MATa/o ura3-52/ura3-52 leu2::hisG/leu2::hisG his3::hisG/HIS3; grrl::LEU2/grrl::LEU2 This study
RLVsc485 MATa/o ura3-52/ura3-52 leu2::hisG/LEU2 his3::hisG/HIS3; grrl AL::KanMX2/grrl AL::KanMX2 This study
RLVsc486 MATa/o ura3-52/ura3-52 leu2::hisG/LEU2 his3::hisG/HIS3; grrl1 AC::KanMX2/grr1 AC::KanM X2 This study
RLVsc492 MATa/o ura3-52/ura3-52 leu2::hisG/LEU2 his3::hisG/HIS3 grr1-B4E::KanMX2/grr1-B4E::KanMX2 This study
HLYS876 MATa/o ura3-52/ura3-52 leu2::hisGlleu2::hisG; trpl::hisG/trpl::hisG clnl::ura3::TRPI/cinl::ura3::TRPI; 32

cln2:LEU2/cln2::LEU2
HLY1540 MATa/o ura3-52/ura3-52 leu2::hisG/leu2::hisG; his3::hisG/his3::hisG grrl::LEU2/grrl:LEU2 clnl::ura3:: 32

HIS3/clnl::ura3::HIS3 cn2::LEU2/cIn2::LEU2

“ Strains of the these backgrounds have the indicated genotype: 15Daub, MATa adel his2 leu2-3,112 trpI-1 (44); W303, MATa ade2-1 canl-100 his3-1,15 leu2-3,112
trpI-1 ura3 (K. Nasmyth); 21278b, genotypes as indicated. Ura™ strains were transformed with YCplac33 (11) prior to use.

bodies for Western blots were 1:1,000 for anti-Cln2 and anti-6His antibodies
(Quiagen), 1:2,000 for anti-HA (Babco) and anti-myc antibodies (Santa Cruz
Biotechnology), 1:5,000 for anti-GST antibody, and 1:10,000 for anti-Cdc28
antibody.

TABLE 2. Plasmids used in this study

Plasmid Parent and insert Source
YCplac33 YCplac33 11
pYH210 pADHI-GRRI-HA This study
pBM3425 pADHI1-grrlAN-HA 31
pYH460 pADHI1-grr1 AC-HA This study
pYHA475 pADHI1-grr1AL-HA This study
pYH233 pADHI1-grrl ANCF-HA This study
pYH 340 pADH1-grr1-K498Q-HA This study
pYH 336 pADH1-grr1-R5500-HA This study
pYH 353 pADH1-grr1-R680Q-HA This study
pYH 350 pADH1-grr1-R7090-HA This study
pYH 374 pADH1-grr1-K498Q R5500-HA This study
pYH 338 pADH1-grr1-R680Q R709Q-HA This study
pYH 499 pADH1-grr1-B4Q-HA This study
pYH 426 pADH1-grr1-R4850-HA This study
pYH 357 pADH1-grr1-K498E-HA This study
pYH 379 pADHI1-grr1-R550E-HA This study
pYH 345 pADH1-grr1-R680E-HA This study
pYH 352 pADHI1-grr1-R709E-HA This study
pYH 341 pADH1-grr1-K498E R550E-HA This study
pYH 339 pADHI1-grr1-R680E R709E-HA This study
pYH 380 pADHI1-grrl-B4E-HA This study
pYH 428 pADHI1-grr1-R485E-HA This study
pYH 378 pADH1-grr1-Y655A-HA This study
pYH 430 PADHI1-grrl-K622E-HA This study
pPK102 YCp-CUPIp-SKPI1-GST 19
PMJ383 YCp-GALI-GIC2-GFP 17
pYH226 YCp-CDC53-6Xmyc This study

Determination of the stability of CIn2 and Gic2. For determination of Cln2
and Gic2-green fluorescent protein (GFP) half-life by promoter shut-off, cell
strains were grown in 2% raffinose until optical density at 600 nm (ODyg) was
0.5 to 0.8. Galactose was added to a concentration of 2% to induce expression
driven by the GAL! promoter for 45 min in the case of CLN2 and for 3 h in the
case of GIC2. Glucose was added to a concentration of 2% to repress the
expression. Samples were taken before the induction and at the indicated time
following repression by glucose. Cln2 abundance was assayed by immunoblotting
with anti-Cln2 antibody (57), and Gic2-GFP abundance was assayed using an
anti-GFP antibody (Boehringer-Mannheim).

Structural modeling of the LRR of Grrl. Coordinates used for three repeats
of the LRR from Grr1 were those from the previous model of Kajava (20). Those
repeats contain three B-strands covered on one face by two a-helices. Side chains
of the three repeats were replaced by those of the Grrl molecule using XFIT
(34), and their positions were energy minimized using X-PLOR 3.8 (5) with the
CHARMM?22 all-atoms force field (4). To assemble the 12 repeats of Grrl, we
superimposed the Grrl repeats on the crystal structure of the RNase inhibitor
(27) using InsightII (MSI, Inc., San Diego, Calif.). Side chains were replaced by
XFIT and subsequently energy minimized in X-PLOR. Finally, two insertions
required in the 6th and 12th repeats and a deletion in the 11th repeat were
carried out in TURBO-FRODO (46). Insertions increased the length of both
C-terminal helices by almost a turn (three residues). This model was optimized
by several rounds of refinement using TURBO-FRODO and X-PLOR.

RT-PCR. Grrl mutant strains were grown in 2% galactose in rich medium to
mid-log phase. Glucose was added to half of the culture to a 4% concentration,
and cells were collected 90 min after induction of glucose. For AGPI reverse
transcriptase PCR (RT-PCR), only the glucose-induced cells were used.

Total yeast cell RNA was isolated using the RNeasy minikit (Qiagen) as
recommended by the manufacturer. The first strand of cDNA was synthesized
from 3 pg of total RNA by using SuperScript II reverse transcriptase (RT) (Life
Technologies) with oligo(dT);, ;3. A PCR program with 94°C for 3 min, fol-
lowed by 20 cycles of 1 min at 94°C, 1 min at 54°C, and 2 min at 72°C was
performed to analyze the level of AGPI, HXTI, and ACTI in each cDNA
preparation. A PCR from equal amounts of RNA (without RT) was also per-
formed to check DNA contamination, if any. Amplified products were analyzed
by gel electrophoresis. Different amounts of cDNA were tested for PCR to make
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sure that 20 cycles of amplification quantitatively represented the level in each of
the cDNA samples. The results shown in Fig. 8 below were PCR amplified from
one-fortieth of each cDNA preparation.

The primers used were as follows: AGPI, 5'-CGTCGTCGAAGTCTCTATA
CG-3' and 5'-GGTCCGTTCCTCAAACGTTCCC-3'; HXTI, 5'-GGAATCTG
GTCGTTCAAAGGCC-3" and 5'-GGTTGGTCATCATGCATTAGG-3'; and
ACTI,5'-GAAGCTCAATCCAAGAGAGG-3" and 5'-GAGGAGCAATGATC
TTGACC-3'.

Filamentous assay conditions. To evaluate pseudohyphal development, cells
were pregrown for 2 days on synthetic minimal (SD) medium at 30°C and then
transferred to SLAD. To avoid disturbing the agar surface and the colony
density-dependent inhibition of pseudohypha formation (58), single unbudded
cells were carefully placed 1 cm from each other by using the needle of a
dissecting microscope. Between 20 and 100 colonies, each derived from a single
unbudded cell, were analyzed for each strain. Pseudohyphal growth was evalu-
ated by multiple criteria. First, colony and cell morphologies were monitored
after 1 day of growth on SLAD plates (an assay of the extent of early morpho-
logical differentiation). Next, the cell and colony morphologies were evaluated
after 5 days of growth on SLAD before (total growth) and after mechanically
washing the noninvasive cells from the plate surface (invasive growth).

Microscopy and imaging. Cells from suspension cultures were imaged with
differential interference contrast (DIC) optics on a Nikon Eclipse E800 micro-
scope using IPLAB Spectrum software and a Photmometrix Quantix charge-
coupled device camera. Images were processed for publication with Adobe
Photoshop software.

Microcolonies and colonies growing on plates were imaged from below
through the agar and plastic petri dish, by using a Nikon Labophot microscope.
Pixera VCS image acquisition software and a Pixera charge-coupled device
camera were used to capture images at a resolution of 1,280 by 1,024 pixels.
Images were processed for publication with Adobe Photoshop software.

RESULTS

Protein-protein interaction domain containing LRR and ad-
ditional domains in the C terminus are required for Cln2
binding. The interaction between the E2-E3 complex Cdc34-
SCF and its substrates depends on both the nature of the F-box
protein component of the complex and the identity and phos-
phorylation state of the substrate. The interaction of Grrl with
phosphorylated G, cyclins Clnl and CIn2 can be demonstrated
in vivo (23, 55) (Fig. 1B) as well as in vitro (49, 50). Those
complexes also contain SCF components including Cdc53 and
Skpl (1, 9, 42, 49, 55) (Fig. 1C). We have evaluated the im-
portance of various Grrl domains (Fig. 1A) for the interaction
between Grrl and CIn2 by analyzing the abundance of CIn2
present in immune complexes prepared from extracts of yeast
cells expressing wild-type and mutant forms of epitope-tagged
Grrl (Grr1-HA) from the ADH1 promoter. In agreement with
previous analyses of these same deletion mutants with the
yeast two-hybrid assay (31), we found that deletion of the
amino-terminal 280 amino acids of Grrl (Grr1AN) caused only
a modest defect in the capacity to specifically interact with
CIn2 protein in vivo (Fig. 1C). In contrast, a more dramatic
effect was caused by deletion of either the C-terminal 234
amino acids (GrrlAC) or the 308-amino-acid domain that
comprises the majority of the LRRs (Grr1AL). Deletion of the
carboxy terminus results in a dramatic reduction in binding to
CIn2 compared to that observed with wild-type Grrl. However,
the small amount of CIn2 protein that forms a complex with
Grr1AC, like the protein binding to wild-type Grrl, is primarily
in the phosphorylated form. Finally, Grr1 lacking the predicted
LRR region was completely deficient in Cln2 binding (Fig. 1B),
consistent with a previous report (23). Based on this analysis, it
appears that both the LRR and, to a somewhat lesser extent,
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FIG. 1. (A) Domain structure of Grrl and positions of deletion
mutations. Domains are indicated across the top of the diagram, and
positions of the deletion mutations are indicated across the bottom of
the diagram. Residue numbers are indicated for the end points of the
deletions. (B) Comparison of Cln2 binding to full-length and domain
deletion mutations of Grrl. Anti-HA immunoprecipitates were pre-
pared using extracts (WCE) from 15Daub strains expressing epitope-
tagged CLN2 from the GALI promoter and wild-type or deletion
mutation forms of GRRI-HA from the ADHI promoter. Components
of the extracts and immune complexes were evaluated using either
anti-HA (12CAS5), anti-CIn2, or anti-Cdc28 antibodies. (C) Interaction
of Grrl derivatives with CIn2 and the SCF components, Skpl and
Cdc53. Anti-HA immunoprecipitates were prepared using extracts
(WCE) from 15Daub strains carrying CDC53-myc, SKPI-GST ex-
pressed from the CUPI promoter, GAL-CLN2-FLAG, and wild-type
or deletion mutation forms of GRRI-HA from the ADHI promoter.
Components of the extracts and immune complexes were visualized
using either anti-HA (12CAS), anti-Cln2, anti-myc, or anti-GST anti-
bodies.

the carboxy-terminal sequences of Grrl are important in the
interaction of Grrl with its substrates.

The finding that the LRR is essential for Cln2 binding sug-
gested that it might also be sufficient for Cln2 binding. We
therefore prepared a construct having just the region encoding
the LRR and an HA tag under the ADH1 promoter. We then
evaluated the ability of this construct to bind to CIn2 in vivo by
coimmunoprecipitation. Although the isolated LRR was stable
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FIG. 2. (A) Alignment of LRRs. The LRRs of Grrl used to construct the structural model are shown. Residues indicated in green are those
that are generally conserved between repeats. The residues that have been altered in the mutations presented in this study are depicted in red
letters. Structural properties (B-sheet by the arrow; a-helix by the helix) of the repeats are indicated by the diagram at the top. (B) Space-filling
model. Structural prediction for the LRR of Grrl. A tube diagram is overlaid on a space-filling model derived for the LRR domain comprised of
the residues presented in panel A. Amino acid side chains are shown only for those residues that have been altered by mutation. Red and blue
surfaces of the space-filling model represent negatively and positively charged regions of the surface of that domain, respectively.

when expressed in yeasts and accumulated to a level compa-
rable to that of full-length Grrl, it was not capable of binding
to Cln2 (data not shown).

There is some evidence that assembly of an SCF complex is
required for the interaction of F-box proteins with their targets
(49). Thus, we evaluated whether the failure of some of these
mutant proteins to interact with phosphorylated Cln2 was a
consequence of their failure to form a productive SCF com-
plex. The HA-tagged Grrl constructs were introduced into
cells expressing Cdc53-myc and GST-Skpl, and anti-HA im-
mune complexes were analyzed for the presence of the appro-
priate tagged protein. Both Cdc53 and Skpl were present in
the immune complexes containing Grr1AN (data not shown),
Grrl1AC, GrrlAL, and wild-type Grrl, whereas GrrlANCF
failed to interact with either Cdc53 or Skp1 (Fig. 1C) (31).
Despite their ability to interact with SCF components, both
Grr1AL and Grr1AC differed from the wild type and Grr1AN
in a couple of ways. First, they exhibited a modest but repro-
ducible reduction in the amount of Skpl that was bound (Fig.
1C, lanes AL and AC). This was more apparent in the case of
Grr1AL, since this form was more abundant in the immune
complexes. A more striking observation was the failure of
Grr1AL and Grr1AC to associate with the modified, low-mo-
bility form of Cdc53. The lower mobility form of Cdc53, which
was present in the whole-cell extracts (Fig. 1C, lanes AL and
AC), has been shown to be covalently modified with the ubig-
uitin-like polypeptide Rub1 (29, 55). Although SCF©“** stabil-
ity appears to be affected by inactivation of RUBI (29), neither
the relevance of the specific defect of Grrl binding to Rubl-
derivatized Cdc53 nor the importance of Rubl derivatization
for the integrity or function of the SCFS™" complex has been
clearly established.

We concluded that although the elimination of the LRR of
Grrl affected the nature of the SCF™™* complexes formed, it
did not inhibit the capacity to form those complexes. Never-
theless, the complexes that did form failed to bind to phos-
phorylated Cln2. Elimination of the carboxy-terminal domain
of Grrl had a similar but less dramatic effect on the capacity of
Grrl to bind to phosphorylated Cln2. Subsequent analysis
demonstrated that mutations in the LRR domain, which had
no effect on the binding of Grrl to Rub1-modified Cdc53, were
also defective in binding to phosphorylated CIn2 (see below).
Therefore, we consider it likely that the defect in the LRR
domain of GrrlAL is sufficient to explain the inability of that
protein to bind to Cln2.

Predicted structure of LRR of Grrl reveals a potential bind-
ing site for phosphorylated substrates. The apparent impor-
tance of the LRR for the interaction between Grrl and phos-
phorylated CIn2 as well as the impact of LRR deletion on
formation of SCF®™™! prompted us to analyze this motif in
greater detail. Consistent with the observations described
above, LRRs in a number of proteins have been shown to be
important for protein-protein interactions. Structural models
for a number of the subfamilies of LRRs have been proposed
based on the conservation of the motif between members of
those subfamilies (20, 26) and the crystal structure of the por-
cine ribonuclease inhibitor (RI) (25-27). The basic repeat
units of a number of distinguishable classes of LRRs have been
defined. The Grrl LRRs fall into the cysteine-containing LRR
family (20). Using that repeat, we derived an alignment for the
12 LRRs of Grrl (Fig. 2A). This repeat structure differed
somewhat from previously suggested repeat alignments for
Grrl, but it was most consistent with the repeat unit derived
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from structural modeling by Kajava (20) for the cysteine-con-
taining family.

A structure for the Grrl LRR was predicted based on the
X-ray crystal structure of the porcine RI complex (27) and the
modeling of Kajava (20) for cysteine-rich LRRs. Several prop-
erties of the predicted structure (Fig. 2B) are immediately
apparent. First, the 12 LRRs form a horseshoe-like structure
with a concave surface formed by the parallel packing of the
B-sheets and a convex surface formed by the a-helices. Strik-
ingly, the concave surface contains a high density of basic
residues, whereas the convex surface has a random distribution
of charged residues. The electrostatic surface potential of the
LRR was calculated at the solvent-accessible surface (1.4 A
away from the molecular surface), using a physiological ionic
strength (150 mM), and mapped back onto the molecular sur-
face. This process was designed to reveal the electrostatic po-
tential actually experienced by atoms that come into contact
with the surface of the LRR. The positively charged electro-
static potential was enhanced by the depth of the concave
region of LRR (reduced solvent-accessible area) and by a
relatively sparse distribution of negatively charged residues
(Fig. 2A). Together, these properties resulted in this strong
positive electrostatic potential.

Although the general shape predicted for the Grrl LRR was
a conserved characteristic of LRR structures, the basic char-
acter of the concave surface was not conserved. This property
of the Grrl LRR immediately suggested a model in which the
positive surface potential of the concave surface is involved in
the interaction with the negatively charged phosphate residues
of the phosphorylated target. This idea becomes even more
attractive when one realizes that the interaction between ribo-
nuclease and the LRR of the RI involves a substantial contri-
bution of its concave surface.

Basic residues localized on the putative binding surface but
not the opposite surface affect binding of SCF™! to CIn2. The
structure of the Grrl LRR derived from computational mod-
eling indicates an abundance of basic residues on the concave
surface. In contrast, a relatively random distribution of charged
residues was observed on the convex surface predicted by the
model. This is particularly striking when considered in the
context of the role of Grrl as an adapter for recognition of
phosphorylated targets by SCF. At least in the case of Cln2,
those phosphorylated residues appear to be clustered (30; S.
Lanker, unpublished data). Based on the predicted structure,
we hypothesized that either the basic character of the concave
surface or the specific distribution of basic residues on that
surface determines the capacity of SCF™™ to recognize phos-
phorylated ClIn2.

To examine the role of the positively charged residues on the
concave surface of the Grrl LRR, we undertook site-directed
mutagenesis of several of these residues, choosing four basic
residues, K498 (LRR 4), R550 (LRR 6), R680 (LRR 11), and
R709 (LRR 12). These residues were predicted to project
prominently into the pocket formed by the concave surface of
the LRR region and therefore were expected to make a sub-
stantial contribution to the basic character of that surface.
Mutations changing each of those residues to either neutral
glutamine (Q) or acidic glutamate (E) were introduced into
Grrl alone or in combination. In addition to these four basic
residues, mutations in two additional residues were also con-
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FIG. 3. Analysis of CIn2 binding by Grrl with alterations in the
basic residues of the LRR. (A) CIn2 binding by Grrl with basic resi-
dues of the LRR replaced by glutamine (Q). Anti-HA immunopre-
cipitates were prepared from extracts (WCE) of strains expressing
wild-type or mutant GRRI-HA expressed from the ADHI promoter
and CLN2 expressed from the GALI promoter. Immunoblots were
probed with the anti-HA or anti-CIn2 as indicated. Grr1-B4Q repre-
sents the protein with all four basic residues on the concave surface of
the LRR converted to glutamine. (B) Interaction of Grrl point mu-
tants with glutamate replacement of basic residues with CIn2. This
experiment was similar to that shown in panel A, except that the basic
residues in the LRR of Grr1 were replaced by glutamate (E) instead of
glutamine. Grr1-B4E represents the protein with all four basic residues
on the concave surface of the LRR converted to glutamate.

structed (Fig. 2). Glutamine (Q) or glutamate (E) was intro-
duced in place of the R485 (LRR 3) and K622 (LRR 8) basic
residues, which were predicted by our model to reside on the
convex surface of the LRR and therefore to be unimportant
for binding phosphorylated substrates.

Each of the mutant grr/ genes was tagged with an HA
epitope, placed under control of the constitutive ADH1 pro-
moter and introduced into an otherwise wild-type yeast strain.
The mutant forms of Grr1-HA were all expressed and accu-
mulated to a level that was comparable to that of similarly
expressed wild-type Grr1-HA (Fig. 3 and data not shown). The
capacity of the mutated Grrl-HA proteins to bind phosphor-
ylated CIn2 was evaluated by coimmunoprecipitation from ex-
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tracts of cells expressing Cln2 from the inducible GALI pro-
moter. All of the mutant proteins that had lesions predicted to
lie on the concave surface of the LRR were compromised in
their capacity to bind ClIn2 relative to wild-type Grrl, whereas
those proteins involving residues on the convex surface were
largely unaffected (Fig. 3 and data not shown). Nevertheless,
there was some variability in the CIn2 binding efficiency ob-
served between the mutant Grrl proteins. First, binding of
CIn2 to those Grrl mutant proteins with glutamate (E) in place
of the basic residue (Fig. 3B) was more severely affected in
every case than binding to those with glutamine (Q) in the
same position (Fig. 3A). This is consistent with our model,
since the presence of like charges on both Grrl and the phos-
phorylated substrate is expected to be repulsive. Next, some of
the single-residue mutants were less severely affected than
others. For example, the R680Q mutant retained approxi-
mately half of the wild-type level of CIn2 binding (Fig. 3A). It
is interesting that, according to our computational model,
R680 was predicted to participate in a salt bridge with D657
(data not shown) and may therefore be less available for in-
teractions with a charged ligand. Mutants having more than
one mutated residue were, in general, more severely affected
than those carrying single-site mutations. In fact, the mutant in
which all four basic residues were replaced with glutamate
(Grr1-B4E) was completely defective in the ability to bind
CIn2. This included the capacity to bind the highest mobility
form of CIn2, which is presumably unmodified. In contrast,
using the other mutants that had glutamate in place of the
basic residues, we observed binding of the highest-mobility
form of CIn2. We are uncertain whether this form actually
binds or is formed during preparation of the samples, but it was
clear that, whatever the source, it was without consequence in
terms of CIn2 instability (see below). Finally, consistent with
our prediction, mutations altering basic residues on the convex
surface (R485 and K622) had little or no effect on CIn2 binding
relative to wild-type Grrl regardless of whether the replace-
ment was with glutamine or glutamate (Fig. 3 and data not
shown).

Since both the grrIALRR and grrl AC mutations resulted in
some alterations in the nature and extent of binding to SCF
components (Fig. 1), it was conceivable that the point mutants
in this region might be similarly affected. Therefore, we eval-
uated the capacity of these mutant proteins to assemble into
SCF complexes. The constructs carrying both glutamine and
glutamate replacements of basic residues were introduced into
cells carrying Myc epitope-tagged Cdc53 and GST-Skpl, and
their capacity to bind Grrl was evaluated by coimmunopre-
cipitation (Fig. 4). All of the Grrl point mutants that were
tested bound to both Cdc53 and Skpl at levels comparable to
that of wild-type Grrl. Unlike the GrrlAL protein, which is
completely deficient in the LRR, the point mutants bound to
both the unmodified and the Rubl-modified forms of Cdc53
efficiently (Fig. 4). Thus, the capacity of Grrl to interact with
modified Cdc53 is independent of the presence of basic resi-
dues in the LRR and is not strictly associated with the inability
of Grrl to interact with CIn2. Together, these observations
support our hypothesis that charged interactions on the con-
cave surface of the LRR but not those on the convex surface
are required for the interaction between Grrl and Cln2.
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FIG. 4. Interaction of Grrl point mutant proteins with Skpl,
Cdc53, and Cln2. Anti-HA immunoprecipitates were prepared from
strains expressing the wild type or the indicated mutation of GRRI-HA
from the ADHI promoter along with SKPI-GST expressed from
the CUPI promoter, CDC53-myc, and GAL-CLN2, as described in the
legend to Fig. 1C.

grrl mutants deficient in Cln2 binding are also defective in
proteolysis of CIn2. To obviate problems associated with the
use of overexpressed proteins, single copies of each of the
deletion mutant constructs as well as several of the point mu-
tant constructs were introduced into cells under control of the
native GRRI promoter by targeted integration. Each of the
point mutant products accumulated to levels equivalent to or
modestly higher than that of the wild-type protein. The grr/AL
product accumulated to a level that is approximately two- to
threefold higher than that of the wild-type protein when ex-
pressed from that promoter (Fig. 5A). A similar increase rel-
ative to the wild-type protein was observed when grrl AL was
expressed in multiple copies from the ADHI promoter (Fig.
1C). In contrast, the Grr1AC protein accumulated to approx-
imately one-half the level of the wild-type Grrl (Fig. 5A; data
not shown). It is likely that the altered accumulation of these
proteins is a consequence of their altered stability, which is
known to be dependent on SCF function (59). However, we
have not evaluated the stability of these Grrl derivatives.

An effect of the grrl mutations on Cln2 stability was imme-
diately suggested by the abundance of the Cln2 protein in the
various grr/ mutant strains. Each of the strains shown to be
deficient in Cln2 binding also had an elevated steady-state level
of CIn2 (Fig. 5A). In contrast, the grrl-R4850Q mutant, the
product of which we showed binds to CIn2 efficiently, accumu-
lates CIn2 protein to the same extent as wild-type cells.

We analyzed the stability of CIn2 in strains expressing the
various deletion and point mutations. Single copies of the
mutations were introduced under their own promoter into a
strain carrying an integrated copy of CLN2 expressed from the
GALI promoter in addition to the wild-type CLN2 gene. The
abundance of Cln2 was then evaluated over a time course
following repression of CLN2 expression by the addition of
glucose (Fig. 5B). Whereas the half-life of CIn2 in cells ex-
pressing wild-type Grrl was approximately 10 min, each of the
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FIG. 5. (A) Accumulation of Grrl-6His and CIn2 proteins in var-
ious point and deletion mutations of GRRI. Twenty-five micrograms of
whole-cell extract from asynchronously growing cells expressing the
wild type or the indicated GRRI-6His form from its endogenous pro-
moter were analyzed by immunoblotting using anti-His, anti-Cln2, and
anti-Cdc28 antibodies, respectively. (B) Stability of CIn2 in cells having
point and deletion mutations in Grrl. Cells carrying CLN2 under the
inducible GALI promoter and wild-type GRRI or its derivatives
(grrlA, grrlAL, grrl-B4Q, and grrl-B4E) under its native promoter
were pregrown under noninducing conditions (2% raffinose). GALI-
CLN2 was expressed for 45 min by addition of 2% galactose and then
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strains expressing mutant Grrl exhibited an extended Cln2
half-life. As previously demonstrated, introduction of either
the grr1 A or the grrl AL mutation resulted in a dramatic stabi-
lization of Cln2 (Fig. 5B). Strikingly, replacement of all four
basic residues on the concave surface was also associated with
a dramatically lengthened half-life for CIn2 that was consistent
with the effect of those mutations on CIn2 binding. Both the
grrl-B4Q and the grrl-B4E mutants also caused a similar in-
crease in the stability of Cln2 without the associated defect in
SCF formation (Fig. 4 and 5B). The various single-site point
mutants that were analyzed resulted in more modest increases
in CIn2 stability than either Grr1ALRR or one of the quadru-
ple-point mutant proteins (data not shown). Finally, the
Grr1AC mutant, which exhibited a partial defect in CIn2 bind-
ing, resulted in a less dramatic stabilization of CIn2 (data not
shown). Because Grrl1AC is reduced in abundance relative to
wild-type Grrl, it was difficult to distinguish the effect of re-
duced binding to CIn2 from the effect of reduced abundance of
the Grr1AC protein. Nevertheless, its effect is less severe than
that of Grrl1AL, as well as those of most of the point mutants
(Fig. 5A and data not shown). We conclude that the stability of
CIn2 in strains expressing single copies of the various grr!
mutations was largely consistent with the capacity of the mu-
tants to bind to Cln2.

Morphological consequences of grrl mutations. We have
analyzed the morphological phenotypes associated with the
various grrl mutants (Fig. 6). The mutants have been analyzed
both when growing in rich liquid medium (yeast extract-pep-
tone-dextrose [YEPD] liquid; Fig. 6A) or on rich solid medium
(YEPD plate; Fig. 6B). Consistent with their effect on CIn2
stability, both the grr/AL and grrl AC mutants caused cells to
become elongated and to bud in a unipolar fashion. This was
particularly apparent in cells growing on solid medium (Fig.
6B). The grrl point mutants exhibited a gradation of severity
that was roughly consistent with their effect on CIn2 proteol-
ysis. Mutations resulting in neutralization of basic residues on
the predicted convex surface of the LRR had no phenotypic
effect, whereas those neutralizing basic residues on the pre-
dicted concave surface had a pronounced effect on cell polar-
ity, bud site selection, and, to a lesser extent, abscission (Fig. 6
and data not shown). Whereas single- and double-point muta-
tions had a relatively modest effect on cell morphology, the
effect of the quadruple-point mutations (grr/-B4Q and grrl-
B4E) on polarized growth and bud site selection became more
pronounced. Finally, replacement with an acidic residue gen-
erally resulted in more severe phenotypes than replacement
with a neutral residue at the same position. Nevertheless,
whereas grrl-B4E mutations are similar to the grr/A mutations
in the severity of their effects on morphological phenotypes,
they have less severe effects on growth rate (data not shown).

Despite the general increase in severity of the phenotype
that was observed with an increasing number of mutations,
there are subtle distinctions between the morphological phe-
notypes of the four different basic residue mutants (Fig. 6 and

repressed by addition of 2% glucose. Extracts prepared from samples
taken at the times indicated were analyzed by immunoblotting using
anti-CIn2 and anti-Cdc28 antibodies. UI, uninduced.
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FIG. 6. (A) Morphological phenotypes of point and deletion mutations of GRRI growing in rich liquid medium. Cells grown to late log phase
were analyzed by DIC microscopy and digital imaging. (B) Morphological phenotypes of point and deletion mutations of GRRI growing on rich
solid medium. Cells were grown on rich glucose medium (YEPD) for 4 h prior to photomicrography.

data not shown). For example, mutations affecting residue
R680 result in cell enlargement rather than hyperpolarization.
This is very noticeable when comparing the neutral and acidic
replacements of R680 and R709 to the same replacements of
K498 and R550. However, the single R680E mutant also ex-
hibits significant enlargement. The source of the cell enlarge-
ment is unknown, but it is unlikely to be a consequence of
hyperaccumulation of Cln2. Other, more subtle phenotypic
differences are apparent on closer examination but have not
been further evaluated.

Mutations in GRRI affecting Cln2 binding and stability also
result in stabilization of Gic2, a target for SCF“™'-dependent
proteolysis. The fact that mutations on the putative concave
surface of the Grrl LRR affected the capacity of SCFS™ to
bind to CIn2 and resulted in its stabilization suggested that the
same mutations would also result in the stabilization of other
SCFS™! targets. The stability of the putative Cdc42 effectors
Gicl and Gic2 has been shown to be phosphorylation depen-
dent and to be mediated by SCF“™" (17). To determine

whether the basic residues on the concave surface of the Grrl
LRR were required for the degradation of the Gic2 protein, we
analyzed the stability of Gic2-GFP expressed from the repress-
ible GALI promoter in cells having the grr1-B4Q allele at the
chromosomal locus as the only source of Grrl. The Gic2-GFP
fusion protein was rapidly degraded when the GALI promoter
was repressed by the addition of glucose (Fig. 7). However, the
same protein was dramatically stabilized in grr/ AL mutants, as
well as in cells carrying grri-B4Q (Fig. 7) and grrl-B4E (not
shown) mutations. Thus, mutations that either eliminate the
LRR domain of Grrl or neutralize the charge on its concave
surface result in stabilization of the Gic2 protein, presumably
due to the failure of Grrl to bind to Gic2 and promote its
ubiquitination. We conclude that the concave surface of the
Grrl LRR, by virtue of its basic nature, participates in binding
to phosphorylated targets of the SCF°™" ubiquitin ligase.
Mutations in GRRI have differential effects on Cln2 stability
and other established functions of Grrl. Grrl has been impli-
cated in a number of cellular functions in addition to proteol-
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FIG. 7. Stability of Gic2 in cells having point and deletion muta-
tions in Grrl. Cells carrying GIC2-GFP under the inducible GAL!
promoter and wild-type GRRI or its derivatives (grrI AL and grrl-B4Q)
under its native promoter were pregrown under noninducing condi-
tions (2% raffinose). GALI-GIC2-GFP was expressed for 3 h by addi-
tion of 2% galactose and then repressed by addition of 2% glucose.
Extracts prepared from samples taken at the times indicated were
analyzed by immunoblotting using anti-GFP and anti-Cdc28 antibod-
ies. UI, uninduced.

ysis of G, cyclins and Gicl/2. Genetic analysis has implicated
GRRI as a regulator of the expression of several nutrient
responsive genes. Of those, the best characterized are the
systems governing expression of the HXT genes, which encode
a family of hexose permeases in response to glucose (reviewed
in reference 38) and which govern the expression of the broad-
specificity amino acid permease gene AGPI in response to
amino acids (15). We have investigated the effect of specific
grrl mutations on these functions (Fig. 8). A summary of the
properties of a representative set of mutants is presented in
Table 3.

The four yeast hexose transporters encoded by HX71-4 are
each controlled somewhat differently by the availability of glu-
cose. HXT1 is specifically induced in the presence of high levels
of glucose (4%) and is repressed in the presence of most other
carbon sources. We have evaluated expression of HX77 in cells
growing in either glucose or galactose by monitoring the abun-
dance of HXT1 mRNA by RT-PCR using HXT-specific prim-
ers (Fig. 8A). This approach obviates the problem of cross-
hybridization of probes with transcripts of the other highly
conserved HXT genes. As previously described, the strong in-
duction of HXT1 expression observed in wild-type cells grown
in glucose-containing medium is lost when cells are deficient in
GRRI. Surprisingly, both grrIAL, and grr1AC, as well as the
various point mutations of GRR1, retain the capacity to induce
HXT1I expression in response to glucose. Thus, despite their
dramatic effect on both CIn2 proteolysis and cellular morphol-
ogy, the deletion mutations and mutations in basic residues of
the LRR remained responsive to induction by glucose. Fur-
thermore, grrl-R485Q, the neutral replacement on the pre-
dicted convex surface of the LRR, had no noticeable effect on
glucose regulation of HXT1.

A similar analysis was performed to evaluate the effect of
grrl mutations on aromatic amino acid transport. Induction of
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the expression of the amino acid permease gene AGPI has
been shown to depend on GRRI (15). We have performed two
distinct but related assays. First, AGPI transcript levels were
monitored by RT-PCR and by Northern analysis (Fig. 8B). As
previously reported, AGPI expression in the presence of ex-
tracellular amino acids was significantly reduced in grr/A mu-
tants relative to wild-type cells. However, as observed for
HXTT1 induction by glucose, each of the internal deletion mu-
tations and the point mutations replacing basic residues on the
concave surface of the LRR resulted in little or no effect on the
accumulation of AGP]! transcripts. Since the grrl A mutant ex-
hibited residual RT-PCR signal, we confirmed the result using
Northern analysis. Again, although the gr71 A mutant expressed
a detectable amount of AGP]I transcript, that level was consis-
tently lower than the transcript level expressed by grr/ AL and
grrl AC mutant or wild-type cells. Thus, the effect of accumu-
lation of the AGP! transcript in the various grr/ mutants grow-
ing under inducing conditions was similar to that of the accu-
mulation of the HXT] transcript in the same mutants growing
in the presence of glucose.

Together the results of these analyses suggest that the role of
Grrl in the regulation of these transcriptional induction path-
ways involves recognition mechanisms that are distinct from
those involved in the recognition of Cln2. It remains possible
that the ability of the grmIAL, grrlIAC, and point mutants to
mediate the transcriptional responses but not CIn2 proteolysis
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FIG. 8. Nutrient-regulated transcription is not affected by muta-
tions in LRR of Grrl. (A) The capacity of wild-type cells or cells
carrying the indicated grrl mutation to induce HX71 gene expression
was evaluated by analysis of the HXT1 mRNA. Total RNA was iso-
lated from strains carrying the indicated GRR1 allele either prior to
(G, galactose) or following 90 min of induction with 4% glucose (D,
dextrose). The HXT1 mRNA level in each strain was determined using
RT-PCR. PCRs for ACTI were carried out using an equal amount of
RNA to ensure equal loading. Samples were performed without re-
verse transcriptase (-RT) to evaluate the extent of DNA contamina-
tion in each RNA preparation. (B) The expression of AGP! in wild-
type cells and cells carrying the indicated grr/ allele under inducing
conditions in rich medium. AGPI expression was analyzed (left panel)
by RT-PCR, and (right panel) Northern hybridization. AGP1 and
ACTT1 transcript levels were determined by RT-PCR (as described for
panel A) and Northern hybridization using RNA isolated from glu-
cose-grown cells.
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TABLE 3. Properties of representative set of grr/ mutants

Mutant _Clr_12 ) Cln?_ Polarized Induction of Expression Pseudohyphal
binding” instability growth HXT1 of AGP1 growth
GRRI1 ++++ ++++ - ++++ ++++ ++
grrlA - - ++++ - +/— ++++
gl AL - - ++++ ++ +++ ++++
grrlAC - + ++ ++ +++ ++++
grrl-B4Q —/+ +/— ++ +++ ++++ ND
girl-B4E - +/— +++ +++ +++ ++++
girl-R4850 ++++ ND - ++++ ++++ ND

“ CIn2 binding was tested in 15Daub strains expressing GRRI from the ADH1 promoter and CLN2 expressed from the GALI promoter. All other data was obtained
using W303 strains, except for the pseudohyphal growth assays, which were performed using strains of the %1278b background. The extent to which each phenotype
is manifested ranges from — (none detectable) to ++++ (easily detectable). ND, not determined.

results from quantitative rather than qualitative differences in
Grrl and grrlA functions rather than from differences in the
ability to interact with specific targets. This consideration is
especially relevant when considering grr/AC. However, be-
cause the effect of grr/AL on Cln2 binding, proteolysis, and
various other cellular functions is similar to that of grr/A, it
seems doubtful that its activity in this regard is significantly
higher. Yet, like the point mutations, grr/ AL has little effect on
these transcriptional responses. Since the targets of Grrl in-
volved in either of these processes are unknown, their capacity
to interact with Grrl cannot be evaluated. Although it is gen-
erally assumed that these processes involve ubiquitination, that
has not been established.

In addition to its involvement in nutrient-regulated gene
expression, GRRI has recently been implicated as a potential
transducer of nutrient signals during filamentous differentia-
tion (3, 32). Analysis of the effect of grr/ mutations on the
capacity of cells to undergo filamentous differentiation yielded
a strikingly different result from that of their effect on nutrient-
regulated transcription. Assays of pseudohyphal differentiation
of diploid strains were carried out in the %1278b background,
which undergoes pseudohyphal growth on nitrogen-deficient
SLAD plates. Wild-type and GRRI-deficient strains were an-
alyzed along with grrIALRR, grrlAC, and grrl-B4E mutants
(Fig. 9A). All four strains carrying grr/ mutations were found
to be hyperinducible for filamentous differentiation, acquiring
a highly elongated morphology and becoming hyperinvasive
relative to the wild-type strain. Although the various mutants
were indistinguishable in terms of their cell morphology, the
grrl-B4E mutant did not appear to be as hyperinvasive as the
other mutants. Thus, unlike the effect of these same mutations
on the glucose induction of HXT1 or AGPI, their effect on
pseudohyphal growth was consistent with the effect of the same
mutations on Cln2 binding and stability. We found the elon-
gated cell phenotype in liquid medium caused by the grriA
mutation to be largely suppressed by the inactivation of CLNI
and CLN2, whereas pseudohyphal differentiation appeared to
be only modestly affected (Fig. 9B). Both the extent of cell
elongation and invasion of the solid substrate are only mod-
estly reduced in the grrIA clnlA cln2A strain relative to the
grrl A strain. Both phenotypes were strongly enhanced relative
to the clnlA cln2A strain. The analysis of the grrl deletion and
point mutations yielded similar results (data not shown). We
concluded that, although the enhancement of pseudohyphal
growth caused by inactivation of GRRI correlates with the

stabilization of G, cyclins, it is not dependent on CLNI and
CLN2 and must therefore be a consequence of the altered
regulation of another Grrl target. The nature of that target
remains to be determined. A similar finding was made in a
previous study by Loeb et al. (32), but their interpretation was
somewhat different.

A

GRR1

grr14AC  grr1-B4E

1 day

5 days

grrid
B cin14 14
GRR1 grr1A cin24 cin2A

1 day

5 days

FIG. 9. Pseudohyphal differentiation is enhanced by mutations in
the LRR of GRRI. (A) 1278b strains carrying either grrlA, grrl AL,
gl AC, or grrl-B4E mutations were grown on SLAD plates for 5 days
at 30°C. Photomicrographs were taken after 1 day and 5 days of
growth. (B) Effect of inactivation of CLNI and CLN2 on pseudohyphal
differentiation in grr/A strains. 21278b strains carrying the indicated
mutations were treated as described for panel A.
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DISCUSSION

SCF formation and Cln2 binding by grrl mutants. Grrl
plays a central role in the regulation of SCF-dependent ubig-
uitination of a number of proteins including Cln2. SCF binding
and ClIn2 ubiquitination are dependent on phosphorylation of
Cln2. We have shown here that the LRR is important for
binding phosphorylated Cln2 and for its subsequent proteoly-
sis. Furthermore, we showed that basic residues, predicted by
our three-dimensional model to lie on the concave surface of
the Grrl LRR, are critical for the interaction between Cln2
and Grrl. In contrast, basic residues on the convex surface are
not important for that interaction nor do they affect Cln2
proteolysis. These results reveal the domain of Grrl required
for the Grr1-ClIn2 interaction as well as defining the probable
binding surface as predicted by our model. We suggest that
electrostatic interactions between basic residues on the con-
cave surface of the LRR and the phosphoryl groups on Cln2
provide the binding energy for this interaction. Similar elec-
trostatic interactions are characteristic of the contacts ob-
served by the X-ray crystal structure of RI and RNase A (25)
on which our structural model for the Grrl LRR was based.
Although the charged residues of RI are not as clearly con-
centrated on the concave surface of the LRR, about a third of
the contacts between the LRR of RI and the RNase A mole-
cule are between acidic and basic residues. In that case, pri-
marily acidic residues are contributed by the LRR whereas the
binding partner contributes predominantly basic residues to
the interaction (27). The importance of electrostatic interac-
tions was further supported by our demonstration that Cln2
phosphorylation is required for recognition by SCF™" (30,
55). Thus, Grrl serves as target-specific adapter for ubiquiti-
nation by providing a specific binding pocket for interaction
with the target.

Several lines of evidence suggest that the interaction be-
tween Grrl and Cln2 is dependent upon properties in addition
to the basic character of the LRR. First, although the LRR
domain of Grr1 is stable when expressed in yeasts, the isolated
domain does not interact stably with Cln2 (data not shown).
Next, the carboxy terminus of Grrl is important for productive
interactions since a Grrl mutant lacking the region of the
carboxy terminus adjacent to the LRR fails to bind stably to
CIn2. In contrast, Grrl lacking the 280-amino-acid amino ter-
minus adjacent to the F box appears to bind CIn2 relatively
efficiently. Although elimination of the C terminus does not
appear to be as detrimental as elimination of the LRR, it does
result in a substantial decrease in Cln2 binding and stabiliza-
tion. Support for a role of the carboxy-terminal domain of Grrl
is provided by the recently reported structure of a cocomplex
between human Skpl and Skp2, an LRR-containing F box
protein involved in recognition of the CDK inhibitor p27 (47).
In that complex, the C terminus of Skp2 wraps around the
concave face of the LRR and interacts with the F box domain,
thereby positioning it to interact with substrate bound to Skp2
via the LRR. However, a role for the LRR of Skp2 in binding
substrates has yet to be established. This, together with our
results, suggests that the carboxy-terminal domains of these
proteins participate in binding by facilitating interactions be-
tween substrates and the LRR.

All of the Grrl proteins with alterations in basic residues
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were effective in forming SCF complexes, despite their defect
in binding Cln2. Both the LRR-deficient and the carboxy-
terminally truncated mutants of Grrl failed to bind to the
lower mobility form of Cdc53, which is modified by the ubig-
uitin-like protein Rubl. There is no established role for Rubl
modification in SCF function in budding yeast cells, and its
elimination results in no detectable phenotypic consequences.
In contrast, the homolog NEDDS is essential for viability in
fission yeasts (37) and is required for degradation of some SCF
targets in animal cells (43). Since both forms of Cdc53 are
present at wild-type levels in the GrrlAL-expressing cells, it
appears either that GrrlAL and GrrlAC fail to form such
complexes or that the complexes, once formed, are more un-
stable than those formed with unmodified Cdc53. The latter
would be consistent with the suggestion that Rubl is involved
in regulating cullin abundance (29).

Differences between requirements for the Grr1-Cln2 inter-
action and the regulation of other putative targets of Grrl.
The role of Grrl in SCF-dependent ubiquitination extends
beyond CIn2 to other protein targets including the Cdc42 in-
teractor Gic2 (17). We show that basic residues on the concave
surface of the LRR are required for the instability of Gic2. In
addition, Grr1 also plays a role in several systems of nutrient-
regulated transcription. The direct targets of Grrl in those
systems are unknown. In fact, it has not been established in
either of these cases that the role of Grrl is in the context of
protein ubiquitination. We have shown here that, although
disruption of Grrl results in failure to induce either the HXT1
or AGPI transcripts, the other deletion mutations or point
mutations we have constructed result in little or no defect in
the induction of those genes. In contrast, all of those mutations
interfere with the ubiquitin-dependent degradation of Cln2.
Thus, we consider it likely that the protein domains of Grrl
involved in recognition of phosphorylated Cln2 are unimpor-
tant for recognition of the targets required for the regulation of
these transcription systems. Alternatively, the capacity of these
mutant proteins to function in those pathways may be a reflec-
tion of differences in the efficiency of the interactions required
for transcriptional activation and G, cyclin proteolysis. The
differences observed in the requirements for recognition of the
relevant targets in these transcriptional pathways may reflect
differences in the basis for recognition. For example, recogni-
tion of those targets may not involve protein phosphorylation.
Resolution of these issues awaits the identification of the rel-
evant targets of Grrl in those pathways.

What is the role of Grrl in these transcriptional regulatory
systems? Our understanding of both systems is largely derived
from genetic studies. Induction of HXTI gene expression by
glucose has been shown to involve components of the SCF
system in addition to Grrl, including Cdc53, Skp1, and, at least
in our experiments, Cdc34 (H.-C. Chang and C. Wittenberg,
unpublished results; for a different result, see reference 31).
This is consistent with a role for Grrl in proteolysis of a
negative regulator of transcription (10; reviewed in reference
38). However, evidence that Rgtl is regulated at the level of
ubiquitination or proteolysis is lacking. Recently reports re-
garding the role of SCF™<? in transcriptional regulation of
MET gene expression have come to conflicting conclusions.
Experimental support has been presented for the involvement
of ubiquitin-mediated proteolysis of the transcription factor
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Met4 (45). In contrast, we have recently shown that, although
the transcriptional regulator Met4 is ubiquitinated under con-
ditions that inhibit MET gene expression, proteolysis is unnec-
essary to inactivate MET gene transcription (18). Instead ubig-
uitination interferes with the function of Met4d as a
transcriptional activator, presumably by interfering with its
ability to bind a coactivator. That system provides an attractive
model for regulation of Rgtl, especially because it has been
proposed to act as both a positive and a negative regulator in
the presence of different carbon sources (39). For instance, in
the absence of glucose, Rgtl may be present in a nonubiquiti-
nated form and act as a repressor via recruitment of the core-
pressors Ssn6 and Tupl. Conversely, in the presence of glucose
it might become ubiquitinated in a Grrl-dependent manner,
disrupting the interaction with its corepressors, thereby con-
verting it to a transcriptional activator. Alternatively, ubiquiti-
nation may regulate the activity of the corepressors or other
regulators via either proteolytic or nonproteolytic mechanisms.
Because the central elements for transcriptional regulation of
AGP1I are currently unknown, it is difficult to predict the role
of Grrl in that regulation.

The relationship between the hyperpolarized phenotype, nu-
trient sensing, and pseudohyphal morphogenesis is also un-
clear. We expected, based on the relationship between Grrl
and Cln2 stability and on the capacity of CIn2, when overex-
pressed, to induce hyperpolarization, that the hyperinvasive
phenotype of grrIA mutants was a consequence of the hyper-
accumulation of G1 cyclins. In fact, evidence supporting that
hypothesis has been reported (39). However, we have found
that the inactivation of Clnl and Cln2 has little effect on the
capacity of grrlA mutations to induce pseudohyphal differen-
tiation in terms of either morphological differentiation or the
capacity to invade agar. Furthermore, the induction of
pseudohyphal growth is at least partially independent of the
established signaling pathways since invasive growth can be
induced in grr/A mutants lacking both TECI and FLOS (R.
LaValle and C. Wittenberg, unpublished data). We conclude
that Grrl targets one or more elements of a TECI/FLOS
independent pathway to suppress filamentation. The involve-
ment of Grrl in transcriptional regulation of nutrient per-
meases and the importance of nutrient signaling in the induc-
tion of pseudohyphal differentiation are intriguing in this
regard. We have not yet analyzed the importance of amino acid
or glucose permeases in the pseudohyphal growth signal or
analyzed the potential targets of Grrl in that response.

LRR as recognition domain for phosphorylated proteins.
The capacity of proteins to interact specifically with each other
has long been recognized as a fundamental property of living
systems and is the basis for the assembly of the macromolec-
ular complexes central to many biological processes. Regulated
protein-protein interaction is a critical component of many
biological regulatory mechanisms. Protein phosphorylation is
one of the most widely studied and perhaps most common
mechanisms governing regulated protein recognition. Despite
that fact, the basis for recognition is only poorly understood.
This may be a consequence of the wide array of solutions to
this specific recognition problem.

LRRs are thought to be involved in protein-protein interac-
tion. Deletion analysis of a number of proteins including Grrl
has confirmed that supposition. Although this property of
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LRR domains appears to be conserved, the nature and roles of
the proteins that they bind are varied. Structural studies of
LRRs, although relatively limited, suggest that it is the concave
surface that is important in the interaction with other proteins.
There also appears to be growing support for the importance
of electrostatic interactions in the recognition process. The
interaction demonstrated between RI and RNase A (25), as
well as our findings concerning Grrl, are consistent with both
of those proposals. In addition, structural modeling of the
LRR of the acid-labile subunit of the insulin-like growth factor
binding protein (IGFBP-3) complex reveals that, like in the
LRR of Grrl, a highly charged patch is predicted on the
concave surface (16). However, unlike Grrl, that patch is pre-
dicted to be acidic rather than basic. Whereas the ring struc-
ture of that molecule has been confirmed by electron micro-
scopic analysis, the importance of the acidic patch in its
interaction with insulin-like growth factor-insulin-like growth
factor binding protein 3 (IGF-IGFBP-3) complex has not been
established. It is not clear whether such electrostatic interac-
tions are universally involved in LRR protein interactions. Our
mutational analysis of Grrl indicated that the basic character
of the concave surface of the LRR is unimportant for regula-
tion of transcriptional activation of HXT1 and AGPI. The
properties of Grrl important for that regulation remain to be
established.

Protein phosphorylation figures centrally in the targeting of
proteins for SCF-dependent ubiquitination. This has been es-
tablished in a wide variety of regulatory systems in eukaryotes.
However, not all of those targeting interactions involve LRR-
containing F-box proteins. In addition, F-box proteins with
WDA40 repeats are also prevalent and in at least some cases are
involved in targeting events that require phosphorylation.
Their role in phosphorylation-dependent ubiquitination of the
mammalian NF-«B inhibitor IkB by SCFFTRCF (22) and of the
yeast CDK inhibitor Sicl by SCF<9* (9, 49, 54) has been well
established. Both of those systems rely on interactions that
occur via the WD40 repeats of their respective F-box proteins,
BTRCP/E3RS™® and Cdc4. Phosphorylation is implicated in a
number of other SCF-dependent ubiquitination events that
involve LRR- and WD40 repeat-containing F-box proteins.
This study has established one mechanism by which such in-
teractions can be implemented. However, the specifics of the
interactions utilized among this large class of protein recogni-
tion events will require further mutagenesis and/or structural
studies. Despite their involvement in phosphorylation-depen-
dent interactions, LRR and WD40 repeat motifs in F-box
proteins, as in their wider context, are not restricted to such
interactions nor are interactions involving phosphorylation re-
stricted to those involving LRR and WD40 motifs.
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