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Cdc53/cullin and the essential Hrtl

RING-H2 subunit of SCF define
a ubiquitin ligase module that activates

the E2 enzyme Cdc34

Jae Hong Seol,”®> R.M. Renny Feldman,® Wolfgang Zachariae,>®> Anna Shevchenko,?
Craig C. Correll,' Svetlana Lyapina,’ Yong Chi,’ Marta Galova,” Jonathan Claypool,*
Suzanne Sandmeyer,* Kim Nasmyth,”> Andrej Shevchenko,®> and Raymond J. Deshaies'¢

'Division of Biology, California Institute of Technology, Pasadena, California 91125 USA; *Research Institute of Molecular
Pathology, A-1030 Vienna, Austria; *Peptide and Protein Group European Molecular Biology Laboratory, 69012 Heidelberg,
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SCF€d<4 (Skp1, Cdc53/cullin, F-box protein) defines a family of modular ubiquitin ligases (E3s) that regulate
diverse processes including cell cycle, immune response, and development. Mass spectrometric analysis of
proteins copurifying with Cdc53 identified the RING-H2 finger protein Hrtl as a subunit of SCF. Hrtl shows
striking similarity to the Apcl1 subunit of anaphase-promoting complex. Conditional inactivation of hrt1*
results in stabilization of the SCFC9¢* substrates Sicl and Cln2 and cell cycle arrest at G,/S. Hrtl assembles
into recombinant SCF complexes and individually binds Cdc4, Cdc53 and Cdc34, but not Skpl. Hrtl
stimulates the E3 activity of recombinant SCF potently and enables the reconstitution of Cln2 ubiquitination
by recombinant SCFS™!, Surprisingly, SCF and the Cdc53/Hrtl subcomplex activate autoubiquitination of
Cdc34 E2 enzyme by a mechanism that does not appear to require a reactive thiol. The highly conserved
human HRT1 complements the lethality of hrt1A, and human HRT2 binds CUL-1. We conclude that
Cdc53/Hrtl comprise a highly conserved module that serves as the functional core of a broad variety of

heteromeric ubiquitin ligases.
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Proteolysis in the eukaryotic cytosol is triggered by the
assembly of a substrate-linked multiubiquitin chain,
which targets the protein for degradation by the 26S pro-
teasome (Banerjee et al. 1993). Ubiquitin is activated for
transfer to substrate through the ATP-dependent forma-
tion of a thioester bond between the carboxyl terminus
of ubiquitin and the ubiquitin-activating enzyme, El.
Ubiquitin is transferred subsequently to a member of a
family of ubiquitin-conjugating (E2) enzymes. Finally,
thioesterified ubiquitin is transferred from E2 to a lysine
residue of the target protein, either directly or with the
assistance of a ubiquitin ligase (E3). E3s bind substrate
directly, suggesting that they provide specificity in ubig-
uitination reactions. Whereas the budding yeast genome
encodes 13 E2-like proteins, it is not known how many
E3s exist, because these enzymes do not share a common
sequence motif. So far, four different classes of E3 en-
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zymes have been defined: Ubrl (Bartel et al. 1990), the
HECT (homology to E6-AP carboxyl terminus) domain
family (Huibregtse et al. 1995), of which Mdm?2 has been
proposed to be a member (Honda et al. 1997), the SCF
family (Feldman et al. 1997; Skowyra et al. 1997), and the
anaphase-promoting complex/cyclosome (APC/C) (King
et al. 1995).

SCF<4e* the prototype of the SCF (for Skpl, Cdc53/
Cullin, F-box receptor) family of ubiquitin ligases, was
first defined by in vitro reconstitution (Feldman et al.
1997; Skowyra et al. 1997; Verma et al. 1997b). Identifi-
cation of SCFC9* stemmed from a genetic analysis of the
G, /S transition (Schwab et al. 1994). Budding yeast cells
harboring temperature-sensitive mutations in either the
Cdc34 E2 enzyme or in any one of the subunits of
SCEC9° fail to enter S phase at the nonpermissive tem-
perature because they fail to degrade the S phase cyclin/
cyclin-dependent kinase (CDK) inhibitor Sicl (Bai et al.
1996; Schwab et al. 1994). In wild-type cells, G, cyclin/
CDK phosphorylates Sicl at the end of G, phase, thereby
targeting it for Cdc34-dependent ubiquitination and deg-
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radation (Verma et al. 1997a). Phosphorylated Sicl, but
not the unmodified protein or a phosphorylation-site
mutant, binds tightly to the Cdc4 subunit of SCFCd*
(Feldman et al. 1997; Skowyra et al. 1997). Cdc34 is also
recruited to SCF“9*, possibly via interaction with the
Cdc53 subunit (Willems et al. 1996). Upon assembly
with the SCF<4°* complex, phosphorylated Sicl is exten-
sively ubiquitinated as a prelude to its degradation.

Besides SCF, the APC/C ubiquitin ligase also plays a
key role in cell-cycle control. APC/C controls the sepa-
ration of sister chromatids and the exit from mitosis by
specifying the destruction of Pdsl and cyclin B, respec-
tively (King et al. 1996). Although SCF and APC/C are
distinctly regulated and differ greatly in size, subunit
composition and apparent complexity, APC/C contains
a subunit (Apc2) that bears homology to the carboxy-
terminal half of Cdc53/cullin (Yu et al. 1998; Zachariae
et al. 1998).

A remarkable property of SCF ubiquitin ligases is that
their specificity can be programmed via an array of dis-
tinct substrate receptors (Patton et al. 1998b; Skowyra et
al. 1997). These receptors are recruited to SCF by the
conserved F-box domain they share. The discovery of the
F box stemmed from the observation that human cyclin
F and Cdc4 share a conserved sequence that mediates
their interaction with Skpl (Bai et al. 1996). The bud-
ding-yeast genome encodes 17 proteins that contain an
obvious F-box motif (Patton et al. 1998b), and at least
three of these proteins assemble into distinct SCF com-
plexes in vivo (Patton et al. 1998a).

Over the past few years, F-box proteins and other com-
ponents of the SCF/Cdc34 pathway have been identified
in many eukaryotes and linked to diverse cellular pro-
cesses, ranging from the auxin response in plants (Rue-
gger et al. 1998), withdrawal from the cell cycle in nema-
todes (Kipreos et al. 1996), signaling via the Wnt and
Hedgehog pathways in Drosophila (Jiang and Struhl
1998), and activation of the immunoregulatory protein
NF-kB in human cells (Yaron et al. 1998). Although SCF
ubiquitin ligases clearly regulate diverse physiological
pathways in a variety of eukaryotes, little is known
about their structure, regulation, or mechanism of ac-
tion.

The HECT domain proteins are the only ubiquitin li-
gases whose mechanism of action is understood. The
charter member of the HECT domain family of proteins,
E6-associated protein (E6-AP), forms a thioester bond
with ubiquitin as an intermediate in the transfer of ubiq-
uitin from E2 to substrate (Scheffner et al. 1995). Muta-
tion of the thioester-forming cysteine of E6-AP destroys
its E3 activity. It remains unclear whether other (non-
HECT) E3 enzymes catalyze substrate ubiquitination via
a similar thioester cascade.

We report the discovery of a heretofore undetected
fourth essential subunit of the SCF complex. This new
subunit, Hrtl, is a member of the RING-H2 family of
proteins (Suarin et al. 1996). Hrtl is required for degra-
dation of SCF substrates in vivo, and stimulates the
ubiquitin ligase activity of both SCF®9* and SCF<™!
complexes in vitro. A Cdc53/Hrtl subcomplex potently

RING-H2 subunit of SCF

activates autoubiquitination of the Cdc34 E2 enzyme,
suggesting that these two proteins define a minimal
ubiquitin ligase. Based on analysis of Cdc34 autoubiqui-
tination, we suggest that Cdc53/Hrtl promotes sub-
strate ubiquitination by a novel mechanism. Remark-
ably, the SCF and APC/C ubiquitin ligase complexes
both contain essential subunits with cullin homology
and RING-H2 domains. We propose that these seem-
ingly unrelated ubiquitin ligases define a broad family of
cullin-containing E3s that share a common enzymatic
mechanism.

Results

Purification of SCF complexes from yeast cells

To determine if SCF contains subunits other than the
minimal set that suffices for reconstitution of ubiquitin
ligase activity, we investigated its native composition in
yeast . The chromosomal copies of CDC53 and SKP1
were modified by a PCR-based tagging procedure (see
Materials and Methods) to encode proteins with either
six or nine copies of the myc epitope (myc6, myc9) ap-
pended to their carboxyl termini. CDC53myc6 and con-
trol untagged cells were pulse radiolabeled with [3>°S]-
methionine, and proteins bound specifically to
Cdc53myc6 were isolated on an a-myc 9E10 monoclonal
antibody matrix (Fig. 1A). Among other proteins,
Cdc53myc6 immunoprecipitates contained a prominent
(17-kD band (lane 2) that was not detected in affinity-
purified APC/C (lane 3). To isolate SCF-associated
proteins in sufficient scale for protein sequencing,
Skplmyc9 and Cdc53myc9 were affinity purified on
9E10 beads and associated proteins were resolved by
SDS-PAGE and stained with silver (Fig. 1B). Although
several proteins were identified in both preparations,
Cdc53, YJL149w (an F-box protein), and the 17-kD poly-
peptide were the only species that were detected consis-
tently in both Skplmyc9 and Cdc53myc9 immunopre-
cipitates (J.H. Seol and A. Sherchenko, unpubl.). The 17-
kD protein was identified as the product of the HRT1
(YOL133w) locus (Fig. 1C) by a combination of high-
mass-accuracy MALDI (matrix-assisted laser desorption
ionization mass spectrometry) peptide mapping and
nanoelectrospray tandem mass spectrometric sequenc-
ing (Shevchenko et al. 1996a). HRT1 was first identified
as a gene whose high-level expression reduces transpo-
sition by the retrotransposon Ty3 (cited in the Saccha-
romyces Genome Database at http://genome-www.stan-
ford.edu/Saccharomyces/; J. Claypool and S. Sandmeyer,
in prep.)

Interestingly, the yeast protein most closely related to
Hrtl was the Apcll subunit of APC/C (Fig. 1D)
(Zachariae et al., 1998). These proteins are 51% related
and 28 % identical to each other, and both contain highly
related RING-H2 domains (Suarin et al. 1996). Hrtl has
even closer relatives in other organisms, including hu-
mans. The human hHRTI1 (GenBank accession no.
D52876) and hHRT2 (TIGR accession no. HGI
THC257076) genes are 62.5% identical (79% similar)
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Figure 1. Identification of Hrtl as a Cdc53-associated protein. (A) [>**S|Methionine- E

)
labeled proteins that specifically coimmunoprecipitate with Cdc53myc6 (lane 2) or \S‘" (}& ’;}"‘R ‘,‘-Q\Q ‘(_b‘?
Apc2myc6 (lane 3) were visualized by SDS-PAGE followed by autoradiography. (B) i ¥
Proteins coimmunoprecipitating with Cdc53myc9 (lane 3) or Skplmyc9 (lane 4) were kD - + - + - + - + - +
separated by SDS-PAGE, and stained with silver. Both preparations consistently con- 98- -
tained a 17-kD protein (arrow in A and B). (C) Identifiecation of YOL133w by nano- g, - -
electrospray tandem mass spectrometry (Nano ES MS/MS). (Top) Partial mass spec-
trum of a pool of tryptic peptides recovered after in gel digestion of 17-kD band. (T) 50-

Peaks identified as trypsin autolysis products. Tandem mass spectrum acquired from - -
the ion with m/z 488.2 (open arrow) identified peptide AFLIEEQK from ribosomal 36~ &

protein RPL34B (data not shown). Tandem mass spectrum (bottom) of the ion with m/z
880.4 (solid arrow) revealed two nonoverlapping series of fragment y-ions and b-ions 1 2 34 5 6 7 8 9 10
(Biemann 1988) that both identified the same Hrtl-derived peptide M*DVDEDESQN-

TAQSSNQSAPVETK (M* stands for methionine sulfoxide). Carboxy-terminal part of the peptide sequence (...AQSSNQSAPVETK) is
covered by continuous series of y-ions. Amino-terminal part of the sequence (M*DVDEDESQNIA) is covered by b-ion series. As every
amino acid residue in the peptide sequence can be accounted for, identification of Hrtl is certain despite the complexity of the
spectrum and that only a single peptide was identified. (D) Hrt1 is highly conserved between species and related to the APC subunit
Apcll. Budding yeast Hrtl and Apcll were each aligned with related sequences from different species. Putative zinc-coordinating
residues are highlighted black. Residues identical in at least 4 (Apcll) or 5 (Hrtl) sequences are shaded. Lines connecting the
alignments indicate residues conserved between Apcl1 and Hrtl. (Hs) Homo sapiens, (Dm) Drosophila melanogaster; (Dr) Danio rerio;
(Bm) Bombyx mori; (Os) Oryza sativa; (Ce) Caenorhabditis elegans; (Sp) Schizosaccharomyces pombe; (Sc) Saccharomyces cerevisiae.
(E) Hrtl is an authentic subunit of SCF. Crude extracts from untagged control (lane 1) and HRT1myc9 (lane 2) strains were evaluated
in parallel by immunoblotting with 9E10 antibodies. Extracts from untagged (odd-numbered lanes) or HRT1myc9 (even-numbered
lanes) cells were immunoprecipitated with 9E10 antibodies fractionated by SDS-PAGE, and immunoblotted with «-Cdc53, «-Cdc4,
a-Skpl, or a-Cdc34 as indicated to reveal the corresponding protein.

and 41% identical (63% similar) to yeast HRT1, respec- 9E10-reactive polypeptide of the expected molecular
tively. weight (Fig. 1E, lane 2) and was fully viable at 25°C, but

To verify the interaction between Hrtl and SCF, we not 37°C (see next section). In coimmunoprecipitation
modified the chromosomal HRTI1 locus to encode experiments, Cdc53 (lane 4), Cdc4 (lane 6), Skpl (lane 8),

HRT1myc9. The resulting strain specifically expressed a and Cdc34 (lane 10) were detected specifically in 9E10
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immunoprecipitates prepared from HRT1myc9 cells, but
not in those prepared from a control untagged strain
(odd-numbered lanes).

HRT1 is required for SCF activity in vivo

To evaluate the role of Hrtl in SCF function, an HRT1/
hrt1::HIS3 heterozygote was constructed, sporulated,
and dissected into tetrads. Only two viable, His™ spores
were recovered from each tetrad on rich medium (Fig.
2A, top). However, HRT1 overlaps extensively with the
YOL134c locus on the opposite strand, such that
hrt1::HIS3 disrupted both genes. Two lines of evidence
indicate that HRT1 is essential, and YOL134c is dispens-
able. First, cosegregation of a GAL-HRTI1 plasmid
complemented hrt1::HIS3 on either galactose medium
(second panel) or glucose medium (not shown) as evi-
denced by the appearance of tetrads with more than two
viable spores, at least one of which was His". Second,
insertion of a myc9 epitope immediately upstream of the
HRT1 stop codon vyielded a temperature-sensitive
growth phenotype, whereas insertion of the same epit-
ope immediately downstream of the stop codon (HRT1-
stop-myc9) had no effect on growth (e.g., Fig. 2B). A simi-
lar effect of the myc9 epitope was observed with APC11
(Zachariae et al. 1998). hHRT1 expressed from the GAL1
promoter also complemented the lethality of hrt1::HIS3
on galactose medium (third panel), but not on glucose
medium (data not shown). Thus, human and yeast Hrtl
most likely perform the same biochemical function. In
contrast, the more distantly related hHRT2 did not
complement hrt1::HIS3 on galactose medium (bottom
panel). Nevertheless, hHRT?2 is likely to perform a func-
tion related to that of hHRT1, because a cDNA encoding
amino acids 9-112 of hHRT2 was recovered in a two-
hybrid screen for CUL-1-interacting proteins (data not
shown).

The fortuitous temperature-sensitive growth pheno-
type of HRTImyc9 strains allowed us to evaluate the
roles of Hrtl in cell division and degradation of SCF sub-
strates. Cells with temperature-sensitive mutations in
SCF/Cdc34 pathway components are sensitive to over-
expression of SCF substrates (Deshaies et al. 1995; Bai et
al. 1996; Willems et al. 1996). Overproduction of either
SIC1H4 or CLN2"43 from the GAL promoter prevented
growth at 25°C of HRT1myc9 cells, but not wild-type or
HRT1-stop-myc9 cells (data not shown). A second phe-
notype of cells harboring temperature-sensitive muta-
tions in SCF/Cdc34 pathway components is that they
bud but fail to initiate DNA replication at the nonper-
missive temperature (Schwab et al. 1994; Bai et al. 1996).
HRT1myc9 and HRT1-stop-myc9 cells grown in YP-glu-
cose medium were elutriated to obtain a population of
small, unbudded G, cells, which were reinoculated into
fresh YP-glucose medium at 37°C. Cells harvested at 15-
min intervals were evaluated for DNA content, cell vol-
ume, and budding index (Fig. 2B). Whereas most HRT1-
stop-myc9 cells initiated budding and DNA replication
at [P0-105 min, HRT1-myc9 cells did not enter S phase

RING-H2 subunit of SCF

or form mitotic spindles, and exhibited a strong delay in
bud emergence. Like HRT1myc9, cdc34" cells are also
delayed in bud emergence (Schwab et al. 1994), and ar-
rested cultures of skpl-11 mutants contain unbudded
cells (Bai et al. 1996). These observations suggest that
SCF antagonizes an inhibitor of bud emergence. Consis-
tent with their failure to duplicate DNA, Sicl persisted
at high levels in elutriated HRT1myc9 cells, but was
degraded concomitant with bud emergence in HRT1
cells (Fig. 2C).

To investigate the role of HRT1 in turnover of sub-
strates independent of its effects on cell-cycle progres-
sion, SIC1 and CLN2 expression were induced tran-
siently in G,-arrested wild-type and HRTI1myc9 cells in-
cubated at a semirestrictive temperature, and the decline
in Sicl (Fig. 2D) and Cln2 (Fig. 2E) levels were monitored
by immunoblotting. Comparison of protein levels (Fig.
2D,E, top panels) at different time points after repression
of transcription (middle panels) indicates that both Sicl
and Cln2 were stabilized in HRT1myc9 cells. For un-
known reasons, HRT1myc9 had a stronger effect on Sicl
turnover than on Cln2 turnover. Densitometric scanning
of the experiment in Figure 2E revealed that the half-life
of Cln2 was 8 min in wild-type cells and 19 min in mu-
tant cells. Flow cytometry confirmed that both wild-type
and mutant cells remained arrested in G, /M throughout
the duration of the time courses (bottom panels). Al-
though a protein target of the SCF™**3° complex has not
been described yet, mutations in CDC53, SKP1, and
MET30 prevent repression of MET25 mRNA in response
to high extracellular methionine (Patton et al. 1998a).
Likewise, HRT1myc9 cells were also deficient in MET25
repression (Fig. 2F). Thus, the activities of three distinct
SCF complexes—SCFCd* SCF&™! and SCFMe30__were
diminished in HRTImyc9 cells.

Assembly of recombinant Hrt1 with SCF9°? subunits

To evaluate the assembly of Hrtl with SCF subunits in
vitro, glutathione S-transferase-Hrtl (GST-Hrtl) puri-
fied from Escherichia coli was mixed with insect cell
lysates containing recombinant SCF<* subunits, and
proteins recovered on glutathione-agarose were detected
by immunoblotting (Fig. 3A). GST-Hrtl presumably
folded correctly, as it stimulated SCFC4* E3 activity
(Fig. 4A). Whereas Skpl (Fig. 3A, lane 4) did not bind
GST-Hrtl, [20% of PY™2Cdc4 (lanes 1,2) and [20% of
Cdc53"7 (lane 3) bound to GST-Hrtl (middle panel),
but not GST (bottom panel). The high efficiencies of
binding suggest that interaction of GST-Hrtl with Cdc4
and Cdc53 was direct and did not require intermediary
insect cell proteins. MBP-Cdc34ACH# purified from E.
coli also bound purified GST-Hrt1 (lane 5), but not GST.
Similar protein interactions were observed upon coex-
pression of Hrtl with SCFC9* subunits in insect cells
(Fig. 3B). Hrtl was retrieved on an antipolyoma antibody
matrix (a-Py beads) from insect cell lysates containing
coexpressed SCFCY* (lane 4; Cdc4 was tagged with
PyHA epitope), V" 4Cdc4 (lane 1) or Cdc53"7 (lane 2).
Unexpectedly, recovery of Hrtl bound to *Y?4Cdc4 was
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diminished upon coexpression of Skpl, suggesting that
Skpl and Hrtl may compete for binding to overlapping
sites on Cdc4. Hrtl was not recovered on a-Py beads
upon coexpression with an untagged control protein
(Skp1™4; lane 3).
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identification of Hrtl as a fourth essential subunit of the
SCF complex required for normal rates of Sicl and Cln2
proteolysis in vivo raised the question as to whether
Hrtl functions in substrate ubiquitination. To address
this issue, we evaluated the effect of recombinant Hrtl
on SCF®¥*.dependent ubiquitination of Sicl in vitro.
Sf9 cells were infected with baculoviruses encoding
Skpl, Cdc53, and Cdc4, and recombinant SCF complexes
were retrieved on «a-Py beads. A deliberate excess of
phosphorylated MBP-Sicl substrate was incubated with
immobilized SCF“%* in the presence of El enzyme,
Cdc34, ubiquitin, ATP, and either GST or GST-Hrt1 pu-
rified from E. coli. As shown in Figure 4A, GST-Hrtl
potently stimulated ubiquitination of phospho-MBP-
Sicl. A similar result was obtained by evaluating
SCF€4e# activity obtained from insect cells coexpresse-
bound ing Hrtl and SCF subunits (Fig. 4B). The potent (>five-
(25%) fold) stimulatory effect of Hrt1 upon Sicl ubiquitination
was not because of increased expression of SCFC* sub-
units (lanes 12,13). Notably, Hrtl augmented both the
rate (as measured by percent conversion) and extent (as
measured by molecular weight of ubiquitin conjugates)
of ubiquitination.

The F-box protein Grrl is required for Clnl and Cln2
proteolysis (Barral et al. 1995; Patton et al. 1998a).
Whereas recombinant SCF complexes assembled with
Grrl (SCFS™!) bind phospho-Cln1, they do not support

inputs
(2.5%)

12 3 45

Figure 3. Hrtl binds Cdc4, Cdc53, and Cdc34. (A) (Lanes 1-4)
GST-Hrtl (middle panel) or GST (bottom panel) purified from
E. coli were mixed with crude insect cell lysates (top panel) that
contained the proteins indicated above each lane. Proteins re-
trieved on glutathione-agarose were fractionated by SDS-PAGE

and revealed by immunoblotting with «-HA. (Lane 5) Same as
lanes 1-4, except MBP-Cdc34ACHA purified from E. coli was
evaluated for its ability to bind GST-Hrtl. The asterisks denote
a proteolytic fragment of MBP-Cdc34ACHA. Input lanes con-

its ubiquitination (Skowyra et al. 1997). As Hrtl is re-
quired for SCF function in vivo and stimulates SCFCd*
activity in vitro, we reasoned that Hrtl might be essen-
tial for SCFS™! function. Recombinant SCFS™! com-

tain 5%; bound lanes contain 25% of the material from a single
binding reaction. (B) Lysates from Sf9 insect cells that coex-
pressed Hrt1 plus *YHACdc4 (lane 1), Cdc53"YHA (lane 2), Skp1H4
(lane 3), or "YHACdc4/Cdc53/Skpl1HA (lane 4) were adsorbed to
a-Py beads, and bound proteins were fractionated by SDS-PAGE
and revealed by immunoblotting with «-HA (third row of pan-
els) or a-Hrtl (bottom row of panels) antibodies. Unfractionated
insect cell lysates were directly immunoblotted to evaluate
relative expression of the individual proteins (top row of panels,
a-HA blot; second row of panels, a-Hrtl blot).

plexes that either contained (Fig. 4C, lane 3) or lacked
(lane 2) yeast Hrtl were expressed in insect cells. Com-
plexes retrieved on a-Py beads were then mixed with Sf9
cell lysate that contained Cln2™Y¢/GST-Cdc28/Cksl
substrate. Whereas SCFS™! complexes were essentially
inactive (lane 2), those that contained Hrtl sustained
Cdc34-dependent ubiquitination of Cln2 (lanes 3,4).
Taken together with the previous data, these observa-
tions suggest that Hrtl is an essential core component
that contributes to the E3 activity of all SCF complexes.

Figure 2. (A) HRT1 is essential. A diploid hrt1::HIS3/HRT1 strain was transformed with pRD54-based plasmids (pRS316 CEN,
URAS3) containing either yeast HRT1, human HRT1, or human HRT2 under the control of the galactose-inducible GAL1 promoter.
Sporulated diploids were dissected on complete galactose medium, followed by incubation at 24°C for 5 days. (B,C) HRT1 is required
for both elimination of Sicl and for S phase. A myc9 epitope cassette was integrated at HRT1 either immediately upstream (HRT1-
myc9, left) or downstream (HRT1-stop-myc9, right) of the stop codon. Small G, cells were isolated by centrifugal elutriation from
cultures grown in YPD at 25°C and inoculated into fresh medium at 37°C at time 0. In B, mean cell volume (fl), budding index,
formation of mitotic spindles (top panels), and DNA contents (bottom panels) were assessed at the indicated times. In C, budding
index, Sicl levels, and Cdc28 levels were monitored. (D) HRT1 is required for proteolysis of Sicl. HRT1 cells containing five integrated
copies of GAL-SIC1-HA1 and HRT1-myc9 GAL-SIC1-HA1 (one copy) cells were grown in YP-raffinose at 25°C (cyc) and arrested in
mitosis with nocodazole (Raff). After shifting the cultures to 32°C, expression from the GAL promoter was induced with galactose
(Gal) and then repressed by transferring the cells to YP-glucose. Samples were withdrawn at the indicated time points and assayed for:
Swi6 and Sicl-HA1 protein levels (top panels); calmodulin and SIC1-HA1 mRNA levels (middle panels); and cellular DNA content
(bottom panels). (E) HRT1 is required for rapid degradation of Cln2. Same as D, except CLN2-HA3 expression was induced with
galactose at 35°C, and cells were shifted to 37°C upon transfer to YP-glucose. The band labeled control is an unknown polypeptide
recognized by 12CA5. (F) HRT1 is required for methionine-dependent repression of MET25 mRNA. Yeast strains indicated were grown
in complete medium containing glucose and lacking methionine at 25°C and were then shifted to 37°C for 2 hr. Methionine was added
to the medium and samples were withdrawn at the indicated times. MET25 and CMD1 mRNA levels were assayed by Northern
blotting.
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Figure 4. Hrtl potently stimulates ubiquitin ~ J
ligase activity of SCF®4* (A) Recombinant
SCF®%* was produced in Sf9 insect cells upon
coinfection with baculovirus vectors that ex-
press Skpl, Cdc53"YHA, and PYHACdc4, and the
complex was purified by adsorption to a protein
A resin containing covalently linked antipoly-
oma monoclonal antibody (a-Py beads). Parallel
samples were supplemented with E1 enzyme,
Cdc34, ATP, ubiquitin, purified phosphory-
lated maltose binding protein-Sicl chimera
(PP-MBP-Sicl), and either GST (lanes 1-5) or
GST-Hrtl (lanes 6-10). At the indicated times, B
samples were evaluated for ubiquitination of
phospho-MBP-Sicl by SDS-PAGE followed by
immunoblotting with «-Sicl. (B) (Lanes 1-11)
Same as A, except that recombinant SCFCde4
complexes that either contained (lanes 6-10) or

Ub,-MBP-Sic1
lacked (lanes 1-5) yeast Hrtl were generated by
either triple or quadruple infection of insect Sf9
cells (quadruple infection contained an Hrtl-

PP-MBP-Sic1»

expressing baculovirus). Input substrate is
shown in lane 11. (Lanes 12,13) Levels of SCF
subunits in each preparation were evaluated by
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immunoblotting. (C) Same as B, except that recombinant SCFS™! complexes containing (lane 3) or lacking (lane 2) Hrt1 were expressed
in insect cells, purified, and mixed with 1/20 volume insect cell lysate that contained recombinant CIn2™¢/GST-Cdc28/Cks1
complexes (CIn2™Y¢). In lanes 3 and 4, Cdc34 and substrate, respectively, were omitted from the final reaction. PP-CIn2™° refers to

the phosphorylated substrate.

Cdcb3/Hrt1 defines a novel ubiquitin ligase module

To characterize the mechanism of action of Hrtl/
SCF“%*, we sought to identify a minimal ubiquitin li-
gase domain. Purified Cdc34 ubiquitinates itself upon
incubation with El and ubiquitin, but this reaction pro-
ceeds slowly (Banerjee et al. 1993). Cdc34 lacking 24 resi-
dues from the carboxyl terminus (Cdc34AC) no longer
detectably ubiquitinates itself (R.M.R. Feldman, un-
publ.), but nevertheless complements cdc34A (Kolman
et al. 1992). We reasoned that the ubiquitin ligase activ-
ity of SCF might promote autoubiquitination of either
intact Cdc34 or Cdc34AC; this simplified system would
allow us to monitor SCFC4* ubiquitin ligase activity
independently of substrate targeting requirements. Strik-
ingly, SCF€* complexes reconstituted with yeast Hrtl
potently activated Cdc34 (data not shown) and Cdc34AC
(Fig. 5A, top panel, lane 4) autoubiquitination, whereas
SCF* complexes lacking yeast Hrtl had much less
activity (lane 5). Hrtl did not act by simply enhancing
the levels of SCF<¥* subunits recovered from insect
cells (Fig. 4B, lanes 12,13). To determine if this activity
of SCF®4* resides in a subdomain of the complex, indi-
vidual subunits were affinity purified from baculovirus-
infected Sf9 cells and tested for activity. Cdc537YH4 (Fig.
5A, lane 2, but not equivalent amounts of *Y*ACdc4
(Lane 3) or Skp1™# (data not shown), promoted Cdc34AC
autoubiquitination. The activity (top panel), but not the
yield (bottom panel) of Cdc53"¥H4 was substantially en-
hanced by assembly with Hrtl (lane 6). Hrtl bound to
PYHACdc4, however, was not sufficient to catalyze
Cdc34AC autoubiquitination (top panel, lane 7) even
though it was present in large amounts (middle panel).
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The activity observed for Cdc53 /Hrtl subcomplexes was
consistently less than that of Hrtl-containing SCF<d4e*
complexes. Thus, although the ubiquitin ligase activity
of SCF<4** is intrinsic to the Cdc53/Hrtl subcomplex,
this activity may be enhanced upon assembly of Cdc53/
Hrtl with Cdc4/Skpl.

E3 enzymes of the HECT domain family catalyze sub-
strate ubiquitination by providing a catalytic cysteine
residue that accepts ubiquitin from E2 enzyme, and sub-
sequently transfers the thioesterified ubiquitin to the
e-amino group of a substrate lysine residue (Scheffner et
al. 1995). To address whether the Cdc53/Hrt1 ligase do-
main of SCEC9* operates by a similar mechanism, we
preincubated Y?ACdc53 /Hrtl with increasing amounts
of the sulthydryl-modifying reagent NEM, added DTT to
quench further cysteine modification, and mixed the re-
sulting samples with Cdc34, E1, ubiquitin, and ATP. As
a control, we evaluated N-ethylmaleimide (NEM) sensi-
tivity of the E1 enzyme. Whereas El was inactivated
completely by pretreatment with 0.2 mm NEM [but not
when the NEM was prequenched with dithiothreitol
(DTT), cf. lanes 4 and 5 of Fig. 5B], *YHACdc53 /Hrtl was
resistant to pretreatment with up to 5 mm NEM. Simi-
larly, ubiquitin ligase activity of intact SCF<°* towards
either Cdc34AC or phosphorylated Sicl was not affected
by NEM (R.M.R. Feldman, unpubl.). To test the possibil-
ity that exposure of the putative thioester-forming cys-
teine of Cdc53/Hrtl is gated by association of Cdc53/
Hrtl with E2 enzyme, we mixed together E1, Cdc34,
ubiquitin, ATP, and either mock beads or beads contain-
ing PYHACdc53 /Hrtl. After a brief incubation, NEM was
added to derivitize reactive cysteines, followed by DTT
to quench the NEM. Treated beads were sedimented,
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Figure 5. Cdc53/Hrtl comprise an NEM-resistant ubiquitin
ligase module. (A) The proteins indicated were retrieved from
baculovirus-infected insect cells on a-Py beads, and mixed with
El, Cdc34AC, ubiquitin, and ATP. Following a 60-min incuba-
tion at 20°C, reactions were evaluated for Cdc34AC autoubiq-
uitination (top panel), levels of Hrtl (middle panel), and levels
of Cdc53"YH4 or PHACdc4 (bottom panel) by SDS-PAGE follow-
ing by immunoblotting. SCFS* complexes (lanes 4,5) con-
tained "YH2Cdc4 and untagged Cdc53. Thus, only PYHACdc4 is
visible in these lanes in the a-HA blot (bottom panel; see aster-
isks). (B) Either Cdc53"YH4/Hrtl (lanes 1-3) or E1 enzyme (lane
4) was pretreated with the indicated amount of NEM for 10 min
at 20°C. NEM was quenched with DTT, and complete reactions
containing E1, Cdc34AC, ubiquitin, ATP, and «-Py bead-bound
Cdc53™HAHrtl were incubated for 60 min at 20°C. For the
sample shown in lane 5, DTT was mixed with NEM prior to
incubation with E1 to confirm the efficacy of the DTT quench.
All reactions were subjected to SDS-PAGE followed by immu-
noblotting with «-Cdc34. (C) Same as B, except that complete
reactions were first assembled and then treated with 5 mm NEM
followed by 10 mm DTT (lanes 1,2) or vice versa (lanes 3,4).
Afterwards, a-Py bead-bound Cdc53™H4/Hrtl was recovered,
washed, and supplemented with either buffer (lanes 1,3) or fresh
E1, Cdc34AC, ubiquitin and ATP (lanes 2,4). The signal in lanes
1 and 3 represents Cdc34AC from the first stage incubation that
was retained on the Cdc53"YHA/Hrt1l matrix.

washed, and mixed with fresh E1, Cdc34, ubiquitin, and
ATP. As a control, a parallel two-stage reaction was car-
ried out in which DTT was added prior to NEM during
the first stage. As shown in Figure 5C, ®YHACdc53 /Hrtl
beads retained high autoubiquitination-promoting activ-
ity if incubated with NEM followed by DTT (lane 2), or
vice versa (lane 4) during the first stage.

In the course of this work, we made the unexpected
observation that polycations influence Cdc34 activity.
Remarkably, polylysine (Fig. 6A, lane 5), but not PEG
(lanes 2-4) or lysine (lane 1) markedly stimulated
Cdc34AC autoubiquitination. As an independent test,
we evaluated the effect of polycations on Gen4 ubiqui-

RING-H2 subunit of SCF

tination. Gen4 is stabilized in cdc34*° cells (Kornitzer et
al. 1994), and Gen4 ubiquitination can be reconstituted
in vitro with recombinant SCF* and Cdc34 (Y.Chi,
unpubl.). Gen4 was not modified detectably in the pres-
ence of E1, Cdc34, ATP, and ubiquitin (Fig. 6B, lane 2),
but high-molecular-mass K48-linked multiubiquitin
chains were assembled on Gen4 upon inclusion of poly-
ethyleneimine (lanes 6,7). Thus, polyethyleneimine acts
like a classic E3. The ability of polycations to substitute
for SCF strongly suggests that an E3-linked ubiquitin
thioester intermediate is not required to evoke the in-
trinsic ability of Cdc34 to assemble K48-linked mul-
tiubiquitin chains.

We considered two possible artifactual roles of poly-
cations. First, it is unlikely that polycations serve simply
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Figure 6. Polycations can substitute for SCF. (A) Polylysine
activates Cdc34AC autoubiquitination. Reactions containing
Cdc34AC, ATP, ubiquitin, and E1 enzyme were adjusted to ei-
ther 10 mm lysine (lane 1), 0.01, 0.1, or 1% polyethylene glycol
(PEG, lanes 2-4), or 0.01% ([BOO nMm) polylysine (lane 5), and
incubated at 20°C for 60 min. Reactions were evaluated as de-
scribed for Fig. 5A. (B) Polyethyleneimine is an E3 for Gen4. 3°S
labeled Gend produced by in vitro translation in reticulocyte
lysate and enriched by DEAE chromatography was mixed with
El, Cdc34, ATP, the indicated ubiquitin derivatives (lanes 4-6;
H6 stands for His6) and 0.0005% polyethyleneimine (PEI), and
incubated at 25°C for 60 min. Reactions conducted in the ab-
sence of either Cdc34, PEI, or ubiquitin are depicted in lanes
1-3. Gen4 was visualized by SDS-PAGE followed by autoradi-
ography. (C) Fusion of Sicl to Cdc34 does not activate its ubiq-
uitination. Cdc34AC-Sicl (arrowhead) was mixed with El,
ubiquitin, and ATP in the presence of immobilized SCF<d*
(lane 1), Cdc53™YH4 (lane 2), or (as a negative control) Skpl1H4
(lane 3). Samples were incubated and processed as described for
Fig. 5A.
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as macromolecular crowding reagents, as their stimula-
tory effects were observed at relatively low concentra-
tions (300 nM for polylysine and 0.0005% for polyethyl-
eneimine), and were not mimicked by PEG (Fig. 6A). An
alternative possibility is that polycations serve to link
together ubiquitin donor and ubiquitin acceptor mol-
ecules. We sought to address this by fusing the ubiquitin-
acceptor domain of Sicl to the carboxyl terminus of
Cdc34AC. The rationale underlying this experiment is
that if SCF4** or E3 mimetics simply bring Sicl and
Cdc34 into close proximity, then direct fusion of sub-
strate to E2 might bypass the requirement for E3. As
shown in Figure 6C, both SCF<* and Cdc53""4 po-
tently stimulated Cdc34AC-Sicl  ubiquitination,
whereas Skp1¥# had no effect beyond what is observed
in the presence of E1, ubiquitin, and Cdc34AC (data not
shown). Thus, bringing a substrate into close proximity
to Cdc34 is not sufficient to activate its ubiquitination.

Discussion
Hrtl, a new subunit of SCF ubiquitin ligase complexes

We have identified by mass spectrometric sequencing of
proteins that coimmunoprecipitate with Cdc53 a new
subunit of the SCF ubiquitin ligase complex, Hrtl. Hrtl
and the homologous Apcl1 protein of APC/C both con-
tain RING-H2 domains (Zachariae et al. 1998). HRT1 is
essential, and hrt1* mutants—like cdc34*, cdcd®,
cdc53", and skp1* mutants—fail to (1) tolerate overex-
pression of Cln2 and Sicl, (2] transit from G; to S phase,
(3) properly degrade the SCF<4°* substrate Sicl and the
SCFS! substrate Cln2, and (4) regulate properly the ex-
pression of MET25 mRNA. hHRT1 complements the le-
thality of hrt1A, and human HRT2 binds human CUL-1
in a two-hybrid assay. Hrt1 independently binds to Cdc4,
Cdc53, and Cdc34, but not to Skpl. SCFC4* complexes
assembled with yeast Hrtl have much higher ubiquitin
ligase activity towards phospho-Sicl. Moreover, SCFS™!
complexes containing yeast Hrtl, but not those lacking
the protein, promote ubiquitination of the G, cyclin
Cln2.

SCF9* ubiquitin ligase activity toward phospho-Sicl
can be reconstituted upon expression of the yeast Skpl,
Cdc53, and Cdc4 proteins in insect cells (Feldman et al.
1997; Skowyra et al. 1997). This raises a simple question:
Is Hrt1 absolutely required for SCES9* function, or does
it merely stimulate the basal activity of the heterotrim-
eric complex? Unambiguous resolution of this question
will require the expression of SCF subunits in a system
that lacks Hrtl homologs (e.g., E. coli), or assembly of
SCF complexes with mutant subunits that are selec-
tively defective in their ability to recruit Hrtl. We favor
the notion that Hrtl is essential for the E3 activity of all
SCF complexes; an insect cell homolog of the highly con-
served Hrtl may weakly substitute for the yeast protein
in the SCF®¥* complex, but perhaps not in SCF&™!,

Cdch3 and Hrtl comprise a ubiquitin ligase module

To identify a minimal ubiquitin ligase module in
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SCEC9*, we exploited the observation that Cdc34 can
conjugate ubiquitin to itself (Banerjee et al. 1993). This
reaction is not thought to be of physiological signifi-
cance (Goebl et al. 1994). Nevertheless, we reasoned that
Cdc34 autoubiquitination might serve as a surrogate to
monitor the ubiquitin ligase activity of SCF in the ab-
sence of substrate targeting requirements. Although it is
formally possible that Cdc34 autoubiquitination does
not faithfully mimic the ubiquitin ligase activity of SCF
towards natural substrates, this seems unlikely given the
potent effects of SCF and Cdc53/Hrtl in this assay. Fur-
thermore, activated Cdc34 assembles multiubiquitin
chains upon itself with the appropriate K48 linkage
(R.M.R. Feldman, unpubl.). Whereas efficient transfer of
ubiquitin from Cdc34 to phospho-Sicl requires all four
subunits of SCF°9*, either Cdc53 or a subcomplex of
Cdc53/Hrtl can partially substitute for intact SCF<9e*
to promote assembly of multiubiquitin chains on Cdc34;
in contrast, Hrtl retrieved in a complex with Cdc4 is
inactive.

How does the Cdc53/Hrt1 ubiquitin ligase module
work?

Four distinct classes of ubiquitin ligases have been de-
fined; the mechanism of action of only one—the HECT
domain proteins—has been described (Scheffner et al.
1995). The HECT domain ubiquitin ligase E6-AP col-
laborates with a member of the UbcHS5 family of E2s and
human papillomavirus E6 protein to specify ubiquitina-
tion of p53. Ubiquitin destined for attachment to p53 is
transferred from E2 to the conserved cysteine 833 resi-
due of E6-AP (Scheffner et al. 1995). The ubiquitin
linked to E6-AP is transferred subsequently to a lysine
residue of p53. Mutation of cysteine 833 destroys E6-
AP’s E3 activity, indicating that the E6-APCubiquitin
thioester is an essential intermediate in the transfer of
ubiquitin from E2 to p53. Because the SCF, APC, and
Ubrl E3s do not contain obvious HECT domains, it is
unclear whether they catalyze ubiquitination by a simi-
lar mechanism.

Three lines of evidence lead us to suggest that SCF
promotes Cdc34-dependent ubiquitination of substrates
by a novel mechanism that does not involve an
E30ubiquitin thioester intermediate. First, Cdc34 is able
to assemble K48-linked multiubiquitin chains in the ab-
sence of an E3 (Banerijee et al. 1993). Thus, the active site
of Cdc34 is inherently capable of assembling appropriate
multiubiquitin chains in the absence of an additional
catalytic center. Second, whereas enzymes that use cys-
teine residues for catalysis (including ubiquitin pathway
components E1 and E2) are typically sensitive to alkyl-
ating agents such as NEM and iodoacetamide (Hershko
et al. 1983), Cdc53/Hrtl-dependent autoubiquitination
of Cdc34 is indifferent to NEM. The NEM resistance of
Cdc53/Hrtl is consistent with previous studies showing
that mutation of all cysteine residues within Cdc53 does
not impair its biological function (Patton et al. 1998a).
Third, compounds lacking sulfhydryls—polylysine and
polyethyleneimine—can substitute for SCF<4* and
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promote the assembly of K48 linked multiubiquitin
chains on either Cdc34 or the SCFC4°*/Cdc34 pathway
substrate Gen4.

If Cdc53/Hrtl does not activate ubiquitination of
Cdc34 substrates by providing a catalytic thiol residue,
how does it promote ubiquitin transfer? We propose that
Cdc53 /Hrtl stabilizes the oxyanion that is formed in the
transition state as the carboxyl terminus of ubiquitin is
transferred from Cdc34 to the e-amino group of a sub-
strate lysine. Cdc53/Hrtl (or polycations) may directly
provide a positive charge to neutralize the oxyanion, or
may elicit a favorable conformational change in Cdc34.
Hrtl binds both Cdc34 and components of the SCF com-
plex directly, placing it in an optimal position to coordi-
nate the transfer of ubiquitin from Cdc34 to substrate.

SCF and APC/C: archetypes of a family
of cullin-based ubiquitin ligases

SCF complexes can be subdivided into three distinct
functional domains: the F-box subunit recruits substrate
(Feldman et al. 1997; Skowyra et al. 1997); the Skp1 sub-
unit links the F-box substrate receptor to the remaining
subunits; and Cdc53 (Willems et al. 1996) and Hrtl sub-
units recruit the E2 enzyme and comprise the ubiquitin
ligase core. Of the known members of the cullin family,
the Apc2 subunit of APC/C is the most diverged from
Cdc53 (Yu et al. 1998; Zachariae et al. 1998). As APC/C
nevertheless also contains an Hrtl-like protein (Apcll)
(Zachariae et al. 1998), we suggest that SCF and APC/C
define an extended family of multisubunit E3s that are
elaborated from a basic ubiquitin ligase module com-
prised of a cullin (CUL-1 through CUL-5, APC2) and a
RING-H2 finger protein (HRT1, HRT2, or APC11). The
RING-H2/cullin module in turn can be linked to fami-
lies of putative substrate receptors, three of which have
been defined so far: the F-box proteins for SCF (Bai et al.
1996), the SOCS box proteins for the presumed CUL-2-
based ubiquitin ligases (Kamura et al. 1998), and the WD-
40 repeat proteins Cdc20 and Hctl/Cdhl for APC/C
(Schwab et al. 1997; Visintin et al. 1997; Fang et al. 1998).
Thus, many distinct ubiquitin ligase complexes can be
assembled from the RING-H2/cullin ubiquitin ligase
module.

Several other proteins implicated in ubiquitin-depen-
dent proteolysis, including SINA (Hu and Fearon 1999),
Der3/Hrdl (Hampton et al. 1996; Bordallo et al. 1998),
and the ubiquitin ligases Ubrl and Mdm2, contain a pu-
tative RING finger (Kwon et al. 1998; Suarin et al. 1996).
Both Ubrl (F. Du and A. Varshavsky, pers. comm.) and
Mdm?2 (Honda et al. 1997) are thought to function with-
out benefit of a cullin subunit. Intriguingly, E3a, which
is the mammalian homolog of Ubrl, is resistant to NEM
treatment (Hershko et al. 1983). Although Cys-464 has
been proposed to define a divergent HECT-like catalytic
center within Mdm2 (Honda et al. 1997), this residue
also occupies a conserved position within Mdm2's puta-
tive RING finger (Suarin et al. 1996). Without a defini-
tive demonstration that ubiquitin thioesterified to
Mdm2 can be chased to substrate, it is judicious to keep
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open the possibility that Mdm?2 is in fact a member of a
distinct family of RING-containing ubiquitin ligases.
The RING finger may have been recruited early during
eukaryotic evolution to serve as a basis for the elabora-
tion of a broad range of cullin-dependent and -indepen-
dent ubiquitin ligases.

Materials and methods

Strains, media, and reagents

All yeast strains were derivatives of W303 (HMLa or HMRa ho
ade2-1 trp1-1 canl-100 leu2-3, 112 his3-11, 15 ura3-1 ssd1).
Yeast strains were grown in YEP medium (1% yeast extract, 2%
Bacto-Peptone, 50 mg/liter adenine) supplemented with 2% of
glucose (YPD), raffinose, or raffinose plus galactose. Nocodazole
(15 pg/ml) was added to arrest cells in mitosis. Rabbit poly-
clonal antisera against Sicl (Mike Tyers, Samuel Lunenfeld Re-
search Institute, Toronto, Canada), Cdc4 and Cdc34 (Zach
Pitluck), and rat a-tubulin monoclonal antibody YOL1/34 (John
Kilmartin, MRC, Cambridge, UK) were generously provided by
the indicated investigators. Rabbit polyclonal «-Skpl and
a-Hrtl antibodies were raised against bacterially expressed
GST-Skpl and His6-Hrtl, respectively. Production of poly-
clonal a-Cdc53 and cross-linked a-polyoma monoclonal anti-
body beads were described previously (Feldman et al. 1997).
Methyl ubiquitin was purchased from Boston Biochem.

Strain and plasmid constructions

To epitope tag yeast genes, cassettes encoding an epitope tag, a
3’ UTR, and a selectable marker were amplified by PCR with
target-gene-specific primers and integrated at the respective ge-
nomic locus; detailed descriptions of the tagging cassettes are
available upon request. Strains containing one or five copies of
a GAL promoter-SIC1-HA1 fusion integrated at the ura3 locus
were generously provided by Etienne Schwab (CNRS, Montpel-
lier, France). GAL-SIC1-HA1 HRT1-myc9 and GAL-SICI-
HA1 HRTI-stop-myc9 strains were obtained by genetic
Crosses.

To generate plasmids expressing yeast or human Hrtl in bac-
teria, yeast, or insect cells, the appropriate open reading frames
were amplified by PCR and inserted into expression vectors for
E. coli (pGEX-4T-1 or pMAL-c2), Saccharomyces cerevisiae
(pPRD54), or a baculovirus transfer vector (pFastBacl). Cdc34AC
and MBP-Cdc34H4 were created by replacing the 24 carboxy-
terminal residues of Cdc34 with six histidines or the HA epit-
ope and cloning the resulting reading frames into pET11b or
PMAL-c2, respectively. A baculovirus expressing PyHA epit-
ope-tagged Grrl was obtained by annealing a set of four oligos
containing a Drosophila codon-optimized sequence encoding
the amino-terminal region of Grrl. This segment was followed
by the remainder of the yeast GRRI sequence and the entire
gene cloned into pFastbac. Sequences of the oligos and the de-
tails of cloning strategies used are available upon request.

Preparation of yeast cell extracts and immunoprecipitations

Exponentially growing yeast cells were pelleted, washed with
water, and resuspended in lysis buffer (50 mm Tris-HCI at pH
7.8, 100 mm NaCl, 0.1 mm EDTA, 0.2% Triton X-100) contain-
ing protease inhibitors (1 mm PMSF, 1 ng/ml leupeptin, 1 ng/ml
pepstatin, 1 pg/ml aprotinin). Cells were lysed with glass beads
by 10 cycles of vortexing for 40 sec followed by a 1 min incu-
bation on ice. After centrifugation (30 min at 100,000g), extracts
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(7 mg) were incubated with monoclonal antibody 9E10 cross-
linked to protein A-Sepharose (9E10 beads, 20 pl) for 90 min at
4°C. Beads were washed four times with 1 ml of lysis buffer
lacking protease inhibitors, and once with 1 ml of 50 mm Tris-
HCIl at pH 7.8. Proteins were eluted from the beads in a minimal
amount of 50 mM Tris-HCI at pH 7.8 plus 0.2% SDS, lyophi-
lized, resuspended in SDS-PAGE sample buffer, and applied to a
8%-16% gradient SDS—polyacrylamide gel. Protein bands were
visualized by silver staining (Harlow and Lane 1988). The larger-
scale prep used to obtain Hrtl for mass spectrometry-based se-
quencing was performed as described above, except that 600 mg
of crude extract protein from CDC53myc9 cells was applied to
a 30-ml DEAE column, and the 0.35 m NaCl eluate was col-
lected essentially as described (Deshaies et al. 1995). The result-
ing fraction II (100 mg) was mixed with 250 nl of 9E10 beads,
and the immunoprecipitates were processed as described above
except that proteins were visualized by Coomassie Blue stain
following SDS-PAGE.

Mass spectrometry

A 17-kD Coomassie-stained band present in Cde53myc9 immu-
noprecipitates was excised and in-gel digested with trypsin (Boe-
hringer Mannheim, unmodified, sequencing grade) as described
(Shevchenko et al. 1996b). MALDI mass spectrometry (MS)
analysis of an aliquot withdrawn from the digest failed to iden-
tify proteins and therefore the recovered pool of tryptic peptides
was analyzed subsequently by nanoelectrospray tandem MS
(Nano ES MS/MS) (Wilm et al. 1996). Nano ES MS/MS was
performed on a APIIII triple quadrupole mass spectrometer (PE
Sciex, Ontario, Canada) equipped with a nanoelectrospray ion
source (Wilm and Mann 1996) developed at European Molecular
Biology Laboratory (EMBL). Short sequence stretches were de-
termined from tandem mass spectra of individual tryptic pep-
tides and, in combination with the masses of the intact pep-
tides, were assembled into peptide sequence tags (Mann and
Wilm 1994) and used to search a comprehensive sequence data-
base with PeptideSearch version 3.0 software developed at
EMBL.

Analysis of Hrtl function in vivo

Small G, cells were isolated by centrifugal elutriation from cul-
tures grown at 25°C in YPD medium as described (Schwab and
Nasmyth 1993). A Becton-Dickinson FACScan was used for
flow cytometric measurement of cellular DNA content (Epstein
and Cross 1992). Spindles were detected by indirect immuno-
fluorescence using anti-tubulin antibodies (YOL1/34) and
FITC-conjugated secondary antibodies. To measure cell vol-
ume, cells were fixed in YPD medium containing formaldehyde
(3.8%) for 4 hr on ice. About 20,000 cells were counted with a
CASY1 Cell Counter Plus Analyser (Model TTC, Schaerfe Sys-
tem, Reutlingen, Germany) and peak cell volume was measured
in triplicate.

Swi6 and Sic1-HA1 were detected with rabbit polyclonal an-
tibodies. Detection with monoclonal «-HA antibodies gave
similar results for Sicl-HA1. RNA isolation and Northern blot
analysis were performed as described (Cross and Tinkelenberg
1991; Price et al. 1991). Fragments from the coding regions of
SIC1 and CMD1 were used as probes.

Protein expression

GST-Hrtl, Cdc34ACH ¢ and MBP-Cdc34ACH# proteins were
expressed in E. coli BL21{DE3)+pLysS cells and purified by glu-
tathione, Ni-NTA, and amylose affinity chromatography as di-
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rected by the resin suppliers, respectively. MBP-Cdc34ACHA
formed thioesters with ubiquitin, served as an E2 in Sicl ubiq-
uitination reactions, and could autoubiquitinate in the presence
of Cdc53 (R.M.R. Feldman, unpubl.). Baculoviral expression of
SCF subunits was as described (Feldman et al. 1997). Cln2™v¢/
GST-Cdc28/Cksl/Cakl proteins were expressed in Sf9 insect
cells infected with the respective recombinant baculoviruses in
a 10:5:3:1 ratio.

GST pull-downs, a-Py IP from insect cells

GST pull-downs contained 2.5 pg of either GST or GST-Hrtl,
50 ul (200 ng) lysate from insect cells infected with the indi-
cated baculoviruses, and 100 ul of BVLB (30 mm HEPES at pH
7.4, 150 mm NaCl, 0.1% Triton X-100) containing 1 mg/ml
BSA. Reactions were incubated 15 min at 4°C, supplemented
with 7 pl of glutathione-agarose beads (Sigma), and incubated a
further 15 min at 4°C. Beads were collected by brief centrifuga-
tion and washed four times in BVLB fortified with 100 mm NaCl
(250 mm final). After washing, beads were aspirated dry and
resuspended in 1x SDS-PAGE buffer, boiled, and analyzed by
SDS-PAGE and Western blotting.

Experiments utilizing baculovirus-expressed Hrtl (Fig. 3B)
contained 100 pl of lysate from insect cells coinfected with
Hrtl-expressing and other viruses as indicated. Lysates were
incubated with 7 ul «a-Py beads for 20 min at 4°C, and were
washed and analyzed as described above.

In vitro assays

To analyze Cdc34ACH¢ qutoubiquitination, 200 ul of lysate (4
mg/ml) from insect cells infected with the indicated baculovi-
rus (es) was incubated with 7 ul of a-Py beads for 1 hr at 4°C.
The beads were then washed three times in BVLB, three times
in KAB (50 mm HEPES at pH 7.4, 50 mm NaCl, 5 mm MgCl,, 1
mm EDTA), aspirated to dryness, and resuspended in reaction
buffer (30 mm Tris at pH 7.4, 5 mm MgCl,, 2 mm ATP) supple-
mented with 100 ng of Ubal (Feldman et al. 1997), 5 ug ubiq-
uitin and 600 ng of Cdc34AMs¢ (20 ul total volume). Reactions
were incubated at 24°C for 1 hr with gentle mixing, and were
stopped by addition of an equal volume of 2x SDS-PAGE sample
buffer and boiled for 3 min. Samples were analyzed by SDS-
PAGE and Western blotting using «-Cdc34 followed by HRP-
conjugated a-rabbit secondary antibodies.

Sicl ubiquitination reactions were performed as described
(Feldman et al. 1997), except that 100 ng of phosphorylated
MBP-Sicl was used per reaction, and 200 ul (0800 ug) of insect
cell lysate that contains polyoma-tagged SCF was immunopre-
cipitated with 7 pl Py beads and washed as described above,
typically yielding 150-200 ng of SCF components per sample as
estimated from Coomassie-stained gels. For Figure 4A, 2.5 pg of
purified GST or GST-Hrtl was added to reactions that con-
tained 4 pg of phospho-MBP-Sicl.

To test NEM sensitivity, a-Py immunoprecipitates were pre-
pared as described above. NEM (5 mm unless otherwise indi-
cated) was added to beads (or to Ubal in the presence of an equal
amount of beads) and incubated at 24°C for 10 min, at which
point a twofold molar excess of DTT was added and the incu-
bation was continued for 10 min. As a control, beads were
treated with NEM that had been premixed with twofold excess
DTT. After incubations, beads were washed with KAB and used
in reactions as described; Ubal treated in the presence of beads
was used as is.

Sequence analysis

Databases were searched with Gapped BLAST (Altschul et al.
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1997). ESTs were assembled using AssemblyLIGN (Oxford Mo-
lecular, Oxford, UK), and protein sequences were aligned with
CLUSTAL W (Thompson et al. 1994) using the Blosum 62 ma-
trix with default parameters.
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Note

While this manuscript was under review, Ohta et al. (1999), Tan
et al. (1999), Kamura et al. (1999), and Skowyra et al. (1999)
reported the identification of yeast and human HRT1.
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