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In budding yeast, ubiquitination of the cyclin-dependent kinase (Cdk) inhibitor Sic1 is catalyzed by the E2

ubiquitin conjugating enzyme Cdc34 in conjunction with an E3 ubiquitin ligase complex composed of Skp1,

Cdc53 and the F-box protein, Cdc4 (the SCFCdc4 complex). Skp1 binds a motif called the F-box and in turn

F-box proteins appear to recruit specific substrates for ubiquitination. We find that Skp1 interacts with Cdc53

in vivo, and that Skp1 bridges Cdc53 to three different F-box proteins, Cdc4, Met30, and Grr1. Cdc53 contains

independent binding sites for Cdc34 and Skp1 suggesting it functions as a scaffold protein within an E2/ E3

core complex. F-box proteins show remarkable functional specificity in vivo: Cdc4 is specific for degradation

of Sic1, Grr1 is specific for degradation of the G1 cyclin Cln2, and Met30 is specific for repression of

methionine biosynthesis genes. In contrast, the Cdc34–Cdc53–Skp1 E2/ E3 core complex is required for all

three functions. Combinatorial control of SCF complexes may provide a basis for the regulation of diverse

cellular processes.
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Ubiquit in -dependent proteolysis is an im portan t regula-

tory m echanism that cont rols m any cellu lar processes

(for review, see Hochst rasser 1996). In th is pathway,

ubiquit in is t ransferred from a ubiquit in act ivat ing en-

zym e (E1) to a ubiquit in -conjugat ing enzym e (E2) and,

often in conjunct ion with a ubiquit in ligase (E3), u lt i-

m ately conjugated in an isopept ide linkage to a lysine

residue of a subst rate protein . Reiterat ion of the ubiqui-

t in t ransferase react ion resu lt s in form at ion of a poly-

ubiquit in chain on the subst rate, which is then recog-

n ized by the 26S proteasom e, and rapidly degraded.

Specificity in protein ubiquit inat ion often derives from

E3 ubiquit in ligases (Hershko et al. 1983). In som e cases,

an E3 facilit ates recognit ion of the target protein by an

E2, whereas in others an E3 accepts a ubiquit in th ioester

from an E2 and direct ly t ransfers ubiquit in to the sub-

st rate (Scheffner et al. 1995). Although subst rate recog-

n it ion is a key

aspect of ubiquit in m ediated proteolysis, the ident ifica-

t ion of E3 enzym es has been problem at ic because the

few known E3 fam ilies bear no sequence relat ionsh ip to

each other.

Ubiquit in -dependent proteolysis is essen t ial for two

m ajor cell cycle t ransit ions, the G1- to S-phase t ransit ion

and the m etaphase to anaphase t ransit ion (for review, see

Hershko 1997). Key targets of the ubiquit in proteolyt ic

pathway at these t ransit ions include cyclins, which are

posit ive regulators of cyclin-dependent k inases (Cdks),

and Cdk inhibitors, which are negat ive regulators of

Cdks. In budding yeast , a single Cdk, Cdc28 (a.k .a. Cdk1)

is act ivated in G1 phase by the G1 cyclins Cln1–Cln3,

and in S through M phase by the m itot ic cyclins, Clb1–

Clb6 (for review, see N asm yth 1996). Mitot ic cyclins and

other proteins that regulate m itosis are targeted for deg-

radat ion by a cell cycle regulated E3 ubiquit in ligase

called the anaphase prom ot ing com plex (APC) or cyclo-

som e (for review, see Hershko 1997). In cont rast , G1 cy-

clins and Cdk inhibitors are degraded via a const itu t ive

ubiquit inat ion pathway in which subst rates are targeted

by phosphorylat ion .

Genet ic analysis in budding yeast has revealed several

com ponents required for degradat ion of the Cdk inhibi-
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tor Sic1: Cdc4, a WD40 repeat protein (Yochem and By-

ers 1987); Cdc34, an E2 ubiquit in -conjugat ing enzym e

(Goebl et al. 1988); Cdc53, a protein that form s a com -

plex with Cdc4 and Cdc34 (Math ias et al. 1996; Willem s

et al. 1996); and Skp1, a protein that binds to a m ot if in

Cdc4 called the F-box (Bai et al. 1996). The F-box m ot if

was originally ident ified in Cdc4 and two m am m alian

proteins, Cyclin F and Skp2, and is also found in m any

other eukaryot ic proteins (Bai et al. 1996). Cells lack ing

funct ional Cdc4, Cdc34, Cdc53, or Skp1 arrest in G1

phase because the Clb–Cdc28 inhibitor Sic1 is not de-

graded, and so the onset of Clb–Cdc28 act ivity and in i-

t iat ion of DN A replicat ion cannot occur (N ugroho and

Mendenhall 1994; Schwob et al. 1994; Bai et al. 1996). In

late G1 phase, phosphorylat ion of Sic1 by the Cln–Cdc28

kinases targets the inhibitor for ubiquit inat ion and deg-

radat ion (Schwob et al. 1994; Schneider et al. 1996; Tyers

1996; Verm a et al. 1997a). An E3 com plex has been as-

sem bled from recom binant Skp1, Cdc53, and Cdc4 (the

SCFCdc4 com plex), and in associat ion with Cdc34 th is

com plex is sufficien t for ubiquit inat ion of phosphory-

lated Sic1 in vit ro (Feldm an et al. 1997; Skowrya et al.

1997). With in the SCFCdc4 com plex, Skp1 facilit ates the

in teract ion of Cdc4 with Cdc53 and, in turn , the WD40

repeats of Cdc4 confer specific recognit ion of phosphory-

lated Sic1 (Skowrya et al. 1997). Many other im portan t

regulatory proteins are degraded via the SCFCdc4 path-

way, including the Cln–Cdc28 inhibitor Far1 (Henchoz

et al. 1997), the replicat ion protein Cdc6 (Drury et al.

1997), and the t ranscript ion factor Gcn4 (Kornitzer et al.

1994).

In addit ion to their role in Sic1 proteolysis, Cdc34,

Cdc53, and Skp1 m ediate Cln degradat ion in vivo (De-

shaies et al. 1995; Yaglom et al. 1995; Bai et al. 1996;

Willem s et al. 1996). Cln degradat ion is probably t rig-

gered by autocatalyt ic Cdc28 dependent phosphorylat ion

of the Cln subunit in Cln–Cdc28 com plexes (Lanker et

al. 1996). Consisten t with th is requirem ent , Cdc53

form s a t igh t com plex with phosphorylated Cln2 in yeast

lysates (Willem s et al. 1996). Cln1 and Cln2 degradat ion

also requires Grr1, another F-box protein that in teract s

with Skp1 in vivo and in vit ro (Barral et al. 1995; Li and

Johnston 1997; Skowrya et al. 1997). The ability of two

dist inct F-box proteins, Cdc4 and Grr1, to confer sub-

st rate specificity on a com m on ubiquit inat ion pathway

lead to the hypothesis that F-box proteins are subst rate-

specific recru itm ent factors (Bai et al. 1996). In support of

th is idea, Grr1 is able to recru it phosphorylated Cln1 and

Cln2, but not phosphorylated Sic1, in to Cdc34–Cdc53–

Skp1 com plexes in vit ro (Skowrya et al. 1997).

Finally, Skp1 has other funct ions that have not yet

been linked direct ly to proteolysis. Skp1 acts with Grr1

and Cdc53 to m ediate the induct ion of HXT glucose

t ransporter genes by glucose, although Cdc34 is appar-

en t ly dispensible in th is pathway (Li and Johnston 1997).

Furtherm ore, Skp1 has a G2 / M funct ion because certain

condit ional alleles cause arrest in G 2, and because it in -

teract s genet ically and physically with the kinetochore

com ponent Ct f13 (Connelly and Hieter 1996; Stem m ann

and Lechner 1996; Kaplan et al. 1997).

Through analysis of Cdc53-in teract ing proteins, we

have determ ined that Cdc53 form s dist inct com plexes

with Skp1, Cdc34, and the F-box proteins Cdc4, Grr1,

and Met30 in vivo. We find that Cdc53 serves as a scaf-

fold protein that links Skp1/ F-box proteins and Cdc34,

whereas the F-box proteins serve to confer funct ional

specificity on the core Cdc34—Cdc53—Skp1 com plex.

Results

In teract ions of Cdc53, Sk p1, Cdc4, and Met30

in the tw o-hybrid system

To ident ify proteins that in teract with Cdc53, two-

hybrid screens were carried out with fu ll length Cdc53

and two Cdc53 delet ion m utants (Fig. 1A). Two of the

Cdc53 fusion proteins, Gal4DBD–Cdc53 and Gal4DBD–

Cdc53D581–664, recovered m ult iple independent isolates

of Skp1, Cdc4, and Met30 from Gal4AD genom ic and

cDN A libraries (Fig. 1B,C). N one of the posit ive clones

recovered in teracted with Gal4DBD–Cdc53D1–280, sug-

gest ing that the am ino-term inal region of Cdc53 was im -

portan t for these in teract ions (see below). Met30 was

originally isolated as a m eth ionine-dependent repressor

of m eth ionine biosynthesis gene expression , and has a

sim ilar overall st ructure as Cdc4, with an am ino-term i-

nal F-box and carboxy-term inal WD40 repeats (Thom as

et al. 1995; Bai et al. 1996). All of the Met30 and Cdc4

isolates that in teracted with Cdc53 contained the F-box

m ot if, suggest ing the F-box m ay m ediate in teract ions

with Cdc53. In fact , two of three independent Met30

isolates contained just the F-box and a sm all am ount of

flanking region (Fig. 1C). Sim ilarly, th ree independent

Cdc4 isolates encom passed the F-box but lacked m ore

am ino-term inal sequences. Cdc4 and Met30 isolates,

m issing som e or all of the WD40 repeats, did, however,

in teract m ore weakly with Cdc53 than the fu ll-length

proteins (Fig. 1B,C), which m ay reflect an auxiliary role

for the WD40 repeats. Because Cdc4 binds Skp1 via the

F-box m ot if (Bai et al. 1996), we direct ly tested for a

Met30–Skp1 in teract ion in the two-hybrid system . The

F-box of Met30 was both necessary and sufficien t for

in teract ion of Met30 with Skp1 (Fig. 1D). As for the

Cdc53–Met30 in teract ion , the WD40 repeats of Met30

were required for m axim al in teract ion with Skp1. De-

spite the known physical in teract ion of Cdc34 and

Cdc53 (Math ias et al. 1996; Willem s et al. 1996), Cdc34

was not isolated in the Cdc53 two-hybrid screens, nor

did it in teract in direct two-hybrid test s with Cdc53 (data

not shown). In sum m ary, two-hybrid analysis revealed a

Cdc53–Skp1 in teract ion and suggested that Cdc53–F-box

protein in teract ions m ay be bridged by Skp1.

Genet ic in teract ions betw een CDC53 and SKP1

To assess the in vivo relevance of the Cdc53–Skp1 two-

hybrid in teract ion , we tested for genet ic in teract ions be-

tween the cdc53-1 m utat ion and the sk p1-11 and sk p1-

12 m utat ions. At a sem i-perm issive tem perature of 30°C

both the cdc53-1 sk p1-11 and cdc53-1 sk p1-12 double
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m utants were inviable, whereas either single m utant

grew as well as the wild-type st rain (Fig. 2A). At a per-

m issive tem perature of 25°C, cdc53-1 sk p1-12 double

m utants had a severe growth defect , and accum ulated

m ult iple hyperpolarized buds (Fig. 2B), ak in to the arrest

phenotype of single m utants in the Cdc34 pathway

(Math ias et al. 1996). Other pairwise synthet ic lethal in-

teract ions between cdc4-1, cdc34-2, and cdc53-1 have

been dem onst rated previously (Math ias et al. 1996). Fi-

nally, we found that overproduct ion of CDC53 rescued

sk p1 t em perature-sensit ive st rains (data not shown).

This genet ic evidence suggested that the Cdc53–Skp1

two-hybrid in teract ion reflect s a com m on funct ion of

Cdc53 and Skp1 in vivo.

A ssociat ion of Cdc53 w ith Cdc34, Sk p1, and Cdc4

in yeast lysates

N ext , we determ ined whether endogenous levels of

Cdc53 and Skp1 form a com plex in yeast lysates. To

m inim ize possible disrupt ion of com plexes by ant ibod-

ies, we used epitope-tagged versions of Cdc53 and Skp1.

Im m unoprecipitat ion of MYC-tagged Cdc53, followed

by im m unoblot t ing with polyclonal an t ibodies directed

against Skp1, revealed a specific associat ion between

Cdc53 and Skp1 (Fig. 3A, lane 2). Cdc4 and Cdc34 were

also present in the Cdc53 com plexes, consisten t with the

observat ion that Cdc4 and Cdc53 cofract ionate with

polyhist idine-tagged Cdc34 (Math ias et al. 1996). In the

reciprocal coim m unoprecipitat ion experim ent , Cdc53

specifically associated with HA-tagged Skp1, as did Cdc4

and Cdc34 (Fig. 3B, lane 2). Taken together, these resu lt s

indicated that Cdc53 form s a m ult iprotein com plex in

vivo with Skp1, Cdc4, and Cdc34.

To determ ine if any of these protein–protein in terac-

t ions correlated with funct ion in vivo, we exam ined the

com posit ion of the com plex in st rains bearing various

tem perature-sensit ive alleles. In one set of experim ents,

Cdc53 im m une com plexes were im m unoblot ted with

ant ibodies against Cdc4, Cdc34, and Skp1 (Fig. 3A). In

Figure 1. Cdc53 two-hybrid in teract ions. (A ) Cdc53 two-hybrid screens were carried out with three Cdc53 fusion proteins: Gal4DBD–

Cdc53, Gal4DBD–Cdc53D1–280, and Gal4DBD–Cdc53D581–664. (B) In teract ion of two-hybrid Gal4AD isolates with Gal4DBD fusions in a

b-galactosidase filt er assay. (C ) Schem at ic of Cdc53 in teract ing proteins and two-hybrid isolates. (D ) Two-hybrid in teract ions of

LexADBD–Met30 derivat ives with VP16AD–Skp1. In teract ions of the indicated const ructs were quant itated by liqu id b-galactosidase

assays in Miller unit s.

Figure 2. Genet ic in teract ion between

CDC53 and SKP1. (A ) cdc53 sk p1 double m u-

tan ts are inviable at the sem iperm issive tem -

perature. The indicated spore clones of a repre-

sen tat ive tet ratype tet rad were grown at 30°C

for 2 days. (B) Photom icrographs of cells from a

representat ive tet ratype tet rad grown at 25°C.
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cdc4-1 and sk p1-11 m utants, Cdc4 was not detected in

Cdc53 im m une com plexes; however, the absence of

Cdc4 from the com plexes was at t ribu table, at least in

part , to decreased Cdc4 abundance in the m utants (see

Fig. 3C). The sk p1-12 m utat ion severely decreased the

abundance of Cdc4, Cdc53, and Skp1 it self, and so the

absence of associated proteins in Cdc53 com plexes from

sk p1-12 cells was not inform at ive.

In another set of experim ents, Skp1 im m une com -

plexes from tem perature-sensit ive st rains were im m uno-

blot ted with ant ibodies against Cdc4, Cdc34, and Cdc53

(Fig. 3B). In th is configurat ion , the am ount of Cdc4 in the

com plex was also reduced by the cdc4-1 m utat ion . In

cont rast , the am ount of Cdc4 in the com plex was in-

creased by both the cdc34-2 and cdc53-1 m utat ions. In-

terest ingly, Cdc4 m obility was altered in cdc4-1 and

cdc53-1 st rains, bu t the cause of th is m obility sh ift has

not been determ ined. Relat ive to the abundance of

Cdc34 in lysates, the am ount of Cdc34 in Skp1 com -

plexes was severely com prom ised by the cdc53-1 m uta-

t ion , suggest ing that Cdc53 m ay bridge the Cdc34–Skp1

in teract ion (see below).

As the ant i-Cdc4 ant ibodies we used could not reliably

detect Cdc4 in yeast lysates, we were unable to deter-

m ine direct ly whether the sk p1 m utat ions reduced the

abundance of Cdc4. Im m unoprecipitat ion of a FLAG-

tagged version of Cdc4, followed by im m unoblot t ing

with ant i-Cdc4 polyclonal an t ibody, however, revealed

that Cdc4 abundance is great ly dim inished in sk p1-11

and sk p1-12 st rains (Fig. 3C). The abundance of another

F-box protein , Met30, was sim ilarly reduced by the sk p1-

11 and sk p1-12 m utat ions (Fig. 3C). As noted above, the

abundance of Cdc53 is also decreased by the sk p1-12

m utat ion . Thus, Skp1 m ay funct ion , at least in part , to

stabilize both Cdc53 and F-box proteins. Overall, each of

the tem perature-sensit ive m utat ions perturbed the m u-

tual in teract ions by altering the abundance of a given

com ponent in lysates and / or the im m une com plexes.

In teract ion of Cdc53 w ith m ult iple F-box proteins

To corroborate the Cdc53–Met30 and Skp1–Met30 two-

hybrid in teract ions, we determ ined whether Met30

form ed com plexes with Cdc53 and Skp1 in yeast lysates.

Figure 3. Characterizat ion of Cdc53 com plexes

in yeast lysates. (A ) Effects of tem perature-sensi-

t ive m utat ions on the com posit ion of Cdc53 im -

m une com plexes. The indicated st rains contain-

ing <CDC53 TRP1 CEN > or <CDC53M TRP1

CEN > plasm ids were arrested at 37°C for 2 hr.

Ant i-MYC im m unoprecipitates from each st rain

were im m unoblot ted and sequent ially probed

with ant ibodies against Cdc4, Cdc34, Skp1, and

the MYC epitope. The ant ibody against Cdc4 did

not reliably detect Cdc4 in lysates and, therefore,

these panels were om it ted (see part C, below). (B)

Effects of tem perature-sensit ive m utat ions on the

com posit ion of Skp1 im m une com plexes. Analy-

sis was as above except that st rains contained ei-

ther em pty vector or <SKP1HA LEU 2 CEN > plas-

m ids. Ant i-HA im m unoprecipitates were probed

as in A . The cause of the lower m obility form of

Cdc4 in lanes 3 and 5 has not been determ ined.

(C ) Abundance of Cdc4 and Met30 in sk p1 m u-

tan ts. Wild-type, sk p1-11, sk p1-12 st rains con-

tain ing either em pty vector, <CDC4F TRP1 CEN >

or <pA DH1–MET30HA TRP1 2µ> plasm ids, were

analyzed as above. Ant i-FLAG and ant i-HA im -

m unoprecipitates were probed with ant ibodies

against Cdc4 and the HA epitope, respect ively.
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For th is purpose, we used an HA-tagged version of Met30

expressed from the const itu t ive A DH1 prom oter. Im m u-

noprecipitat ion of Met30, followed by im m unoblot t ing

against Cdc53 and Skp1, revealed the presence of both

Cdc53 and Skp1 in Met30 im m une com plexes (Fig, 4A).

Because Grr1 funct ions with Skp1 and Cdc53 to m e-

diate Cln1 / 2 degradat ion and glucose regulat ion (Barral

et al. 1995; Bai et al. 1996; Willem s et al. 1996; Li and

Johnston 1997), we asked if Grr1 in teracted with Cdc53

in yeast lysates. We found that Cdc53 specifically coim -

m unoprecipitated with an HA-tagged version of Grr1

(Fig. 4A). Skp1 was also present in the Grr1 im m une

com plexes, as shown previously (Li and Johnston 1997).

In a cont rol experim ent , FLAG-tagged Cdc4 im m une

com plexes also contained Cdc53 and Skp1, thereby com -

plet ing the set of all possible pairwise coim m unoprecipi-

tat ions between Cdc4, Cdc34, Cdc53, and Skp1 (Fig.

3A,B; Math ias et al. 1996). We were unable to reproduc-

ibly detect Cdc34 in the various F-box protein im m une

com plexes, perhaps because each of these com plexes

necessarily contains only a fract ion of the total Cdc34,

Cdc53, and Skp1.

To determ ine whether Cdc53 form s independent com -

plexes with the various F-box proteins, we tested for in-

teract ions between Cdc4, Met30, and Grr1 in the two-

hybrid system . A Gal4DBD–Grr1 fusion known to in ter-

act with Gal4AD–Skp1 (Li and Johnston 1997) failed to

in teract with either Gal4AD–Cdc4 or VP16AD–Met30 fu-

sions, or with a Gal4AD–Grr1 fusion (Fig. 4B). Each of the

F-box protein fusions in teracted with a Gal4DBD–Cdc53

fusion as expected. We have also been unable to detect

Cdc4 in either Met30 or Grr1 im m une com plexes in di-

rect coprecipitat ion experim ents (data not shown). Thus,

the available evidence suggests that Skp1 and Cdc53

form m utually exclusive com plexes with at least th ree

differen t F-box proteins in vivo.

The ability of Cdc53 to in teract with m ult iple F-box

proteins in independent com plexes raised the possibility

that differen t F-box proteins m ay com pete for binding to

a Cdc34–Cdc53–Skp1 core com plex. We tested th is pos-

sibility by overexpressing MET30 or GRR1 in cdc4-1,

cdc34-2, and cdc53-1 t em perature-sensit ive st rains.

Overexpression of MET30 dram at ically im paired growth

of a cdc4-1 st rain at 30°C, and caused a m ild growth

defect in cdc34-2 and cdc53-1 st rains (Fig. 4C), bu t had

no effect on either sk p1-11 or sk p1-12 st rains (data not

shown). Although overexpression of GRR1 did not affect

growth of a cdc4-1 st rain , the growth of cdc34-2 and

cdc53-1 st rains was retarded at 30°C (Fig. 4C). It has been

noted previously that h igh-level expression of GRR1 is

lethal in sk p1-12 st rains at 30°C (Li and Johnston 1997),

and high-level expression of Cdc4 causes inviability of

cdc34 and cdc53 st rains at 23°C (Math ias et al. 1996).

Taken together, the above resu lt s suggest various F-box

Figure 4. In teract ions of differen t F-box

proteins. (A ) In teract ion of Met30, Grr1,

and Cdc4 with Cdc53 and Skp1. The indi-

cated im m unoprecipitates from wild-type

cells contain ing either vector, <pA DH1–

MET30HA TRP1 2µ>, <pA DH1–GRR1HA

TRP1 2µ> and <CDC4F TRP1 CEN > plas-

m ids were probed as indicated with ant i-

bodies against Cdc53, Skp1, Cdc4, and the

HA epitope. IgG light chain is indicated by

an asterisk . (B) Differen t F-box proteins do

not in teract with each other. Gal4AD–

Met30 (A10), Gal4AD–Grr1 and Gal4AD–

Cdc4 were tested against Gal4DBD–Grr1

and Gal4DBD–Cdc53 in the two-hybrid sys-

tem by a b-galactosidase filt er assay. (C ) Ef-

fect s of MET30 or GRR1 overexpression .

St rains of the indicated genotype contain-

ing an em pty vector plasm id <pA DH1–

MET30HA TRP1 2µ> (left ) or <pA DH1–

GRR1HA TRP1 2µ> (righ t ) plasm ids were

grown at 30°C for 3 days and photographed.
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proteins m ay com pete for binding to a Cdc34–Cdc53–

Skp1 core com plex in vivo, and that the relat ive stoich i-

om et ry of the various com plexes m ay be crit ical for vi-

ability.

Cdc53 is scaffold for Cdc34 and Sk p1 / F-box proteins

To ident ify poten t ial protein–protein in teract ion do-

m ains of Cdc53, we const ructed a series of Cdc53 dele-

t ion m utants using natural and engineered rest rict ion

sites (see Materials and Methods). Each of the m utant

proteins was expressed in yeast to sim ilar levels as wild-

type Cdc53 (Fig. 5A). The ability of each Cdc53 m utant

protein to in teract with Cdc34, Skp1, and the three F-box

proteins Cdc4, Grr1, and Met30 was assessed by im m u-

noblot analysis of MYC-tagged Cdc53 im m une com -

plexes with specific polyclonal an t ibodies (Fig. 5A). In

th is experim ent , each of the in teract ions detected in-

volved approxim ately wild-type levels of Cdc53 (which

was expressed from a low copy plasm id) and endogenous

levels of each of the associated proteins. Delet ion of an

am ino-term inal region of Cdc53 (residues 9–280) com -

pletely disrupted Skp1 binding. In parallel, the binding of

all th ree F-box proteins was specifically disrupted. Im -

portan t ly, Cdc34 st ill in teracted with Cdc53D9–280,

elim inat ing the possibility that the t runcated protein

was sim ply m isfolded and ent irely nonfunct ional. Con-

versely, delet ion of an in ternal region of Cdc53 (residues

448–748) abrogated Cdc34 binding but did not affect

binding of Skp1 or any of the F-box proteins. The corre-

lat ion between the Cdc53–Skp1 in teract ion and Cdc53–

F-box protein in teract ions is m ost easily explained by a

bridging role for Skp1. Furtherm ore, the independent

nonoverlapping binding regions in Cdc53 indicate that

the protein–protein in teract ions with in Cdc53 com -

plexes occur in a m odular fash ion .

Im portan t ly, Cdc53 m utants that were unable to bind

either Skp1/ F-box proteins or Cdc34 could not com ple-

m ent a cdc53 delet ion st rain , whereas m utants unaf-

fected in protein–protein in teract ions could com plem ent

(Fig. 5B). To determ ine if the Skp1/ F-box protein and

Cdc34 binding dom ains of Cdc53 corresponded to con-

Figure 5. Mutat ional analysis of Cdc53. (A ) Dele-

t ion analysis of Cdc53 protein–protein in teract ion

dom ains. Cells were t ransform ed with untagged

Cdc53 (lane 1), MYC-tagged Cdc53 (lane 2) or MYC-

tagged versions of the indicated Cdc53 m utants

(lanes 3–8). All of the proteins were expressed from

the wild-type CDC53 prom oter on a CEN plasm id.

Lysates from each st rain were im m unoprecipitated

with ant i-MYC ant ibody, im m unoblot ted, and

probed with ant ibodies specific to each of the indi-

cated proteins. (B) Schem at ic represen tat ion of

Cdc53 m utant proteins and their ability to com ple-

m ent a cdc53 delet ion st rain . Regions of am ino acid

sequence conservat ion in the Cdc53 fam ily are indi-

cated in black (see Materials and Methods). The po-

sit ions of the cdc53-1 (R488C) and cdc53-2 (G340D)

poin t m utat ions, and the regions required for binding

to Skp1/ F-box proteins and Cdc34 are also indicated.

(C ) Cdc53 does not contain essen t ial cysteine resi-

dues. A cdc53::A DE2 delet ion st rain contain ing a

<CDC53HA U RA 3 CEN > plasm id was t ransform ed

with <CDC53M6C TRP1 CEN >, <CDC53M TRP1

CEN >, or an em pty vector plasm id, plated on 5-FOA

m edium to select for Ura− cells, and photographed

after 2 days. (D ) Cysteine residues in Cdc53 are not

required for post t ranslat ional m odificat ion of Cdc53.

Lysates from st rains contain ing a <CDC53M TRP1

CEN > or <CDC53M6C TRP1 CEN > plasm id were

separated by SDS-PAGE in the absence or presence of

reducing agent and im m unoblot ted with ant i-MYC

ant ibody.
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served regions of Cdc53, we aligned 15 differen t m em -

bers of the Cdc53 fam ily (Fig. 5B; see Materials and

Methods for details of the sequence alignm ent ). Se-

quence sim ilarity with in the Cdc53 fam ily is h ighest

over a broad in ternal region and a narrow region at the

ext rem e carboxyl term inus. Surprisingly, the lat ter re-

gion is not required for binding to Skp1/ F-box proteins or

Cdc34, nor for viability (Fig. 5A,B). The in ternal con-

served region , however, overlaps with the Cdc34 binding

site. There is relat ively poor conservat ion in the am ino

term inus of Cdc53, despite the fact that th is region con-

tains the Skp1 binding site, suggest ing that only a subset

of the Cdc53 fam ily m ay in teract with Skp1.

On the basis of the sequence alignm ent , we m utated

m any conserved charged residues in Cdc53 to alan ines,

bu t none of the m utants had any overt phenotype (data

not shown). For instance, m utat ion of the m ost con-

served st retch in the ent ire protein , IVRIMK (residues

755–760), to polyalan ine did not cause an obvious defect

in Cdc53 funct ion or in binding to Skp1/ F-box proteins

or Cdc34 (Fig. 5A,B). To further explore the st ructure /

funct ion relat ionsh ip of Cdc53, we determ ined the se-

quence of two tem perature-sensit ive alleles of CDC53

(Math ias et al. 1996). The cdc53-1 m utat ion causes an

R488C subst itu t ion whereas the cdc53-2 m utat ion

causes a G340D subst itu t ion . Both m utat ions alter

h ighly conserved residues, even though G340 does not

lie with in a window of conserved residues. In terest ingly,

the cdc53-1 m utat ion occurs with in the Cdc34 binding

region . In conjunct ion with the defect ive Skp1–Cdc34

in teract ion in cdc53-1 st rains (Fig. 3B), th is resu lt

st rongly suggests that the cdc53-1 m utat ion specifically

perturbs the Cdc34 binding site.

Cdc53 does not form essent ial ub iquit in th ioesters

in v ivo

In addit ion to target protein recognit ion , som e E3 ubi-

quit in ligases part icipate in the catalyt ic t ransfer of ubi-

quit in onto subst rates through form at ion of ubiquit in

th ioesters on cysteine residues (Scheffner et al. 1995).

Therefore, we determ ined whether any of the cysteine

residues in Cdc53 were required for funct ion in vivo.

Sim ultaneous m utat ion of all six cysteine residues in

Cdc53 to alan ines (Cdc53M6C) did not im pair com ple-

m entat ion of a cdc53 delet ion st rain (Fig. 5C). Cdc53 is

covalen t ly conjugated to a ubiquit in -cross react ive spe-

cies in vivo (Willem s et al. 1996), which is not ubiquit in

it self, bu t is Rub1, a ubiquit in -related protein (M. Es-

telle, pers. com m .). Therefore, we com pared the exten t of

m odificat ion of the cysteineless Cdc53 to wild-type

Cdc53. The m utant protein was m odified by Rub1 to the

sam e exten t as wild type, and the m odificat ion was not

sensit ive to reducing agents, dem onst rat ing that th is

m odificat ion does not occur on cysteine residues (Fig.

5D). Although th is m utat ional analysis does not ru le out

th ioester form at ion on Cdc53 in vivo, such in term edi-

ates clearly cannot be essen t ial for viability. Cdc53 thus

appears to act as a noncatalyt ic scaffold protein for

Cdc34 and Skp1/ F-box proteins.

Cdc34, Cdc53, and Sk p1 funct ion

in m eth ionine repression

To assess the biological sign ificance of the Cdc53–Met30

and Skp1–Met30 in teract ions, we determ ined whether

Cdc34, Cdc53, or Skp1 were required for proper regula-

t ion of m eth ionine biosynthesis genes. We exam ined the

regulat ion of MET25, which encodes hom ocysteine syn-

thase and is one of several m eth ionine regulated genes.

MET25 is act ivated by the Cbf1–Met4–Met28 t ranscrip-

t ional com plex and repressed by Met30 (Thom as et al.

1995; Kuras et al. 1996). As expected, m eth ionine re-

pressed MET25 expression in wild-type cells (Fig. 6A). As

MET30 is an essen t ial gene, we used an ant im orphic al-

lele called MET30-1 as a posit ive cont rol for derepression

in m eth ionine m edium (Thom as et al. 1995). As shown

previously, MET25 was incom pletely repressed by m e-

th ionine in MET30-1 cells. St rik ingly, repression of

MET25 by m eth ionine was severely com prom ised in

cdc53-1 cells and com pletely defect ive in cdc34-2, sk p1-

11, and sk p1-12 cells (Fig. 6A). The derepression of

MET25 in m eth ionine m edium did not depend on G 1

phase cell cycle arrest because derepression did not occur

in cdc4-1 cells that arrest at the ident ical poin t in G1,

and yet did occur in sk p1-12 m utants that arrest in G2

phase. Because MET25 was effect ively repressed with

wild-type kinet ics in cdc4-1 cells, m eth ionine biosyn-

thesis gene regulat ion specifically requires the F-box pro-

tein Met30. We were unable to assess the role of Grr1 in

m eth ionine repression because grr1D st rains were invi-

able when grown on standard B m edium used for analy-

sis of m eth ionine repression (data not shown).

F-box protein funct ion in Cln2 degradat ion

It has been shown previously that Cln2 is stabilized in

grr1D, cdc34-2, cdc53-1, and sk p1-12 st rains (Barral et al.

1995; Deshaies et al. 1995; Bai et al. 1996; Willem s et al.

1996). To direct ly assess the specificity of F-box protein

funct ion in Cln2 degradat ion , we com pared the half-life

of Cln2 in cdc4-1, MET30-1, and grr1D st rains. Because

Grr1 and Met30 are required for proper responses to glu-

cose and m eth ionine, respect ively, we carried out half-

life experim ents in each F-box m utant st rain by both

glucose repression of a pGA L1–CLN 2HA const ruct and

[35S]m eth ionine/cysteine pulse-chase analysis of endog-

enous Cln2. In prom oter shut -off experim ents, Cln2

half-life was great ly increased in a grr1D st rain as ex-

pected (Barral et al. 1995), bu t was not altered in either

cdc4-1 or MET30-1 st rains (Fig. 6B). Virtually ident ical

resu lt s were obtained in pulse-chase experim ents, as

Cln2 was stabilized only in the grr1D st rain (Fig. 6C). To

determ ine whether Cdc4 m ight have any ancilliary role

in Cln2 degradat ion , we also exam ined the half-life of

Cln2 in a grr1D cdc4-1 double m utant st rain by pulse-

chase analysis. Cln2 was no m ore stable in the cdc4-1

grr1D double m utant than in the grr1D single m utant

(Fig. 6C). Thus, Grr1 is the prim ary m ediator of Cln2

degradat ion in vivo. Finally, consisten t with previous re-

su lt s (Schwob et al. 1994; Bai et al. 1996), we found that
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Sic1 degradat ion in vivo required Cdc4, but not Grr1 or

Met30 (data not shown).

Discussion

A rchitecture of Sk p1–Cdc53–F-box protein

(SCF) com plexes

Cdc53 form s m ult iprotein com plexes in vivo with

Cdc34, Skp1, and three independent F-box proteins,

Cdc4, Met30, and Grr1. To sim plify descript ion of the

various F-box contain ing com plexes, we have adopted

the term SCF, for Skp1–Cdc53–F-box protein com plex

(Feldm an et al. 1997; Skowrya et al. 1997). The specific

F-box com plexes described here are thus designated

SCFCdc4, SCFMet30, and SCFGrr1. Form ally, SCF com -

plexes are E3 ubiquit in ligases, as they in teract with both

subst rates and an E2 enzym e, Cdc34 (Hershko 1997).

The following observat ions bear on the general arch itec-

ture of SCF com plexes in vivo: (1) the Cdc34–Cdc53 in-

teract ion is independent of Skp1 binding; (2) the Skp1/

F-box protein–Cdc53 in teract ion is independent of

Cdc34 binding; (3) the Skp1–Cdc34 in teract ion is abro-

gated by the cdc53-1 m utat ion , which lies in the Cdc34

binding site; (4) the F-box of Met30 is sufficien t for in-

teract ion with Skp1 and Cdc53 in the two-hybrid sys-

tem ; (5) the binding region for Skp1 on Cdc53 precisely

overlaps that of three differen t F-box proteins, Cdc4,

Grr1, and Met30. These in vivo observat ions are consis-

ten t with the assem bly of recom binant SCF com plexes

in vit ro (Bai et al. 1996; Feldm an et al. 1997; Skowrya et

al. 1997). We envisage that Cdc53 is a scaffold protein

that bridges Cdc34 to Skp1, which in turn binds to vari-

Figure 6. Specificity of F-box protein funct ion . (A ) Meth ionine repression is m ediated by Met30, Cdc34, Cdc53, and Skp1 but not

Cdc4. The indicated st rains were grown in m eth ionine-free m edium and then repressed with 1.0 m M m ethionine for the indicated

t im es. MET25 expression was determ ined by N orthern analysis and norm alized to A CT1 expression . Values are expressed as percent

of the signal at t = 0. (B) Grr1 specifically m ediates Cln2 degradat ion . Cln2 stability was exam ined in the indicated st rains carrying a

<pGA L1–CLN 2HA U RA 3 LEU 2 CEN > plasm id by repression of the GA L1 prom oter. Cln2HA was detected by im m unoblot t ing with

ant i-HA ant ibody. Exposures were adjusted to give approxim ately equal Cln2HA signals at t = 0. Cln2HA was quant itated by densi-

tom et ry and norm alized to Cdc28 signals from the sam e blot probed with ant i-Cdc28 ant ibody. Values are expressed as percent of the

signal at t = 0. (C ) Cdc4 does not overlap with Grr1 in Cln2 degradat ion . Cln2 stability was determ ined by [35S]m eth ionine / cysteine

pulse-chase analysis in the indicated st rains. The 35S-labeled Cln2HA signal was quant itated by PhosphorIm ager and norm alized to the
35S-labeled total lysate signal for each sam ple. Values are expressed as percent of the signal at t = 0.
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ous F-box proteins, which in turn target various sub-

st rates (Fig. 7). Although the various protein–protein in-

teract ions with in SCF com plexes are largely m odular in

nature, the in teract ion of Skp1 with Grr1 in the two-

hybrid system requires both the F-box and the leucine

rich repeats of Grr1 (Li and Johnston 1997). We also ob-

serve that the WD40 repeats of Cdc4 and Met30 are re-

quired for m axim al in teract ion with Skp1. Thus, Skp1

m ay recru it F-box proteins to Cdc53 com plexes in con-

junct ion with other dom ains with in F-box proteins.

Unlike som e other E3 ligases, Cdc53 does not form

essent ial ubiquit in th ioester in term ediates. We have also

m utated several conserved cysteine residues in Cdc4

(residues 454, 455, 468, and 562) and found that such

m utants provide fu ll Cdc4 funct ion in vivo, even when

com bined with a cysteineless Cdc53 m utant (data not

shown). In addit ion , the only conserved cysteine residue

in Skp1 is nonessent ial (S. Elledge, pers. com m .). Thus,

SCF-m ediated ubiquit in t ransfer m ay rely solely on

Cdc34 for catalyt ic act ivity. Genet ic evidence suggests

that Cdc34 is the only E2 able to provide funct ion in Sic1

degradat ion , Cln degradat ion , and m eth ionine repres-

sion , indicat ing that Cdc34 m ay be specific for SCF com -

plexes. Glucose induct ion of HXT1 expression , however,

occurs norm ally in cdc34-2 st rains, suggest ing that ei-

ther another E2 is required or that the cdc34-2 allele is

able to funct ion in HXT1 induct ion (Li and Johnston

1997). It will be of in terest to determ ine whether the

conserved cent ral region in other Cdc53 hom ologs m e-

diates in teract ions with E2 enzym es.

Finally, although three dist inct SCF com plexes con-

form to the generic SCF architecture, the Skp1–Ctf13

in teract ion occurs in the context of the CBF3 kineto-

chore com plex, which is com posed of p23Skp1, p58Ctf13,

p64Cep3, and p110N dc10 (Connelly and Hieter 1996; Stem -

m ann and Lechner 1996; Kaplan et al. 1997). Surprising,

Skp1 is not an obligate st ructural com ponent of th is

com plex, but rather appears to faciliate phosphorylat ion

dependent conversion of Ctf13 in to an act ive form

(Kaplan et al. 1997). It is possible that the Skp1–F-box

in teract ion m ay be a widely ut ilized protein m ot if that

funct ions in contexts other than ubiquit in dependent

proteolysis.

F-box proteins confer specificity on SCF funct ion

The dram at ic cell cycle arrest phenotype caused by the

inability to degrade Sic1 has, to som e exten t , obscured

the pleiot ropic funct ions of the Cdc34–Cdc53–Skp1 E2/

E3 core com plex. Specific funct ions are confered on the

E2/ E3 core com plex by it s associat ion with differen t F-

box proteins. SCFCdc4 is required for specific degradat ion

of Sic1 and other cell-cycle regulators. SCFGrr1 m ediates

specific degradat ion of Cln1 and Cln2, and is also re-

quired for t ranscript ional induct ion of glucose t rans-

porter genes (Barral et al. 1995; Li and Johnston 1997). As

grr1 m utants have m any other defects, it seem s likely

that SCFGrr1 will regulate several other pathways as well

(Li and Johnston 1997). Here, we have described a th ird

SCF com plex, SCFMet30, and dem onst rated that in addi-

t ion to Met30, Cdc34, Cdc53, and Skp1 are required for

appropriate repression of m eth ionine biosynthesis genes.

The specificity of each SCF com plex for differen t cel-

lu lar processes is dem onst rated by a rem arkable absence

of cross talk . The cdc4-1 m utat ion does not affect

MET25 repression and conversely, the MET30-1 m uta-

t ion does not affect either Sic1 or Cln2 degradat ion .

Sim ilarly, Sic1 degradat ion requires only Cdc4, whereas

Cln2 degradat ion requires only Grr1. It should be

poin ted out that th is lat ter resu lt is at odds with a m odel

in which Clb–Cdc28 act ivity inst igates Cln degradat ion ,

an issue that has yet to be resolved (Blondel and Mann

1996).

The growth defects caused by high level expression of

CDC4, GRR1, or MET30 in various SCF m utants sug-

gest s that differen t F-box proteins m ay be in equilibrium

with a lim it ing am ount of the E2/ E3 core com plex.

There are other indicat ions that F-box proteins m ay be

subject to st ringent regulat ion . The Skp1–Grr1 in terac-

t ion is st im ulated by glucose (Li and Johnston 1997), and

Ctf13 levels appear to be precisely cont rolled by the

SCFCdc4 pathway (Kaplan et al. 1997). Furtherm ore,

Ct f13 is act ivated by phosphorylat ion in a Skp1 depen-

dent m anner (Kaplan et al. 1997). It will be of in terest to

determ ine whether the Skp1–Met30 in teract ion is

m odulated by m eth ionine, and to determ ine whether

other F-box proteins are regulated by phosphorylat ion .

It seem s likely that other SCF com plexes will regulate

m any other processes because yeast contain at least n ine

addit ional F-box proteins of unknown funct ion , at least

two of which associate with Cdc53 (A. Willem s and A.

Shevchenko, unpubl.). Yeast also contain three ident ifi-

Figure 7. Mult iple F-box proteins recru it differen t subst rates

to an E2/ E3 core ubiquit inat ion com plex. The hatched box in

Cdc53 represents a conserved region found in all Cdc53 ho-

m ologs that overlaps with the Cdc34 binding site in Cdc53. The

F-box protein-subst rate in teract ions are m ost firm ly established

for Cln1, Cln2, and Sic1. P indicates a phosphorylat ion depen-

dent in teract ion , WD40 indicates WD40 repeats, and LRR indi-

cates leucine rich repeats. See text for details.
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able Cdc53 hom ologs and a Skp1 hom olog, all of un-

known funct ion . The use of specific adaptor proteins to

recru it m ult iple subst rates to core ubiquit inat ion com -

plexes m ay be a com m on them e, as two putat ive adaptor

proteins for the APC, Cdc20, and Hct1 / Cdh1, have re-

cent ly been ident ified (Schwab et al. 1997; Visin t in et al.

1997) and shown to confer subst rate specificity on APC

funct ion (Visin t in et al. 1997).

Substrates of SCF com plexes

To date, on ly SCFCdc4 has been unequivocally shown to

direct ly m ediate ubiquit inat ion of target proteins. Ubi-

quit inat ion of phosphorylated Sic1 has been reconst i-

tu ted in vit ro, in both a yeast ext ract system and in a

purified system with recom binant proteins (Feldm an et

al. 1997; Skowrya et al. 1997; Verm a et al. 1997b). Re-

cent ly, phosphorylat ion-dependent ubiquit inat ion of

Far1 by SCFCdc4 has been achieved in yeast ext ract s

(Henchoz et al. 1997). Substan t ial evidence also suggests

that SCFCdc4 also targets Cdc6, Ct f13 and, Gcn4 for deg-

radat ion in a phosphorylat ion-dependent m anner (Kor-

n itzer et al. 1994; Drury et al. 1997; Kaplan et al. 1997).

Although ubiquit inat ion of Cln1 / 2 has not yet been

reconst itu ted in vit ro, SCFGrr1 specifically binds to phos-

phorylated Cln1 / 2, consisten t with Grr1-dependent deg-

radat ion of Cln1 / 2 in vivo (Barral et al. 1995; Skowyra et

al. 1997). Som ewhat surprisingly, Cln3 is not stabilized

in grr1 st rains (Barral et al. 1995), bu t is stabilized in

cdc34-2 st rains (Yaglom et al. 1995), perhaps indicat ing

that another F-box protein m ay target Cln3 for degrada-

t ion . A negat ive regulator of HXT expression called Rgt1

is a possible target of the SCFGrr1 com plex; however, it is

not yet known if Rgt1 is regulated by ubiquit in -depen-

dent proteolysis (Li and Johnston 1997). The requirem ent

for SCFMet30 funct ion in m eth ionine repression also im -

plicates ubiquit in -dependent proteolysis, bu t , again , th is

rem ains to be proven . Because Met30 form s a com plex

with the t ransact ivator Met4, it is possible that Met30

targets Met4 for degradat ion , although other com po-

nents of the Met4 t ranscript ional com plex are also can-

didate targets (Kuras et al. 1996).

Diverse funct ions of SCF com plexes

In instances where funct ion is known, F-box protein

com plexes have em erged as key regulators of cell divi-

sion in other organism s. In Schizosaccharom yces

pom be, a Cdc4 hom olog called Pop1 regulates DN A rep-

licat ion by target ing a Cdk inhibitor, Rum 1, and a Cdc6

hom olog, Cdc18, for ubiquit in dependent proteolysis

(Kom inam i and Toda 1997). In Caenorhabdit is elegans, a

Cdc53 hom olog called CUL-1 appears to negat ively regu-

late act ivators of division as cul-1 m utants exhibit hy-

perplasia in all t issues (Kipreos et al. 1996). As in yeast ,

degradat ion of m am m alian G1 cyclins and Cdk inhibi-

tors is phosphorylat ion dependent (Clurm an et al. 1996;

Won and Reed 1996; Diehl et al. 1997; Sheaff et al. 1997)

and, therefore, it will be of prim e im portance to deter-

m ine the role of SCF com plexes in these pathways. It is

likely that SCF architecture will be conserved, as hum an

Skp1 form s a specific com plex with hum an Cul-1 and

binds to cyclin A-Cdk2 through it s associated F-box pro-

tein , Skp2 (Zhang et al. 1995; Lisztwan et al. 1998; Y.

Xiong, pers. com m .).

The regulat ion of various t ranscript ion factors by

SCFCdc4, SCFGrr1, and SCFMet30 suggests that SCF path-

ways m ay be a com m on m eans of t ranscript ional con-

t rol, part icu larly as gene expression is often regulated by

proteolysis (Pahl and Baeuerle 1996). Transcript ional

regulat ion of m eth ionine biosynthesis by SCF com plexes

is conserved in fungi as the Met30 hom ologs Scon2 and

SconB, and the Skp1 hom olog SconC regulate su lfur m e-

tabolism in N eurospora and A spergillus, respect ively

(N atorff et al. 1993; Kum ar and Paiet ta 1995). Another

hum an Cdc53 hom olog, Cul-2, m ay also regulate t ran-

script ion as it physically associates with the VHL tu-

m our suppressor protein in a com plex with elongin B and

elongin C, two t ranscript ional elongat ion factors that

have sim ilarity to ubiquit in and Skp1, respect ively

(Pause et al. 1997). In t rigu ingly, another F-box protein ,

elongin A, part icipates in a com plex with elongin B and

elongin C (Aso et al. 1996).

Finally, F-box proteins are im plicated in developm en-

tal decisions, often in the context of t ranscript ional con-

t rol. A Cdc4 hom olog in C. elegans, SEL-10, influences a

lateral cell fate decision through negat ive regulat ion of

the notch hom olog LIN -12, possibly via ubiquit in -depen-

dent degradat ion (Hubbard et al. 1997). In A rabidopsis,

the F-box protein UFO cont rols floral developm ent

through regulat ion of a floral organ ident ity gene

A PETA LA 3 (Lee et al. 1997). The analogous F-box pro-

tein in A nt irrh inum , FIMBRIATA, funct ions in a sim ilar

m anner, and m oreover, physically in teracts with three

Skp1 hom ologs (Ingram et al. 1997).

SCF com plexes represen t a versat ile regulatory system

that has been exploited in m any cellu lar processes. At

least seven m etazoan hom ologs of Cdc53 have been

ident ified and are generically refered to as cullins, after

the C. elegans Cdc53 hom olog, CUL-1 (Kipreos et al.

1996). Sim ilarly, database searches reveal several Skp1

hom ologs and a large num ber of m etazoan proteins con-

tain ing putat ive F-box m ot ifs. If the com binatorial con-

t rol of SCF com plexes defined to date applies to these

hom ologs, then m any other SCF pathways rem ain to be

elucidated.

Materials and methods

Plasm ids

Plasm ids were const ructed by use of standard m olecular clon ing

techniques (Table 1). For two-hybrid screens, the CDC53

open reading fram e was cloned in to the Bam HI site of pAS2

(provided by S. Elledge, Baylor College of Medicine, Houston ,

TX) to create a Gal4DBD–Cdc53 fusion . Versions that lacked

either the am ino-term inal 280 residues (Gal4DBD–Cdc53D1–280)

or in ternal residues 581–664 (Gal4DBD–Cdc53D581–664) were cre-

ated by digest ion with N coI or Kpn I, respect ively and religat ing.

Gal4AD–Cdc4D566–779 is a t runcated CDC4 PCR product cloned

in to the Bam HI site of pGAD424 (Skowyra et al. 1997). To test

the Skp1–Met30 in teract ion in the two-hybrid system , a SKP1
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fragm ent was cloned in to the Bam HI site of pVAD1, to create a

VP16–Skp1 fusion . LexA–Met30 derivat ives were based on

pLEXM30-4 (Thom as et al. 1995). Met30 was tagged at the

am ino term inus with an HA epitope by insert ion of a MET30

fragm ent encoding am ino acids 7–640 from pLEXM30-4 in to a

pA DH1-HA expression plasm id (Li and Johnston 1997). Cdc4

was tagged at the am ino term inus with a FLAG epitope by site

directed m utagenesis. A CDC53 delet ion const ruct was m ade

by replacing an in ternal BglII fragm ent of pGEM53-8 (Math ias et

al. 1996) with an A DE2 fragm ent . To allow for negat ive selec-

t ion of wild-type CDC53 in the cdc53D shuffle st rain a 3.6-kb

EcoRI fragm ent of CDC53 was cloned in to a <U RA 3 CEN >

plasm id. Mutagenesis of Cdc53 was carried out in pMT843, as

described previously (Willem s et al. 1996) and rest rict ion sites

incorporated during m utagenesis were used to const ruct the

delet ions shown in Figure 5. The version of Cdc53 in which all

six cysteine residues are replaced by alan ines (C59A, C157A,

C412A, C606A, C754A, and C774A) was created in a single

site-directed m utagenesis react ion .

Yeast st rains and culture

Yeast st rains are listed in Table 2. All st rains were isogenic with

the W303 background except for Y187, Y190, Y533, Y555, and

WX131-2C. Standard m ethods were used for yeast cu lture and

t ransform at ion (Kaiser et al. 1994). A cdc53D shuffle st rain was

const ructed by delet ing one copy of CDC53 with pMT1514 in a

K699 a/ a diploid, t ransform ing with pMT951, sporu lat ing and

isolat ing a Ura+ Ade+ segregant . Com plem entat ion of the

shuffle st rain by various <CDC53M TRP1 CEN > plasm ids was

tested by plat ing on 0.1% FOA m edium . cdc53 sk p1 double

m utants were generated in crosses of MTY871 with Y553 and

Y555 (Bai et al. 1996). The MET30-1 st rain (CC786-1A) was

created by crossing W303-1B with CM100-1A (Thom as et al.

1995).

Tw o-hybrid analysis

Strain Y187 expressing Gal4DBD fusions was t ransform ed with a

yeast Gal4AD–cDN A library (provided by S. Elledge) or a Gal4AD

genom ic DN A library (Jam es et al. 1996) and screened as de-

scribed (Durfee et al. 1993). With the cDN A library, Gal4DBD–

Cdc53 recovered one posit ive clone (Met30–A10) from 140,000

t ransform ants, and Gal4DBD–Cdc53D581–664 recovered two posi-

t ive clones (Skp1–C23, Skp1–C24) from 225,000 t ransform ants.

Gal4DBD–Cdc53D1–280 recovered no posit ive clones from

427,000 t ransform ants. With the genom ic DN A library,

Gal4DBD–Cdc53 recovered five posit ive clones (Cdc4–F20,

Cdc4–F23, Cdc4–F24; Met30–F15, Met30–F19) from 1,000,000

t ransform ants and Gal4DBD–Cdc53D581–664 recovered seven

posit ive clones (Cdc4–H1, Cdc4–H8; Met30–H6, Met30–H9,

Met30–H17; Skp1–H11, Skp1–H13) from 500,000 t ransfor-

m ants. Som e clones were isolated several independent t im es,

bu t all un ique clones are represented in Figure 1.

RN A analysis

Preparat ion of yeast lysates and analysis of total RN A were

Table 1. Plasm ids used in th is study

Plasm id Relevant characterist ics Source

pBF339 pA DH1HA TRP1 2µ Li and Johnston (1997)

pBF494 pA DH1HA –GRR1DN TRP1 2µ Li and Johnston (1997)

pBM2576 pA DH1–GA L4DBD–GRR1DN TRP1 Li and Johnston (1997)

pBM2868 pA DH1–GA L4A D–GRR1DN TRP1 Li and Johnston (1997)

pMT634 pGA L1–CLN 2–HA LEU 2 U RA 3 CEN Willem s et al. (1996)

pMT817 CDC53–C–N ot I TRP1 CEN Willem s et al. (1996)

pMT843 CDC53M TRP1 CEN Willem s et al. (1996)

pMT915 pA DH1–GA L4A D–CDC4D3WD LEU2 2µ th is study

pMT918 pA DH1–GA L4DBD–CDC53 TRP1 2µ th is study

pMT951 CDC53HA U RA 3 CEN th is study

pMT954 pA DH1–GA L4DBD–CDC53D1–280 TRP1 2µ th is study

pMT955 pA DH1–GA L4DBD–CDC53D581–664 TRP1 2µ th is study

pMT1511 SKP1HA LEU 2 CEN P. Heiter (University of Brit ish Colum bia

Vancouver, Canada)

pMT1514 cdc53::A DE2 in pGEM3 this study

pMT1567 CDC4F TRP1 CEN th is study

pMT1707 pA DH1HA –MET30 TRP1 2µ th is study

pMT1850 CDC53MD9–280 TRP1 CEN this study

pMT1854 CDC53MD448–763,H767A TRP1 CEN this study

pMT1856 CDC53MD448–748 TRP1 CEN this study

pMT1857 CDC53MD757–815 TRP1 CEN this study

pMT1858 CDC53MD794–815 TRP1 CEN this study

pMT1859 CDC53MIVRIMK TRP1 CEN th is study

pMT1861 CDC53M6C TRP1 CEN th is study

pMT1589 LEXA DBD–MET30 TRP1 2µ th is study

pLexM30-4(297-540) LEXA DBD–MET30D297–540 TRP1 2µ th is study

pLexM30-4(158-297) LEXA DBD–MET30D158–297 TRP1 2µ th is study

pLexM30-4(158-540) LEXA DBD–MET30D158–540 TRP1 2µ th is study

pVAD1-SKP1 VA D–SKP1 LEU 2 2µ th is study

pSE1111 pA DH1–GA L4A D–SN F1 LEU 2 2µ S. Elledge

pSE1112 pA DH1–GA L4DBD–SN F4 TRP1 2µ S. Elledge
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carried out as described previously (Willem s et al. 1996). MET25

m RN A expression was assayed in cultures grown in B m edia

supplem ented with 0.1 m M m ethionine (Thom as et al. 1995). At

a density of 0.5 × 107 cells / m l cultures were sh ifted to 37°C for

2 hr, repressed with 1.0 m M m ethionine, and t im e poin ts taken

for RN A ext ract ion . N orthern blots were probed with a 1.3-kb

MET25 fragm ent and a 0.6-kb A CT1 fragm ent . m RN A abun-

dance was quant itated on a Molecular Dynam ics Storm Phos-

phorIm ager.

Protein analysis

Im m unoblots were processed for ECL detect ion as described

(Willem s et al. 1996) and where indicated, im m unoreact ivity

was quant itated by densitom et ry and N IH Im age software. An-

t ibodies against Cdc4, Cdc34, and Cdc53 (Math ias et al. 1996),

Cdc28 (Tyers et al. 1992) and Skp1 (Bai et al. 1996) were used as

described. Ant i-Grr1 ant iserum was adsorbed against polyacryl-

am ide to elim inate background binding and used at 1:100 (Flick

and Johnston 1991). Ant i-Met30 ant iserum was raised against

recom binant Gst–Met30 (residues 297–640, which encom pass

the WD40 repeats), affin ity purified and used at a dilu t ion of

1:100. 9E10 ant i-MYC and 12CA5 ant i-HA m onoclonal an t i-

bodies were produced as ascites flu id and used at a dilu t ion of

1:10,000. Ant i-FLAG M2 ant ibody conjugated to Sepharose

beads (Kodak) and HRP-conjugated secondary ant ibodies (Am -

ersham ) were used according to m anufacturer’s inst ruct ions.

For prom oter shut -off of pGA L1–CLN 2HA const ructs, cu l-

tu res grown in galactose for 2 hr at 37°C were rapidly pelleted,

rinsed, and resuspended in glucose m edium at 37°C for the in-

dicated t im ecourse (Willem s et al. 1996). N orthern analysis of

the CLN 2 m RN A confirm ed that the GA L1 prom oter was rap-

idly repressed in all st rains. Determ inat ion of Cln2 stability by

pulse-chase analysis was carried out as described (Am on et al.

1994). Briefly, 40 m l of cu lture was grown to 1 × 107 cells / m l in

select ive m edium that contained 0.1 m M m ethionine. Cells

were washed by filt rat ion , resuspended in 1 m l of m edium lack-

ing m eth ionine, incubated for 5 m in , pulse-labeled with [35S]-

m eth ionine / cysteine (ICN ) for 5 m in , and chased for various

t im es with cold 1 m M m ethionine / cysteine and 1 µg/ m l of cy-

clohexim ide. Cells were killed by addit ion of 10% TCA, and

disrupted by glass bead lysis followed by boiling in 1% SDS.

Ext ract s were dilu ted to RIPA condit ions, incubated with 1 µl of

12CA5 ant i-HA ant ibody for 2 hr on ice, and im m une com -

plexes collected on protein A–Sepharose for 2 hr. For each pulse-

chase series, equivalen t am ounts of radioact ivity were im m u-

noprecipitated for each sam ple. Im m unoprecipitated proteins

were separated by 10% SDS-PAGE and the dried gel exposed to

a PhosphorIm ager screen . 35S-labeled Cln2HA signal was quan-

t it ated with a Molecular Dynam ics Storm PhosphorIm ager and

norm alized to total radioact ivity in the lysate.

Sequence analysis

Regions of sequence conservat ion between Cdc53 hom ologs

ident ified in database searches were determ ined by am ino acid

alignm ent with ClustalW (Thom pson 1994). Conserved resi-

dues with a weight of 10 or h igher were ident ified by analysis of

15 fu ll-length hom ologs with the Wisconsin Package program

Pret ty. Black lines in Figure 5B indicate the cent ral residue of an

11 residue window contain ing four or m ore such conserved resi-

dues.
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Table 2. Yeast st rains used in th is study

Strain Relevant genotype Source

K699 MA Ta ade2-1 can1-100

his3-1,15 leu2-3,112

trp1-1 ura3

K. N asm yth

(Research

Inst itu te of

Molecular

Pathology,

Vienna,

Aust ria)

MTY668 MA Ta cdc4-1 th is study

MTY670 MA Ta cdc34-2 Willem s et al.

(1996)

MTY871 MA Ta cdc53-1 Willem s et al.

(1996)

MTY1243 cdc53::A DE2 <CDC53HA

U RA 3 CEN >

th is study

MTY1293 cdc53-1 sk p1-11 th is study

MTY1294 cdc53-1 sk p1-12 th is study

MTY1280 grr1::LEU 2

MTY1310 cdc4-1 grr1::LEU 2

Y187 MA Ta ade2-101 his3-D200

leu2-3,112 trp1-901

ura3-52 gal4D gal80D

U RA 3::GA L–lacZ

LYS2::GA L–HIS3

S. Elledge

Y190 as for Y187 but MA Ta S. Elledge

Y553 MA Ta sk p1-11 Bai et al.

(1996)

Y555 MA Ta sk p1-12 Bai et al.

1996)

WX131-2c MA Ta cdc53-2 trp1-7

ura3-52 ade2

M. Goebl

(Indiana

University

School of

Medicine,

Indianapolis)

CC786-1A ade2 his3 leu2 ura3 trp1

MET30-1

th is study

C170 ade2 his3 leu2 trp1

m et4::TRP1 ura3::lexA

op–lacZ ::U RA 3

Kuras et al.

(1996)
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Corrigendum

Genes & Development 12: 692–705 (1998)

Cdc53 is a scaffold protein for multiple Cdc34/Skp1/F-box protein complexes that regulate cell division and

methionine biosynthesis in yeast

E. Elizabeth Pat ton , Andrew R. Willem s, Danne Sa, Laurent Kuras, Dom inique Thom as, Karen L. Craig, and Mike

Tyers

In Figure 5A of the above m anuscript , the com posite im m unoblot of proteins presen t in Cdc53IVRIMK

im m unoprecipitat ions was assem bled incorrect ly. The correct com posite is shown here. As reported originally,

Cdc53IVRIMK does physically associate with each of the proteins indicated (lane 8). However, Cdc53IVRIMK it self is

not m odified by Rub1 (lane 8, top panel) as it lacks the lowest m obility species presen t in the wild-type Cdc53 (lane

2, top panel). The m odificat ion of Cdc53 by Rub1 has been recent ly described by Lam m er et al. [Genes & Dev.

1998, 12(7): 914–926]. We apologize for any m isunderstanding th is error m ay have caused.
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