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Checkpoint with forkhead-associated and RING (Chfr) is a
ubiquitin ligase (E3) that establishes an antephase or prometaphase
checkpoint in response to mitotic stress. Though ubiquitination
is essential for checkpoint function, the sites, linkages and ubig-
uitin conjugating enzyme (E2) specificity are controversial. Here
we dissect the function of the two Chfr homologs in S. cerevisiae,
Chfl and Chf2, overexpression of which retard cell cycle at both
G, and G,. Using a genetic assay, we establish that Ubc4 is
required for Chf2-dependent G, cell cycle delay and Chf protein
turnover. In contrast, Ubc13/Mms2 is required for G, delay and
does not contribute to Chf protein turnover. By reconstituting
cis and trans-ubiquitination activities of Chf proteins in purified
systems and characterizing sites modified and linkages formed
by tandem mass spectrometry, we discovered that Ubcl13/Mms2-
dependent modifications are a distinct subset of those catalyzed
by Ubc4. Mutagenesis of Lys residues identified in vitro indicates
that site-specific Ubc4-dependent Chf protein autoubiquitination
is responsible for Chf protein turnover. Thus, combined genetic
and biochemical analyses indicate that Chf proteins have dual E2
specificity accounting for different functions in the cell cycle.

Introduction

Post-translational modification by ubiquitination alters the
cellular lifetime, localization and functions of target proteins.
Ubiquitination occurs through an ATP-dependent enzyme cascade
requiring ubiquitin (Ub), a Ub-activating enzyme or E1 (Ubal in
yeast), a Ub-conjugating enzyme or E2 (11 in yeast), and a Ub ligase
or E3 (dozens in yeast). Reaction of Ub-activated E2 with an E3
and a protein target results in formation of an isopeptide linkage
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between the C-terminal Gly of Ub and the g-amino group of a Lys
in the target.1 Proteins can be monoubiquitinated, multiply monou-
biquitinated on different Lys residues, or polyubiquitinated, in which
Ub chains are polymerized by formation of an isopeptide linkage
between the attacking carboxy-terminus of Ub and an internal Lys
of Ub. Indeed, because there are many Lys residues on target proteins
and 7 Lys residues on Ub, the number of ways in which a single
protein can be modified is massively combinatorial.

Target and linkage specificity are determined by the E2/E3
combination and interactions between the E2/E3 machinery with
substrates. A major class of E3 ligases is defined by the presence of
a really interesting new gene (RING) domain, a ~70 amino acid
motif featuring conserved Cys and His residues that coordinate two
structurally and enzymatically important Zn?* ions.? RING E3s act
as scaffolds and specificity factors to promote association of a target
with Ub-activated E2 to catalyze ubiquitination.?

Depending on the type of ubiquitination, targets are directed to
highly distinct outcomes. Many membrane receptors are regulated
by mono- or di-ubiquitination which establishes a signal for inter-
nalization and lysosomal degradation.*” Polyubiquitination can
occur at multiple primary sites on target proteins. There are seven
Lys residues in Ub—all seven have been observed to be modified by
polyubiquitination in yeast.® The most abundantly formed poly-Ub
linkages are generated through Lys48 and Lys63 Ub modification.
While Lys48-linked Ub chains of 4 or more units usually comprise a
signal for degradation by the 26S proteasome,! Lys63-linked chains
have a multitude of signaling functions in the regulation of transcrip-
tion,»!0  translation,' 12 kinase activation,” endocytosis'>!4 and
DNA repair.!>10

The Ubc13/Mms2 heterodimer is a specialized E2 that forms
Lys63-linked polyubiquitin'> whereas Ubc4 and Ubc5 are considered
prototypical E2 enzymes that form Lys48-linked polyubiquitin to
target short-lived proteins to the proteasome.!”>'® However, despite
this generalization, not all effects of Lys63-linked polyubiquitin
conjugation are due to Ubc13/Mms2 activity. A substantial amount
of Lys63-linked polyubiquitin depends on presence of Ubc4 and
Ubc5.!? In addition, yeast strains expressing Ub-K63R as the sole
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source of Ub are sensitive to inhibitors of translation, which ubc13
and MMS2 mutants are not; and Lys63-linked polyubiquitination of
ribosomal protein 128 requires Ubc4 but not Ubcl3/Mms2.!112
Adding complexity to the E2-dependence of the Ub system, in some
cases, endocytosis of plasma membrane receptors is mediated by
Ubc4 and Ubc5 monoubiquitination. %220

Biochemical analysis indicates that individual E2 enzymes can
functionally pair with multiple E3 ligases?! while several purified E3
ligases function in vitro with multiple E2 conjugating enzymes.??
However, the apparent promiscuity of in vitro reactions casts doubt
on reactions that have not been validated by genetic analysis.

Chfr and Rnf8 are human RING E3 ubiquitin ligases that each
consist of an N-terminal forkhead-associated (FHA) domain, a
RING domain and a distinct protein-protein interaction domain (a
C-terminal Cys-rich region in Chfr and a central coiled-coil domain
in Rnf8). FHA domains are typically modules found in DNA repair
and checkpoint proteins that bind phosphoThr.2? Chfr was identi-
fied as a key component of an early mitotic, prometaphase checkpoint
because chfr deficiency causes cells to fail to delay chromosome
condensation and nuclear envelope breakdown in response to taxol
or nocodazole.?* However, video micrographic assays indicate that
the point at which Chfr acts is in late G, or “antephase”.?> Chfr
levels are downregulated in human cancers originating in colon,?¢-?
gastric,30-32 esophageal??
of the Chfr promoter.

Though Chfr-deficient tumors are characterized by sensitivity
to microtubule poisons and loss of in vitro ubiquitination activity
24,25,35-38 the sites,
linkages and E2-dependence of Chfr functions remain controversial.
One body of work reports that the Chfr RING domain can auto-
ubiquitinate when Ubc4, UbcH5A or UbcH5B is supplied as the
E2.3%39 Proposed proteolytic targets of Chfr include Polo-like kinase
13638 and Aurora A kinase.? Though Ubc4 and Ubc5 clearly work
with Chfr in vitro, another body of work argues that such reactions
are artefactual and that the Ubc13/Mms2 heterodimer is the E2 that
authentically works with Chfr to form Lys63-linked polyubiquitin

chains that perform a signaling function essential for the mitotic
25,37

and lung34 epithelia by hypermethylation

is associated with loss of checkpoint function,

checkpoint.

Rnf8 is a nuclear protein that interacts with retinoid X receptor o
(RXRa) and functions to enhance RXRa transcriptional activation
activity in a RING dependent manner.4! In vitro assays with Rnf8
have demonstrated autoubiquitination when UbcH6, UBE2E2,
UBE2E3, UbcH5%2 or Ubc13/Mms243 is supplied as the E2. There
have been no genetic studies to determine the E2-dependence of
Chfr or Rnf8 in vivo.

Chfl and Chf2 from S. cerevisiae,4 alternately termed Dmal and
Dma2,%> possess Chfr and Rnf8-like domain structures consisting of
variable N-terminal regions, central FHA domains and C-terminal
RING domains. Consistent with the requirement of Chfr to
impose a checkpoint late in the cell cycle,? S. pombe dmal plays an
important role in cytokinesis.*>4” Chfl and Chf2 interact with the
positive cell cycle regulator Cdc123 and are required for both the
G, and G, cell cycle phenotypes of cdc123-4.44 At the permissive
temperature of ¢dc123-4, most cells are delayed in G,/M and the
mitotic accumulation of ¢dc123-4 cells is lost in cdc123-4 chfl chf2
mutants.* Additionally, chfl chf2 mutants fail to assemble a septin
ring properly.4> However, two lines of evidence indicate that Chf
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proteins function in G, in addition to G,/M. First, at the restrictive
temperature, ¢dc123-4 cells arrest at G, in a manner that depends
on Chf proteins. Second, overexpression of Chfl or Chf2 retards the
cell cycle in a RING and FHA-dependent manner and produces an
excess of cells in G, phase.#

Here we report a detailed biochemical and genetic analysis of the
functions of the Chfr and Rnf8 related proteins, Chfl and Chf2. We
provide genetic evidence that Ubc4 and Ubc13/Mms2 are required
for distinct cell cycle-delaying activities of Chf2, early and late in
the cell cycle respectively. Moreover, we describe site-specific and
linkage-specific differences in the biochemical activities of Chfl and
Chf2 when paired with Ubc4 and Ubcl3/Mms2. We show that
Ubc4 but not Ubc13/Mms2 downregulates Chf protein levels and
establish that residues identified as Ub targets in vitro play important
roles in Chf protein stability in vivo. The combined analysis indicates
that Chfr homologs define a distinct class of E3 ligases capable of
targeting proteins with Lys48-linked and Lys63-linked polyubiq-
uitin via specific pairing with Ubc4 and Ubc13/Mms2. Dual E2
specificity of Chfl and Chf2 allows these enzymes to fulfill different
functions early and late in the cell cycle.

Results

Cell cycle delay of Chf2 depends on Ubc4 and Ubcl3/Mms2.
To address E2 utilization by Chf proteins in vivo, we exploited the
slow cell division phenotype of Chf2 overexpression44 to identify
genes encoding factors essential for Chf2-dependent cell cycle delays.
Because the slow cell division phenotypes of GAL1-driven Chf
proteins depend on intact RING domains, we hypothesized that
overexpression of the E3 ligases causes depletion or dysregulation of
one or more cell cycle regulators by ubiquitination in a manner that
depends on a specific E2 Ub conjugating enzyme.

A panel of 11 yeast strains, consisting of a wild-type strain, nine
haploviable E2 null mutant strains (ubcl, ubcd, ubcb, ubc7, ubc8,
ubcll, ubcl3, pex4, rad6), and mms2, which is deleted for the yeast
ubiquitin E2 variant gene, were transformed with a control vector
and a plasmid encoding GAL1-driven Chf2. As shown in Figure
1A, the toxicity of Chf2 overexpression was largely rescued by ubc4
and rescued to a lesser degree by ubcl3 or mms2 deletion. None of
the other E2 mutants tested suppressed the Chf2 expression pheno-
type, though the ubcl deletion was not informative because this
mutant has a gal- phenotype. Surprisingly, deletion of ubc5 did not
suppress Chf2 overexpression even though Ubc4 and Ubc5 are >90%
identical in sequence and are reportedly redundant in multiple func-
tions.>17-20:56 A5 Ubc13 and Mms2 function as a heterodimer, ! the
similar phenotypes of ubc13 and mms2 can be easily rationalized.

To test whether the residual cell division disadvantage of ubc4,
ubcl3 and mms2 cells overexpressing Chf2 might be due to expres-
sion of the other genetically interacting E2, we constructed ubc4
ubc13 and ubc4 mms2 double mutants. As shown in Figure 1B, these
double mutants were completely resistant to the effects of Chf2
overexpression.

To quantify Chf2 overexpression phenotypes in wild-type, ubcé4,
ubc13, mms2 and ubcll (negative control) strains, we grew control
and GAL1-CHF2 transformants in liquid glucose and galactose
media and determined doubling times. As shown in Table 1, all
transformants grew similarly in glucose media with doubling times
between 1.9 and 2.3 hours. Strains containing the control vector
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early in the cell cycle, we determined the
length of G,>! in Chf2-overexpressing strains
as a function of E2 gene deletion. As shown in
Table 1, the wild-type and ubc11 strains exhibit
a 0.4 to 0.5 hr extension in the length of G,
upon Chf2 overexpression. Though ubcl3 and
mms2 deletions reduce the cell cycle delay
by Chf2, the G, phase remains extended by
0.5 hr and 0.3 hr, respectively. However, ubc4
was completely epistatic to the ability of Chf2
to extend G, phase. These darta indicate that
the G,-delaying activity of Chf2 depends on
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Ubc4 while the major mediator of delay later
in the cell cycle is Ubc13/Mms?2.

Chf autoubiquitination activity with Ubc4
and Ubc13/Mms2. Because genetic analysis
indicates that the cell cycle delaying activity
of Chf2 depends on the E2 functions of
Ubc4, Ubcl3 and Mms2, we attempted to
reconstitute purified ubiquitination reactions
consisting of yeast Ubal, Flag-tagged Ub,

Figure 1. Chf2-mediated growth inhibition depends on Ubc4, Ubc13 and Mms2. (A) In the left
panel, growth of a set of isogenic strains is examined as a function of E2 gene deletions and car-
bon source. In the right panel, the galactose-specific growth-inhibitory effect of GAL1-driven Chf2
expression is demonstrated and is shown to be suppressed by ubc4, ubc13 and mms2 deletions. (B)
On galactose media, the suppressor activity of ubc4 deletion is shown to be additive with ubc13
or mms2 deletion such that ubc4 ubc13 and ubc4 mms2 are fully epistatic to the growth-inhibitory

effect of Chf2 overexpression.

exhibit moderately slower cell division on galactose media, ranging
from 2.5 to 2.7 hours. Upon galactose induction of Chf2 expression,
doubling times were increased in wild-type and ubcll mutants to 4
and 4.2 hours respectively. The 1.3 hr increase in the doubling time
for wild-type was reduced by deletion of ubc4 to 0.7 hrs. Upon dele-
tion of ubcl3 or mms2, Chf2 overexpression extended doubling time
by 1 hr and 0.9 hrs, respectively. As was observed in colony forming
assays (Fig. 1), these data establish that Chf2 dually depends on Ubc4
and Ubc13/Mms2 functions in vivo.

Ubc4 is required for the G, delay phenotype of Chf2. Whereas
a substantial body of evidence indicates that Chfy24:25:35-38,40
fungal Chf proteins44'47 function late in the cell cycle, we stand alone
in observing a role in G1'44 To determine whether Ubc4 or Ubc13/

and

Table 1 Length of cell division cycle and G, phase (hrs)

Control GAL-Chf2
Glucose  Galactose ~ Glucose  Galactose  Chf2 G,
Cell cycle  Cell cycle  Cell cycle Cell cycle  delay delay
Gl G))

Wt 2.0 2.7 (1.5) 1.9 4.0 (1.9) 1.3 0.4
ubcs 2.3 2.7(1.8) 22  34(17) 07 0.1
ube13 2.0 2.5(1.3) 19 35(18 10 05
mms2 2.0 2.6(1.3) 20 35(1.6 09 03
ubell 1.9 2.5(1.3) 19 42018 17 05
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His-tagged E2 enzymes purified from E. coli,
and full-length Chfl or Chf2 as GST fusions
purified from E. coli. As shown in Figure 2A,
whereas both Ubc4 and Ubc11 formed FLAG-
tagged Ub adducts when incubated with Ubal,
ATP and FLAG-Ub, Ubc4 but not Ubcl1 was
capable of conjugating long-chain Ub adducts
to Chfl and Chf2. As shown in Figure 2B,
Ubc13 but not Mms2 formed an activated Ub species upon incuba-
tion with Ubal, ATP and Ub. Upon incubation with Ubal, ATP,
Ub and a reconstituted Ubc13/Mms2 heterodimer, we observed
formation of polyubiquitinated species, consistent with assembly on
an activated E2 complex.!®> Addition of Chfl and Chf2 resulted in
significant autoubiquitination dependent upon the presence of both
Ubc13 and Mms2. Thus, Chfl and Chf2 possess potent Ubc4 and
Ubc13/Mms2-dependent autoubiquitination activities in genetically
validated in vitro reactions that require no yeast cytosol.

Chf ubiquitination activity is necessary but not sufficient
for cell cycle delay. Previous studies demonstrated that Chfl and
Chf2 mutants with amino acid substitution in the FHA and RING
domains are highly stabilized in vivo.** Despite stabilization of the
mutant proteins, FHA and RING mutations greatly reduce the cell
cycle delays induced by overexpression of wild-type Chf1 and Chf2.44
To identify the biochemical correlates of these mutants and clarify
the nature of Chf-imposed cell division arrest, we purified Chfl and
Chf2 mutants and assayed each with respect to autoubiquitination
in assays with ATP, Ub, Ubal and either Ubc4 or Ubc13/Mms2 as
the E2. As shown in Figure 3A, RING mutants of Chfl and Chf2
(Chf1-Cys345Ser, His350Ala and Chf2-Cys451Ser, His456Ala)
were completely devoid of autoubiquitination activity with Ubc4
as E2. Two different FHA mutant alleles of each Chf protein
(Chf1-Gly192Glu, Chf1-Ser220Ala, His223Leu, Chf2-Gly298Glu
and Chf2-Ser326Ala, His329Leu) were assayed for autoubiquitina-
tion activity. Whereas a report indicated that FHA deletion forms
of Chfr were activated with respect to autoubiquitination,?® our
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Figure 2. In vitro reconstitution of Ubc4-dependent and Ubc13/Mms2-dependent Chf protein autoubiquitination activities. (A) In side-by-side reactions
in which Ubc4 and Ubc11 both form ATP and E1-dependent Ub-activated species, Ubc4 but not Ubc11 allows conjugation of Ub to Chfl and to Chf2.
(B) Whereas Ubc13 is sufficient, with ATP and E1, to form a Ub-activated E2 species, a reconstituted Ubc13/Mms2 heterodimer is required for Chfl and

Chf2 autoubiquitination.

data indicate that Chfl and Chf2 are neither activated nor inhibited
by FHA domain point mutations. As shown in Figure 3B, Ubc13/
Mms2-dependent reactions were equally RING-dependent and
FHA-independent. Combined with our earlier in vivo analysis*4
these data suggest that, while autoubiquitination activity and an
intact FHA domain are required for the normal instability of Chf
proteins, substrate targeting by the FHA domain is critical for cell
cycle delaying activity.

Ubc4 downregulates Chf protein levels in vivo. In Figure 3, we
demonstrated that RING mutants are unable to auto-ubiquitinate in
vitro. It has also been established that mutations in the Chf RING
domains lead to dramatic Chf protein stabilization.** The intrinsic
instability of Chf proteins suggests that Chf protein turnover may
depend on a specific E2 conjugating enzyme. We expressed an
epitope-tagged Chf2 under the control of the GAL1 promoter as
a function of deletions of genes encoding E2 enzymes. As shown
in Figure 4, Chf2 levels are not altered by mms2 and ubcl3 dele-
tion. In contrast, deletion of ubc4 leads to a ~3-fold accumulation
of the Chf2 protein. These data suggest that the Ubc4-dependent

autoubiquitination activities reconstituted in Figure 2A function to
promote Chf protein turnover. However, because Chf2 protein is
more abundant but not G,-delaying in the ubc4 mutant, we argue
that Ubc4 functions with Chf proteins both for autoubiquitination
and for substrate ubiquitination with substrate ubiquitination being
critical for G, delay.

Mass spectrometric analysis of Chf1/2 autoubiquitination sites
and linkages. Because Chfl and Chf2 depend on an intact RING
domain for cellular instability, Lys48-linked autoubiquitination
would be expected to be an important mediator of Chf protein
signal termination.® Additionally, Lys63-linked autoubiquitination
was proposed as the key mechanism of Chfr cellular signaling.’”
Despite the existence of these models, the sites and linkage-specificity
of Ub modification of Chfr-homologous ligases have never been
determined. We considered it particularly important to determine
if the sites and linkages of Chfl and Chf2 autoubuiquitination
might be altered by use of Ubc4 versus Ubc13/Mms2 as the E2.
As shown in Figure 5, we scaled up purified, reconstituted reaction
systems with either Ubc4 or Ubc13/Mms2 supporting Chfl and

A Ubc4 B Ubc13/Mms2
Chf1 Chf2 Chf1 Chf2
-E3IWT R F1 F2 -E3WT R F1 F2 sE3IWT R F1 -E3 WT R F1 F2
R
ub™-chf{ | . .' Ub Chf ' '.
Ub™-Ubcq Ub"-Ubc
L
[ . e - Al p =

Figure 3. Chf protein autoubiquitination is RING-dependent and FHA-independent. Chf RING mutants “R” (Chf1-C345S, H350A and Chf2-C451S, H456A)
and FHA mutants “F1” (Chf1-G192E and Chf2-G298E) and “F2” (Chf1-5220A, H223L and Chf2- S326A, H329L) were tested for autoubiquitination activity
with Ubc4 (A) or Ubc13/Mms2 (B) supplied as the E2. In these assays, RING domain mutants are undistinguishable from omitting the E3 ligase, whereas

FHA domain mutants are undistinguishable from wild-type.
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Galactose
WT ubcd mms2 ubc13

Glucose
WT  ubcd mms2 ubci3

L +—Chf2

W 4 GAPDH

Figure 4. Ubc4 regulates Chf protein levels. To determine whether a specific
E2 promotes the intrinsic instability of Chf proteins, the levels of Chf2 protein
in E2 deletion strains were examined in cells expressing GAL1-driven Chf2.
Whereas mms2 deletion and ubc13 deletion did not stabilize Chf2, ubc4
deletion increased Chf2 protein level by ~3-fold with respect to a GAPDH
loading control, suggesting that Ubc4-dependent Chf protein ubiquitination
drives Chf protein turnover.

peptide sequences by database-matching in which Lys residues were
allowed to be modified by the addition of 114.0429 Da.? Because
the carboxy-terminus of Ub is Arg|Gly-Gly, complete tryptic
cleavage leaves a 114.0429 Da Gly-Gly isopeptidic remnant on Lys
residues modified by mono- or polyubiquitination. All peptides were
positively identified with mass accuracies of 13 parts per million or
better (Suppl. Data).

As shown in Figure 5 and Table 2, when Ubc4 was provided
as the E2, Chfl modified at least 10 of 21 Lys residues and Chf2
modified at least 11 of 19 Lys residues. The majority of Lys residues
that were not detected as Ub-modified by LC/MS-MS would have
been identified on very small or large peptides, which are typically
under-represented in this type of analysis. As shown in Figure 5, the
N-terminal regions of Chfl and Chf2 are relatively Lys-poor such
that the majority of Lys residues and modified Lys residues occur
in the FHA domains, the RING domains and in the 53 amino acid
segments between the FHA and RING domains. Ubc4-Chfl and
Ubc4-Chf2 reactions formed two polyubiquitin species detected by
LC-MS/MS, namely Lys48-linked and Lys63-linked polyubiquitin.

Reactions catalyzed by Ubc13/Mms2 exhibited greater specificity
in the sites and linkages of autoubiquitination. Scoring the peptides
recovered by LC-MS/MS, Chfl modified only Lys residues 237 and
306 while Chf2 modified Lys residues 258, 310, 346 and 366. These
six sites were among the 21 sites modified in Ubc4
reactions. Whereas Ubc4 generated both Lys48 and

A Chf1 B

- Ubc4

} UbN-Chf1
<—Chf1

Chfl Chf2

Lys63-linked chains, the Ubc13/Mms2 heterodimer
produced exclusively Lys63-linked Ub chains on the
Chf proteins. Thus, in terms of autoubiquitination,
the Ubc13/Mms?2 reactions produced a subset of the
reactions catalyzed by Ubc4.

Chfl and Chf2 ubiquitination in trans. In
protein kinase signaling, it has long been established
that a great deal of auto-phosphorylation is mediated
by trans-autophosphorylation mechanisms mediated

1 MSTHTVPSSP PHQTPPAASG IATSHDHTKF HHPIRLPISI
41 SLTINDTPNN HSHMNNSVSNG LGILPSRTAT SLVVANNGSA
81 HGMVGATAAA AATVETHTAP AVNTTHSIRH FIYPPHQVHQ
121 TEFSLDIHLF PHTSLPERID QSTLHREMDE HG‘I.!’S!RLTP
161 FIDTSSTSVR NQGL??DPII RT)\GAG\S RE

K

281 EEIYRCVIGK IELNKSH’KLK mn@.uu.s le.olu.'r'r
321 GLEQEDC: HKIKE
361 1WyEQFMCENC RTHCDLETTL ESESESEFEN EDEDEPDIEM
401 DIMIM GVRLVD

FHA: 189-273
RING: 327-370

1 MYTPIPANTP APTAPTSSMT SHSSSASHAN TTSSSGINER
41 NRASGTPSNE RARPASGISS FLNTFGIRQN SQTASSSAAP
81 DQRLFGTTPS NSHMSVAMES IDTAPQUUEF RLHHPIQMPL

121 SAQFHVHRNY QLPISISLTA PTTTDHQUSS AHNFEGHNVG
161 WVQESLNORQ PNGTHNTTTS IISMAPAATT RNIVGGADGS
201 TIVNNSQEMY HLIYAA NOPNGTEILH LOLPATSAEE
241 SHNMFRVDEV TLKQREDKHG LFSIRLTPFI DSSSTTNOGL
281 Frsmnﬂm PGS
321 Ksk

361 7
401 asmcr_msp rﬁummn Loeu.mlmz EDCSICLOKS
441 KPCQAIF ICRSSC
481 DLEASFESSD EEDESDVESE Gnox.vml_sv LMETSKDVDS
521 HP

by kinase dimerization.>” Similar questions in autou-
biquitination remain largely unexplored. Indeed, if
Chf proteins were to function entirely by autoubig-
uitination, one might expect ubiquitination to be an
obligate intramolecular reaction. To test this hypoth-
esis, we performed in vitro Ubc4-catalyzed reactions
utilizing the inactive RING mutant Chfl protein

FHA: 295-379
RING: 433-476

as a substrate of wild-type Chf2 protein and the
inactive RING mutant Chf2 as a substrate of wild-

Figure 5. Identification of Ubc4 and Ubc13/Mms2-dependent Chf protein sites of autoubiqui-
tination. Coomassie-stained gels of purified Ubc4-dependent autoubiquitination reactions are
shown above the sequences of Chf1 (A) and Chf2 (B). As described in Materials and Methods
and as shown in Table 2, sites of ubiquitination were identified by tandem mass spectrometry.
Lys residues are shown in magenta, with sites ubiquitinated by Ubc4 in gray and sites ubiqui-
tinated by both Ubc4 and Ubc13/Mms2 in yellow. Sites ubiquitinated in trans reactions are

boxed. FHA domains are in green and RING domains are in blue.

Chf2 autoubiquitination. Coomassie-stained bands corresponding to
Chf1 or Chf2 with one to three Ub modifications were excised from
SDS-PAGE gels and digested with trypsin. Peptides were separated
by microcapillary reversed phase liquid chromatography (LC) and
analyzed by high performance shotgun tandem mass spectrometry
(MS/MS). The resulting fragmentation spectra were correlated to
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type Chfl. After separating reaction components
by SDS-PAGE, we excised bands corresponding to
modified mutant E3 proteins. After tryptic diges-
tion and LC-MS/MS, we identified two Lys residues
on Chfl and seven Lys residues on Chf2 that were
subject to trans-autoubiquitination. In both cases,
the sites of trans-autoubiquitination were subsets of
the sites modified in reactions in which the E3 served
as both substrate and enzyme. The fact that subsets of the same Lys
residues modified by Ubc4-Chfl and Ubc4-Chf2 are modified by
Ubc13/Mms2-Chfl, Ubc13/Mms2-Chf2 and in Ubc4 trans-autou-
biquitination reactions suggests that particular Chfl and Chf2 Lys
residues are preferred Ub acceptors independent of the E2-Ub-E3
complex transferring the modification.
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Table 2 Chfl and Chf2 ubiquitination sites and linkages

Chf1 ubiquitinated peptides sites
M*DK#HGLFSIR K150
EAISK#IPDQYHPVVFK K204
THGCFK#VDDQGNWEFLK K217
VDDQGNWEFLK#DVK K237
DVK#SSSGTFLNHQR K240
LSSASTTSK#DYLLHDGDIIQLGMDFR K260
LK#ANAFNK#EALSR K300,
K306
ANAFNK#EALSR K306
IK#NLQK#LTTGLEQEDCSICLNK K313,
K317
NLQK#LTTGLEQEDCSICLNK K317
LIFAGK#QLEDGR K48
TLSDYNIQK#ESTLHLVLR Ké63
Chf2 ubiquitinated peptides Sites
NIVGGADGSTIVNNSQEMYK#NLR K211
K#DKHGLFSIR K256
KDK#HGLFSIR K258
K#AGPGSQLVIGR K288
DAISK#IPEQYHPVVFK1 K310
THGCFK#VDSQGNWYIK K333
VDSQGNWYIK#DVK K343
DVK#SSSGTFLNHQR K346
LSPASSLSK#DTPLR1 K366
LK#ANSFNK#EALQR K406,
K412
ANSFNK#EALQR K412
LQNLQK#LTTGIEEEDCSICLCK K423
Ubiquitin peptides
LIFAGK#QLEDGR K48
TLSDYNIQK#ESTLHLVLR K63

Ubc4 +Chfl Ubc13/Mms2 +Chfl Ubc4 +Chf2
X
X X
X
X X
X
X
X
X X X
X
X
X
X X
X X
Ubcd +Chf2 Ubc13/Mms2 +Chf2 Ubc4 +Chfl
X X
X
X X
X X
X X X
X
X X
X X
X X X
X
X
X X
X
X
X X

*Oxidation (+/- 15.99644 Da); #GIyGly (114.05421 Da); 1Same K## detected on peptide with M* and/or longer peptide.

Mutation of identified ubiquitination sites leads to stabiliza-
tion of Chfl in vivo. Analysis of Chf autoubiquitination sites by
LC/MS-MS identified numerous sites of ubiquitination with a few
sites modified in multiple different reactions. To test whether these
were key sites that play regulatory roles in vivo, we mutated various
Lys residues alone and in combination (Fig. 6A). The stability of
mutants was compared with that of wild-type by immunoblotting
(Fig. 6B and C). We observed moderate stabilization when any of
these Lys residues was substituted by Arg. These data suggest that
Chf1 protein is functionally modified at multiple sites.

Chfl has only two sites that are modified in vitro by Ubc4-
dependent autoubiquitination and by Ubc4-dependent Chf2
trans-ubiquitination. Though the Lys204Arg substitution, which
would preclude modification at one such in vitro defined site,
produced only an ~8% relative increase in Chfl accumulation, the
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Lys306Arg mutation produced a ~41% increase in Chfl protein.
Combination of Lys306Arg with a ~35% stabilizing Lys237Arg,
Lys240Arg mutation produced a form of Chfl with an additive
(~-81%) effect on Chfl accumulation. The data indicate that this
is a degenerate system in which Ubc4-dependent modification of
multiple Lys sites contributes to Chf protein turnover.

Discussion

Proteolytic and nonproteolytic models have been proposed to
connect Chfr protein function in the cell cycle with RING-depen-
dent ubiquitination activity. According to the proteolytic models,
Chfr ligates Lys48-linked polyubiquitin to cell division-promoting
proteins to target them for proteolysis.3>3%40 According to the
nonproteolytic models, Ubc13/Mms2 is the biologically relevant E2,
which works with Chfr to conjugate Lys63-linked ubiquitination
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Considering the high sequence simi-
larity of Ubc4 and Ubc5 and the frequently
observed overlapping functions of Ubc4 and
Ubc5,517:20:56 assignment of Ubc4 to the G,
function of Chf2 and genetic exclusion of Ubc5
was surprising. However, the expression of UBC4
mRNA is highest in exponentially growing cells,
while UBC5 mRNA is primarily expressed in
stationary phase.!”

Genetic (Figs. 4 and 6) and biochemical
(Fig. 5 and Table 2) data establish Ubc4 as the
E2 that catalyzes Chf protein autoubiquitination
in order to promote in vivo degradation. The
sites of autoubiquitination identified by mass
spectrometry appear to be authentic because
alteration of these Lys residues to Arg is stabi-
lizing. However, because ubc4 deletion stabilizes
Chf2 yet eliminates Chf2-dependent G, cell
cycle delay, we argue that an additional protein
must be targeted by Ubc4-Chf2 for the G, cell
cycle delay.

Much of the debate on Chfr function has
centered on what type of polyubiquitin chains
are formed by this E3 ligase. Our genetic valida-
tion of Ubc4 and Ubcl3/Mms2 allowed us to
characterize Chf-dependent reactions in vitro.
In reactions with Ubc4 as the E2, Chfl and
Chf2 formed Lys48-linked and Lys63-linked
polyubiquitin. As expected, with Ubc13/Mms2
as the E2, Chfl and Chf2 formed Lys63-linked
polyubiquitin and no other Ub-Ub linkage.

K237R K313R KS0SR | KSR .

WT WT | K204R | 500 | K260R | K306R [ (o000 [ K313R | K240R The targets of Ubcl13/Mms2-Chf protein

K317R | K306R modification would not be expected to be

l!Fold increase| 1.00 | 1.01 | 1.08 | 135 | 138 | 1.4 143 | 147 | 1.81 proteolyzed as a consequence of Lys63-linked

Figure 6. Stabilization of Chf1 by mutation of ubiquitination sites. (A] A schematic diagram of
Chf1 Lys to Arg mutants. Sites auto-ubiquitinated with Ubc4 are in gray. Sites additionally auto-
ubiquitinated with Ubc13/Mms2 are in yellow. Sites that are trans-ubiquitinated by Chf2 are
boxed. As shown by immunoblot (B) and relative quantitation versus GAPDH (C), individual Lys
mutants such as lys260Arg and Lys306Arg stabilize Chf2 protein alone and in combination with
other lys to Arg mutations, such as lys237Arg, Llys240Arg, validating these residues as sites of

biological regulation.

as a G,/M arrest signal.?>7 We turned to yeast homologs of Chfr
to address these issues. As first steps to solving the problems of Chf
protein function, we determined the E2-dependence of Chf protein
function at two cell cycle stages, examined which E2 is responsible
for Chf protein downregulation, identified sites and linkages cata-
lyzes by genetically validated E2s, and demonstrated the biological
relevance of modification sites identified by mass spectrometry.
Whereas Chfr has only been reported to act late in the cell
cycle, 225 our work on yeast Chf proteins suggested that Chfl and
Chf2 act at both major cell cycle transitions.** We find that the
ability of Chf2 expression to retard the cell cycle depends jointly
on Ubc4 and Ubc13/Mms2. Ubc4 is the mediator of the G, delay,
whereas Ubc13/Mms?2 is the mediator of late cell cycle delay. Thus,
our work indicates Chf proteins are authentically dual specificity
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polyubiquitination.!>3% Moreover, we have
excluded Ubc4 from the late cycle cycle func-
tion of Chf2 (Table 1), and shown that Chf2 is
capable of ubiquitinating an external substrate
(Table 2). Our analysis of FHA domain mutants
strongly suggests the existence of G, targets,
potentially including elF2y,% and G, targets
in Chf protein function. Because the FHA
domain mutant, thfl-G192A is highly stabilized by this mutation
but extremely deficient in cell cycle arresting function,® yet is
eminently capable of autoubiquitination (Fig. 3), we suggest that
substrate-targeted Lys48-linked and Lys63-linked polyubiquitination
mediated by Ubc4 and by Ubc13/Mms?2 are required for Chf protein
function at both cell cycle stages. Because temperature inactivation
of Cdc123 also leads to Chf protein accumulation and Thr274 of
Cdc123 was genetically mapped as a Chfl FHA domain interacting
residue,* Cdc123 association may be competitive with external
substrates and drive Ubc4-dependent Chf protein turnover. Genetic
and biochemical systems developed herein, as applied to Chfl and
Chf2-specific interactors, are expected to clarify the cycle cycle-
specific direct targets of the four E2-E3 combinations.
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Materials and Methods

Yeast strains. BY4742 was used as the wild-type S. cerevisiag strain
and parent for all experiments in this study. Nine deletion mutants
in the BY4742 background, chfl, ubc5, ubc?7, ubc8, ubcll, ubcl3,
mms2, rad6 and pex4 were from the deletion consortium.48 The
UBC1 gene was replaced with the natMX resistance cassette and the
UBC4 gene was replaced with HIS3 by PCR mediated gene disrup-
tion.#” UBC13 and MMS2 were both replaced with kanMX. Strain
names and genotypes are provided in Supplementary Table 1.

Plasmid constructions. Plasmids containing the constructs for His-
tagged Ubc4 and Ubcl1 were kindly provided by Aled Edwards.??
Plasmid pC105 was constructed by amplifying wild-type CHF2 with
added Pstl and Xhol sites for insertion into pRS425GAL1. Plasmid
pC110 was generated by amplifying the yeast MMS2 gene from
a yeast cDNA library with Ndel and Xhol sites for insertion into
plasmid pSGA04,>° which provides an N-terminal His tag. UBC13
was amplified from yeast cDNA with flanking EcoRI and Xhol sites
and cloned into pGEX4T-2 to generate the glutathione S-transferase
(GST)-Ubc13 expression vector, pC111. Expression vectors for GST-
Chfl (wild-type, RING mutant Chf1-C345S, H350A and FHA
mutants Chf1-G192E and Chf1-S220A, H223L) were constructed by
amplifying each gene with flanking BamHI and Xhol sites for inser-
tion into pGEX4T-2 to generate pC103, pC114, pC115 and pC116,
respectively. Plasmids for GST-Chf2 (wild-type, RING mutant
Chf2-C451S, H456A and FHA mutants Chf2-S326A, H329L and
Chf2-G298E) expression were generated by PCR amplification of
each gene to add EcoRI and Xhol sites followed by insertion into
pGEX4T-2 to yield pB308, pC117, pC118 and pC119, respectively.
To generate constructs for N-terminally tagged Chf proteins, a “Z”
tag (sequence of an IgG binding domain of Protein A) was inserted
into the Ndel site of pB299 (pGAL-CHF1)# and into the Pstl site
of pC105 (pGAL-CHF2) yielding pC145 and pC146, respectively.
Chf1 Lys to Arg mutations were made in pC145 using QuikChange
Site-directed mutagenesis (Stratagene) to generate plasmids pC153,
pC155, pC156, pC157, pC158, pC159 and pC160. All plasmids
were confirmed by DNA sequencing (Norris Cotton Cancer Center
Molecular Biology Core Facility). A plasmid summary is provided in
Supplementary Table 2.

Suppression of Chf2 growth inhibition. Wild-type and E2 null
mutants were transformed with plasmids pRS425GAL1 and pC105
(GAL1-CHF2). These strains were grown to log phase and then stamped
in 5-fold serial dilutions on SC -leu 2% glucose and SC- leu 2% galac-
tose media. Galactose plates were incubated for seven days at 28°C.

Measurement of doubling time and G, phase. Yeast strains
(BY4742, ubc4, ubcl3, mms2 and ubcll) containing pRS425GALL
or pC105 (pGAL-CHF2) were grown overnight in liquid SC -leu 2%
glucose media at 28°C. These cultures were used to inoculate fresh
media to an OD,  of 0.05 the next morning. The transformants
were monitored by OD,
each strain in SC -leu containing 2% glucose or 2% galactose as the
carbon source. Doubling time = In2 / ((In (A/A)) / t) where A = cell
density at time t; A = initial cell density. The length of G, phase for
each strain was calculated by counting the number of unbudded and
budded cells in log phase culture.>! Length of G, phase = T[1 - log(2
- F . unbud/log2)], in which T is the doubling time and F - unbud is
the fraction of unbudded cells.

to measure the doubling times for
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Enzyme expression and purification. All GST fusion proteins
(GST-Ubcl3, GST-Chfl and GST-Chf2 as well as Chfl/Chf2
FHA and RING mutants) were expressed in E. c0li strain BL21 Star
(DE3). Starter cultures were grown in LB + 100 ug/mL ampicillin
overnight at 37°C and used to inoculate 1 liter LB + ampicillin. The
large cultures were grown to an ODy, . of ~0.6 at which time the
temperature was reduced to room temperature and protein expres-
sion was induced for ~18 hours by the addition of 0.4 mM IPTG.
Cells were harvested by centrifugation, washed with water and stored
at -20°C.

Purification of the GST-tagged proteins was carried out essentially
as described®? with some modifications. Briefly, cell pellets were
resuspended in chilled 50 mM Tris-HCI, pH 7.5, 1 mM EDTA, 4
mM MgCl,, 5 mM DTT, 10% glycerol, 1 M NaCl, 1 mM PMSF
and complete mini EDTA-free protease inhibitors (Roche) and lysed
by sonication. The cell suspension was clarified by centrifugation at
4°C. Following centrifugation, an equal volume of buffer without
NaCl was added to the clarified lysate. GST-fusion proteins were
purified using glutathione sepharose 4B (Amersham Biosciences) by
a sequential batch and column procedure at 4°C. The beads were
washed extensively with 50 mM Tris-HCI, pH 7.5, 4 mM MgCl,,
1 mM DTT, 10% glycerol and 0.5 M NaCl. The GST-fusion
proteins were eluted in wash buffer containing 20 mM NaOH and
25 mM reduced glutathione (Sigma). Purified proteins were dialyzed
overnight against storage buffer (50 mM Tris-HCI, pH 7.5, 5 mM
MgCl,, 2 mM NaFE, 0.6 mM DTT, 10 uM ZnSO,, 10% glycerol)
and stored at -80°C.

E2 enzymes Ubc4, Ubcll and E2 variant Mms2, were expressed
as described above for the GST fusion proteins. The enzymes were
purified as described?? with minor modifications. Cell pellets were
resuspended in 20 mM HEPES, pH 8.0, 500 mM NaCl, 10% glyc-
erol, 10 uM ZnCl,, 5 mM imidazole, 0.5 mM Tris (2-carboxyethyl)
phosphine hydrochloride, and protease inhibitor tablets (Roche), and
then lysed by sonication. The lysate was clarified by centrifugation at
4°C. Clarified lysate was applied to TALON Superflow Metal Affinity
Resin (Clontech) equilibrated with lysis buffer and the tagged proteins
were purified using a tandem batch/column procedure. After binding,
the resin was washed extensively first with lysis buffer, followed by the
same buffer containing 30 mM imidazole. The enzymes were eluted
in the same buffer containing 500 mM imidazole, then dialyzed
against 50 mM HEPES pH 7.5, 100 mM NaCl, 5 mM MgOAc,
1 mM DTT and 10% glycerol and stored at -80°C.

Ubiquitination assays. Chf protein Ub ligase activity assays
were carried out essentially as described®® using purified reaction
components including ~500 ng (~1.5 ug in reactions for mass spec
analysis) GST-Chf1 or GST-Chf2, ~300 ng of an E2, 100 ng yeast
E1 (Boston Biochem), 1 ug N-terminally FLAG-tagged Ub (Sigma),
and 2 mM ATP. Ubiquitinated species were separated on 10% SDS-
PAGE gels under non-reducing conditions (Cambrex). Reactions
were visualized with GelCode Blue stain reagent (Pierce) and by
immunoblotting with Anti-FLAG M2 monoclonal antibody-peroxi-
dase conjugate (Sigma).

LC-MS/MS analysis. Ubiquitination reactions were performed
as described above and reaction products were separated by SDS-
PAGE on a 10% gel. Gel regions corresponding to mono-, di- and
tri-ubiquitinated Chfl or Chf2 were excised from the gel, trypsin-
ized and analyzed on a hybrid linear ion trap-Fourier transform mass
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spectrometer (Thermo Electron) as described.>* Resulting tandem
mass-spectra were data-searched®>> to identify sites and linkages of
ubiquitination (Table 2, Supplementary Table 3).
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