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The DBF2 gene of the budding yeast Saccharomyces cerevisiae encodes a cell cycle-regulated protein kinase
that plays an important role in the telophase/G, transition. As a component of the multisubunit CCR4 tran-
scriptional complex, DBF2 is also involved in the regulation of gene expression. We have found that MOB1, an
essential protein required for a late mitotic event in the cell cycle, genetically and physically interacts with
DBF2. DBF2 binds MOBI in vivo and can bind it in vitro in the absence of other yeast proteins. We found that
the expression of MOBI is also cell cycle regulated, its expression peaking slightly before that of DBF2 at the
G,/M boundary. While overexpression of DBF2 suppressed phenotypes associated with mobl temperature-
sensitive alleles, it could not suppress a mobl deletion. In contrast, overexpression of MOB1 suppressed pheno-
types associated with a dbf2-deleted strain and suppressed the lethality associated with a dbf2 dbf20 double
deletion. A mobl temperature-sensitive allele with a dbf2 disruption was also found to be synthetically lethal.
These results are consistent with DBF2 acting through MOB1 and aiding in its function. Moreover, the ability
of temperature-sensitive mutated versions of the MOBI1 protein to interact with DBF2 was severely reduced,
confirming that binding of DBF2 to MOB1 is required for a late mitotic event. While MOB1 and DBF2 were
found to be capable of physically associating in a complex that did not include CCR4, MOBI1 did interact with
other components of the CCR4 transcriptional complex. We discuss models concerning the role of DBF2 and

MOBI in controlling the telophase/G, transition.

In eukaryotic cells, many of the cell cycle stages are regulated
by phosphorylation, and a number of protein kinases involved in
the cell cycle are known to date. The activities of these kinases are
regulated by different mechanisms, including but not limited to
formation of complexes with other proteins and cell cycle-depen-
dent control of their expression. The DBF2 protein kinase from
the yeast Saccharomyces cerevisiae is required for the proper pro-
gression through late mitosis, specifically during telophase (11,
24). dbf2 temperature-sensitive mutant cells arrest at the restric-
tive temperature with a terminal “dumbbell” phenotype in which
they display an elongated spindle and divided chromatin (11).
DBF?2 protein kinase activity is cell cycle controlled, peaking after
the metaphase-to-anaphase transition, which is consistent with its
late mitotic role (11, 20). While a dbf2 deletion is not lethal, DBF2
plays an essential role in cells that also lack DBF20, a close
homolog of DBF2 (23).

We have recently shown that the DBF2 protein not only
regulates cell cycle progression but also controls gene expres-
sion as one of the components of the CCR4 transcriptional
complex (17). The CCR4 protein is a general transcriptional
regulator which affects expression of a number of genes both
positively and negatively (16). It is required for full expression
of ADH2 and other nonfermentative genes under glucose-
derepressed conditions (5). Both dbf2 and ccr4 disruptions
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affect genes involved in cell wall integrity and under glucose
conditions are able to suppress enhanced ADH2 expression
caused by an spt/0 defect (16, 17, 19). The CCR4 complex
contains a number of proteins in addition to DBF2 (6, 7, 16).
One of these is CAF1 (POP2) (8, 22), which binds to both
CCR4 and DBF2. ccr4 and cafl defects also cause a partial
block in late mitosis at a point similar to that observed for dbf2
defects (17). These results suggest that one of DBF2 functions
during late mitosis is to control gene expression through its
association with the CCR4 complex.

While previous studies suggest that DBF2 plays an impor-
tant role in the regulation of the cell cycle and gene expression,
the mechanisms by which DBF?2 is regulated and the identifi-
cation of its cellular target proteins remain unclear. We have,
therefore, undertaken a search for proteins interacting with
DBF2. In this paper, we report that MOBI binds to DBF2. The
MOBI gene was initially identified in a separate screen for
proteins that interact with MPS1 (18). The yeast MPS1 protein
is an essential protein kinase which is required for spindle pole
body duplication (14, 27) and an M-phase checkpoint function
(26). Mutated alleles of MOBI result in a cell cycle arrest
phenotype identical to that observed with dbf2 alleles (18). We
have found that MOBI is periodically expressed during the cell
cycle at nearly the same time as DBF2 and that dbf2 and mob1
defects elicit similar cell cycle and other phenotypes. Genetic
and biochemical studies suggest that DBF2 acts through and
aids MOBI1 function in the control of the M-phase transition.

MATERIALS AND METHODS

Yeast strains, growth conditions, enzyme assays, and transformations. The
yeast strains used in this study are listed in Table 1. Yeast strains were generally
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TABLE 1. Yeast strains used in this study

Strain Genotype
EGY18S......cccoeuuee. MATa ura3 his3 trpl LexA-LEU2
EGY188-cl .. Isogenic to EGY188 except cafl::URA3

EGY188-1. JIsogenic to 188 except ccr4::URA3

MATo ura3 his3 trpl LexA-LEU2

MATa ura3 his3 trpl leu2 dbf2::URA3

MATo ura3 his3 trpl leu2 dbf20::TRP1

MATa ura3 his3 trpl leu2 mobl-77

.MATa ura3 leu2 trpl

MATa ura3 his3 trpl leu2 mobl-77

.MATa ura3 his3 trpl leu2 mobl::HIS3; contains
plasmid pRS316-MOB1 (URA3)

..MATa dbf2::URA3 ura3 leu2 ade5 trpl his7

S7-4A-c-myc............ Isogenic to S7-4A except trpl::c-myc-DBF2-TRP1

cultured on minimal medium lacking uracil, histidine, and/or tryptophan and
containing either 8% glucose or 2% each raffinose and galactose. Alcohol de-
hydrogenase II and B-galactosidase enzyme assays were conducted as described
elsewhere (2). All yeast transformations were conducted by the lithium acetate
method (10).

Two-hybrid screen. A yeast interaction library containing yeast genomic se-
quences fused to the B42 activation domain (28) was used to transform strain
EGY188 containing the LexA-DBF2 fusion and the LexA,,-lacZ reporter p34,
which has eight LexA binding sites upstream of the GALI-lacZ reporter (3).
Identification of colonies and screening for galactose dependence were done as
described elsewhere (8, 28).

Plasmid constructions. The LexA-MOBI fusion was constructed by placing a
1.3-kb EcoRI fragment of the MOBI library clone at the EcoRI site of the
LexA202-1 vector (3), resulting in LexA-MOB1(9-314). The B42-DBF2 full-
length fusion was constructed by cloning a 2-kb SallI fragment of pRS314-DBF2-
c-myc (25) into the pJG4-5 vector at the Xhol site. To construct glutathione
S-transferase (GST)-MOBI1 and T7-DBF2 fusions, the polylinker sites of the
pGEX-KG and pGEM-3zf vectors were modified to change a frame of the
EcoRI site by cutting them with EcoRI and Sall and inserting a fragment which
was produced by annealing two oligonucleotides with the sequences 5'-AATTA
TGGAATTCTGAGCGGCCGC-3" and 5'-TCGAGGGGCCGCTCAGAATTC
CAT-3'. The resultant plasmids were then digested with EcoRI, and a 1.3-kb
EcoRI fragment of the MOBI library clone was ligated into both of them.

The construction of B42-MOB1(79-314) and the corresponding mutant alleles
was conducted by ligating PCR products cut with EcoRI into the EcoRI site of
the pJG4-5 vector. The PCR products were synthesized from pRS314-MOBI,
pRS314-mob1-55, -77, and -95 (18) with the oligonucleotides 5'-CGGAATTC
ATGTCTCCCGTCCTCACTAC-3" and 5'-GCGAATTCCTACCTATCCCTC
AACTCCAT-3'.

The construction of the LexA-DBF20 full-length fusion from pRS305-DBF20
was conducted by PCR with oligonucleotides 5'-CGGAATTCATGTTTTCAC
GAAGTGAT-3' and 5'-GTAGGTACCTGGTCTTAATAAAAA-3". The PCR
product was cut with EcoRI and KpnI and ligated into the pSP72 vector cut with
EcoRI and Kpnl. The resultant plasmid was then cut with EcoRI and Sall, and
the DBF20-containing piece was ligated into the LexA202-1 plasmid cut with
EcoRI and Sall.

Immunoprecipitation. Yeast strains EGY188 containing the plasmid pair B42-
DBF2(1-561) and LexA-MOB1(9-314), B42-DBF2 and LexA, B42 and LexA-
MOBI, or LexA-DBF20 and B42-MOBI1(79-314) were grown overnight on
minimal medium lacking uracil, tryptophan, and histidine and containing 2%
each galactose and raffinose. Cells were pelleted, and the whole-cell protein was
extracted in lysis buffer (§ mM K,HPO,, 17 mM KH,PO,, 150 mM KCI, 1 mM
sodium pyrophosphate 1 mM NaF, 1% Nonidet P-40, 10% glycerol, 5 mM
MgCl,, 1 mM EDTA plus protease inhibitors; pH 7.6). Protein A-agarose (20
mg) was incubated with 0.03 mg of LexA antibody or 0.02 mg of HA1 (Babco)
antibody for 30 min and then washed once with 1 ml of the lysis buffer. A 700-mg
portion of protein was incubated with the antibody-coupled beads at 4°C for 60
min. The beads were then pelleted by centrifugation in a microcentrifuge and
washed twice with 1 ml of the lysis buffer. Sodium dodecyl sulfate (SDS) sample
buffer (20 ml) was added to the beads, the beads were boiled for 5 min, and the
eluted protein was loaded on an SDS-10% polyacrylamide gel. Western blot
analysis with HA1 and LexA antibodies was carried out as described previously
(8), and enhanced chemiluminescence analysis (Pierce) was conducted in accor-
dance with the manufacturer’s instructions. Polyclonal antibody to MOB1 was
prepared against GST-MOB1(9-314) and affinity purified following binding to
GST-MOBI1(9-314) bound to glutathione-agarose beads.

GST-MOBI1 binding experiments with yeast extracts. Yeast strain EGY188
containing B42-DBF2 or B42-CAF1 was grown on minimal medium lacking
tryptophan and containing 2% each galactose and raffinose. The cells were
pelleted, and the whole-cell protein was extracted in a lysis buffer (20 mM
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HEPES, 1 mM sodium pyrophosphate, 1 mM NaF, 0.1% Tween 80, 5% glycerol,
1 mM EDTA, 5 mM MgCl, plus proteinase inhibitors; pH 7.6). GST fusion
proteins were expressed in Escherichia coli and bound to glutathione-agarose
beads (Sigma) in binding buffer (1X phosphate-buffered saline, 1% Triton
X-100). The beads were washed three times in 1 ml of binding buffer and once
in 1 ml of the lysis buffer containing 150 mM KCI. A 700-mg portion of yeast
protein was added to 20 ml of the beads and incubated at 4°C for 60 min. The
beads were pelleted by centrifugation, washed twice in 1 ml of the lysis buffer
containing 150 mM KClI, and then boiled with 20 ml of the SDS sample buffer,
and the eluted protein was loaded on an SDS-10% polyacrylamide gel. Western
blotting and enhanced chemiluminescence analysis were carried out as described
above.

In vitro binding assay. GST fusion proteins were expressed and bound to
glutathione-agarose beads (Sigma) in binding buffer (1X phosphate-buffered
saline, 1% Triton X-100). The beads were washed four times with binding buffer
and then incubated for 1 h at 4°C in A300 buffer (20 mM HEPES [pH 7.6], 1 mM
EDTA, 1 mM dithiothreitol, 300 mM potassium acetate, 1% Triton X-100)
containing 1 mg of E. coli extract per ml and 40 to 200 ng of [**S]methionine-
labeled in vitro-translated protein. In vitro translation of T7 fusion proteins was
carried out with the TNT coupled transcription-translation system (Promega).
Unbound proteins were removed by four washes with A300 buffer, and specifi-
cally bound proteins were analyzed by SDS-8% polyacrylamide gel electrophore-
sis after the beads were boiled in sample buffer.

RESULTS

Isolation of DBF2-interacting proteins. To identify proteins
interacting with DBF2, we used a yeast two-hybrid screen with
the LexA-DBF2 fusion protein as the bait. The interaction
library contained the E. coli-derived B42 activator fused to
yeast genomic DNA fragments under the control of a GALI
promoter (28). Seven colonies that displayed galactose-depen-
dent activation of both the LexA,,,-LEU2 and the LexA,,,-lacZ
reporters were isolated from about 10° transformants. Of
these, four were found to encode the same protein, which was
designated DBI1 (for DBF2-interacting protein 1). A database
search revealed that DBI1 was the same protein as MOBIL.
MOBI had been isolated in an independent screen for proteins
interacting with the protein kinase MPS1, which is required for
spindle pole body duplication (18). The MOBI gene was found
to be essential (18). Temperature-sensitive alleles of MOBI
result in a terminal phenotype very similar to that of dbf2-
arrested cells: dumbbell-shaped cells that contain duplicated
chromatin and an elongated spindle (18). These phenotypes
suggest that MOB1 is required for an essential function in late
mitosis and that it acts at the same execution point as does
DBF2, or one similar to it.

B42-MOB1(9-314) displayed a strong interaction with the
LexA-DBF2 protein and failed to interact with LexA alone
(Table 2). Smaller B42-MOBI fusions such as B42-MOB1(79-
314) and B42-MOB1(145-314) (18) also interacted with LexA-
DBEF?2 in the two-hybrid system (Table 2). To confirm that the
interaction depended on the DBF2 and MOBI1 moieties and
not on the fortuitous configurations of the LexA-DBF2 and
B42-MOBI fusions, we constructed LexA-MOB1 and B42-
DBF2 chimeras and retested their interaction. As shown in
Table 2, LexA-MOBI interacted with B42-DBF2(1-561) but
not with B42 alone. LexA-MOB1(9-314) was also capable of
activating a LexA-lacZ reporter by itself (yielding 100 U of
B-galactosidase per mg under glucose growth conditions) (Ta-
ble 2; see also Table 5). Since DBF2 is a component of the
CCRA4 transcriptional complex and both CCR4 and CAF1 can
activate transcription when fused to LexA, our results sug-
gested that MOB1 might also be a component of the CCR4
complex. In fact, LexA-MOBI displayed a two-hybrid interac-
tion with B42-CAF1 (Table 2) as well as two other components
of the CCR4 complex, CAF16 and CAF17 (data not shown).
The ability of LexA-MOBI to activate transcription from the
LexA,,-lacZ reporter, however, was unaffected by a ccr4, cafl,
or dbf2 deletion (data not shown).
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TABLE 2. Two-hybrid interaction of MOB1 with DBF2 and CAF1“

LexA fusion B42 fusion B-gal (U/mg)®
LexA-DBF2(1-561) B42-MOB1(9-314) 260
LexA-DBF2(1-561) B42-MOB1(79-314) 530
LexA-DBF2(1-561) B42-MOB1(145-314) 66
LexA-DBF2(1-561) B42 <1
LexA B42-MOB1(9-314) <1
LexA-DBF2(1-220) B42-MOB1(9-314) 59
LexA-DBF2(1-220) B42-MOB1(145-314) 120
LexA-DBF2(1-220) B42 <1
LexA-MOB1(9-314) B42-DBF2(1-561) 6,700
LexA-MOB1(9-314) B42-DBF2(205-561) 350
LexA-MOB1(9-314) B42-CAF1 300
LexA-MOB1(9-314) B42 81

¢ Strains were grown on minimal medium lacking uracil, histidine, and tryp-
tophan and supplemented with 2% raffinose and 2% galactose as previously
described (8). All assays were done in EGY188/EGY191 diploids containing the
p34 reporter (eight LexA operators upstream of the GALI-lacZ promoter).
B42-DBF2(1-561) and B42-DBF2(205-561) were expressed to comparable lev-
els as determined by Western analysis (data not shown).

b B-Galactosidase (B-Gal) activities represent the average of determinations
for at least three separate transformants. The standard error of the mean was less
than 20% in each case.

To determine what portion of the DBF2 protein was respon-
sible for the interaction with MOBI1, we tested N- and C-
terminal regions of DBF2 fused to either the B42 activator or
LexA for their ability to interact with MOBI in the two-hybrid
system (Table 2). When fused to LexA, the N-terminal 220
amino acids of DBF2 were sufficient for interaction with B42-
MOBI. Also, B42-DBF2(205-561) displayed a much weaker
interaction with LexA-MOBI than did B42-DBF2(1-561) (Ta-
ble 2). Since the protein kinase domain of DBF2 extends from
residue 164 to 453, these results indicate that this domain does
not have to be intact for DBF2 to interact with MOBI1. Simi-
larly, a B42-DBF?2 fusion containing a mutation in the DBF2
protein kinase domain that blocks DBF2 protein kinase func-
tion (17) interacted as well with LexA-MOB1(9-314) as did
wild-type B42-DBF?2 (data not shown).

MOBI1 physically binds to DBF2. The two-hybrid assay re-
sults indicated that MOB1 and DBF2 interact with each other
in vivo. We used coimmunoprecipitation and GST binding
experiments to analyze their physical association. Whole-cell
extract containing the B42-DBF2 (full-length) fusion protein
with the HA1 tag and LexA-MOB1(9-314) was incubated with
HA1 or LexA antibodies. The immunoprecipitated samples
were subsequently analyzed by Western blotting with HA1 and
LexA antibodies (Fig. 1). In the LexA immunoprecipitation,
the B42-DBF2 protein was specifically coimmunoprecipitated
with the LexA-MOBI fusion (lane 6) but was not coimmuno-
precipitated from extracts expressing LexA protein alone (lane
5). In a control experiment, B42 protein did not coimmuno-
precipitate with LexA-MOBI1 when extracts were treated with
the LexA antibody (data not shown). In addition, the LexA-
MOBI protein was specifically coimmunoprecipitated from ex-
tracts expressing B42-DBF2 and LexA-MOBI1 when the HA1
antibody was used to immunoprecipitate B42-DBF2 (lane 9).
In contrast, the HA1 antibody did not immunoprecipitate LexA
protein in extracts containing LexA alone and B42-DBF2 (lane
8), nor did this antibody immunoprecipitate LexA-MOB1
when extracts contained only B42 and LexA-MOBI (lane 7).
These experiments indicate that the B42-DBF2 and LexA-
MOBI fusions interact specifically via the DBF2 and MOB1
moieties.

A GST-MOBI binding experiment with yeast crude extracts
was performed to independently examine the physical associ-
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FIG. 1. Coimmunoprecipitation of LexA-MOBI1 with B42-DBF2. Crude ex-
tracts (Cr. Ex.) from strain EGY188 containing either B42 and LexA-MOBI
(lanes 1, 4, and 7), B42-DBF2 and LexA (lanes 2, 5, and 8), or B42-DBF2 and
LexA-MOBI (lanes 3, 6, and 9) were incubated with either anti-LexA antibody
(lanes 4 to 6) or anti-HA1 antibody (lanes 7 to 9), and the resulting immuno-
precipitates (Ip) were subjected to electrophoresis on an SDS-10% polyacryl-
amide gel. Western analysis was conducted as described previously (8), and the
blot was probed with HA1 antibody. Lanes 1 to 3 have crude extracts containing
B42 (lane 1) or B42-DBF2 (lanes 2 and 3). The same extracts were immunopre-
cipitated and analyzed as described above. The blot was probed with LexA
antibody. Lanes 1 and 3 contain LexA-MOBI from crude extracts, and lane 2 has
crude extract containing LexA. LexA-MOBI1 was capable of being immunopre-
cipitated with anti-LexA antibody from a strain containing B42 and LexA-MOB1
(data is not shown). Molecular masses are as follows: B42, 10 kDa; B42-DBF2,
72 kDa; LexA, 22 kDa; and LexA-MOBI, 54 kDa.

ation between MOB1 and DBF2. A GST-MOBI fusion puri-
fied from E. coli extracts was used as the bait to isolate MOB1-
binding proteins from yeast crude extracts. For this purpose,
we prepared crude extracts from strains containing the B42-
DBF2 (full-length) fusion, B42-CAF1 (17), or B42 protein
alone. Proteins bound specifically to GST or GST-MOBI were
then analyzed by Western blotting with HA1 antibody (Fig. 2).

Cr. Ex. GST GST-MOB1
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232232233
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FIG. 2. GST-MOBI binds B42-DBF2 and B42-CAF1 from crude extracts.
The GST and GST-MOBI proteins expressed in E. coli were bound to glutathi-
one-agarose beads and then incubated with crude extracts (Cr. Ex.) from the
EGY191 strain containing either B42 (lane 1), B42-DBF?2 (lane 2), or B42-CAF1
(lane 3). The beads were then boiled with SDS sample buffer, the eluted protein
was loaded on an SDS-10% polyacrylamide gel. HAl-containing proteins were
detected by Western analysis as previously described (8). Lanes: 1 to 3, crude
extracts; 4 to 6, GST incubated with crude extracts from EGY191/B42, EGY191/
B42-DBF2, and EGY191/B42-CAF1, respectively; 7 to 9, same as 4 to 6, respec-
tively, except crude extracts were incubated with GST-MOBI1. The molecular
mass of B42-CAF1 is 54 kDa.
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FIG. 3. DBF2 binds to MOBI at physiological concentrations. Extracts from
strains S7-4A (wt) and S7-4A-c-myc were incubated with either preimmune
MOBI serum (pI) (lanes 3 and 4), anti-MOBI antibody (lanes 5 and 6), or anti-
c-myc antibody (lanes 7 and 8), and resulting immunoprecipitates (Ip) were
subjected to electrophoresis on an SDS-8% polyacrylamide gel. Western analysis
was conducted as described previously (8). The upper portion of the blot was
probed with c-myc antibody (Ab), and the lower portion was probed with MOB1
antibody. Lanes 1 and 2, crude extracts (CE) containing DBF2-c-myc (lane 2)
and/or MOBI (lanes 1 and 2). DBF2-c-myc is 62 kDa and MOBI is 34 kDa in size.

The B42-DBF2(1-561) and B42-CAF1 fusions were found to
specifically bind to GST-MOBI (lanes 8 and 9) but not to GST
alone (lanes 5 and 6). The B42 moiety was not involved in
binding to GST-MOBI, since B42-DBF2(205-561) (data not
shown), B42-SPO20 (data not shown), and B42 protein alone
(lanes 4 and 7) were unable to bind to GST-MOBI1 or GST.
The presence of CCR4 in these bound fractions was analyzed
by Western analysis with an antibody raised against CCR4.
While the CCR4 protein was present in crude extracts, it was
not found to bind GST-MOBI (data not shown). These exper-
iments indicate that DBF2 and CAF1 can specifically interact
with MOB1 and that MOB1-DBF2 and MOB1-CAF1 interac-
tions can occur de novo in vitro. They also suggest that MOBI1
can bind DBF2 and CAF1, components of the CCR4 complex,
separately from CCR4, in agreement with the results of our
two-hybrid analysis described above.

Because the above-described MOBI1-DBF2 interactions
were analyzed with overproduced and hybrid proteins, we also
examined the interaction of DBF2 and MOBI at their physi-
ological concentrations under the control of their own promot-
ers. Using a c-myc-tagged DBF2 protein, anti-MOBI1 antibody
was used to immunoprecipitate MOBI1 from crude extracts,
and the presence of DBF2—c-myc was detected by Western
analysis with c-myc antibody. DBF2-c-myc specifically coim-
munoprecipitated with MOB1 (Fig. 3, lane 6), whereas MOBL1
preimmune serum failed to immunoprecipitate DBF2—c-myc.
Conversely, immunoprecipitation of DBF2—c-myc with c-myc
antibody brought down MOBI (Fig. 3, lane 8). As a control,
the c-myc antibody did not immunoprecipitate MOB1 from
extracts that contained MOBI (lane 1) but lacked DBF2—c-
myc (lane 7). These results confirm that DBF2 and MOBI1 bind
to each other in vivo under physiological conditions.

We further examined whether the MOB1-DBF?2 interaction
was direct. We tested the ability of the GST-MOBI1 fusion
purified from E. coli to bind to radiolabeled in vitro-translated
DBF2. As shown in Fig. 4, GST-MOBI1 was able to bind the
DBF?2 protein. DBF2 did not bind the control GST or GST-
Vpu protein. In a control experiment, in vitro-translated lucif-
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erase was incubated with the GST-MOB1, GST-Vpu, and GST
proteins individually, and no binding was observed in any of
these cases. GST-MOBI can therefore bind DBF2 alone, with-
out the aid of other yeast proteins.

MOBI is cell cycle regulated. Expression of MOBI RNA
across the cell cycle was analyzed to further relate MOBI1
function to that of DBF2. RNA extracted from an a-factor-
synchronized culture was analyzed by Northern analysis (Fig.
5). MOB1 mRNA expression was found to be cell cycle con-
trolled in a manner similar to that observed for DBF2, occur-
ring coincidentally with expression of CDC5 (data not shown),
a gene expressed at the G,/M interphase (1, 13). The peak lev-
el for MOBI mRNA was observed, however, to occur slightly
before that of DBF2. Also, a significant level of MOBI mRNA
was found to be present throughout the cell cycle. This result
suggests that MOB1 may play roles in addition to that in late
mitosis, a conclusion consistent with binding of MOBI to
MPS1 and to the effects of mobl on ploidy (18).

DBF2 acts through MOBI1 in affecting progression through
mitosis. The phenotypic similarity of MOB1 and DBF2 and
their ability to bind each other suggest that MOB1 may be ei-
ther regulated by or a regulator of DBF2. To investigate the
genetic interactions between DBF2 and MOBI, we examined
the effects of overexpression of DBF2 and MOBI in strains
containing mobl and dbf2 defects, respectively. While overex-
pression of DBF2 as a B42-DBF2 fusion under the control
of the GALI promoter (Table 3) complemented the temper-
ature-sensitive and caffeine-sensitive phenotypes associated
with mobl temperature-sensitive alleles (Table 3), it failed to
complement a mob! deletion (Fig. 6). Overexpression of B42-
MOBI1(9-314) and B42-MOB1(79-314) did complement the
mobl knockout mutation. In contrast, overexpression of MOB1
was capable of complementing defects associated with a dbf2
deletion (Table 3). Two smaller fragments of MOBI (145 to
314 and 79 to 314) also complemented a dbf2 defect when
overexpressed, although it was found that B42-MOB1(145-
314) displayed only a weakened complementation ability (data
not shown). Overexpression of B42-CCR4 or B42-CAF1 did
not complement any of these phenotypes (data not shown). In
addition, the lethality caused by a dbf20 dbf2 double deletion
was rescued by coexpression of LexA-MOB1(9-314): only dbf2
dbf20 segregants containing LexA-MOB1 were viable follow-
ing sporulation and tetrad analysis of a diploid containing dbf2
and dbf20 alleles and LexA-MOBI. Such segregants were also

=
™ E E T7-DBF2 binding T7-Luciferase binding
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FIG. 4. Binding of MOBI1 to DBF2. (A) Coomassie-stained GST, GST-
MOBI, and GST-Vpu. GST fusions were induced as described elsewhere (9),
bound to glutathione-agarose beads, eluted from the beads by boiling, and frac-
tionated on an SDS-8% polyacrylamide gel. (B) T7 fusion proteins were trans-
lated in vitro with [**S]methionine as described in Materials and Methods. One
milliliter of each radioactive protein was separated by SDS-polyacrylamide gel
electrophoresis and identified following fluorography. Ten milliliters of each in
vitro-translated protein was incubated with 50 mg of a GST fusion and, after wash-
ing, eluted by boiling. Molecular masses (in kilodaltons) are indicated on the left.
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FIG. 5. MOBI is expressed under cell cycle control. A culture of strain
CG378 was synchronized by use of a-factor, and samples were taken for RNA
hybridization analysis to determine the levels of the MOBI (C0) and DBF2 ()
transcripts (12). Actin transcript levels were also determined as a control and
used to normalize the MOBI and DBF?2 levels in the graph. The percentages of
buds in the synchronized population are also shown as an indication of culture
synchrony (O).

shown to be unable to lose the LexA-MOBI1-containing plas-
mid (data not shown). The LexA moiety was not responsible
for complementing the dbf2 dbf20 double deletion, since over-
expression of a GALI-controlled GST-MOB1(79-314) (18)
protein also allowed a dbf2 dbf20 strain to maintain viability
(data not shown). These results suggest that a large dose of
MOBI1 bypasses the essential requirement for DBF2 and
DBF20 and that DBF2 acts through MOBLI in regulating late
mitosis.

To examine these genetic interactions further, a mutation in
mobl-77 resulting in temperature sensitivity was combined
with those in dbf2, dbf20, ccr4, and cafl to identify potential
synthetic phenotypes. No exacerbation of phenotypes or syn-
thetic lethality was observed for any of these strains carrying
mobl temperature-sensitive alleles and the other mutated al-
leles except for the mobl-77 dbf2 combination. No meiotic
segregants of this latter type were obtained (of 20 tetrads

MoL. CELL. BIOL.

TABLE 3. Suppression analysis of MOB1 and DBF2

Suppression with plasmid®:

Genotype B42-MOB1 B42-DBF2 B42

37°C Caffeine 37°C Caffeine 37°C Caffeine

mobl-77° + + + + _ _
dbfx + + + + - -

“ Growth was monitored on yeast extract-peptone agar plates supplemented
with 2% each galactose and raffinose and incubated at 37°C and on the same
plates additionally supplemented with 8 mM caffeine but incubated at 30°C.
B42-MOBI refers to MOB1(9-314), although B42-MOB1(79-314) comple-
mented as well. Similar results were obtained for a mob1-95 allele or for a dbf2
temperature-sensitive allele. +, suppression evident; —, no suppression evident.

® Strain 1300-1a.

¢ Strain 991-1-1b.

analyzed) unless the diploid also carried the plasmid express-
ing B42-MOBI (data not shown). That is, mob1-77 dbf2 B42-
MOBI segregants were found to be viable. Such segregants
were also found to be unable to lose the B42-MOB1 plasmid,
confirming the lethality of mobl-77 dbf2. These results are
consistent with the above-mentioned data showing that DBF2
aids or regulates MOBI1 function.

Since our data indicate that MOB1 and DBF2 function
together at the same stage of the cell cycle and DBF2 aids
MOBI functioning, we examined by a DBF2 protein kinase
assay (17) whether MOB1 was an in vitro substrate of DBF2,
as it is for MPS1 (18). When GST-MOBI isolated from E. coli
was incubated with B42-DBF2 that had been immunoprecipi-
tated from yeast extracts, MOB1 protein was not phospho-
labeled, although H1 histone was capable of being phosphor-
ylated (data not shown). It was also observed that MOB1
addition did not affect the ability of B42-DBF2 to phosphory-
late H1 histone or to autophosphorylate, implying that MOB1
does not regulate B42-DBF2 protein kinase activity (data not
shown).

Mutations in MOB1 block binding to DBF2 and DBF20 but
not to MPS1. To further analyze the interaction of MOB1 with
DBF2, we examined the binding capabilities of different mu-
tated MOBI proteins. B42-MOBI1 derivatives (residues 79 to
314) were constructed for wild-type and three mutated mobl
alleles. Two alleles, moblI-77 and mobI-95, result in a late
mitotic block at the restrictive temperature when present ei-
ther integrated into the genome or on a centromeric plasmid,
whereas mob1-55 results in a late mitotic block on a centro-

B42-MOB1(145-314)

B42 (M B42-MOBI1(79-314)

B42-DBF2 (M B42-MOB1(9-314)

FIG. 6. Ability of B42-DBF2 and B42-MOBI to suppress the mobl defect.
Strain FLYS59 mobI(pRS316-MOBI1) was transformed with five different plas-
mids, expressing B42 alone, B42-DBF2, B42-MOBI1(145-314), B42-MOB1(79-
314), or B42-MOB1(9-314) as indicated. Transformants were grown overnight in
medium lacking uracil, and about 15 X 10* cells of each strain, including the
FLYS59 strain without any B42 plasmids (—), were plated on medium containing
fluoroorotic acid. The picture was taken after 72 h of incubation at 30°C.
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TABLE 4. Two-hybrid interactions of wild-type and mutated
forms of MOB1 with DBF2, MPS1, and DBF20

B-gal activity

LexA fusion® B42 fusion”

(U/mg)*
LexA-DBF2 B42-MOB1 530
LexA-DBF2 B42-MOBI1-55 (T85P, Q167R, Y183H) 70
LexA-DBF2 B42-MOBI1-77 (E151K)? 40
LexA-DBF2 B42-MOB1-95 (L157P, A158I) 20
LexA-MPS1 B42-MOB1 100
LexA-MPS1 B42-MOBI1-55 (T85P, Q167R, Y183H) 40
LexA-MPS1 B42-MOBI1-77 (E151K)? 120
LexA-MPS1 B42-MOB1-99 (L157P, A158I) 120
LexA-DBF20 B42-MOB1 7.7
LexA-DBF20 B42-MOBI1-55 (T85P, Q167R, Y183H) <1
LexA-DBF20 B42-MOBI1-77 (E151K)? <1
LexA-DBF20 B42-MOB1-95 (L157P, A158I) <1

“ LexA-DBF2 contains full-length DBF2(1-561), LexA-MPS1 contains full-
length MPS1(1-764), LexA-DBF20 contains full-length DBF20(1-564), and
B42-MOBI fusions contain residues 79 to 314 of MOBI.

? Specific mutations associated with the MOB moieties of the constructs are
given in parentheses; e.g., T85P indicates a substitution of a proline for the
threonine at position 85.

¢ B-Galactosidase (B-Gal) activities represent the average of three to six sep-
arate determinations. The standard error of the mean was less than 15% in each
case. Assays were conducted as described in Table 2. All B42-MOBI fusions
were found to be expressed to comparable levels, as determined by Western
analysis, and the LexA fusions were comparably expressed as well (data not
shown). Assays were conducted in EGY188/EGY191 diploids containing the p34
reporter.

¢ The original mob1-77 temperature-sensitive mutant contained an additional
mutation, N65I, but the E151K alteration is sufficient to make MOBI unable to
fully complement a mobl defect (data not shown).

meric plasmid but in an increase in ploidy when integrated into
the genome (18). As shown in Table 4, the ability of LexA-
DBF?2 to interact with B42-MOB1-77 and B42-MOB1-95 was
reduced 13- and 26-fold, respectively, by the mobl mutations.
In contrast, B42-MOB1-77 and B42-MOB1-95 were unaffect-
ed in their ability to interact with LexA-MPS1. B42-MOB1-55,
which results in both an increase in ploidy and in a late mitotic
block, reduced interaction with LexA-MPS1 by 2.5-fold and
that with LexA-DBF2 by nearly 8-fold. No effect of these
mutated MOBI proteins on CAF1 binding was observed (data
not shown). These results suggest that the late mitotic block
conferred by the mob1-77 and -95 alleles results from defects in
DBF2 binding.

We have also analyzed whether DBF20, a close homolog of
DBF2, can bind wild-type and temperature-sensitive versions
of MOBI. As shown in Table 4, the B-galactosidase values for
the interactions between LexA-DBF20 full-length and B42 fu-
sions of MOBI suggest that LexA-DBF20 can interact with
B42-MOBI but not with mutated versions of MOB1. We per-
formed coimmunoprecipitation experiments with strains con-
taining LexA-DBF20 and versions of B42 fusions with MOB1
to confirm a physical interaction between DBF20 and MOBI.
We observed that B42-MOBI1 coimmunoprecipitated with
LexA-DBF20 (Fig. 7, lane 5) whereas the B42-MOB1-77 and
B42-MOB1-95 fusions failed to bind LexA-DBF20 (lanes 7
and 6, respectively). The B42-MOB1-55 fusion displayed a
decreased ability to bind LexA-DBF20. B42 alone and other
B42 fusions did not coimmunoprecipitate with LexA-DBF20,
and LexA alone did not bind B42-MOBI1 (data not shown).
Taken together, these data suggest that the temperature-sen-
sitive mob1 versions are inactive at the restrictive temperature
due to defects in binding both DBF2 and DBF20.

We tested the ability of these temperature-sensitive mobl
proteins to activate transcription. As shown in Table 5, the
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Crude Extracts  Ip with LexA Ab

B42-MOB1
B42-mob1-95
B42-mob1-77
B42-mob1-55
B42-mob1-95
B42-mob1-77
B42-mob1-55

47 -

) B42-MOBI

- MOB1

|
i

3M4-
A e S lile I men NS

FIG. 7. Coimmunoprecipitation of LexA-DBF20 with B42-MOBI1 and B42-
mobl temperature-sensitive fusions. Extracts from diploid strain EGY188/
EGY191 containing LexA-DBF20 (full length) and either B42-MOB1(79-314)
(lane 1), B42-mob1-95 (lane 2), B42-mob1-77 (lane 3), or B42-mob1-55 (lane 4)
were incubated with LexA antibody, and the resulting immunoprecipitates (Ip)
were subjected to electrophoresis on an SDS-10% polyacrylamide gel. Western
analysis was conducted as described previously (8), and the blot was probed with
HAT antibody. The positions of molecular mass markers (in kilodaltons) are
indicated on the left.

ability of one of the mutants, LexA-MOBI1-77, to activate
transcription was increased by twofold. In contrast, the trans-
activation abilities of LexA-MOBI1-55 and LexA-MOB1-95
were reduced by two- and sevenfold, respectively. These data
indicate that the transactivation activity of temperature-sensi-
tive mob1 proteins does not correlate with their ability to bind
DBF2 or DBF20, in agreement with the previous results indi-
cating that a dbf2 allele does not affect LexA-MOBI transac-
tivation function. Other proteins or interactions appear to be
affected by these mutated MOBI proteins.

The mob1 alleles were analyzed for several CCR4 transcrip-
tionally related phenotypes. Strains containing mobl alleles
were also caffeine sensitive, a phenotype associated with dbf2,
ccr4, and cafl and indicative of a defect in cell wall integrity
(data not shown) (17, 21). However, mobI alleles were not cold
sensitive, nor did they affect the ability of ADH2 to derepress
(data not shown). We also tested the effect of mob1-77 and mob1-
95 alleles on gene expression from several reporter genes,
CYCl-lacZ, FKS1-lacZ, and HO-lacZ, that were affected by
ccrd4 and cafl alleles (16). However, little or no effect of the
mobl alleles on these reporters was observed (data not shown).

DISCUSSION

MOBI1 binds DBF2 and associates with the CCR4 transcrip-
tional complex. In this paper, we report the identification of a
novel protein, MOBI, that interacts with the protein kinase
DBF2. We demonstrated that MOBI is physically associated
with DBF?2 in vivo and that these two proteins can physically
interact in vitro in the absence of other yeast proteins. The

TABLE 5. Transactivation effects of LexA-MOBI variants

LexA fusion® (8}(;21),,
LEXA-MOBL....oioeeeeteeeeeeeeeeeete ettt et eve e et eaeene e eaeeaean 230
LexA-MOBI1-55 (T85P, Q167R, Y183H)...ccovverrureerrrecrerrenenen 100
LeXA-MOBL-77 (E151K) cocrereorreeseeseseessesessesesesseseses e 440
LexA-MOBI1-95 (L157P, A158I) c.ccureueiirrereeeirecrneeceneeneeeseienennes 36

“ Assays were conducted as described in Table 2. All LexA-MOBI fusions
were expressed to comparable levels as determined by Western analysis (data not
shown). LexA-MOBI fusions contain residues 79 to 314 of MOBI1 and were
expressed in EGY188 containing the p34 reporter.

? B-Galactosidase (B-Gal) activities represent the average of the determina-
tions for at least three transformants. The standard error of the mean was less
than 10% in each case except for LexA-MOB1-95, in which it was 21%.
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two-hybrid interaction between MOB1 and DBF2 was similarly
unaffected by deletion of CCR4 or CAF1, two components with
which DBF2 interacts. The ability of GST-MOBI to retain
B42-DBF2 from a yeast extract under conditions in which
CCR4 is not bound is a further indication of a fairly cohesive
association between MOB1 and DBF2 in the absence of other
associated proteins. Similarly, we found that MOBI associated
in vivo and coimmunoprecipitated with DBF20, the DBF2
homolog. This result is not surprising considering the extensive
sequence homology between DBF2 and DBF20 (23).

MOBI not only was capable of binding DBF2 but could
physically interact with CAF1. Moreover, by the two-hybrid
assay, MOB1 was found to interact with four CCR4 complex
components: DBF2, CAF1, CAF16, and CAF17. The CCR4
complex consists of at least two recognizable forms, 1.2 X 10°
and 1.9 X 10° Da in size (16). The smaller core complex con-
sists of CCR4, CAF1, and the five NOT proteins (16). While
we have not been able to demonstrate physical association of
CCR4 and MOBI1, MOBI1 through these described interac-
tions is likely to be a component of the CCR4 transcriptional
complex, although perhaps of the larger complex. The fact that
the LexA-MOBI1 fusion was also able to activate transcription
by itself, a phenotype shared by the LexA-CAF1 and LexA-
CCR4 fusions (8), supports a role for MOBL in transcription.
We do not rule out the possibility, however, that MOBI inter-
acts with only a subset of the proteins of the CCR4 complex
(such as DBF2 and CAF1), separate from the CCR4 complex,
or that MOBI has roles separate from the CCR4 complex, as
in its association with MPS1.

DBF2 acts through MOBI1. The primary phenotype of a
mobl defect is a late mitotic block that is phenotypically very
similar to that observed with dbf2 mutants (18). MOBI mRNA
expression, which is cell cycle regulated, was found to peak
slightly in advance of the peak of DBF2 mRNA expression,
consistent with a role for MOB1 in the late mitotic segment of
the cell cycle. The physical association of MOB1 and DBF2
and their near coexpression during the cell cycle strongly sug-
gest that they function together in regulating late mitosis. Our
genetic analysis of MOB1 and DBF2 further suggests that
MOBI1 executes its function with the help of DBF2. Four
observations support this: (i) overexpression of DBF2 comple-
mented the temperature and caffeine sensitivities of a mobI
mutant allele but not the deletion of mob1, (ii) overexpression
of MOBI suppressed dbf2 defects, (iii) overexpression of
MOBI rescued the lethality caused by deleting both dbf2 and
dbf20, and (iv) a combination of a mobl temperature-sensitive
allele and a dbf2 deletion was lethal. These analyses suggest
that DBF2 regulates a crucial step in telophase through its
interaction with MOBI1. A role for MOBI in late mitosis co-
incident with that of DBF2 is further supported by the obser-
vation that mobl temperature-sensitive alleles were syntheti-
cally lethal with an ltel deletion and with cdc5 and cdcl5
conditional alleles (18). These other genes also function at telo-
phase.

The functional interaction between MOB1 and DBF2 was
further illuminated by our characterization of the mob! tem-
perature-sensitive alleles. Our finding that the proteins encod-
ed by the mobl-77 and -95 alleles displayed weakened inter-
actions with DBF2 and DBF20 suggests that the principal
defect of these mutant alleles is their reduced ability to bind
DBF2 and DBF20. Our model for the interaction between
MOBI1 and DBF?2 states that MOBI1 requires DBF2, and pre-
sumably DBF20, for its function. The observation that overex-
pression of MOB1 can suppress the late mitotic defect caused
by a dbf2 deletion suggests that MOBI1, when present in a
relatively high concentration in the cell, can overcome a late
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mitotic block even without its normal regulator, DBF2. When
only one copy of wild-type MOBI is present in the dbf2 strain,
the dbf2A defect is not lethal, apparently because DBF20 may
partially substitute for DBF2 (23) and interact with MOBI.
This results in a defect in late mitosis but not in lethality. On
the other hand, the mobI temperature-sensitive allele leads to
the same kind of a late mitotic block as observed in a dbf2
strain, since DBF2 would have a weakened ability to bind the
mutated version of MOBI. Similarly, overexpression of DBF2
in a strain with a mobI temperature-sensitive allele overcomes
the late mitotic block because under these conditions, mutated
MOBI protein can bind more of the DBF2 regulator and be
able to perform its normal function. This model also explains
why the mobl temperature-sensitive allele combined with the
dbf2 deletion is lethal: in the absence of DBF2, DBF20 is not
able to bind mutated MOBI1 as well as DBF2 does, and sub-
sequently the defective MOBI protein cannot fulfill its func-
tion. In agreement with this, it was observed in the two-hybrid
system that LexA-DBF20 displays a much weaker interaction
with B42-MOBI than does LexA-DBF2 and that MOBI mu-
tations abrogate this weakened interaction. A couple of other
observations support our model. First, the dbf2 dbf20 double
knockout might be lethal since a single copy of wild-type
MOBI would not be able to function properly if neither DBF2
nor DBF20 could bind and/or regulate it. Second, overexpres-
sion of MOB1 would be able to rescue the dbf2 dbf20 pheno-
type for the same reason that it rescues the dbf2 defect (see
above). In conclusion, this model strongly supports the idea
that DBF2 functions through MOBI and that this interaction
is crucial for the telophase/G, transition.

We also observed that the transactivation activity of the
mutated MOBI proteins does not correlate with their ability to
interact with DBF2. Since MOBI1 appears to function within a
multiprotein complex, the MOB1 defects may result in altered
interactions in addition to those caused by its effects on DBF2.
While our results indicate that MOBI is involved in the regu-
lation of the cell cycle in late mitosis, the level of MOBI
mRNA was found to be significant throughout the entire cell
cycle. This result suggests again that MOB1 may also be in-
volved in other processes. The observations that MOBI inter-
acts with MPS1 and can be phosphorylated by it in vitro sug-
gest that MOBI has other contacts and sites of action.
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