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High Dosage of Roklp, a Putative ATP-dependent
RNA Helicase, Leads to a Cell Cycle Arrest at
G1/S Stage in Saccharomyces cerevisiae
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The ROKI gene encodes a putative ATP-dependent RNA helicase which is essential for mitotic
cell growth. ROKI has been thought to affect microtubule and spindle pole body (SPB) func-
tions in Saccharomyces cerevisiae. To investigate the intracellular functions of ROKI1, we varied
the Rokl protein dosage in a cell and analyzed its phenotypic effects. Overexpression of the
ROK1 gene by using a strong GALI promoter was lethal, leading cells to arrest at the unbudded
stage. This arrest phenotype is very similar to that of the rokl null mutation. Indirect im-
munofluorescence revealed that the majority of arrested cells contained a single SPB. Normal
development of microtubules between the duplicated SPBs was rarely observed. Multinuclear
cells with abnormal microtubule array were detected in small fraction. Taken together with the
phenotype of the rok1 null mutation, these results imply that ROKI is required for cell cycle pro-

gression at the G1/S stage.
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In the yeast Saccharomyces cerevisiae, the spindle
pole body (SPB) functions as a microtubule or-
ganizing center in a manner analogous to the cen-
trosomes in higher eukaryotes (4, 5). Microtubules
eminating from the SPB participate in mitosis,
meiosis, and nuclear movements (11). The SPB is a
discrete layered-structure embedded in the nuclear
envelope and undergoes dramatic alterations in la-
teral size during the cell division cycle. During the G
1/S stage, the SPB makes a new copy of itself which
is connected via a bridge. The duplicated SPBs re-
main attached in a side-by-side configuration until
the completion of the S phase. The SPBs then mi-
grate away from one another, locating themselves on
opposite sides of the nucleus. Discontinuous mi-
crotubule spindles develop between the two SPBs.

In S. cerevisiae, progression through the cell cycle
transitions requires CDC28 kinase in association
with G1 or G2 cyclins, regulatory molecules syn-
thesized transiently at the G1 or G2 stages of the
cell eycle (10, 27, 35). The cell cycle regulatory ma-
chinery controls not only the periodicity of DNA re-
plication and chromosome segregation but also
SPB duplication (10, 30). The major class of cdc28
mutations causes arrest at an early stage of SPB
duplication (4, 5). SPB segregation has been re-
ported to require dephosphorylation of the Cdc28
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protein (23). A component protein of the SPB, Spc
110p, is phosphorylated in a cell cycle-dependent
manner (7, 16). These data have suggested that
the well defined cascade of cyclin activation of Cdk
kinase activities may play an important role in the
regulation of SPB duplication and spindle forma-
tion.

The ROKI1 gene was identified as a high-copy
suppressor of the keml null mutation (19). The
KEM1 gene has been reported to affect microtubule
and spindle pole body functions during conjugation
and mitotic cell growth (17, 18). This suggestion is
based on a number of phenotypes of keml muta-
tions including hypersensitivity to microtubule-de-
polymerizing drug benomyl, chromosome loss, and
defects in SPB duplication or nuclear fusion. We ex-
pect that the ROK1 gene also affects microtubule
and spindle pole body functions in a manner similar
or related to those of KEM1.

The amino acid sequence of the Rokl protein con-
tains highly conserved domains found in the DEAD
(Asp-Glu-Ala-Asp) protein family of ATP-dependent
RNA helicases (24, 32, 34). Substitution of the first
aspartic acid in the DEAD domain with glutamate
(EEAD) was shown to be lethal to cells, suggesting
that the RNA helicase domains contribute to the es-
sential ROKI functions (14). The Rokl protein ex-
pressed and purified in Escherichia coli exhibited
both the ATP hydrolysis and RNA unwinding ac-
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tivities (to be published elsewhere). In our present
study, the question to be addressed was how the
Rokl protein with RNA helicase activity is related
to microtubule or spindle pole body mediated pro-
cesses. The ROKI gene had already been shown to
be essential for mitotic cell growth (34). We pre-
sent here results which suggest the possible func-
tions of ROKI in cell cycle progression.

Materials and Methods

Strains and media

The bacterial strain used for plasmid propaga-
tion was E. coli JM109 (recAl supE44 endAl hsdR
17 gyrA96 relAl thiA(lac-proAB) F'[traD36 proAB+
lacl’ lacZAM15]). S. cerevisiae strain F808 (MATa
ura3-52 leu2-3,112 his4-519 adel-100 GAL') was
used for overexpression of ROKI.

Bacterial media were made as described by Sam-
brook et al. (31). Yeast media were essentially as des-
cribed by Sherman et al. (33). SC-Ura media con-
sisted of yeast nitrogen base with all amino acids
added except uracil. Galactose media contained 2%
galactose instead of glucose. For growth prior to in-
duction in galactose, a mixture of 2.5% ethanol and
2.5% glycerol was used. For galactose induction,
galactose was added directly to this medium.

Transformation and DNA manipulation tech-
niques

Yeast transformation was carried out by the lithi-
um acetate method developed by Ito et al. (13) us-
ing 50 ug of sonicated calf thymus DNA (Sigma.)
per transformation as carrier. E. coli transfor-
mation was performed by the calcium chloride pro-
cedure of Mandel and Higa (26). Rapid isolation of
plasmid DNA was done by the modified alkaline
lysis method (31). Restriction endonuclease analy-
sis and agarose gel electrophoresis were carried
out as described in Sambrook et al. (31).

Plasmid constructions

Plasmids pJI219 and pJI220 contained the GAL
1::ROK1 fusion genes. Plasmid pJI219 was con-
structed by isolating the Ncol-Sphl fragment of
ROK1 from plasmid pJI216 and inserting it into
the BamHI and Sphl sites of plasmid CGS109.
CGS109 carries the EcoRI-BamHI fragment of the
GAL1 promoter sequence on a 2 u-based high-copy
plasmid. In plasmid pJI219, the GAL1 promoter se-
quence resides right in front of the ATG initiation
codon of ROK1. Plasmid pJI220 was constructed by
isolating the EcoRI-Sphl fragment from pdJI219
and inserting it into the EcoRI and Sphl sites of
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plasmid YCp50.

Protein preparation and western blot

Total yeast protein was obtained by trichloro-
acetic acid precipitation as described by Oashi et al.
(28). Protein extracts were separated by SDS-
PAGE and electrophoretically transferred to nitro-
cellulose sheets using Semi-dry transfer set (Hoe-
ffer, TE70). Immunoblots were blocked for 2 h with
a solution containing 5% instant nonfat milk and
0.2% Tween 20 in TBS (150 mM NaCl, 50 mM Tris-
HCIL, pH 7.5, 0.5% sodium azide). Rokl antiserum
was added (1:1000 dilution) and incubated for 4 h.
Rinsed blots were incubated for 2 h with an anti-
rabbit IgG conjugated to horseradish peroxidase
(Bio-Rad, 1:2500 dilution) and subsequently in-
cubated in a solution of 0.018% 4-chloro-1-naphtal
and 30% H,0, for 10 min (9).

Indirect immunofluorescence

Indirect immunofluorescence using formaldehyde
fixation of intact cells was performed by the
method of Adams and Pringle (1) with a few mod-
ifications (20). Rat anti-tubulin antibodies (YOL1/
40) were used at a 1:50 dilution. Rhodamine-con-
jugated anti-rat IgG (KDL) as secondary antibody
was used at a 1:500 or 1:1,000 dilution.

Results and Discussion

Cell lethality caused by the ROKI overexpres-
sion

To investigate the intracellular functions of the
ROK1 gene, we varied the Rokl protein dosage in
a cell and analyzed its phenotypic effects. As
shown in Fig. 1A, the GALI::ROKI fusion gene
constructed and put on either a high-copy number
vector (pJI219) or a single-copy number vector
(pJI220). The GALI::ROKI fusion gene expresses
ROK1 under the control of a strong GALI pro-
moter. Plasmid pSH70 is a high copy number
ROK1 plasmid (19). Growth patterns of Gal® yeast
strains harboring each of these plasmids were com-
pared on a galactose containing medium. As
shown in Fig. 1B, the strain with pJI1219 showed
lethality on the galactose plate, indicating that
the overexpression of ROKI is toxic to yeast cells.
The strains carrying either plasmid pJI220 or
plasmid pSH70 grew well on the galactose medi-
um. The Rokl polypeptides synthesized in these
strains were analyzed by Western blot using anti-
Rok1 antiserum (Fig. 2). Protein bands with an es-
timated molecular mass of 64 kDa were detected
in whole cell lysate. After 12 h of induction in the
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Fig. 1. Lethality caused by overexpression of ROKI. (A) Struc-
tures of the ROKI gene dosage plasmids. (B) Growth of the
transformants carrying each plasmid on glucose or galactose
plates.

galactose containing medium, the Rok1 protein lev-
el in the strain with pJ1219 was highly increased.
The amounts of Rokl protein in the strains with
pdI1220 and pSH70 were similar to each other but
much lower than that of pJ1219. These results in-
dicate that the amount of Rokl protein in the cell
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Fig. 2. Overproduction of Roklp analyzed by SDS-PAGE (A)
and Western blot (B). Lane 1, yeast total protein from a
strain carrying pJI1219; lane 2, pJ1220; lane 3, pSH70.

is critical for cell viability.
The toxic effects of Roklp overproduction were ir-
reversible. When cultures of 6 h or 12 h induction
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Fig. 3. Cell cycle arrest phenotype caused by overexpression
of ROK1. (A) The distribution of cells in strains carrying
plasmid CGS109, pSH70, or pJI219 was calculated after 6 h
induction in galactose. (B) 30 h induction in galactose. more
than 300 cells were counted for each strain, and the per-
centage of each type of cell is shown. The pictures above the
graph represent the following: 1, unbudded cells; 2, tiny-budd-
ed cells; 3, small-budded cells; 4, large-budded cells.
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were plated on repressing glucose containing medi-
um, only 11% or 9% of the cells, respectively, sur-
vived (data not shown).

As with the Rokl protein, overproduction of cy-
toskeletal elements or their regulatory components
was shown to be toxic for yeast cells (25). Cy-
toskeletons are dynamic macromolecular assem-
blies of protein present in a fairly constant stoichio-
metric ratio. The assembly is a fairly ordered pro-
cess and is determined by the affinity and con-
centration of the subunits present. Therefore, cells
might be particularly sensitive to the overexpre-
ssion of genes encoding these structural compo-
nents. In agreement with this concept, the screen-
ing of a GALI-regulated yeast cDNA expression li-
brary for genes whose overexpression causes lethal-
ity in yeast detected 15 clones including ACTI
(actins), TUBI (tubulin), and ABP1 (actin-binding
protein) (25). In subsequent reports, the overex-
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pressions of the most of the SPB components (Kar
1p, Spc42p, Spc97p, SpcI8p, Dsk2p, etc.) were
shown to be toxic (3, 6, 8, 21, 29, 30). All these re-
ports support our expectation that the ROKI gene
also affects microtubule and spindle pole body func-
tions.

ROKI1 is required for cell cycle progression at
G1/S stage

To carefully assess the growth defects associated
with ROK1 overexpression, the cell cycle arrest phe-
notype was examined after induction with galactose.
Cells from strains harboring ROKI-dosage plasmids
were grown to early logarithmic phase in ethanol/gly-
cerol media. Galactose was added to half of the cul-
ture. After 30 h, the culture consisted of a homo-
geneous collection of cells with a unique cell division
cycle morphology. Greater than 90% of the cells
were arrested at the unbudded stage (Fig. 3). This

Fig. 4. Indirect immunofluorescence of ROKI verexpression strain. Yeast strain F808 harboring ROKI overexpression
plasmid, pJI1219, (A-B, D-E, G-H) or control plasmid CGS109 (C, F, I) was grown in galactose for 12 h and fixed for indirect
immunofluorescence. Fixed cells were stained with DAPI (D, E, F) and anti-tubulin antibody (G, H, I).
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arrest phenotype is very similar to that of the rokl
null mutation (14, 34).

To determine if the arrest phenotype of ROKI
overexpression was due to a defect in SPB du-
plication, cells grown in galactose were processed
for indirect immunofluorescence. Staining with an-
ti-tubulin antibodies revealed that the majority of
arrested cells had a single SPB or duplicated but
unseparated SPBs (Fig. 4, G and H). Normal de-
velopment of microtubules between the duplicated
SPBs was rarely observed. Multinuclear cells with
abnormal microtubule array were detected in small
fraction (Fig. 4, G). Taken together with the pheno-
type of the rokl null mutation, these results imply
that ROK1 is required for cell cycle progression at
the G1/S stage. Whether the defect is in SPB du-
plication or separation of duplicated SPBs could be
answered by serial section EM.

The KEM1 gene has also been known to affect
SPB duplication/separation (12, 17). kemI null mu-
tants have shown increased populations of un-
budded cells with a single SPB or duplicated/but
unseparated SPBs. We report here that ROKI, a
high-copy suppressor gene of the keml null mu-
tation, affects the processes related to KEMI in the
yeast cell division cycle. The Keml protein has
been reported to be a microtubule-associated pro-
tein (12). There are also a number of results sug-
gesting that the Keml protein exerts a cytoplasmic
exoribonuclease with possible roles in mRNA tur-
nover (2, 15, 22). We suspect that the functions of
KEM1 could be rather specific to SPB components
under certain conditions instead of just serving as
a general exoribonuclease. Since the Rokl protein
is considered to be an ATP-dependent RNA hel-
icase which unwinds double strand RNA, the Rokl
protein could also participate in KEMI-mediated
processes. Taken together, we can postulate that
both ROK1 and KEM1 affect SPB duplication at
the G./S stage of the cell cycle by regulating SPB
specific gene expression.

Acknowledgments

This work was supported by the Genetic En-
gineering Research Grant from the Ministry of Edu-
cation, Korea in 1995.

References

1. Adams, A.E.M. and J.R. Pringle. 1984. Relationship of
actin and tubulin distribution to bud growth in wild-type
and morphogenetic mutant Saccharomyces cerevisiae. J.
Cell Biol. 98, 934-945.

2. Beelman, C. and R. Parker. 1995. Degradation of

Cell Cycle Arrest Caused by High Dosage of Roklp, an ATP-dependent RNA Helicase

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

143

mRNA in eukaryotes. Cell 81, 179-183.

. Biggins, S., I. Ivanovska, and M.D. Rose. 1996. Yeast

ubiquitin-like genes are involved in duplication of the mi-
crotubule organizing center. J. Cell Biol. 133, 1331-1346.

. Byers, B. and L. Goetsch. 1974. Duplication of spindle

plaques and integration of the yeast cell cycle. Cold
Spring Harbor Symp. Quant. Biol. 38, 123-131.

. Byers, B. and L. Goetsch. 1975. The behavior of spin-

dles and spindle plaques in the cell cycle and con-
jugation of Saccharomyces cerevisiae J. Bacteriol. 124,
511-523.

. Donaldson, A.D. and J.V. Kilmartin. 1996. Spc42p: A

phosphorylated component of the S. cerevisice spindle
pole body (SPB) with an essential function during SPB
duplication. J. Cell Biol. 132, 887-901.

. Friedman, D.B., HA. Sundberg, E.Y. Huang, and T.N.

Davis. 1996. The 110-kD spindle pole body component of
Saccharomyces cerevisiae is a phosphoprotein that is mod-
ified in a cell cycle-dependent manner. J. Cell Biol. 132,
903-914.

. Geissler, S., G. Pereira, A. Spang, M. Knop, S.

Soues, J. Kilmartin, and E. Schiebel. 1996. The spin-
dle pole body component Spc98p interacts with the y-tu-
bulin-like Tub4p of Saccharomyces cerevisiae at the sites
of microtubule attachment. EMBO J. 15, 3899-3911.

. Halows, E. and D. Lane. 1988. Antibodies: A la-

boratory manual, Cold Spring Harbor Laboratory, N. Y.
Hartwell, L.H. and M.B. Kastan. 1994. Cell cycle con-
trol and cancer. Science 266, 1821-1828.

Huffaker, T.C., M.A. Hoyt, and D. Botstein. 1987.
Genetic analysis of the yeast cytoskeleton. Ann. Rev.
Genetics 21, 259-284.

Interthal, H., C. Bellocq, J. Bahler, V.I. Bashkirov,
S. Edelstein, and W.-D. Heyer. 1995. A role of Sepl (=
Kem1) as a microtubule-associated protein in S. cerev-
isiaze. EMBO J. 14, 1057-1066.

Ito, H., Y. Fukuda, K. Murata, and A. Kimura. 1983.
Transformation of intact yeast cells treated with alkali
cation. J. Bacteriol. 153, 163-168.

Jeong, H.S., Y.S. Lee, and J. Kim. 1996. Mutational
analysis on the RNA helicase domain of the yeast ROK1
gene. Mol. Cells 6, 547-551.

Johnson, A. 1997. Ratlp and Xrnlp are functionally in-
terchangeable exoribonucleases that are restricted to
and required in the nucleus and cytoplasm, respectively.
Mol. Cell. Biol. 17, 6122-6130.

Kilmartin, J.V., S.L. Dyos, D. Kershaw, and J.T.
Finch. 1993. A spacer protein in the Saccharomyces
cerevisiae spindle pole body whose transcription is cell cy-
cle-regulated. J. Cell Biol. 123, 1175-1184.

Kim, J. 1988. Genes controlling conjugation and mitotic
cell division in yeast Saccharomyces cerevisiae. Ph.D.
Thesis, Massachusetts Institute of Technology, Cam-
bridge.

Kim, J., P.O. Ljungdahl, and G.R. Fink. 1990. kem
mutations affect nuclear fusion in Saccharomyces cerev-
isiae. Genetics 126, 799-812. -
Kim, 8. and J. Kim. 1992. Studies on KEMI gene con-
trolling mitotic cell division in yeast: Molecular cloning
of high copy suppressor (ROK1) of keml. Kor. J. Mi-
crobiol. 30, 37-41.



144

20.

21.

22.

23.

24.

25.

26.

Jeong et al.

Kim, J. and G.R. Fink. 1994. Localization of a KEM1.:
lacZ fusion protein in yeast cells. Kor. J. Microbiol. 32,
12-19.

Knop, M., G. Pereira, S. Geissler, K. Grein, and E.
Schiebel. 1997. The spindle pole body component Spc
97p interacts with the y-tubulin of Saccharomyces cerev-
isiae and functions in microtubule organization and spin-
dle pole body duplication. EMBO J. 16, 1550-1564.
Larimer, F.W., C.L. Hsu, M.K. Maupin, and A. Ste-
vens. 1992. Characterization of the XRNI gene encoding
a 5'-3' exoribonuclease: sequence data and analysis of dis-
partate protein and mRNA levels of gene-disrupted yeast
cells. Gene 120, 51-57.

Lim, HW.,, P.-Y. Goh, and U. Surana. 1996. Spindle
pole body separation in Saccharomyces cerevisiae re-
quires dephosphorylation of the tyrosine 19 residue of
Cdc28. Mol. Cell. Biol. 16, 6385-6397.

Linder, P., P.F. Lasko, M. Ashburner, P. Leroy, P.J.
Nielsem, K. Nishi, J. Schnier, and P.P. Slonimski.
1989. Birth of the D-E-A-D box. Nature 837, 121-122.
Liu, H., J. Krizek, and A. Bretscher. 1992. Con-
struction of a GALI-regulated yeast cDNA expression li-
brary and its application to the identification of genes
whose overexpression causes lethality in yeast. Genetics
132, 665-673.

Mandel, M. and A. Higa. 1970. Calcium dependent bac-
teriophage DNA infection. JJ. Mol. Biol. 53, 159-162.

27.

28.

29.

30.

31.

32.

33.

34.

35.

J. Microbiol.

Nasmyth, K. 1993. Control of the yeast cell cycle by the
Cdc28 protein kinase. Curr. Opinions Cell Biol. 5, 166-
179.

Oashi, A,, J. Gibson, 1. Gregor, and G. Schatz. 1982.
Import of proteins into mitochondria. J. Biol. Chem. 257,
13042-13047.

Rose, M.D. and G.R. Fink. 1987. KAR1, a gene requi-
red for function of both intranuclear and extranuclear
microtubules in yeast. Cell 48, 1047-1060.

Rose, M.D., S. Biggins, and L.L. Satterwhite. 1993.
Unravelling the tangled web at the microtubule-orga-
nizing center. Curr. Opinions Cell Biol. 5, 105-115.
Sambrook, J., E.F. Fritsch, and T. Maniatis. 1989.
Molecular Cloning 2nd Ed, Cold Spring Harbor La-
boratory, Cold Spring Harbor, N.Y.

Schmid, S.R. and P. Linder. 1992. D-E-A-D protein
family of putative helicase. Mol. Microbiol. 6, 283-292.
Sherman, F.G., G.R. Fink, and C.W. Lawrence. 1979.
Methods in Yeast Genetics, Cold Spring Harbor La-
boratory, Cold Spring Harbor, N.Y.

Song, Y., S. Kim, and J. Kim. 1995. ROK1, a high copy
plasmid suppressor of keml, encodes a putative ATP-de-
pendent RNA helicase in S. cerevisiae. Gene 166, 151-154.
Surana, U., H. Robitsch, C. Price, T. Schuster, I.
Fitch, A.B. Futcher, and K. Nasmyth. 1991. The role
of CDC28 and cyclins during mitosis in the budding
yeast S. cerevisiae. Cell 65, 145-161.





