ural site of action. This activity is specific to
Int-6 because Tax does not alter the POD
structure, as shown by examination of PML
localization in the presence of Tax. Further
analyses will determine not only the impor-
tance of the interaction in the onset of
adult T cell leukemia in patients infected
with HTLV-I but also a possible role of

Int-6 in human nonviral cancers.
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Activation of the Budding Yeast Spindle
Assembly Checkpoint Without Mitotic Spindle
Disruption

Kevin G. Hardwick,* Eric Weiss,* Francis C. Luca, Mark Winey,
Andrew W. Murrayf

The spindle assembly checkpoint keeps cells with defective spindles from initiating
chromosome segregation. The protein kinase Mps1 phosphorylates the yeast protein
Mad1p when this checkpoint is activated, and the overexpression of Mps1p induces
modification of Mad1p and arrests wild-type yeast cells in mitosis with morphologically
normal spindles. Spindle assembly checkpoint mutants overexpressing Mps1p pass
through mitosis without delay and can produce viable progeny, which demonstrates that
the arrest of wild-type cells results from inappropriate activation of the checkpoint in cells
whose spindle is fully functional. Ectopic activation of cell-cycle checkpoints might be
used to exploit the differences in checkpoint status between normal and tumor cells and
thus improve the selectivity of chemotherapy.

The spindle assembly checkpoint keeps
cells with spindle defects from segregating
their chromosomes. The defects the check-
point detects include the absence of spindle
microtubules (I, 2), monopolar spindles (3),
and the misalignment of a single chromo-
some on the spindle (4). Mutations in the
budding yeast MAD (mitotic arrest defec-
tive) (2) or BUB (budding uninhibited by
benzimidazole) (I) genes inactivate the
checkpoint and allow cells with defective
spindles to proceed through mitosis. Anoth-

K. G. Hardwick and A. W. Murray, Department of Physi-
ology, University of California, San Francisco, CA 94143-
0444, USA.

E. Weiss, F. C. Luca, M. Winey, Department of Molecular,
Cellular, and Developmental Biology, University of Colo-
rado, Boulder, CO 80309-0347, USA.

*These authors contributed equally to this work.
+To whom correspondence should be addressed.

SCIENCE e VOL.273 e« 16 AUGUST 1996

er checkpoint component, the essential pro-
tein kinase Mpslp (5, 6), has two roles in
the cell cycle; it is required for spindle pole
body duplication in G, (7) and for the spin-
dle assembly checkpoint in mitosis (3). We
found that Mpslp directly phosphorylated
Madlp and that overexpression of Mpslp
constitutively activated the spindle assembly
checkpoint in wild-type cells.

Spindle depolymerization causes hyper-
phosphorylation of Madlp that leads to a
decrease in the protein’s gel mobility during
SDS-polyacrylamide gel electrophoresis
(PAGE) (8). To determine whether spindle
pole body defects also induced this modifi-
cation, we examined the phosphorylation of
Madlp at 37°C in cdc31, mps2, and mpsl
mutants, which are all defective in spindle
pole body duplication (7, 9). The cdc31 and

mps2 mutants, which induce mitotic arrest,
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also cause increased phosphorylation of
Madlp (Fig. 1A). In contrast, no modifica-
tion of Madlp was detected in mpsl cells,
which failed to arrest at restrictive tempera-
tures even when the cells were treated with
nocodazole to induce microtubule depoly-

merization (3). These results link the hyper- -

phosphorylation of Madlp (8) with the role
of Mpslp in the spindle assembly checkpoint
(3) and suggest that modification of Madlp
is an essential step in the activation of the
spindle assembly checkpoint.

To test whether Mpslp directly phos-
phorylates Madlp, we used in vitro kinase
assays with purified components. Active
Mpslp was purified from yeast as a glutathi-
one S-transferase (GST)-Mpslp fusion pro-
tein, and the NH,-terminal third of Madlp
was expressed and purified from Escherichia
coli. Mpslp directly phosphorylated Madlp
(Fig. 1B), and this in vitro phosphorylation
led to reduced mobility of Mad1p, as seen in
vivo upon checkpoint activation (10). It
remains to be determined whether this
modification is required for the activation
of the checkpoint.

To determine whether increasing the ac-
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Fig. 1. Mad1p phosphorylation induced in cells
arrested with monopolar spindles, and by the
Mps1 kinase in vitro. (A) Immunoblot of Madip
and the mitotic cyclin Clb2p in total cell lysates
made from wild-type, mps?, mps2, and cdc31
strains grown at permissive (24°C) and restrictive
(87°C) temperatures. Wild-type and mps1 strains
were grown either in the presence or absence of
the microtubule-destabilizing drugs benomyl and
nocodazole (N). In all conditions where cells were
arrested, Mad1p was phosphorylated and an ac-
cumulation of Clb2p was seen (22). (B) Mps1 ki-
nase autophosphorylated and phosphorylated a
Mad1-GST fusion protein and MBP, but did not
phosphorylate GST, in an in vitro kinase assay
(23).
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tivity of Mpslp would lead to Madlp phos-
phorylation and mitotic arrest in cells
whose spindle was normal, we over-
expressed the MPSI gene by fusing it to the
galactose-inducible GALI-10 promoter.
We exposed cells transformed with this
construct to galactose and monitored their
spindle morphology by both light microsco-
py and electron microscopy (EM). Over-
expression of Mpslp led to a cell-cycle ar-
rest with a G, DNA content. These cells
contained short bipolar spindles whose
length and overall appearance when ob-
served by EM were no different from those
of normal mitotic cells that had not initi-
ated anaphase B (Fig. 2) (I1). Transfer of
the mitotically arrested cells from galactose
to glucose allowed them to complete mito-
sis and produce viable progeny, which
showed that overexpression of Mpslp did
not induce permanent spindle damage.
Overexpression of Mpslp could arrest
the cell cycle by three different mecha-
nisms: (i) activation of the spindle assembly
checkpoint without impairment of spindle
function, (ii) activation of the checkpoint
by induction of spindle defects, or (iii) ac-
tivation of a pathway that does not involve
the checkpoint. To distinguish among these
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possibilities, we overexpressed Mpslp in
wild-type cells and in madl, mad2, mad3,
bubl, bub2, and bub3 mutants and analyzed
cell-cycle progression by pedigree analysis
of individual cells growing on solid medium
or by monitoring cell morphology and the
amount of a mitotic cyclin, ClbZp, in cell
populations in liquid culture. All of the
mutants failed to arrest, which demonstrat-
ed that Mpslp overexpression arrests wild-
type cells by activating the MAD- and
BUB-dependent checkpoint (Fig. 3).

The mad3, bubl, bub2, and bub3 mutants
that overexpressed Mpslp produced viable
progeny. In contrast, madl and mad2 cells
that passed through mitosis with high con-
centrations of Mpslp produced dead proge-
ny (Fig. 3). This lethality may be due to
interference with spindle pole body dupli-
cation: Mpslp overexpression that was tem-
porally restricted so that it did not overlap
with the period of spindle pole body dupli-
cation still induced a mitotic arrest in wild-
type cells but did not induce lethality in
madl or mad2 cells. (12). The viability of
the dividing mad and bub cells shows that
Mpslp overexpression activates the spindle
assembly checkpoint without producing de-
fects that interfere with chromosome segre-

Dextrose medium Galactose medium

A A A A
G, G G, G,

Fig. 2. Cell cycle arrest and spindle morphology in cells overexpressing Mps1p. (A) Overexpression of
Mps1p tagged with the Myc epitope (inset) did not affect mitotic spindle structure as seen in the EM but
did arrest cells with nearly uniform spindle lengths. Anti-Myc denotes the antigen to the Myc protein. (B)
Each bar in graph represents an individual budded cell. (C) Light microscopy of cell populations
overexpressing Mps1p revealed large budded cells, with short spindles as detected by tubulin immu-
nofluorescence (bottom) and unsegregated DNA masses as revealed by 4',6'-diamidino-2-phenylin-
dole staining (top). (D) The DNA content of the galactose-treated cells was 2C (right); untreated cells with
wild-type amounts of Mps1p had a normal distribution of DNA contents (left) (24). Bar, 0.2 um (A) and

5 pm (O).
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Fig. 3. Failure of overexpression of MPS1 to arrest mad and bub strains,
even though Mad1p was hyperphosphorylated. The graphs depict micro-
colony assays (A) and budding index in liquid cultures (B) of the indicated
strains. Certain mutants died as a result of the mitotic divisions [strain viability

gation. Wild-type cells eventually adapt to
continued overexpression of Mpslp and di-
vide and form viable colonies on plates
containing galactose.

To strengthen the correlation between
Madlp modification and activation of the
spindle assembly checkpoint, we analyzed
the modification of Madlp in cells over-
expressing Mpslp. Madlp was hyperphos-
phorylated in wild-type cells and in all of
the mad and bub mutants except madlA
(Fig. 3C). The observation that none of the
known Mad or Bub proteins are required for
Mps1 overexpression to increase phospho-
_ rylation of Madlp in vivo supports the hy-
pothesis that Madlp is a physiological sub-
strate of Mpslp.

In cells with wild-type amounts of
Mpslp, the presence of Bublp and Bub3p is
required for the increased phosphorylation
of Madlp induced by microtubule depoly-
merization (8), which suggests that Bublp
[which has protein kinase activity (13)] and
Bub3p may be required for the activation of
Mpslp. In cells overexpressing Mpslp,
however, Bublp and Bub3p are not needed
for Madlp modification, although they are
required to induce cell-cycle arrest. These
results suggest that the requirements for the
modification of Madlp are complex and
show that the phosphorylation of Madlp
induced by overexpression of Mpslp is not
sufficient to induce cell-cycle arrest. De-
spite these complexities, our results suggest
that Mps1lp may be a physiologically impor-
tant Madlp kinase whose activity is re-
quired to detect a wide variety of spindle
defects.

Many humans and rodent tumors have
defects in cell-cycle checkpoints (14). In-
activation of the p53 tumor suppressor gene
impairs the cell’s ability to prevent the on-
set of DNA replication when DNA damage
occurs and increases genetic instability
(15). Loss of p53 function also impairs the

Time after release from

G4 arrest (min)

spindle assembly checkpoint (16) and the
normal regulation of centrosome duplica-
tion (17). These observations indicate that,
like Mpsl1p, the p53 protein may participate
in both control of microtubule organizing
center duplication and the checkpoint that
assesses spindle function.

We have shown that a genetic manip-
ulation of a cell-cycle checkpoint, the
overexpression of Mpslp, can arrest un-
damaged wild-type cells but not check-
point-defective cells. This finding has po-
tential therapeutic applications. Constitu-
tively activating a checkpoint could arrest
normal cells and allow selective killing of
checkpoint-defective tumor cells by cytotox-
ic treatments that kill cells passing through
the cell cycle. Constitutive activation of
checkpoint components could kill certain
checkpoint defective mutants, much as
Mpslp overexpression kills the madl and
mad2 mutants.
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Cells were grown in rich growth medium [yeast ex-
tract, peptone, and dextrose (YPD)] for 3 hours at
the indicated temperatures (Fig. 1). Nocodazole was
used at 20 pg/ml in combination with benomyl at 30
pg/ml. Both drugs were necessary to maintain the
arrest in wild-type cells at 37°C. Cell lysates were
prepared, and immunoblotting was done as de-
scribed (8). Strains are wild type (KH146), mps1-1
(WX241-2b), mps2-1 (WX178-3c), and cdc37-2
(ELWB5-9b). The cdc31 cells exhibited delayed mi-
tosis even when grown at 24°C.

Mps1p was purified as a GST-fusion protein from
yeast cells (6), and the GST was removed by cleav-
age with thrombin (78). Mad1-GST fusion proteins
were purified and dialyzed as described (8). Kinase
reaction conditions were as described (6) with the
addition of approximately 18 nM GST-Mad1p, GST,
or myclin basic protein (MBP). All substrates were
present in Coomassie blue-stainable quantities. This
Mad1-GST fusion contained residues 27 through
310 of Mad1p. A COOH-terminal fragment of Mad1p
(residues 593 through 749) was also phosphorylated
in this assay (12).

Mps1p overexpression was achieved by placing the
MPS1 gene behind the GAL10 promoter on a 2-um
plasmid (Fig. 2A). A single myc epitope was inserted
with custom oligonucleotides into a Not | site that had
been engineered by inserting linkers into a Hinc Il site
that follows the second codon of the MPS 1 open read-
ing frame. To create pELW325 [2 wm, LEU2, GAL10-
NmycMPS1], we inserted the NH,-terminally myc-
tagged MPS1 gene in an Afl Ill to Swa | fragment into
pNZ2 digested with Nco | and Sma I. The pELW325
was then transformed into yeast strain BJ2168, and
galactose-driven overexpression of Mps1p was con-
firmed by immunobilotting with the 9E10 antibody (79)
(Fig. 2A, inset). Cells (ELW175) grown in medium
containing 2% raffinose or exposed to 3% galac-
tose for 6 hours were prepared for EM (20) and
viewed on a Philips CM10 microscope (Mahwah,
NJ). Spindle lengths were measured from spindle
pole body to spindle pole body directly on the neg-
atives from the EM and corrected for magnification
(Fig. 2B). Several spindles traversed serial sections
and required spindle length correction for section
thickness (70 to 80 nm) by triangulation. KH135
cells (which contain pAFS120, a GAL7-Nmyc-
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MPS1 integration construct made by polymerase
chain reaction to introduce Xho | and Eco Rl sites
at either end of the NmycMPS1 fragment, allowing
it to be subcloned into pDK20) were grown over-
night in yeast-extract peptone ( YEP) containing 2%
raffinose, arrested by exposure to 4% galactose
for & hours, and prepared for immunofluorescence
as described (Fig. 2C) (8). ELW200 cells (integrated
GAL1-NmycMPS1) were grown in YEP containing
2% dextrose or shifted into YEP with 3% galactose
for 6 hours and prepared for flow cytometry
as described (Fig. 2D) (27). The DNA stained by
propidium iodide in 5000 cells per sample was
detected on a Becton Dickinson FACScan flow
cytometer.

Unbudded cells containing integrated copies of
GAL-MPS1 were picked individually and placed on
slabs containing 4% galactose (Fig. 3A). The cells
were grown-at 30°C, and the number of cells that
had divided and rebudded were counted at the times

25.

shown. Each point is an average from at least 50
cells. Strains are wild type (KH153), mad1A.1
(KH185), mad2-1 (KH157), mad3-2 (KH150), bub1A
(KH161), bub2-1 (KH163), and bub3A (KH165).
Cells of the strains listed above were grown in YEP
with 2% raffinose to mid-log phase, collected, and
incubated in fresh medium for 90 min with the addi-
tion of alpha factor to a final concentration of 10 wWM.
The cells were collected and resuspended in YEP
containing 2% raffinose, 10 wM alpha factor, and 3%
galactose and incubated for 2 hours. Finally, cells
were collected, rinsed once in medium without alpha
factor, and released into YEP containing 2% raffin-
ose and 3% galactose. Timing began at the release
from mating factor arrest, and samples were taken
every 20 min. Cells were fixed with 70% ethanol and
examined microscopically to determine the fraction
of large budded cells as described (3). Cells of the
previously mentioned strains were grown overnight
in YEP with 4% raffinose and then galactose was

Regulation of Cardiac Na*,Ca?* Exchange and
K,rp Potassium Channels by PIP,,

Donald 'W. Hilgemann* and Rebecca Ball

Cardiac Na*,Ca?* exchange is activated by a mechanism that requires hydrolysis of
adenosine triphosphate (ATP) but is not mediated by protein kinases. In giant cardiac
-membrane patches, ATP acted to generate phosphatidylinositol-4,5-bisphosphate
(PIP,) from phosphatidylinositol (Pl). The action of ATP was abolished by a Pl-specific
phospholipase C (PLC) and recovered after addition of exogenous PI; it was reversed
by a PIP,-specific PLC; and it was mimicked by exogenous PIP,. High concentrations
of free Ca2* (5 to 20 wM) accelerated reversal of the ATP effect, and PLC activity in
myocyte membranes was activated with a similar Ca®* dependence. Aluminum reversed
the ATP effect by binding with high affinity to PIP,. ATP-inhibited potassium channels
(Korr) Were also sensitive to PIP,, whereas Na*,K*™ pumps and Na* channels were not.
Thus, PIP, may be an important regulator of both ion transporters and channels.

Cardiac Na*,Ca?* exchange activity can
be enhanced by several acidic lipids (1, 2)
that may occur in' domains in cell mem-
branes (3). In cardiac membrane patches
treated with ATP, acidic lipids are generated
on the cytoplasmic side of the membrane in
parallel with a stimulation of Na*,Ca?" ex-
change current (2, 4). The underlying mech-
anism might be (i) an ATP-dependent trans-
port of phosphatidylserine (PS) from the
extracellular to the cytoplasmic side by an
amino phospholipid “flippase” (5), (ii) the
phosphorylation of diacylglycerol (DAG) to
form phosphatidic acid (PA) (6), or (iii) the
phosphorylation of PI to form PIP and PIP,
(7). We used specific phospholipases and
phospholipid vesicles to modify the lipid
composition of giant cardiac membrane
patches (8) and determined that the major
mechanism is the generation of PIP, from PI.
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Qutward Na*,Ca?" exchange current
was increased by addition of Mg-ATP to
the cytoplasmic side of inside-out giant car-
diac membrane patches (Fig. 1A) (9). The
current was first activated by application of
90 mM Na* to the cytoplasmic side of the
patch with 2 mM extracellular (pipette)
Ca®*. With the free cytoplasmic Ca?* con-
centration used (0.5 pM) the current inac-
tivated (decreased) by about 80% over 15s.
Subsequent application of Mg-ATP (2
mM) for 40 s increased the current sixfold,
and after ATP was removed the current
remained stimulated for 100 s, after which it
was turned off by removal of Na*.

The record in Fig. 1A is a control exper-
iment from a randomized series of patches,
one-half of which were treated for 4 min
with a phospholipase C that specifically hy-
drolyzes PI (PI-PLC) (10). The PI-PLC
treatment (0.6 U/ml) did not significantly
decrease the current before application of
ATP (11) (Fig. 1B), and PI-PLC had no
effect after the current had been stimulated
by ATP (12). However, the treatment de-
creased the ATP effect by 96% (P < 0.001).
PIP, (50 wM) strongly activated the ex-
16 AUGUST 1996
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added to a final concentration of 4%. Samples were
taken after 3 and 6 hours of growth at 30°C. Control
(0) cells were grown for 3 hours in dextrose (Fig. 3C).
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change current, although ATP did not (Fig.
1B). Pure PI vesicles (0.3 mM) were applied
for 60 s to other treated patches that failed
to respond to ATP (Fig. 1C). PI had no
effect by itself, but it restored the capacity of
ATP to stimulate the exchange current.
The effect of ATP was reversed by a
recombinant PIP,-specific phospholipase
C, PLC-B1, that is fully activated by 0.5
uM free Ca?" under standard assay condi-
tions (Fig. 2A) (13). This PLC-B1 was his-
tidine-tagged, expressed in Sf9 cells, puri-
fied by Ni’*-chelate affinity chromatogra-
phy, and dialyzed against the solution used
in the experiments. Reversal of the ATP
effect after ATP removal was very slow (Fig.
2A). However, upon application of PLC-B1
(0.2 mg ml™! with a maximal specific ac-
tivity of 100 wmol min~! mg™!), the cur-
rent declined to its original value within
40's (in three similar experiments). PLC-B1
had no effect when it was applied to patches
in which the exchange current had been
stimulated by PS rather than ATP (12). .
High concentrations of cytoplasmic free
Ca?" induced a fast reversal of the ATP
effect, probably mediated by an endogenous
Ca?"-dependent PLC (Fig. 2B). After ATP
was applied and removed, 20 pM free Ca?™*
was applied. At first, the exchange current
was slightly stimulated because cytoplasmic
Ca’™" activates the exchanger by an intrinsic
regulatory mechanism (14). Thereafter, the
exchange current declined rapidly over 30's,
and it declined to below its original level
when free Ca’?™" was reduced back to 0.5 uM
(15). To determine the Ca?* dependence of
endogenous cardiac membrane-associated
PLC, a crude membrane fraction was pre-
pared from guinea-pig myocytes, and PLC
activity was measured as inositol trisphos-
phate (IP;) released from exogenous vesicles
containing [*HJPIP, (16). The PLC activity
of the cardiac membranes was slightly acti-
vated with 0.5 pM free Ca’?* and was max-
imally activated with 20 pM free Ca?™" (Fig.
2C), which correlates with the ability of 20
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