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contained Cdc28, with and without overexpressed native
human Cdc2.

Figure 7a shows that coexpression of Cdc2 did not res-
cue Cdi1-dependent growth inhibition. The Cdi1-C140S
mutant did not cause growth inhibition, whether it was
expressed alone or together with Cdc2 (Figure 7a). Unex-
pectedly, coexpression of Cdc2 with wild-type Cdit in-
creased the severity of the Cdi1-dependent growth inhibi-
tion by about 2-fold (Figure 7a). These experiments
suggest three conclusions. First, because expression of
excess Cdc2 does not rescue Cdi1 growth retardation,
they suggest that this growth inhibition cannot be ex-
plained by simple sequestration of Cdc28 into nonfunc-
tional complexes. Second, because Cdi1-dependent growth
inhibition is strictly dependent on the phosphatase activity
of Cdi, these results suggest that the inhibition is due to
dephosphorylation of Cdi1 substrate(s). Finally, because
Cdi1-dependent growth inhibition is heightened by coex-
pression of Cdc2, these results suggest a functional ge-
netic interaction between Cdi1 and Cdc2 in addition to the
physical interaction.

Cdi1 Activity In Vitro

We considered two explanations for the genetic interaction
between Cdi1 and Cdks suggested by the yeast coexpres-
sion experiments. First, just as Cdc2 is reported to phos-
phorylate Cdc25 and increase its phosphatase activity
(Hoffman et al., 1993), we thought that Cdc2 might phos-
phorylate Cdi1 and increase its activity. We thus tested
whether known Cdks could phosphorylate Cdi1 in vitro.
We found that neither Cdc2 nor Cdk2 complexes isolated
from Hel a cells nor cyclin B1-Cdk2 complexes reconstitu-
ted from pure proteins expressed in Sf9 cells (a gift of
B. Gabrielli and H. Piwnica-Worms) could phosphorylate
GST-Cdi1, although these complexes phosphorylated
histone H1 (data not shown). Second, we asked whether
Cdi1 activated Cdks. For this purpose we used a cyclin
B1-Cdk2 complex phosphorylated in vitro on Tyr-15 by
the human Wee1 tyrosine kinase (a gift of B. Gabrielli and
H. Piwnica-Worms). Treatment of this complex with GST-
Cdi1 did not increase its histone H1 kinase activity, while
treatment with GST-Cdc25C did (data not shown). This
suggested that Cdi1 is unable to remove the inhibitory
phosphate from Tyr-15 and to activate the kinase. Thus,
although Cdi1 phosphatase and Cdks interact, these re-
sults suggest that neither protein is a substrate for the
other.

Cdi1 Interaction with Cdks in Yeast

Since Cdi1 is normally expressed during G1 and its over-
expression retards the G1 to S transition, it seemed possi-
ble that it might normally form complexes with Cdks other
than Cdc2. To determine which Cdks might be Cdi1 part-
ners, we used the interaction trap to measure the ability
of Cdit to interact with a panel of different bait proteins.
This panel included LexA derivatives of Cdc2 proteins
from yeast (Lorincz and Reed, 1984), humans (Lee and
Nurse, 1987), and flies (Jimenez et al., 1990; Lehner
and O'Farrell, 1990), LexA derivatives of human Cdk2

(Elledge and Spotswood, 1991; Tsai etal., 1991) and Cdk3
(Meyerson et al., 1992), and LexA derivatives of the less
closely related human Cdk4 (Hanks, 1987) and yeast Fus3
(Elion et al., 1990).

Table 1 shows that activation-tagged Cdi1 stimulated
transcription from these baits to different levels: Cdi1 acti-
vated strongly in strains that contained the human Cdc2
bait against which it was selected, less strongly in strains
that contained S. cerevisiae Cdc28, human Cdk2, or hu-
man Cdka3 baits, and only weakly in strains that contained
DmCdc2, one of the two Drosophila Cdc2 homologs. In
strains that contained human Cdk4, DmCdc2c, or Fus3
baits, Cdi1 did not activate at all (Table 1). All kinases with
which Cdi1 interacted contained the so-called PSTAIRE
motif, a stretch of amino acids that includes the Cdk cata-
lytic site (Meyerson et al., 1992). Cdi1 did not interact with
Cdk4, which has a similar sequence in this region (PIST-
VRE; Meyerson et al., 1992), or with Fus3, which has no
apparent similarity to this region. Cdi1 did not interact with
DmCdc2c, which contains a PSTAIRE motif but which dif-
fers substantially at other residues. This experiment sug-
gested that the partners of Cdi1 in mammalian cells may
be other PSTAIRE-containing Cdks present when Cdi1 is,
such as Cdk2.

Association of Cdi1 with Cdk2 in HeLa Cells

To explore the Cdi1-Cdk2 interaction, we used anti-Cdi1
antiserum (tested as described in Experimental Proce-
dures) and other antisera that specifically recognized
Cdc2 and Cdk2 (gifts of L.-H. Tsai and E. Harlow) to precip-
itate complexes containing these proteins from 3S-labeled
Hela cell extracts. Precipitated proteins were separated
on SDS gels (Figure 8a). Cdi1 antiserum brought down
major protein bands with apparent moiecular masses of
21 kd and 33 kd (Figure 8a, lane 3). These bands were
absent from precipitates that used Cdi1 preimmune serum
(Figure 8a, lane 2) and nonspecific rabbit serum (lane 6).
The 21 kd band corresponded to Cdit; its mobility was
the same as that of in vitro translated Cdi1 and of immuno-
precipitated in vitro translated Cdi1 (see Experimental Pro-
cedures). The 33 kd band had a similar mobility to one
of the two major bands immunoprecipitated from HelLa

Table 1. Differential Interaction of Cdi1 with Cdc2 Family Members

Bait Species B-Galactosidase Activity
LexA-Cdc2 Human 1240
LexA-Cdk2 Human 470
LexA-Cdk3 Human 960
LexA-Cdk4 Human <2
LexA-Cdc28 S. cerevisiae 390
LexA-Cdc2 Drosophila 40
LexA-Cdc2c Drosophila <2
LexA-Fus3 S. cerevisiae <2

EGY48-JK103 contained tagged Cdi1 and plasmids that expressed
different LexA-Cdk baits: human Cdc2, Cdk2, Cdk3, and Cdk4; S.
cerevisiae Cdc28 and Fus3; and Drosophila Cdc2 and Cdc2c. We
measured B-galactosidase activity of five isolates of each strain grown
in 2% galactose; variation among individual transformants was less
than 20%.
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Figure 8. Cdi1-Associated Proteins in *S-

Labeled HelLa Cell Extracts

Proteins were immunoprecipitated from HelLa
cell extracts and analyzed as described in Exper-
imental Procedures.

(a) Molecular mass markers (M) (lane 1), preim-

mune serum (lane 2), and anti-Cdi1 (lane 3), anti-

(g vs Cdc2 (lane 4), anti-Cdk2 (lane 5), and nonspecific

rabbit (NR) (lane 6) antisera.

. (b) Partial proteolysis of proteins with indicated
amounts of S. aureus V8 protease was as de-
scribed (see Experimental Procedures). Lanes
1-3, in vitro translated (IVT) Cdc2; lanes 4-6,
p33 band from anti-Cdi1 immunoprecipitations;
lanes 7-9, in vitro translated (IVT) Cdk2.
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lysates with the anti-Cdk2 antisera (Figure 8a, lane 5). The
mobility of these two bands matched published reports in
which the 33 kd band corresponds to Thr-160-phosphory-
lated Cdk2 (p33°*?), and the 35 kd band corresponds to
Cdk2 that is not phosphorylated at this residue (p35°%2;
Gu et al., 1992). These results suggested that Cdi1 might
form complexes with p33, the active form of Cdk2. Com-
parison of the bands in the Cdi1 precipitation to those in
the anti-Cdc?2 precipitation (Figure 8a, lane 4) suggested
thatin HeLa cells Cdi1 does not associate with Cdc2. Cdk2
antiserum did not precipitate detectable amounts of the
21 kd Cdi1 band (Figure 8a, lane 5), suggesting that Cdi1
might make essential contacts with the stretch of the Cdk2
carboxyl terminus to which the antiserum was raised. Cdi1
antiserum brought down other proteins of higher molecu-
lar mass. Three of these bands, of apparent molecular
masses of 45-63 kd, were also precipitated with anti-Cdk2
antiserum. From their molecular masses, these bands
may be the Cdk2-associated cyclins A (63 kd), B1 (55-56
kd), and E (45-50 kd) (Pines and Hunter, 1989; Draetta
and Beach, 1988; Tsai et al., 1993).

To confirm the tentative identification of the Cdi1-
associated 33 kd band as p33°@*?, we subjected the *S-
labeled 33 kd protein band to partial proteolysis with V8
and analyzed the products on SDS gels (Harlow and Lane,
1988). We compared the pattern of bands with that given
by similarly treated human Cdk2 synthetized by transla-
tion in vitro (see Experimental Procedures). The pattern
resulting from digestion of the 33 kd band was identical
to that obtained from Cdk2, indicating that in HelLa cells
one partner of Cdi1 is Cdk2 (Figure 8b, lanes 4-9). This
pattern was distinctly different from the pattern resulting
from digestion of Cdc2 (Figure 8b, lanes 1-3).

Discussion

Passage of eukaryotic cells through different phases of
the cell cycle is dependent on Cdks. Interacting regulatory
proteins connect the activity of the Cdks to signals gener-
ated inside the cell and to events in the extracellular envi-
ronment (Sherr, 1893). To understand better cell cycle

regulation in humans, we developed a general yeast tran-
scription genetic selection and used it to isolate proteins
that touch Cdks and might modulate their activity or func-
tion with them during the cell cycle. This selection, the
interaction trap, relies on the fact that eukaryotic transcrip-
tion activators are often composed of discrete DNA-
binding and activation domains and that the activation do-
main can be brought to the promoter by protein—protein
interactions (Brent and Ptashne, 1985; Ma and Ptashne,
1988; Fields and Song, 1989). It is especially dependent
on the two-hybrid system proposed by Fields and Song
(1989) in that our use of transcription to detect proteins
that interact with DNA-bound baits incorporates their sug-
gestion that potential interacting proteins could be de-
tected if they carried activation domains. Several tech-
niques that make use of this suggestion have been
developed in a number of labs (Chien et al., 1991; Dalton
and Treisman, 1992; Durfee et al., 1993; Vojtek et al.,
1993).

As demonstrated here and in Zervos et al. (1993), a
number of features make the trap particularly useful. First,
the reporters have qualitatively different phenotypes: the
LexAop-LEU2 reporter provides a selection, allowing
large numbers of potential interactors to be easily sur-
veyed, while the LexAop-/lacZ reporter provides a simple
secondary test to reject adventitious LEU* colonies. Sec-
ond, the reporters have different promoters, which may
eliminate false positive proteins that interact with the pro-
moter instead of the bait. Third, the reporter phenotypes
differ in their sensitivity, which affects the affinity of the
bait—prey interactions they can detect. The LexAop-LEU2
reporter responds to interactions with an apparent Ky of
about 107 M, while the different LexAop-facZ reporters
respond with different sensitivities; which /lacZ reporter is
used is determined by the investigator. Fourth, the activa-
tion region on the library proteins is relatively weak, to
avoid restrictions in the spectrum of recovered proteins
that might be caused by the strong, semitoxic activation
domains of GAL4 and VP16 (Gill and Ptashne, 1988; Trie-
zenberg et al., 1988; Berger et al., 1992). Finally, condi-
tional expression from the library vector allows the Leu
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and LacZ phenotypes to be unambiguously ascribed to the
library protein, diminishing the number of library plasmids
that must be excluded by subsequent tests. While useful
schemes with some of these attributes have recently been
described (e.g., Vojtek et al., 1993), none has the entire set.

Because this interactor hunt used a relatively insensitive
lacZ reporter, it identified only three proteins, all of which
associate strongly with human Cdc2. Two had been pre-
viously identified: the CKS1 and CKS2 proteins (Richard-
son et al., 1990), the human homologs of the S. pombe
suc1* product. Cdit1, the protein reported here, contains
212 amino acids, of which the carboxy-terminal 170 are
sufficient for interaction with Cdc2. Cdi1 has consensus
sites for protein kinase C and casein kinase Il. The amino-
terminal 35 residues of the protein comprise a PEST se-
quence (Rogers et al., 1986). Cdi1 possesses weak se-
quence similarity to the catalytic domain of protein tyrosine
and dual specificity phosphatases, including similarity to
a stretch of amino acids that defines the active site (Char-
bonneau and Tonks, 1992). From sequence, Cdi1 is more
different from known nonreceptor tyrosine and dual speci-
ficity phosphatases than these are to one another, and it
apparently lacks the regulatory domain found in all these
proteins except the VH1-related phosphatases (Charbo-
neau and Tonks, 1992). In vitro, Cdi1 possesses tyrosine
phosphatase activity on model substrates such as pNPP
and tyrosine-phosphorylated peptides. Cdi1 activity is in-
hibited by chemical inhibitors and by a mutation that elimi-
nates a cysteine in the catalytic site. These facts establish
that Cdi1 represents a novel class of human protein phos-
phatase, which, like S. cerevisiae Cdc14 and Cdc25, may
function in cell cycle progression (Millar and Russell, 1992;
Wan et al., 1992).

In Hela cells that express Cdi1 under the control of a
retroviral promoter, the proportion of cells in the population
in G1 or early Sis increased, suggesting that Cdi1 overex-
pression delays progression beyond these stages of the
cell cycle. This fact is consistent with the time of its expres-
sion, which is strikingly specific for the cell cycle stage:
in synchronized populations, CD/7 mRNA is highest during
G1 and at the G1 to S transition. Expression of Cdi1 also
retards cell cycle progression in S. cerevisiae; again, Cdi1
increases the proportion of cells in G1, suggesting that
expression retards the G1 to S transition. Retardation re-
quires Cdi1 phosphatase activity and is enhanced by over-
expression of Cdc2. These results indicate that cell cycle
retardation by Cdi1 is not likely due to sequestration of
Cdc28 by Cdi1 into inactive complexes and suggest a func-
tional genetic interaction between Cdi1 and Cdks.

As measured by interaction in yeast, Cdi1 interacts with
different Cdks with very different affinities. All Cdks with
which Cdi1 interacts strongly (Cdc2, Cdk2, and Cdk3) con-
tained a distinctive set of amino acids in the active site,
the so-calied PSTAIRE motif (Meyerson et al., 1992). To
identify those proteins complexed with Cdi1 in human
cells, we immunoprecipitated Cdi1-associated proteins
from Hela cells. The apparent molecular mass of one of
these (33 kd) suggested that it might be the Thr-160-
phosphorylated form of Cdk2. We analyzed this protein
by partial V8 proteolysis and confirmed that the protein

was Cdk2. We were unable to demonstrate an association
of Cdi1 with other Cdks in Hela extracts. These experi-
ments demonstrate that Cdi1 associates with Cdk2, a ki-
nase thought to govern the G1 to S transition, and thus
further emphasize that Cdi1 may influence this transition.

The most obvious model for Cdi1 function, given its as-
sociation with Cdk2, is that Cdi1 function might modify
Cdk2, dephosphorylating the Tyr-15 equivalent and stimu-
lating kinase activity. However, since we cannot activate
tyrosine-phosphorylated Cdk2-containing complexes by
treatment with Cdi1, we do not think it removes tyrosines
from Cdk2. A second model is that Cdit dephosphorylates
other Cdk2-associated proteins, such as cyclins, thus indi-
rectly affecting Cdk activity; this idea receives support
from the fact that complex patterns of cyclin A, B1, D1,
and E phosphorylation exist (see, for example, Hall et al.,
1993; Koff et al., 1992). A third model is that Cdi1 functions
with other members of Cdk2-containing complexes on
common substrates. This idea is consistent with the ob-
served functional interaction between Cdi1 and Cdks in
yeast in which coexpression of Cdc2 increases Cdil-
dependent cell cycle retardation. In this view, the proteins
complexed with Cdi1 may provide the regulatory domain
that Cdi1 apparently lacks. Identification of the Cdi1 sub-
strate(s) will help distinguish among these ideas and in
understanding the function of this Cdk2-associated phos-
phatase during G1 and early S.

Experimental Procedures

Bacteria and Yeast

Manipulation of E. coli and DNA was by standard methods (Ausubel
et al., 1987-1993). “Sure” mcrAd (mrr, hsdRMS, mcrBC) endA1
SUpE44 thi-1 gyrA96 relA1 lac recB recJ sbcC umuC::Tn5 (kan®) uvrCl
F'lporoAB,lackZAw:s):: Tn10(tet?) (Stratagene, Incorporated) and KC8
pyrF::Tn5 hsdR leuB600 trpC9830 lacA74 strA galK hisB436 (a gift of
K. Struhl) were used as hosts. The growth rate experiments used W303
(MATa trp1 ura3 his3 leu2 cant bar1::LEU2) (a gift of M. Whiteway)
that contained either pJG4-4Cdi1 (J. G., unpublished data), a plasmid
that directs the synthesis of native Cdi1, or a vector control and also
contained either pJG14-2 (J. G., unpublished data) or a derivative that
directs the synthesis of native human Cdc2 in yeast. These were grown
overnight at 30°C in 2% raffinose His™ Trp~, collected, washed, and
diluted to an ODsg of 0.1 into fresh medium that contained either 2%
glucose or 1% galactose plus 1% raffinose. ODs were taken every 2 hr.

Interaction Trap

Detailed map, sequence, and methodological information is available
on request and from the Massachusetts General Hospital (MGH) Mo-
lecular Biology Internet Gopher server. Baits were produced constitu-
tively from a 2p HIS3* plasmid under the control of the ADH1 promoter
and contained the LexA carboxy-terminal oligomerization region,
which contributes to operator occupancy by LexA derivatives, perhaps
by precisely aligning LexA amino termini on adjacent operator half
sites (Golemis and Brent, 1992). Note that most LexA derivatives enter
the nucleus in concentrations sufficient to permit operator binding,
even though LexA derivatives are not specifically nuclear localized
unless they contain other signals (Golemis and Brent, 1992; Silver et
al., 1986). Baits were made in LexA(1-202)+PL (Ruden et al., 1991),
a close relative of pMA42, pSH2-1, and pEG202 (Hanes and Brent,
1989; Ma and Ptashne, 1987; E. G. and R. B., unpublished data) as
follows: human Cdc2 (Lee and Nurse, 1987), Cdk2 (Tsai et al., 1991),
and Cdk3 (Meyerson et al., 1992) and S. cerevisiae CDC28 (Lorincz
and Reed, 1984) coding sequences were amplified by polymerase
chain reaction from plasmids that contained them with Vent polymer-
ase (New England Biolabs) and were inserted into LexA(1-202)+PL
as EcoRI-BamHI fragments. LexA-Cdk4 (Hanks, 1987; Meyerson et
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al., 1989) was a gift of K. Visvanathan. These proteins contained two
amino acids (EF) between the last amino acid of LexA and the bait
moieties. The Drosophila Cdc2 baits (Lehner and O'Farrell, 1990) were
gifts of R. Finley. LexA—Fus3 (Elion et al., 1990) and LexA-CIn3 (Cross,
1988) were made analogously except they were cloned as BamHI
fragments and thus contained five amino acids (EFPGI) between LexA
and the fused moieties. All these fusions contained the second codon
to the stop codon of each bait. LexA-c-Myc-C-term (which contains
the carboxy-terminal 176 amino acids of human c-Myc), LexA-Max
(which contains all of the human Max coding sequence), and LexA-
Bicoid (amino acids 2-160), a gift of R. Finley, have been described
(Zervos et al., 1993; Golemis and Brent, 1992).

Reporters

The LexAop-LEU2 construction replaced the yeast chromosomal
LEU2 gene. The other reporter, pRB1840, one of a series of LexAop-
GAL1-lacZ genes (Brent and Ptashne, 1985; Kamens et al., 1990; S.
Hanes, unpublished data), was carried on a 2u plasmid. Basal reporter
transcription was extremely low, presumably owing both to the removal
of the entire upstream activating sequence from both reporters and to
the fact that LexA operators introduced into yeast promoters decrease
their transcription (Brent and Ptashne, 1984). Reporters were chosen
to differ in sensitivity. The LEU2 reporter contained three copies of
the high affinity LexA-binding site found upstream of E. coli colE1
(Ebina et al., 1983; Kamens et al., 1990), which presumably bind a
total of six dimers of the bait. In contrast, the lacZ gene contained a
single lower affinity operator (Brent and Ptashne, 1984) that binds
a single dimer of the bait. The operators in the LEU2 reporter were
closer to the transcription start point than they were in the facZ reporter.
These differences in the number, affinity, and operator position all
contribute to that fact that the LEU2 reporter is more sensitive than the
lacZ gene. Construction of the EGY48 selection strain will be detailed
elsewhere (E. G., unpublished data).

Expression Vectors and Library

Library proteins were expressed from pJG4-5, a member of a series
of expression plasmids designed to be used in the interaction trap
and to facilitate analysis of isolated proteins. These plasmids carry
the 2y replicator and the TRP1 marker. pJG4-5, whose construction
will be described elsewhere, directs the synthesis of fusion proteins.
Proteins expressed from this vector possess the following features:
galactose-inducible expression so that their synthesis is conditional,
an epitope tag to facilitate detection, a nuclear localization signal to
maximize intranuclear concentration to increase selection sensitivity,
and an activation domain derived from E. coli (Ma and Ptashne, 1987),
chosen because its activity is not subject to known regulation by yeast
proteins and because it is weak enough to avoid toxicity (Gill and
Ptashne, 1988; Berger et al., 1992) that might restrict the number or
type of interacting proteins recovered. In addition to this plasmid, we
used two Cdi1 expression plasmids (J. G., unpublished data). We
introduced EcoRI-Xho! Cdil-containing fragments into pJG4-4 to
make pJG4-4Cdi1: Cdit was expressed from this plasmid as a native,
unfused protein under the control of the GAL? promoter. We also
introduced EcoRI-Xhol fragments that contained Cdi1 into pJG4-6 to
make pJG4-6Cdi1: in this case, Cdi1 was expressed as a fusion protein
containing, at its amino terminus, a methionine and the hemagglutinin
epitope tag. The oligo(dT)-primed activation-tagged cDNA expression
library, whose construction will be described elsewhere, was made
from RNA from proliferating HeLa cells grown in 5% serum on plates
to 70% confluence, using a modification of the procedure described
by Gubler and Hoffman (1993) and Huse and Hansen (1988) (J. G.,
unpublished data). The library contains 9.6 x 10° individual members,
>90% of which contain a cDNA insert whose average size ranges
between 1 kb and 2 kb; 26% and 33% of its members express fusion
proteins.

Cdk Interactor Hunt

We began with a EGY48-p1840-pLexA-Cdc2 strain, which contained
LexAop—-LEU2 and LexAop-lacZ reporters and the LexA-Cdc2 bait.
We introduced the library into this strain according to a variation of
the procedure of Schiestl and Gietz (1989) (R. Finley, unpublished
data). We recovered 1.2 x 10° transformants on glucose Ura- His~
Trp~ plates, scraped them, suspended them in approximately 20 mi

of 65% glycerol, 10 mM Tris—HCI (pH 7.5), 10 mM MgCl;, and stored
the cells in 1 mi aliquots at —80°C. We determined plating efficiency
on galactose Ura™ His™ Trp™ after growing 50 pl of cell suspension for
5 hr in 5 ml of YP medium, 2% galactose. For the selection, about 2
x 107 galactose-viable cells were plated on four standard circular 10
cmgalactose Ura-His™ Trp~ Leu™ plates after galactose induction. After
4 days at 30°C, 412 LEU* colonies appeared. These were collected on
glucose Ura™ His™ Trp~ master plates and retested on glucose Ura”
His™ Trp~ Leu™, galactose Ura™ His Trp~ Leu", glucose X-Gal Ura™ His™
Trp-, and galactose X-Gal Ura™ His™ Trp~ plates. Of these, 55 colonies
showed galactose-dependent growth on Leu™ media and galactose-
dependent blue color on X-Gal medium. We rescued plasmid DNAs
from these colonies (Hoffman and Winston, 1987), introduced them
into E. coli KC8, and collected transformants on Trp~ ampicillin plates.
We classified library plasmids by restriction pattern on 1.8% agarose,
0.5 x Tris-borate—-EDTA gels after digestion with EcoRl and Xhol and
either Alul or Haelll. We reintroduced those plasmids from each map
class that contained the longest cDNAs into EGY48 derivatives that
contained a panel of different baits. Proteins encoded by each of the
three cDNA classes interacted specifically with the LexA-Cdc2 bait,
but not with other LexA fusion proteins (Figure 2).

Mammalian Expression

We grew Hela cells on plates and transfected them (Ausubel et al.,
1987-1993) either with a DNA copy of pBNCdi1 (J. G., unpublished
data), a derivative of a neo resistance retroviral expression vector (Mor-
genstern and Land, 1990) that directs synthesis of native Cdi1 under
the control of the Moloney murine leukemia virus promoter, or with
vector alone. Cdit expression did not diminish the number of G418-
resistant cells recovered. We rescued individual (about 20) clones from
each transfection and grew them on plates in Dulbecco's modified
Eagle’s medium plus 10% calf serum. We resuspended cells from four
Cdil-transfected and four control-transfected clones in 225 pul of 30
png/mltrypsin in 3.4 mM citrate, 0.1% Nonidet P-40, 1.5 mM spermine,
and 0.5 mM Tris and incubated them on a rotator for 10 min at room
temperature. We then added 188 ul of 0.5 mg/ml of trypsin inhibitor
and 0.1 mg/ml RNAase A, vortexed the suspension, added 188 pl of
0.4 mg/mi of propidium iodide and 1 mg/ml spermine, and incubated
the samples for 30 min at 4°C. For each sample, we analyzed 10,000-
20,000 events in a Becton-Dickinson fluorescence-activated cell sorter
using the CellFIT cell cycle analysis program (version 2.01.2).

Cdi1 and Cdi1-C140S

We made the Cdit Cys-140 to Ser mutation (Cdi1-C140S) by polymer-
ase chain reaction with overlapping primers and Vent polymerase,
essentially as described (Hanes and Brent, 1991), changing TGC at
position 140 to TCT. Mutagenesis was verified by sequencing the en-
tire mutant gene. We introduced EcoRI-Xhol fragments containing
the wild-type and C140S coding sequences into a modified pGEX2T
vector and expressed and purified the GST fusion proteins essentially
as described (Ausubel et al., 1987-1993). We performed pNPP assays
on these proteins in 500 pl of 50 mM Tris—-HCI (pH 7.2), 2 mM EDTA,
0.1% (v/v) B-mercaptoethanol, 20 mM pNPP (Sigma) containing the
indicated amount of protein at 30°C. After 2 hr, we stopped the reac-
tions by adding 50 pl of 5 M NaOH and measured OD.1,. For peptide
assays, we labeled Raytide (Oncogene Science}, at its tyrosine residue
with [y-**PJATP and c-Src tyrosine kinase (Oncogene Science) as de-
scribed by the supplier. For phosphatase assays, we used 10° cpm
of radioactive [*?P]tyrosine—Raytide in 50 ul reactions as described in
Figure 5 and by Streuli et al. (1990).

Antibodies and Immunoprecipitation

Rabbit polyclonal antibody to GST-Cdit was produced by East Acres
Biologicals, Incorporated (Southbridge, Massachusetts) according to
standard methods (Harlow and Lane, 1988). Specificity of the antise-
rum was demonstrated by immunoprecipitation of in vitro translated
Cdi1 (TNT-coupled reticulocyte lysate system; Promega). GST-Cdi1
blocked precipitation of this labeled product. Programmed lysate (5
nl) was separately precipitated with 10 pi of Cdi1 antiserum and 10
ul of Cdi1 preimmune serum in 500 ul of phosphate-buffered saline
in the presence or the absence of an excess (20 ug) of GST-Cdi1
protein. Metabolic labeling and precipations from subconfluent HelLa
cells were performed essentially as described in Harlow and Lane
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(1988) except that cells were lysed in 250 mM NaCl, 50 mM HEPES-
KOH (pH 7.5), 5 mM EDTA, 0.1 mM Na,VO,, 50 mM NaF, 0.1% Triton,
1 mM phenyimethylsulfonate fiuoride, 25 ng/ml leupeptin, 25 ng/mi
pepstatin for 30 min at 4°C. In control precipitations, GST-Cdi1
blocked precipitation of Cdi1 and associated proteins. Pellets were
run on 11% SDS protein gels that were analyzed either on a Molecular
Dynamics image analyzer or by fluorography. For V8 mapping, bands
were excised and partially digested in the gel with Staphylococcus
aureus V8 protease as in Harlow and Lane (1988). Products, together
with those resulting from digestion of in vitro translated Cdk2 and
Cdc2, were separated on 17.5% SDS-polyacrylamide gels, dried, and
visualized on the image analyzer.
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