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The PCL2 (0RFD)-PH085 Cyclin-Dependent 
Kinase Complex: A Cell Cycle Regulator in Yeast 

Vivien Measday, Lynda Moore, Joseph Ogas, Mike Tyers, 
Brenda Andrews* 

Cyclin-dependent kinase (cdk) complexes are essential activators of cell cycle pro- 
gression in all eukaryotes. In contrast to mammalian cells, in which multiple cdk's 
contribute to cell cycle regulation, the yeast cell cycle is largely controlled by the activity 
of a single cdk, CDC28. Analysis of the putative G, cyclin PCL2 (ORFD) identified a 
second cyclin-cdk complex that contributes to cell cycle progression in yeast. PCL2 
interacted with the cdk pH085 in vivo and in vitro and formed a kinase complex that 
had G,-periodic activity. Under genetic conditions in which the Start transition was 
compromised, pH085 and its associated cyclin subunits were essential for cell cycle 
commitment. Because pH085 and another cyclin-like molecule, PH080, also take part 
in inorganic phosphate metabolism, this cdk enzyme may integrate responses to 
nutritional conditions with the cell cycle. 

I n  eukaryotes, cdk's are essential activators 
of cell cycle transitions. The activity of 
cdk's is regulated in part by their association 
with essential positive regulatory subunits 
called cyclins. Passage through a given tran- 
sition is thought to require a threshold 
amount of appropriate cdk activity. In 
metazoans, multiple cdk's and associated 
cvclin subunits control the cell cvcle (1 ). In , . ,  
contrast, in the budding yeast Saccharomy- 
ces cereuisiae, CDC28 is the only cdk en- 
zyme known to be required for cell cycle 

V. Measday, L. Moore, B. Andrews, Department of Mo- 
lecular and Medical Genetics, University of Toronto, To- 
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progression (2).  Specificity of CDC28 func- 
tion at different points in the cell cycle is 
achieved through association with different 

u 

classes of cyclin subunits. Three GI  cyclins, 
CLN1, CLN2, and CLN3, are rate-limiting 
activators of CDC28 in late GI that pro- 
mote irreversible commitment to a new di- 
vision cycle; this event is called Start and is 
analogous to the restriction point for mam- 
malian cells (3). The cell cycle machinery is 
regulated at Start in part by modulation of 
the abundance of cyclins in response to 
environmental cues such as glucose avail- 
ability (4) and mating pheromones (5, 6). 

Expression of the genes CLNl and 
J. Ogas, Carnegie Institute, Stanford University, Stan- C L N ~  (but not CLN3) is largely controlled 
ford, CA 94305, USA. 
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(SCB) sites in the CLN promoters (6-10). 
Mutants lacking SBF can be rescued by 
overexpression of CLNl or CLN2, or of 
HCS26, which encodes a cyclin-like pro- 
tein (8). Another gene with similarity to 
cyclins, ORFD, was discovered by sequenc- 
ing a region of the yeast genome ( I  I). 
Expression of HCS26 and ORFD, like that 
of CLNl and CLN2, peaks in late G, and 
depends on SBF activity (5, 8, 9, 12-14). 
ORFD and HCS26 share features not com- 
mon to all GI  cyclins and appear to form a 
distinct subfamily of G, cyclins (2, 15, 16). 
We report that ORFD is a cyclin partner for 
the PH085 kinase. Therefore, we propose 
that ORFD be renamed PCLZ ( rH085  sy- 
clin 2) [Espinoza et al. (14) suggest the 
name PCLl for HCS261. 

To  elucidate the role of PCLZ in cell 
cycle progression, we used the yeast two- 
hybrid protein interaction screen (1 7-1 9) 
to search for proteins that associate with 
PCLZ. A library of yeast complementary 
DNAs (cDNAs) fused to the GAL4 activa- 
tion domain (AD) was introduced into a 
yeast strain expressing a fusion of the GAL4 
DNA binding domain to PCLZ (DB-PCLZ) 
(20). An AD-cDNA fusion protein that 
interacts with DB-PCLZ would bring the 
GAL4 DNA binding and activation do- 
mains into close proximity and induce tran- 
scription of reporter genes in the strain. 
Three of the cDNAs identified in this 
screen contained in-frame AD-PH085 fu- 
sion. PH085, a member of the cdk family 
[51% identity to CDC28 (21, 22)], has a 
role in inorganic phosphate metabolism 
(16, 23) but no known role in cell cycle 
control. We interchanged the GAL4 do- 
mains to produce the fusion proteins DB- 

Fig. 1. Association of PCL2 and.PH085 in vitro. 
lmmunoprecipitations were done with in vitro- 
translated, p5S]methionine-labeled His-PCL2 and 
PH085 (25). Lane 1, His-PCL2 + preimmune se- 
rum (Pi); lane 2, PH085 + antibody to PCL2 (anti- 
PCL2) (PCL2); lane 3, His-PCL2 + anti-PCE; 
lane 4, PH085 + antibody to PH085 (P85); lane 
5, His-PCL2 + PH085 (translated separately) + 
anti-PCL2; lane 6, His-PC12 + PH085 (cotrans- 
lated) + preimmune serum; and lane 7, His-PCE 
+ PH085 (cotranslated) + anti-PCL2. Molecular 
size markers in lanes M are indicated to the left in 
kilodaltons. 

PH085 and AD-PCLZ (20) which, when 
coexpressed, also activated transcription of 
the reporter genes (24). We detected no 
interaction between PCLZ and CDC28 sug- 
gesting a high selectivity for PH085 as the 
cdk partner of PCLZ (24). However, 
PH085 did interact with HCS26 in the 
two-hybrid system (24). We were able to 
detect in vitro association of PH085 and 
PCLZ in two ways (25, 26). First, addition 
of antibodies to PCLZ (27) to an in vitro 
translation reaction containing 35S-labeled 
PH085 and PCLZ resulted in the immuno- 
precipitation of both labeled proteins (Fig. 
1). Second, mixing of a reaction containing 
[35S]PH085 protein with one containing 
unlabeled PCLZ allowed immunoprecipita- 
tion of the labeled PH085 with antibodies 
to PCLZ (26). 

To test whether PCLZ and PH085 form 
a functional cyclin-cdk complex, we immu- 
noprecipitated PCLZ from yeast lysates and 
assayed associated protein kinase activity 
(28). Two prominent endogenous substrates 

were phosphorylated in immunoprecipitates 
from a wild-type strain (Fig. 2). PCL2-asso- 
ciated kinase activity also efficiently phos- 
phorylated purified pH04  protein, a known 
substrate of the PH085 kinase (Fig. 2, A 
and B) (16, 28), but did not phosphorylate 
histone HI,  casein, or myelin basic protein 
(Fig. ZA). Immunoprecipitates from either 
pcl2 or pho85 deletion strains failed to phos- 
phorylate either pH04  or the endogenous 
substrates (Fig. 2, A and B). To  test the 
specificity of the PCLZ-cdk interaction, we 
assayed CLNZ- and PCLZ-associated kinase 
activity in a strain carrying an epitope- 
tagged CLNZ allele (5) and the tempera- 
ture-sensitive cdc28-13 mutation (29). The 
CLNZ-CDC28 complex showed tempera- 
ture-sensitive phosphorylation of histone 
HI in vitro but did not phosphorylate 
pH04  at either temperature (Fig. ZC). In 
contrast, PCLZ-associated kinase immuno- 
precipitated from the same l~sates efficient- 
ly phosphorylated PH04, but not histone 
HI, at both temperatures (Fig. ZC). 

Fig. 2. Association of - 
PCL2 with a PH085-de- A = c m '= 

C ,r s 
B 

pendent kinase activity g g  o, 9 
that phosphorylates - - - - Anti-PCL2- + + + + + + + 
PH04. (A) Kinase assays Anti-PCD - , , - , 

1 2 3 4 5 6 7 8  
were done on PCL2 im- 1 2 3 4 5 6  

muno~reci~itates from W ~ D ~  
the strains indicated at ''" - Zr 
the bottom (28). Anti- , , . . - 
PCL2 (+) or preimmune -- -pH04 
serum (-)was added as ,s - - - pH04 
shown above the lanes. 
Lane 1, wild type (wt) + (. +HMd 
preimmune serum; lane 
2, wt + anti-PCL2; lane I-- - Strain wl FIZA pho8sA 

3, pc12A + anti-PCL2; - I 
and lane 4, pho85A + '"'" wl 

anti-PCL2. Lanes 5 through 8 show kinase C 
assays on PCE immunoprecipitates from Antiserum - 1 2 ~ A 5  Pi PCD 
wild-type strains with exogenous sub- I - 
strates added to the reaction as indicated 1 2 3 4 5 6 7 8 9 1 0  

above the lanes (myelin basic protein, -=--1 - - 
MBP). PH04d is a pH04 truncation prod- 3 * 
uct (76). The bracket and asterisk to the 
right mark the position of two endogenous --pH04 
products that are specifically phosphoryl- * a  
ated in PCL2 immunoprecipitates. Molec- 
ular sizes are indicated to the left in kilodal- - 4  - 4- 1 c Histone H I  

r I) - PH04d 
tons. (6) Kinase assays done with PCL2 
immunoprecipitates from the indicated Temp("C) 1 30 30 40 11 30 40 30 130 401 130 40 J 

strains with purified pH04 (16) as a sub- Substrate H1 pH04 HI pH04 
strate. Lane 1, wt + preimmune serum + 
PH04; lane 2, wt + anti-PCL2 + PH04; lane 3, pcl2A with preimmune serum + PH04; lane 4, pcl2A + 
anti-PCL2 + PH04; lane 5, pho85A with preimmune serum + PH04; and lane 6, pho85A + anti-PCL2 
+ PH04. (C) HA-CLN2 (5) or PCL2 were immunoprecipitated from a cdc28-73 strain grown at the 
permissive temperature (30°C). lmmunoprecipitates were preincubated for 10 min at 30°C or at the 
nonpermissive temperature (4ODC), and kinase assays were done with the immunoprecipitates at both 
temperatures as indicated. PCL2 was immunoprecipitated with anti-PCL2 (27), whereas HA-CLN2 was 
immunoprecipitated with the monoclonal antibody 12CA5 (39) as indicated above the lanes. Exogenous 
substrates were added [histone H1 (HI) or pH041 as shown below the lanes at the indicated temperature. 
lmmunoprecipitation was done with lane 1, no antibody (-); lanes 2 to 5, 12CA5; lane 6, preimmune 
serum (Pi); and lanes 7 to 10, anti-PCL2. The position of migration of phosphorylated pH04 and histone 
HI is indicated. The slower migrating species above the specific histone HI band are contaminants in the 
histone HI preparation that were phosphorylated in the absence of antibody (lane 1). 
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The amount of PCLZ mRNA fluctuates 
during the cell cycle, peaking at Start (5). 
To determine if the PCL2-associated 
PH085 kinase activity was cell cycle-regu- 
lated, we arrested cells at Start, released 
them into fresh medium, and prepared ex- 
tracts from samples of the cells as the cul- 
ture progressed synchronously through the 
cell cycle (Fig. 3D) (30). PCLZ-associated 
kinase activity fluctuated periodically, 
peaking in G1 with the PCL2 transcript 
(Fig. 3, A and B). In contrast, the amount 
of PH085 protein remained constant 
throughout the cell cycle (Fig. 3C) (31). 
The PCL2 transcript was induced in re- 
sponse to a factor, a pheromone that arrests 
cells at Start (Fig. 3B). The PH04 kinase 
activity remained constant during a factor 
treatment, whereas phosphorylation of co- 
immunoprecipitated substrates seemed to 
increase (Fig. 3A). This result may indicate 
a substrate-specific change in PCLZ- 
PH085 kinase activity upon treatment 
with pheromone. In contrast, CLN1- and 
CLNZ-associated CDC28 activity is absent 

during a factor arrest (5). 
Cells deleted for either CLNl and 

CLN2 or PCL2 and HCS26 show no obvi- 
ous defect in cell cycle control (3, 13). We 
examined whether all four SBF-regulated 
genes, CLNl, CLN2, HCS26, and PCL2, 
formed a functionally overlapping set of 
cyclins. A clnlA cln2A pcl2A strain was 
mated to a clnlA hcs26A pcl2A strain, and 
diploids were recovered and sporulated 
(32). Of 50 tetrads dissected, no viable 
quadruple mutants were recovered (33). We 
rescued the lethal phenotype of a clnlA 
cln2A hcs26A pcl2A with a plasmid express- 
ing CLNl from an inducible GAL promoter 
and then repressed expression of GAL- 
CLNl by adding glucose to the growth 
medium. Cells accumulated in G1 with a In 
DNA content within 2 hours of repressing 
GAL-CLNl expression. By 4 to 8 hours, 
most of the cells were large and unbudded 
and had a In  DNA content (Fig. 4, A, B, 
and C). Thus, PCLZ performs a role in G1 
that is functionally redundant with that of 
other G, cyclins. 

Fig. 3. Cell cycle regula- 
tion of PCL2-PH085 ki- 
nase activity. A wild-type 

Log phase 

lysates o 
zo 40 so 80 too izo 140 160 rso zoo Time(rnin) 

70 3 5 3 86 73 85 36 59 82 53 65 %Budded 

strain was -arrested with 0 1 2 3 4 ~ 6 7 8 9 1 0 1 1 1 2  
a-factor (a+) and reinocu- 
lated into fresh medium 3* 
(30). Samples were taken 

A d I +pH04 at 20-min intervals (as indi- IP-kinase 
cated above the lanes) 
and analvzed for the wer- 
centage budded cells (% 
Budded): kinase activitv 
(28); PCL~, CLN2, and 
ACTl mRNA; DNA con- 
tent (30); and the amount B - 

of PH085 protein (37). (A) RNA 

PCL2-associated kinase 
.) -'-- u 4-CLNZ 

activity in synchronized 
cell extracts. pH04 was 

--a m u Y 

added as an exogenous 
substrate in each assay. 

, . 
Lane 0 shows a reaction C 
containing logarithmic Protein 
phase lysate and preim- 
mune serum. All other re- 
actions are kinase assays D 
on anti-PCL2 immunopre- FACS 

cipitates. Lane 1, logarith- 
mic phase lysate; lane 2, 
a-F-arrested lysate; and 
lanes 3 to 12, lysates 
from the indicated time 
points after a-F release. 
(B) Amount of transcript 
encoding PCL2, CLN2, 
and ACTl in the samples 
used the kinase assays in 
(A). (C) Protein immuno- 
blot with antibody to 
PH085 (27) on extracts I n  2n Ill 2n I n  2n I n  2n 

from pc12A and pho85A strains (indicated as Log), and extracts from samples used in kinase assays. 
(D) DNA content as measured by FACS analysis of logarithmic phase cells and synchronous cells used 
in (A) to (C). The 1 n and 2n peaks and time after release from a-F are indicated. 

In a similar experiment, we established a 
role for PH085 itself at Start. A clnlA 
pho85A strain was mated to a cln2A pho85A 
strain (34). Diploids were recovered and 
sporulated, but of 25 tetrads dissected, no 
clnlA cln2A pho85A cells were detected. 
However, the triple deletion strain was re- 
covered in the presence of a plasmid ex- 
pressing PH085 from the GAL promoter; 
this strain arrested in GI when PH085 

--- 
wi t vector wi + vector 
Galactose Glucose 

Log phase 2 hours 6 hours 
%Budded 82 22 5 

LOQ 2 hours 8 hours 

Fig. 4. Arrest phenotype of cells lacking CLN1,2- 
kinase and PCL2, HCS26 (PCL1) or PH085. (A) 
The plasmid pGAL-CLN7 rescued the lethality of a 
cln 7 A cln2A pc12A hcs26A strain. A cln 1 A cln2A 
pc12A hcs26A strain (472A and 4728) (32) carry- 
ing a plasmid expressing CLNl from the GAL pro- 
moter was streaked on a YEPG (galactose) plate 
(left) or YEPD (glucose) plate (right) and incubated 
at 25°C for 4 days. A wild-type strain (BY1 63, wt) 
was transformed with the pGAL-CLN7 vector and 
streaked onto the same plates. (B) Strain BY472A 
(clnlA cln2A pc12A hcs26A pGAL-CLN1) was 
grown in galactose medium, and glucose was 
added to repress CLNl expression. Nomarski 
photos were taken of cells in logarithmic phase 
and 2 and 8 hours after glucose addition. The 
percentage budded cells is indicated below the 
photographs. (C) DNA content as measured by 
FACS analysis of samples shown in (B). (D) Termi- 
nal phenotype of a cln 1 A cln2A pho85A deletion 
strain. The lethal phenotype of a cln7A cln2A 
pho85A strain was rescued by expression of 
PH085 from the GAL promoter (34). The strain 
was grown in galactose medium, glucose was 
added to repress PH085 expression, and sam- 
ples were taken up to 8 hours. DNA content as 
measured by FACS analysis of galactose-grown 
cells (Log) and cells harvested 2 or 8 hours after 
glucose addition is shown. In panels (C) and (D), 
the position of cells with G, or G, DNA contents is 
indicated by I n  or 2n, respectively. 
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Fig. 5. Model of cdk function at Start. 

High 
phosphate 

expression was repressed by addition of glu
cose to the culture medium (Fig. 4D). Thus, 
PH085 is essential for cell cycle progression 
in the absence of a functional CLN1- and 
CLN2-CDC28 kinase. 

Cells deleted for PH085 grow slowly 
relative to wild-type cells but are otherwise 
able to complete cell division (21, 22). 
However, our studies have revealed two 
potential roles for the PH085 kinase in cell 
cycle control. First, the rapid induction of 
PCL2 transcription in response to mating 
pheromone, and the persistence of PCL2-
PH085 kinase activity in a-factor-arrested 
cells (Fig. 3), suggests that PCL2-PH085 
kinase may be involved in pheromone re
sponse. Consistent with this idea, pho85A 
strains are supersensitive to a factor (35). 
Second, PH085 was essential for Start in 
the absence of CLN1- and CLN2-CDC28 
kinase activity. Although deletion of PCL2 
in a strain lacking CLNl and CLN2 did not 
cause cell cycle arrest, deletion of both 
HCS26 and PCL2 did cause Gx arrest. 
Thus, like PCL2, HCS26 may function as a 
cyclin subunit of PH085 at Start. Indeed, 
HCS26 associates with PH085 (14) in 
yeast extracts. 

The observation that PCL2- or HCS26-
associated PH085 kinase activity is only 
essential for cell cycle progression in the 
absence of CLN1,2-CDC28 kinase activity 
is consistent with the notion that, like 
CLNl and CLN2 (5), PCL2 and HCS26 
may, together with PH085, constitute a 
Gx cyclin activity that acts downstream of 
CLN3 (Fig. 5). The catalytic activity pro
vided by PCL2- or HCS26-PH085 may 
become essential only whervthe activity of 
other downstream Gl cyclins is absent. 
The complete absence of CDC28 function 
cannot be tolerated even in cells with a 
functional PH085 kinase. This may be 
explained by the substrate specificity of 
PH085 which, in kinase assays, is differ
ent from that of CDC28 (Fig. 2). The 
CLN3-CDC28 kinase may phosphorylate 
essential rate-limiting substrates for Start 

Start 

that cannot be phosphorylated by the 
PH085 kinases. 

The PH085 regulatory system may serve 
to link certain environmental signals to the 
cell cycle machinery. PH085 and the cy
clin PHO80 are negative regulators of the 
acid phosphatase gene, PHOS (36). The 
PHO80-PHO85 cyclin-cdk complex phos-
phorylates and likely inactivates PH04, a 
transcription factor required for induction 
of PH05 (16). PHO80 is similar in se
quence to PCL2 and HCS26 and thus ap
pears to fall into the same cyclin subclass 
(16). When complexed with PHO80, 
PH085 may be specifically directed toward 
substrates involved in inorganic phosphate 
metabolism (PH04). Although PH04 is 
phosphorylated by PCL2-PH085 in vitro, 
our genetic data suggest that, when com
plexed with PCL2 or HCS26, PH085 is 
targeted to specific substrates that take part 
in the control of cell cycle progression (Fig. 
5). 
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Lymphotactin: A Cytokine That Represents a 
New Class of Chemokine 

Gregory S. Kelner, Jacqueline Kennedy, Kevin B. Bacon, 
Sarah Kleyensteu ber, David A. Largaespada, Nancy A. Jenkins, 

Neal G. Copeland, J. Fernando Bazan, Kevin W. Moore, 
Thomas J. Schall, Albert Zlotni k* 

In this study, the cytokine-producing profile of progenitor T cells (pro-T cells) was de- 
termined. During screening of a complementary DNA library generated from activated 
mouse pro-T cells, a cytokine designated lymphotactin was discovered. Lymphotactin is 
similar to members of both the Cys-Cys and Cys-X-Cys chemokine families but lacks two 
of the four cysteine residues that are characteristic of the chemokines. Lymphotactin is 
also expressed in activated CD8' Tcells and CD4-CD8 Tcell receptor a p t  thymocytes. 
It has chemotactic activity for lymphocytes but not for monocytes or neutrophils. The gene 
encoding lymphotactin maps to chromosome one. Taken together, these observations 
suggest that lymphotactin represents a novel addition to the chemokine superfamily. 

T h e  pro-T cell is an immature thymocyte 
subset that is likely to be the final differen- 
tiation stage before the onset of T cell 
receptor (TCR) p chain gene rearrange- 
ment (1, 2). These cells are phenotypically 
characterized by the surface expression of 
both CD25 and CD44 and by lack of sur- 
face expression of CD3, CD4, and CD8. 
Pro-T cells can produce high titers of inter- 
leukin-2 (IL-2), tumor necrosis factor a 
(TNF-a), and interferon y (IFN-y) when 
activated in vitro with phorbol 12-myristate 
13-acetate (PMA), calcium ionophore 
A23187, and IL-1 (3). We screened a com- 
plementary DNA (cDNA) library generat- 
ed from activated pro-T cells in an attempt 
to identifv new cvtokines. Here we describe 
such a cytokine, which has chemotactic 
activities that appear to be specific for lym- 
phocytes. 

To characterize the cytokine-producing 
potential of pro-T cells, both in vitro acti- 
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vated and freshly sorted pro-T cells were 
analyzed by polymerase chain reaction 
(PCR). Pro-T cells activated in vitro with 
PMA, A23187, and IL-1 produced mRNA 
for IL-2, IFN-y, TNF-a, granulocyte-mac- 
rophage colony-stimulating factor (GM- 
CSF), and both the p35 and p40 chains of 
IL-12. No mRNA for IL-4 or IL-10 was 
detected. Similarly, freshly sorted pro-T 
cells were shown to contain mRNA for 
IL-2, IFN-y, TNF-a, and GM-CSF. Again, 
no message for IL-4 or IL-10 was detected, 
and there was no message for either the p35 
or p40 chain of IL-12. This common 
mRNA cytokine profile of freshly sorted 
pro-T cells and pro-T cells activated in 
vitro suggests that the pro-T cells are acti- 
vated in vivo. To further verify the cyto- 
kine-producing potential of pro-T cells, a 
Southern (DNA) blot of an activated pro-T 
cell cDNA library was probed. IL-2, IL-3, 
GM-CSF, IFN-y, and the p40 chain of 
IL-12 were detected in this library. 

During screening of the pro-T cell 
cDNA library, a clone was isolated (Fig. 
IA),  the protein translation of which con- 
sistently matched a short COOH-terminal 
segment of Cys-Cys chemokine protein 
chains in BLAST searches of protein and 
nucleic acid databases (4). A weaker simi- 
larity in this region was also noted with 
Cys-X-Cys chemokine sequences. Because 
of its biological activities described below, 
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