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C E L L  B I O L O G Y

Budding yeast relies on G1 cyclin specificity to  
couple cell cycle progression with  
morphogenetic development
Deniz Pirincci Ercan1, Florine Chrétien1, Probir Chakravarty2, Helen R. Flynn3, 
Ambrosius P. Snijders3, Frank Uhlmann1*

Two models have been put forward for cyclin-dependent kinase (Cdk) control of the cell cycle. In the qualitative 
model, cell cycle events are ordered by distinct substrate specificities of successive cyclin waves. Alternatively, in 
the quantitative model, the gradual rise of Cdk activity from G1 phase to mitosis leads to ordered substrate phos-
phorylation at sequential thresholds. Here, we study the relative contributions of qualitative and quantitative Cdk 
control in Saccharomyces cerevisiae. All S phase and mitotic cyclins can be replaced by a single mitotic cyclin, albe-
it at the cost of reduced fitness. A single cyclin can also replace all G1 cyclins to support ordered cell cycle progres-
sion, fulfilling key predictions of the quantitative model. However, single-cyclin cells fail to polarize or grow buds 
and thus cannot survive. Our results suggest that budding yeast has become dependent on G1 cyclin specificity to 
couple cell cycle progression to essential morphogenetic events.

INTRODUCTION
The cell division cycle consists of a series of temporally regulated 
processes that couple cell growth to genome duplication, chromo-
some segregation, and eventually the birth of two daughter cells. These 
processes are orchestrated by the oscillatory activity of a master cell 
cycle regulator, the cyclin-dependent kinase (Cdk) complexes, and 
their counteracting phosphatases (1, 2). Over the duration of one cell 
cycle, Cdk complexes phosphorylate hundreds of substrates contain-
ing Cdk motifs composed of S/T-P residues with a preferential basic 
residue K/R at the +3 position. Phosphorylated substrates can, among 
other fates, become activated or inactivated, change cellular localiza-
tion, or be targeted for proteasomal degradation. Thus, it is key to 
successful cell cycle progression that the correct Cdk substrates are 
phosphorylated at the right time. In addition to phosphorylation, cell 
cycle regulation is shaped by proteolysis that targets cyclins and other 
key cell cycle regulators (3).

Sequential waves of multiple distinct cyclin-Cdk complexes are 
typically observed in eukaryotic cells. In the qualitative model for 
Cdk control of the cell cycle, the substrate specificities of these suc-
cessively expressed cyclins underpin the ordering of cell cycle events. 
The budding yeast Saccharomyces cerevisiae provides an archetypal 
example for cyclin waves. A single Cdk catalytic subunit (Cdc28) se-
quentially forms complexes with three G1 phase cyclins (Cln1 to Cln3) 
followed by two S phase cyclins (Clb5 and Clb6) and lastly four mi-
totic cyclins (Clb1 to Clb4). These cyclins use hydrophobic inter-
action surfaces to recognize distinct short linear interaction motifs 
on their substrates, which promote substrate docking and phos-
phorylation. Substrate docking motifs are found at a distance from 
the phosphorylation site and have been described by their amino 
acid consensus as LP (interacting with Cln1 and Cln2) (4–6), NLxxxL 
or K/RxL (Clb5 and Clb6) (7–10), PxF (Clb3) (11), and LxF (Clb2) 

(12) motifs. Docking interactions can also play a role in directing Cdk 
to a specific subcellular location, e.g., Clb3 localization to the nuclear 
envelope, spindle poles, and lipid particles (11). Despite the regulatory 
potential of distinct, sequentially expressed cyclins, they display func-
tional overlap and plasticity. For example, early expression of the 
mitotic cyclin Clb2 can replace the S phase cyclin Clb5, as long as the 
Cdk inhibitor Swe1 is removed (13).

In addition to distinct substrate specificities, cyclins differ in their 
ability to activate the Cdk kinase. In the order of appearance during 
cell cycle progression, the budding yeast cyclins Cln2, Clb5, Clb3, and 
Clb2 confer increasing Cdk activity toward a generic substrate (4). 
This leads to a quantitative increase in overall Cdk activity as cells 
progress from G1 to mitosis and forms the basis for the quantitative 
model for Cdk control of the cell cycle. This model proposes that cell 
cycle events are triggered when Cdk activity reaches certain quan-
titative thresholds, the level needed to trigger S phase being lower 
than the threshold required for entry into mitosis (14). In support of 
the quantitative model, a single cyclin is sufficient to drive cell pro-
liferation in an engineered fission yeast S. pombe strain (15). In such 
a single-cyclin strain, no differential cyclin specificities are available to 
order cell cycle events. Instead, increasing quantitative Cdk thresh-
olds control S phase and mitosis (16, 17). Whether cell proliferation 
with a single cyclin is possible in organisms other than fission yeast 
is not yet known.

In this study, we investigate the relative contributions of qualita-
tive cyclin specificity and quantitative Cdk control to ordering cell 
cycle progression in budding yeast. We first replace the two S phase 
and four mitotic cyclins with one mitotic cyclin, Clb2, expressed from 
an S phase promoter in addition to its endogenous promoter. Ordered 
S phase and mitosis is maintained in this strain, yet DNA replication 
is delayed and phosphoproteome analysis reveals a collapse of the in-
tricate phosphorylation landscape that six distinct cyclins normally 
provide. We then also replace the three G1 cyclins with Clb2. Notably, 
Clb2 alone is able to guide cells from G1 through S phase and into 
mitosis, thus fulfilling key predictions from the quantitative model 
for Cdk control. However, these single-cyclin budding yeast cells 
do not polarize or form buds and therefore fail to proliferate. Our 
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results reveal that G1 cyclins took on a critical role during the evo-
lutionary diversification of budding yeast cyclins to couple cell cycle 
progression with essential morphogenetic development.

RESULTS
A mitotic cyclin sustains S phase with a delay
Expression of the budding yeast mitotic cyclin Clb2 in place of the 
S phase cyclin Clb5 supports cell proliferation, even though Cdk 
phosphorylation of the replication initiation factor Sld2 is compro-
mised (9, 13, 18, 19). To better understand the consequences of re-
placing S phase cyclins with a mitotic cyclin, we established a strain 
in which two copies of Clb2, expressed under control of the CLB5 
and CLB2 promoters, were the only source of S phase and mitotic 
cyclins. The G1 cyclins Cln1 to Cln3 remained untouched. We term 
this the “Clns-Clb2S-M” strain (Fig. 1A). We then observed cell cycle 
progression of the Clns-Clb2S-M strain following synchronization by 

pheromone -factor block and release and compared it to a control 
strain harboring all nine cyclins. Swe1, an inhibitor of mitotic cyclin-
Cdk complexes, was removed from both strains to allow unhindered 
Clb2 activity throughout the cell cycle (13).

Following release from the -factor block, bud formation occurred 
with similar timing in both the Clns-Clb2S-M and control strains 
(Fig. 1B). This was expected, as bud formation is controlled by G1 
cyclins that were present in both strains (20–22). Clns-Clb2S-M cells 
expressed Clb2 from the CLB5 promoter with similar timing to Clb5 
expression in control cells. In contrast, Clns-Clb2S-M cells underwent 
DNA replication 15 min later than the control, as observed by flow 
cytometry analysis of DNA content (Fig. 1B). This delay occurred de-
spite the fact that Cdk activity, measured against a generic substrate 
histone H1 in vitro, increased faster and reached higher levels in 
Clns-Clb2S-M cells (Fig. 1C). The higher Cdk activity level can be ex-
plained by the greater potential of Clb2 to activate Cdk, when com-
pared to Clb5 (4). These results suggest that early Clb2 expression 

A

B

C

Fig. 1. S phase delay in the Clns-Clb2S-M strain. (A) Schematic of cyclin waves in wild-type budding yeast and in the Clns-Clb2S-M strain. (B) Cell cycle progression of 
control and Clns-Clb2S-M cells. -Factor–synchronized cells were followed through one cell cycle before rearrest in the following G1. Flow cytometry analysis of DNA con-
tent as well as Western blot analysis of Clb5 and Clb2 levels is shown. Clb2 expressed from the CLB5 promoter was fused to a 6×HA epitope tag, causing its slower migra-
tion. Tubulin served as a loading control. The fraction of budded cells over time is shown, as well as the fraction of cells with 2C DNA content. (C) Cdk-associated kinase 
activity against histone H1 was measured following Cdc28 immunoprecipitation by virtue of a Pk epitope tag. A representative autoradiogram and Western blot are 
shown. The results from three independent experiments are shown; the medians are connected by a line.
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promotes a faster quantitative increase in Cdk activity but has a lower 
potential than Clb5 in promoting DNA replication.

Despite the higher Clb2-Cdk activity level, entry into mitosis, as 
evidenced by metaphase spindle formation, and anaphase onset were 
also delayed in Clns-Clb2S-M cells (fig. S1A). This is a first indica-
tion that both cyclin specificity and quantitative Cdk activity con-
tribute to controlling the budding yeast cell cycle. The specificity of 
S phase cyclins determines the onset of DNA replication. In their 
absence, the gradual quantitative increase of Clb2-Cdk activity can 
also order S phase and mitosis, albeit with altered timings.

In addition to delays in entering S phase and mitosis, Clns-
Clb2S-M cells progressed through the cell cycle less synchronously 
than control cells. Clb2 degradation during exit from mitosis re-
mained sluggish and incomplete. We will return to this observa-
tion below.

Cyclin specificity shapes the Cdk phosphorylation landscape
To survey the impact of cyclin specificity on Cdk substrate phos-
phorylation, we performed time-resolved phosphoproteome analy-
sis of Clns-Clb2S-M and control strains. Following release from cell 
synchronization with -factor, we collected samples at 10-min inter-
vals until cells reached mitosis at 90 min (fig. S1, B and C). Phosphopro-
teome analysis, using 10 isobaric mass tags, allowed us to follow the 
abundance changes of 9909 phosphosites. In control cells, 3578 of 
these sites gained more than 1.5-fold in abundance during progres-
sion from G1 to mitosis. Among them, 1091 adhered to the minimal 
S/TP Cdk recognition motif.

We grouped these candidate Cdk phosphosites by the time when 
they first pass the 1.5-fold enrichment threshold in control cells. This 
confirmed widely spread-out phosphorylation of Cdk substrates 
during cell cycle progression (Fig. 2A) (4, 17, 23–26). We then plotted 
the phosphorylation timing of the same groups of phosphosites in 
Clns-Clb2S-M cells. While the overall magnitude of phosphorylation 
changes was smaller, probably because of the inferior cell cycle syn-
chrony of the Clns-Clb2S-M culture, the early phosphorylation waves 
at 10, 20, and 30 min appeared largely unchanged. This was expected 
from the presence of unaltered G1 cyclins in both strains. Between 
40 and 70 min, the time window between S phase and entry into mi-
tosis, a large number of sites were sequentially phosphorylated in 
the control. In Clns-Clb2S-M cells, the time resolution between these 
phosphorylation waves collapsed and was replaced by a slow gradual 
increase of the sites over time. This illustrates how distinct S phase 
and mitotic cyclins enable the execution of a time-resolved cell cycle 
phosphorylation program.

Phosphorylation events occurred in sequential waves in control 
cells, reflecting consecutive waves of cyclin expression (Figs. 1B and 
2A). In contrast, sites that were phosphorylated from S phase onward 
remained phosphorylated for prolonged periods in Clns-Clb2S-M 
cells, again mirroring Clb2 levels that persisted starting from S phase 
onward until mitosis. This suggests that not only sequential cyclin 
synthesis but also sequential cyclin proteolysis contributes to shaping 
the cell cycle phosphorylation landscape.

Last, we observed that the last, mitotic phosphorylation wave at 
80 min was greatly subdued in Clns-Clb2S-M cells. This is unexpected 
when considering that mitotic Clb2-Cdk activity is greater in Clns-
Clb2S-M cells compared to the control. Possible explanations include 
that mitotic cyclins in addition to Clb2 are important to achieve 
mitotic Cdk phosphorylation or that the regulation of Cdk counter-
acting phosphatases is affected by the absence of S phase cyclins. In 

addition, delayed cell biological events in Clns-Clb2S-M cells might 
delay downstream Cdk substrate phosphorylation. Together, these 
observations manifest the importance of a full cyclin complement in 
diversifying the budding yeast cell cycle phosphorylation program. 

A

B

C

D

Fig. 2. Compromised S phase target phosphorylation in Clns-Clb2S-M cells. 
(A) Median normalized intensity profiles of Cdk targets, grouped by their phos-
phorylation timing in control cells. Phosphosite number in each category is given in 
parenthesis. The same groups are shown in the Clns-Clb2S-M strain. Phosphorylation 
midpoints of the 40 to 70 min categories are indicated by dashed arrows. A complete 
list of phosphosites can be found in data file S1. (B) Median normalized intensity 
profiles of phosphosites from biochemically identified Clb5-Cdk targets (9), as well 
as sites with similar control phosphorylation timing in targets lacking Clb5 specific-
ity (9). Dashed arrows point to phosphorylation midpoints. (C and D) Normalized 
intensity profiles of Cdk sites in Sld2, Orc2, and Orc6. Line colors are chosen to ap-
proximate those of the time categories in (A). Western blot analyses of Orc2 and 
Orc6 phosphorylation during synchronous cell cycle progression of wild-type and 
Clns-Clb2S-M cells are also shown.
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A hierarchical clustering analysis of phosphosite behavior in con-
trol and Clns-Clb2S-M cells confirmed the above conclusions and re-
vealed further details of phosphosite behavior (fig. S2).

Impact of cyclin specificity on S phase targets
We next analyzed the consequences of S phase cyclin loss on the 
in vivo phosphorylation of a set of in vitro determined Clb5-Cdk 
substrates (9). Our control dataset contained 37 phosphosites on 13 
of the 14 described substrates. These sites displayed early phospho
rylation at approximately 20 min, which was delayed by more than 
10 min in Clns-Clb2S-M cells (Fig. 2B). In contrast, 63 phosphosites 
on proteins that were phosphorylated with similar early timing in 
our control strain, but showed no in vitro Clb5 preference (9), retained 
unaltered phosphorylation timing.

Of the in vitro Clb5-Cdk targets, Sld2 is a key replication initiation 
factor whose timely in vivo phosphorylation has previously been re-
ported to depend on Clb5 (9, 13, 18, 19). The single phosphosite 
resolution of our dataset revealed that the T84 site that is critical for 
replication initiation (27) was hardly phosphorylated in Clns-Clb2S-M 
cells (Fig. 2C). In contrast, other Cdk phosphorylation sites on Sld2 
were less affected.

Orc2 and Orc6, whose Cdk phosphorylation is part of the mech-
anism that blocks re-replication (28, 29), are also in vitro Clb5-Cdk 
targets (9). Our phosphoproteome analysis contained numerous Cdk 
sites on both Orc subunits. Their phosphorylation in early S phase 
was affected to various extents by the absence of Clb5 (Fig. 2D). 
Among the most affected residues were Orc2 T24 and S206, which 
are located in predicted disordered regions of the protein, 10 and 
19 amino acids upstream of RxL and KxL motifs, respectively. A small 
delay and reduction of Orc2 and Orc6 phosphorylation in the absence 
of Clb5 was also seen by Western blotting. Together, these results 
demonstrate the importance of S phase cyclin specificity in regulat-
ing important DNA replication factors. They further illustrate how 
phosphosites can be differentiated within Cdk substrates by local 
cyclin docking motifs.

Impact of cyclin specificity on G2 and mitotic targets
Clns-Clb2S-M cells lacked not only S phase cyclins but also the mitotic 
cyclins Clb1, Clb3, and Clb4. The spindle positioning factor Kar9 is 
thought to be a Clb3 and Clb4 target (30). Its G2-specific phospho
rylation was greatly impaired in Clns-Clb2S-M cells, both when judged 
by its electrophoretic mobility shift and the phosphoproteome data 
(Fig. 3A). We also surveyed Cdk phosphosites that lie in the vicinity 
of predicted PxF Clb3 docking motifs in the cell polarity factor Boi1 
and the nuclear envelope and spindle pole protein Csa1 (11). These 
phosphosites were again greatly affected in the Clns-Clb2S-M strain 
(fig. S3A).

Last, we investigated the consequence of earlier than usual Clb2 
expression in the Clns-Clb2S-M strain. The transcription factor Ndd1 
is an important Clb2 target that contributes to Clb2 transcriptional 
autoregulation (31, 32). Ndd1 phosphorylation was advanced in 
Clns-Clb2S-M cells, both when judged by its electrophoretic mobility 
shift as well as the phosphoproteome data (Fig. 3B). Additional Cdk 
targets containing predicted Clb2 docking motifs (12), the replica-
tion initiator Cdc6 and the formin Bni1, again displayed advanced 
phosphorylation of sites close to their LxF sequences (fig. S3B). To-
gether, these analyses reveal the extent by which cyclin specificity, 
via docking site interactions, shapes the multifaceted Cdk phos-
phorylation landscape during cell cycle progression.

A DNA damage signature and reduced fitness of  
Clns-Clb2S-M cells
Clb2 degradation appeared sluggish, indicative of compromised mi-
totic exit in Clns-Clb2S-M cells (Fig. 1B). This could be an indication of 
cell cycle checkpoint activation. Examination of securin levels, which 
acts as downstream effector of budding yeast cell cycle checkpoints, 
revealed markedly delayed securin degradation in Clns-Clb2S-M cells 
(Fig. 4A). Furthermore, securin showed noticeably increased phos-
phorylation at target sites of the Chk1 checkpoint kinase, which are 
known to stabilize securin (Fig. 4A) (33). These observations open 
the possibility that a DNA damage signal in Clns-Clb2S-M cells delays 
mitotic exit. On the contrary, we did not find evidence for activation 
of two other budding yeast cell cycle checkpoints, the S phase and 
mitotic checkpoints (fig. S4, A and B) (34, 35).

Persisting securin impedes anaphase onset and mitotic exit by 
preventing separase from cleaving cohesin and from activating the 
Cdc14 phosphatase (36, 37). Consistently, we found that anaphase 
onset and Cdc14 release from its inhibitory sequestration in the nu-
cleolus was delayed by around 15 min in Clns-Clb2S-M cells (Fig. 4B). 
Separase facilitates Cdc14 release by promoting Cdk phosphoryla-
tion of the nucleolar Cdc14 inhibitor Net1 (37, 38). Accordingly, we 
found that Net1 phosphorylation was reduced and delayed, both when 
looking at the Net1 electrophoretic mobility shift and the phosphopro-
teome data of four of six Net1 Cdk phosphosites that have been im-
plicated in Cdc14 release (Fig. 4C) (38).

A DNA damage signal is an indication of endogenous stress that 
might render cells sensitive to additional exogenous challenges. We 
found that Clns-Clb2S-M cells showed marked growth defects at a 
higher temperature or in the presence of the DNA replication inhib-
itor hydroxyurea (Fig. 4D). This growth analysis also revealed that 
much of the sensitivity arose from replacing the S phase cyclin Clb5 
with Clb2, rather than from the absence of Clb1, Clb3, and Clb4. 
Together, these results demonstrate the importance of cyclin speci-
ficity, and especially the presence of both S phase and mitotic cyclins, 
for faithful and timely cell cycle progression and cell fitness in bud-
ding yeast.

Cell cycle progression with a single cyclin
We next asked whether budding yeast cells can proliferate with Clb2 
as the sole source of cyclin-Cdk activity. Loss of budding yeast G1 
cyclins is lethal, but growth is thought to be restored by simultane-
ous removal of the stoichiometric Cdk inhibitor Sic1 (39). We suc-
cessfully eliminated the G1 cyclins Cln1 and Cln3, as well as Sic1, 
from Clns-Clb2S-M cells, thereby creating a Cln2-Clb2S-M strain (fig. 
S5A). However, attempts to additionally remove Cln2 failed, in line 
with another recent report that cells lacking G1 cyclins and Sic1 are 
unviable (40). Cln2-Clb2S-M cells showed markedly delayed Cln2 
expression and DNA replication, compared to the corresponding 
swe1∆ sic1∆ control (fig. S5B), consistent with the known role of G1 
cyclins to promote each other’s expression (41). We now added a 
third copy of Clb2, expressed under control of the CLN2 promoter, 
to create a Cln2-Clb2G1-S-M strain. This resulted in early Clb2 ac-
cumulation that coincided with Cln2. The early presence of Clb2 
advanced Cln2 expression, compared to Cln2-Clb2S-M cells. It also 
advanced DNA replication (fig. S5B). It was previously thought that 
Clb2 represses G1 cyclin synthesis, at least at later cell cycle stages 
when Clb2 reaches higher levels (42). Following its early expression 
from the CLN2 promoter, it appears that Clb2 promoted G1 cell cy-
cle progression.
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We next studied whether G1-expressed Clb2 could replace Cln2. To 
do so, we placed a methionine-repressible MET3 promoter in front of 
the CLN2 gene to create a MET3prCln2-Clb2G1-S-M strain (Fig. 5A). 
When released from -factor synchronization into methionine-free 
medium, Cln2 expression was maintained, resulting in cyclin accumu-
lation followed by S phase. When Cln2 expression was repressed by 
release into medium supplemented with methionine, cells progressed 
more slowly through G1 (Fig. 5B). Nevertheless, Clb2 accumulated, 
leading to Cdk substrate phosphorylation and eventually DNA rep-
lication. This suggests that Clb2 can replace Cln2 and promote pro-
gression through G1 and into S phase, albeit with a delay. Cell cycle 
progression was driven by Clb2, rather than residual Cln2 that might 
have persisted following MET3 promoter shutoff, as cells without CLN2 
promoter-expressed Clb2 remained stably blocked in G1 and showed 
neither cyclin expression nor Cdk substrate phosphorylation.

Single-cyclin cells complete a nuclear division cycle
We next observed how cells expressing only Clb2 progressed from 
S phase to mitosis. To this end, we performed immunofluorescence 

imaging of mitotic spindles, together with nuclei, at time points follow-
ing DNA replication. This revealed the formation of bipolar spindles 
in almost half of the cells, which elongated and segregated DNA into 
two equal masses. However, this process of apparent chromosome seg-
regation took place in large, single-cell bodies (Fig. 5C). We did not ob-
serve bud formation and consequently no cell division could take place. 
These observations suggest that Clb2 as the sole cyclin can instruct 
genome duplication and segregation but fails in producing progeny 
by cell division. Flow cytometry analysis of DNA content revealed 
that, at later time points, a fraction of cells underwent another round 
of genome doubling, suggesting that they had completed progression 
through one biochemical cell cycle and entered the next. However, 
because of their failure to generate buds and divide, MET3prCln2-
Clb2G1-S-M cells were not able to proliferate on methionine-containing 
medium where Clb2 provides the only source of Cdk activity (fig. S5C).

The role of Cln2 in cell proliferation
To gain insight into why Clb2 could not fully replace Cln2 in pro-
moting cell proliferation, we considered differences between the 

A

B

Fig. 3. Cyclin specificity shapes the Cdk phosphorylation landscape. (A) Contribution of Clb3-specific substrate interactions. Kar9 phosphorylation was assessed during 
synchronous cell cycle progression in control and Clns-Clb2S-M cells by Western blotting. Normalized intensity profiles from the phosphoproteome data of the indicated 
sites are also shown. (B) as in (A) but the effect of early Clb2 expression on Ndd1 phosphorylation was evaluated. The dashed arrows point to the phosphorylation midpoints.
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Fig. 4. Signs of a DNA damage response in Clns-Clb2S-M cells. (A) Delayed securin degradation following its phosphorylation on Chk1 kinase sites. Securin levels in 
synchronized cultures of control and Clns-Clb2S-M cells were analyzed by Western blotting. Normalized intensity profiles of three Chk1 kinase target sites contained in the 
phosphoproteome data are shown. (B) Delayed Cdc14 release in Clns-Clb2S-M cells. Cdc14 fused to a Pk epitope tag was visualized by indirect immunofluorescence during 
a time course experiment as in (A). One hundred cells were scored for loss of discernible nucleolar Cdc14 accumulation at each time point, as well as for the presence of 
short metaphase or long anaphase spindles. (C) Compromised Net1 phosphorylation. The Net1 phosphorylation status was analyzed during synchronous cell cycle 
progression of control and Clns-Clb2S-M cells by Western blotting. Normalized intensity profiles of four Cdk phosphorylation sites that regulate Cdc14 release are shown. 
(D) Reduced fitness of Clns-Clb2S-M cells. Tenfold serial dilutions of cells with the indicated genotypes were spotted on YPD plates, with or without added hydroxyurea (HU), 
and grown for 3 days at the indicated temperatures.
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two cyclins. An important role of G1 cyclins is activation of the G1 
transcriptional program, which in budding yeast involves phospho
rylation and thereby inactivation of the transcriptional repressors Whi5 
and Stb1 (43–45). To overcome transcriptional inhibition, we deleted 
the genes encoding Whi5 or Stb1 in the MET3prCln2-Clb2G1-S-M back-
ground. This did not noticeably change the timing of G1 progression 
when Cln2 was active (fig. S6A). Notably, when Cln2 was repressed, 

G1 progression and S phase entry markedly accelerated in the absence 
of Whi5 or Stb1 (Fig. 6A). Despite the successful up-regulation and 
acceleration of cyclin gene transcription, cells remained unsuccessful 
at forming buds and were unable to proliferate on methionine contain-
ing medium. Deletion of the MluI cell cycle box binding factor (MBF) 
transcription factor subunit Mbp1, which allows for promiscuous 
expression of its G1 targets (46), also did not restore viability (fig. S6B).

A

B

C

Fig. 5. Cell cycle progression with a single cyclin. (A) Schematic of cyclin waves in the MET3prCln2-Clb2G1-S-M strain with active or repressed MET3 promoter, as well as 
in the repressed MET3prCln2-Clb2S-M strain. (B) Cell cycle characteristics with a single cyclin. -Factor synchronized cells of the indicated genotypes were released into 
medium lacking (Cln2 ON) or containing methionine (Cln2 OFF). Flow cytometry analysis of DNA content is shown together with Western blots of cyclin expression and 
cell cycle markers. Clb2 expressed from the CLN2 promoter was fused to a 3×HA epitope tag, leading to migration between CLB5 promoter expressed 6×HA epitope–
tagged Clb2 and endogenous untagged Clb2. Tubulin served as a loading control. (C) Mitosis inside single-cell bodies in the single-cyclin strain. Fields of MET3prCln2-
Clb2G1-S-M and MET3prCln2-Clb2S-M cells with Cln2 OFF from the 300 min time point, stained for the mitotic spindle and DNA. One hundred cells at each time point were 
scored for elongated (E) or segregated (S) nuclei.
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In addition to functional distinctions between Cln2 and Clb2, we 
considered structural differences. While cytoplasmic Cln2 is important 
for efficient budding (47), Clb2 is enriched in the nucleus. To increase 
cytoplasmic Clb2 levels, we deleted its nuclear localization signal (48), 
but this was insufficient to restore viability without Cln2 (Fig. 6B and 
fig. S6C). We also covalently fused Clb2 to the Cdc28 kinase subunit, 
an approach that facilitated constitutive cyclin-Cdk complex forma-
tion in fission yeast (16), but that also did not reinstate viability.

Overexpression of the S phase cyclin Clb5 has been reported to 
compensate for the absence of G1 cyclins (49, 50). The overall simi-
lar architecture of Clb5 and Clb2 made it possible to replace Clb2’s 
hydrophobic substrate binding pocket with that of Clb5. However, 
the resultant Clb2CLB5HP was unable to promote cell proliferation 
without Cln2 (Fig. 6B and fig. S6C).

To address the importance of Cln2-specific substrate targeting in 
an alternative way, we made use of an LP motif docking site mutation 

in Cln2, Cln2lpd, that reduces Cln2-specific substrate interactions and 
phosphorylation (6). We then analyzed whether Cln2lpd was able to sus-
tain cell growth following wild-type Cln2 depletion in MET3prCln2-
Clb2S-M cells. Unexpectedly, Cln2lpd supported cell proliferation to 
a similar extent as wild-type Cln2. Therefore, the features of Cln2 
that distinguish it from Clb2 in promoting budding and cell prolif-
eration must lie outside its LP motif docking site.

In an attempt to narrow down the region of Cln2 that is required 
to promote budding and sustain cell proliferation, we created five 
Cln2-Clb2 chimeras on the basis of a structure-based alignment of 
Cln2 and Clb2. This involved swaps of the cyclin core, as well as the 
N- and C-terminal extensions. While the resultant chimeras were 
expressed as stable proteins under control of the CLN2 promoter 
(Fig. 6B and fig. S6C), none was able to support cell growth follow-
ing Cln2 repression. The molecular features that make Cln2 essen-
tial therefore remain to be further explored.

B

A

Fig. 6. Dissecting the essential nature of G1 cyclins. (A) Transcriptional inhibitors delay G1 progression. Cells of the indicated genotypes were synchronized by -factor 
treatment and released. Flow cytometry analysis of DNA content was used to monitor G1 progression and entry into S phase. (B) Analysis of G1 cyclin features. Fourfold 
serial dilutions of cells with indicated genotypes were spotted onto CSM without methionine (Cln2 ON) or YPD (Cln2 OFF) plates and grown for 3 days at 25°C. Schematics 
represent the cyclin variants expressed under control of the CLN2 promoter. Cln2 (blue) and Clb2 (red) are divided into their N-terminal, cyclin core, and C-terminal parts. 
Two Cln2-specific loop insertions are highlighted by arrowheads. Locations of engineered gene alterations are highlighted in dark gray.



Pirincci Ercan et al., Sci. Adv. 2021; 7 : eabg0007     4 June 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

9 of 13

Cln2 specificity promotes cell polarization and budding 
target phosphorylation
Given the failure of cells expressing only Clb2 to grow buds, we won-
dered whether Cln2 was specifically required for phosphorylation of 
budding pathway factors. Three Cdk targets associated with the Cdc42 
guanosine triphosphatase that is central to cell polarization, Boi1, 
Rga2, and Cdc24, are more efficiently targeted by Cln2-Cdk in vitro 
than by Clb2-Cdk (51). We synchronized MET3prCln2-Clb2G1-S-M 
whi5∆ cells by -factor treatment and released them into medium 
that allowed or suppressed Cln2 expression. As soon as cyclins ac-
cumulated in Cln2-expressing cells, Boi1, Rga2, and Cdc24 showed 
electrophoretic mobility shifts characteristic of their phosphorylation 
(Fig. 7A) (51). On the other hand, no mobility shift was detected in 
cells lacking Cln2, even at later times when Clb2 levels increased, and 

cells entered S phase. This suggests that Cln2 specifically phospho
rylates positive regulators of bud formation.

To directly visualize cell polarization, we stained cells with phal-
loidin to label actin filaments. -Factor–treated cells displayed ac-
tin accumulation at their polarized shmoo tips. Following release 
from the arrest, Cln2-expressing cells retained polarity at the sites 
of bud formation (Fig. 7B). In contrast, polarization was lost from 
the shmoo tips in cells lacking Cln2. Instead, actin was found in 
patches dispersed around the cell circumference. Polarization was 
not visibly regained in these cells at any time during the experi-
ment. Together, these results suggest that Cln2 plays a unique role 
during bud formation because it phosphorylates targets in the cell 
polarity and budding pathways that cannot be reached by Clb2-Cdk 
complexes.

∆

∆

∆

A

B

Fig. 7. Cln2 is required for cell polarization and budding pathway target phosphorylation. (A) Cln2 promotes budding pathway target phosphorylation. Electrophoretic 
mobility shifts, indicative of phosphorylation, of the denoted proteins were assessed during synchronous cell cycle progression of MET3prCln2-Clb2G1-S-M cells in CSM 
medium lacking (Cln2 ON) or containing (Cln2 OFF) methionine. Tubulin served as a loading control. (B) Cln2 is required for cell polarization. Samples from (A) were pro-
cessed for rhodamine-phalloidin staining at the indicated time points. Fluorescence is shown next to differential interference contrast (DIC) images.
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DISCUSSION
Here, we analyze the relative contributions of cyclin specificity and 
quantitative Cdk control to budding yeast cell cycle progression. We 
find evidence for important contributions of both mechanisms. On 
the one hand, the quantitative increase of a single mitotic cyclin can 
replace all other cyclins and bring about ordered progression from 
G1 through S phase and into mitosis. Therefore, key cell cycle tar-
gets must have been phosphorylated in the correct order by a single 
source of Cdk activity. Possible mechanisms that explain this order-
ing include phosphatase thresholds or a multisite phosphorylation 
code (2, 52, 53). On the other hand, many aspects of the multifaceted 
Cdk phosphorylation landscape depend on individual cyclins and 
their ability to recognize distinct small linear substrate interaction 
motifs. Losing this added level of regulation results in a substantial 
fitness reduction when considering cell cycle control of S phase and 
mitosis. Our time-resolved phosphoproteome analysis expands on 
previously published datasets (26, 54) and provides a comprehen-
sive overview of how cyclin specificity contributes to cell cycle phos-
phorylation dynamics.

When we also replace G1 cyclins by the single mitotic cyclin, cells 
can complete a nuclear division cycle but fail to form viable progeny. 
The reason for the inability of a single mitotic cyclin to support cell 
proliferation was its failure to promote cell polarization and bud-
ding. G1 cyclins use an LP motif docking mechanism that is known 
to contribute to cell polarization (6). However, the Cln2 LP docking 
site was not required to convey its critical role. Could it therefore be 
that not the absence of Cln2 but premature Clb2 expression inter-
fered with cell polarization in our single-cyclin experiment? Clb2 
promotes depolarization of the cortical actin network, at least at the 
time when cells have reached G2 (20). Clb2 has furthermore been 
suggested to prevent bud formation by repressing G1 gene expres-
sion (55). However, we consider an inhibitory role of Clb2 in G1 un-
likely. In our experiments, Clb2 did not prevent bud formation as 
long as Cln2 was also present. On the contrary, G1-expressed Clb2 
replaced other missing G1 cyclins, accelerating cyclin expression and 
S phase onset. Within the context of G1 cells, Clb2 therefore con-
tributes positively to most aspects of G1 progression, except for cell 
polarization and budding. On the basis of this evidence, we suggest 
that Cln2 carries a critical role in promoting phosphorylation of cell 
polarization and budding pathway targets that Clb2 cannot reach. 
Cln2 appears to do so using substrate interactions that go beyond 
those provided by the LP docking site. Further studies will explore 
the nature of these interactions and whether they are shared with 
other G1 cyclins (56).

Will it be possible to engineer a single cyclin that can successfully 
drive the whole of the budding yeast cell division cycle? While Cln2 
is uniquely able to drive cell polarization and budding, it is a poor 
overall Cdc28 kinase activator (4). We do not yet understand what 
differentiates cyclins when it comes to quantitative Cdk activation 
and whether or not Cln2’s unique substrate specificity necessitates 
weaker Cdk kinase activation. However, because of its limited kinase 
activation potential, Cln2 alone is unlikely sufficient to drive later cell 
cycle events. In contrast, instances have been reported when later ex-
pressed cyclins can take over G1 cyclin function (39, 49, 50). Notably, 
a stabilized version of Clb3 can compensate for the absence of both 
G1 and S phase cyclins (40). At first sight, Clb3 appears unable to 
replace Clb1 and Clb2. However, Clb3 shows the least nuclear con-
centration among the budding yeast cyclins (53) and localization is 
often important for cyclin function (57, 58). Therefore, in future 

studies, it will be interesting to test whether increasing nuclear accu-
mulation of Clb3 might allow establishment of a single-cyclin bud-
ding yeast strain. Such a tool holds promise to reveal more about how 
cyclin specificity and quantitative Cdk regulation coexist.

Cyclins as cell cycle regulators likely emerged after the divergence 
of eukaryotes from archaea and bacteria (59). From there, G1 cyclins 
have diverged faster than S phase and mitotic cyclins (60). It appears 
that, during their evolution, G1 cyclins have acquired specialized func-
tions by recognizing substrate docking motifs different from S phase 
and mitotic cyclins. LP motif docking is a conserved feature among 
fungal G1 cyclins (61), consistent with the notion that ancestral fungi 
already made use of at least two different cyclin families (62). In the 
future, it will be interesting to understand what triggered the need 
for harboring more than one cyclin and whether the development of 
morphogenetic changes such as bud formation created such a need. 
Fission yeast cells that can live with only one cyclin display a simple 
morphogenetic life cycle of cell elongation and fission (15, 16). Last, 
it would be interesting to know when G1 cyclins diverged from mi-
totic cyclins in relation to the separation of the fungi and animal 
kingdoms. While the mammalian cell cycle is able to progress with-
out input from G1 (D-type) cyclins (63, 64), individual D-type cyclins 
have taken on crucial organ-specific functions (65, 66). It could be 
that G1 cyclins evolved to link cell cycle progression to cell biological 
events that require G1-specific input from the cell cycle control ma-
chinery, which cannot be provided by quantitative Cdk control.

MATERIALS AND METHODS
Yeast strains and culture
Budding yeast strains were of the W303 background and are listed in 
table S1. Gene deletions were performed using either polymerase chain 
reaction (PCR)–based gene targeting (67) or CRISPR-Cas9–based ge-
nome editing (68). For the latter, gene-specific guide RNAs (gRNAs) 
were designed and cloned into the pML104 vector as described (68). 
The vector was then cotransformed with a double-stranded DNA 
fragment consisting of successive 150 base pairs upstream and down-
stream of the targeted gene. Positive transformants were selected on 
medium lacking uracil and then counter selected on medium con-
taining 5-fluoroorotic acid to allow recycling of the CRISPR-Cas9–
gRNA plasmid for further rounds of editing. Epitope tagging of 
endogenous gene loci and promoter substitutions were performed 
using PCR-based methods (69). Details of all the additional DNA con-
structs used for constructing cyclin variants can be found in table S1. 
Cells were grown in rich YP (yeast extract and peptone) medium 
supplemented with 2% glucose (YPD) or complete supplement 
mixture (CSM) medium lacking methionine supplemented with 
2% glucose, both at 25°C. Mating pheromone -factor was used for cell 
synchronization in G1 as described (70). After collecting an aliquot 
from the arrested culture (time point 0), cells were released by 
filtration and resuspended in fresh medium, and further samples were 
collected at regular intervals. In case of a rearrest in the subsequent 
G1, cells were treated with -factor (7 g/ml) after initiation of 
budding and every following hour. Each cell cycle experiment pre-
sented here was repeated on at least two and typically more inde-
pendent occasions, and a representative experiment is shown.

Western blotting
Protein extracts for Western blotting were prepared following cell fix-
ation with trichloroacetic acid and bead beating. Extracts were then 
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separated by SDS–polyacrylamide gel electrophoresis (PAGE) and 
transferred to nitrocellulose membranes. Antibodies used for Western 
detection were -Clb5 (Santa Cruz Biotechnology, sc20170), -Clb2 
(Santa Cruz Biotechnology, sc9071), -Sic1 (Santa Cruz Biotech-
nology, sc50441), -Orc6 (clone SB49), -Orc2 [a gift from S. P. Bell 
(71)], -Rga2 and -Boi1 [a gift from D. McCusker (51)], -Cdc24 [a 
gift from M. Peter (72)], -myc (clone 9E10), –hemagglutinin (HA) 
(clone 12CA5), -Pk (Bio-Rad, clone SV5-Pk1; Abcam, ab15828), and 
-tubulin (Crick cell services, clone TAT-1).

Immunofluorescence microscopy
Indirect immunofluorescence was performed on formaldehyde fixed 
cells as described (24). For mitotic spindle staining, an -tubulin 
(Abcam, clone YOL 1/34) antibody was used. Cdc14, fused to a Pk 
epitope, was detected with an -Pk antibody (Bio-Rad, clone SV5-
Pk1). F-acting detection was performed using formaldehyde fixed 
cells, washed with phosphate-buffered saline and stained with 0.66 M 
rhodamine–conjugated phalloidine (Thermo Fisher Scientific). Cells 
were washed again and resuspended in a drop of mounting medium 
containing 4′,6-diamidino-2-phenylindole. Fluorescent images were 
acquired as serial sections along the z axis using a DeltaVision imag-
ing system (Applied Precision) on the basis of an Olympus IX-71 mi-
croscope. Image stacks were processed using the quick projection 
function in SoftWoRx.

Flow cytometry analysis of DNA content
Cells were fixed in 70% ethanol overnight at 4°C, treated with ribo-
nuclease (RNase) (0.1 mg/ml) in 50 mM tris-HCl (pH 7.5) overnight 
at 37°C, then stained with propidium iodide, and sonicated before 
analysis on a LSRFortessa cell sorter (BD Biosciences). Ten thousand 
cells per sample were counted and analyzed using FlowJo.

In vitro kinase assay
Cells harboring Pk epitope–tagged Cdc28 were grown and synchro-
nized as described above. Samples were collected every 10 min by 
centrifugation and snap-frozen in liquid nitrogen. Proteins were ex-
tracted by bead beating in lysis buffer [50 mM Hepes/KOH (pH 7.5), 
150 mM NaCl, 0.2% Triton X-100, 2.5 mM MgCl2, 10% glycerol, 
0.5 mM tris(2-carboxyethyl) phosphine (TCEP), 4-(2-aminoethyl) 
benzenesulfonyl fluoride (AEBSF) (120 g/ml), including benzo-
nase, RNase A, and a cOmplete (Roche) protease inhibitor tablet]. 
Extracts were cleared by centrifugation, and 800 g of protein extract 
per sample was incubated with 1 g of -Pk (Bio-Rad, clone SV5-
Pk1) antibody for 30 min on a rotating wheel at 4°C. Protein A 
Dynabeads (20 l) per sample were then added and incubated for 
further 30 min. Beads were extensively washed in lysis buffer and 
equilibrated in kinase buffer [50 mM Hepes/KOH (pH 7.5), 150 mM 
NaCl, 10 mM MgCl2, 0.05% Triton X-100, and bovine serum albu-
min (0.25 mg/ml)]. Histone H1 phosphorylation reactions were then 
carried out in kinase buffer containing histone H1 (0.33 mg/ml; 
Sigma-Aldrich) and 0.66 mM adenosine 5′-triphosphate (ATP), 
including 11 nM 33P-ATP (Hartmann Analytics) for 15 min at 
30°C. Reactions were terminated by addition of SDS-PAGE loading 
buffer and boiling at 95°C for 5 min. Proteins were resolved on 4 to 
15% Criterion TGX precast midi gradient gels (Bio-Rad) and trans-
ferred to a nitrocellulose membrane. Membranes were exposed to a 
Phosphorimager screen (GE Healthcare), and phosphorylation of 
histone H1 was quantified using ImageQuant. To control for Cdc28 
immunoprecipitation efficiency, the membranes were then 

processed for Western blotting using the -Pk (Abcam, ab15828) 
antibody. The H1 phosphorylation signal was normalized to Cdc28 
levels, before comparing all values to the 80-min time point in the con-
trol strain, when Cdk showed its maximum activity in the control.

Tandem mass tag proteomics sample preparation
Cells were grown and synchronized as described above. Samples were 
taken in 10-min intervals from 0 to 90 min and fixed in trichloro-
acetic acid. Cells were washed with acetone, resuspended in lysis 
buffer [50 mM ammonium bicarbonate, 5 mM EDTA (pH 7.5), and 
8 M urea], and broken by glass bead beating. Extracts were cleared by 
centrifugation. Protein extract (200 g) per sample was processed 
for mass tag labeling and mass spectrometry as described (73). Al-
ternating pairs of control and Clns-Clb2S-M samples were placed into 
two groups for labeling with TMT10plex reagents (Thermo Fisher 
Scientific). Compare extended data (fig. S1B) for further details.

Phosphoproteomics data analysis
The phosphoproteome data were filtered to retain phosphorylated 
peptides containing a single phosphorylated site and a localization 
probability score greater than 0.75. Most of the phosphosites were 
detected in both TMT10plex groups that covered alternating time 
points, thus covering all 10 time points. Phosphosites that were de-
tected in only one of the two TMT10plex groups were also included 
in the analysis after the missing phosphosite intensities were in-
ferred by imputation. Missing values were replaced by the mean of the 
two adjacent time points. Smoothing was then performed by replac-
ing each technical or imputed value by the mean of the two adjacent 
time points. For both imputation and smoothing of the 0- and 90-min 
time points, only the 10- and 80-min values, respectively, were used. 
All phosphosite intensities were then transformed to a linear scale.

For the assignment of Cdk target sites that become phosphoryl
ated between G1 and mitosis, the first and last time point of the ex-
periment, the following rules were applied to the control sample. For 
each site, phosphosite intensities were normalized to the lowest phos-
phosite intensity. Those phosphosites whose intensity increased by 
more than 1.5-fold over two consecutive time points, following the 
time point with the lowest intensity, were categorized as phospho
rylated. In addition, if sites showed their minimal intensity at 30 min 
or later, then we returned to time point 0 and asked whether the in-
tensity increased more than 1.5-fold over time point 0 in two con-
secutive time points before reaching the minimum. These sites were 
included on the basis of their early phosphorylation. Any sites with a 
higher intensity at time point 0 compared to 90 min were eliminated. 
Sites were then filtered to adhere to the minimal S/TP Cdk consen-
sus motif.

To ascribe phosphorylation timings to Cdk sites, we first identified 
the time point with the highest intensity following the time point with 
the lowest intensity (or between the value at time point 0 and the 
maximum). Half of the difference between these two values was con-
sidered the phosphorylation threshold. The phosphorylation time is 
then the first time that the intensity passes the threshold.

After these analyses were complete, we then normalize all control 
phosphosite intensities between the lowest and highest intensity, rang-
ing from 0 to 1. Phosphosite intensities in the Clns-Clb2S-M strain are in 
all cases relative to the control. If the average of more than one phos-
phosite is depicted for a phosphosite category, then we plot the median.

To assign phosphorylation midpoints to groups of phosphosites, we 
plot the median values at each time. We then determine the minimum 
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and maximum and consider half of the difference as the phosphoryla-
tion threshold. The time at which the threshold is passed is then given 
by a simple geometric fit between the two intensities and time points 
before and after the threshold is passed.

Heatmaps were generated using phosphosites grouped by their 
phosphorylation timing in the control. Intensity values per phospho-
site represented by rows were clustered using a Euclidean distance 
matrix and McKuitty clustering, on the basis of phosphosite behav-
ior in the Clns-Clb2S-M strain. Rows were divided into three groups 
using K means. Heatmaps were generated using the ComplexHeatmap 
package in R (version 3.6.0).

The search for cyclin docking motifs in predicted disordered 
protein regions was carried out using the SlimSearch4 tool (http://
slim.icr.ac.uk/slimsearch/) (74) and a IUPRED disorder score > 0.3.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/23/eabg0007/DC1

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES
	 1.	 D. Morgan, The Cell Cycle: Principles of Control (New Science Press, 2007).
	 2.	 F. Uhlmann, C. Bouchoux, S. López-Avilés, A quantitative model for cyclin-dependent 

kinase control of the cell cycle: Revisited. Philos. Trans. R. Soc. B 366, 3572–3583 (2011).
	 3.	 R. W. King, R. J. Deshaies, J.-M. Peters, M. W. Kirschner, How proteolysis drives the cell 

cycle. Science 274, 1652–1659 (1996).
	 4.	 M. Kõivomägi, E. Valk, R. Venta, A. Iofik, M. Lepiku, D. O. Morgan, M. Loog, Dynamics 

of Cdk1 substrate specificity during the cell cycle. Mol. Cell 42, 610–623 (2011).
	 5.	 S. Bhaduri, P. M. Pryciak, Cyclin-specific docking motifs promote phosphorylation of yeast 

signaling proteins by G1/S Cdk complexes. Curr. Biol. 21, 1615–1623 (2011).
	 6.	 S. Bhaduri, E. Valk, M. J. Winters, B. Gruessner, M. Loog, P. M. Pryciak, A docking interface 

in the cyclin Cln2 promotes multi-site phosphorylation of substrates and timely cell-cycle 
entry. Curr. Biol. 25, 316–325 (2015).

	 7.	 B. A. Schulman, D. L. Lindstrom, E. Harlow, Substrate recruitment to cyclin-dependent 
kinase 2 by a multipurpose docking site on cyclin A. Proc. Natl. Acad. Sci. U.S.A. 95, 
10453–10458 (1998).

	 8.	 G. M. Wilmes, V. Archambault, R. J. Austin, M. D. Jacobson, S. P. Bell, F. R. Cross, Interaction 
of the S-phase cyclin Clb5 with an “RXL” docking sequence in the initiator protein Orc6 
provides an origin-localized replication control switch. Genes Dev. 18, 981–991 (2004).

	 9.	 M. Loog, D. O. Morgan, Cyclin specificity in the phosphorylation of cyclin-dependent 
kinase substrates. Nature 434, 104–108 (2005).

	 10.	 I. Faustova, L. Bulatovic, F. Matiyevskaya, E. Valk, M. Örd, M. Loog, A new linear cyclin 
docking motif that mediates exclusively S-phase CDK-specific signaling. EMBO J. 40, 
e105839 (2021).

	 11.	 M. Örd, K. K. Puss, R. Kivi, K. Möll, T. Ojala, I. Borovko, I. Faustova, R. Venta, E. Valk, 
M. Kõivomägi, M. Loog, Proline-rich motifs control G2-CDK target phosphorylation 
and priming an anchoring protein for polo kinase localization. Cell Rep. 31, 107757 (2020).

	 12.	 M. Örd, R. Venta, K. Möll, E. Valk, M. Loog, Cyclin-specific docking mechanisms reveal 
the complexity of M-CDK function in the cell cycle. Mol. Cell 75, 76–89.e3 (2019).

	 13.	 F. Hu, O. M. Aparicio, Swe1 regulation and transcriptional control restrict the activity 
of mitotic cyclins toward replication proteins in Saccharomyces cerevisiae. Proc. Natl. Acad. 
Sci. U.S.A. 102, 8910–8915 (2005).

	 14.	 B. Stern, P. Nurse, A quantitative model for the cdc2 control of S phase and mitosis 
in fission yeast. Trends Genet. 12, 345–350 (1996).

	 15.	 D. L. Fisher, P. Nurse, A single fission yeast mitotic cyclin B p34cdc2 kinase promotes both 
S-phase and mitosis in the absence of G1 cyclins. EMBO J. 15, 850–860 (1996).

	 16.	 D. Coudreuse, P. Nurse, Driving the cell cycle with a minimal CDK control network.  
Nature 468, 1074–1079 (2010).

	 17.	 M. P. Schwaffer, A. W. Jones, H. R. Flynn, A. P. Snijders, P. Nurse, CDK substrate 
phosphorylation and ordering the cell cycle. Cell 167, 1750–1761.e16 (2016).

	 18.	 S. Tanaka, T. Umemori, K. Hirai, S. Muramatsu, Y. Kamimura, H. Araki, CDK-dependent 
phosphorylation of Sld2 and Sld3 initiates DNA replication in budding yeast. Nature 445, 
328–332 (2007).

	 19.	 P. Zegerman, J. F. X. Diffley, Phosphorylation of Sld2 and Sld3 by cyclin-dependent 
kinases promotes DNA replication in budding yeast. Nature 445, 281–285 (2007).

	 20.	 D. J. Lew, S. I. Reed, Morphogenesis in the yeast cell cycle: Regulation by Cdc28 
and cyclins. J. Cell Biol. 120, 1305–1320 (1993).

	 21.	 B. K. Benton, A. H. Tinkelenberg, D. Jean, S. D. Plump, F. R. Cross, Genetic analysis of  
Cln/Cdc28 regulation of cell morphogenesis in budding yeast. EMBO J. 12, 5267–5275 
(1993).

	 22.	 F. Cvrcková, K. Nasmyth, Yeast G1 cyclins CLN1 and CLN2 and a GAP-like protein have 
a role in bud formation. EMBO J. 12, 5277–5286 (1993).

	 23.	 M. Godfrey, T. Kuilman, F. Uhlmann, Nur1 dephosphorylation confers positive feedback 
to mitotic exit phosphatase activation in budding yeast. PLOS Genet. 11, e1004907 (2015).

	 24.	 S. A. Touati, M. Kataria, A. W. Jones, A. P. Snijders, F. Uhlmann, Phosphoproteome 
dynamics during mitotic exit in budding yeast. EMBO J. 37, e98745 (2018).

	 25.	 S. A. Touati, L. Hofbauer, A. W. Jones, A. P. Snijders, G. Kelly, F. Uhlmann, Cdc14 and PP2A 
phosphatases cooperate to shape phosphoproteome dynamics during mitotic exit.  
Cell Rep. 29, 2105–2119.e4 (2019).

	 26.	 L. Zhang, S. Winkler, F. P. Schlottmann, O. Kohlbacher, J. E. Elias, J. M. Skotheim, 
J. C. Ewald, Multiple layers of phospho-regulation coordinate metabolism and the cell 
cycle in budding yeast. Front. Cell Dev. Biol. 7, 338 (2019).

	 27.	 Y.-S. Tak, Y. Tanaka, S. Endo, Y. Kamimura, H. Araki, A CDK-catalysed regulatory 
phosphorylation for formation of the DNA replication complex Sld2-Dpb11. EMBO J. 25, 
1987–1996 (2006).

	 28.	 V. Q. Nguyen, C. Co, J. J. Li, Cyclin-dependent kinases prevent DNA re-replication through 
multiple mechanisms. Nature 411, 1068–1073 (2001).

	 29.	 M. Weinreich, C. Liang, H. H. Chen, B. Stillman, Binding of cyclin-dependent kinases 
to ORC and Cdc6p regulates the chromosome replication cycle. Proc. Natl. Acad. Sci. U.S.A. 
98, 11211–11217 (2001).

	 30.	 D. Liakopoulos, J. Kusch, S. Grava, J. Vogel, Y. Barral, Asymmetric loading of Kar9 onto 
spindle poles and microtubules ensures proper spindle alignment. Cell 112, 561–574 
(2003).

	 31.	 Z. Darieva, A. Pic-Taylor, J. Boros, A. Spanos, M. Geymonat, R. J. Reece, S. G. Sedgwick, 
A. D. Sharrocks, B. A. Morgan, Cell cycle-regulated transcription through the FHA domain 
of Fkh2p and the coactivator Ndd1p. Curr. Biol. 13, 1740–1745 (2003).

	 32.	 D. Reynolds, B. J. Shi, C. McLean, F. Katsis, B. Kemp, S. Dalton, Recruitment of Thr 
319-phosphorylated Ndd1p to the FHA domain of Fkh2p requires Clb kinase activity: 
A mechanism for CLB cluster gene activation. Genes Dev. 17, 1789–1802 (2003).

	 33.	 H. Wang, D. Liu, Y. Wang, J. Qin, S. J. Elledge, Pds1 phosphorylation in response to DNA 
damage is essential for its DNA damage checkpoint function. Genes Dev. 15, 1361–1372 
(2001).

	 34.	 Y. Sanchez, B. A. Desany, W. J. Jones, Q. Liu, B. Wang, S. J. Elledge, Regulation of RAD53 by 
the ATM-like kinases MEC1 and TEL1 in yeast cell cycle checkpoint pathways. Science 271, 
357–360 (1996).

	 35.	 K. G. Hardwick, A. W. Murray, Mad1p, a phosphoprotein component of the spindle 
assembly checkpoint in budding yeast. J. Cell Biol. 131, 709–720 (1995).

	 36.	 O. Cohen-Fix, D. Koshland, Pds1p of budding yeast has dual roles: Inhibition of anaphase 
initiation and regulation of mitotic exit. Genes Dev. 13, 1950–1959 (1999).

	 37.	 E. Queralt, C. Lehane, B. Novak, F. Uhlmann, Downregulation of PP2ACdc55 phosphatase 
by separase initiates mitotic exit in budding yeast. Cell 125, 719–732 (2006).

	 38.	 R. Azzam, S. L. Chen, W. Shou, A. S. Mah, G. Alexandru, K. Nasmyth, R. S. Annan, S. A. Carr, 
R. J. Deshaies, Phosphorylation by cyclin B-Cdk underlies release of mitotic exit activator 
Cdc14 from the nucleolus. Science 305, 516–519 (2004).

	 39.	 M. Tyers, The cyclin-dependent kinase inhibitor p40SIC1 imposes the requirement for  
Cln G1 cyclin function at Start. Proc. Natl. Acad. Sci. U.S.A. 93, 7772–7776 (1996).

	 40.	 K. Pecani, F. R. Cross, Degradation of the mitotic cyclin Clb3 Is not required for mitotic exit 
but Is necessary for G1 cyclin control of the succeeding cell cycle. Genetics 204, 
1479–1494 (2016).

	 41.	 C. Koch, A. Schleiffer, G. Ammerer, K. Nasmyth, Switching transcription on and off during 
the yeast cell cycle: Cln/Cdc28 kinases activate bound transcription factor SBF  
(Swi4/Swi6)at Start, whereas Clb/Cdc28 kinases displace it from the promoter in G2.  
Genes Dev. 10, 129–141 (1993).

	 42.	 A. Amon, M. Tyers, B. Futcher, K. Nasmyth, Mechanisms that help the yeast cell cycle 
clock tick: G2 cyclins transcriptionally activate G2 cyclins and repress G1 cyclins. Cell 74, 
993–1007 (1993).

	 43.	 R. A. de Bruin, W. H. McDonald, T. I. Kalashnikova, J. Yates III, C. Wittenberg, Cln3 activates 
G1-specific transcription via phosphorylation of the SBF bound repressor Whi5. Cell 117, 
887–898 (2004).

	 44.	 M. Costanzo, J. L. Nishikawa, X. Tang, J. S. Millman, O. Schub, K. Breitkreuz, D. Dewar, 
I. Rupes, B. Andrews, M. Tyers, CDK activity antagonizes Whi5, an inhibitor of G1/S 
transcription in yeast. Cell 117, 899–913 (2004).

	 45.	 R. A. de Bruin, T. I. Kalashnikova, C. Wittenberg, Stb1 collaborates with other regulators 
to modulate the G1-specific transcriptional circuit. Mol. Cell. Biol. 28, 6919–6928 (2008).

	 46.	 R. A. de Bruin, T. I. Kalashnikova, C. Chahwan, W. H. McDonald, J. Wohlschlegel, J. Yates III, 
P. Russell, C. Wittenberg, Constraining G1-specific transcription to late G1 phase: 
The MBF-associated corepressor Nrm1 acts via negative feedback. Mol. Cell 23, 483–496 
(2006).

http://slim.icr.ac.uk/slimsearch/
http://slim.icr.ac.uk/slimsearch/
http://advances.sciencemag.org/cgi/content/full/7/23/eabg0007/DC1
http://advances.sciencemag.org/cgi/content/full/7/23/eabg0007/DC1
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.abg0007


Pirincci Ercan et al., Sci. Adv. 2021; 7 : eabg0007     4 June 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

13 of 13

	 47.	 J. M. Skotheim, S. Di Talia, E. D. Siggia, F. R. Cross, Positive feedback of G1 cyclins ensures 
coherent cell cycle entry. Nature 454, 291–296 (2008).

	 48.	 E. Bailly, S. Cabantous, D. Sondaz, A. Bernadac, M.-N. Simon, Differential cellular 
localization among mitotic cyclins from Saccharomyces cerevisiae: A new role for the axial 
budding protein Bud3 in targeting Clb2 to the mother-bud neck. J. Cell Sci. 116, 
4119–4130 (2003).

	 49.	 C. B. Epstein, F. Cross, CLB5: A novel B cyclin from budding yeast with a role in S phase. 
Genes Dev. 6, 1695–1706 (1992).

	 50.	 E. Schwob, K. Nasmyth, CLB5 and CLB6, a new pair of B cyclins involved in DNA 
replication in Saccharomyces cerevisiae. Genes Dev. 7, 1160–1175 (1993).

	 51.	 D. McCusker, C. Denison, S. Anderson, T. A. Egelhofer, J. R. Yates 3rd, S. P. Gygi, 
D. R. Kellogg, Cdk1 coordinates cell-surface growth with the cell cycle. Nat. Cell Biol. 9, 
506–515 (2007).

	 52.	 C. Bouchoux, F. Uhlmann, A quantitative model for ordered Cdk substrate 
dephosphorylation during mitotic exit. Cell 147, 803–814 (2011).

	 53.	 M. Örd, K. Möll, A. Agerova, R. Kivi, I. Faustova, R. Venta, E. Valk, M. Loog, Multisite 
phosphorylation code of CDK. Nat. Struct. Mol. Biol. 26, 649–658 (2019).

	 54.	 M. Godfrey, S. A. Touati, M. Kataria, A. Jones, A. P. Snijders, F. Uhlmann, PP2ACdc55 
phosphatase imposes ordered cell-cycle phosphorylation by opposing threonine 
phosphorylation. Mol. Cell 65, 393–402.e3 (2017).

	 55.	 A. Amon, S. Irniger, K. Nasmyth, Closing the cell cycle circle in yeast: G2 cyclin proteolysis 
initiated at mitosis persists until the activation of G1 cyclins in the next cycle. Cell 77, 
1037–1050 (1994).

	 56.	 I. Quilis, J. C. Igual, Molecular basis of the functional distinction between Cln1 and Cln2 
cyclins. Cell Cycle 11, 3117–3131 (2012).

	 57.	 J. D. Moore, J. A. Kirk, T. Hunt, Unmasking the S-phase-promoting potential of cyclin B1. 
Science 300, 987–990 (2003).

	 58.	 S. D. M. Santos, R. Wollman, T. Meyer, J. E. Ferrell Jr., Spatial positive feedback at the onset 
of mitosis. Cell 129, 1500–1513 (2012).

	 59.	 T. J. Gibson, J. D. Thompson, A. Blocker, T. Kouzarides, Evidence for a protein domain 
superfamily shared by the cyclins, TFIIB and RB/p107. Nucl. Acids Res. 22, 946–952 (1994).

	 60.	 L. Cao, F. Chen, X. Yang, W. Xu, J. Xie, L. Yu, Phylogenetic analysis of CDK and cyclin 
proteins in premetazoan lineages. BMC Evol. Biol. 14, 10 (2014).

	 61.	 S. Bandyopadhyay, S. Bhaduri, M. Örd, N. E. Davey, M. Loog, P. M. Pryciak, Comprehensive 
analysis of G1 cyclin docking motif sequences that control CDK regulatory potency 
in vivo. Curr. Biol. 30, 4454–4466.e5 (2020).

	 62.	 E. M. Medina, J. J. Turner, R. Gordân, J. M. Skotheim, N. E. Buchler, Punctuated evolution 
and transitional hybrid network in an ancestral cell cycle of fungi. eLife 5, e09492 (2016).

	 63.	 K. Kozar, M. A. Ciemerych, V. I. Rebel, H. Shigematsu, A. Zagozdzon, E. Sicinska, Y. Geng, 
Q. Yu, S. Bhattacharya, R. T. Bronson, K. Akashi, P. Sicinski, Mouse development and cell 
proliferation in the absence of D-cyclins. Cell 118, 477–491 (2004).

	 64.	 M. Malumbres, R. Sotillo, D. Santamaría, J. Galán, A. Cerezo, S. Ortega, P. Dubus, 
M. Barbacid, Mammalian cells cycle without the D-type cyclin-dependent kinases Cdk4 
and Cdk6. Cell 118, 493–504 (2004).

	 65.	 V. Fantl, G. Stamp, A. Andrews, I. Rosewell, C. Dickson, Mice lacking cyclin D1 are small 
and show defects in eye and mammary gland development. Genes Dev. 9, 2364–2372 (1995).

	 66.	 P. Sicinski, J. L. Donaher, S. B. Parker, T. Li, A. Fazeli, H. Gardner, S. Z. Haslam, R. T. Bronson, 
S. J. Elledge, R. A. Weinberg, Cyclin D1 provides a link between development 
and oncogenesis in the retina and breast. Cell 82, 621–630 (1995).

	 67.	 A. Wach, A. Brachat, R. Pöhlmann, P. Philippsen, New heterologous modules for classical 
or PCR-based gene disruptions in Saccharomyces cerevisiae. Yeast 10, 1793–1808 (1994).

	 68.	 M. F. Laughery, T. Hunter, A. Brown, J. Hoopes, T. Ostbye, T. Shumaker, J. J. Wyrick,  
New vectors for simple and streamlined CRISPR-Cas9 genome editing in Saccharomyces 
cerevisiae. Yeast 32, 711–720 (2015).

	 69.	 M. Knop, K. Siegers, G. Pereira, W. Zachariae, B. Winsor, K. Nasmyth, E. Schiebel, Epitope 
tagging of yeast genes using a PCR-based strategy: More tags and improved practical 
routines. Yeast 15, 963–972 (1999).

	 70.	 N. O'Reilly, A. Charbin, L. Lopez-Serra, F. Uhlmann, Facile synthesis of budding yeast 
a-factor and its use to synchronize cells of  mating type. Yeast 29, 233–240 (2012).

	 71.	 D. V. Phizicky, L. E. Berchowitz, S. P. Bell, Multiple kinases inhibit origin licensing 
and helicase activation to ensure reductive cell division during meiosis. eLife 7, e33309 
(2018).

	 72.	 Y. Shimada, M.-P. Gulli, M. Peter, Nuclear sequestration of the exchange factor Cdc24 by 
Far1 regulates cell polarity during yeast mating. Nat. Cell Biol. 2, 117–124 (2000).

	 73.	 A. W. Jones, H. R. Flynn, F. Uhlmann, A. P. Snijders, S. A. Touati, Assessing budding yeast 
phosphoproteome dynamics in a time-resolved manner using TMT10plex mass tag 
labeling. STAR Protoc. 1, 100022 (2020).

	 74.	 I. Krystkowiak, N. E. Davey, SLiMSearch: A framework for proteome-wide discovery 
and annotation of functional modules in intrinsically disordered regions. Nucleic Acids 
Res. 45, W464–W469 (2017).

Acknowledgments: We would like to thank D. McCusker for the Boi1 and Rga2 antibodies; 
M. Peter for the Cdc24 antibody; S. P. Bell for the Orc2 antibody; M. Domingo-Sananes and 
S. Mouilleron for advice on cyclin evolution and structure; and S. Basu, M. Kataria, D. McCusker, 
S. Touati, and all our laboratory members for stimulating discussions and critical reading of the 
manuscript. Funding: This work was supported by the Francis Crick Institute, which receives 
its core funding from Cancer Research UK (FC001198), the UK Medical Research Council 
(FC001198), and the Wellcome Trust (FC001198), and by a Boehringer Ingelheim Fonds Ph.D. 
fellowship to D.P.E. Author contributions: D.P.E. and F.U. conceived the study, D.P.E. 
performed most of the experiments and data analyses, F.C. contributed checkpoint response 
experiments, P.C. contributed the hierarchical clustering analysis, H.R.F. and A.P.S. analyzed 
the proteomics samples, and D.P.E. and F.U. wrote the manuscript with input from all 
coauthors. Competing interests: The authors declare that they have no competing interests. 
Data and materials availability: All data needed to evaluate the conclusions in the paper are 
present in the paper and/or the Supplementary Materials. The mass spectrometry proteomics 
data reported in our manuscript have been deposited to the ProteomeXchange Consortium 
via the PRIDE partner repository with the dataset identifier PXD022757. Processed mass 
spectrometry proteomics data can also be found in data file S1.

Submitted 3 December 2020
Accepted 19 April 2021
Published 4 June 2021
10.1126/sciadv.abg0007

Citation: D. Pirincci Ercan, F. Chrétien, P. Chakravarty, H. R. Flynn, A. P. Snijders, F. Uhlmann, Budding 
yeast relies on G1 cyclin specificity to couple cell cycle progression with morphogenetic 
development. Sci. Adv. 7, eabg0007 (2021).


