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Molecular basis of the functional distinction
between CIn1 and CIn2 cyclins
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CIn1 and CIn2 are very similar but not identical cyclins. In this work, we tried to describe the molecular basis of the
functional distinction between CIn1 and CIn2. We constructed chimeric cyclins containing different fragments of CIn1 and
CIn2 and performed several functional analysis that make it possible to distinguish between CIn1 or CIn2. We identified
that region between amino acids 225 and 299 of CIn2 is not only necessary but also sufficient to confer CIn2 specific
functionality compared with CIn1. We also studied CIn1 and CIn2 subcellular localization identifying additional differences
between them. Both cyclins are distributed between the nucleus and the cytoplasm, but CIn1 shows stronger nuclear
accumulation. Nuclear import of both cyclins is mediated by the classical nuclear import pathway and by sequences in
the N-terminal end of the proteins. For CIn2, but not for Cn1, a nuclear export mechanism mediated by karyopherin Msn5
has been identified. Strikingly, CIn2 export depends on a Msn5-dependent NES between amino acids 225 and 299. In fact,
the introduction of this region confers to Cln1 an export mechanism dependent on Msn5; importantly, this causes the
gain of CIn2-specific cytosolic functions and the impairment of nuclear function. In short, a region from CIn2 controlling

an Msn5-dependent nuclear export mechanism confers a specific functionality to CIn2 compared with CIn1.

Introduction

In S. cerevisiae, a single cyclin-dependent kinase (CDK), Cdc28, is
associated with nine different cyclins to drive progression through
the cell cycle: G /S cyclins Clnl-3, S-phase cyclins Clb5—6 and
G,/M cyclins Clbl-4. Cyclins basically play two major functions:
activating the CDK and conferring a specific functionality to the
CDK by a combination of factors, including the periodic expression
and degradation of cyclins, interactions with specific substrates and
inhibitors and the control of the subcellular location of the kinase.

Different cyclins play different roles in cell cycle regulation
(although extended functional redundancy exists between some
of them). This functional distinction could be due to quantitative
or intrinsic qualitative causes. Quantitative differences are given
basically by a difference in the time of the expression and/or deg-
radation. For instance, the functional differences between Clb5
and CIb6 in the regulation of DNA replication are simply due
to the quantitative differences caused by a distinct degradation
mechanism.' In other cases, the functional differences between
cyclins also reflect qualitative differences. For instance, when
expressed under the control of the CLB5 promoter, the mitotic
CIb2 cyclin is able to control the S phase but not as efficiently
as CIb5 does. This is due to intrinsic differences between these
cyclins in the recognition of S phase substrates** and inhibition
by the Swel kinase.>®

Functional differences have also been described for the G,
cyclins. The Clnl, Cln2 and Cln3 cyclins are responsible for the
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regulation of Start, a major control point at the G,/S transition,
when yeast cells decide whether or not to initiate a new round of
cell division.” Execution of Start consists in the activation of a
transcriptional program, which implies the coordinated expres-
sion of a large number of genes involved in budding, spindle
pole body duplication and DNA replication, the events that are
activated at this initial cell cycle step.®” Clnl, Cln2 and Cln3
play different roles in cell cycle initiation. Cln3 is involved in the
initial activation of the transcriptional program. As a result of
this transcriptional wave, kinases Cln1-Cdc28 and Cln2-Cdc28
accumulate and act to maintain the transcriptional program
active and to trigger Start events. This functional distinction
is primarily due to differences in the time of the expression of
the cyclins: CIn3 is the only cyclin present in G|, whereas Clnl
and Cln2 are expressed as part of the Start transcriptional wave.
However, intrinsic differences between these cyclins also exist,
because Cln2 and Cln3 differ even when both are expressed
under the control of the CLN3 promoter.!” One important fac-
tor that determines the function of a cyclin-Cdc28 kinase is its
localization, and this is highlighted for Cln2 and Cln3, because
the localization pattern contributes to Cln2 and Cln3’s ability to
affect different processes. The Cln3-Cdc28 complex is associated
with the endoplasmic reticulum membrane until late G, when it
enters the nucleus to activate transcription." The introduction of
a nuclear export signal (NES) into Cln3 renders the Cln3-Cdc28
complex unable to trigger cell cycle initiation. As regards Cln2,
it is present in both the nucleus and the cytoplasm. The forced
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location of the cyclin has allowed us to distinguish between func-
tions that require a nuclear or a cytoplasmic localization of Cln2-
Cdc28. Thus, nuclear Cln2 might be needed in processes like
DNA synthesis or SPB replication, whereas the role in budding
involves a cytosolic location of the cyclin. However, some Cln2
functions, like the rescuing of the lethality of a swi4 swi6 mutant
strain (Swi4 and Swi6 are components of the SBF transcription
factor of the Start transcriptional program), could imply the exis-
tence of shuttling between the nucleus and the cytosol.*!*

Clnl and Cln2 are the most similar cyclins in yeast. They
show a 57% sequence identity (72% in the N-terminal region).
Clnl and Cln2 and their associated kinase activity are strongly
periodic, with a peak during the G,/S transition.''® The levels of
both proteins are controlled by the same molecular mechanisms:
the CLNI and CLN2 genes are expressed periodically during
the G,/S transition by the transcription factor SBF,"”" and the
Clnl and Cln2 proteins are degraded via the SCF®™! ubiquitin-
ligase.?*** Compared with single mutants, the c/n! ¢/n2 double

224 indicating a functional

mutant shows severe growth defects,
overlap between these two cyclins. In fact, the extensive work per-
formed on these cyclins has revealed that they take part in many
common functions, such as induction of growth polarization and
budding,®%” SPB duplication,”® degradation of CDK-inhibitors
Farl and Sicl,?-% inactivation of the APC ubiquitin-ligase com-
plex,**34 repression of pheromone-induced transcription or stim-
ulation of pseudohyphal growth.* However, in addition to the
numerous studies that highlight the similarity between Clnl and
Cln2, several functional differences between them have also been
described. Thus, Clnl is more important than Cln2 in adapt
3¢ and pseudohyphal develop-

ment,*”® but these functional distinctions seem to be caused by

ing cell size to new carbon sources

quantitative differences in gene expression. On the other hand,
meiosis is blocked more efficiently in the presence of Cln2 than
in CIn1,%” and Cln2 plays the primary role in the morphogenetic
processes leading to budding during the G /S transition.*” More
recently, cyclin-specific docking motifs that bind preferentially
to Cln2 have been described in signaling proteins, such as Ste5
and Ste20.” In this work, we attempt to describe new molecular
mechanisms contributing to the functional distinction between

Clnl and Cln2.
Results

The region between amino acids 225 and 299 of Cln2 is neces-
sary to confer specific functionality. In a first attempt to char-
acterize the mechanism underlining the functional distinction
between the Clnl and Cln2 cyclins, we searched for elements in
their protein sequence that are responsible for such specificity.
The approach consisted in the construction of chimeric proteins
designed to substitute the equivalent regions between the cyclins
based on sequence alignment (Fig. S1). Initially, three chime-
ras were constructed by exchanging increasing regions from the
C-terminal end of Cln2 for the corresponding fragments of Clnl
(Fig. 1A). All the constructed chimeras retained cyclin activity,
as deduced from the recovery of the severe growth defect of a c/n!
¢/n2 mutant strain (Fig. S2). Next, we tested whether the proteins
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presented Clnl- or Cln2-specific functionality by means of three
different experimental approaches. First, cell size was analyzed
in cultures of the ¢/nl c¢/n2 mutant cells expressing the different
chimeras. The c/nl ¢/n2 mutant cells were larger than normal.
The introduction of Clnl, Cln2 or any of the three chimeras
led to a reduction in cell size, thus confirming the functionality
of the chimeric proteins, but, more importantly, differences in
the effect of the different cyclins were detected (Fig. 1B). It was
known that the ¢/z2 mutant, but not the ¢/n!/ mutant, showed
increased cell size (Fig. S3A).” In agreement with this, intro-
duction of Cln2 allowed the c/nl c¢/n2 mutant cells to recover
a normal size similar to that of the wild-type cells, whereas the
clnl cln2 cells expressing Clnl were still significantly larger. As
regards the chimeric cyclins, the expression of chimeras 1 and 2
caused an identical cell size reduction to that caused by Cln2,
suggesting that there were no functional differences between
these chimeras and Cln2. However, the effect observed with chi-
mera 3 was milder than that observed with Cln2 and resembled
more the effect obtained with Clnl. Hence the specific function
of Cln2 related to cell size control was impaired in chimera 3.
Similar results were observed when cyclins were introduced into
a c/n2 mutant strain (Fig. S3B).

A second approach to test Cln2-specific functionality con-
sisted in analyzing the sensitivity to latrunculin B of the ¢/n2
mutant strain transformed with the plasmids containing the
cyclins genes. The ¢/n2 mutant, compared with the ¢/z/ mutant,
presents hypersensitivity to the perturbation of the actin cyto-
skeleton by latrunculin B.** Therefore, the expression of Cln2,
but not of Clnl, allowed the ¢/z2 mutant cells to overcome hyper-
sensitivity to latrunculin B (Fig. 1C). The expression of those
chimeras that function as well as Cln2 was expected to allow the
¢/n2 mutant cells to properly grow in the presence of the drug.
This was the case for chimeras 1 and 2. However, similarly to that
observed for Clnl, the cells containing chimera 3 still manifested
greater sensitivity to the drug than the cells expressing Cln2 or
chimera 1 or 2. These results reinforce the idea that Cln2-specific
functionality is affected in chimera 3.

Finally, the ability of the chimeric cyclins to suppress the
lethality of the Start mutant swi4” swi6 was studied. This strain
was unable to grow at 35°. This lethality was suppressed by a
centromeric plasmid bearing the CLN2, the CHIMERAI or the
CHIMERA?2 gene, but not by a plasmid bearing the CLNI or
the CHIMERA3 gene (Fig. 1D). In short, the analysis of cyclin
functionality by three different approaches was consistent and
allowed us to state that the chimeras 1 and 2 cyclins displayed a
specific functionality characteristic of Cln2, whereas the chimera
3 cyclin had lost this specific function, at least partially. Taking
into account how the chimeras had been constructed, we can
conclude that the region between amino acids 225 and 299 of the
Cln2 cyclin is necessary for its specific function.

The region between amino acids 225 and 299 of Cln2 is suf-
ficient to confer Cln2-specific functionality to Clnl. In order
to investigate whether the introduction of the 225-299 region of
Cln2 into Clnl would be sufficient to confer Cln2-specific func-
tionality to the cyclin, the chimera 4 was constructed (Fig. 2A).
Whether chimera 4 behaved as Cln2 or Clnl was tested by the
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Figure 1. Functional analisys of chimeric cyclins 1-3. (A) Diagram of chimeric cyclins 1, 2 and 3. All cyclins are HA-epitope tagged at the C terminus.
Expression is driven by the promoter corresponding to the cyclin at the N-terminal end. (B) Cell size distribution in exponentially growing cultures of
the cIn1 cIn2 mutant strain (JCY847) transformed with an empty vector or a centromeric plasmid containing the CLN1, CLN2, CHIMERA1, CHIMERAZ or
CHIMERA3 gene. (C) 10-fold serial dilutions from exponentially growing cultures of the c/n2 mutant strain (JCY846) transformed with an empty vector
or a centromeric plasmid containing the CLN1, CLN2, CHIMERAT1, CHIMERA2 or CHIMERA3 gene were spotted onto YPD medium and YPD medium sup-
plemented with 25 uM latrunculin B and incubated at 28° for 3 d. (D) Cells of the swi4* swi6 mutant strain (K2003) transformed with an empty vector or
a centromeric plasmid containing the CLNT, CLN2, CHIMERAT, CHIMERA2 or CHIMERA3 gene were streaked onto YPD plates and incubated at 35° for 3 d.

same functionality assays described above. The ¢/n2 and c/nl
cln2 cells transformed with chimera 4 have a larger than nor-
mal cell size, very similar to that observed with Clnl (Fig. 2B;
Fig. $3C). Thus, chimera 4 was unable to propetly control cell
size. Nevertheless, the introduction of chimera 4 into the c/n2
mutant cells improved resistance to latrunculin B (Fig. 2C).
Moreover, chimera 4 perfectly suppressed the lethality of the
swi4” swi6 mutant at the restrictive temperature (Fig. 2D). These
results demonstrate that region 225-299 of Cln2 was indeed suf-
ficient to confer Cln2-specific functions to Clnl. The fact that
the chimera functionality type differed according to the assay
probably reflects that the functional differences between Cln2
and Clnl involve diverse mechanisms, and that the 225-299
region of Cln2 is responsible for most of, but not all, the Cln2-
specific functions.

To further investigate the capability of the 225-299 frag-
ment of Cln2 to confer a specific functionality, an additional
functional assay was performed. Cln2 is the major regulator of
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budding, whereas Cln1 is only relevant when Cln2 is not present;
for this reason, inactivation of Cln2, but not of Clnl, results in a
specific delay in budding initiation.* Budding kinetics was ana-
lyzed in the c/nl c/n2 mutant transformed with CLNI, CLN2 or
CHIMERA 4 plasmids after the release from a G, arrest induced
by either a-factor or a c4c28 mutation. The results revealed that,
as expected, the ¢/nl cln2 cells transformed with CLNI showed
a delay in bud emergence in comparison to the cells transformed
with CLN2. Interestingly, chimera 4 abolished the budding
delay, since those cells expressing chimera 4 behaved like those
expressing Cln2 (Fig. 2E). Thus, the 225-299 region mediates
the specific function of Cln2 in budding.

In conclusion, our results demonstrate that the region of Cln2
between amino acids 225 and 229 is not only necessary, but is
also sufficient to confer this cyclin specific functions. The next
aim was to determine the mechanism by which this occurs.

The specific functionality of cyclins is not caused by differ-
ences in protein level. We observed in western blot analysis that
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Figure 2. Functional analisys of chimeric cyclin 4. (A) Diagram of chimeric cyclin 4. All cyclins are HA-epitope tagged at the C terminus. Expression is
driven by the promoter corresponding to the cyclin at the N-terminal end. (B) Cell size distribution in exponentially growing cultures of the cIn1 cIn2
mutant strain (JCY847) transformed with an empty vector or a centromeric plasmid containing the CLNT, CLN2 or CHIMERA4 gene. (C) 10-fold serial
dilutions from exponentially growing cultures of the c/n2 mutant strain (JCY846) transformed with an empty vector or a centromeric plasmid contain-
ing the CLN1, CLN2 or CHIMERA4 gene were spotted onto YPD medium and YPD medium supplemented with 25 M latrunculin B and incubated at
28° for 3 d. (D) Cells of the swi4* swi6 mutant strain (K2003) transformed with an empty vector or a centromeric plasmid containing the CLN7, CLN2 or
CHIMERA4 gene were streaked onto YPD plates and incubated at 37° for 3 d. (E) Exponentially growing cultures of the cdc28* cInT cIn2 (JCY1048) and
the cInT cIn2 (JCY847) mutant strains transformed with a centromeric plasmid containing the CLN7, CLN2 or CHIMERA4 gene were arrested at the G,
phase by incubation at 37° or in the presence of 5 wg/mL a-factor for 3 h, respectively. The budding index was determined at the indicated time after

release from cell cycle arrest.

the detected protein level of Cln2 was higher than that of Clnl.  out this possibility: chimeras 1 and 2, which are functionally
It was possible that the Cln2-specific functionality might be equivalent to Cln2, were markedly less abundant than Cln2
related to quantitative differences in the protein level. However,  (Fig. S4). Moreover, chimera 4 gained Cln2-specific functions,
the analysis of the cellular content of the chimeric cyclins ruled  but its cellular content was roughly identical to that of Clnl.
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Figure 3. Analysis of the regulation of the subcellular localization of CIn1 and CIn2 by karyopherin Kap95. (A) Cells from exponentially growing cul-

tures of the wild type (W303-1a) and the tetO ;KAP95 (JCY970) strains transformed with a plasmid expressing a HA-tagged version of the CIn1 or CIn2
protein under the control of the ADHT promoter were incubated in the presence of 5 p.g/ml doxycycline for 8 h and assayed by indirect immunofluo-
rescence. The DIC image, the DAPI staining of DNA and the HA indirect-fluorescence signals are shown. Graphs represent protein localization derived

cytoplasm; C, fluorescence signal in cytoplasm). (B) CIn2 was immunoprecipitated with anti-HA antibody from crude extracts of cells expressing a HA-
tagged CIn2 (JCY1357) and the control strain (W303-1a). The presence of Kap95 and HA-tagged CIn2 in the input, unbound and immunoprecipitated

rescence signal only in the nucleus; N+C, fluorescence signal in nucleus and

ranti-HA antibody.

Therefore, there was no correlation between protein level and
functionality.

Karyopherins involved in the nuclear-cytoplasmic transport
of the Cln1 and Cln2 cyclins. Previous studies by our group have
reported a difference between the subcellular localization of Clnl
and Cln2: although both cyclins were located in the nucleus and
the cytoplasm, Clnl presented a stronger nuclear accumula-
tion in relation to Cln2.% More recently, single cell analysis has
revealed subtle differences between Clnl and Cln2 localization,
with the latter being partially relocated to the cytoplasm dur-
ing the budding period.** In the functional distinction between
Clnl and Cln2 context, we decided to characterize the spatial
regulation of both cyclins in detail. The first aim was to identify
the karyopherins (the carrier proteins responsible for the active
transport of proteins between the nucleus and the cytoplasm)
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involved in their transport. A systematic analysis of the localiza-
tion of Clnl and Cln2 was performed in all the B-karyopherin
mutants. The nuclear signals of Clnl and Cln2 were detected in
all strains, except for the rerO : KAP95 and terO ; CSEI strains
incubated in the presence of doxycycline in order to shut off the
tetO, promoter (Fig. 3A and results not shown). Kap95 and Csel
are involved, together with a-importin Kap60, in the classical
nuclear import pathway.>* Our result indicates, therefore, a role
of the classical nuclear import pathway in the regulation of the
Clnl and Cln2 cyclins.

The physical interaction between Cln2 and the Kap95 karyo-
pherin was tested by a co-immunoprecipitation assay. Cln2-HA,
expressed at the endogenous level, was immunoprecipitated, and
the presence of Kap95 in the purified fraction was analyzed. As
seen in Figure 3B, Kap95 specifically co-immunoprecipitated
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with Cln2-HA. This result demonstrates that Cln2 physically
interacts with Kap95 in vivo, which reinforces the conclusion
that the classical import pathway is responsible for the nuclear
import of the Cln2 cyclin.

A second result obtained when analyzing the localization of
Clnl and Cln2 in the karyopherin mutants was the increased
nuclear accumulation of Cln2 in the case of the msn5 mutant
strain (Fig. 4A). To better detect Cln2 in the immunofluores-
cence assay, subcellular localization was also analyzed in a mutant
strain in the SCF degradation pathway, cde¢53—1, which renders
high levels of Cln2. Notably, inactivation of Msn5 in the cdc53—1
mutant cells led to a dramatic nuclear accumulation of Cln2
(Fig. 4A). No changes in Clnl localization were observed in the
absence of Msn5 (Fig. S5). The previous results were obtained
under Cln2 overexpression conditions. We also analyzed the
role of Msn5 in Cln2 localization under endogenous conditions.
Cultures were synchronized, and Cln2 localization was investi-
gated in G,/S cells (the cell cycle period when CIn2 is expressed).
While a nuclear signal was recognizable only in 17% of the wild-
type cells, a nuclear signal was detected in approximately 86% of
the 7575 mutant cells (Fig. 4B). Our results support that Msn5
is also involved in the nuclear export of Cln2, but that it is not
involved in the control of Cln1 subcellular localization.

Finally, the physical interaction between a stable truncated
Cln2 protein (Cln2'°) and Msn5 was investigated. As seen in
Figure 4C, Cln2'-%"° was specifically purified in Msn5 immuno-
precipitates. This result demonstrates that Cln2 physically inter-
acts with Msn5 in vivo, which further supports that Msn5 is the
exportin of Cln2.

Identification of the region involved in the nuclear export
of Cln2 cyclin. Once the karyopherins responsible for the con-
trol of Clnl and Cln2 localization were identified, the next step
was to characterize the nuclear localization signals (NLS) and the
nuclear export signals (NES) that mediate this transport. The
strategy followed involved the expression of truncated versions
of the cyclin tagged with the HA epitope (Fig. 5A). The analysis
of the localization of Cln2'"° and Cln2"*” revealed that both
truncated proteins were distributed between both the nucleus
and the cytosol. On the contrary, only a strong nuclear signal was
detected for the truncated version of Cln2'-**. This suggested
that the region of Cln2 between amino acids 225 and 299 might
contain a nuclear export signal.

To definitively verify this hypothesis, the Cln2?%-*? frag-
ment was added to a nuclear protein composed of four copies of
GFP fused to the NLS of SV40 (NLS*V%° -GFP,), and the ability
of this Cln2 fragment to drive the nuclear export of this chi-
meric protein was tested (Fig. 6). Only a strong nuclear signal
was detected in the case of the control NLS*V**-GFP,. However,
cytosolic signal was also observed in the case of the NLSSV4-
CIn2*#2”-GFP, protein. In fact, the nuclear/cytosolic signal
ratio notably decreased when the Cln2?%* region was intro-
duced into the NLS*V*-GFP, protein. This result is consistent
with this region mediating the nuclear export of the protein.
Interestingly, inactivation of Msn5 raised the nuclear/cytosolic
signal ratio, indicating that Msn5 is required for the nuclear
export of the NLS*V%°-CIn2?»-*-GFP, protein. In conclusion,
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our results support that the 225-299 region of Cln2 functions as
a NES that depends on Msn5 exportin.

One question that arises when considering the subcellular
localization of cell cycle regulators is whether this spatial con-
trol is cell cycle-regulated. As seen in Figure 5A, no differences
were found in the localization of Cln2'* and Cln2'"° between
cells in the different cell cycle stages. In agreement with this,
the NLS*V*-Cln2?»-*-GFP, protein was present in the cyto-
sol of those cells arrested in the G, S or G,/M phase (Fig. 6B).
These observations indicate that the nuclear export mediated by
Cln2%%-2% is not cell cycle-regulated.

Identification of the region involved in the nuclear import of
the Cln2 cyclin. We followed the same strategy described above
to identify the NLS of Cln2. A nuclear signal was detected for
the truncated Cln2!-2%
tains sufficient information to direct this protein into the nucleus

protein, indicating that this region con-

(Fig. 5A). However, no nuclear signal was detected in the case
of the Cln2'3? variant. This suggests that the region between
amino acids 132 and 224 is required for Cln2 import. In fact, a
nuclear signal was observed in the assays of Cln2'3**, suggest-
ing that this fragment contains sufficient information to direct
its import into the nucleus. Caution with this result is neces-
sary, because this truncated protein is below the diffusion limit
of the nuclear pore complex, thus the result could be due to the
passive diffusion of the protein. However, the fact that nuclear
signals were absent in the case of Cln2'"'*2, a protein whose esti-
mated molecular weight is also below the diffusion limit, and
that nuclear signals were observed in the case of Cln2'3****-GFP,
but not for GFP, supports that the region between amino acids
132 and 224 of Cln2 contains information to direct the nuclear
accumulation of a protein.

The results described above indicate that Cln2 is imported
into the nucleus via the classical nuclear import pathway. Because
of that, the localization of the Cln2'?*-GFP in mutant strains
in this pathway was investigated. The results indicate that,
unlike what was observed in the wild-type cells, Cln2'-*-GFP
was never detected in the nucleus of the mutant cells in Kap95,
Kap60/Srpl or Csel karyopherins (Fig. 7). This indicates that
nuclear import directed by fragment 1-224 of CIn2 is dependent
on a functional classical nuclear import pathway. The classical
NLS sequences recognized by this pathway are well charac-
terized, consisting of one or two short clusters of basic amino
acids.“*® Surprisingly, no resembling sequences were present in
the Cln2'"?* fragment, thus raising the possibility that an adap-
tor protein could mediate the recognition of Cln2 by Kap95-
Kap60. One possible candidate was the Cln2-Cdc28 inhibitor
Farl, since the nuclear import of CIb5 cyclin depends on binding
to its CDK inhibitor Sicl.%® However, the nuclear localization of
Cln2'?** was not altered in the fz7] mutant strain (Fig. S6).

Identification of the region involved in the nuclear import
of the Clnl cyclin. To identify the sequences in Clnl involved
in the spatial regulation of the cyclin, truncated versions of the
Clnl cyclin were obtained, and their subcellular localization was
analyzed. Cln1'-* was detected in both the cytoplasm and the
nucleus (Fig. 5B). However, the nuclear signal was lost in the
case of Cln1'"1*°-HA. These results are similar to those described

Volume 11 Issue 16



A ptetO:CLN2-HA
msn5

cdc53 msn5

EN ON+C ocC

wt
vector

HN
ON+C
oc

C pADH1:CLN2"*"°.GFP pADH1:GFP

W303 GAL1:HA-MSN5  GAL1:HA-MSN5

input unbound IP  input unbound IP input unbound IP

==  =e— -

g 4

Figure 4. Analysis of the regulation of the subcellular localization of CIn2 by karyopherin Msn5. (A) Cells from exponentially growing cultures of the
wild type (W303-1a), msn5 (JCY1366), cdc53 (MTY740) and cdc53 msn5 (JCY684) strains transformed with a plasmid expressing a HA-tagged version

anti GFP

Msn5-HA

of the CIn2 protein under the control of the tetO, promoter were assayed by indirect immunofluorescence as described. (B) Cells from exponentially
growing cultures of the wild type (W303-1a) and the msn5 (JCY1366) strains transformed with an empty vector or a centromeric plasmid expressing

a HA-tagged version of the CIn2 protein at endogenous level were assayed by indirect immunofluorescence. (C) Left panel: Msn5 was immunopre-
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above for Cln2, and they strongly suggest the existence of a
region responsible for the Clnl nuclear import between amino
acids 1 and 226, as occurs for Cln2.

Involvement of spatial regulation mechanisms in the func-
tional distinction between Clnl and Cln2. In previous sections,
we describe the existence of differences in the function and sub-
cellular localization between Clnl and Cln2. Remarkably, the
fragment 225-229 of CIn2, which confers a specific function to
Cln2, coincides with an Msn5-dependent NES, an export mech-
anism that is specific of Cln2. The question arises as to whether
this Msn5-mediated nuclear export mechanism could be related
to the functional differences observed between Clnl and Cln2.

We first investigated whether the 225-229 region of Cln2
was capable of altering the spatial regulation of Clnl. We
observed that, whereas Clnl was located in the cytoplasm and
the nucleus, the nuclear signal was absent or very weak in the
case of chimera 4 (Fig. 8A). This is consistent with the idea that
chimera 4 contains an NES, which results in a mostly cytosolic
localization. Next we tested whether the localization of chimera
4 was regulated by Msn5. As shown in Figure 8A, the nuclear
signal was clearly detected in the msn5 mutant cells expressing
chimera 4. All these results are consistent with the presence of an
NES recognized by Msn5 in chimera 4. Thus, chimera 4 is sub-
ject to a specific Cln2 nuclear export mechanism that is absent
in Clnl.

We describe above how chimera 4 was able to suppress the
lethality of the swi4* swi6 mutant, a function that has been associ-
ated with the existence of Cln2 shuttling between the cytosol and
the nucleus,'? and the growth defect in the presence of latruncu-
line B and the budding delay of the ¢/#2 mutant, aspects that are
expected to involve a cytosolic function of the cyclin. In contrast,
chimera 4 cannot properly control the cell size, a function that
has been associated with a nuclear localization of Cln2."> These
results suggest that the introduction of the Cln2 NES confers to
Clnl the Cln2 specific cytosolic functions. To further support
this idea, new cytosolic and nuclear functions were analyzed.
In particular, the suppression of the growth defects of the bud2
or ¢/b5 mutant strains were used to test for cytosolic or nuclear
functions of the cyclin, respectively.'*!* We introduced the zerO
BUD? or the rerO : CLB5 genes into the c/nl cln2 strain, and we
transformed those cells with plasmids expressing Clnl, Cln2 or
chimera 4. First, it must be highlighted that Cln2 and chimera 4,
but not Clnl, suppressed the growth defect of the bud2 mutant
(Fig. 8B). This result is consistent with previous results of resis-
tance to latrunculine B or budding kinetics, indicating that Cln2
and chimera 4 perform a cytosolic function that Clnl is unable
to perform, or at least not as efficiently. On the other hand, the
¢/b5 mutant cells containing chimera 4 grew significantly worse
than those containing Clnl, indicating that chimera 4 performs
a nuclear function less efficiently than Clnl. Thus, the introduc-
tion of the NES containing Cln2 fragment 225-299 into Clnl
leads to the gain of cytosolic functions and to the impairment of
nuclear functions.

In short, all our observations support a model in which the
presence of a nuclear export mechanism in Cln2 confers this
cyclin a differential functionality if compared with Clnl.
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Discussion

In S. cerevisiae, a single CDK, Cdc28, associates with nine dif-
ferent cyclins in order to govern progression through the cell
cycle. Therefore, it is the cyclin subunit of the complex that con-
fers functional specificity to the different cyclin-Cdc28 kinases.
Previous works by our group have revealed a functional distinc-
tion between Clnl and CIn2 in the G,/S transition control.** In
this manuscript, we attempt to characterize the mechanism that
explains this difference.

Clnl and Cln2 are expressed at the same cell cycle time, which
rules out a functional distinction based on a difference in the
time of their expression. Another explanation might lie in the dif-
ference in protein levels between the two cyclins. Nevertheless,
this hypothesis can also be ruled out, because chimera 1 and
chimera 2, whose levels are lower than Cln2, present the Cln2-
specific functionality. One particularly remarkable case is chi-
mera 4, since it is basically a Clnl cyclin but a small fragment
from Cln2; although its protein level is similar to Clnl, it shows
rather a functionality similar to Cln2. Hence, the specific func-
tion of Cln2 does not seem to be related to a higher level of cyclin
either. So, quantitative differences do not lead to the functional
distinction between Clnl and Cln2; rather, functional special-
ization must reflect qualitative intrinsic differences.

It might be expected that a region in Cln2 is responsible for
its specific functionality toward Clnl. In fact, a small region
between amino acids 225 and 299 of Cln2 is necessary and suf-
ficient to give its specific functionality to the cyclin. Intrinsic
functional specificity can be determined, at least in part, by the
differences in the subcellular localization that targets the CDK to
specific locations. It is interesting to note that the 225-299 region
of Cln2 contains an export signal activity depending on exportin
Msn5. This correlation strongly suggests that the existence of an
export mechanism for Cln2 is the basis of its specific functional-
ity compared with Clnl. This conclusion is supported by two
fundamental facts. First, the introduction of the 225-299 region
of CIn2 into Clnl (chimera 4) results in a more prominent cyto-
solic localization in an Msn5-dependent way. Second, the result-
ing cyclin is able to gain new functions that are specific for Cln2
but only those associated with a cytosolic localization. Sequence
comparison between Clnl and Cln2 revealed a high degree of
sequence identity in this region except for a fragment flanked by
short stretches of Ser or Thr that is present only in Cln1 (Fig. S1);
this suggests that the presence of this fragment in Clnl could
disrupt a Msn5-dependent nuclear export mechanism.

The proposed model is consistent with the differences in loca-
tion observed between Clnl and Cln2. Cln2 shows a more prom-
inent cytoplasmic localization than Cln1, which probably reflects
the existence of a nuclear export mechanism that might explain
why ClIn2 performs better than Clnl functions related to bud-
ding. Proteomic approaches have identified proteins interacting
with Cln2 and substrates of Cln2-Cdc28, such as Cdc24, Boil
or Rga2, which are involved in budding.”* These proteins are
located on the cell surface in order to trigger polarization during
budding, and their phosphorylation by Cln2-Cdc28 can justify
the need for Cln2 in the cytosol during budding. Cln1-Cdc28
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Figure 5. Analysis of the subcellular localization of truncated versions of cyclins. (A) Cells from exponentially growing cultures of the wild type strain
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GFP (MCY220) under the control of the GALT promoter, and (B) cells from exponentially growing cultures of the wild type strain expressing HA-tagged
CIn1'22¢ (JCY1517) or CIn1-3° (JCY1518) under the control of the GALT promoter, were assayed by indirect immunofluorescence as described in Figure 4.

might prove less efficient in performing these phosphorylations, Clnl distribution toward an increase in the cytosolic fraction of
probably because its more prominent nuclear localization. The  the protein, thus allowing the Clnl cyclin to perform functions
introduction of a nuclear export activity into Clnl may unbalance  that it normally carries out inefficiently.
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On the other hand, it cannot be ruled out that the 225-299
region of Cln2 might confer a specific functionality through a
mechanism independent of NES activity. The intrinsic functional
specificity between cyclins could be determined by differences in
the recognition of specific targets. Very recently, it was described
that some Cln targets involved in the response to o mating fac-
tor like Ste5 and Ste20 contain cyclin docking domains that are
better recognized by Cln2 than by Cln1.*! It is possible that the
225-299 fragment of Cln2, but not the equivalent region from
Clnl, might directly contribute to the recognition of the specific
CDK substrates involved in morphogenesis and in the process of
budding independently of, or in addition to, its effect in cyclin
localization.

Spatial regulation adds a new dimension to protein function
control. In the case of cell cycle control, evidence has accumu-
lated emphasizing the importance of controlling the subcellular
localization of some cell cycle regulators. This work characterizes
the spatial regulation of the Clnl and Cln2 cyclins. They had
been previously described to be located in the nucleus and the
cytoplasm; nonetheless, the karyopherins and signals involved
in their transport had not been analyzed. The results presented
herein have allowed us to describe Msn5 as the exportin of Cln2,
but not of Clnl, and that the classical nuclear import pathway
mediates the nuclear import of both cyclins. In the case of Cln3,
the other G, cyclin, its import into the nucleus depends on a
canonical classical NLS, so it is conceivable that Cln3 might
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also be imported by the classical import pathway. Thus, the clas-
sical import pathway is responsible for the entrance of the three
G, cyclins to the nucleus. In addition, the nuclear import of the
complete transcriptional machinery of the Start transition is
also mediated by this pathway, which explains why the classical
import pathway is essential for the execution of Start at the initia-
tion of a new round of division.”

The classical import pathway transports those proteins car-
rying the classical nuclear localization signal. These signals con-
sist of either a short cluster of basic amino acids (monopartite)
or two short clusters of basic amino acids separated by 10-12
residues (bipartite). Surprisingly, no resembling sequence can be
found in Clnl or Cln2. This resembles the case of mammalian
cyclin E, the functional homolog of Clnl and Cln2. It has been
described that nuclear targeting information is contained entirely
within cyclin E, which binds to and can be imported into nuclei
by the importin o-B heterodimer; however, no obvious classi-
cal NLS can be identified in the cyclin E sequence.”® Different
hypothetical scenarios to account for this apparent contradic-
tion can be proposed. It is possible that a still unidentified new
signal recognized by the classical import pathway may exist in
Clnl, Cln2 or cyclin E. Kap95 in yeast and importin 3 in mam-
mals contribute to the import of some proteins by recognizing
an import signal other than the classical NLS.' This is a spe-
cific function of Kap95, independent of its role in the classical
import pathway. Hence, this does not apply to Clnl and Cln2,
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since our results indicate that Kap60 and Csel are involved in
the transport of Clnl and Cln2. On the other hand, the nuclear
import of a multiprotein complex could depend on the recon-
stitution of an NLS by residues from different subunits of the
complex. Perhaps a classical NLS recognized by Kap95-Kap60
may appear after binding of the cyclin to the CDK. However,
this is not likely the case for Cln2, because, despite the Cln2-
Cdc28 complex being imported more efficiently than the cyclin,
Cln2 is still able to enter the nucleus on its own." Alternatively,
recognition of Clnl and CIn2 by Kap60-Kap95 may involve
additional bridging proteins containing a classical NLS. A good
candidate was the Clnl,2-Cdc28 inhibitor Farl. The nuclear
import of the yeast S-phase CIb5 requires interaction with CKI
Sicl. Similarly, cyclin D1-CDK4 in mammalian cells might use
the classical NLS of CKI p21 for its nuclear import. Nevertheless,
Clnl and Cln2 locate in the nucleus, even in the absence of Farl.
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Thus, bridging proteins other than CKI could be involved in the
nuclear import of Clnl and Cln2.

In spite of the similarity in the nuclear import regulation of
Clnl and Cln2 in relation to the region of the protein with the
targeting information and the karyopherins involved in their
transport, it must be noted that differences in the nuclear import
can exist. Cln2'?** shows an exclusively nuclear localization,
whereas the equivalent Cln1'*® truncated protein is distrib-
uted between the nucleus and the cytoplasm. Although another
explanation can be considered, it is possible that this observation
reflects a different strength in the NLS signals present in both
cyclins.

Previous works have connected Msn5 to cell cycle control.
Msn5 is the karyopherin responsible for the nuclear export of
cell cycle transcription factors Swi6, Whi5 and Swi5™*** or of
other cell cycle regulators like the CKI inhibitor Farl or the
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%356 Qur results reinforce

APC ubiquitin ligase activator Cdhl.
the involvement of karyopherin Msn5 in cell cycle regulation,
especially in the Start transition. The minimal NES identified in
some of the Msn5 cargoes often involves long protein regions of
approximately 100 amino acids.”**>%”5® This is also the case for
Cln2. The nuclear export mediated by Msn5 often requires the
phosphorylation of the cargo proteins in critical residues.’>>>
Interestingly, it has been suggested that Cln2 phosphorylation
by Cdc28 may regulate its localization, since the mutant version
of Cln2 at Cdc28 phosphorylation sites shows a nuclear accumu-
lation of the cyclin." This could suggest that nuclear export is
enhanced upon the phosphorylation of Cln2. This would help
relocate the Cln2-Cdc28 complex, once activated, out of the
nucleus, when it may be required in the cytosol for the budding
process.

In conclusion, we propose that a spatial regulation mecha-
nism, the existence of a nuclear export activity, contributes to the
specific functionality of the Cln2-Cdc28 complex if compared
with Cln1-Cdc28. This example is one of many others that have,
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in recent years, illustrated the relevance of spatial regulation in
cell cycle control.

Materials and Methods

Yeast strains and growth conditions. The yeast strains used in
this study are shown in Table S1. The c/n1, c/n2 and msn5 mutant
strains were obtained by integrating a DNA fragment amplified
from the pFA6a series plasmids® or from strains containing the
msn5A3::HIS3 or cln2::LEU2 cassette. Strains expressing from
the GALI promoter the Cln2 or Clnl protein or truncated ver-
sions of them C-terminal tagged with HA, were constructed in a
two-step process by integrating at the appropriate position DNA
fragments amplified from the pFA6a series plasmids. The sub-
stitution of the KAP95, CSEI, CLB5 and BUD2 promoters by
the 7erO, promoter was obtained by integrating a DNA fragment
amplified from plasmid pCM225 (a gift from Dr. E. Herrero).
To repress the zetO, promoter, doxycicline was added to a con-
centration of 5 pg/mL.

Volume 11 Issue 16



Plasmids. Centromeric plasmids pCLN1 and pCLN2, con-
taining HA-tagged versions of Clnl and Cln2, respectively,
and plasmids ptetO:CLNI1 and ptetO:CLN2 overexpressing
the CLNI and CLN2 genes under the control of the 720, pro-
moter, were a gift from Dr. M. Aldea. The plasmids containing
the chimeric cyclin genes were constructed in a two-step process
by cloning the appropriate DNA fragments obtained by PCR
amplification with oligonucleotide bearing restriction sites. For
chimeras 1, 2 and 3, a Xbal-HindIII fragment amplified from
pCLNI1 (from nucleotide 1428, 936 or 831 to 1638, respectively)
fused to a sequence coding for three copies of the HA epitope
was first cloned in Xba-HindIII-cleaved YCplac33; this plasmid
was then digested with Kpnl-Xbal and a KpnI-Xbal DNA frag-
ment amplified from pCLN2 (from nucleotide -604 to 1427, 897
or 792, respectively) was subsequently cloned. For chimera 4, a
SphI-HindIII fragment containing a region of the CHIMERA2
gene from nucleotide 673 was first cloned in SphI-HindIII-
cleaved YCplac33; this plasmid was then digested with Kpnl-
SphI and a KpnI-Sphl DNA fragment amplified from pCLN1
(from nucleotide -333 to 678) was subsequently cloned. At least
two independent clones from each cyclin construct were used in
the functional analysis. All clones were checked by sequencing
around the ligation points, and one clone in each case was com-
pletely sequenced along the coding region.

pADHI1:GFP plasmid was constructed in a three-step process.
First, ADHI promoter (-1473, +3) amplified from genomic DNA
with oligos containing the EcoRI and Kpnl restriction sites was
cloned in EcoRI-Kpnl digested YCplac33. Next, the GFP(S657)
coding region without start and stop codons, amplified from
pFA6a-GFP(S65T) using oligos containing a BamHI or a Xbal
restriction site, was cloned in frame by BamHI-Xbal digestion.
Finally, the ADHI terminator including the stop codon (+772,
+1011), amplified from pFAGa-GFP(S65T) with oligos contain-
ing a Sall or Pstl site, was introduced by Sall-Pstl digestion.
pADHI:CIn2'**-GFP, and pADHI:Cln2'*"°-GFP plasmids
were obtained cloning in frame in pADHI:GFP by Kpnl-
BamHI digestion the appropriate CLN2 coding fragment ampli-
fied from pCLN2 with oligos containing the indicated restriction
sites. pADH1: CLN1-HA and pADH1: CLN2-HA were obtained
removing the GFP coding region from pADHI-GFP by Kpnl-
Sall digestion and introducing the CLNI or CLN2 coding frag-
ments fused to three copies of the HA epitope amplified from
pCLNI or pCLN2 with oligos containing a Kpnl or Sall sites.

pNLS*V4-CIn2?**-GFP, plasmid was obtained by cloning
the appropiate fragment amplified from pCLN2 with a forward
oligo containing a Kpnl restriction site and the NLS*¥** coding
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