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Phosphorylation by the cyclin-dependent kinase 1 (Cdk1) adjacent to nuclear localization signals (NLSs) is an
important mechanism of regulation of nucleocytoplasmic transport. However, no systematic survey has yet been
performed in human cells to analyze this regulatory process, and the corresponding cell-cycle dynamics have not yet
been investigated. Here, we focused on the human proteome and found that numerous proteins, previously not
identified in this context, are associated with Cdkl-dependent phosphorylation sites adjacent to their NLSs.
Interestingly, these proteins are involved in key regulatory events of DNA repair, epigenetics, or RNA editing and
splicing. This finding indicates that cell-cycle dependent events of genome editing and gene expression profiling may
be controlled by nucleocytoplasmic trafficking. For in-depth investigations, we selected a number of these proteins and
analyzed how point mutations, expected to modify the phosphorylation ability of the NLS segments, perturb
nucleocytoplasmic localization. In each case, we found that mutations mimicking hyper-phosphorylation abolish
nuclear import processes. To understand the mechanism underlying these phenomena, we performed a video
microscopy-based kinetic analysis to obtain information on cell-cycle dynamics on a model protein, dUTPase. We show
that the NLS-adjacent phosphorylation by Cdk1 of human dUTPase, an enzyme essential for genomic integrity, results
in dynamic cell cycle-dependent distribution of the protein. Non-phosphorylatable mutants have drastically altered
protein re-import characteristics into the nucleus during the G1 phase. Our results suggest a dynamic Cdk1-driven
mechanism of regulation of the nuclear proteome composition during the cell cycle.

Introduction NES sequences by karyopherins can be effectively modulated by

introducing negatively charged phosphate groups adjacent to the

Eukaryotic cells distribute proteins into various cellular com-
partments and these intracellular trafficking processes are under
multiple levels of control. The transport of large macromolecules
into and out of the nucleus depends on karyopherins, a group of
proteins specifically recognizing short peptide segments in cargo
proteins.1 Peptide segments involved in these processes are
termed nuclear localization signals and nuclear export signals
(NLSs and NESs, respectively).” The recognition of NLS and

localization signals via protein phosphorylation. Such modifica-
tions have been shown to have a drastic effect on changing the
cellular distribution of several proteins.”” The most extensive
studies in this respect have been performed in yeast, while the
human proteome has not yet been systematically investigated in
this context.®

The best-characterized nuclear import pathway employs the
transport factors importin-at (Impa; also known as karyopherin-av),
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and importin-B (ImpP). Impa recognizes the cargo in the cyto-
plasm through binding to the classical nuclear localization sig-
nals (cNLSs), and the cargo enters the nucleus through nuclear
pore complexes as a trimeric Impo:Impf:cargo complex. The
directionality of transport through the nuclear pore complexes
is determined by the small GTPase Ran, which has an asymmet-
ric distribution of its nucleotide-bound states between the cyto-
plasm and the nucleus; it binds to Impp inside the nucleus in
its. GTP-bound state, dissociating the import complex and
releasing the cargo. Most cNLSs contain either one (monopar-
tite) or 2 (separated by a linker sequence of usually 10-12 resi-
dues; bipartite) clusters of positively charged amino acids.
Combining structural studies and interaction data for various
cNLSs and their mutants has enabled the molecular understand-
ing of the <NLS:Impa recognition and the definition of ¢NLS
consensus sequences. Impa contains 2 c¢NLS-binding regions,
the major and minor site. Bipartite ¢tNLSs span both binding
sites, while monopartite ¢NLSs usually bind preferentially to
the major site. Individual amino acids in the cNLS bind to spe-
cific pockets in the cNLS-binding sites; in the bipartite ¢tNLS
consensus KRX;,_1,KRRK (X corresponds to any amino acid),”
the N-terminal basic cluster corresponding to positions P1’-P2’
binds to the minor site, while the C-terminal cluster corre-
sponding to positions P2-P5 binds to the major site.

Phosphorylation of proteins is mediated by protein kinases.
The specificity of phosphorylation by a particular kinase depends
on the composition of residues flanking the phosphorylation site
(so-called peptide specificity),® although it is further influenced
by the context that the kinase finds itself in, including various
forms of substrate recruitment.’ For example, the core consensus
sequence for cyclin-dependent kinase 1 (Cdk1)-dependent phos-
phorylation sites has been described as [S/T*]-P-X-[K/R], where
S/T* is the phosphorylated serine or threonine.'”!'* More exten-
sive analyses of known substrates and other available experimen-
tal data have uncovered further more subtle determinants of
specificity for Cdk1 and other protein kinases.®'>'4

Both NLSs and phosphorylation motifs can be described as lin-
ear motifs. Linear motifs are short sequences found most fre-
quently in the disordered regions of proteins, and usually function
in cellular signaling and regulation, by binding to protein interac-
tion domains or by being the target of post-translational modifica-
tions."> Although they pose difficulty for computational analysis
because of their small size, significant progress has been made in
the recent years in the computational identification of a number
of different types of linear motifs and the integration of diverse
types of experimental data into these computational approaches.'
In particular, we have developed some of the most reliable
approaches for the identification of NLSs'® and protein phosphor-
ylation sites.'®'” While computational predictions are often ham-
pered by less than desired accuracies, combined prediction of 2
associated motifs can in fact lead to increased accuracy.'®

The composition of the nuclear proteome defines the avail-
ability of the different proteins within the cell nucleus for
dedicated functions. The role of cell-cycle dependent nucleocyto-
plasmic trafficking in regulatory processes of gene expression reg-
ulation, DNA damage and repair, and other genome editing
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pathways have been partially investigated in yeast® but have not
yet been assessed systematically in mammalian cells. A funda-
mental difference between the 2 systems is the closed mitosis of
yeast. During closed mitosis the nuclear membrane remains
intact and the microtubule-based spindle extends within the
nucleus.'” In case of open mitosis, cells temporally lack their
nuclear envelope in M phase. Thus, after mitosis the nuclear pro-
teome has to be reconstituted from proteins that had passively
diffused into the cytoplasm (expect for the ones chromatin associ-
ated) and become excluded from the nucleus as the newly form-
ing nuclear envelope is initially tightly attached to chromatin.*
The modulation of the nuclear re-import of cargoes could give
an additional layer of regulation of nuclear proteome composi-
tion throughout the cell cycle.

In the present study, we first carried out a computational analy-
sis of the human proteome to identify putative regulatory Cdk1-
dependent phosphorylation sites in the vicinity of NLSs in nuclear
proteins. We then validated the computational predictions experi-
mentally for a number of proteins, comparing the nucleocytoplas-
mic localization of hyper-phosphorylation mimicking (hyper-P;
with a glutamic acid substitution) and non-phosphorylatable
hypo-phosphorylation (hypo-P; with a glutamine substitution)
mutants to the phosphorylatable wild-type (WT) protein in a new
cellular assay. Finally, we selected one particular protein as an in-
depth case study to analyze the dynamics of phosphorylation-reg-
ulated nuclear transport during the cell-cycle. We selected human
dUTPase, a protein involved in genomic integrity,?" for this case
study; where we have previously characterized the molecular and
structural basis of NLS-adjacent phosphorylation on nuclear
import.”* Namely, the introduction of negative charge into the P-
1 position rearranges the accommodation pattern of the dUTPase
NLS in the importin-a NLS binding site. This results in the loss
of critical hydrogen bonds between the importin-a surface and
the NLS peptide, impairing nuclear import.>* Here, we show that
Cdk1-dependent phosphorylation of dUTPase results in a sched-
uled, dynamic pattern of nuclear availability in the newly-formed
daughter cells. Jointly, our results uncover a ubiquitous mecha-
nism for the regulation of nuclear trafficking of human proteins
by Cdk1 during the cell cycle and provide a molecular explanation
for the negative regulation of nuclear import by NLS-adjacent

Cdk1-dependent phosphorylation.

Results/Discussion

The effect of NLS-adjacent phosphorylation on
nucleocytoplasmic protein distribution during the cell cycle

Earlier publications identified several yeast © and human pro-
teins,>*** where NLS-adjacent phosphorylation was shown to
inhibit nuclear import. In these cases, phosphorylation took place
at either the PO or the P-1 positions of the NLS, immediately N-
terminal to the large basic cluster of the NLS.*> Yeast Cdc28 or
its human orthologue Cdk1, were proposed to be responsible for
most of these phosphorylation events, thus giving these proteins
a cell cycle-specific localization pattern.® Cdc28 and Cdk1 phos-
phorylate a number of proteins that control critical cell cycle
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Table 1. Proteins covering different functions within the cell selected for further analysis from the proteome-wide screen. Proteins for which the phosphoryla-

tion of the particular NLS adjacent residues were experimentally confirmed, according to the Phosida database (http://www.phosida.com/

) 6203 are indicated

in italics
Function Protein name Abbreviation NLS sequence Ref.
DNA damage recognition and repair Ataxia telangiectasia and Rad3-related protein ATR SPKRRRLS 64
BRCA1-A complex subunit RAP80 UIMC1 SVKRKRRL 6566
Cullin-4B CUL4B TSAKKRKL 67
Transcription factor AP-4 TFAP4 SPKRRRAE 68
Histone acetyltransferase p300 EP300 SAKRPKLS 69
Ras-responsive element-binding protein 1 RREB1 SPLKRRRL 70
Regulation of gene expression Ras-responsive element-binding protein 1 RREB1 SPLKRRRL 7
Histone acetyltransferase p300 EP300 SAKRPKLS 72
Transcription factor AP-4 TFAP4 SPKRRRAE 68,7374
Epigenetics Histone acetyltransferase p300 EP300 SAKRPKLS 69
Bromodomain adjacent to zinc finger domain protein 2A BAZ2A SPSKRRRL 7576
Cullin-4B CuL4B TSAKKRKL 77
RNA editing/splicing Ser-Arg repetitive matrix protein 2 SRRM2 TPAKRKRR 78
Cyclin-L2 CCNL2 SPKRRKSD &
Cell cycle regulation Cullin-4B CUL4B TSAKKRKL 8082
Cyclin-L2 CCNL2 SPKRRKSD 7983
Development T-cell leukemia homeobox protein 3 TLX3 TPPKRKKP 84
Transcription factor AP-4 TFAP4 SPKRRRAE 68
Nuclear skeleton Lamin A LMNA SVTKKRKL 8586

events, including DNA replication and segregation, transcrip-
tional programs and cell morphogenesis.** The available results
clearly argue for the importance of Cdkl-kinase-regulated
nuclear transport for several yeast proteins involved in the regula-
tion of cell cycle progression, DNA replication, DNA damage
recognition and repair. As we presently show, similar regulation
may occur for human proteins of similar function (Table 1).

We set out to perform a human proteome-wide bioinformatics
screen with the aim of identifying human proteins possessing a
Cdk1-dependent phosphorylation site at either PO or P-1 posi-
tions of their NLS. We combined 2 state-of-the-art bioinformatics
tools for prediction of NLSs (NucImport'®) and phosphorylation
sites (Predikin'?) that we ourselves developed previously. Nuclm-
port uses a probabilistic (Bayesian network) approach to recognize
a variety of NLSs by integrating amino acid sequence and interac-
tion data and predicts the sequence position of the NLS, out-per-
forming other available methods.'® Predikin uses the concept of
specificity-determining residues to predict peptide specificity of
protein kinases and identify substrates for protein kinases'*!'”’;
the tool outperformed other competing tools in the protein kinase
section of the Peptide Recognition Domain specificity prediction
category of the 2009 DREAM4 challenge (an independent test
using unpublished data).'? We first used Predikin'? to determine
how often a Ser or Thr residue was predicted to be phosphory-
lated, regardless of the import status or presence of NLS. This
background frequency of phosphorylation was determined to be
0.136 (c.f. Experimental Procedures). We then used NucImport'®
to predict the location of classical NLSs. For each NLS location,
we determined the frequency of (predicted) phosphorylation of
the PO position to be 0.393 (p = 2.348¢-30) and of the P-1 posi-
tion to be 0.234 (p = 9.530e-05). Hence, both positions are sig-
nificantly enriched for phosphorylation.

Overall, with a conservative setting of both predictors (see
Experimental Procedures for details), we found 92 proteins with a
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phosphorylation site in the PO position and 44 proteins with a
phosphorylation site in the P-1 position, considering all protein
isoforms (if considering only parent proteins, this corresponds to
50 and 22, respectively; Table S1). Among these proteins, there
are numerous examples for which, to our knowledge, no previous
experimental data have been reported as being relevant to phos-
phorylation-dependent nuclear translocation. Using Gene Ontol-
ogy (GO) term annotations, we found proteins involved in DNA
damage recognition and repair, gene expression, epigenetics,
RNA-editing and several transcription factors (Table 1; Table S2).
For any of these functions, strict and regulated scheduling of
nuclear availability has clear and imminent significance, arguing
for the need for further direct experimental study. We therefore
selected several identified proteins for experimental validation.

Cellular screen to evaluate NLS function for selected
proteins

To efficiently test the effect of phosphorylation on nuclear
import for a number of proteins, we designed a sensitive model
system. We chose DsRed-monomer labeled B-galactosidase, a
well-described bacterial protein, as an inert fluorescent cargo,
upon which different NLSs can be loaded. The construct is
strictly cytoplasmic, unless fused to a functional NLS, such as the
well-established SV40 large T-antigen (TAg) NLS (Fig. 1A). In
order to evaluate phenotypic characteristics of any further NLSs,
we set a measure scale for 5 distinct cellular distribution patterns
(Fig. 1B). We tested this NLS reporter system using the WT and
mutant NLSs of the Swi6 protein (Fig. 2A), which has been pre-
viously described to be phosphorylated at the P-1 position of its
NLS by Cdc28, resulting in the inhibition of its nuclear trans-
port.*?**® The mutations were introduced in such a way that
the negative charge, mimicking the phosphorylated residue, was
introduced either at the P-2, P-1 or PO positions,” while the
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Figure 1. Representation of relative NLS activity. (A) The B-galactosidase-DsRed (pGal-DsRed) reporter construct is strictly cytoplasmic, unless fused to a
functional NLS, such as the SV40 large T-antigen (TAg) NLS. Scale bar represents 20 wm. (B) The reporter construct was fused with various NLSs to gener-
ate constructs with different extents of nuclear localization. Localization was categorized into 5 types: N (completely nuclear), Nc (mainly nuclear), NC
(homogenous distribution between the nucleus and cytoplasm), nC (mainly cytoplasmic), C (completely cytoplasmic). Scale bar represents 20 pm.

structurally important proline residue was not perturbed
(Fig. 2B).

The results argue that the exact position of the phosphorylated
residue is a crucial determining factor in the localization of NLS-
containing cargo. Our results are in good agreement with previ-
ous work proposing that phosphorylation at PO or P-1 positions
impedes nuclear import, while on the other hand, phosphoryla-
tion at upstream positions, for example in the P-2 position, have
the opposite effect by enhancing nuclear import.*

Using the validated screening system, we tested a selection of
proteins involved in a variety of cellular functions (Table 1 and
references therein). Our selections included 6 proteins with

A

Ein P-2

SWi6

E in P1

predicted Cdkl phosphorylation sites at the PO position, and 7
proteins with predicted Cdkl phosphorylation sites at the P-1
position (Table S3). The resulting localization data in Figure 3
show that in each case, substitution of the appropriate Ser or
Thr, predicted to be phosphorylated by Cdkl, by Glu (hyper-P
mimicking) consistently leads to significantly weaker nuclear
accumulation or even to complete nuclear exclusion, compared
to the WT protein. The efficiency of nuclear targeting differed
among the different NLSs. Our experimental data further argue
for the inhibitory effect of the phosphorylation at the P-1 and PO
positions on nuclear import, and confirms the validity of the in
silico analysis. Among the hits of the in silico screening dUTPase

E in PO

p < 0.0001
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NLS in major binding pocket of importin-a Localization
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Figure 2. Position-specific effect of phosphorylation on NLSs. (A) Performance of the reporter system (pGal-DsRed) after fusing Swi6 WT and mutant
NLSs to the construct. F,, ratios (+ standard error of the mean) were determined as described in the Experimental Procedures section. Localization
pattern was categorized according to Figure 1B. Scale bar represents 20 um. (B) Glutamic acid at P-2 or PO was introduced by insertion of Ala in PO or
deletion of Leu in P1. Sequences were aligned as predicted to bind to the NLS-binding pockets of importin-a.?
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Figure 3. Evaluation of the proteins identified by computational analysis: cellular screens for NLS activity. Localization patterns of selected proteins
selected based on proteome-wide analysis. DNA corresponding to NLSs was cloned into the pGal-DsRed reporter system, and localization was tested in
293T cells. P-mimicking mutations at the appropriate Ser/Thr position in most cases significantly reduced nuclear accumulation. Scale bar represents

20 pm.

was not present due to the strict settings of Nuclmport.
However its NLS was tested in our reporter system, which
showed nuclear exclusion upon Glu substitution in the P-1
position in agreement with our previous data on full length
protein (Fig. S1A).*> Our analysis thus identified numerous

human proteins potentially sharing a similar Cdk1-driven
regulatory pattern (Table 1; Table S1). These proteins are
involved in crucial cellular functions such as DNA damage
recognition and repair, transcriptional regulation, cell cycle
control, epigenetics and RNA editing.
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Figure 4. Effect of phosphorylation on localization of Cdk1 substrate proteins. UNG2 (residue S14), UBA1 (residue S4) and p53 (residue S315) phosphory-
lation at the P-2 positions of their NLSs were mimicked by Glu substitution in the pGal-DsRed reporter system or were mutated in full length proteins
fused to DsRed-monomer. Localization was tested in 293T cells. Scale bar represents 20 pum.

For several proteins where NLS-adjacent Cdkl1-driven phos-
phorylation has been reported previously, its actual effects could
not be properly deciphered when using only hypo-P mimicking
mutants in static or kinetic experiments. Therefore, we checked
the effect of hyper-P mimicking mutations at the previously
established Cdk1 sites of UNG2 (S14 phosphorylation®?"),
UBAI1 (S4 phosphorylation®) and p53 (S315 and S312 phos-
phorylation in human and in mouse, respectively33) (Fig. 4).
The NLS segments were cloned into our pGal-DsRed NLS
reporter construct and the full length ORFs were fused with
DsRed-monomer for localization studies. These phosphorylation
sites are predicted to be located in the P-2 position adjacent to
their NLSs. As expected, a negative charge introduced at this
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position did not abolish the nuclear localization of either of these
constructs (both with the NLS reporter and the full length pro-
teins). However, if we used mutagenesis to move this negative
charge to the P-1 position, the impeding effect on nuclear import
is clearly observable in case of UBAI and UNG?2 (Fig. 4) with
the NLS reporter constructs. In case of the UNG2 it is clearly vis-
ible that the nuclear localization is enhanced in the S14E mutant
(in P-2 position), and the nuclear targeting capability of the WT
NLS is evident when compared to the NLS impaired mutant,
K18N (Fig. S1B and C).** Phosphorylation of the P-2 positions
might enhance nuclear accumulation of these proteins after mito-
sis. Possible reason why the full length UNG2 does not show the
same localization pattern as the NLS reporter construct is that it
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has a complex NLS which not exclusively relies on the
S"™PARKRHA sequence. Perturbation of this segment does not
lead to complete nuclear exclusion, other sequences also have a
role in proper localization of UNG2.3 p53, which harbors a
bipartite NLS sequence, might have the flexibility to compensate
these negative effects by the additional binding to the minor
NLS-binding site.

Video microscopy-based kinetic analyses

To have a better understanding of the effect of the described
phosphorylation on the dynamic distribution of proteins
throughout the cell cycle, we used dUTPase as a model. This
enzyme catalyzes the hydrolysis of dUTP into dUMP and inor-
ganic pyrophosphateSS'W preventing dUMP incorporation into
DNA.?®?? dUTPase is an important contributor to genomic

. . . 21,40-4
integrity from bacteria to human®"***> and possesses a nuclear

isoform in different eukaryotes.*****” We have previously shown
that the cell cycle-dependent phosphorylation of dUTPase by Cdk1
at the S11 posidon (which is located in the P-1 position of its
NLS**4®) abolishes its nuclear import and is linked to M phase.z2

In order to follow the dynamic alterations of dUTPase locali-
zation pattern during the cell cycle, we followed individual cells
after transfection with the appropriate fluorescent constructs by
video microscopy. The dUTPase pool exhibits marked cell cycle-
dependent dynamic behavior (Fig. 5A). When the new nuclear
envelope appears, dUTPase is excluded from the nucleus. Fol-
lowing cytokinesis, it takes a considerable time before the nuclear
space is again re-populated with WT dUTPase (Video S1 left
panel). Interestingly, for the S11Q mutant, the nuclear repopula-
tion dynamics is markedly different (Video S1 right panel). The
S11E mutant, by contrast, remains cytoplasmic during the entire
cell cycle (Video S2).
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Figure 5. Phosphorylation-dependent cellular localization pattern of dUTPase. (A) Live-cell microscopy of daughter cells. Transfected 293T cells were
observed during at least one full cell cycle. Still images were taken from Video S1. The once-nuclear pool gets slowly re-imported into the nucleus.
(B) Kinetic analysis of protein re-import dynamics of the daughter cells indicate similar import kinetics but different lag phases for the WT protein and
the $11Q mutant (kops = 0.0044 min~" & 7% and 0.0043 min~" =+ 8%, respectively). (C) Western blot shows cognate phosphorylation of exogenous
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Using this approach, we could measure apparent rate con-
stants for nuclear re-accumulation of the WT and the S11Q
mutant dUTPases (Fig. 5B). The same approach cannot be
applied to the S11E mutant, as it never enters the nucleus in our
experiments. We found that the major difference between the
WT protein and the S11Q mutant is that the WT protein re-
enters the nucleus with a considerable lag. Following the lag
phase, the apparent rate constants of nuclear accumulation are
identical for the WT protein (kops = 0.0044 min~' + 7%) and
for the S11Q mutant (kyp, = 0.0043 min~' £ 8%). Impor-
tantly, the mean total fluorescence of the cells (F,;.) did not
change during our observations (Fig. 5B inset), indicating the
steady-state of the investigated fluorescent protein pool. The
apparent single exponential kinetics we observe likely represents
the result of multiple undistinguishable transport events. The
fact that the wild type protein and the non-phosphorylatable
mutant S11Q show different kinetic behavior is clearly due to
the change in their phosphorylatable properties.

In order to directly address the pattern of nucleocytoplasmic
trafficking of a given protein pool, we repeated the video-
microscopy experiments by transfecting the fluorescent proteins
themselves, instead of plasmids that lead to continuous expres-
sion. Cells transfected with recombinantly expressed WT and
S11Q DsR-DUT proteins show the same dynamic events of
dUTPase pool distribution as those in the plasmid transfection
experiments (Figure S2 and Videos S3 and S4).

To investigate whether the exogenous DsR-DUT constructs
(originating either from transfected plasmids or the recombi-
nant protein itself) used in the video-microscopy experiments
can be phosphorylated similarly to the endogenous protein, we
performed western blot experiments (Fig. 5C; Fig. S3B). We
used a dUTPase-specific antibody generated against the full-

length protein (anti-hDUT®), in combination with the
dUTPase S11-phosphoserine specific antibody (anti-S11P-
hDUT??). Figure 5C shows that 293T cells transfected with
the appropriate fusion protein-encoding plasmids produce a
WT DsR-DUT protein pool that can be phosphorylated. The
recognition of dUTPase by the anti-S11P-hDUT antibody is
observed only if Serll can be phosphorylated, providing evi-
dence for the specificity of this antibody. The endogenous
dUTPase pool is also visible at a lower molecular mass position.
Neither forms of recombinant proteins produced in E. coli are
recognized by the anti-S11P-hDUT antibody, indicating that
they are not phosphorylated at Serll (Fig. S3B). Within the
cells transfected with recombinantly produced DsR-DUT pro-
tein itself, however, the cognate phosphorylation event target-
ing Serll can take place. The anti-hDUT antibody recognizes
all dUTPase construct forms, as well as the endogenous dUT-
Pase pool, independently of the point mutation or phosphory-
lation state (Fig. S3B).

The P-mimicking mutation leads to the exclusion from the
nucleus, resulting in an interesting observation that the nuclei of
the daughter cells become populated with dUTPase protein only
after a significant delay. These results indicate that the potential
of the WT protein to be phosphorylated within the nucleus may
have physiological implications manifested in its retarded re-
import in the daughter cells. The non-phosphorylatable S11Q
construct does not exhibit this behavior. We suggest that this
mechanism may also operate for the proteins listed in Table S1,
because they contain similar phosphorylatable NLSs. Assuming

similar nuclear re-import characteristics as that of dUTPase,
Cdk! kinase-induced phosphorylation at these NLS positions
would significantly alter the nuclear proteome re-establishment

in the daughter cells after the M phase (Fig. 6).

Figure 6. Reconstitution of the nuclear proteome after cell division. Schematic diagram of the model of nuclear proteome re-setting through regulation
of nuclear import by Cdk1 phosphorylation during the cell cycle in human cells.
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Biological significance of cell-cycle dependent re-shaping of the
nuclear proteome

Our studies suggested that Cdk1 kinase-induced phosphoryla-
tion of many human proteins potentially alter their localization
patterns during the cell cycle. Specifically, the most detailed
kinetic analysis performed in our case study using dUTPase indi-
cated that the re-import into the nucleus is delayed significantly
if the relevant site close to the NLS segment is phosphorylated.
Although the mechanism by which this cell-cycle-dependent
localization pattern is governed seems to be general (cf Fig. 6),
the exact physiological consequences of these effects depend on
the actual protein and its role in cellular pathways. Below, we dis-
cuss these protein-specific characteristics.

In the case of dUTPase, Cdk1-induced phosphorylation of the
protein within the nucleus at the G2/M phase will have a promi-
nent effect on the dUTPase pool localization in daughter cells.
Namely, dUTPase nuclear import is hampered until the phos-
phate moiety is removed, thus nuclear re-population in the
daughter cells takes place only after a considerable time delay.
dUTPase nuclear accumulation reaches its maximal extent
around the S phase and the protein remains strictly nuclear until
the onset of mitosis (Fig. 5A). Recently, it has been shown that
nuclear localization of the de novo thymidylate biosynthesis path-
way is required for the maintenance of genomic integrity.* This
is achieved by sumoylation-mediated nuclear transport of the
enzymes of the pathway, composed of thymidylate synthase
(TYMS), dihydrofolate reductase (DHFR), and serine hydroxy-
methyltransferase (SHMT1 and SHMT2a).’*°! For all these
enzymes, this partial nuclear translocation takes place at the onset
of S phase, and they remain in the nucleus untl the G2/M
phases, while they are cytoplasmic during G1 phase, enabling de
novo thymidylate synthesis during DNA replication and repair.”*
dUTPase catalyzes the hydrolysis of dUTP into pyrophosphate
and dUMP; ensuring the substrate for TYMS, and also low cellu-
lar dUTP/dTTP ratios, thus inhibiting uracil accumulation in
the DNA.*" Here we show that dUTPase nuclear accumulation
also reaches its maximal extent during the S phase, similarly to
the de novo thymidylate biosynthesis enzymes. Because it was
suggested that de novo thymidylate biosynthesis does not occur
in the cytoplasm at rates sufficient to prevent uracil misincorpo-
ration into DNA,* it is reasonable to propose that dUTPase
might also be necessary to accompany this enzyme complex into
the nucleus for proper genomic DNA maintenance. Partially due
to S phase activation of ribonucleotide reductase subunits, regu-
lated by transcriptional and post-transcriptional processes, the
dNTP pool in mammalian cells increases 20-fold at this cell cycle
stage compared to G1.”®> Thus scheduled nuclear availability of
de novo thymidylate biosynthesis enzymes, along with dUTPase
and ribonucleotide reductase, may ensure strictly regulated
dNTP pool composition for DNA polymerases.

Table 1 provides a list of other human proteins where we
found potential Cdk1 sites and suggest that phosphorylation reg-
ulates their nuclear import and thus their availability in the
nucleus. These proteins are involved in crucial cellular functions
such as DNA damage recognition and repair, transcriptional reg-
ulation, cell cycle control, epigenetics and RNA editing. Clearly,
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for proteins involved in such functions, the fine-tuned regulation
of nuclear availability is of high significance. For example, cullin-
4B plays a role in cell cycle regulation together with cyclin-L2,
which is also involved in pre-mRNA splicing, alongside with
apoptosis induction and cell-cycle arrest in cancer cells. The
ataxia telangiectasia and Rad3-related protein, BRCAI-A com-
plex subunit RAP80 and histone acetyltransferase p300 are key
components of DNA damage repair. We also found that many
of these proteins may act in an interconnected manner; for exam-
ple, during DNA damage, the protein kinase ATR phosphory-
lates the bromodomain adjacent to Zn-finger domain protein 2a,
the BRCAI-A complex subunit RAP80, the Ras-responsive
element binding protein 1, and the Ser/Arg repetitive matrix
protein 2.>4 For proteins involved in DNA repair (ATR, cullin
4B, BRCAI-A subunit RAP80, transcription factor AP-4), the
tight connection between cell-cycle checkpoints and DNA dam-
age recognition and response pathways may be the underlying
reason for their scheduled absence or presence within the
nucleus.”® Such regulation of protein subcellular distribution
may assist in maintaining the correct logistics of scheduling and
executing different tasks during the cell cycle along with the regu-
lation of mRNA nucleocytoplasmic trafficking.’® In such a way,
the use of crucial metabolites involved in energy and signal trans-
duction can also be correctly distributed among cell division, rep-
lication and repair tasks. Interestingly, examination of SNP
databases revealed 2 instances where a given SNP may overwrite
the Cdkl driven regulation, however, no data for either fre-
quency or physiological relevance of these SNPs has been
reported (Table S1).

Conclusions

Dynamic exchange of macromolecules between the cytoplasm
and the nucleus is regulated by several mechanisms. Here we sug-
gest that nuclear import is significantly delayed for those cellular
proteins where a Cdk1 kinase-dependent phosphorylation event
occurs during the M phase at a relevant site in the vicinity of the
NLS (Fig. 6).

Two bioinformatics tools, namely Nuclmport and Predikin,
were used to identify the scope of the hypothesized mechanism
and to isolate candidate targets. We established the statistical
basis for identifying relevant hits and their functional (gene
ontology) associations, in ways not supported by the tools indi-
vidually. Albeit not implemented as a tool in its own right, our
integrated approach, may help to develop further studies that
aim to understand how (other) post-translational modifications
can dynamically modulate functions of sequence motifs (includ-
ing localization signals). Our analysis showed that (i) positions P-
1 and PO relative to predicted human NLSs are both significantly
enriched for predicted Cdkl phosphorylation; and (ii) 44 and 92
protein isoforms (with phosphorylation of NLS P-1 and PO sites,
respectively) are associated with a range of functions that require
strict and regulated scheduling of nuclear availability.

Our cellular reporter assay confirmed the computational pre-
dictions of proteins regulated by NLS-adjacent phosphorylation
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and showed that Cdk1 phosphorylation at P-1 and PO positions
of human NLSs impedes nuclear import. Although the observed
effects may be modulated in the full-length proteins, our results
clearly provide proof-of-concept. Namely, we propose that the
cell cycle-dependent changes in the nuclear proteome may
have an important role in selecting the correct set of proteins to
be present in the nucleus during the different stages of the cell
cycle. Cdkl phosphorylation events at the M phase will result in
proteins that cannot be re-imported into the nucleus after cytoki-
nesis, because phosphorylation of the P-1 and PO positions
impedes their binding to importin-a.. Therefore, several proteins
will only appear in the nucleus of the daughter cells after a signifi-
cant delay following dephosphorylation or de novo protein syn-
thesis. Dephosphorylation in the cytoplasm may require some
time and might be under yet another level of regulation, giving
cells further plasticity in fine-tuning their nuclear proteome. The
regulatory pattern we described may prevent accumulation of
proteins within the nucleus that could perturb cellular functions,
for example by initiating expression of genes with an incorrect
schedule. This regulation might also be further fine-tuned by
cytoplasmic anchoring processes, facilitated by phosphorylation
events.”” However, the exact purpose of this regulation might dif-
fer for each protein, and should be checked individually in detail.

Cell cycle-dependent changes in the nuclear proteome are of
utmost importance in the prompt regulation of cellular events,
and protein kinases such as Cdkl cooperate to control the cell
cycle dynamics. After cell mitosis, daughter cells form their own
nuclear envelope and begin with a limited set of proteins that
remain strictly adherent to the chromosomes during cytokine-
sis.”® Organism, like yeast, with closed mitosis rely on active pro-
tein transport in every phase of their cell-cycle while cells with
open mitosis thus have the unique opportunity of re-setting the
protein composition within the nucleus of daughter cells after
every division. We conclude that Cdkl1-driven phosphorylation
at P-1 or PO positions of the NLSs makes a significant contribu-
tion to this re-shaping process of the nuclear proteome after the
M phase.

Materials and Methods

Computational analyses of NLSs and phosphorylation
motifs

The computational tools Predikin'® and NucImport'® were
used to analyze the human proteome. Protein sequences were
obtained from UniProt’® as the complete human proteome includ-
ing all known isoforms, as defined by UniProt complete proteome
sets (representing a total of 71,809 sequences).

To predict the location of nuclear localization signals, we used
NucImport.'® NucImport predicts the probability of nuclear
import, type of classical NLS (as categorized by’”) and its exact
location in any query protein sequence. Apart from sequence
properties, the prediction is based on known (human) protein
interactions that are retrieved from BioGRID.®® We refer to the
predicted proteome set as those proteins that were assigned a

type-1 classical NLS with a probability of 0.95 or greater.
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Cdk1 phosphorylation sites were predicted for all potential
sites, i.e., all Ser and Thr residues, using Predikin.'® As we used
the Cdkl matrix to score all potential phosphorylation sites in
the human proteome, we obtained the complete distribution of
scores associated with Cdkl. Converting these to a cumulative
density allowed us to (empirically) determine p-values associated
with each Predikin score (the p-value is the probability of achiev-
ing a score at least as high as the one observed).

We looked for enrichment of phosphorylation at the PO and
P-1 sites relative to the (predicted) NLS in each protein in the
nuclear proteome by counting, for each NLS site, all potential
phosphorylation sites (i.c., all Ser and Thr sites) that do not occur
at the NLS site of interest and recorded whether they are above or
below a threshold (Predikin p-value = 0.1). From these counts,
the ratio of phosphorylation sites/potential sites can be calculated
for the background, PO and P-1 positions. We assessed whether
observations at PO and P-1 differed from the background by per-
forming a x* analysis.

Gene Ontology (GO) term enrichment analysis was per-
formed for identified proteins using Fisher’s exact test. Specifi-
cally, we used all proteins predicted to have a type-1 classical
NLS and a predicted phosphorylation site at either PO or P-1 as a
foreground, and all “reviewed” human proteins in UniProtKB as
background. We used the Gene Ontology official release of
human annotations (as of February 2012). For each biological
process GO term, we counted the number of proteins in the fore-
ground set and the background set with this term. The one-tailed
Fisher’s exact test establishes the p-value of the term: the proba-
bility of finding this protein count or more extreme (greater pro-
portion in the foreground). The p-value was corrected for
multiple testing (shown as E-value). A term is thus assigned a
small E-value only if proteins annotated with that term occur in
the foreground set with a higher prevalence than can be statisti-
cally explained by chance (i.e. proteins picked randomly from
the background set).

Cell culture and constructs

293T cells were kindly provided by Prof. Yvonne Jones (Can-
cer Research UK, Oxford). Cells were cultured in DMEM/F12
HAM (Sigma) supplemented with Penicillin—Streptomycin solu-
tion (50 pg/ml; Gibco) and 10% FBS (Gibco). dUTPase nuclear
isoform (DUT) fused to DsRed-Monomer (DsR-DUT) was
described in.*?> DsR-DUT was further cloned into the Ndel/
Xhol sites of the vector pET-20b (Novagen) for recombinant
protein expression (with oligonucleotides dutpETF and dut-
pETR). Human tumor protein p53 cDNA was purchased from
OriGene (NM_000546.2). p53 was fused to DsRed-Monomer,
by cloning it into the Xhol/BamHI sites of a modified pEGFP-
C1 vector (Clontech) (with primers p53_F and p53_R), where
EGFP was replaced by DsRed-Monomer (within the Nhel/Xhol
sites of the vector). Ubiquitin-activating enzyme E1 (UBAI)
cDNA was purchased from OriGene (NM_003334.2) and the
fusion construct was made cloning it into the Kpnl/BamH1 sites
of the pDsRed-Monomer-N1 vector (Clontech) (with primers
UBA1_F and UBA1_R). Human Uracil-DNA glycosylase 2
(UNG2) cDNA was a generous gift of Professor Salvatore
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Caradonna and was cloned into the Xhol/Kpnl sites of the
pDsRed-Monomer-N1 vector (with primers UNG2_F and
UNG2_R). Site-directed mutagenesis was performed by the
QuickChange method (Stratagene). The NLS reporter construct
was created by fusing (-galactosidase with DsRed-Monomer
(termed pGal-DsRed). B-galactosidase was amplified lacking its
start codon from the vector pCAUG (with oligos galN1F and
gaIN1R), and was cloned into the Kpnl/EcoRI sites of the vector
pDsRed-M-N1, thus generating the vector termed pGal-DsRed.
Single-stranded oligonucleotide pairs, listed in Table S4, encod-
ing different NLS peptides were cloned into the Nhel/EcoRI sites
of the pGal-DsRed vector after annealing. In addition, the vector
pHMB830 (Addgene plasmid 20702) (AflIl/Xbal sites) was also
used to generate constructs for the NLSs that showed a strong
tendency for aggregation when used in context of the previously
described pGal-DsRed construct.®’ Primers used for cloning and
mutagenesis were synthesized by Eurofins MWG GmbH and are
summarized in TableS4. All constructs were verified by sequenc-

ing at Eurofins MWG GmbH.

Fluorescence imaging and analysis of DsRed-tagged
constructs

For DNA transfections, LipofectamineTM LTX (Invitrogen)
was used according to the manufacturer’s instruction. Briefly,
subconfluent cultures of 293T cells grown in 35 mm Petri dishes
were incubated with 1-2 pg DNA along with 10 pl LTX reagent
in serum-free medium, for 16 hours. Protein transfection was
performed according to the manufacturer’s protocol using Pro-
DeliverIN™ reagent (OZ Biosciences). In brief, 8-10 pg pro-
tein and 15 pl transfection reagent was used to deliver DsRed-
tagged proteins into the cells for 14-18 hours. Image analysis to
quantify relative subcellular localization was performed from sin-
gle-cell measurements using Image] 1.46j (NIH, Bethesda),
where the mean nuclear (F,) and cytoplasmic (F.) fluorescence
ratio (F,/) was measured within each cell. Statistical analysis of
the relative subcellular localization changes was carried out by the
InStat 3.05 software (GraphPad Software, San Diego California,
USA) using the non-parametric Mann-Whitney test. Differences
were considered statistically significant at 2 < 0.05. Images were
either acquired with a Leica DM IL LED Fluo microscope
equipped with a Leica DFC345 FX monochrome camera.

Live-cell microscopy and evaluation

Time-lapse recordings were performed on a Zeiss 200 M
inverted microscope equipped with an AxioCam Mnr camera
and controlled by the AxioVision 4.8 software. Cells were cul-
tured in Ibidi dishes and kept at 37°C in a humidified 5% CO,
atmosphere within custom-made microscope stage incubator
(CellMovie). Images were acquired every 5 minutes for at least
24 hours using a 10x magnification objective. After transfection,
the cells were washed 3 times with a serum-containing medium.
Time-lapse imaging started one hour after changing the medium.
Addition of serum resulted in the flattening of the cells and mito-
genic serum factors boosted cell proliferation.

Plasmid transfection experiments. The kinetic treatment of
the imaging data addresses the gross kinetics of nuclear dUTPase
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accumulation and does not aim to carry out a detailed analysis of
the underlying processes. The quantification of fluorescence in
single cells from each frame was performed using Image] 1.46j
(NIH, Bethesda), where the mean nuclear (F,) and cytoplasmic
(Fo) fluorescence were measured. Data points represent mean val-
ues extracted from 16 cells in triplicates. The time axis was
defined relative to the visual observation of cytokinesis i.e. t = 0
at cytokinesis termination. The observed fluorescence intensity
increase in the nucleus could be analyzed, as the total fluorescence
of the cytoplasmic and nuclear compartments (F,;.) was con-
stant during the time period of the analysis. Single exponential
kinetics fit well to the rising phase of the nuclear accumulation
curves in both the WT and the S11Q mutant cell lines. The con-
siderable lag in nuclear fluorescence accumulation in the WT
cells was not included in the kinetic analysis due to the lack of
information on building a comprehensive kinetic model for the
whole trafficking process.

Protein transfection experiments. These image sequences were
not subjected to densitometric analyses due to lower intensity of
the intracellular fluorescent signal as well as to the higher back-
ground (Videos S3 and S4). The time elapsed between the onset
of cytokinesis and the appearance of fluorescent signal within the
nucleus (Fig. S2) was determined by careful visual observation.
Considerable nuclear accumulation of fluorescent proteins was
declared when the fluorescent intensity within the nucleus
exceeded that within the cytoplasm. Parallel phase contrast
images were used to determine the onset of cell cleavage.

Both DNA and protein transfection-based experiments
yielded the same conclusions regarding the dynamic distribution
pattern of the WT and S11Q mutant DsR-DUT. This is poten-
tially due to the fact that the DsRed-labeled proteins can only be
detected after a considerable time delay following protein transla-
tion, partially because of the time required for maturation of
DsRed fluorophore and because of the time required for detect-
able fluorophor accumulation. Furthermore, newly maturing
DsRed molecules (which also went through phosphorylation in
M phase) might be in steady state with a degradation process.
Because of these effects, the DsR-DUT pool translated during
the recording time of video-microscopy used for analysis
(~12 hours) does not contribute to the fluorescent signal. The
observable fluorescent signal of the mature folded protein mole-
cules thus necessarily originates from the protein pool translated
during the cell cycle(s) completed prior to start of the video
recording.

Immunoblot analysis

Phosphorylation of the constructs after cellular delivery was
investigated using immunblot analysis. Cells were collected,
washed twice with PBS, and resuspended in the lysis buffer
(50 mM TRIS-HCI pH = 7.4; 140 mM NaCl; 0,4% NP-40;
2 mM dithiothreitol (DTT); 1 mM EDTA, 1 mM phenylme-
thylsulfonyl fluoride; 5 mM benzamidin, Complete'™ EDTA
free protease inhibitor cocktail tablet (Roche), PhosSTOP™
phophatase inhibitor cockrail tablet (Roche)). Cell lysis was
achieved by sonication. Insoluble fraction was removed by centri-
fugation (20,000 x g x 15 min at 4°C). Protein concentration

Cell Cycle 3561



Downloaded by [Hungarian Academy of Sciences], [Gergely Ronag] at 05:28 13 December 2014

was measured with Bio-Rad Protein Assay to ensure equivalent
total protein load per lane. Products were resolved under dena-
turing and reducing conditions on a 15% polyacrylamide gel and
transferred to PDVF membrane (Immobilon-P, Millipore).
Membranes were blocked with 5% nonfat dried milk, incubated
with primary antibodies for 2 hours at room temperature. After
washing the membranes secondary antibodies coupled with
horseradish peroxidase were applied (Amersham Pharmacia Bio-
tech and Sigma). Immunoreactive bands were visualized by
enhanced chemiluminescence reagent (Amersham) and recorded
on X-ray film (Kodak). Antibodies to detect the following pro-
teins were used in protein gel blotting: anti-hDUT (1:5000),%
anti-S11P-hDUT (1:200, GenScript).

Recombinant protein production

DsRed-tagged dUTPase constructs were expressed in Rosetta
BL21 (DE3) pLysS bacteria strain and purified using Ni-NTA
affinity resin (Qiagen). Transformed cells growing in Luria broth
medium were induced at Agpg nm=0.6 with 0.6 mM isopropyl-
B-D-1-thiogalactopyranoside (IPTG) for 16 hours at 20°C.
Cells were harvested and lysed in lysis buffer (50 mM TRIS-HCI,
pH = 8.0, 300 mM NaCl, 0.5 mM EDTA, 0.1% Triton X-
100, 10 mM 2-mercaptoethanol, 1 mM phenylmethylsulfonyl
fluoride; 5 mM benzamidin, Complete™ EDTA free protease
inhibitor cocktial tablet (Roche)) with sonication and cell debris
was pelleted by centrifugation at 20.000 x g for 30 minutes.
Supernatant was applied onto a Ni-NTA column and washed
with lysis buffer containing 50 mM imidazole. dUTPase was
finally eluted with elution buffer (50 mM HEPES, pH = 7.5,
30 mM KCI, 500 mM imidazole, 10 mM 2-merchaptoethanol).
dUTPase constructs were dialyzed against buffer containing:

20 mM HEPES, pH = 7.4, 140 mM NaCl, 1 mM MgCl, and
2 mM dithiothreitol (DTT). The proteins were >95 % pure as
assessed by SDS-PAGE.
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