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Serine—arginine (SR) proteins are essential splicing factors
that promote numerous steps associated with mRNA processing
and whose biological function is tightly regulated through
multi-site phosphorylation. In the nucleus, the cdc2-like kinases
(CLKs) phosphorylate SR proteins on their intrinsically disor-
dered Arg-Ser (RS) domains, mobilizing them from storage
speckles to the splicing machinery. The CLKs have disordered N
termini that bind tightly to RS domains, enhancing SR protein
phosphorylation. The N termini also promote nuclear localiza-
tion of CLKs, but their transport mechanism is presently
unknown. To explore cytoplasmic—nuclear transitions, several
classical nuclear localization sequences in the N terminus of the
CLK1 isoform were identified, but their mutation had no effect
on subcellular localization. Rather, we found that CLK1 ampli-
fies its presence in the nucleus by forming a stable complex with
the SR protein substrate and appropriating its NLS for trans-
port. These findings indicate that, along with their well-estab-
lished roles in mRNA splicing, SR proteins use disordered
protein—protein interactions to carry their kinase regulator
from the cytoplasm to the nucleus.

The splicing of precursor mRNA (pre-mRNA)® generates
mature, intron-free mRNA that is exported to the cytoplasm for
protein translation. Splicing occurs at the spliceosome, a mac-
romolecular complex composed of 5 small nuclear ribonuclear
proteins (Ul-6 snRNPs) and over 100 auxiliary proteins (1).
Spliceosome assembly and splice-site selection rely on an
essential family of 12 splicing factors known as Ser—Arg (SR)
proteins (SRSF1-12) (2, 3). SR proteins possess one or two
folded RNA recognition motifs that facilitate pre-mRNA bind-
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ing and an intrinsically disordered C terminus rich in Arg—Ser
(RS) repeats that regulates this event along with other functions
(3). SR-specific transportin 2 (TRN-SR2, also called TNPO3), a
member of the B-karyopherin protein family, recognizes the RS
domain after phosphorylation by cytoplasmic SR protein
kinases (SRPKs), directing the SR protein through the nuclear
pore complex (4—6). In the nucleus, SR proteins reside largely
in membrane-free, storage compartments known as interchro-
matin granules or speckles, but additional phosphorylation
mobilizes them to the nucleoplasm for splicing function (7, 8).
The latter modification, catalyzed by the cdc2-like pro-
tein kinases (CLK1-4), promotes SR protein attachment to
pre-mRNA and Ul snRNP, the first step in spliceosome assem-
bly (9, 10). CLK1 phosphorylates the RS domain of the proto-
type SR protein SRSF1 (also called ASF/SF2) liberating it from
speckles and up-regulating spliceosome assembly (9, 11, 12).
Although most family members remain exclusively in the
nucleus, SRSF1 is one of four SR proteins (SRSF1, SRSF3,
SRSF7, and SRSF10) that transiently shuttle to the cytoplasm
upon dephosphorylation, delivering spliced mRNA for protein
translation (13-15).

Although CLKs share a conserved, folded kinase domain,
they have N-terminal extensions of variable length (approxi-
mately 130-300 amino acids) and low residue conservation
that are necessary for proper SR protein regulation. The N ter-
minus of CLK1 both enhances overall SR protein phosphoryla-
tion rates and enables the phosphorylation of three Ser—Pro
dipeptides in the RS domain of SRSF1 required for mobilization
from speckles and alternative splicing control (12, 16).
Although biochemical studies show that mouse CLK1 forms a
highly stable complex with SRSF1 (K, ~10 nM) because of
strong interactions between the N terminus and the RS domain
(11), the mechanism underlying this interaction is still not
understood. Sequence analyses suggest that the CLK N termini
are intrinsically disordered, a feature that may assist binding to
other disordered regions such as the RS domains. Interestingly,
the N terminus of CLK1 does not readily distinguish unphos-
phorylated and phosphorylated SRSF1, binding with high affin-
ity to both (16, 17). This phenomenon may be driven by charge
diversity in the N terminus that sustains flexible interactions
with either arginines or phosphoserines in the RS domain (see
Fig. 1A). Several biophysical studies indicate that although the
CLK1 kinase domain is a small monomer, the N terminus
induces formation of a large oligomer in the full-length enzyme
(hydrodynamic radius ~ 100 nm) (18). This high-order CLK1
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Nuclear localization of CLK1

species is strongly coupled to efficient SR protein recognition
and phosphorylation, although its mechanism is not under-
stood. Irrespective of the structural basis, high-affinity interac-
tions present a problem for conveying the phospho-SR protein
from CLK1 to the spliceosome. However, this problem is cir-
cumvented in the nucleus through a secondary protein kinase
(SRPK1) that peels away the CLK1 N terminus, freeing the SR
protein for splicing function (17).

In addition to activity regulation and substrate specificity,
the N termini of CLKs are also important for nuclear localiza-
tion. Early studies showed that the mouse CLK1 (also called
Clk/Sty) is exclusively expressed in the nucleus, but N-terminal
deletion leads to a nuclear/cytoplasmic mixture, suggesting
that this disordered sequence amplifies nuclear localization
(19). Although CLK N termini share little sequence homology
(Fig. S1), they may serve similar functions with regard to local-
ization. For instance, three human (CLK1-3) and four mouse
CLK isoforms (mCLK1-4) have been overexpressed and found
localized exclusively to the cell nucleus, consistent with their
role in mRNA splicing (12, 20, 21). Furthermore, endogenous
CLK1 is expressed in the nuclei of several different cell types
supporting such a general splicing function (17, 22). Overex-
pression of active CLK1 causes SR protein diffusion from
speckles, a phenomenon important for splicing control,
whereas overexpression of inactive CLK1 inhibits such move-
ment leading to mostly speckle-localized kinase (8, 12, 23). The
general importance of CLKs for splicing is now well-estab-
lished, and many advances have been made in developing useful
chemotherapeutic agents that inhibit these kinases for disease
intervention (24 —26).

Because of the ability of the N terminus to induce a large
oligomeric kinase form, it is unlikely that CLK1 can passively
diffuse through the nuclear pore, thus raising the question of
how this important splicing kinase gains full entry to the
nucleus (18). In this study we explored the mechanism under-
lying the subcellular localization of human CLK1. Although the
CLK1 N terminus has short, positively charged regions that
resemble classical NLSs, we found that their mutation had no
effect on subcellular localization. Instead, we found that CLK1
possesses a diffuse NLS in the N terminus that supports exclu-
sive nuclear localization through a “piggyback” mechanism
with its substrate SR protein. Either disruption of SR protein
transport by TRN-SR2 knockdown or mutation of the SRSF1
NLS impairs CLK1 nuclear localization. Binding studies reveal
that CLK1 attains maximal nuclear entry by forming a complex
with phosphorylated SRSF1, thereby recruiting its RS domain as
an NLS. These findings suggest that CLKs use their intrinsically
disordered N termini to clamp onto the disordered RS domains of
SR proteins exploiting them as adaptors for efficient cytoplasmic—
nuclear transport. Thus, in addition to their mRNA processing
functions, SR proteins are also transport carriers for the CLK fam-
ily of kinases, their principal regulators in the nucleus.

Results
CLK1 lacks a short classical NLS

To characterize residues that might constitute a classical
NLS, we initially identified two monopartite sequences (NLS1
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and NLS2) in the CLK1 N terminus using cNLS Mapper (Fig.
1A). To assess their role, we designed a CLK1 construct con-
taining a C-terminal RFP (CLK1-RFP) for direct fluorescence
monitoring. Using confocal microscopy, we found that this con-
struct localized exclusively to the nucleus of live HeLa cells,
whereas one lacking the N terminus (CLK1(AN)-RFP) was
present in both the cytoplasm and nucleus (Fig. 1B8). We quan-
tified these results in fractionation experiments showing that
CLK1(AN)-RFP partitions 58% in the nucleus, whereas the full-
length CLK1 is 95% nuclear (Fig. 1C). These findings are similar
to those reported for the mouse CLK1 isoform (19) and set a
baseline for distribution of the RFP-tagged kinase domain in
both cellular compartments. We next showed that mutation of
Arg/Lys to Gly in either NLS1 or NLS2 (CLK1(ANLS1)-RFP or
CLK1(ANLS2)-RFP) had no observable effect on CLK1 nuclear
localization in confocal imaging and only minor effects in frac-
tionation experiments (Fig. 1, B and C). To address whether
these NLSs work cooperatively, we mutated both and found
that this new construct (CLK1(ANLS12)) localized largely
in the nucleus in confocal imaging and fractionation experi-
ments (Fig. 1, B and C). To next address whether additional,
positively charged sequences contribute to nuclear localization,
we also identified a potential bipartite NLS (NLS1*), mutated
these sequences along with those in NLS2 (CLK1(ANLS12*)-
RFP), and found that the mutant was still nuclear (Fig. 1B). In
addition, we identified a possible NLS in the conserved MAPK
insert of the CLK1 kinase domain (NLS3) (Fig. 1D). We
mutated the charged residues to alanine in the full-length
kinase and found that the RFP-tagged CLK1(ANLS3) localized
to the nucleus of live HeLa cells, similar to the WT enzyme (Fig.
1E). Overall, these findings show that the N terminus does not
have a short, classical NLS for CLK1 nuclear localization.

Identifying regions important for subcellular localization

Because CLK1 lacks a short, classical NLS, we wished to
determine which other N-terminal sequences control subcellu-
lar localization. Considering that the N termini of CLKs share
very little sequence homology (Fig. S1), we targeted broad
regions for mutagenesis. We constructed a series of deletion
mutants in CLK1-RFP by dividing the N terminus into three
blocks of ~50 residues prior to the start of its canonical kinase
domain (Fig. 2A). We found that deletion of any individual
block did not alter the nuclear localization of CLK1 compared
with the WT control in HeLa cells (Fig. 2B). These findings
suggest that any two blocks of residues are sufficient for nuclear
localization of the kinase. We corroborated these results by
showing that deletion of other two-block combinations
resulted in mixed cytoplasmic/nuclear localization similar to
that for CLK1(AN)-RFP (Fig. 2B). Such findings suggest that the
nuclear localization sequence in CLK1 is spread over a rather
large region of the N terminus. We next tested whether the
isolated N terminus is sufficient for nuclear entry in the absence
of the kinase domain by generating Myc-tagged forms of CLK1
(Fig. 2C). We found that both full-length CLK1 and a form
lacking the kinase domain (CLK1(AK)) localized to the nucleus
in confocal imaging and fractionation experiments (Fig. 2D and
Fig. S2). In control experiments, a Myc-tagged construct lack-
ing the N terminus (CLK1(AN)) displayed equivalent cytoplas-
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Figure 1. CLK1 N-terminus lacks a short, positively charged NLS. A, N-terminal sequence of CLK1 and several, short potential NLSs identified by cNLS
Mapper.NLS1 and NLS2 represent monopartite NLSs, whereas NLS1* represents a bipartite NLS. B, live-cell confocal imaging of HeLa cells expressing WT CLK1
with a C-terminal RFP tag along with mutant forms where the putative NLS residues are mutated to glycine. NLS regions are defined in A. ANLS12* represents
glycine mutations in both NLS1* and NLS2. C, fractionation of Hela cells expressing WT CLK1-RFP and several mutants. ImageJ was used to quantitate the
amount of RFP-tagged proteins in the nucleus (% Nuc). D, potential NLS in the MAP kinase insert of the CLK1 kinase domain. Regional sequences of the potential
NLS are compared with those in other human CLKs. E, live-cell confocal imaging of HelLa cells expressing WT CLK1-RFP and a form where Lys/Arg in NLS3 is

mutated to alanine. Scale bars, 20 um.

mic and nuclear localization (Fig. 2D), indicating that removal
of the N-terminal sequences allows free diffusion of the mono-
meric kinase domain. We also found that an N-terminal con-
struct with glycine mutations in the three putative NLS
sequences (CLK1(ANLS, AK)) identified in Fig. 1A localized to
the nucleus in both confocal imaging and fractionation experi-
ments, confirming that the CLK1 N terminus does not require a
classical NLS (Fig. 2D and Fig. S2). Furthermore, removal of box
3 in the N terminus (CLK1A3, AK) had no effect on nuclear
localization, supporting the idea that two blocks are needed for
nuclear localization (Fig. 2D). Together, these findings indicate
that the nuclear localization sequence for CLK1 is highly delo-
calized along the N terminus.

An SR-specific transportin facilitates CLK1 nuclear localization

SR proteins are transported to the nucleus through interac-
tion of their phosphorylated RS domains with TRN-SR2, an SR
protein-specific transportin (4, 5, 27). Because the N terminus
binds with high affinity to RS domains, we speculated that
CLK1 might indirectly attain nuclear localization through this
transportin. To test this idea, we monitored the subcellular
localization of CLK1-RFP in HeLa cells in the absence and pres-
ence of TRN-SR2 knockdown using siRNA. We found that
although CLKI1-RFP localized exclusively to the nucleus, the
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kinase was present in both the cytoplasm and nucleus of cells
treated with siRNA (Fig. 34). We next expressed CLK1 with a
C-terminal FLAG sequence (CLK1-FLAG) in HeLa cells and
performed fractionation experiments. We showed that CLK1-
FLAG localizes exclusively to the nucleus in the absence of
siRNA but displays equivalent cytoplasmic and nuclear distri-
bution in the presence of siRNA treatment, results consistent
with the imaging data (Fig. 3B). To rule out the possibility that
these effects are the result of kinase overexpression or the
C-terminal tag, we showed in fractionation experiments that
TRN-SR2 knockdown also results in a shift of endogenous
CLK1 from the nucleus to the cytoplasm (Fig. 3C). Consistent
with the SR protein transport function of TRN-SR2, knock-
down impairs endogenous SRSF1 entry into the nucleus (Fig. 3,
B and C). We verified by Western blotting analyses that these
observed changes in subcellular localization are associated with
decreases in TRN-SR2 protein levels upon siRNA treatment
(Fig. 3D). Because full CLK1 nuclear entry depends on TRN-
SR2, we next wished to determine whether CLK1 interacts with
TRN-SR2 in whole cell lysates. To accomplish this, we
expressed CLK1-FLAG and a form lacking the N terminus
(CLK1(AN)-FLAG) in HeLa cells and monitored their interac-
tions with endogenous TRN-SR2 using co-immunoprecipita-
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Figure 2. N-terminal regions important for CLK1 nuclear localization. A, deletions in N terminus of CLK1-RFP. B, confocal imaging of WT and mutant
CLK1-RFP constructs expressed in Hela cells. C, deletions in Myc-tagged forms of CLK1. The N terminus is divided at the same residues as shown in A for
the CLK1-RFP constructs. D, confocal imaging of WT and mutant forms of Myc-CLK1 expressed in Hela cells. Scale bars, 20 um. DAPI,

4',6'-diamino-2-phenylindole.

tion assays. We found that immunoprecipitated CLK1-FLAG,
but not CLK1(AN)-FLAG, interacts with endogenous TRN-
SR2 in whole cell lysates (Fig. 3E). These findings indicate that
full entry of CLK1 into the nucleus is contingent on its interac-
tion with TRN-SR2 and that this interaction depends on the N
terminus, a disordered domain in CLK1 that enhances SR pro-
tein binding (16).

Phospho-SRSF1 recruits CLK1 to TRN-SR2

We showed previously that CLK1 forms a high-affinity com-
plex with SRSF1, raising the possibility that the kinase may
enter the nucleus indirectly through a “piggyback” mechanism
with the SR protein (16). To address this hypothesis, we first
showed that siRNA treatment of HeLa cells expressing CLK1-
RFP and SRSF1 with an N-terminal GFP tag (GFP-SRSF1)
induced both cytoplasmic CLK1-RFP and GFP-SRSF1, suggest-
ing that both may use a common nuclear transporter (Fig. 4A4).
To test whether CLK1 independently associates with TRN-SR2
or instead relies upon an SR protein, we monitored the binding
of recombinant His-CLK1 to endogenous TRN-SR2. We first
showed that TRN-SR2 immunoprecipitated from cytoplasmic
fractions lacking CLK1 and SRSF1 (Fig. S3) interacts with GST-
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SRSF1 only in the presence of SRPK1 and ATP, consistent with
prior reports (27) (Fig. 4B). We then added recombinant His-
CLK1 to immunoprecipitated TRN-SR2 and showed that they
interact only in the presence of SRPK1-phosphorylated GST-
SRSF1 (Fig. 4C). To corroborate these results, we also showed
that immunoprecipitated His-CLK1 interacts with endogenous
TRN-SR2 in cytoplasmic fractions only in the presence of
SRPK1-phosphorylated GST-SRSF1 (Fig. 4D). We verified that
catalytic His-SRPK1 in these experiments phosphorylates
GST-SRSF1 (Fig. S44) and also showed that although CLK1
phosphorylates SRSF1, its rate is significantly lower than that
for SRPK1 at the same enzyme concentrations (Fig. S4B), sup-
porting prior published findings that SRPK1 is the principal
nuclear import driver for SRSF1 (6, 28). Finally, we demon-
strated in pulldown assays that CLK1 binds to SRSF1 indepen-
dent of RS domain phosphorylation, as previously reported
(17), suggesting that CLK1 strongly recognizes the SR protein
regardless of its phosphorylation state (Fig. 4E). Overall, these
experiments indicate that the phosphorylated SR protein acts
as an adaptor for CLK1 binding to TRN-SR2, consistent with a
“piggyback” mechanism for CLK1 nuclear entry.
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NLS in SRSF1 drives CLK1 into the nucleus

Because CLK1 binding to TRN-SR2 relies upon a phosphor-
ylated SR protein, we tested whether selective disruption of
SRSF1 nuclear entry without TRN-SR2 down-regulation also
blocks CLK1 access to this compartment. To accomplish this,
we used a form of SRSF1 that is defective in entering the nucleus
because of mutations in its NLS. In a previous study, we dem-
onstrated that replacing 8 serines in the N terminus of the RS
domain generates a mutant SRSF1 (GFP-SRSF1™") resistant to
SRPK1-dependent nuclear transport (29) (Fig. 54). We con-
firmed these results showing that GFP-SRSF1™"* is indeed
present in the cytoplasm of HeLa cells (Fig. 5B). Importantly, we
found that GFP-SRSF1™"* expression also induces cytoplasmic
localization of CLK1-RFP, suggesting that CLK1 nuclear entry
relies upon SR protein transport to the nucleus (Fig. 5B). We
next wished to determine whether decreased CLK1 transport
into the nucleus of cells expressing GFP-SRSF1™" is due to SR
protein binding. We immunoprecipitated CLK1-FLAG and
showed that it interacts with both GFP-SRSF1 and GEFP-
SRSF1™“in HeLa cell lysates, indicating that Ser-to-Ala muta-
tion in the NLS of the RS domain does not disrupt CLK1-
SRSF1 complex formation (Fig. 5C). These findings indicate
that the NLS-defective SR protein retains binding to CLK1,
limiting nuclear transport. Finally, we showed in fractionation
experiments that overexpression of GFP-SRSF1™" results in
cytoplasmic distribution of endogenous CLK1, indicating that
the observed effects are not the result of kinase overexpression
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or the RFP tag (Fig. 5D). Overall, the combined data indicate
that CLK1 gains maximal entry to the nucleus using a “piggy-
back” mechanism in which the N terminus of the kinase binds
tightly to the SR protein whose RS domain is a phosphoryla-
tion-dependent NLS for TRN-SR2.

SRSF1 binding correlates with CLK1 nuclear transitions

We showed previously that the CLK1 N terminus binds with
high affinity to the RS domain of SRSF1 (11) and wanted to
determine whether this stable interaction correlates with CLK1
nuclear entry. We first made a soluble, GST-tagged form of
the N terminus (GST-N) that reconstituted stable binding to
His-SRSF1 in pulldown assays (Fig. 6A4). We then made dele-
tions in this construct and found that the apparent affinity of
the N terminus for His-SRSF1 decreased as a function of
serial deletion. In these experiments, we used Western blot-
ting to monitor relative binding because one of the con-
structs, GST-N(A23), co-migrated with His-SRSF1 (Fig. 6A).
These studies indicate not only that SRSF1 interaction with
the CLK1 N terminus is length-dependent but also that the N
terminus does not require phosphorylation for SR protein
interactions because the GST-N constructs are bacterially
expressed and unphosphorylated. We next wished to deter-
mine whether similar N-terminal deletions in His-CLK1 also
cause a proportional decrease in SRSF1 binding. In pulldown
assays, we found that serial deletion of the N terminus in
His-CLK1 caused progressive reductions in GST-SRSF1
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Figure 6. N terminus of CLK1 supports binding to SRSF1. A, C-terminal deletions of the CLK1 N terminus reduce binding affinity to His-SRSF1 in pulldown
assays. His-SRSF1 is immobilized on a nickel resin and incubated with GST-N constructs before washing. Ctrl refers to a control in which His-SRSF1 is omitted.
B, N-terminal deletions in His-CLK1 reduce binding affinity to GST-SRSF1 in pulldown assays. GST-SRSF1 is immobilized on GSH-agarose resin and incubated
with His-CLK1 constructs before washing. Ctrl refers to a control in which GST-SRSF1 is omitted. C, N-terminal deletions in FLAG-CLK1 reduces binding to
endogenous SRSF1in HeLa cell lysates. FLAG-CLK1 is immunoprecipitated (/P) with an agarose-conjugated anti-FLAG antibody, and IgG represents the agarose
resin control lacking the conjugated antibody. /B, immunoblot; WB, Western blot.

binding compared with WT His-CLK1 based on compari-
sons of input and pulldown lanes (Fig. 6B). To correlate these
observed length-dependent changes in substrate binding
with CLK1 nuclear localization, we expressed several CLK1
deletions with an N-terminal FLAG tag in HeLa cells that
mirror those made in the CLK1-RFP constructs (Fig. 24) and
monitored their binding to endogenous SRSF1 in co-immu-
noprecipitation assays (Fig. 6C). We found that sequential
deletion diminished interaction with endogenous SRSF1,
suggesting that SR protein affinity depends on CLK1 N-ter-
minal length. Thus, the removal of two or three blocks in the
N terminus reduces SRSF1 interactions (Fig. 6) in correspon-
dence with reductions in nuclear localization in the imaging
data (Figs. 1 and 2). Overall, these binding experiments sug-
gest that the N terminus drives high-affinity SRSF1 interac-
tions propelling full localization of CLK1 in the nucleus.

Discussion

Phosphorylation plays a highly specialized role in the
cytoplasmic—nuclear trafficking and splicing function of SR
proteins. Although the two key enzymes that catalyze these
important post-translational modifications, the SRPKs and
CLKs, target RS domains, they incorporate very distinctive cat-
alytic mechanisms that have significant implications for the cel-
lular processing of these essential splicing factors. Both
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enzymes bind with high affinity to SR proteins but possess
divergent mechanisms for substrate recognition and product
dissociation. SRPKs use a conserved docking groove in a struc-
tured kinase domain that binds Arg—Ser repeats in RS domains,
but upon phosphorylation by SRPKs, electrostatic clashes
prompt rapid phospho-SR protein release (30). The latter is
likely to be critical for the subsequent association of TRN-SR2
and passage of the SR protein through the nuclear pore (Fig. 7).
In comparison, CLKs lack a docking groove and instead incor-
porate a disordered N terminus that binds the disordered RS
domain of the SR protein. This provides a sticky platform for SR
protein recognition but does not offer a means for facile disso-
ciation of the phospho-SR protein. We showed previously that
this dilemma can be overcome by recruiting SRPK1 to the
nucleus in a signal-dependent manner. SRPKI is typically
maintained in the cytoplasm through the association of chap-
erone complexes, but upon EGF stimulation and release of
these cytoplasmic linkages (31, 32), free SRPK1 enters the
nucleus and expedites CLK1 release by peeling away the N ter-
minus from SRSF1. This structural change frees the splicing
factor for spliceosomal functions averting a nonproductive
enzyme complex (17). In this new study, we now show that this
high-affinity product complex also provides a means for
nuclear transport of CLK1 (Fig. 7).
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Figure 7. Model showing CLK1 entry into the nucleus via a piggyback mechanism with an SR protein. CLK1 forms a high-affinity complex with SRSF1
using interactions between the N terminus and RS domain. SRPK1 phosphorylation of several serines in the RS domain drives binding to TRN-SR2 and nuclear
import of the SR protein. The contacts between SRSF1 and CLK1 can be broken in the nucleus for splicing function by SRPK1.

Large proteins (>40 kDa) destined for the nucleus often con-
tain a short, positively charged NLS that binds to adaptor pro-
teins from the B-karyopherin family, thereby assisting passage
through the nuclear pore complex (33). Because CLK1 is a large
oligomeric protein and unlikely to diffuse freely through the
nuclear pore (18), we explored the possibility that nuclear local-
ization of the kinase depends on a classical NLS. CLK1 contains
sequences resembling such classical NLSs in both the N termi-
nus and kinase domain but does not appear to utilize them for
nuclear localization. Instead, we showed that CLK1 strongly
interacts with an SR protein appropriating its NLS for maximal
nuclear entry (Fig. 7). Although the disordered N terminus is
clearly an important facilitator of this transition, other regions
may participate because we observed that CLK1 lacking its N
terminus is not excluded from the nucleus. The latter observa-
tion could be the result of some basic affinity of the kinase
domain for its substrate in the absence of N-terminal residues.
Indeed, prior studies showed that the kinase domain is still
active in the absence of the N terminus, although its binding
affinity for SRSF1 is diminished by 15-fold (16). Thus, without
its N terminus, CLK1 can still form transient interactions with
SRSF1, not readily detected in a stringent immunoprecipitation
assay, that may facilitate the observed basal level of nuclear
localization. It is also possible that upon deletion of the N ter-
minus, a latent signal in the kinase domain may be uncovered
that drives some nuclear localization. Finally, removal of the
CLK1 N terminus has been shown previously to reduce the
kinase from a large oligomer that cannot passively transit
through the nuclear pore to a small monomer that is expected
to diffuse freely between the cytoplasmic and nuclear compart-
ments (18). This change in quaternary structure may account
for a large amount of nuclear CLK1(AN) in our experiments.
Regardless, the data indicate that the N terminus is a strong
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modifier of CLK1 subcellular localization and that a significant
pathway for such nuclear—cytoplasmic transition involves a
ternary complex composed of CLK1, phospho-SRSF1, and
TRN-SR2.

An interesting question arising from our present study is why
the N terminus of CLK1 appears to contain short, positively
charged sequences that resemble classical NLSs but does not
utilize them in the typical mechanism for nuclear localization
with the importin /B heterodimer (34). We speculate upon
two possible reasons for this result. First, we have shown that
CLK1 and its substrate form a high-affinity complex (K, =
~100 nm) that is far more stable than most kinase—substrate
pairs (11, 35). It is possible that the high affinity of CLK1 for
SRSF1 may diminish any free CLK1 that could be used in a
classic transport mechanism. Second, we have shown previ-
ously that CLK1 forms oligomers through its disordered N ter-
minus (18). Interestingly, this oligomer formation is vital for
both the high-affinity recognition and specific phosphorylation
of the RS domains in SR proteins. It is conceivable that such
higher-order species, although vital for biological function,
could also mask classical NLSs in CLK1. Although our data
indicate that CLK1 nuclear entry can be induced by its substrate
SR protein, there may be conditions where its classical NLS
subsumes this function if the kinase oligomerization state is
reduced because of cytoplasmic factors or variances in the
CLK1-SR protein stoichiometry.

CLKs are vital catalysts for SR protein phosphorylation and
subsequent incorporation into the developing spliceosome (9).
Not surprisingly, they are largely found in the nucleus of inter-
phase cells either concentrated in speckles or diffusely spread in
the nucleoplasm to carry out their splicing function. However,
our new mechanism for CLK1 transport to the nucleus via a
“piggyback” mechanism with an SR protein raises the possibil-
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ity that CLKs could serve additional functions outside the
nucleus (Fig. 7). Several SR proteins including SRSF1 shuttle
between the nucleus and cytoplasm escorting processed mRNA
(6, 27, 36). SRSF1 has been shown to interact with ribosomal
proteins in the cytoplasm activating the translation of a
reporter mRNA (13, 37). Furthermore, it has been shown that
environmental factors can induce the translocation of SRSF1
from the nucleus to cytoplasmic stress granules where it can
down-regulate mRNA translation (38). Stress granules are
highly dynamic structures whose assembly/disassembly is reg-
ulated, in part, by protein phosphorylation (39). SR protein-rich
granules have also been observed in the cytoplasm of some
mouse tissues, particularly testes (40). Interestingly, CLK1
along with SRPK1 have been detected in such granules, where
they are thought to induce SR protein phosphorylation and
regulate alternative splicing. Because of the high affinity of
CLKs for SR proteins, it is possible that these kinases may influ-
ence such cytoplasmic events in a phosphorylation-dependent
manner. In summary, this new mechanism not only explains
how CLKs can maximize their presence in the nucleus using
disordered protein—protein interactions but also offers a possi-
ble means for signal-dependent transport to the cytoplasm for
additional functions.

Experimental procedures
Materials

ATP, Mops, HEPES, Tris, MgCl,, MnCl, NaCl, KCI, DTT,
EDTA, Brij 35, Nonidet P-40, glycerol, acetic acid, lysozyme,
DNase, RNase, Phenix imaging film, BSA, nickel resin, GSH,
and liquid scintillant were obtained from Fisher Scientific.
[*2P]ATP was obtained from NEN Products, FuGENE reagent
was obtained from Promega, Lipofectamine 2000 was obtained
from Thermo Fisher, and protease inhibitor mixture was
obtained from Roche. Anti—-TRN-SR2 (anti-TNPO3) and anti-
RFP antibodies were obtained from Abcam. His tag and
TNPO3 agarose— conjugated, anti— histone H3, and anti-FLAG
antibodies were obtained from Cell Signaling. Anti-GAPDH
antibodies were purchased from R&D Systems. Anti-GST anti-
bodies were obtained from BioLegend. Anti-actin antibodies
were obtained from Sigma. InstantBlue was purchased from
Expedeon. siRNA was obtained from Bioneer.

Expression and purification of recombinant proteins

Recombinant SRPK1 and SRSF1 were expressed and purified
from pET19b vectors containing an N-terminal His tag as previ-
ously described (16). CLK1 virus was transfected and expressed in
Hi5 insect cells, and His-tagged CLK1 was purified using a nickel
resin and a previously described procedure (12). GFP-SRSF1 con-
structs were expressed from pcDNA3.1+N-eGFP vectors, and
CLK constructs were expressed from pcDNA3-mRFP vectors. All
proteins containing a GST tag were expressed and purified from a
PGEX vector as previously described unless otherwise stated (16).

Phosphorylation reactions

Phosphorylation of GST-SRSF1 and His-SRSF1 by His-
SRPK1 or His-CLK1 were carried out in the presence of 100 mm
Mops (pH 7.4), 10 mm Mg>" at 37 °C, using 100 um [**P]JATP
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with a specific activity of 4000 —8000 cpm/pmol. All reactions
were carried out in a total volume of 10 ul and quenched with
10 pul of SDS/PAGE loading buffer. Phosphorylated SR proteins
were separated from unreacted [**P]ATP by SDS-PAGE (12—
16%), cut from the dried gel, and quantified on the **P channel
in liquid scintillant.

Pulldown assays

GST-tagged proteins (10 um) were incubated with His-
tagged proteins (2—10 uMm) in binding buffer (0.1% Nonidet
P-40, 20 mMm Tris/HCI (pH 7.5), and 75 mMm NacCl) in a total
volume of 40 ul for 30 min before incubating with 25 ul of
either GSH-agarose or nickel-agarose resin for 30 min at
room temperature. Where phosphorylation is performed,
GST-tagged proteins were incubated with His-tagged
enzyme (100 nm SRPK1 or 2 um CLK1) in the absence and
presence of 100 um ATP with 10 mm Mg**, 20 mm Tris/HCl
(pH 7.5), and 75 mMm NacCl at 37 °C for 60 min, followed by
incubating with 25 ul of either GSH-agarose or nickel-
agarose resin for 30 min at room temperature. In all cases,
the resin was washed four times with 200 ul of binding
buffer, and the bound proteins were eluted with SDS quench
buffer and boiled for 5 min. Retained protein was resolved by
SDS-PAGE (12% or 18% gel) and visualized by Instant Blue
Coomassie stain.

Immunoprecipitation and confocal imaging experiments

HeLa or HEK293 cell lysates (200 ul at 1 mg/ml) were incu-
bated with gentle rocking overnight at 4 °C with 10 ul immobi-
lized antibody-bead conjugate, followed by five 500 ul of 1X
PBS washes at 4 °C with centrifugation at 1000 X g. The bands
were visualized by Western immunoblotting. Cell fraction-
ations were performed using a fractionation kit purchased from
Cell Signaling. Whole cell lysates were generated by incubating
cells with 1X radioimmune precipitation assay buffer on ice
followed by sonication. For Image] analyses of Western blots, a
rectangular frame was drawn around each protein band in a
lane, and a profile plot was generated displaying the relative
density of the contents of the rectangle. For live-cell confocal
imaging, HeLa cells were plated on 2.5-cm® MatTek poly-b-
lysine plates and transfected with 2 ug of construct for 24 h and
washed with PBS prior for imaging. For analyzing intrinsic fluo-
rescence of GFP- and RFP-tagged proteins, HeLa cells were
fixed to coverslips using 1% paraformaldehyde and directly
imaged. For immunofluorescence, HeLa cells were fixed to cov-
erslips using 1% paraformaldehyde, permeabilized using Triton
X-100, blocked with 20% goat serum, and incubated with anti-
Myc antibody and 4’,6'-diamino-2-phenylindole—stained. All
transfected cells were analyzed using an Olympus FV1000 as
described previously (12). For knockdown experiments, Lipo-
fectamine 2000 was used to transfect 50 pmol of siRNA in a
12-well poly-p-lysine plate.
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B.E. A, and L. F. formal analysis; A. G., B. E. A., and L. F. methodol-
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