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ABSTRACT Serine-arginine (SR) protein kinase 1 (SRPK1) catalyzes the phosphoryla-
tion of SR proteins, which are a conserved family of splicing factors that contain a
domain rich in arginine and serine repeats. SR proteins play important roles in con-
stitutive pre-mRNA splicing and are also important regulators of alternative splicing.
During herpes simplex virus infection, SRPK1 is inactivated and its cellular distribu-
tion is markedly altered by interaction with the viral protein ICP27, resulting in hy-
pophosphorylation of SR proteins. Mutational analysis previously showed that the
RGG box motif of ICP27 is required for interaction with SRPK1; however, the mecha-
nism for the inhibition and the exact role of the RGG box was unknown. Here, we
used solution nuclear magnetic resonance (NMR) spectroscopy and isothermal titra-
tion calorimetry (ITC) to demonstrate that the isolated peptide comprising the RGG
box of ICP27 binds to SRPK1 with high affinity, competing with a native substrate,
the SR repeat region of SR protein SRSF1. We determined the crystal structure of the
complex between SRPK1 and an RGG box peptide, which revealed that the viral
peptide binds to the substrate docking groove, mimicking the interactions of SR re-
peats. Site-directed mutagenesis within the RGG box further confirmed the impor-
tance of selected arginine residues for interaction, relocalization, and inhibition of
SRPK1 in vivo. Together these data reveal the molecular mechanism of the competi-
tive inhibition of cellular SRPK1 by viral ICP27, which modulates SRPK1 activity.

IMPORTANCE Serine arginine (SR) proteins are a family of mRNA regulatory proteins
that can modulate spliceosome association with different splice sites and therefore
regulate alternative splicing. Phosphorylation within SR proteins is necessary for
splice-site recognition, and this is catalyzed by SR protein kinase 1 (SRPK1). The her-
pes simplex virus (HSV-1) protein ICP27 has been shown previously to interact with
and downregulate SRPK1 activity in vivo; however, the molecular mechanism for this
interaction and inhibition was unknown. Here, we demonstrate that the isolated
peptide fragment of ICP27 containing RGG box binds to SRPK1 with high affinity,
and competes with a native cellular substrate. Elucidation of the SRPK1-RGG box
crystal structure further showed that a short palindromic RGRRRGR sequence binds
in the substrate docking groove of SRPK1, mimicking the binding of SR repeats of
substrates. These data reveal how the viral protein ICP27 inactivates SRPK1, promot-
ing hypophosphorylation of proteins regulating splicing.

KEYWORDS phosphorylation, splicing, herpes simplex virus, structure,
phosphorylation, SR protein kinase

Iternative pre-mRNA splicing is a fundamental mechanism that increases the
diversity of protein isoforms expressed by eukaryotes, and defects in its regulation
are associated with multiple disorders, including cancer (1, 2). Serine-arginine (SR)
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splicing factors modulate spliceosome association with different splice sites and there-
fore regulate alternative splicing (3). One of the key regulators of SR protein activity in
humans is serine-arginine protein kinase 1 (SRPK1), which phosphorylates SR repeat
sequences of SR proteins promoting both their localization in the nucleus and splicing
activity (4-6). Often more than one string of SR repeats are clustered together sepa-
rated by short non-SR sequences in regions termed RS domains. The structure of SRPK1
is composed of an N-terminal domain containing the active site linked to a C-terminal
domain that forms a docking groove, which recognizes SR repeats (7, 8). Substrates
such as the prototype SR protein SRSF1 (ASF/SF2) bind tightly to the SRPK1 docking
groove, with a dissociation constant of the order of 50 nM (9-11). SRPK1 can phos-
phorylate multiple SR repeats, using a processive mechanism whereby the substrate
peptide slides through the docking groove toward the ATP binding pocket in a C- to
N-terminal direction (4, 12-14). Alternatively, SRPK1 can also use a distributive mech-
anism, in which the enzyme recognizes short SR sequences, phosphorylates them, and
dissociates from a substrate (4). The distributive mechanism has been characterized in
the SR protein Tra2, which contains only a tetra-SR repeat and isolated SR dipeptides,
and mutagenesis experiments indicated that the SRPK1 docking groove was dispens-
able for this mode of catalysis (15).

SRPK1 also acts with other cellular SR protein kinases, which provide an additional
layer of regulation by tuning substrate regiospecific phosphorylation and nuclear-
cytoplasmic distribution. For example, the octa-SR repeat containing the N-terminal
half of the RS domain of SRSF1 is phosphorylated by SRPK1, whereas a different kinase
from the CLK family acts on the C-terminal half (16, 17). SRPK1 does not contain a
nuclear localization sequence (NLS), so it is predominantly cytoplasmic and SR phos-
phorylation facilitates SR protein nuclear import via a specific transportin protein
(18-20). Subsequently CLKs (which have an NLS) phosphorylate SR proteins in the
nucleus. Additionally CLKs can also bind SRPK1 and facilitate the latter’s passage into
the nucleus, where the interaction of SRPK1 with CLKs facilitates the release of SR
proteins from CLK1 (21). Therefore, the ternary mixture of SRPK1, CLKs, and SR proteins
affects the latter’s cellular distribution and regiospecific phosphorylation, which mod-
ulates recognition of splice sites and in turn recruits spliccosome proteins thus medi-
ating alternative splicing (21, 22). SRPK1 action on SR proteins has also been shown to
facilitate angiogenesis and neovascularization by promoting the production of proan-
giogenic isoforms of the vascular endothelial growth factor (VEGF) and therefore was
recognized as a promising drug target for a variety of diseases associated with
deregulated alternative splicing (1, 23). SRPK1 also acts as a general signal modulator
besides its role in regulated splicing. Another regulatory role of SRPK1 is its interaction
with Akt kinases, which are active as phosphoproteins, and also PHLPP1, a phosphatase
that inactivates Akt (24). Aberrant SRPK1 expression can lead to cancer progression.
SRPK1 underexpression leads to Akt hyperactivation due to a lack of the downregula-
tory ternary complex formation with PHLPP1. Conversely, overexpression of SRPK1 can
shift the equilibrium toward formation of the SRPK1-PHLPP1 heterodimer, which
becomes dominant over the regulatory ternary complex, thus also disabling control of
Akt, and leading to enhanced anchorage-independent cell growth (24).

A number of viruses, such as herpes simplex virus 1 (HSV-1), hepatitis B virus (HBV),
and human papillomavirus (HPV) express proteins that bind to SRPK1, and some of
these interacting proteins can also modulate kinase activity, which shifts host mRNA
processing in favor of viral transcripts (25-27). HSV-1 protein ICP27 was the first viral
protein identified as an SRPK1 regulator. It induces hypophosphorylation of SR proteins
and redistribution of the kinase into the nucleus (27). To facilitate viral replication, ICP27
plays a central role by interacting with and hijacking cellular proteins that function
throughout the RNA maturation process (28). Most HSV-1 genes lack introns and are
inefficiently expressed without the action of ICP27, which promotes their expression in
favor of intron-containing cellular transcripts (29-33). HSV-1 ICP27 and its HSV-2
homolog can trigger alternative splicing of specific transcripts (34-37). ICP27 contains
a C-terminal region called the ICP27 homology domain, which is a conserved globular
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FIG 1 SRPK1 binds to the RGG box of ICP27 in vitro. (A) Schematic of subdomains and interaction sites within HSV-1 ICP27.
(B) Affinity quantification of SRPK1 interaction with unmodified ICP27103-155, (C) As in panel B but with methylated
ICP27103-155 (D) 'H->N correlation spectra of ['"°N]JICP27193-155 in the absence (red) and presence (blue) of a stoichiometric
equivalent of SRPK1. (E) Binding site mapped by analysis of relative signal intensity change upon binding, /5/IF. The
decrease in signal intensity of a protein occurs upon interaction with SPRK1.

domain that mediates homo-oligomerization (38-42) (Fig. 1A), which interacts with
cellular proteins that function in RNA transcription and export, including SR proteins
(27, 28, 43). The N-terminal domain of ICP27 is an intrinsically disordered region (IDR),
which contains short binding motifs such as for the TREX protein ALYREF (residues 103
to 112) (30, 44) and an RGG box (residues 138 to 152) rich in arginines and glycines that
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was shown to be necessary for RNA and SRPK1 interactions (27, 45-48). Posttransla-
tional modifications within the RGG box carried out by PRMT1 (protein arginine
methyltransferase 1), which result in methylation of R138, R148, and R150 (48-50),
modulate SRPK1 interactions (51); however, the details of the ICP27-SRPK1 interaction
and therefore the reason for this modulation were not identified. The N-terminal IDR of
ICP27 also contains both nuclear export and nuclear localization sequences that
facilitate nuclear-cytoplasmic shuttling, particularly in later stages of HSV-1 infection
(33, 47, 52, 53). In uninfected cells, SRPK1 is predominately cytoplasmic (54); however,
HSV-1 infection and the subsequent interaction of ICP27 with SRPK1 shift the latter into
the nucleus, resulting in SR protein hypophosphorylation and disrupted spliceosome
assembly, thus indicating SRPK1 could be inhibited by ICP27 (27). As the molecular
details of the ICP27-SRPK1 complex and the mechanism of kinase modulation and the
precise role of the RGG box were unknown, we have characterized its structure and
explored the interaction via biophysical and in vivo techniques to gain insights into the
mode of action of the viral protein.

RESULTS

Mapping and quantification of SRPK1 binding to ICP27 peptide fragments
containing the RGG box motif. The RGG box in full-length ICP27 (Fig. 1A) was
previously identified by mutagenesis experiments as the segment necessary for inter-
action with SRPK1 (27), with the binding modulated by arginine methylation (51). To
determine if the isolated RGG box motif can bind SRPK1, we obtained a synthetic
peptide of ICP27103-155 which comprises the RGG box plus the adjacent ALYREF-
binding and NLS regions (Fig. 1A), and purified full-length SRPK1 tagged with an
N-terminal GB1 solubility tag (GB1-SRPK1). Their interaction was measured by isother-
mal titration calorimetry (ITC), which indicated a K, (dissociation constant) of
94 = 23 nM (Fig. 1B; see Table S1 in the supplemental material). The experiment was
also performed with a synthetic peptide methylated within the RGG box at arginine
positions 138, 148 and 150, which weakened the interaction 3-fold with a K, of
262 = 21 nM (Fig. 1C; see Table S2 in the supplemental material). To further confirm
and map the RGG box interaction with SRPK1, we expressed and purified '>N-labeled
ICP27103-155 and using the established backbone assignment (55) carried out nuclear
magnetic resonance (NMR) signal perturbation mapping by comparison of 'H-'5N
correlation spectra in the presence and absence of unlabeled GB1-SRPK1 (Fig. 1E). The
data showed substantial signal broadening, typical of somewhat dynamic binding of
parts of the polypeptide chain to a slowly tumbling high-molecular-weight species
(Fig. 1D), particularly within ICP27 residues 112 to 121 and 138 to 152, the latter
comprising the RGG box. These solution data together confirmed that SRPK1 binds with
high affinity to a relatively short region of ICP27 containing the RGG box, with possible
further contributions from nearby residues 112 to 121, whereas other residues retain
significant flexibility when the peptide is bound. The ITC measurement of 94 = 23 nM
is comparable to 50 = 25 nM reported previously for RS domain binding of a native
substrate, SRSF1, determined using in vitro phosphorylation assays (9-11).

NMR directly confirms competition between SRSF1 and ICP27"°3-155 for SRPK1
binding. Both the viral RGG box and RS domain found in the native cellular substrate
SRSF1 bear some superficial sequence similarity (i.e., both are arginine-rich), although
only the RS domain is a substrate for the SRPK1 kinase and becomes phosphorylated
(5, 6). Our measurements using ITC and the data from the literature (9-11) do suggest
that the binding of the RGG box regions of ICP27 and the RS domain of SRSF1 with
SRPK1 may be comparable, but which of them is stronger, and whether they are
competitive with each other, needed to be established under identical experimental
conditions. To explore if these two proteins bind SRPK1 competitively, we used a direct
approach, in which all three proteins, in differentially labeled forms, were mixed
together in stoichiometric amounts, and isotopically discriminated (IDIS)-NMR (56) was
used to detect which of the protein complexes is formed preferentially. Initial control
TH-'5N heteronuclear single quantum coherence (HSQC) and transverse relaxation-
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FIG 2 IDIS-NMR experiments (56) indicate competition for SRPK1 binding between SRSF1 and the RGG box region of ICP27. Reporter signals for SRPK1 binding
are shown for (A) RGG box within ['3C, >N]JICP27193-155 and (B) RS region from full-length ['>N]JSRSF1. (i) ICP27 or SRSF1 in isolation, (ii) ICP27 or SRSF1 with
half a stoichiometric equivalent of unlabeled GB1-SRPK1 added, (iii) 1:1 mixture of ICP27 and SRSF1, (iv) 1:1:0.5 mixture of ICP27, SRSF1 and GB1-SRPK1, (v) 1:1:1
mixture of ICP27, SRSF1, and GB1-SRPK1. The normalized relative intensities of reporter signals I’/ measured from the spectra shown in panels A and B are
plotted in panel C for ICP27 and panel D for SRSF1. The decrease in signal intensity of a protein occurs upon interaction with SPRK1, and comparison of signals
from ICP27 and SFSR1 within the same sample tube therefore provides an indication of binding preference. The central scheme illustrates the binding scenarios
for each sample, with GB1-SRPK1, ICP27793-155, and SRSF1 molecules colored gray, blue, and red, respectively.

optimized spectroscopy (TROSY) experiments established fingerprint spectra of uni-
formly ">N-labeled full-length SRSF1, acquired in the presence and absence of unla-
beled GB1-SRPK1. These characteristic spectral patterns enabled us to recognize the
presence of SRSF1-SRPK1 complex in solution. The SRSF1 spectrum was dominated by
sharp poorly dispersed amide signals typical of IDRs, especially those from the SR
repeats, while lower-intensity dispersed amide signals could be observed in TROSY
spectra typical of folded globular regions (see Fig. S1 in the supplemental material).
Upon addition of GB1-SRPK1, the SR repeat signals were broadened, substantially
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weakening their signal intensity along with several other peaks from the IDRs (Fig. 2).
The ICP27793-155 mapping experiment described earlier acted as a reference for the
signal pattern, which was characteristic for SRPK1 binding to the RGG box (Fig. 1):
observing similar characteristic signal patterns in multicomponent protein mixtures
enables us to infer the presence of the SRPK1-RGG box complex. For the following
IDIS-NMR  experiments, a stoichiometric mixture of differentially labeled 50 uM
['3C,"5N]ICP27703-155 and 50 uM ['>N]SRSF1 was first prepared, and spectra were
recorded, which showed only minor signal perturbations compared to the proteins in
isolation, indicating that residues 103 to 155 of ICP27 do not interact with SRSF1 (Fig. 2
[full spectra in Fig. S2 and Fig. S3 in the supplemental materiall). Addition of a
substoichiometric amount (25 uM) of nonlabeled GB1-SRPK1 resulted in strong signal
perturbations in SRSF1 SR repeat signals, whereas in ICP27, the RGG box signals were
relatively unperturbed, indicative of preferential binding of SRPK1 to the RS domain of
SRSF1. This was also evident by comparison of the signal intensities measured relative
to the nonbound proteins at the middle point of this titration, where SRSF1, ICP27, and
SRPK1 were mixed in a stoichiometric ratio of 1:1:0.5, as the SRSF1 signal is clearly much
weaker than ICP27 (Fig. 2C and D). Addition of more GB1-SRPK1 up to 50 uM final
concentration produced a stoichiometric ternary mixture (1:1:1) of SRPK1, SRSF1, and
ICP27103-155, resulting in some further SRSF1 SR signal broadening while significantly
inducing substantial ICP27 RGG box broadening. The further changes observed partic-
ularly were suggestive of SRPK1 binding to the RS domain approaching saturation
alongside significant binding to the RGG box. Together the data indicate that although
SRPK1 has a marginal preference for the SR regions of full-length SRSF1 over a short
ICP27103-155 peptide, the latter is still able to compete for SRPK1 binding (Fig. 2C and
D). This experiment, in which all three proteins are present at equal concentration in
solution and are allowed to compete for binding with each other, demonstrates the
presence of this competition directly.

The crystal structure of ICP27 RGG box peptide bound to the docking groove
of SRPK1. Having demonstrated that the peptide encompassing the ICP27 RGG box
motif can directly bind to SRPK1 and is sufficient for high-affinity binding, we deter-
mined the structure of the complex by X-ray crystallography. The SRPK1 ANS1 protein
construct, which was used previously for crystallization studies (7, 8, 57), was purified
and incubated with ICP27'37-152 RGG box peptides. Separate crystal trials using either
unmodified or methylated peptides were performed, but cocrystallization was only
successful with the unmodified ICP27'37-152 peptide, which diffracted to 28A (see
Table S3 in the supplemental material). Coordinates were deposited in the Protein Data
Bank, under accession code 6FAD.

The asymmetric unit (ASU) contained four biological assemblies composed of SRPK1
bound to an RGG box peptide. Residues 142 to 148 of ICP27, a 7-mer palindrome,
RGRRRGR, form the majority of the intermolecular contacts with the docking groove of
SRPK1 (Fig. 3), and were observed in all 4 copies of the biological assembly within the
ASU with the same binding mode and residue register. One out of the four copies of
RGG box peptides (chain E) forms additional crystal contacts, in which residues 138 to
141 bind SRPK1 chain D within an adjacent ASU, while residues 142 to 149 form
“typical” contacts with SRPK1 chain A within the same ASU (see Fig. S4 in the
supplemental material), as observed in other copies of the assembly. The complex
formed by chains A and E of SRPK1 and ICP27, respectively, was the most complete and
will be referred to in further discussions (see Table S4 in the supplemental material).
Within SRPK1, four arginine side-chain binding sites were identified, which contained
R142, R144, R146, and R148 of ICP27 (Fig. 4D): the R142 side chain forms partially buried
jonic contacts with E564 and E571, the R144 side chain is again partially buried and
forms a hydrogen bond with the backbone carbonyl of L550, R146 forms a stacking
interaction with the side chain of W606, and finally, R148 forms hydrogen bonds with
backbone carbonyls of Q182 and T546. Comparison of the SRPK1-RGG box complex
(Fig. 4D) with other structures of SRPK1 in complex with SRSF1-RRM2 and RS1 domain
(PDB code 3BEG) (Fig. 4E) and membrane-associated guanylate kinase 9-mer docking
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FIG 3 Structure of SRPK1 with RGG box peptide ICP2737-152 bound in the substrate docking groove. (A)
Schematic of SRPK1 domains. (B) Crystal structure of the SRPK1 in complex with ICP27'37-152, SRPK1 is
colored as panel A, ICP27 is yellow. (C) As in panel A but view rotated 90°. (D) 2F, — F_ electron density
map of RGG peptide colored blue, contoured to 1o orientated as in panel B.

peptide (PDB code TWBP) (Fig. 4F) indicated that the recognition of the ICP27 peptide
closely resembles these other docking groove complexes. In particular, the arginine
residues from the RS domain of SRSF1 and ICP27 residues R142, R144, R146, and R148
form near-identical polar interactions and salt bridges with SRPK1 (Fig. 4). While the C
terminus of the peptide turns and points toward the active site, it is still positioned
quite far away from the active site, not blocking it directly (Fig. 3B). Specifically, the Ca
of G149, which is the C-terminal residue observed in the electron density of the RGG
box, is located approximately 30 A from the ATP binding pocket of SRPK1. The
similarities in how the docking groove of SRPK1 recognizes stretches of alternating
arginines present both within the native RS domain substrate and the viral RGG box are
striking, and they corroborate the competitive nature of ICP27 and SRSF1 interactions
with SRPK1 observed by IDIS-NMR experiments in solution.

ICP27 RGG box mutants do not interact with or change cellular localization of
SRPK1 in vivo. ICP27 mutants were constructed to target sites within the RGG box that
contact SRPK1 in the crystal structure. Arginines at positions 142, 144, 146, and 148
were changed to glycine (G) as single (R142G, R146G, or R148G), double (R142G R146G),
and quadruple (R142G R144G R146G R148G) substitutions. The ICP27 mutant plasmids
were cotransfected with a plasmid expressing green fluorescent protein (GFP)-SRPK1
and subsequently infected with ICP27 null mutant virus 27-LacZ to recapitulate the
conditions of infection. At 8 h after infection, lysates were immunoprecipitated with
anti-GFP antibody, and samples were analyzed by Western blotting and probed with
antibody to ICP27 (Fig. 5A). Wild-type (WT) ICP27 was efficiently coimmunoprecipitated
with GFP-SRPK1; however, this was substantially reduced for ICP27 R142G, R146G, and
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R148G single mutants and the R142G R146G double mutant, whereas the R142G R144G
R146G R148G quadruple mutant was not detected even after a longer exposure, as was
the case for the ARGG mutant in which the RGG box was deleted (Fig. 5A). ICP27
interaction with endogenous SRPK1 was also analyzed. Cells were transfected with WT
and ICP27 mutant plasmids and infected with 27-LacZ as described above. Immuno-
precipitation was performed with anti-ICP27 antibody and the blots were probed with
antibody to SRPK1 (Fig. 5B). SRPK1 was only coimmunoprecipitated with WT ICP27 and

was not detected with any of the mutants.

Although SRPK1 is predominantly located in the cytoplasm, where it phosphorylates
SR proteins so that they are transported to the nucleus by an SR-specific transportin
protein, a smaller amount of SRPKT1 is also located in the nucleus (21). Also, under some
conditions, SRPK1 nuclear levels become increased. For example, epidermal growth
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FIG 5 ICP27 RGG box mutants do not interact with SRPK1 and do not inhibit its activity in vivo. HelLa cells cotransfected with GFP-SRPK1 and WT ICP27 or RGG
box mutants were infected for 8 h with 27-LacZ. Immunoprecipitation was performed using anti-GFP antibody. Western blots were probed with anti-GFP or
anti-ICP27 antibody and anti-B-actin as a loading control. (B) HeLa cells transfected with WT and ICP27 RGG box mutants were infected with 27-LacZ for 8 h.
Immunoprecipitation was performed with anti-ICP27 antibody. Western blots were probed with anti-SRPK1 or anti-ICP27 antibody as indicated and anti-p-actin
as a loading control. (C) RSF cells were transfected with GFP-SRPK1 and 16 h later were mock infected, infected with WT HSV-1 or 27-LacZ, or were cotransfected
with GFP-SRPK1 and WT ICP27 or ICP27 RGG box mutants and infected 16 later with 27-LacZ. Cells were fixed 6 h later and immunofluorescent staining was
performed with anti-ICP27. ICP4 antibody was used to stain the 27-LacZ sample to mark the nucleus. GFP fluorescence was visualized directly. The panels shown
are representative of ~80% of cells visualized. (D) Hela cells were transfected with GFP-SRPK1 and WT ICP27 or RGG box mutants and were infected with
27-LacZ 16 h after transfection for 8 h. Portions of cell lysates were fractionated by SDS-PAGE, and Western blots were probed with antiphosphoepitope SR

antibody, anti-SF2 (SRSF1), anti-ICP27 antibody, and anti-lamin B1 antibody as a loading control.

factor signaling increases nuclear levels of SRPK1 through the Akt-dependent release of
chaperones from the spacer insert domain of SRPK1, which appears to restrict SRPK1 to
the cytoplasm (58). It was previously shown that during HSV-1 infection ICP27 relocal-
izes SRPK1 from the cytoplasm to the nucleus and the RGG box is required for this
relocalization (27, 51). To determine if the ICP27 RGG box mutants were able to
relocalize SRPK1, cells were cotransfected with GFP-SRPK1 and WT or ICP27 mutant
plasmids and were subsequently infected with 27-LacZ, and 6 h later, cells were fixed
and stained for immunofluorescence analysis. In mock-infected cells and cells infected
with 27-LacZ, SRPK1 was predominantly cytoplasmic, whereas in WT HSV-1 KOS in-
fected cells, SRPK1 was also clearly localized in the nucleus (Fig. 5C). In cells transfected
with WT ICP27 plasmid and infected with 27-LacZ, SRPK1 was seen to be prominently
nuclear. In contrast, SRPK1 was largely cytoplasmic in cells transfected with the R142G,
R146G, R142G R146G, and R142G R144G R146G R148G mutants, similar to what was
observed for ARGG-, mock-, and 27-LacZ-infected cells (Fig. 5C). As low levels of SRPK1
are usually present in the nucleus of uninfected cells, some weak colocalization can be
observed—for example, with R142G; however, it is clear that SRPK1 was not efficiently
recruited to the nucleus by ICP27 RGG box mutants. Similar results were seen at 4 and
8 h after infection (data not shown).

We showed previously that ICP27 inhibited SRPK1 phosphorylation of SR proteins
via in vitro SRPK1 kinase assays, and the interaction of ICP27 and SRPK1 resulted in
hypophosphorylation of SR proteins in vivo (27). To determine how the ICP27 RGG box
mutants would affect SR protein phosphorylation in vivo, cells were cotransfected with
GFP-SRPK1 and WT ICP27 or ARGG, R142G R144G R146G R148G, and R142G R146G
mutants and were subsequently infected with 27-LacZ (Fig. 5D). Western blots were
probed with an anti-phosphoepitope SR protein antibody that recognizes phosphory-
lated serines within SR repeats. The level of phosphorylation for SRp40 (SRSF5) was
reduced in cells transfected with WT ICP27, but not in those transfected with the
mutants (Fig. 5D). Similarly, phosphorylation of SRp30 (SRSF1) was reduced with WT
ICP27, indicating it was hypophosphorylated in the presence of ICP27 but not by the
ICP27 RGG box mutants, which do not interact with SRPK1 and do not relocalize SRPK1
to the nucleus (Fig. 5D). The blot was probed with antibody to SRSF1, which showed
that levels of endogenous SRSF1 were similar, so the reduced phosphorylation ob-
served was not because of reduced expression. Thus, while WT ICP27 inhibits SRPK1
activity in vivo, resulting in hypophosphorylated SR proteins, RGG box mutants do not
interact with SRPK1 and do not promote hypophosphorylation.
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DISCUSSION

The activity of the cellular protein SRPK1 is central to maintaining the correct level
of phosphorylation of SR proteins, which in turn allows efficient splicing (3). Imbalances
in posttranslational modification of SR proteins in cells harboring SRPK1 mutants not
only affect splicing efficiency and alternative splicing but is also a disease phenotype in
certain cancers and therefore the inhibition of SRPK1 is a drug target (1, 2). A number
of viruses such as HSV-1, HBV, and HPV express proteins that bind to SRPK1 as the
substrates, and some of these interacting proteins can also modulate kinase activity,
which shifts host mRNA processing in favor of viral transcripts (25-27). HSV-1 ICP27 was
the first viral protein identified as an SRPK1 regulator. It induces hypophosphorylation
of SR proteins and redistribution of the kinase into the nucleus (27). The RGG box motif
of ICP27 was identified as a requirement for SRPK1 interactions, and arginine methyl-
ation was shown to modulate the binding (51). However, it was not established
whether this motif in its isolated form is sufficient for the interaction, nor was the
molecular mechanism of inhibition elucidated. It was not known whether the binding
occurs in a competitive manner relative to the substrate or is allosteric and whether
other parts of the ICP27 protein contribute to the interaction interface. Here, we have
established the molecular basis of SRPK1 interactions with ICP27 and characterized the
role of the RGG box. The biophysical data indicated that the RGG box can indepen-
dently interact with SRPK1, with an affinity similar to that of a native full-length
substrate SRSF1 (Fig. 1). Competition between the ICP27193-155 peptide, which contains
the RGG box and SRSF1 for binding to SRPK1 was observed directly by solution NMR
(Fig. 2). The crystal structure revealed that the RGG box binds to the substrate docking
groove (Fig. 3), in the same place where the SR repeats of the native substrate bind and
in a configuration similar to that of a substrate (Fig. 4). The ITC experiments indicated
that methylation of the RGG box at positions R138, R148, and R150 lowered affinity for
SRPK1, and the structure provides an explanation for this. Within an unmodified RGG
box, the side chains of R142, R144, and R148 become buried upon interaction with
SRPK1; methylation at these positions is likely to introduce steric clashes, thus reducing
binding affinity. Also if the RGG box interaction with SRPK1 is mediated in part by a
sliding mode in order to search for an optimal residue register, in a manner analogous
to the processive phosphorylation mechanism, then methylation may also interfere
with transient binding events that facilitate sliding within the docking groove. Immu-
noprecipitation experiments analyzing SRPK1 interaction with full-length ICP27 further
supported the necessity for an intact RGG box sequence for efficient interaction of the
proteins and the resultant hypophosphorylation of SR proteins in vivo (Fig. 5). Addi-
tionally immunofluorescence data indicated that the cellular redistribution of SRPK1 by
ICP27 is dependent on the RGG box, and single point mutations of arginines are
sufficient to perturb SRPK1 relocalization. The inhibitory action of full-length ICP27
appeared effective in the immunoprecipitation experiments, which was also previously
demonstrated via in vitro kinase assays (27).

In the context of infection, ICP27 appears to play a dual role in inhibiting SRPK1
action on SR protein substrates. First, the ICP27 RGG box is able to directly compete
with RS domains for the docking groove of SRPK1, and we speculate that additional
regions of ICP27 may further enhance affinity for SRPK1. Second, the redistribution of
SRPK1 to the nucleus by ICP27 may prevent contact of the kinase with hypophosphor-
ylated SR proteins, which are typically imported after phosphorylation into the nucleus.
Therefore, through a high-affinity interaction, ICP27 is able to regulate the activity and
cellular distribution of SRPK1, thus preventing the phosphorylation of SR proteins and
disrupting host splicing. While global transcriptome sequencing (RNA-seq) studies have
shown that ICP27 inhibits splicing of certain introns in cellular genes and also can
promote the use of alternative 5’ splice sites in cellular pre-mRNAs (37), the advantages
to viral infection have been less clear. Recently, it was shown through global analysis
of splice junctions in cells infected with HSV-1 that there are hundreds of novel
alternative splice junctions mapping to known HSV-1 spliced genes and previously
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unknown spliced genes, the majority of which alter the coding potential of viral genes.
Splicing efficiency of the novel alternatively spliced genes revealed that splicing at the
novel splice sites was efficient only in an HSV-1 ICP27 deletion mutant virus infection.
In WT HSV-1-infected cells, splicing of the novel splice junctions was mainly silenced in
a gene- and sequence-specific manner, suggesting that ICP27’s effects on host cell
splicing ensure accuracy of the functional coding sequences of viral genes through
inhibition of alternative splicing (59). Thus, the interaction of ICP27 with SRPK1 and the
subsequent inhibition of splicing have important and previously unappreciated con-
sequences on viral gene expression.

MATERIALS AND METHODS

Protein expression and purification. The proteins glutathione S-transferase (GST)-ICP27103-155,
GB1-SRPK1, and SRPK1 ANS1 were expressed in Escherichia coli. Proteins were purified by standard GST
or His tag purification methods followed by size exclusion chromatography. Further details are provided
in Text ST in the supplemental material.

Synthetic peptides. Peptides for the ICP27 RGG box used in crystallization experiments were
produced by EZBiolab (Carmel, IN, USA) comprised ICP27 residues 137 to 152 (sequence ARGGRRGRRR
GRGRGG), in two forms: unmodified standard L-peptide and methylated with asymmetric dimethylation
on R138, R148, and R150. Peptides used for ITC comprising ICP27 residues 103 to 155 in unmodified form
and dimethylated on R138, R148, and R150 as described above were produced by Peptide Protein
Research (Hampshire, United Kingdom).

Crystallization. To generate complexes of SRPK1 ANS1 with RGG box peptide ICP27137-152 (ICP27
residues 137 to 152) for crystallography purified 2 M SRPK1 ANS1 was combined with a 6 uM peptide
and incubated for 16 h at 4°C. Complex was purified using a Superdex 75 10/300 column equilibrated
with buffer supplemented with 1 uM ICP27737-152 peptide. Protein concentrated to 260 uM grew crystals
by sitting drop vapor diffusion at 4°C when mixed 1:1 with a reservoir solution of 0.09 M [NaNO,, 0.3
Na,HPO,, 0.3 M (NH,),SO,], 0.1 M (sodium HEPES, MOPS [morpholinepropanesulfonic acid]) buffer
system (pH 7.5) with 50% vol/vol GOL_P4K mix (Morpheus HT96 C7; Molecular Dimensions). Crystals were
flash frozen by plunge freezing in liquid nitrogen. Further details are provided in Text S1.

Data collection, structure determination, model building and refinement. Data were collected
from single cryo-frozen crystal SRPK1 ANS1-RGG box at beamline i04-1 (Diamond Light Source). Data
were indexed, scaled and integrated with Xia2 (60). Phases were determined by molecular replacement
using phaser with coordinates from Protein Data Bank code TWAK (61). An automated model built
against the phased map in Phenix AutoBuild was used as the basis for iterative cycles of rebuilding and
refinement in COOT and Phenix.refine (62, 63), with validation with MolProbity and PDB_REDO (64, 65).
ICP27 RGG box peptides were initially built as polyalanine to ensure unbiased identification of the correct
register of residues. Table S3 lists data collection and refinement statistics. Cocrystallization of SRPK1
ANS1-RGG box was only successful with the unmodified ICP27137-152 peptide, which diffracted to 2.8 A
(Table S3). Coordinates were deposited in the Protein Data Bank under accession code 6FAD.

Nuclear magnetic resonance. Uniformly '3C, '>N-labeled ICP27193-155 backbone amide signal (BMRB
accession no. 27341 [55]) perturbations were monitored upon additional of unlabeled GB1-SRPK1.
Similarly, uniformly >N-labeled SRSF1 backbone amide signals signal perturbations in "H-">N HSQC
spectra of SRSF1 were monitored upon additional of unlabeled GB1-SRPK1. For IDIS-HSQC-NMR exper-
iments (56), a sample was prepared containing a 1:1 mixture of differentially labeled proteins, specifically
50 uM 13C, '5N-labeled ICP27793-155 and 50 uM '>N-labeled SRSF1. IDIS-HSQC spectra were acquired of
this 1:1 mixture and then with unlabeled GB1-SRPK1 added to 25 uM and then to 50 uM. Data were
processed in Topspin (Bruker) and analyzed in Sparky (66). Further details are in Text S1.

Isothermal titration calorimetry. GB1-SRPK1 and ICP27 peptides were placed into Slide-a-Lyzer G2
cassettes (Thermo Fisher) and dialyzed within identical buffer consisting of 20 mM HEPES, 150 mM NaCl,
and 1 mM TCEP [Tris(2-carboxyethyl)phosphine hydrochloride] (pH 7.4). Protein concentrations were
measured by absorbance at 280 nm using extinction coefficients (67) of 86,580 M~ cm~" and 5,500 M~
cm~ 1 for GB1-SRPK1 and ICP27103-155, respectively. Experiments were performed at 25°C on a PEAQ-ITC
(Malven instruments), using 10 uM GB1-SRPK1 in the sample cell and 120 uM ICP27 peptide in the
syringe. Each experiment consisted of 19 injections: the first at 0.4 ul and the rest at 2 ul. Data were
processed and fitted to a single-site binding model with Microcal PEAQ-ITC analysis (V1.00.1262).

In vivo studies. For immunoprecipitation experiments, HelLa cells grown on minimal essential
medium containing 10% newborn calf serum were infected with HSV-1 wild-type strain KOS or null
mutant 27-LacZ as described previously (39). Transfection of plasmid DNA was performed with Lipo-
fectamine 2000 (Invitrogen). Cells were infected with 27-LacZ 24 h after transfection to stimulate
expression of the native ICP27 promoter by the virion tegument protein VP16 as previously described
(39, 68). Cells were harvested 8 h later, and immunoprecipitation was performed using GFP antibody
Ab290 (Abcam) or ICP27 monoclonal antibody P1119 (Virusys) as described previously (39). Western blots
were probed with anti-ICP27 antibody P1119, anti-GFP antibody JL-8 (TaKaRa Bio), or anti-B-actin
antibody.

In immunofluorescence experiments, rabbit skin fibroblasts (RSF) were transfected and/or infected as
indicated in the legend to Fig. 5. At 8 h after infection, cells were fixed in 3.7% formaldehyde, and
immunofluorescent staining was performed as previously described (43) with ICP27 antibody P1119 or
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ICP4 (P1114 [Virusys]). GFP fluorescence was viewed directly. Cells were viewed with a Zeiss Axiovert
S100 microscope.
For in vivo phosphorylation analysis, HeLa cells were transfected with GFP-SRPK1 and ICP27 RGG box
mutants, as indicated in Fig. 5D, and 24 h after transfection, cells were infected with 27-LacZ for 8 h. To
monitor SR protein phosphorylation, 5% of each cellular lysate was resolved by SDS-PAGE. Western blot
analysis was performed with antiphosphoepitope SR antibody MABES50 (Millipore), anti-SF2 (SRSF1)

antibody ab38017 (Abcam), anti-ICP27 antibody P1119, and anti-lamin B1 antibody.

Data availability. Cocrystallization of SRPK1 ANS1-RGG box coordinates have been deposited in the
Protein Data Bank, under accession code 6FAD.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/mBio
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TEXT S1, DOCX file, 0.1 MB.
FIG S1, DOCX file, 0.2 MB.
FIG S2, DOCX file, 0.1 MB.
FIG S3, DOCX file, 0.2 MB.
FIG S4, DOCX file, 2.6 MB.
TABLE S1, DOCX file, 0.1 MB.
TABLE S2, DOCX file, 0.1 MB.
TABLE S3, DOCX file, 0.1 MB.
TABLE S4, DOCX file, 0.1 MB.

ACKNOWLEDGMENTS
We thank Diamond Light Source for access to beamline i04-1 (MX12788), which
contributed to the results presented here. We thank Guillaume Hautbergue for gener-
ous donation of the ICP27703-155 and GB1-SRPK1 plasmids. We also thank Gouri Ghosh
for the generous donation of the SRPK1 ANS1 plasmid. We thank Thomas Jowitt of the
Biomolecular Analysis Facility, University of Manchester for experimental assistance.

This study was supported by HHS NIH NIAID grant Al107803 to R.M.S.-G. and
A.P.G. WK.H. was supported by an NIAID T32 training grant.

REFERENCES

1.

September/October 2019 Volume 10

Bates DO, Morris JC, Oltean S, Donaldson LF. 2017. Pharmacology of
modulators of alternative splicing. Pharmacol Rev 69:63-79. https://doi
.0rg/10.1124/pr.115.011239.

. Wang GS, Cooper TA. 2007. Splicing in disease: disruption of the splicing

code and the decoding machinery. Nat Rev Genet 8:749-761. https://
doi.org/10.1038/nrg2164.

. Long JC, Caceres JF. 2009. The SR protein family of splicing factors:

master regulators of gene expression. Biochem J 417:15-27. https://doi
.org/10.1042/BJ20081501.

. Ghosh G, Adams JA. 2011. Phosphorylation mechanism and structure of

serine-arginine protein kinases. FEBS J 278:587-597. https://doi.org/10
.1111/j.1742-4658.2010.07992 x.

. Gui JF, Lane WS, Fu XD. 1994. A serine kinase regulates intracellular

localization of splicing factors in the cell cycle. Nature 369:678-682.
https://doi.org/10.1038/369678a0.

. Gui JF, Tronchere H, Chandler SD, Fu XD. 1994. Purification and charac-

terization of a kinase specific for the serine- and arginine-rich pre-mRNA
splicing factors. Proc Natl Acad Sci U S A 91:10824-10828. https://doi
.org/10.1073/pnas.91.23.10824.

. Ngo JC, Chakrabarti S, Ding JH, Velazquez-Dones A, Nolen B, Aubol BE,

Adams JA, Fu XD, Ghosh G. 2005. Interplay between SRPK and Clk/Sty
kinases in phosphorylation of the splicing factor ASF/SF2 is regulated by
a docking motif in ASF/SF2. Mol Cell 20:77-89. https://doi.org/10.1016/
j.molcel.2005.08.025.

. Ngo JC, Giang K, Chakrabarti S, Ma CT, Huynh N, Hagopian JC, Dorrestein

PC, Fu XD, Adams JA, Ghosh G. 2008. A sliding docking interaction is
essential for sequential and processive phosphorylation of an SR protein
by SRPK1. Mol Cell 29:563-576. https://doi.org/10.1016/j.molcel.2007.12
.017.

. Aubol BE, Chakrabarti S, Ngo J, Shaffer J, Nolen B, Fu XD, Ghosh G,

Adams JA. 2003. Processive phosphorylation of alternative splicing

Issue 5 €02551-19

15.

factor/splicing factor 2. Proc Natl Acad Sci U S A 100:12601-12606.
https://doi.org/10.1073/pnas.1635129100.

. Hagopian JC, Ma CT, Meade BR, Albuquerque CP, Ngo JC, Ghosh G,

Jennings PA, Fu XD, Adams JA. 2008. Adaptable molecular interactions
guide phosphorylation of the SR protein ASF/SF2 by SRPK1. J Mol Biol
382:894-909. https://doi.org/10.1016/j.jmb.2008.07.055.

. Velazquez-Dones A, Hagopian JC, Ma CT, Zhong XY, Zhou H, Ghosh G, Fu

XD, Adams JA. 2005. Mass spectrometric and kinetic analysis of ASF/SF2
phosphorylation by SRPK1 and Clk/Sty. J Biol Chem 280:41761-41768.
https://doi.org/10.1074/jbc.M504156200.

. Huynh N, Ma CT, Giang N, Hagopian J, Ngo J, Adams J, Ghosh G. 2009.

Allosteric interactions direct binding and phosphorylation of ASF/SF2
by SRPK1. Biochemistry 48:11432-11440. https://doi.org/10.1021/
bi901107q.

. Ma CT, Hagopian JC, Ghosh G, Fu XD, Adams JA. 2009. Regiospecific

phosphorylation control of the SR protein ASF/SF2 by SRPK1. J Mol Biol
390:618-634. https://doi.org/10.1016/j.jmb.2009.05.060.

. Ma CT, Velazquez-Dones A, Hagopian JC, Ghosh G, Fu XD, Adams JA.

2008. Ordered multi-site phosphorylation of the splicing factor ASF/SF2
by SRPK1. J Mol Biol 376:55-68. https://doi.org/10.1016/j,jmb.2007.08
.029.

Aubol BE, Jamros MA, McGlone ML, Adams JA. 2013. Splicing kinase
SRPK1 conforms to the landscape of its SR protein substrate. Biochem-
istry 52:7595-7605. https://doi.org/10.1021/bi4010864.

. Aubol BE, Plocinik RM, Hagopian JC, Ma CT, McGlone ML, Bandyopad-

hyay R, Fu XD, Adams JA. 2013. Partitioning RS domain phosphorylation
in an SR protein through the CLK and SRPK protein kinases. J Mol Biol
425:2894-29009. https://doi.org/10.1016/j.jmb.2013.05.013.

. Serrano P, Aubol BE, Keshwani MM, Forli S, Ma CT, Dutta SK, Geralt M,

Wuthrich K, Adams JA. 2016. Directional phosphorylation and nuclear
transport of the splicing factor SRSF1 is regulated by an RNA recognition

mbio.asm.org 12


http://www.rcsb.org/pdb/explore/explore.do?structureId=6FAD
https://doi.org/10.1128/mBio.02551-19
https://doi.org/10.1128/mBio.02551-19
https://doi.org/10.1124/pr.115.011239
https://doi.org/10.1124/pr.115.011239
https://doi.org/10.1038/nrg2164
https://doi.org/10.1038/nrg2164
https://doi.org/10.1042/BJ20081501
https://doi.org/10.1042/BJ20081501
https://doi.org/10.1111/j.1742-4658.2010.07992.x
https://doi.org/10.1111/j.1742-4658.2010.07992.x
https://doi.org/10.1038/369678a0
https://doi.org/10.1073/pnas.91.23.10824
https://doi.org/10.1073/pnas.91.23.10824
https://doi.org/10.1016/j.molcel.2005.08.025
https://doi.org/10.1016/j.molcel.2005.08.025
https://doi.org/10.1016/j.molcel.2007.12.017
https://doi.org/10.1016/j.molcel.2007.12.017
https://doi.org/10.1073/pnas.1635129100
https://doi.org/10.1016/j.jmb.2008.07.055
https://doi.org/10.1074/jbc.M504156200
https://doi.org/10.1021/bi901107q
https://doi.org/10.1021/bi901107q
https://doi.org/10.1016/j.jmb.2009.05.060
https://doi.org/10.1016/j.jmb.2007.08.029
https://doi.org/10.1016/j.jmb.2007.08.029
https://doi.org/10.1021/bi4010864
https://doi.org/10.1016/j.jmb.2013.05.013
https://mbio.asm.org

The SRPK1-ICP27 Interaction

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

September/October 2019 Volume 10

motif. J Mol Biol 428:2430-2445. https://doi.org/10.1016/j.jmb.2016.04
.009.

Kataoka N, Bachorik JL, Dreyfuss G. 1999. Transportin-SR, a nuclear
import receptor for SR proteins. J Cell Biol 145:1145-1152. https://doi
.0rg/10.1083/jcb.145.6.1145.

Lai MC, Lin RI, Tarn WY. 2001. Transportin-SR2 mediates nuclear import
of phosphorylated SR proteins. Proc Natl Acad Sci U S A 98:
10154-10159. https://doi.org/10.1073/pnas.181354098.

Yun CY, Velazquez-Dones AL, Lyman SK, Fu XD. 2003. Phosphorylation-
dependent and -independent nuclear import of RS domain-containing
splicing factors and regulators. J Biol Chem 278:18050-18055. https://
doi.org/10.1074/jbc.M211714200.

Aubol BE, Wu G, Keshwani MM, Movassat M, Fattet L, Hertel KJ, Fu XD,
Adams JA. 2016. Release of SR proteins from CLK1 by SRPK1: a symbiotic
kinase system for phosphorylation control of pre-mRNA splicing. Mol
Cell 63:218-228. https://doi.org/10.1016/j.molcel.2016.05.034.

Prasad J, Colwill K, Pawson T, Manley JL. 1999. The protein kinase Clk/Sty
directly modulates SR protein activity: both hyper- and hypophosphor-
ylation inhibit splicing. Mol Cell Biol 19:6991-7000. https://doi.org/10
.1128/mcb.19.10.6991.

Nowak DG, Amin EM, Rennel ES, Hoareau-Aveilla C, Gammons M, Da-
modoran G, Hagiwara M, Harper SJ, Woolard J, Ladomery MR, Bates DO.
2010. Regulation of vascular endothelial growth factor (VEGF) splicing
from pro-angiogenic to anti-angiogenic isoforms: a novel therapeutic
strategy for angiogenesis. J Biol Chem 285:5532-5540. https://doi.org/
10.1074/jbc.M109.074930.

Wang P, Zhou Z, Hu A, Ponte de Albuquerque C, Zhou Y, Hong L, Sierecki
E, Ajiro M, Kruhlak M, Harris C, Guan KL, Zheng ZM, Newton AC, Sun P,
Zhou H, Fu XD. 2014. Both decreased and increased SRPK1 levels
promote cancer by interfering with PHLPP-mediated dephosphorylation
of Akt. Mol Cell 54:378-391. https://doi.org/10.1016/j.molcel.2014.03
.007.

Bell I, Martin A, Roberts S. 2007. The E1AE4 protein of human papillo-
mavirus interacts with the serine-arginine-specific protein kinase SRPK1.
J Virol 81:5437-5448. https://doi.org/10.1128/JV1.02609-06.

Daub H, Blencke S, Habenberger P, Kurtenbach A, Dennenmoser J,
Wissing J, Ullrich A, Cotten M. 2002. Identification of SRPK1 and SRPK2
as the major cellular protein kinases phosphorylating hepatitis B virus
core protein. J Virol 76:8124-8137. https://doi.org/10.1128/jvi.76.16
.8124-8137.2002.

Sciabica KS, Dai QJ, Sandri-Goldin RM. 2003. ICP27 interacts with SRPK1
to mediate HSV splicing inhibition by altering SR protein phosphoryla-
tion. EMBO J 22:1608-1619. https://doi.org/10.1093/emboj/cdg166.
Sandri-Goldin RM. 2011. The many roles of the highly interactive HSV
protein ICP27, a key regulator of infection. Future Microbiol
6:1261-1277. https://doi.org/10.2217/fmb.11.119.

Brown CR, Nakamura MS, Mosca JD, Hayward GS, Straus SE, Perera LP.
1995. Herpes simplex virus trans-regulatory protein ICP27 stabilizes and
binds to 3’ ends of labile mRNA. J Virol 69:7187-7195.

Chen IH, Sciabica KS, Sandri-Goldin RM. 2002. ICP27 interacts with the
RNA export factor Aly/REF to direct herpes simplex virus type 1 intron-
less MRNAs to the TAP export pathway. J Virol 76:12877-12889. https://
doi.org/10.1128/jvi.76.24.12877-12889.2002.

Hardy WR, Sandri-Goldin RM. 1994. Herpes simplex virus inhibits host
cell splicing, and regulatory protein ICP27 is required for this effect. J
Virol 68:7790-7799.

Phelan A, Dunlop J, Clements JB. 1996. Herpes simplex virus type 1
protein IE63 affects the nuclear export of virus intron-containing tran-
scripts. J Virol 70:5255-5265.

Sandri-Goldin RM. 1998. ICP27 mediates HSV RNA export by shuttling
through a leucine-rich nuclear export signal and binding viral intronless
RNAs through an RGG motif. Genes Dev 12:868-879. https://doi.org/10
.1101/gad.12.6.868.

Ellison KS, Rice SA, Verity R, Smiley JR. 2000. Processing of alpha-globin
and ICPO mRNA in cells infected with herpes simplex virus type 1 ICP27
mutants. J Virol 74:7307-7319. https://doi.org/10.1128/jvi.74.16.7307
-7319.2000.

Nojima T, Oshiro-ldeue T, Nakanoya H, Kawamura H, Morimoto T, Kawa-
guchi Y, Kataoka N, Hagiwara M. 2009. Herpesvirus protein ICP27
switches PML isoform by altering mRNA splicing. Nucleic Acids Res
37:6515-6527. https://doi.org/10.1093/nar/gkp633.

Sandri-Goldin RM, Mendoza GE. 1992. A herpesvirus regulatory protein
appears to act post-transcriptionally by affecting mRNA processing.
Genes Dev 6:848-863. https://doi.org/10.1101/gad.6.5.848.

Issue 5 €02551-19

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

mBio

. Tang S, Patel A, Krause PR. 2016. Herpes simplex virus ICP27 regulates

alternative pre-mRNA polyadenylation and splicing in a sequence-
dependent manner. Proc Natl Acad Sci U S A 113:12256-12261. https://
doi.org/10.1073/pnas.1609695113.

Patel V, Dahlroth SL, Rajakannan V, Ho HT, Cornvik T, Nordlund P. 2015.
Structure of the C-terminal domain of the multifunctional ICP27 protein
from herpes simplex virus 1. J Virol 89:8828-8839. https://doi.org/10
.1128/JV1.00441-15.

Tunnicliffe RB, Schacht M, Levy C, Jowitt TA, Sandri-Goldin RM,
Golovanov AP. 2015. The structure of the folded domain from the
signature multifunctional protein ICP27 from herpes simplex virus-1
reveals an intertwined dimer. Sci Rep 5:11234. https://doi.org/10.1038/
srep11234.

Yuan F, Gao ZQ, Majerciak V, Bai L, Hu ML, Lin XX, Zheng ZM, Dong YH,
Lan K. 2018. The crystal structure of KSHV ORF57 reveals dimeric active
sites important for protein stability and function. PLoS Pathog 14:
€1007232. https://doi.org/10.1371/journal.ppat.1007232.

Tunnicliffe RB, Levy C, Ruiz Nivia HD, Sandri-Goldin RM, Golovanov AP.
2019. Structural identification of conserved RNA binding sites in herpes-
virus ORF57 homologs: implications for PAN RNA recognition. Nucleic
Acids Res 47:1987-2001. https://doi.org/10.1093/nar/gky1181.
Tunnicliffe RB, Collins RF, Ruiz Nivia HD, Sandri-Goldin RM, Golovanov
AP. 2018. The ICP27 homology domain of the human cytomegalovirus
protein UL69 adopts a dimer-of-dimers structure. mBio 9:e01112-18.
https://doi.org/10.1128/mBio.01112-18.

Escudero-Paunetto L, Li L, Hernandez FP, Sandri-Goldin RM. 2010. SR
proteins SRp20 and 9G8 contribute to efficient export of herpes
simplex virus 1 mRNAs. Virology 401:155-164. https://doi.org/10
.1016/j.virol.2010.02.023.

Tunnicliffe RB, Hautbergue GM, Kalra P, Jackson BR, Whitehouse A,
Wilson SA, Golovanov AP. 2011. Structural basis for the recognition of
cellular mRNA export factor REF by herpes viral proteins HSV-1 ICP27
and HVS ORF57. PLoS Pathog 7:¢1001244. https://doi.org/10.1371/
journal.ppat.1001244.

Corbin-Lickfett KA, Chen IH, Cocco MJ, Sandri-Goldin RM. 2009. The
HSV-1 ICP27 RGG box specifically binds flexible, GC-rich sequences but
not G-quartet structures. Nucleic Acids Res 37:7290-7301. https://doi
.0rg/10.1093/nar/gkp793.

Ingram A, Phelan A, Dunlop J, Clements JB. 1996. Immediate early
protein 1E63 of herpes simplex virus type 1 binds RNA directly. J Gen
Virol 77:1847-1851. https://doi.org/10.1099/0022-1317-77-8-1847.
Mears WE, Lam V, Rice SA. 1995. Identification of nuclear and nucleolar
localization signals in the herpes simplex virus regulatory protein ICP27.
J Virol 69:935-947.

Mears WE, Rice SA. 1996. The RGG box motif of the herpes simplex virus
ICP27 protein mediates an RNA-binding activity and determines in vivo
methylation. J Virol 70:7445-7453.

Souki SK, Gershon PD, Sandri-Goldin RM. 2009. Arginine methylation of
the ICP27 RGG box regulates ICP27 export and is required for efficient
herpes simplex virus 1 replication. J Virol 83:5309-5320. https://doi.org/
10.1128/JV1.00238-09.

Yu J, Shin B, Park ES, Yang S, Choi S, Kang M, Rho J. 2010. Protein
arginine methyltransferase 1 regulates herpes simplex virus replication
through ICP27 RGG-box methylation. Biochem Biophys Res Commun
391:322-328. https://doi.org/10.1016/j.bbrc.2009.11.057.

Souki SK, Sandri-Goldin RM. 2009. Arginine methylation of the ICP27
RGG box regulates the functional interactions of ICP27 with SRPK1 and
Aly/REF during herpes simplex virus 1 infection. J Virol 83:8970-8975.
https://doi.org/10.1128/JV1.00801-09.

Mears WE, Rice SA. 1998. The herpes simplex virus immediate-early
protein ICP27 shuttles between nucleus and cytoplasm. Virology 242:
128-137. https://doi.org/10.1006/viro.1997.9006.

Soliman TM, Silverstein SJ. 2000. Identification of an export control
sequence and a requirement for the KH domains in ICP27 from herpes
simplex virus type 1. J Virol 74:7600-7609. https://doi.org/10.1128/jvi.74
.16.7600-7609.2000.

Wang HY, Lin W, Dyck JA, Yeakley JM, Songyang Z, Cantley LC, Fu XD.
1998. SRPK2: a differentially expressed SR protein-specific kinase in-
volved in mediating the interaction and localization of pre-mRNA splic-
ing factors in mammalian cells. J Cell Biol 140:737-750. https://doi.org/
10.1083/jcb.140.4.737.

Tunnicliffe RB, Tian X, Storer J, Sandri-Goldin RM, Golovanov AP. 2018.
Overlapping motifs on the herpes viral proteins ICP27 and ORF57 me-

mbio.asm.org 13


https://doi.org/10.1016/j.jmb.2016.04.009
https://doi.org/10.1016/j.jmb.2016.04.009
https://doi.org/10.1083/jcb.145.6.1145
https://doi.org/10.1083/jcb.145.6.1145
https://doi.org/10.1073/pnas.181354098
https://doi.org/10.1074/jbc.M211714200
https://doi.org/10.1074/jbc.M211714200
https://doi.org/10.1016/j.molcel.2016.05.034
https://doi.org/10.1128/mcb.19.10.6991
https://doi.org/10.1128/mcb.19.10.6991
https://doi.org/10.1074/jbc.M109.074930
https://doi.org/10.1074/jbc.M109.074930
https://doi.org/10.1016/j.molcel.2014.03.007
https://doi.org/10.1016/j.molcel.2014.03.007
https://doi.org/10.1128/JVI.02609-06
https://doi.org/10.1128/jvi.76.16.8124-8137.2002
https://doi.org/10.1128/jvi.76.16.8124-8137.2002
https://doi.org/10.1093/emboj/cdg166
https://doi.org/10.2217/fmb.11.119
https://doi.org/10.1128/jvi.76.24.12877-12889.2002
https://doi.org/10.1128/jvi.76.24.12877-12889.2002
https://doi.org/10.1101/gad.12.6.868
https://doi.org/10.1101/gad.12.6.868
https://doi.org/10.1128/jvi.74.16.7307-7319.2000
https://doi.org/10.1128/jvi.74.16.7307-7319.2000
https://doi.org/10.1093/nar/gkp633
https://doi.org/10.1101/gad.6.5.848
https://doi.org/10.1073/pnas.1609695113
https://doi.org/10.1073/pnas.1609695113
https://doi.org/10.1128/JVI.00441-15
https://doi.org/10.1128/JVI.00441-15
https://doi.org/10.1038/srep11234
https://doi.org/10.1038/srep11234
https://doi.org/10.1371/journal.ppat.1007232
https://doi.org/10.1093/nar/gky1181
https://doi.org/10.1128/mBio.01112-18
https://doi.org/10.1016/j.virol.2010.02.023
https://doi.org/10.1016/j.virol.2010.02.023
https://doi.org/10.1371/journal.ppat.1001244
https://doi.org/10.1371/journal.ppat.1001244
https://doi.org/10.1093/nar/gkp793
https://doi.org/10.1093/nar/gkp793
https://doi.org/10.1099/0022-1317-77-8-1847
https://doi.org/10.1128/JVI.00238-09
https://doi.org/10.1128/JVI.00238-09
https://doi.org/10.1016/j.bbrc.2009.11.057
https://doi.org/10.1128/JVI.00801-09
https://doi.org/10.1006/viro.1997.9006
https://doi.org/10.1128/jvi.74.16.7600-7609.2000
https://doi.org/10.1128/jvi.74.16.7600-7609.2000
https://doi.org/10.1083/jcb.140.4.737
https://doi.org/10.1083/jcb.140.4.737
https://mbio.asm.org

Tunnicliffe et al.

56.

57.

58.

59.

60.

61.

62.

September/October 2019 Volume 10

diate interactions with the mRNA export adaptors ALYREF and UIF. Sci
Rep 8:15005. https://doi.org/10.1038/s41598-018-33379-x.

Golovanov AP, Blankley RT, Avis JM, Bermel W. 2007. Isotopically dis-
criminated NMR spectroscopy: a tool for investigating complex protein
interactions in vitro. J Am Chem Soc 129:6528-6535. https://doi.org/10
.1021/ja070505.

Ngo JC, Gullingsrud J, Giang K, Yeh MJ, Fu XD, Adams JA, McCammon JA,
Ghosh G. 2007. SR protein kinase 1 is resilient to inactivation. Structure
15:123-133. https://doi.org/10.1016/j.5tr.2006.11.011.

Zhou Z, Qiu J, Liu W, Zhou Y, Plocinik RM, Li H, Hu Q, Ghosh G, Adams
JA, Rosenfeld MG, Fu XD. 2012. The Akt-SRPK-SR axis constitutes a major
pathway in transducing EGF signaling to regulate alternative splicing in
the nucleus. Mol Cell 47:422-433. https://doi.org/10.1016/j.molcel.2012
.05.014.

Tang S, Patel A, Krause PR. 2019. Hidden regulation of herpes simplex
virus 1 pre-mRNA splicing and polyadenylation by virally encoded im-
mediate early gene ICP27. PLoS Pathog 15:e1007884. https://doi.org/10
.1371/journal.ppat.1007884.

Winter G. 2010. xia2: an expert system for macromolecular crystallogra-
phy data reduction. J Appl Crystallogr 43:186-190. https://doi.org/10
.1107/50021889809045701.

McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn MD, Storoni LC, Read
RJ. 2007. Phaser crystallographic software. J Appl Crystallogr 40:
658-674. https://doi.org/10.1107/50021889807021206.

Adams PD, Afonine PV, Bunkoczi G, Chen VB, Davis IW, Echols N, Headd
JJ, Hung LW, Kapral GJ, Grosse-Kunstleve RW, McCoy AJ, Moriarty NW,

Issue 5 €02551-19

63.

64,

65.

66.

67.

68.

mBio’

Oeffner R, Read RJ, Richardson DC, Richardson JS, Terwilliger TC, Zwart
PH. 2010. PHENIX: a comprehensive Python-based system for macromo-
lecular structure solution. Acta Crystallogr D Biol Crystallogr 66:213-221.
https://doi.org/10.1107/50907444909052925.

Emsley P, Cowtan K. 2004. Coot: model-building tools for molecular
graphics. Acta Crystallogr D Biol Crystallogr 60:2126-2132. https://doi
.org/10.1107/50907444904019158.

Chen VB, Arendall WB, Ill, Headd JJ, Keedy DA, Immormino RM, Kapral
GJ, Murray LW, Richardson JS, Richardson DC. 2010. MolProbity: all-atom
structure validation for macromolecular crystallography. Acta Crystallogr
D Biol Crystallogr 66:12-21. https://doi.org/10.1107/5S090744490
9042073.

Joosten RP, Long F, Murshudov GN, Perrakis A. 2014. The PDB_REDO
server for macromolecular structure model optimization. IUCr)
1:213-220. https://doi.org/10.1107/52052252514009324.

Lee W, Tonelli M, Markley JL. 2015. NMRFAM-SPARKY: enhanced soft-
ware for biomolecular NMR spectroscopy. Bioinformatics 31:1325-1327.
https://doi.org/10.1093/bioinformatics/btu830.

Wilkins MR, Gasteiger E, Bairoch A, Sanchez JC, Williams KL, Appel RD,
Hochstrasser DF. 1999. Protein identification and analysis tools in the
ExPASy server. Methods Mol Biol 112:531-552. https://doi.org/10.1385/
1-59259-584-7:531.

Hernandez FP, Sandri-Goldin RM. 2010. Head-to-tail intramolecular in-
teraction of herpes simplex virus type 1 regulatory protein ICP27 is
important for its interaction with cellular mRNA export receptor TAP/
NXF1. mBio 1:e00268-10. https://doi.org/10.1128/mBi0.00268-10.

mbio.asm.org 14


https://doi.org/10.1038/s41598-018-33379-x
https://doi.org/10.1021/ja070505q
https://doi.org/10.1021/ja070505q
https://doi.org/10.1016/j.str.2006.11.011
https://doi.org/10.1016/j.molcel.2012.05.014
https://doi.org/10.1016/j.molcel.2012.05.014
https://doi.org/10.1371/journal.ppat.1007884
https://doi.org/10.1371/journal.ppat.1007884
https://doi.org/10.1107/S0021889809045701
https://doi.org/10.1107/S0021889809045701
https://doi.org/10.1107/S0021889807021206
https://doi.org/10.1107/S0907444909052925
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1107/S0907444909042073
https://doi.org/10.1107/S0907444909042073
https://doi.org/10.1107/S2052252514009324
https://doi.org/10.1093/bioinformatics/btu830
https://doi.org/10.1385/1-59259-584-7:531
https://doi.org/10.1385/1-59259-584-7:531
https://doi.org/10.1128/mBio.00268-10
https://mbio.asm.org

	Molecular Mechanism of SR Protein Kinase 1 Inhibition by the Herpes Virus Protein ICP27
	RESULTS
	Mapping and quantification of SRPK1 binding to ICP27 peptide fragments containing the RGG box motif. 
	NMR directly confirms competition between SRSF1 and ICP27103–155 for SRPK1 binding. 
	The crystal structure of ICP27 RGG box peptide bound to the docking groove of SRPK1. 
	ICP27 RGG box mutants do not interact with or change cellular localization of SRPK1 in vivo. 

	DISCUSSION
	MATERIALS AND METHODS
	Protein expression and purification. 
	Synthetic peptides. 
	Crystallization. 
	Data collection, structure determination, model building and refinement. 
	Nuclear magnetic resonance. 
	Isothermal titration calorimetry. 
	In vivo studies. 
	Data availability. 


	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

