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ARTICLE INFO ABSTRACT

Background: Arginine/serine (RS) repeats are found in several proteins in metazoans with a wide variety of
functions, many of which are regulated by SR protein kinase 1 (SRPK1)-mediated phosphorylation. Lamin
B receptor (LBR) is such a protein implicated in chromatin anchorage to the nuclear envelope.

Methods: Molecular dynamics simulations were used to investigate the conformation of two LBR peptides
containing four (human-) and five (turkey-orthologue) consecutive RS dipeptides, in their unphosphorylated
and phosphorylated forms and of a conserved peptide, in isolation and in complex with SRPK1. GST pull-
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ngl:/ggasts down assays were employed to study LBR interactions.

Lamin B receptor ReSL.llts:'Unphospho.rylated RS re.zpeats adopt short, transient helical cpnformations'. whgreas serine phosphor-
Phosphorylation ylation induces Arginine-claw-like structures. The SRSRSRSPGR peptide, overlapping with the LBR RS repeats,
SRPK1 docks into the known, acidic docking groove of SRPK1, in an extended conformation. Phosphorylation by

Molecular dynamics simulations SRPK1 is necessary for the association of LBR with histone H3.

Conclusions: The C-terminal region of the LBR RS domain constitutes a recognition platform for SRPK1,
which uses the same recognition mechanism for LBR as for substrates with long RS domains. This docking
may promote unfolding of the RS repeats destined to be phosphorylated. Phosphorylation induces
Arginine-claw-like conformations, irrespective of the RS-repeat length, that may facilitate interactions
with basic partners.

General significance: Our results shed light on the conformational preferences of an important class of repeats
before and after their phosphorylation and support the idea that even short RS domains may be constituents
of recognition platforms for SRPK1, thus adding to knowledge towards a full understanding of their phos-

phorylation mechanism.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Reversible protein phosphorylation provides a major regulatory
mechanism in eukaryotic cells. Even though it is the most commonly
studied type of post-translational modification worldwide, the main
effort of most groups is to delineate its signaling outcomes, whereas
its structural consequences have not been yet well understood. The
physical effects of phosphorylation have been shown to range from
a change in the rate of cis/trans isomerization of a serine-proline
motif after the phosphorylation of the serine residue to much larger
conformational changes [[1 and references therein]. Based on the ob-
servation that amino acid compositions, sequence complexity, hydro-
phobicity and charge of regions adjacent to phosphorylation sites are
very similar to those of intrinsically disordered proteins, it has been
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suggested that protein phosphorylation predominantly occurs within
intrinsically disordered protein regions [2]. There is now fairly large
literature on the structural consequences of phosphorylation: While
there are several reports suggesting that phosphorylation results in
a conformational change from a predominately unfolded state to a
more ordered structure, molecular dynamics simulations in other
proteins as well as experimental data indicate that order-to-
disorder transition may also follow the phosphorylation event (for a
review see Ref. [3]).

Arginine/Serine (RS)-rich domains were initially considered a new
class of targeting signals, directing localization of splicing-associated
proteins in nuclear speckles [4]. In the following years several reports
documented the existence of a large number of RS-repeat-containing
proteins in metazoans with functions not only related to pre-mRNA
processing, but associated with chromatin structure, transcription
by RNA polymerase II, germ cell development, osmotic regulation,
cell cycle and cell structure (for review see Refs. [5,6]). RS domains
have been implicated both in protein interactions with other RS
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domain-containing proteins as well as in nonsequence specific inter-
actions with RNA molecules [7-10].

SR protein kinase 1 (SRPK1) has been shown to be the main kinase
that phosphorylates RS domains [6,11]. Phosphorylation by SRPK1 is
mediated by recognition of conserved docking motifs in its substrates
[12-14]. The docking motifs are generally rich in basic residues, con-
forming to the consensus sequence, R-x-R/K-x-x-x-R [12] and bind to
an acidic groove of SRPK1, which is located far from the active site
[12-14]. Although a common mechanism has been proposed to be
used by the kinase to recognize its substrates, the mechanism of
phosphorylation seems to be substrate-dependent [14].

Despite their abundance and importance and although several,
both theoretical as well as experimental studies (circular dichroism
and crystallographic data on the free and SRPK1-bound forms, respec-
tively) exist on the RS domain of the human splicing factor, ASF/SF2
[13,15], the conformation of the RS repeats in their free form, as
well as the specific conformational changes induced upon phosphor-
ylation of their serine residues, remain rather elusive. To address
these issues, in this study we applied molecular dynamics (MD) sim-
ulations on a number of unphosphorylated and phosphorylated pep-
tides of the significantly shorter RS domain of lamin B receptor (LBR),
which consists of four ((RS)4; human orthologue) or five consecutive
RS dipeptides ((RS)s; chicken orthologue). LBR is an integral protein
of the inner nuclear membrane consisting of a hydrophilic N-
terminal domain, protruding into the nucleoplasm, where the RS re-
peats are located, eight hydrophobic segments that are predicted to
span the membrane, and a hydrophilic C-terminal tail [16,17]. LBR is
one of the key factors that has been implicated in chromatin anchor-
age to the nuclear envelope [18]. SRPK1 has been found to phosphor-
ylate any one of the serine residues of the RS repeats of turkey LBR as
long as those RS dipeptides are followed by the downstream flanking
sequence, PGRPAKG [19,20].

For our MD simulations, we first tested various force fields and
found that, only the Amber99SB force field [21] was able to produce
results in agreement with circular dichroism (CD) data on the RS do-
main of ASF/SF2 [13]. Our Amber99SB MD simulations revealed that,
in their free form, the unphosphorylated RS repeats of LBR follow
flexible structures consisting of short, transient helical elements in-
cluding only two consecutive RS dipeptides at the time, instead of a
stable a-helical structure extending thought their length, which has
been proposed earlier by a similar study on eight consecutive RS di-
peptides of the much longer RS domain of ASF/SF2 [15]. On the
other hand, our MD simulations on the phosphorylated (RSP)4 pep-
tide showed that serine phosphorylation of the RS repeats induces
the formation of an Arg-claw-like structure, exposing phosphate
groups to the periphery, very much alike the one found in the case
of the phosphorylated RS domain of ASF/SF2 [15], suggesting that
the tendency to form Arg-claw-like structures, that may serve as mo-
lecular recognition elements of basic partners, is a general property of
phosphorylated RS repeats, irrespective of their length. In this re-
spect, we demonstrated that the interaction of LBR with its basic part-
ner, histone H3 is possible only after phopshorylation of LBR by
SRPK1.

Furthermore, using molecular dynamics simulations together with
biochemical data and prior knowledge, we provide evidence that the
highly conserved in all LBRs RSRSPGR peptide, overlapping with the
RS repeats, may serve as a docking motif for SRPK1. A possible role
of this docking interaction in the unfolding of adjacent RS repeats of
LBR prior to their phosphorylation is suggested by our MD simula-
tions. Moreover, our MD simulations suggest that SRPK1 uses the
same, distal to the active site, acidic docking groove to recognize the
LBR motif, as its other substrates. However, the short length of the
LBR RS repeats as well as their overlapping with the docking motif,
imply that SRPK1 must use for LBR a different substrate feeding
mechanism than the one proposed for the phosphorylation of pro-
teins with long RS domains [11]. Finally, our results suggest for the

first time that the RS repeats of both short and long RS domains
may be a constituent of the docking motif recognized by SRPK1.

2. Materials and methods
2.1. Sequence alignment

The GeneDoc multiple sequence alignment editor and shading
utility [22] was used to edit multiple alignments of LBR sequences.

2.2. Molecular modeling

2.2.1. Construction of initial structures

The starting peptide conformations (ideal extended-strand: ¢ =
—120°, y=120°) for the implicit MD simulations, were obtained
using the Swiss-pdb viewer [23]. Their Ace-, Nme-blocked termini
were constructed based on Ala residues. The same program was
used to construct the 3D-model of the Ac-S”®RSRSRSPGR®’-NHMe
peptide of turkey LBR (peptide R2’) in complex to SRPK1. The crystal
structure of SRPK1 complexed to a substrate 10-mer peptide,
SYGRSRSRSR, from ASF/SF2 protein (RCSB code: 3BEG) [13] was
used as a template for this purpose. The Mutate tool of the Swiss-
pdb viewer was applied on the template ASF/SF2 peptide to obtain
the coordinates of the bound to SRPK1 R2’ peptide. The 3D-model
of the peptide alone, in its SRPK1 bound conformation, was used as
the initial structure for the explicit MD simulation of the R2’ peptide
in isolation, whereas the 3D-model of the peptide in complex with
the “docking domain” of SRPK1 (aa: 172-216 and 482-655) was uti-
lized to simulate the peptide in the presence of SRPK1.

2.2.2. Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed using the
GROMACS4 (v. 4.5.3) software package [24] through a new version
of the Gromita GUI, we have developed previously [25].

As a starting point, implicit Generalized Born (GB) solvation was
used in the MD simulations because implicit solvation models offer
significant computational savings when an extensive sampling of
conformations is required, while yielding an accurate treatment of
solvation. The MD simulations in implicit solvation were carried out
for 200 ns at 300 K by using the GB/SA solvation and the Still method
for calculating the Born radii [26]. The Ac-(RS),-NHMe and Ac-(RS)s-
NHMe peptides in an ideal extended-strand conformation, were used
as the initial structures, for the unphosphorylated case. The peptides
were capped with ACE and NME blocking groups to minimize the
possibility of salt-bridge traps resulting from the charged termini.
The all-atom AMBERO3 [27] and AMBER99SB [21] force fields, as
implemented in GROMACS4, were used for this purpose. The
AMBERO3 force field was used first, for comparison with a similar
study on the (RS)g peptide of ASF/SF2 [15], while the AMBER99SB
force field was used as it has been shown to provide better balance
of secondary structure elements [21]. An additional set of 200 ns
MD simulation using the AMBER96 force field in combination with
the OBC (II) implicit solvent model was also carried out for the
unphosphorylated (RS), peptide. This combination was tested as it
has been shown to provide reliable structure predictions for various
peptides [28]. The surface tension parameter for the non-polar solva-
tion term was set to the default values of 0.0049 and 0.0054 kcal/mol/
A2 for the Still and OBC methods, respectively. For the phosphorylated
form, a 200 ns MD simulation with implicit solvation was carried out
for the fully phosphorylated human peptide, Ac-(RSP),-NHMe, start-
ing from an ideal extended-strand conformation. The AMBER99SB
force field and the Amber S2P parameters for the phosphoserines
[29] (adapted from the Bryce R, AMBER Parameter Database, http://
pharmacy.man.ac.uk/amber) were used in this simulation.

The MD simulations in explicit water were carried out using peri-
odic cubic boxes of TIP3P water molecules [30] to solvate the peptides
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in their free forms, whereas a periodic triclinic box of TIP3P water
molecules, extending 0.85 nm from protein atoms, was used in the
case of the SRPK1:R2’ peptide complex. Periodic boundaries were ap-
plied to minimize edge effects. The systems were neutralized with
counter-ions. The solvated systems were first optimized by conjugate
gradient energy minimization combined with a steepest descent min-
imization performed every 100 steps. Subsequently, the systems were
subjected to restrained MD simulations for 100 ps at 300 K, where the
protein atoms were harmonically restrained to their initial position
with a force constant of 1000 k] mol~! nm~2 to allow the solvent
to equilibrate. The optimization phase was followed by unrestrained
MD simulations at 300 K. The simulations were carried out in the
NVT ensemble using the velocity rescaling thermostat [31] with sep-
arate protein and solvent coupling at the reference temperature of
300 K. The v-rescaling method has been shown to give a better distri-
bution of the kinetic energy over the commonly used Berendsen ther-
mostat [31]. The long-range electrostatic interactions were evaluated
using the particle mesh Ewald method [32] with a grid size of less
than 0.12 nm. A time step for integration of the potential function of
2 fs and non-bonded cutoffs of at least 9 A were used for all MD sim-
ulations. The SHAKE algorithm [33] was used for all covalent bonds.
All the MD simulations in explicit water were carried out using an im-
proved version of the AMBER99-SB force field, AMBER99SB-ILDN [34]
as implemented in GROMACS 4.5.3.

2.2.3. Analysis of the MD trajectories

Analysis of the MD trajectories was mainly focused on monitoring
the secondary structure during the MD simulations using the DSSP
criteria [35] through the do_dssp module of GROMACS. Cluster analy-
sis used the g_cluster module of GROMACS. Root-mean-square-devia-
tion (rmsd) calculations were carried out using the rmsd trajectory
tool of the VMD software [36]. Principal component analysis was
done using the g_covar module of GROMACS and the root-mean-
square fluctuation of the C* atoms (rmsf C*), which is equal to the
square root of the sum of the eigenvalues divided by the number of
C* atoms used in building the fluctuation covariance matrix, was
employed as an additional metric of the backbone dynamics during
a simulation. The VMD program was also employed for visualization
of the trajectories, whereas molecular model illustrations were ren-
dered using PyMOL.

2.3. Expression of recombinant proteins and binding assays

SRPK1, the N-terminal domain of chicken LBR (LBRNt, amino acids
1-205) and LBRNt missing the RS motifs (deletion of residues 75-84;
construct termed LBRNtARS) were subcloned into the pGEX-2T bac-
terial expression vector (Amersham Pharmacia Biotech) and
expressed in bacteria as GST fusion proteins as previously described
[19,20]. To eliminate the associated RNA molecules, bacterial prepara-
tions of GST-LBRNt (2-3 pg of the recombinant protein) were treated
with 5 ug RNAse (Applichem GmbH, DNAse free) for 15 min at 30 °C.

Incubation of GST, GST-LBRNt and GST-LBRNtARS immobilized on
glutathione-Sepharose beads with 293 T cell extracts (~200 pg of
total protein; 293T cells express large amounts of SRPK1) was per-
formed in PBST (20 mM phosphate buffer, pH 7.4, 150 mM NaCl, 1%
Triton X-100, and 0.5 mM phenylmethylsulfonyl fluoride) in a total
volume of 0.25 ml for 60 min at room temperature. Bound SRPK1
was analyzed on 10% SDS-polyacrylamide gels and detected by West-
ern blotting using an anti-SRPK1 monoclonal antibody (BD Biosci-
ences CA USA) and an alkaline phosphatase-coupled goat antimouse
secondary antibody, while 5-bromo-4-chloro-3-indolyl phosphate
and nitro blue tetrazolium were used as substrates to visualize the
immunocomplexes.

Kinase assays were carried out in a total volume of 25 pl contain-
ing 12 mM Hepes pH 7.5, 10 mM MgCl,, 0.5 mM ATP, 2 ug of GST-
LBRNt and 0.2 pg GST-SRPK1, for 60 min at 30 °C. The concentration

of cold ATP added in the reaction mixture was at the millimolar
range to achieve a stoichiometric phosphorylation.

Incubation of GST and GST-LBRNt (either unphosphorylated or
phosphorylated) immobilized on glutathione-Sepharose beads with
2 pg of histone H3 (Roche Applied Science) was performed in TNMT
buffer (20 mM Tris-HCl, pH 7.5, 0.5 M NaCl, 2 mM MgCl,, and 1% Tri-
ton X-100) in a total volume of 0.25 ml. The incubations were carried
out for 60 min at room temperature. The beads were harvested,
washed three times with TNMT, and resuspended in 25 pl of SDS sam-
ple buffer. Bound H3 was analyzed on 13% SDS-polyacrylamide gels
and detected by Coomassie Blue staining.

3. Results and discussion

3.1. The unphosphorylated RS repeats adopt flexible conformations com-
posed of short, transient helical elements involving two consecutive RS
dipeptides at the time

Sequence analyses have predicted the RS domains to be largely
unstructured mainly due to the low sequence complexity of the RS re-
peats [10,37]. By contrast, an «-helical, instead of the expected
random-coil conformation, was observed using all-atom molecular
dynamics (MD) simulations on the eight consecutive RS dipeptides,
(RS)s, of the RS domain of the splicing factor ASF/SF2 [15]. Subse-
quent circular dichroism (CD) experiments, however, did not show
any significant helical content for the full RS domain of ASF/SF2 [13]
suggesting that the helical structure is either too short or may be
largely unstable in solution. Adding to the latter, the crystal structure
of the SR protein kinase 1 (SRPK1) complexed to its substrate ASF/
SF2, revealed that the three N-terminal RS repeats of ASF/SF2 bind
to SRPK1 in a rather extended conformation before the phosphoryla-
tion reaction [13].

Based on these observations we sought to investigate the confor-
mation of the significantly shorter RS domain of human and turkey
lamin b receptor, LBR, consisting of four and five RS dipeptides, re-
spectively. To this end, the (RS)4 and (RS)s peptides, in a starting
completely unfolded state, were first subjected to 200 ns molecular
dynamics simulations at 300 K with implicit Generalized Born solva-
tion using various Amber force fields. First, the all-atom AMBERO3
force field [27] combined with the Still implicit solvent model [26]
was employed, for comparison with the similar work on the (RS)g
peptide [15]. As shown in Fig. 1A, our simulations resulted in a pre-
dominantly a-helical conformation undergoing, however helix-to-
turn transitions in several segments for both the (RS)4 and (RS)s pep-
tides. An exclusively a-helical structure was also acquired by the
shorter, (RS)4 peptide, using the AMBER96 force field combined
with the OBC(II) implicit solvent model (Fig. 1B). This combination
was tested as it has been shown to provide reliable structure predic-
tions for various peptides [28]. Our MD results were so far in line with
the MD simulation data obtained in the case of the (RS)g peptide [15],
which, however, contradicted the CD data of the RS domain of ASF/
SF2 [13].

To rule out the possibility of force field bias for a-helix, the implic-
it simulations were repeated using the AMBER99SB force field, which
has been shown to provide better balance of secondary structure ele-
ments [21]. As shown in Fig. 1C, these simulations resulted in more
flexible structures with various short segments, extending to only
two repetitive RS repeats, adopting short transient o- or 31¢-helix-
like conformations.

To further investigate the stability of the initially predicted o-
helical conformation, an additional 50 ns long MD simulation was
carried out, but in explicit solvation, which is a more realistic environ-
ment. For this purpose, the resulting helical structure from one of the
MD simulations of the (RS)s peptide was, first, solvated in a periodic
cubic box with an edge of approximately 3.5 nm filled with 1658
TIP3P water molecules and neutralized with five chloride ions. The
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solvation box was large enough to allow any necessary rotation or po-
tential unfolding of the initial ci-helix. As shown in Fig. 2A, the overall
a-helix does not persist throughout the explicit MD simulation. In-
stead, within 50 ns the initial helical structure changed to a more flex-
ible conformation resulting from the formation of transient short o-
or 3q¢-like features (Fig. 2A), in line with our AMBER99SB MD results
in implicit solvation. As indicated by the percentage of simulation
time each residue spent in the helical (a- or 3;¢) conformation over
the entire simulation (Fig. 2B), the somewhat higher helical propen-
sity is restricted mainly to the central RS dipeptides. The 50 ns trajec-
tory was subsequently clustered and the most populated
conformation is shown in Fig. 2C (right). In this conformation, the
peptide forms one a-turn comprising only two, out of the five, RS di-
peptides (Fig. 2C). Such turn-like conformations, allow the arginine
residues of the involved RSs, to protrude outward from the peptide
backbone.

Our MD results using the AMBER99SB force field are in good
agreement with the CD data on the RS domain of ASF/SF2 [13].
Taken together these data suggest that consecutive unphosphory-
lated RS repeats, although they do not adopt helical structures
throughout their length, are able to form transient short helical struc-
tural elements involving only two RS repeats at the time, exposing ar-
ginine residues of the repeats involved to the solvent, probably thus
serving as molecular recognition sites in the interactions of RS-
repeat containing proteins. Structurally dynamic regions with tempo-
ral presence of secondary structure have been indeed proposed to
play an important role in molecular recognition [[38] and references
therein]. Due to the highly symmetric character of the RS repeats,
however, the exact sequence location of the helical structural ele-
ments along the peptide chain is probably not important and the rec-
ognition may be based on ensembles of similar conformations. In line
with this idea, the number of the RS repeats varies significantly not
only among LBRs but also among RS-containing proteins, in general.

3.2. Identification of a docking motif in LBR
The RS-rich region of LBR is recognized and gets phosphorylated

on serine residues by multiple RS kinases in a cell cycle-dependent
manner [19,39,40]. One such kinase is SRPK1, which was originally

described as a kinase highly specific for the SR splicing factors [41].
SRPK1 has been shown to be able to phosphorylate any one of the ser-
ine residues of the RS repeats of turkey LBR as long as those RS dipep-
tides are followed by the downstream flanking sequence, PGRPAKG
[19,20].

Multiple alignment of LBR sequences revealed that the region in-
volving the flanking sequence as well as the three C-terminal RS di-
peptides, is conserved among LBR sequences (Fig. 3A). Interestingly,
this conserved sequence conforms to the consensus seven aminoacid
motif, R-x-R/K-x-x-x-R, known as the docking motif sequence [12].
This motif has been proposed to constitute a recognition platform
for SRPK1 and has been shown to bind to an acidic groove, distal
from the active site, known as the “docking groove”, through nearly
perfect charge complementarity involving the two basic residues at
motif positions 1 and 7, while the side chain of the arginine at posi-
tion 3 is buried in a deep hydrophobic pocket of the groove [12,13].

To test the possibility that this region of LBR also serves as a dock-
ing motif for SRPK1, a 3D-model of the " SRSRSRSPGR®” peptide of
LBR (peptide R2’) bound to SRPK1 was first constructed (Fig. 3B),
based on the crystal structure of a 10-mer substrate peptide from
ASF/SF2 protein in complex with SRPK1 (RCSB code: 3BEG) [13]. In
the 3D-model of the SRPK1:LBR R2’ peptide complex, the docking in-
teractions of the template structure are preserved: the two basic res-
idues of LBR at motif positions 1 and 7 (Arg 81 and Arg 87,
respectively) form electrostatic interactions with the same acidic res-
idues of the SRPK1 docking groove (Asp 564, Glu 571 and Asp 548)
[12], whereas the arginine residue at position 3 (Arg 83) is buried in
the same hydrophobic pocket (Fig. 3B). The initial model was subse-
quently subjected to a set of MD simulations, in explicit water,
using the peptide both in isolation and in complex to SRPK1, to gain
insight into its conformation in the absence and presence of the ki-
nase, respectively.

For this purpose, first the peptide alone (Fig. 3C, left) was solvated
in a periodic cubic box with an edge of 3.3 nm filled with 1129 TIP3P
water molecules and neutralized with four chloride ions. The explicit
simulation was performed for 30 ns, as described in Materials and
methods. The DSSP analysis [35] of the 30 ns trajectory revealed
again some preference for helical conformations for the central two
RS repeats, whereas the C-terminal RS together with its flanking
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tured during the entire simulation.

region retained a rather extended conformation (Fig. 3C, right). These
results, in conjunction with our MD data on the RS peptides, suggest
that, in their unbound form, the consecutive LBR RS repeats have
some propensity for helical conformations of one turn, whereas ter-
minal RSs and their flanking regions remain rather unstructured,
probably thus contributing further to recognition and binding to
SRPK1.

To investigate the stability of R2’ peptide structure in the presence
of SRPK1, an additional 20 ns long explicit MD simulation was carried
out. For this purpose, the 3D-model of the SRPK1:R2’ peptide com-
plex we constructed, was first solvated in a 6.2 x 6.8 x 7.1 nm periodic
box filled with 8794 TIP3P water molecules and neutralized with four
chloride ions. This MD simulation was performed using the improved
AMBER99SB, AMBER99SB-ILDN, force field [34], as described in

Materials and methods. The root-mean-square fluctuation (rmsf) of
the C* atoms within the last 5 ns of the trajectory was equal to
0.68 A and the root-mean-square deviation (rmsd C®) from their ini-
tial positions remained practically unchanged for the same time peri-
od (the standard deviation was equal to 0.11 A for the protein and
0.23 A for the peptide) (see also Supplementary Fig. S1), indicating
that the simulation is converged and that the resulting structure of
the SRPK1:R2’ complex is quite stable. As shown in Fig. 4A, the initial
docking interactions between LBR basic residues at motif positions 1,
3 and 7 and the docking groove of SRPK1 persist after 20 ns (compare
Figs. 3B, right and 4A, right). More precisely, during the entire 20 ns
MD simulation, the arginine residues at positions 1 and 3 experience
small fluctuations, as reflected by the relatively small rmsd of all their
atoms from their initial positions (Fig. 4B, left; in blue and green,
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tide (in sticks) complexed to SRPK1. The picture is depicted as in Fig. 3B. The docking interactions between the arginine residues of the R2’ peptide and acidic residues of the SRPK1
groove (D564, E571, D548) remain unchanged (compare with Fig. 3B, right). Arginine 79 of the upstream the docking motif region is now H-bonded to D564 of SRPK1. B) (Left): Plot
of the root-mean-square deviation (rmsd) of all the atoms of the basic residues of the R2’ peptide from their initial positions during the 20 ns trajectory. Blue, green, magenta and
red lines correspond to rmsds of arginine residues at motif positions 1, 3 and 7 and of the upstream region, respectively. The arrow indicates a cluster of an alternative conformation
of Arginine at motif position 7. (Right) The 10 ns snapshot. The arginine at position 7 is hydrogen bonded to E617 instead of D548 (see Fig. 3A, right). C) Secondary structure analysis
(DSSP) of the 20 ns trajectory for the R2’ peptide. The RS region of the peptide remains unfolded during the entire MD simulation in the presence of SRPK1.

respectively), indicating that the docking interactions they are in- in LBR recognition. By contrast, arginine at position 7 (Arg 87) was
volved in, are very stable. In particular, the side chain of the arginine more mobile (Fig. 4B, left; in magenta) sharing its time between con-
at position 1 (Arg 81) remained hydrogen bonded to Asp 564 and Glu formations where its side chain interacted with either Asp 548
571 of the SRPK1 docking groove for 99% of the simulation time (data (Fig. 4A, right) or Glu 517 (at around 10 ns; Fig. 4B, right). The acidic
not shown), suggesting an important role of these residues of SRPK1 residues D548, D564 and E571 have been shown to be important for
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recognition of ASF/SF2 by SRPK1 [12], whereas homologous residues
have been shown to be important for substrate recognition by the
SRPK1 homologue, Sky1p [14]. Taken together these observations
strongly suggest that the same acidic residues of the docking groove
of SRPK1 as well as Glu 517 may also be important for the recognition
of LBR by SRPK1.

By contrast to the docking motif basic residues, Arg 79, which be-
longs to the adjacent the docking motif, RS region (Fig. 1A) undergoes
a large movement, as indicated by the large rmsd value of all its atoms
from their initial position along the 20 ns trajectory (Fig. 4B, left; in
red). Within 10ns, this residue flipped its side chain towards
SRPK1, forming hydrogen bonding interactions with Asp 564
(Fig. 4B, right). Once formed, these interactions remain stable during
the rest of the simulation (compare Fig. 4A and B, right). Interestingly,
as indicated by the secondary structure analysis (DSSP plot) of the
20 ns trajectory, the whole RS region of the R2’ peptide remains un-
folded during the entire simulation in the presence of SRPK1
(Fig. 4C), by contrast to the helical conformation suggested by our
MD simulations for this region in the free peptide (Fig. 3C, right).
Our observations so far, suggest that binding to SRPK1 may promote
a complete unfolding of the RS repeats of LBR.

To further investigate whether the sequence of the RS domain of
LBR possesses the potential to adopt alternative conformations as
influenced by changes in tertiary environment, a contact-dependent
secondary structure prediction was carried out using the neural
network-based predictor, CSSP2 [42] and the RS domain sequence
of turkey LBR, as query. The CSSP2 tool quantifies the influence of ter-
tiary effects on secondary structure preferences by using energy-
based parameters, which take into account either short-range (i, i+
4) or long-range (>1, i+4) interactions [[42] and references therein].
The CSSP2 (dual networks) secondary structure profiles of the RS
domain of LBR are shown in Fig. 5A. When short-range interactions
(i, 144) are taken into account, a relatively higher helix propensity
is predicted for the RS repeats of LBR, as compared to non-RS regions
(Fig. 5A, red line), suggesting some inherent preference of consecu-
tive RS dipeptides for a-helical conformations. By contrast, the con-
formational preference of the RS repeats changed in favor of a more
extended (beta-like) structure (Fig. 5A, blue line) when long-range
interactions (>i, i4-4) are taken into account, instead. For comparison,
the CSSP2 program was used to predict the secondary structure of the
RS domain of ASF/SF2. As shown in Fig. 5B, the CSSP profiles also suggest
a similar propensity for a-helix for the RS repeats of ASF/SF2 and a
potential to undergo similar conformational changes in different ter-
tiary environments, in agreement with the extended conformation
revealed by the crystal structure of the 10-mer peptide of ASF/SF2
(underlined sequence in Fig. 5B) bound to SRPK1 [13]. Interestingly,
the region corresponding to the proposed docking motif of LBR (indi-
cated by a bar above the sequence in Fig. 5A) did not show any signif-
icant preference for a-helix formation, but its larger part is predicted
to be rather unstructured in all environments (Fig. 5A), further sup-
porting its proposed role as a molecular recognition site. These re-
sults, in conjunction with our MD simulation data on the R2’
peptide in both its free and bound to SRPK1 forms, suggest that con-
secutive RS dipeptides have some inherent propensity for a-helix
formation, whereas binding of LBR to SRPK1 through its docking
motif, may induce an unfolding of adjacent RS dipeptides, mediated
by electrostatic interactions involving the arginine residues of the
RS dipeptides and acidic residues of the SRPK1 docking groove. The
unfolding of the RS repeats destined to be phosphorylated might be
necessary for their subsequent phosphorylation by SRPK1. Unfolding
of their substrates has been also proposed in the case of other
kinases, including SRPK1 [[13] and reference therein]. In support to
this idea, a construct containing only the five RS dipeptides of LBR
but lacking the docking motif, although it could serve as substrate
for SRPK1, it was phosphorylated at a minimal extent as compared
to native LBR [20].

Taken together, our results suggest that the 3'RSRSPGR®” peptide
of LBR (turkey nomenclature), extending downstream the RS repeats,
may serve as a docking region to SRPK1, being thus necessary for
phosphorylation of its RS repeats. In line with this idea, an RS-
containing peptide of turkey LBR (R1: KQRKSQSSSSSPSRRSRSRS)
lacking the proposed docking motif, could not be phosphorylated by
SRPK1, while a significantly shorter peptide (R2: SRSRSRSPGRPAK)
comprising this region, was phosphorylated to a similar extend as
wt-LBR [20].

Interestingly, the docking motif we propose in this study overlaps
with the RS dipeptides of LBR, suggesting that the RS repeats are also
necessary for the recognition of LBR by SRPK1. Previous data support
this suggestion as binding experiments of the purified LBR kinase
from turkey erythrocytes to LBR showed that the kinase was able to
associate with GST-LBRNt (aa: 1-205), whereas no binding was ob-
served when a similar construct lacking the five RS dipeptides (GST-
LBRNtARS) was used instead [19]. Even though in subsequent studies,
LBR kinase was shown to be SRPK1 [20,43-45], we repeated the bind-
ing experiments using an anti-SRPK1 specific monoclonal antibody, to
further test the ability of SRPK1 to bind LBR in the absence of its RS
repeats. As shown in Fig. 6, SRPK1 binds to LBRNt with significant af-
finity but fails to associate with LBRNtARS, indicating that the RS re-
peats are important for the binding of LBR by SRPK1. Interestingly,
part of the RS1 region of ASF/SF2 destined to be phosphorylated has
also been shown to serve as a docking site for SRPK1 before initiation
of the phosphorylation reaction [13], implying that the RS repeats of
ASF/SF2 are also part of its docking motif. Taken together these obser-
vations suggest for the first time that the RS repeats apart from phos-
phorylation sites may constitute integral part of docking motifs for
SRPK1.

Our data so far, in conjunction with prior knowledge allow as to
propose that the RSRSPGR peptide of LBR constitutes a docking
motif for SRPK1 and that the kinase uses the same, distal to the active
site, acidic docking groove to recognize it, as its other substrates.
Binding of this motif may subsequently induce an unfolding of the
RS repeats destined to be phosphorylated. However, due to the
short length of the RS domain and its overlapping with the docking
site, SRPK1 must use for LBR a different substrate feeding mechanism
than the one proposed for the phosphorylation of ASF/SF2 [[11] and
references therein].

3.3. Phosphorylation of serine residues of the RS repeats induces the for-
mation of Arg-claw-like structures

Using all-atom MD simulations, it has been previously shown that
upon serine phosphorylation, the stretch of eight RS repeats ((RSP)g),
corresponding to the RS1 domain of ASF/SF2, is able to adopt com-
pact, Arg-claw-like conformations proposed to be involved in the rec-
ognition, binding and transport of the ASF/SF2 protein [15]. This
structure was formed by the guanidinium groups of some of the
eight arginine residues, which surround the phosphate moiety of
one of the phosphoserines.

To investigate whether the significantly shorter RS domain of LBR
exhibits similar conformations upon phosphorylation by SRPK1, we car-
ried out an additional implicit molecular dynamics simulation with all
four serine residues of (RS)4 phosphorylated (hereafter referred to as
(RSP)4). The four RS dipeptides corresponding to the RS domain of
human LBR were preferred over the five RS dipeptides of the chicken
orthologue, to rule out the effect of the RS-repeat length in Arg-claw for-
mation. Again a 200 ns simulation with implicit GB solvation was un-
dertaken. Because our data so far suggest an unfolding of the RS
dipeptides prior to their phosphorylation, we used a fully extended con-
formation of the peptide, as the initial structure. As indicated by the sec-
ondary structure analysis of the 200ns trajectory, unlike the
unphosphorylated peptide, the phopsphopeptide does not show any
propensity for helical conformations (Fig. 7A, upper panel). Instead,
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Fig. 5. Contact-dependent secondary structure propensities. CSSP2 (dual networks) profiles [42] of the RS domain of the (A) turkey LBR and (B) human ASF/SF2 proteins. The (i, i+
4) and > (i, i+ 4) denote profiles based on short- and long-range interactions, respectively. Red, blue and green colors are used for a-helix, extended (p-strand) and random coil,
respectively. Consecutive RS dipeptides are grey shaded. The sequences corresponding to the LBR R2’ peptide, used in this study, and to a 10-mer substrate peptide of ASF/SF2, the
structure of which bound to SRPK1 has been determined by X-ray crystallography [13], are underlined. Secondary structure propensities are colored as indicated in the bottom of
the figure. The profiles show some inherent propensity for a-helix for consecutive RS dipeptides with a potential to undergo conformational changes in different environments,
whereas an unstructured conformation is predicted for the proposed docking motif region of LBR (indicated by a black bar above the sequence) in all environments.
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Fig. 6. Association of SRPK1 with LBR. SDS-PAGE analysis and Coomassie Blue staining of
GST, GST-LBRNt and GST-LBRNtARS (left panel). GST pull-down assays show that SRPK1
binds to LBRNt but fails to bind to LBRNtARS that lacks the five RS dipeptides (right panel).

the conformation of the most populated cluster within the last 50 ns
(Fig. 7B, left) revealed the formation of an Arg-claw structure, similar
to the one found in the case of the significantly longer (RSP)g peptide
[15]: The guanidinium groups of all four arginine residues are hydrogen
bonded to the phosphate group of one phosphoserine (S2P 8).

To test the accuracy of the implicit MD simulation, the Arg-claw
conformation was used as the initial structure for an additional
50 ns long MD simulation, but in explicit water. A periodic cubic
box filled with 512 TIP3P water molecules was used, for this purpose.
The backbone conformation of the peptide remained practically

unchanged along the 50 ns trajectory, as shown by the secondary
structure analysis (Fig. 7A, lower panel) and by the small rmsd of
the backbone atoms from their initial positions (mean rmsd equals
to 0.6 A) (Supplementary Fig. S2). Although the number of guanidi-
nium groups around S2P 8 was reduced by one compared to the start-
ing conformation, the compact clawed structure persisted after the
50 ns simulation (Fig. 7B, right) indicating that the Arg-claw structure
is very stable. This configuration, allows the phosphate groups of the
remaining three phosphoserines to protrude outward from the pep-
tide backbone, pointing into solution (Fig. 7B), probably thus serving
as recognition sites, as proposed for the ASF/SF2 protein [15].

Our MD simulation data on the phosphorylated (RSP), peptide
adding to similar results obtained for the significantly longer (RSP)s
peptide [15] suggest that the propensity to form Arg-claw structures
may be a general property of phosphorylated RS repeats, irrespective
of the number of consecutive RS dipeptides.

The phosphorylation-induced formation of Arg-claw configura-
tions and the exposure of the phosphate groups of the phosphoser-
ines to the periphery may widen the association repertoire of LBR,
including also partners rich in basic residues.

3.4. Phosphorylation of the RS domain of LBR protein regulates its associ-
ation with histone H3

In a previous work we demonstrated that the core histones H3 and
H4 could associate with the N-terminal domain of LBR and that this
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case of the significantly longer peptide, (RSP)g [15].
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Fig. 8. Interaction of LBR with histone H3. A) Pull-down assays show that H3 binds to
bacterially produced GST-LBRNt but fails to bind to GST-LBRNt treated with RNAse
prior to the binding assay (denoted by an asterisk). B) Phosphorylation of GST-LBRNt
(pretreated with RNAse) restores the binding of H3 (lane 5). GST, GST-LBRNt and
GST-LBRNt treated only with RNAse were included as controls (lanes 2, 3 and 4, respec-
tively). Bound H3 was detected by Coomassie Blue staining.

association was not affected when nuclear envelope extracts or the
purified recombinant protein (GST-LBRNt) were pre-digested with
DNAse I, indicating that DNA was not involved in these interactions
[46]. At first site this binding is “out of the ordinary” from a structural
point of view, since both histones and LBRNt have a high positive
charge (pI>10). In light of our new data, we investigated the role
of phosphorylation of LBRNt in this association. To this end, we first
repeated the binding assays but this time using GST-LBRNt depleted
of the associated bacterial RNA molecules following RNAse treatment.
This experiment was performed in order to rule out the role of RNA in
this particular interaction. As shown in Fig. 8, RNA digestion of GST-
LBRNt preparations (denoted with an asterisk in Fig. 8A) totally abol-
ished the binding of H3 to the recombinant protein (Fig. 8A and B, lane
4). However, subsequent phosphorylation of GST-LBRNt by GST-SRPK1
significantly promoted the association of histone H3 with GST-LBRNt
(Fig. 8B, lane 5). Our data indicate that the core histone H3 does not
bind directly to the unmodified LBR, and the previously observed bind-
ing [46] was mediated by bacterial non sequence-specific RNA mole-
cules bound to LBR. The H3/LBR association is possible only upon
phosphorylation of the RS repeats of LBR, probably due to the formation
of recognition elements induced by Arg-claw-like structures, with the
phosphogroups protruding to the solvent and being available for recog-
nition by the basic residues of the H3 tail.

4. Conclusions

In this study, we used a combination of molecular dynamics sim-
ulations and biochemical approaches to shed light into the phosphor-
ylation of the RS domain of lamin b receptor by SRPK1.

From the methodology point of view, we found that, among the
force fields tested only the Amber99SB force field was able to produce
reliable MD results. Our MD simulations revealed that the unpho-
sphorylated RS repeats of LBR follow flexible structures consisting of
short, transient helical elements including only two consecutive RS
dipeptides at the time. On the other hand, our MD simulations on
the phosphorylated (RSP), peptide showed that serine phosphoryla-
tion of the RS repeats induces the formation of an Arg-claw-like struc-
ture, exposing phosphate groups to the periphery, very much alike
the one found in the case of the phosphorylated RS domain of ASF/
SF2 [15]. Thus, the tendency to form Arg-claw-like structures, serving
as molecular recognition elements that mediate the interactions of
RS-repeat containing proteins with basic biological partners such as
histone H3, may be a general property of phosphorylated RS repeats,
irrespective of their length.

Furthermore, we provide evidence that the highly conserved in all
LBRs RSRSPGR peptide, overlapping with the RS repeats, may constitute

a docking motif for SRPK1. A role of this docking interaction in the
unfolding of the RS repeats destined to be phosphorylated is suggested
by our MD simulations. We propose that SRPK1 uses the same, distal to
the active site, acidic docking groove to recognize the suggested basic
docking motif of LBR, as its other substrates. However, because of the
short length of the RS repeats of LBR and their partial overlapping
with the proposed docking motif, SRPK1 must use for LBR a different
substrate feeding mechanism than the one proposed for the phosphor-
ylation of proteins with long RS domains [11].
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