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ABSTRACT

A key role of chromatin kinases is to phospho-
rylate histone tails during mitosis to spatiotempo-
rally regulate cell division. Vaccinia-related kinase 1
(VRK1) is a serine—-threonine kinase that phospho-
rylates histone H3 threonine 3 (H3T3) along with
other chromatin-based targets. While structural stud-
ies have defined how several classes of histone-
modifying enzymes bind to and function on nucle-
osomes, the mechanism of chromatin engagement
by kinases is largely unclear. Here, we paired cryo-
electron microscopy with biochemical and cellular
assays to demonstrate that VRK1 interacts with both
linker DNA and the nucleosome acidic patch to phos-
phorylate H3T3. Acidic patch binding by VRK1 is me-
diated by an arginine-rich flexible C-terminal tail. Ho-
mozygous missense and nonsense mutations of this
acidic patch recognition motif in VRK1 are causative
in rare adult-onset distal spinal muscular atrophy.
We show that these VRK1 mutations interfere with
nucleosome acidic patch binding, leading to mislo-
calization of VRK1 during mitosis, thus providing a
potential new molecular mechanism for pathogene-
sis.

INTRODUCTION

Histone phosphorylation is a robust signaling platform that
coordinates recruitment (1-3) or exclusion of downstream
local chromatin regulators (4), alters the structure of in-

dividual nucleosomes (5,6), and facilitates chromatin con-
densation and decondensation during mitosis (7,8). Four
residues of histone H3 (T3, S10, T11 and S28) are phos-
phorylated in a spatiotemporally coordinated fashion to
regulate mitotic cell division (9-14). Vaccinia-related ki-
nase 1 (VRK1) and haspin are the two known H3T3 ki-
nases that contribute to global levels of phosphorylated
H3T3 (H3T3ph). Haspin is thought to be the primary hi-
stone H3T3 kinase and haspin depletion leads to inappro-
priate alignment of chromosomes at the metaphase plate
(15). VRKI1 is a secondary H3T3 kinase, as VRK1 knock-
down results in a significant loss of H3T3 phosphorylation,
albeit to a lesser degree than depletion of the haspin kinase.
Histone H3T3ph recruits the Aurora B kinase through di-
rect recognition by survivin, an Aurora B adaptor protein,
and stimulates Aurora B activity 8-fold (1,16). Phosphory-
lation of haspin by the Aurora B kinase is required for op-
timal activity of haspin towards H3T3 (17) and transcript
levels of survivin are regulated by VRK1 (18). Thus, VRK1
may operate upstream of haspin in mitosis to phosphory-
late H3T3 and trigger the feedback mechanism between the
Aurora B kinase and haspin. Furthermore, the Aurora B ki-
nase and VRKI1 inhibit one another (19), indicating a del-
icately balanced network of self-regulation amongst chro-
matin kinases.

In addition to phosphorylation of H3T3, VRK1 has been
shown to phosphorylate other histone residues, including
H2AT120 (20), implicated in gene regulation, H3S10 (21)
during mitosis, and H2A.XS139 (22), a key initiating event
of the DNA damage response. Moreover, VRK1 phos-
phorylates transcription factors, including p53 (23), c-Jun
(24) and ATF2 (25), as well as the DNA damage response
protein 53BP1 (26) and the nuclear envelope component
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protein BAF (27). These activities underscore diverse roles
for VRK1 in regulating transcription, nuclear structure, the
cell cycle and the DNA damage response.

VRKI1 is often overexpressed (28-31) but rarely mutated
in human cancer (32). VRKI1 overexpression is correlated
with poor prognosis in breast cancer (33,34) and glioma
(35). Interestingly, a variety of mutations in the VRK1 gene
have been found in patients with developmental and degen-
erative motor neuron disorders including adult-onset dis-
tal spinal muscular atrophy (ASMA) (36-39), spinal muscu-
lar atrophy with pontocerebellar hypoplasia (SMA-PCH)
(40) and amyotrophic lateral sclerosis (ALS) (36,41). These
rare disorders are characterized by a loss of motor neurons
in the spinal cord, leading to progressive muscular atro-
phy. VRK1 mutations in patients with motor neuron dis-
orders have been found within the kinase domain (36,42),
the nuclear localization sequence (43), at intron—exon splice
junctions (44), and within the flexible C-terminal tail (37—
39). The diversity of mutation sites within VRK1 suggests
that insufficient protein levels, misfolding, mislocalization,
or perturbations in catalytic activity can each contribute to
neurodevelopmental diseases in humans.

Despite a wealth of information about the identity
of VRKI1 nuclear targets, little is known about how
VRKI1 engages these substrates, especially the nucleosome.
Nucleosome-bound structures of many histone-modifying
enzymes have been reported, for example structures con-
taining histone methyltransferases and demethylases (45—
52), histone acetyltransferases and deacetylases (53,54), and
histone ubiquitylation and deubiquitylation machineries
(55-57). Collectively, these structures reveal that chromatin
enzymes engage nucleosomes through multivalent recogni-
tion of multiple nucleosomal surfaces. This orients the en-
zymes on the nucleosome surface to specify nucleosome-
directed enzymatic activity. Despite a recent surge in struc-
tures of histone modifying enzyme-nucleosome complexes,
little information exists to describe the molecular mecha-
nisms governing nucleosome recognition by kinases.

Here, we use biochemistry, structural biology, and cell bi-
ology to define how VRKI1 engages its nucleosomal sub-
strate. VRK1 binds the nucleosome through two major
interfaces, the nucleosome acidic patch and nucleosome-
wrapped or extranucleosomal linker DNA. We identified an
alternating arginine motif in the C-terminal tail of VRK1
that mediates acidic patch binding and used cryo-electron
microscopy (cryo-EM) to solve a structure of this sequence
in complex with the nucleosome. Mutation of the alter-
nating arginine motif disrupts nucleosome binding and
phosphorylation and prevents mitotic chromatin localiza-
tion. Case reports have described homozygous mutations of
VRKI1 that truncate or mutate the VRK1 acidic patch bind-
ing motif, which are causative in adult-onset distal spinal
muscular atrophy. We demonstrate that these mutations
disrupt VRK1 chromatin localization, providing a likely
molecular mechanism for this pathology.

MATERIALS AND METHODS
Preparation of nucleosomes

Consensus sequences for human histones H2A, H2B and
H3.2 and Xenopus histone H4 were cloned into pST50

expression vectors, expressed in BL21(DE3)pLysS Es-
cherichia coli, purified from inclusion bodies and reconsti-
tuted into H2A-H2B dimers or H3—H4 tetramers exactly
as previously described (58). Histone H3 was purified from
inclusion bodies, solubilized in 7 M guanidine and puri-
fied by size exclusion chromatography (Sephacryl S300, GE
Healthcare) followed by Source S cation exchange chro-
matography as previously reported (59). After purification,
the histone was lyophilized and resuspended in water with
I mM DTT. Plasmids containing repeats of widom 601 se-
quences (60) were gifts from Song Tan (61). Plasmids were
amplified in HB101 E. coli and purified by alkaline lysis.
Nucleosomal DNA fragments were excised from plasmid
DNA using EcoRV and purified by anion exchange chro-
matography with a Source Q resin (GE Healthcare). Nucle-
osomes and tetrasomes were prepared by salt gradient dial-
ysis as previously described (45,58,59). FLAG-tagged his-
tone H2A-H2B dimers were prepared by coexpression and
PEI precipitation followed by cation exchange chromatog-
raphy using a Source S resin (GE Healthcare) as previously
described (58).

Preparation of BL21(DE3)pLysS-Lambda phosphatase

VRKI1 was expressed in BL21(DE3)pLys E. coli also ex-
pressing Lambda phosphatase to minimize toxicity due to
exogenous kinase activity. BL21(DE3)pLysS cells were first
transformed with a plasmid encoding the Lambda phos-
phatase acquired as a gift from John Chodera, Nicholas
Levinson and Markus Seeliger (Addgene plasmid #79748)
and plated under spectinomycin and chloramphenicol se-
lection. Competent cells were prepared as follows. Cultures
were inoculated with 5-10 colonies and grown at 37°C
at 200 rpm in 2XTY media supplemented with 10 mM
MgCl,,10 mM MgSO4 and 2.5 mM KCI. Once cultures
reached an ODg of 0.4-0.8, culture flasks were cooled on
ice for 10 min and then pelleted at 800 x g at 4°C for 7 min.
Cells were then gently resuspended in transformation buffer
(10 mM PIPES, 250 mM KClI, 15 mM CaCl,) prechilled on
ice and DMSO was added to a final concentration of 13%.
Cells were incubated for 10 min and then flash-frozen and
stored at —80°C.

Expression and purification of proteins

Wild-type and mutant VRK proteins were expressed with
dual N-terminal Strep-Tag II and 10xHis affinity tags us-
ing pST50 expression vectors (62). Constructs were trans-
formed into BL21(DE3)pLysS/Lambda phosphatase com-
petent cells under spectinomycin, chloramphenicol, and
ampicillin selection. Protein expression was induced with
0.2 mM IPTG (UBP Bio) when cultures reached an ODg
of ~0.6 and cells were harvested after 16-18 h induction
at 18°C. Harvested cells were resuspended in sodium phos-
phate buffer (50 mM NaHPO,, pH 7.0, 300 mM NacCl,
5 mM 2-mercaptoethanol) and flash-frozen. Thawed cells
were sonicated using a Branson Digital 450 Sonifier (Bran-
son Ultrasonics) by six rounds of 14 pulses, 50% amplitude,
0.5 s on, 0.5 s off, on ice. Cleared cell lysate was applied to
Talon resin (Takara) on an AKTA Start (GE Healthcare),
resin was washed in phosphate buffer containing 20 mM im-
idazole, and protein was eluted with phosphate buffer con-



taining 200 mM imidazole. Following Talon purification,
N-terminal Strep-Tag I and 10xHis were cleaved by the ad-
dition of 1:100 molar equivalents of TEV protease. Protease
cleavage was allowed to proceed overnight at room tem-
perature during dialysis into H200 buffer (10 mM HEPES,
pH 7.5, 200 mM NaCl,10 mM 2-mercaptoethanol). Protein
was then diluted to a final salt concentration of 100 mM
NaCl and further purified by cation exchange chromatog-
raphy using a Source S resin (GE Healthcare), eluting over
a salt gradient of 100-500 mM NaCl using an AKTA Pure
25M HPLC system (GE Healthcare). For some VRK1 mu-
tants, a truncated band was observed by SDS-PAGE that
could be removed using longer purification gradients. Fol-
lowing cation exchange chromatography, VRK1 was con-
centrated by centrifuge ultrafiltration (Vivaspin 20, 30 kD
MWCO, Sartorius) and stored at —80°C after the addition
of 20% glycerol. LANA peptides including residues 1-23 N-
terminally tagged with AviTag-GST-6XHis were expressed
in BL21(DE3) for 3 h at 37°C and purified as previously
described (45).

The pET15B-BAF plasmid was acquired as a gift from
Robert Craigie (Addgene plasmid #104152) and trans-
formed into BL21(DE3) for expression. The BAF protein
was expressed for 3 h at 37°C and cells were harvested and
resuspended in T100 buffer (20 mM Tris—Cl, pH 8.0, 100
mM NaCl, 0.5 mM EDTA, 1 mM benzamidine, 10 mM 2-
mercaptoethanol) prior to flash-freezing. After thawing at
30°C, cells were lysed on ice by four rounds of sonication
at 70% amplitude, 10 x 0.5 s on, 0.5 s off. After sonication,
all BAF protein was found in the pellet and washed once
in Triton buffer (20 mM Tris—Cl, pH 8.0, 0.5 mM EDTA,
100 mM NaCl, 10 mM 2-mercaptoethanol, 1 mM benza-
midine, 1% Triton X-100). The washed pellet was stored at
-20°C. After thawing, the pellet was extracted with 1 mL
DMSO and resuspended in phosphate buffer supplemented
with 6 M guanidine (Gn-HCI) and purified by reversed-
phase chromatography using a gradient of 40-80% acetoni-
trile on a 218P 10 pm CI18 column (Vydac, Avantor) on
a PrepLC 2000 Preparatory HPLC System (Waters). Puri-
fied BAF was flash-frozen, lyophilized and stored at —20°C.
Lyophilized protein was resuspended in 20 mM HEPES,
150 mM NaCl, 6 M Gn-HCI, 1| mM DTT and refolding
was attempted by both flash dilution into refolding buffer
(100 mM potassium phosphate, pH 6.5, 5 mM EDTA, 200
mM NaCl, | mM DTT) and dialysis into 1 1 of refolding
buffer. Both methods yielded some soluble protein, which
was pooled for use in kinase assays.

Pulldowns

For all FLAG-nucleosome pulldowns, 20 g FLAG-tagged
recombinant nucleosomes were immobilized as bait on 20
wl Anti-FLAG M2 Magnetic beads slurry (Sigma) in BB75
buffer (20 mM HEPES, pH 7.5, 75 mM NacCl, 0.1 mM
EDTA, 10% glycerol, 0.1% IGEPAL CA-630 (Sigma), 1
mM DTT). Wild-type or mutant VRK1 was added to a fi-
nal concentration of 0.5-1 uM in a final volume of 100—
125 wl BB75 and incubated with bait nucleosomes for 1 h
at 4°C with rotation. Beads were rinsed twice with BB75 and
then washed with BB75 for 30 min at 4°C with rotation. Af-
ter washing, beads were transferred to a fresh tube for elu-
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tion with 0.2 mg/ml 3X FLAG peptide (50 mM HEPES,
pH 7.5, 150 mM Nacl) for 30 min on a shaking platform at
1000 rpm at 4°C. Competition pulldowns were performed in
the presence of 10 wM AviTag-GST-HIS-tagged LANA (1-
23) or AviTag-GST-HIS-tagged LANA (1-23, L8A, R9A,
S10A) during the VRK1 binding phase and washed and
eluted as in other pulldowns.

Kinase assays

Kinase assays were performed using recombinant VRK1
and recombinant nucleosomes in 1 x Kinase Buffer (20 mM
Tris—Cl, pH 7.5, 50 mM KCI, 1 mM MnCl,, 1 mM DTT,
100 .M ATP pH 7.0). Unless otherwise stated, substrate
nucleosomes were added to a concentration of 2.5 pM and
VRKI1 was added to a concentration of 0.75 wM. Reactions
were conducted at 30°C for 30 min and quenched with the
addition of 1 pl 0.5M EGTA. Samples were centrifuged at
13.3 krpm for 5 min and added 1:1 to SDS gel loading buffer
for analysis by immunoblotting as described below.

For P-32 kinase assays, BAF protein (0.5 wM) and wild-
type or mutant VRK1 kinase (50 nM) were combined in ki-
nase reaction buffer (20 mM Tris—Cl, pH 7.5, 50 mM KCl,
1 mM MnCl,, | mM DTT supplemented with 10 uCi y-
32p ATP (Perkin Elmer) and incubated at 30°C for 1 h. As-
say samples were resolved on an 18% polyacrylamide gel
and silver stained (Thermo). The stained gel was dried un-
der a vacuum at 80°C and exposed to a blanked phosphor-
screen overnight. The phosphor-screen was imaged on a Ty-
phoon FLA 9500 instrument at 635 nm using the IP filter
(GE Healthcare).

Electrophoretic mobility shift assay

Samples of varying concentrations of VRKI1 and 1 uM
20N20 nucleosome were prepared in gel shift buffer (20 mM
Tris—Cl, pH 7.5, 1 mM EDTA, 50 mM NaCl, ] mM DTT)
and incubated for 30 min at room temperature. Samples
were supplemented with 5% sucrose for gel loading and run
on a 10% Native gel in 0.5X TBE, 100 V for 80 min with an
ice pack.

Immunoblotting

Samples were separated on 4-20% precast TGX gels (Bio-
Rad). Following electrophoresis, gels were soaked in Tow-
bin transfer buffer (25 mM Tris—Cl, pH 8.3, 193 mM
glycine, 20% MeOH, 0.025% SDS) for 10 minutes prior to
blotting. Proteins were transferred to methanol-activated
PVDF membranes using the Bio-Rad Mini Trans-Blot Cell
(BioRad) or Criterion Blotter (BioRad) at 350 mA for
60 min or 300 mA for 80 min, respectively. Membranes
were soaked in methanol, dried, cut to size, reactivated in
methanol, and washed three times for 5 min in 1 x TBS with
rotation. Membranes were blocked with TBS with 5% milk
for 1 h at room temperature with rotation. Blocked mem-
branes were washed three times with TBS-T and then incu-
bated with primary antibodies diluted in 1 x TBS-T with 5%
milk. Following incubation for 2 h at room temperature or
overnight at 4°C, membranes were washed three times with
TBS-T and then incubated for 1 h at room temperature with
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a secondary antibody (LICOR). After incubation with sec-
ondary antibody, membranes were washed three times with
TBS-T and three times with TBS. Imaging of Western blots
with LICOR secondary antibodies was conducted using the
LICOR Odyssey Imaging System and Image Studio soft-
ware.

Primary antibodies used included: polyclonal anti-GFP
(1:2000, Millipore, G1544), polyclonal alpha tubulin (1:250,
Abcam, ab4074), monoclonal histone H3 (1:1000, Cell Sig-
naling Technologies, 3638), monoclonal VRKI1 (1:2000,
R&D Biosciences, MAB5835), polyclonal VRK1 (1:1000,
Abclonal, A7745), and monoclonal anti-phospho-Histone
H3 (Thr3) clone JY325 (1:1000, Millipore, 04-746). Sec-
ondary antibodies used included: IRDye 800CW Goat anti-
Rabbit IgG Secondary antibody (LI-COR) and IRDye
680RD Goat anti-Mouse IgG Secondary antibody (LI-
COR).

Fluorescence quenching nucleosome binding assays

Site-specifically labeled nucleosomes for fluorescence
quenching assays were prepared as previously described
(63). Briefly, histone dimers containing H2AL65C muta-
tions were incubated with two molar equivalents of Alexa
Fluor 488 C5-Maleimide (Invitrogen) in labeling buffer (20
mM Tris—Cl, pH 7.5, 25 mM NaCl, 7 M guanidine hy-
drochloride, 0.2 mM TCEP) at 4°C, with rotation, for 2 h.
A second two molar equivalents of fluorophore were added
and the reaction was allowed to proceed for an additional
2 h. Labeled histones were assembled into nucleosomes
as described above. Fluorescence quenching HIFT assays
were performed essentially as previously described (63).
VRKI samples were diluted in 20 mM Tris—Cl, pH 7.0, 75
mM NaCl, 5mM DTT, 5% glycerol, 0.01% NP40, 0.01%
CHAPS, 100 pg/ml BSA to concentrations of 50, 32, 16,
8,4,2,1,1,0.5, 0.25,0.125, 0.062, 0.031 and 0.016 pM.
Identical buffer was used to dilute the labelled nucleosome
to a concentration of 20 nM. 20 ul of VRKI1 of each
dilution was added to 20 pl of labelled nucleosome in
triplicate in a LBS coated OptiPlate-384 (Perkin Elmer),
with centrifugation for 1 min at 1000 rpm, mixing with a
plate shaker and centrifugation. Plates were scanned with a
EnVision 2103 Multilabel Plate Reader (Perkin Elmer, 485
nm excitation, 535 nm emission). Fluorescence intensity
data was fit using a two-state binding model with ProFit7.
Initial fitting showed Hill coefficients close to 1, suggesting
lack of cooperativity. As a result, all data were fit with the
Hill coefficient fixed at 1.

Cryo-electron microscopy and data analysis

Samples for cryo-EM grid preparation were prepared as
discussed above for pulldowns with minor changes. VRK1
was pulled down with 150 pg nucleosome and eluted in
175 pl elution buffer containing 0.2 mg/ml 3x FLAG pep-
tide at 4°C on a rotator. Subsequently, the complex was
concentrated to 0.32 mg/ml (uncrosslinked sample) or 0.22
mg/ml (crosslinked sample). For the crosslinked sample,
glutaraldehyde (Sigma-Aldrich) was added to 0.1% and the
sample was incubated for 5 minutes at room temperature.
To quench the crosslinking reaction, Tris—Cl at pH 7.5 was

added to a final concentration of 20 mM and the sample
was incubated for an additional 15 min at room temper-
ature. Cryo-EM grids were prepared on a Vitrobot Mark
IV (Thermo Fisher Scientific) set to 4°C and 100% humid-
ity. A Tergeo EM plasma cleaner was used to plasma clean
Quantifoil R1.2/1.3 copper 300 mesh grids for 60 s, after
which 3 ul of sample was applied directly to the grids, blot-
ted for 4 s with a —10 blot force, and plunge frozen into
a 40/60% ethane/propane mixture. Grids were imaged on
a Thermo Fisher Scientific 200kV TEM Talos Arctica G3
equipped with a Gatan K3 direct electron detector using Se-
rialEM with a multi-shot record of a 3 x 3 (uncrosslinked)
or 5 x 5(crosslinked) regular pattern. Movies were collected
in counting mode at 45 000 x nominal magnification, cor-
responding to a pixel size of 0.91 A, with a defocus range
of —0.5 to —3.0 wm, a dose rate of 14.7 (uncrosslinked) or
14.4 (crosslinked) e-/pixel/second for 60 frames, and a to-
tal dose of 54 (uncrosslinked) or 52 (crosslinked) e /A%. A
total of 3072 (uncrosslinked) or 8000 (crosslinked) movies
were collected for each sample. Movies were imported into
RELION-3.1-beta in optics groupings corresponding to the
beam-image shifts used for data collection and the RE-
LION implementation of MotionCor2 was used for whole-
frame motion correction. CTF estimation was carried out
with CTFFIND-4.1, and only micrographs with an esti-
mated resolution under 5 A were included in subsequent
analyses. Particles were picked using either or both of the
RELION Laplacian-of-Gaussian and template-based pick-
ing methods, after which iterative rounds of 2D and 3D clas-
sification resulted in a final set of 53 704 (uncrosslinked) or
460 962 (crosslinked) particles. Following Bayesian parti-
cle polishing and CTF refinement, final reconstructions re-
solved to 4.1 A (uncrosslinked) and 3.0 A (crosslinked).

Four amino acid sequences representing all eight regis-
ter and orientation combinations were modeled into the
crosslinked cryo-EM map as described in the Supplemen-
tary Methods section. Models were refined by iterative
model building in Coot (64) and real-space refinement in
Phenix (65). Per residue model to map correlation coeffi-
cients were calculated using MolProbity in Phenix.

Molecular dynamics simulations

Initial models for eight candidate peptides were generated
de novo using the cryo-EM map as discussed above and in
the Supplementary Methods. All candidate peptides were
extended to 7 residues to assess contributions from amino
acids not visualized in the cryo-EM map. Models were sim-
plified to include the L-chain of the VRK 1 peptides and one
H2A-H2B dimer and aligned to corresponding structures
of the full nucleosome core particle (PDB ID: 1KX5) (66).
The unstructured H2A-H2B tail regions were removed,
which allowed for a reduction in simulation box size while
maintaining the main globular histone-fold region of the
dimer [H2A (16-108), H2B (32-121)]. VMD 1.94 (67) Au-
toPSF was used to recreate the side chains from the back-
bone of the VRK1 model fragments, as well as allow for
visual inspection of the newly reconstructed VRKI1 frag-
ments.

Simulations were conducted utilizing GROMACS 2020.2
(Lindahl, Abraham, Hess and van der Spoel (2020)



GROMACS 2020.2 Source code. 10.5281/zenodo.3773801)
(68,69) with CHARMM 27 forcefield (70). Steepest descent
minimization was calculated under vacuum until maximum
force was less than 500 kJ/(mol*nm). GROMACS solvate
was used to create a 10 nm in each direction dodecahe-
dron box of TIP3P water molecules (71), and subsequently,
GROMACS genion was used to neutralize and add 0.15
M KCI to the solvent. Steepest descent minimization was
calculated with solvent until maximum force less than 500
kJ/(mol*nm). Molecular dynamic simulations utilized 2 fs
time steps, verlet integrator, long range electrostatics by Par-
ticle Mesh Ewald (72), short range electrostatic and Van
der Waals cutoffs of 1.0 nm and 1.2 nm, and a neighbor
list cutoff of 1.0 nm. The system was heated slowly from 0
K to 300 K for 500 000 steps at a rate of 0.310 K per 500
steps by applying velocity rescaling of all particles to reach
each desired temperature (73). The system was then equili-
brated for 1 ws with a canonical (NVT) ensemble, in which
the number of atoms, volume, and temperature were held
constant. The simulations utilized the Berendsen pressure
coupling. The system was then equilibrated for 2 ps with
an isothermal-isobaric (NPT) ensemble, in which the num-
ber of atoms, pressure, and temperature were held constant.
The MD production runs were simulated in triplicate for 5
s in 1 ws segments.

Interaction energies were calculated using GROMACS.
First, the water and ions were removed. Then, the frames
were aligned using all H2A-H2B Ca atoms. Both the short
range Coulombic and Lennard-Jones interaction energies
of each individual amino acid of the VRK fragments were
calculated in comparison to the H2A-H2B dimer.

Tissue culture

HAP1 cells (Horizon Discovery) were cultured in IMDM
(Gibco) supplemented with 10% FBS (Seradigm) in stan-
dard conditions at 37°C, 5% CO,. 293T cells were cul-
tured in DMEM (Gibco) supplemented with 10% FBS
(Seradigm) in standard conditions at 37°C, 5% CO,.

Preparation of HAP1 cells stably expressing VRK1 and mu-
tants

Lentiviruses bearing VRK1 and VRK1 mutants were pre-
pared in 293T-X cells using second generation packaging
vector psPAX2, pMD2.G envelope plasmid and the nLV
Dual Promoter EF-1a-MCS-PGK-Puro gene delivery con-
struct using described protocols (74). HAP1AVRK1 (Hori-
zon Discovery) were infected with lentiviruses bearing con-
structs of interest and selected 3 days post-infection with 2
pg/ml puromycin.

Live-cell fluorescence imaging of mitotic cells

HAP1 transduced with eGFP-VRKI1 constructs were
seeded at a density of 80 000 cells/well in glass dishes (1.5
H-N, CellVis) coated with 2.5 pg/ml fibronectin. After 16
h, cells were stained with 1 wg/ml Hoechst 33342 (Thermo)
for 5 min, rinsed twice gently with DPBS, and incubated in
pre-warmed Fluorobrite DMEM media, 10% FBS, 1x glu-
tamine for imaging.
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Imaging was performed using a Nikon Ti Eclipse inverted
widefield microscope with a Plan-Apochromat dry objec-
tive lens 40x (NA 0.95). Images were captured using an An-
dor Zyla 4.2 sCMOS detector (12 bit) and NIS-Elements
AR software. Fluorescence filter sets were from Chroma:
Hoechst — 395/25; 425; 460/50 nm (excitation; beam split-
ter; emission filter), GFP — 470/40; 495; 525/50 nm. Aut-
ofocus was provided by the Nikon Perfect Focus System
(PFS) and a live-cell imaging enclosure (Okolabs) was used
to maintain constant temperature (37°C) and a humidified
atmosphere (5% CO,).

Image analysis was performed using Python 3.7.10 with
Numpy (1.20.3), Pandas (1.3.3) and Matplotlib (3.4.3) li-
braries. Characterization of VRK 1 mitotic localization was
based on two independent imaging experiments. Images
were acquired automatically in random positions on a plate,
pooled together and their order was mixed to allow for blind
selection of cells for the analysis. Cells in metaphase were se-
lected manually, based on the distribution of the Hoechst
signal. The position of the metaphase plate (two ending
points) in each selected cell was defined manually. Based on
the defined metaphase plate orientation, the Hoechst and
VRKI1 signals were quantified along a 30 pixel (~4.8 pm)
wide line perpendicular to the metaphase plate. Traces from
individual cells were included in the analysis if they showed
a high contrast in Hoechst signal (narrow metaphase plate)
and above the threshold VRK1 signal.

Chromatin fractionation

Fractionation was performed as previously described (75).
Briefly, 15 cm dishes of HEK293T were transfected with 25
pg of plasmid and media was changed 16-20 hours post-
transfection. Cells were harvested 48 hours after transfec-
tion and snap-frozen. Cells were thawed on ice for 10 min-
utes and resuspended in 1 mL of hypotonic buffer (10 mM
HEPES, pH 7.9, 1.5 mM MgCl,, 10 mM KCI, 0.1 mM
PMSEF, 0.5 mM DTT) with a wide-bore tip. Cells were lysed
by incubation on ice for 30 minutes and manual Dounce
homogenization with 40 strokes on ice using a 2 mL tis-
sue grinder (Kimble) and SC pestle. Following manual ho-
mogenization, the nuclear fraction was separated by cen-
trifugation at 1500 x g for 5 min at 4°C. After decant-
ing the cytosolic fraction, nuclei were resuspended in ice-
cold Buffer III.A (10 mM Tris—Cl, pH 7.4, 2 mM MgCl,,
0.1 mM PMSF, 5 mM CaCl,) by gentle pipetting with a
wide-bore tip. Chromatin was digested using 4 units/p.l of
MNase (New England Biolabs) and incubated at 37°C for
30 min with manual agitation every 10 min to resuspend
settled chromatin. Digestion was quenched at 30 min with
the addition of 25 plice-cold 0.1 M EDTA. Chromatin was
centrifuged at 400 x g for 10 min at 4°C to isolate chromatin
from MNase soluble fraction. Following normalization of
the amount of chromatin in each sample by Bradford assay
of MNase soluble fractions, chromatin was resuspended in
ice-cold Buffer IT11.B (10 mM Tris—Cl, pH 7.4, 2 mM MgCl,,
0.1 mM PMSF) and centrifuged again at 400 x g for 10 min
at 4°C. Chromatin was subsequently extracted in increas-
ingly stringent salt concentration buffers (10 mM Tris, pH
7.4, 2 mM MgCl12, 2 mM EDTA, 0.1% Triton X-100, 70,
140, 290, 590 mM NacCl, 0.1 mM PMSF) by resuspending
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in the appropriate buffer and incubating at 4°C for 30 min-
utes with rotation. Each fraction was isolated by centrifuga-
tion at 400 x g for 10 min at 4°C. Fractions were analyzed
by immunoblotting as described above.

RESULTS

H3T3 phosphorylation by VRKI1 is stimulated by extranucle-
osomal linker DNA

VRKI1 has been shown to colocalize with chromatin (76)
and co-immunoprecipitate with histones (21,77). As many
chromatin-modifying enzymes use multivalent interactions
with multiple nucleosome components for optimal activity
(78), we first sought to determine if H3 is sufficient for H3T3
phosphorylation by VRKI1, or whether VRK1 requires a
nucleosome substrate. To establish the substrate preferences
of VRKI1, we performed kinase assays using recombinant
histone H3, a reconstituted histone H3-H4 tetramer com-
plex, a mix of H3-H4 tetramer and H2A-H2B dimer (his-
tone mix), a reconstituted nucleosome with 20 base pairs of
linker DNA on each side of the nucleosome core (20N20
Nuc, where N represents the 145 bp of DNA wrapped
around the histone octamer), or a 20N20 tetrasome lacking
both H2A-H2B dimers. We detected little to no H3T3 phos-
phorylation by VRK1 on H3 alone, an H3-H4 tetramer, or
the histone mix using a site- and phosphorylation-specific
antibody (Figure 1A). However, VRK1 robustly phospho-
rylated both a 20N20 tetrasome (composed of an H3-H4
tetramer and DNA) and the 20N20 nucleosome, suggesting
that nucleosomal DNA promotes kinase activity.

The H3 N-terminal tails emerge from the nucleosome
disk by threading between the DNA gyres adjacent to the
sites of DNA entry and exit from the nucleosome core
particle (Figure 1B). We hypothesized that the nucleosome
preference of VRK1 may in part result from simultane-
ous engagement of the H3 N-terminal tail and extranu-
cleosomal linker DNA. To test this hypothesis, we as-
sembled 20N20 and 1N1 nucleosomes with symmetric 20
bp and 1 bp linkers, respectively. While both nucleosomes
were modified by VRK 1, H3T3 phosphorylation was stimu-
lated by extranucleosomal linker DNA (Figure 1C). We next
examined whether linker DNA enhances VRK 1-mediated
H3T3 phosphorylation due to improved substrate bind-
ing. We performed pulldowns of VRK1 using 20N20 and
IN1 nucleosomes assembled with N-terminally FLAG-
tagged H2A. While VRK1 immunopurified with both nu-
cleosomes, inclusion of linker DNA enriched VRK1 bind-
ing (Figure 1D). These results suggest that while VRK1
can bind to and phosphorylate nucleosome core parti-
cles that lack linker DNA, enhanced nucleosome binding
facilitated by linker DNA interactions stimulates VRK1-
mediated H3T3 phosphorylation.

To further explore the dependence of VRK1 on linker
DNA length, we tested VRKI1 activity on nucleosomes
with incrementally extended symmetric linker DNA.
While VRKI1 exhibited low-level H3T3 phosphorylation
of IN1 nucleosomes, we observed progressive increases
in phosphorylation of 10N10, 20N20 and 31N31 nucleo-
somes (Figure 1C and Supplementary Figure S1). Such ac-
tivity enhancements could result from VRKI1 interacting

with one or both linker DNAs and/or from altered po-
sitioning or dynamics of the H3 tail. If binding to both
linker DNAs is required for VRKI1 activity, we would ex-
pect that removal of one linker DNA would lead to re-
versal of all linker DNA-mediated activity gains. VRK1
could also bind one linker DNA, leading to increased phos-
phorylation of one or both copies of H3. We would ex-
pect that removal of one linker DNA would lead to loss of
roughly half of linker DNA-mediated activity in the former
case but may cause no change in the latter case. At simi-
lar linker lengths, VRK1 phosphorylated nucleosomes with
asymmetrical linkers roughly equally to symmetrical link-
ers (Figure 1C and Supplementary Figure S1), suggesting
that only one linker is required for phosphorylation of both
copies of histone H3. We performed electrophoretic mobil-
ity shift assays to better understand the stoichiometry of the
VRK1-nucleosome complex given that the nucleosome has
a pseudo-two-fold symmetry and two copies of H3. At low
concentrations of VRK1, we observed a single shifted band
for the VRK1-nucleosome complex (Supplementary Fig-
ure S2). Higher concentrations of VRK1 resulted in band
smearing and sample that was unable to enter the gel sug-
gesting heterogenous binding and aggregation. Altogether,
our results favor the hypothesis that VRK1 forms a func-
tional 1:1 complex with the nucleosome capable of fully
phosphorylating the nucleosome, while higher stoichiome-
tries lead to aggregation.

Cryo-EM analysis of the VRK1-nucleosome complex demon-
strates heterogeneous linker DNA binding and acidic patch
interaction

We next attempted to solve a structure of the VRKI-
nucleosome complex by cryo-electron microscopy (cryo-
EM). Our initial efforts to reconstitute the complex in so-
lution by adding VRKI1 to 20N20 nucleosomes followed
by purification using size exclusion chromatography were
unsuccessful due to precipitation of the complex under all
conditions tested. Inspired by our FLAG-nucleosome pull-
downs, we wondered whether complex formation would
be possible on a bead, potentially separating complexes
and preventing inter-complex aggregation. We immobilized
FLAG-H2A 20N20 nucleosomes on M2 anti-FLAG mag-
netic beads, followed by incubation with VRK1 and elu-
tion with 3xFLAG peptide. Eluted samples concentrated
without aggregation, allowing us to proceed to cryo-EM
sample preparation. We collected over 3000 micrographs of
the concentrated, uncrosslinked VRK 1-nucleosome com-
plex. Two-dimensional classification of ~475 000 parti-
cles showed an orientation preference for top (disk) views
and many class averages lacked density for VRK1 (Fig-
ure 2A, Supplementary Figure S3A, and Table S1). These
2D class averages included 84% of all identified particles
and are either unbound or, if bound, VRK1 density can-
not be clearly visualized. However, we also observed mul-
tiple top view class averages with clear evidence of the
VRKI1 kinase domain in proximity to either nucleosomal or
extra-nucleosomal linker DNA (Figure 2A). Linker DNA-
proximal positions of VRK1 could be inferred confidently
from three of these class averages and represent 2% of all
particles (Figure 2A, B). Particles with VRK1 bound to
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Figure 1. VRK1 phosphorylation of nucleosomes is stimulated by extranucleosomal linker DNA. (A) Immunoblots and quantitation (n = 3 technical
replicates on same blot with standard deviations indicated) of in vitro kinase assay using histone H3, H3-H4 tetramer, mix of H3-H4 tetramer and
H2A-H2B dimer (histone mix), tetrasome, or 20N20 nucleosome substrate. 20N20 nomenclature denotes a nucleosome including 145 base pairs of DNA
wrapping the histone octamer with 20 base pairs of linker DNA on both sides. (B) Model of 20N20 nucleosome created by merging DNA from PDBID:
6VYP with histones from PDBID: 1KX5 to depict location of H3 N-terminal tail relative to linker DNA. (C) Immunoblots and quantitation (n = 3
technical replicates on same blot with standard deviations indicated) of kinase assay using panel of nucleosomes bearing different lengths of symmetric
and asymmetric linker DNA. (D) Coomassie stained gels of FLAG-IP of recombinant VRK1 (0.5 uM) by FLAG-tagged 1N1 and 20N20 nucleosomes in
75 mM NaCl, top, and flowthrough, bottom. Flowthrough panel contrast enhanced to visualize low concentration samples. Uncropped blots are shown

in Supplementary Figure S7.

wrapped nucleosomal DNA were also visualized, but the
DNA binding positions could not be assigned unambigu-
ously due to the inability to distinguish between interaction
with the top or bottom gyres of nucleosomal DNA in top
view 2D projections. Approximately 3% of particles were
assigned to three classes that showed VRKI1 binding near
the DNA entry/exit site corresponding to either an SHL
2 position and/or the underlying SHL —6 position (Figure
2A, B). An additional 2D class with 1% of total particles
placed VRKI at the SHL +4 position, opposite the dyad.
This analysis demonstrated interactions of the VRK1 ki-
nase domain with linker and nucleosome wrapped DNA,
but such heterogeneity, especially when paired with orienta-
tional bias, only resulted in a 4.1 A structure of an unbound
nucleosome (Supplementary Figure S3A and Table S1). We
envision that linker-DNA binding by the VRK1 kinase do-
main positions the active site in range of the H3 N-terminal
tails for efficient phosphorylation (Figure 1B). Additional
binding partners may also help stabilize VRKI for nucleo-
some phosphorylation.

In an effort to improve complex stability and allow visual-
ization of more bound particles, we crosslinked our VRK1-
nucleosome complex with glutaraldehyde prior to sample
vitrification. Based on 2D classification, crosslinking desta-
bilized kinase domain-DNA interactions as VRK1 kinase
domain-DNA binding was no longer clearly observed in
class averages, despite some blurry density above the nu-
cleosome disk in some classes. However, 3D classification
clearly showed EM density bound to the H2A-H2B acidic
patch, a major hot spot for nucleosome interactions (Fig-
ure 2C, Supplementary Figure S3B, and Table S1). This
extra density was not observed in the uncrosslinked re-

construction at similar map thresholds. Chromatin protein-
nucleosome complex structures show that proteins almost
universally bind to the nucleosome acidic patch using one
or more arginines, the most common being the arginine an-
chor which inserts into the H2A E61/D90/E92 cavity. The
arginine anchor interactions are often supported by vari-
ant arginines that engage neighboring locations within the
acidic patch. Iterative refinement of our cryo-EM data led
to a 3.0 A reconstruction with density for at least three
amino acids bound to the acidic patch, including a puta-
tive arginine anchor (P0), an adjacent residue with a small
side chain (P + 1), and a third residue with a longer side
chain, highly suggestive of an additional variant-type argi-
nine (P £ 2) (Figure 2D, E). The short length of the VRK1
acidic patch-binding density made it difficult to unambigu-
ously model a specific VRK 1 sequence, so we turned to bio-
chemical characterization and computational modeling to
further guide model building.

VRK1 interacts directly with the nucleosome acidic patch

We previously demonstrated that immobilized nucleosomes
can pull down VRKI1 from nuclear lysates and that the in-
teraction is either directly or indirectly dependent on the
H2A-H2B acidic patch (58). While VRK1 was just below
the significance threshold for acidic patch dependence in
our nucleosome affinity proteomics screen, pulldowns from
nuclear lysates followed by immunoblots for VRK1 showed
significantly reduced binding to an acidic-patch-neutralized
nucleosome. Our cryo-EM reconstruction showing extra
density in the region of the acidic patch confirms that VRK 1
binds directly to the acidic patch. Indeed, a severe mutation
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Figure 2. Cryo-EM analysis of VRK 1-nucleosome complex. (A) 2D class averages of uncrosslinked VRK 1-nucleosome complex displayed in class distri-
bution order, representing 97% of all selected particles. Colored dots indicate presence and location of VRK1 kinase domain density. (B) Zoomed view
of select 2D class averages highlighting specific VRK1 binding locations, left. The nucleosome dyad is indicated by an asterisk for orientation. Models of
VRKI1 kinase domain (green) superimposed on 20N20 nucleosome (grey). (C) Cryo-EM density map of crosslinked VRK 1-nucleosome complex showing
density from VRK1 (green) bound to the nucleosome disk face. (D) A generic peptide including two arginines separated by one amino acid modeled into the
VRKI1 cryo-EM density. (E) Electrostatic representation of the nucleosome acidic patch using APBS (87) overlaid with the VRK1 peptide. The canonical
arginine anchor is labeled PO for orientation and placing the other residues into the P + 1 and P + 2 positions.

of the acidic patch (H2A E61A, E64S, N68A, D72S, N89A,
D90A, E91S) (Figure 3A, B) eliminated VRK1 binding to
IN1 nucleosomes and depleted VRK1 binding, albeit to a
lesser degree, to 20N20 nucleosomes (Figure 3B). To fur-
ther establish a role of direct acidic patch binding by VRK1,
we used a known nucleosome acidic patch binding peptide
from the Latency-Associated Nuclear Antigen (LANA)
protein in competitive pulldowns (79). The LANA peptide
binds the nucleosome acidic patch using an arginine anchor
and therefore closely overlaps with the VRKI1 density ob-
served in our reconstructed cryo-EM map. If the observed
VRKI-acidic patch interaction is critical for nucleosome
binding by VRK1, we predicted that the LANA peptide
would compete VRK1 off of an immobilized nucleosome.
Inclusion of a recombinant tagged-LANA in VRKI1 pull-
downs with FLAG-H2A nucleosomes resulted in a decrease
in nucleosome-bound VRK1 and an increase in VRK1 in
the flowthrough fraction (Figure 3C). Some residual VRK1

binding in the presence of the LANA peptide was expected
due to the multivalent nature of the VRK 1-nucleosome in-
terface established by our cryo-EM studies. Importantly, a
mutant version of LANA that is unable to bind the nucle-
osome (LANA mut: L8A, R9A, S10A) failed to compete
with VRKI1 for nucleosome binding (Figure 3C). Because
the small footprint of the LANA peptide on the nucleosome
is sufficient to disrupt VRK1 binding, we anticipate that the
LANA peptide and VRK1 occupy similar binding positions
on the nucleosome acidic patch consistent with our cryo-
EM reconstruction.

To identify key acidic patch residues that contribute to
the interaction with VRK 1, we prepared biotinylated nucle-
osomes with single alanine point mutants of H2A and H2B
that sample regions within the nucleosome acidic patch.
Mutation of H2A residues E61, D90 and E92, which consti-
tute the canonical arginine anchor-binding cavity, depleted
VRKI1 from nucleosomes relative to the wild-type nucleo-
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M) using FLAG-tagged IN1 and 20N20 wild-type (WT) and AAP mutant nucleosomes performed at 75 mM NaCl, top, and flowthrough, bottom.
Flowthrough panel contrast enhanced to visualize low concentration samples. (C) Coomassie stained gels of FLAG-IP of VRK1 (0.5 uM) with WT
and AAP IN1 nucleosomes in the presence of 20x acidic patch competitor LANA WT (1-23) and negative control competitor LANA mut (1-23, L8A,
R9A, S10A) performed at 100 mM NaCl, top, and flowthrough, bottom. (D) Coomassie stained gels of VRK1 (1 uM) pulldown by biotinylated 20N20
nucleosomes with individual acidic patch mutants performed at 100 mM NaCl, top, and flowthrough, bottom.

some (Figure 3D). Interestingly, while arginine anchors typ-
ically interact with all three of these acidic side chains, the
H2A E92A mutation was slightly less deleterious than ei-
ther the E61A or D90A mutations. H2A E64 was equally
important for nucleosome binding, which may reflect inter-
actions with the small P + 1 side chain, but the effect of
the E64A mutation was larger than we expected based on
the typical dominant role for arginines in acidic patch bind-
ing. Mutation of residues H2A E56, D72, N§9, E91 or H2B
E113 to alanine had no effect on binding (Figure 3D). Such
a result was expected for H2A residues D72, N89 and E91,
which are not in close proximity to the observed VRK1 den-
sity (Figure 3A). However, we were surprised by the ability
of VRKI to bind H2A E56 and H2B E113A nucleosomes
similarly to wild-type nucleosomes given the proximity of
the mutations to the P & 2 position in the VRK1 density.
Overall, our results suggest that the canonical arginine an-
chor in the PO position is more important for nucleosome
acidic patch binding than the other arginine in the P & 2
position.

VRKI1 binds nucleosomes using an arginine-rich C-terminal
tail

We next wanted to identify the sequence of VRK1 that en-
gages the acidic patch. VRK1 possesses a canonical kinase
fold with an additional «C4 helix linking the N-and C-lobes
of the kinase (80). A basic-acidic-basic motif that has been
linked to autoregulation of the kinase extends from the C-
lobe and has been shown by NMR studies to transiently
interact with the catalytic site of the kinase (81) (Figure
4A). Given that the globular kinase domain appears to in-
teract with DNA in our non-crosslinked cryo-EM dataset,

we wondered whether an arginine anchor in VRKI is lo-
cated within this C-terminal basic-acidic-basic motif. Simi-
lar to mutation of the nucleosome acidic patch, truncation
of the VRKI protein to residues 1-364 (VRK1(1-364)),
which removes the acidic and second basic regions of this
motif but leaves the first basic sequence that interacts with
the kinase domain intact, eliminates interaction with nu-
cleosomes (Figure 4B). This narrows the location of the
putative arginine anchor observed in our cryo-EM struc-
ture to the C-terminal basic sequence. This sequence con-
tains an alternating arginine motif with four arginines in-
terspersed with polar or charged residues. Several registers
of this sequence could be consistent with our interpretation
of the observed VRK1 acidic patch binding density includ-
ing arginines in the PO and P £ 2 positions. This R-X-R
sequence motif occurs only two other times in the amino
acid sequence of VRK1 (residues 101-103, 277-279), both
within alpha helices, and therefore inconsistent with the ex-
tended peptide backbone of the observed cryo-EM density
(82). Multiple sequence alignment from a variety of higher
eukaryotes reveals that this region is conserved generally,
but strong conservation is maintained for at least two pos-
itively charged residues aligning to R387 and R393 in the
human VRKI1 sequence (Figure 4C). Mutation of VRK1
R387, R389, R391 and R393 to alanine (hereafter referred
toas VRK1(4RA)) abolished all VRK 1 interaction with the
nucleosome (Figure 4D). The VRK1(4RA) mutant H3T3
kinase activity was reduced by more than 50% relative to
wild-type VRK1 (Figure 4E), despite having normal levels
of intrinsic kinase activity toward another substrate, BAF
(Supplementary Figure S4).

To extend our in vitro observations to a native chro-
matin context, we visualized the localization of eGFP-
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Figure 4. An alternating arginine motif at the VRK1 C-terminus is required for nucleosome binding and phosphorylation. (A) Schematic representation
of VRKI protein containing a kinase domain and a flexible C-terminal basic-acidic-basic motif (BAB). (B) Coomassie stained gels of FLAG-IP of in-
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corresponding to residues 387 and 393 in human VRKI1. (D) Coomassie stained gels of FLAG-IP of indicated VRK1 proteins (1 wM) with FLAG-tagged
IN1 WT or AAP nucleosomes, top, and flowthrough, bottom. VRK1(4RA) = VRKI1(R387A, R389A, R391A, R393A). (E) Immunoblots and quantita-
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20N20 nucleosome substrate. (F) Representative fluorescence microscopy images of live HAPI cells transduced with wild-type (WT) or mutant eGFP-
VRKI1 (green) and stained with Hoechst (magenta) during metaphase. Colocalized pixels are shown in white. (G) Quantification of the mean fluorescence
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eGFP-VRKI1(4RA) (245 cells). Means and standard deviations are shown. Uncropped blots are shown in Supplementary Figure S7.

tagged VRKI1 in transduced HAPI cells during mitotic VRK1 R387 is critical for nucleosome binding
chromatin condensation. By comparing the localization
of eGFP-tagged VRK1 with Hoechst-stained chromatin
in live cells, we determined that wild-type VRKI is en-
riched on chromatin during mitosis and in particular at the
metaphase plate (Figure 4F, G and Supplementary Movies
1-3). Strikingly, chromatin enrichment of VRK1(4RA) dur-
ing mitosis is lost, indicating that the alternating argi-
nine nucleosome acidic patch-binding motif is required for
the VRK1-chromatin interaction (Figure 4F, G and Sup-
plementary Movies 4-6). These conclusions are supported
by salt-gradient chromatin fractionation of eGFP-tagged
VRKI1 in asynchronous 293T cells, which demonstrated
that VRK1(4RA) is largely lost from the chromatin frac-
tion at a sub-physiological 80 mM salt, whereas wild-type
VRK1 exhibited much greater salt stability within the chro-
matin fraction (Supplementary Figure S5).

Our cryo-EM data and mutational analysis implicate the
C-terminal alternating arginine motif in nucleosome acidic
patch binding. In order to interrogate this interface at
amino acid resolution and identify the VRK1 arginine an-
chor observed in our cryo-EM reconstruction, we needed
to be able to detect subtle differences in nucleosome bind-
ing between VRK 1 mutants. We therefore adapted a quan-
titative fluorescence quenching nucleosome-binding assay
that measures environmental changes due to a chromatin
factor binding at a specific location on the nucleosome
disk face (63) (Figure 5A). Scanning of positions for flu-
orophore attachment to the nucleosome revealed a 14% flu-
orescence quenching of Alexa Fluor-488 maleimide conju-
gates of H2A L65C nucleosomes with saturating levels of
VRKI1. The H2A L65 location is close enough to the VRK 1
acidic patch binding site to elicit fluorescence changes, but
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Figure 5. Fluorescence quenching binding assay reveals that arginine mu-
tants are defective in binding at the nucleosome acidic patch. (A) Schematic
representation of fluorescence quenching nucleosome binding assay, left.
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vironment around the fluorophore, leading to partial quenching. Loca-
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ducted on a single plate, with means and standard deviations indicated. (C)
Map to model correlation coefficients for eight models with each of four
VRKI arginines in the arginine anchor position (green) in both the C- to
N-terminal (top 4, reverse (R)) and N- to C-terminal (bottom 4, forward
(F)) orientations. (D) Preferred model including the VRK1 R387 arginine
anchor in the N- to C-terminal orientation.

distant enough from the arginine anchor cavity that it would
not be expected to interfere with binding. The observed
fluorescence quenching was used to calculate localized ap-
parent affinity constants for VRK1 and VRK1 mutants at
the acidic patch. In this assay, VRK1 bound to IN1 nu-
cleosomes (used here to emphasize acidic patch-dependent
binding) with an apparent Kp (Kp 4pp) of 0.20 & 0.03 pM.
The VRK1(4RA) mutant showed severe defects in bind-
ing to nucleosomes, with a Kp,p, value 50 times higher
than the wild-type VRK1. We speculate that residual fluo-
rescence quenching by VRK1(4RA) is due to low-affinity
DNA binding at SHL 2/-6 as observed in 2D averages
of uncrosslinked VRK 1-nucleosome complexes or aggrega-
tion of saturated VRK 1-nucleosome complexes at high pro-
tein concentrations as observed during initial attempts to
reconstitute the complex for structural analysis. In an at-
tempt to identify the VRK1 arginine anchor, we next mea-
sured nucleosome-binding affinities of alanine mutations of
each of the four arginines in the VRK1 C-terminal alter-
nating arginine motif. Our pulldown experiments demon-
strated that the arginine anchor position is most important
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for a stable VRK1-acidic patch interaction. The largest in-
crease in Kp app, Was observed for R387A, with a 10-fold in-
crease to 2.0 M =+ 0.7 (Figure 5B). However, the R389A,
R391A and R393A point mutations each resulted in at least
a 3-fold reduction in binding affinity with Kp ,,, between
0.7 and 1 pM. All individual arginine mutations showed de-
fects in nucleosome binding by pulldown assay with the de-
gree of binding loss closely correlated with the calculated
Kppp values (Supplementary Figure S6A) even though
there was no measurable change in H3T3 phosphorylation
(Supplementary Figure S6B). Based on these results, we
conclude that among the four arginines in the C-terminal
alternating arginine motif, VRK1 R387 is most important
for the VRK I-nucleosome interaction, but that each of the
four arginines participates in nucleosome binding.

VRK1 C-terminus recognizes acidic patch dynamically

To test the hypothesis that R387 functions as an arginine
anchor against our cryo-EM data, we performed system-
atic structural modeling of different registers and orien-
tations of the VRKI1 alternating arginine motif into the
map. We generated eight models, each inserting one of the
four arginines into the arginine anchor position (P0) and
extended the peptide in either the N- to C-terminal (for-
ward) or C- to N-terminal (reverse) direction (Supplemen-
tal Methods). Generally, models with arginines in the PO
and P £ 2 positions separated by a small amino acid in the
P + 1 position yielded the highest map to model correla-
tions (Figure 5C). Among this subset, two models in the
N- to C-terminal orientation correlated best with the map.
One of these models places VRK1 R387 and R389 in the
arginine anchor and variant arginine positions, respectively,
while the other model places R389 and R391 in those po-
sitions. Given the clear importance of VRK1 R387 for nu-
cleosome binding, we favor the model with the R387 argi-
nine anchor (Figure 5D). In this model, VRK1 R387 makes
charged hydrogen bonding interactions with both H2A E61
and E92. VRK1 R389 makes an additional charged hydro-
gen bonding interaction with H2B E113. These side chain
interactions are supported by several VRK1 main chain to
histone side chain hydrogen bonds.

Two inconsistencies exist between our cryo-EM and
our biochemical data. Firstly, all four arginines in the C-
terminal tail of VRK1 contribute to nucleosome binding,
but only two arginines are visible in our cryo-EM map. Sec-
ondly, our pulldown assays revealed a dependence on the
H2A E64 position, which had no interaction with an argi-
nine in our cryo-EM density (Figure 3D). A recent review
of structures of proteins in complex with the nucleosome
defined two positions within the acidic patch where variant
arginines support arginine anchor binding (83). Type 1 vari-
ant arginines bind in the location occupied by the P & 2 argi-
nine in our cryo-EM models. Type 2 variant arginines bind
next to the arginine anchor in the H2A E61/E64/L65 cavity.
Given that a cryo-EM map is reconstructed from an average
of a subset of particles, we hypothesized that VRK 1 may use
all four arginines to dynamically sample additional regions
of the acidic patch (e.g. H2A E64) that are not visualized
due to particle selection and/or averaging. To explore this
possibility, we performed molecular dynamics simulations
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of the same eight orientation and register combinations that
we modeled into our cryo-EM map in complex with an
H2A-H2B histone-fold dimer. We extended the peptides to
a length of seven amino acids to capture additional interac-
tions with the acidic patch that were not visualized in cryo-
EM averages (Figure 6A). Interestingly, we found a moder-
ate correlation (R*> = 0.60) between the number of arginines
and the total VRK1-acidic patch interaction energy, indi-
cating that presenting more arginines at the acidic patch
provides an overall benefit to binding, despite our observa-
tion of only two arginines by cryo-EM (Figure 6B). This is
consistent with our finding that mutation of each arginine
to some degree disfavors nucleosome binding. Surprisingly,
we find that P & 1 residues contribute very little to the over-
all interaction energy despite the clear importance of the
underlying H2A E64 side chain (Figure 6C). Per residue in-
teraction energies reinforced the importance of arginines;
with few exceptions, arginines contributed more interaction
energy than all other residues including lysine (Figure 6C).

Molecular dynamics simulations revealed a diversity of
VRK1 binding poses over the simulated timeline for all reg-
isters and orientations. To visualize these binding poses and
identify major clusters of arginine-acidic patch interaction,
we first grouped arginine residues into categories based on
their positions relative to the arginine anchor (P0) and ori-
entation (forward or reverse) and tracked the position of
all arginine CZ atoms over 500 timepoints during triplicate
simulations (Figure 6D). We found little differentiation be-
tween the CZ positions in the forward and reverse orienta-
tions, indicating that the C-terminal sequence is likely ca-
pable of interacting with the acidic patch in either orien-
tation. Compared to other positions, the arginine anchor
(R) was nearly invariant, always clustering tightly within the
H2A E61/D90/E92 cavity. The two arginines on one side
of the arginine anchor (Forward P2/Reverse P-2 and For-
ward P4/Reverse P-4) were more dynamic, yet occupied two
major positional clusters closely aligning with the variant
type 1 (V1) and variant type 2 (V2) positions identified by
structural analysis. The arginine on the opposite side of the
arginine anchor (Forward —2/Reverse 2) was also dynamic
and frequently occupied the V2 position. These simulations
paired with our binding experiments suggest that while the
arginine anchor (P0) interacts with the H2A E61/D90/E92
cavity, the other arginines can dynamically sample both the
V1 and V2 positions to stabilize acidic patch binding. No-
tably, arginine binding to the V2 position may help explain
the critical importance of H2A E64 for VRK1 acidic patch
binding.

Disease mutants of VRK1 lose mitotic chromatin localization

Recent case studies utilizing whole-exome sequencing have
identified homozygous mutations of VRK1 to be causative
in adult-onset distal hereditary motor neuropathies (36—
39). Interestingly, two pathogenic mutations of VRK1 oc-
cur in the C-terminal region that is critical for VRK1 to
bind to the nucleosomes. One case identified a homozygous
¢.1124G > A nonsense mutation that prematurely truncates
VRKI1 prior to W375 (W375%) (37) and consequently re-
moves all four arginine residues in the alternating arginine
motif. Another case described a homozygous ¢.1160G > A

missense mutation resulting in a VRK1(R387H) substitu-
tion of the R387 residue that is most crucial for nucleosome
binding (39). We hypothesized that the corresponding gene
products would be defective in their interactions with indi-
vidual nucleosomes, thus preventing chromatin association
in cells.

We examined the ability of the R387H and W375*
VRKI1 mutants to bind and phosphorylate nucleosomes.
VRK1(R387H) was defective in nucleosome binding using
our fluorescence quenching assay, with a Kp app 0f 1.6 0.6
pM, 8-fold higher than wild-type VRK1 (Figure 7A). We
expect that despite the substitution for another positively
charged residue at the R387 position, the topology of the
nucleosome acidic patch does not accommodate a histi-
dine in the narrow canonical arginine anchor cavity. The
VRKI1(W375%) nonsense mutant was even more defective
in nucleosome binding, with a Kp ,pp of 3.1 £ 0.8 M, sim-
ilar to VRK(1-364). Nucleosome pulldown assays confirm
the relative loss in nucleosome binding by VRK1(R387H)
and VRK1(W375%), with minimal binding or no bind-
ing observed, respectively (Figure 7B). Like VRK1(4RA),
VRKI1(W375%) was defective in phosphorylating nucleo-
somes at H3T3 (Figure 7C). VRK1(R387H) exhibited wild-
type levels of H3T3 phosphorylation, indicating that acidic
patch binding defects of this mutant are insufficient to
grossly alter histone phosphorylation in vitro (Figure 7C).
Both VRK1 disease mutants phosphorylated BAF at wild-
type levels (Supplementary Figure S4).

We next examined the chromatin localization of
VRKI1(R387H) and VRK1(W375%) in mitotic cells using
fluorescence microscopy. eGFP-VRK1(W375%) failed to
enrich at the metaphase plate, similar to VRK1(4RA)
(Figure 7D, E and Supplementary Movies 7-8). Consistent
with more modest losses in binding to reconstituted nu-
cleosomes, VRKI1(R387H) showed partial enrichment at
the metaphase plate as compared to the wild-type VRK1
and stronger than either VRK1(W375%) or VRK1(4RA)
mutants (Figure 7D, E and Supplementary Movies 9-11).
Overall, we find clear concordance between in vitro bind-
ing of reconstituted nucleosomes and mitotic chromatin
localization across all VRK1 mutants examined. Based on
this, we anticipate that nucleosome acidic patch binding is
the major contributor to mitotic chromatin localization of
VRKI and that loss of chromatin localization contributes
to disease phenotypes.

DISCUSSION

Chromatin kinases regulate key cellular processes includ-
ing mitosis by coordinating the phosphorylation of histones
and chromatin-bound proteins. In this study, we show that
a paradigmatic chromatin kinase, VRK1, engages individ-
ual nucleosomes in a high-affinity, multivalent binding in-
teraction in order to catalyze histone H3T3 phosphoryla-
tion. Based on cryo-EM data and in vitro nucleosome bind-
ing assays, it is clear that VRK1 binds both DNA and hi-
stone components of the nucleosome. Our cryo-EM analy-
sis of uncrosslinked VRK1-20N20 nucleosome complexes
yielded 2D averages that demonstrated that VRK1 inter-
acts heterogeneously with either nucleosome-wrapped or
extranucleosomal linker DNA. Consistent with this obser-
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Figure 6. Molecular dynamics simulations demonstrate dynamic arginine binding. (A) Seven residue sequences of VRK 1 modeled onto H2A-H2B dimer
for molecular dynamics simulations. (B) Total interaction energy plotted versus number of arginines for each register/orientation combination. Means
(n = 3) and standard deviations shown. (C) Per residue interaction energies indicated under sequences aligned by arginine anchor (P0) position. (D)
Overlay of arginine CZ position for indicated arginines for all register/orientation combinations for 500 timepoints (every 10 ns) over triplicate simulations
(5 ps total per replicate simulation). Top and side views as indicated at left. Right panels show arginine anchor (R), and variant arginine type 1 (V1) and

type 2 (V2) positions.

vation, a recent UV-crosslinking based proteomics screen
identified VRK1 as a DNA-binding protein in cells, detect-
ing a DNA crosslinked sequence on the C-lobe of the kinase
(residues 322-329) located spatially nearby to an arginine
and lysine-rich patch that may serve as the DNA-binding re-
gion of the kinase domain (84). Several VRK1-DNA bind-
ing locations, especially in the linker region or near SHL 2
or -6, place the kinase domain of VRKI in proximity to the
H3 N-terminal tail and provide a mechanistic basis for our
observation that the addition of linker DNA promotes nu-
cleosome phosphorylation. Given the robust activation of
H3T3 phosphorylation in the presence of linker DNA, we
expect that among the VRK1-DNA binding locations we
observed by cryo-EM, the linker DNA-bound form is the
most catalytically active. Removal of one linker DNA has
little to no effect on H3T3 phosphorylation. This leads us
to the conclusion that VRK1 binding to one linker DNA
can promote phosphorylation of either copy of H3 in the
nucleosome.

In addition to binding DNA, we show that VRKI1 in-
teracts with the acidic patch on the nucleosome disk face.
The acidic patch is an established hot-spot for nucleo-
some binding. Nearly all acidic patch binding proteins en-
gage the acidic patch with one or more arginines (83). Our
cryo-EM reconstructions of crosslinked VRK 1-nucleosome
complexes show density for a three amino acid region of
VRKI1 binding to the acidic patch, including the arginine

anchor and a second arginine separated by one interven-
ing residue. In order to identify the acidic patch binding
sequence of VRK1, we performed truncation and muta-
tion analysis of the VRK1 C-terminal unstructured region.
We found that mutation of four arginines in an alternat-
ing arginine motif spanning residues 387-393 near the C-
terminus of VRK1 impairs nucleosome binding and H3T3
phosphorylation. Molecular dynamics simulations of the
nucleosome-binding region of VRK1 reveal dynamic acidic
patch recognition wherein a canonical arginine anchor sta-
bly binds the acidic patch and the other nearby arginine
residues participate in dynamic recognition of type 1 and
type 2 variant arginine positions. This observation provides
clarity to the mechanism of redundant acidic patch recog-
nition in proteins that bind with an extended peptide in-
cluding multiple arginines, such as the nuclear pore complex
protein ELYS (58,85). We anticipate that proteins that rec-
ognize the acidic patch in this way are abundant but under-
studied due to the limitations of analyzing dynamic struc-
tures by traditional structural techniques commonly em-
ployed in chromatin structural biology.

This nucleosome binding defect incurred by mutation of
arginines in VRK1 residues 387-393 was also observed in
cells through the loss of VRK1 metaphase plate localiza-
tion during cell division in HAP1 cells. Interestingly, the mi-
totic chromatin localization we observed for VRK1 differs
from the results of fixed-cell imaging of the kinase in HeLa
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Figure 7. Distal spinal muscular atrophy mutants of VRK1 are defective in nucleosome binding and fail to properly associate with chromatin at the
metaphase plate. (A) Nucleosome binding data and fits for indicated VRK1 proteins. n = 3 technical replicates conducted on a single plate, with means
and standard deviations indicated. (B) FLAG-IP of indicated VRK1 proteins (1 nM) with FLAG-tagged 20N20 nucleosomes at 100 mM salt, top, and
flowthrough, bottom. Beads only FLAG-IP shown as negative control. (C) Immunoblot and quantitation (n = 34 technical replicates on same blot with
standard deviations indicated, *denotes P < 0.05, **denotes P < 0.01, ns = not significant) of kinase assays performed on 20N20 nucleosomes with
indicated VRKI proteins. Significance determined using two-tailed unpaired t-test. (D) Representative fluorescence microscopy images of live HAP1 cells
transduced with indicated mutant eGFP-VRK1 (green) and stained with Hoechst (magenta) during metaphase. Colocalized pixels are shown in white. (E)
Quantification of the mean fluorescence intensity of eGFP, top, and Hoechst staining, bottom, perpendicular to the metaphase plate of HAP1 transduced
with WT eGFP-VRKI1 (208 cells), cGFP-VRK1 (R387H) (290 cells), or eGFP-VRK1 (W375%) (249 cells). Means and standard deviations are shown.

Uncropped blots are shown in Supplementary Figure S7.

and U20S cells (19,21). It has been reported that cellular
fixation causes an artifact that erroneously excludes tran-
scription factors from chromatin during mitosis (86). In-
deed, when we imaged paraformaldehyde-fixed cells, wild-
type VRK1 was excluded from the metaphase plate (data
not shown). Glutaraldehyde fixation of cryo-EM samples
similarly destabilized VRK1-DNA interactions (Figure 2
and Supplementary Figure S3). Our results indicate that the
observation that fixation induces loss of chromatin localiza-
tion in mitosis extends to other chromatin factors, whose
localization should be determined in live cells, and corrects
this misunderstanding specifically for VRKI.

Previously, NMR studies of VRKI1 revealed an interac-
tion between the VRK1 C-terminal tail and its catalytic
loop, with residues 341-361 looping back towards the N-
lobe (81). If residues 341-361 of the VRK1 C-terminal tail
interact with the catalytic loop of the protein, this leaves an
additional 26 amino acid of low complexity sequence prior
to the alternating arginine motif to span the distance from
the kinase domain on linker DNA to the nucleosome acidic
patch. With a conservative average amino acid length of 3.4
A per amino acid, the linker could reach 88 A across the nu-
cleosome disk face. Given that the nucleosome acidic patch
is about 45 A from the emergence of the linker DNA, we

anticipate that the alternating arginine motif should be able
to access the nucleosome acidic patch with the catalytic do-
main simultaneously engaged with extranucleosomal linker
DNA. In an effort to identify the arginine anchor from
the four arginines in the alternating arginine motif, we mu-
tated each arginine individually. The VRK1 R387A muta-
tion caused the greatest defect in nucleosome binding. We
suspect that R387 is the primary arginine anchor but that
the other arginines can contribute redundantly to acidic
patch binding potentially through an ensemble of binding
poses.

We observed a strong nucleosome substrate preference
for VRK1 over H3 alone or an H3-H4 tetramer. This can
be rationalized due to VRK1 binding to both DNA and the
nucleosome acidic patch that is presented by histones H2A
and H2B. In contrast, VRK1 phosphorylation of native H3
has been previously reported using P-32 ATP (21). Such a
discrepancy may result from modifications present in native
but not recombinant histones, due to modification of non-
H3T3 sites, or merely a consequence of the heightened sen-
sitivity of a radioactivity-based readout. Despite preference
of the kinase for a nucleosomal substrate over free histones,
we observed weak kinase activity towards nucleosomes in
general, especially compared to another substrate, BAF. A



1:3 ratio of kinase to substrate nucleosome was necessary
to observe robust activity at H3T3 by western blot. This
indicates that although VRK1 is capable of phosphorylat-
ing nucleosomes, another accessory factor may be necessary
for efficient H3T3 phosphorylation. Alternatively, VRK1
may be more active toward other nuclear substrates. Re-
gardless, we hypothesize that chromatin localization con-
strains VRKI1 in the proximity of other cell-cycle related
chromatin-based substrates. Unlike VRK1, the other ma-
jor H3T3 kinase, haspin, has been demonstrated to robustly
phosphorylate both free H3 and nucleosomes (15).

Myriad recessive VRK1 mutations have been shown
to be causative in rare cases of late onset distal spinal
muscular atrophy. These mutations disrupt VRK1 activ-
ity through kinase destabilization, decreasing intrinsic ki-
nase activity, or mislocalization to the cytoplasm. Recently,
two new mutations of VRKI1 have been linked to the dis-
ease, the R387H missense mutation (39) and the W375*
nonsense mutation (37). Notably, both of these mutations
disrupt the nucleosome binding alternating arginine mo-
tif. R387H and W375* mutations resulted in impaired
chromatin binding during mitotic chromosome condensa-
tion. Moreover, our kinase assays revealed that W375* de-
creases H3T3 phosphorylation. While we observed no sig-
nificant H3T3 phosphorylation defect due to the R387H
mutation, we expect that loss of chromatin localization of
VRKI1 would impair phosphorylation of many other non-
nucleosomal chromatin-bound substrates. Given the late
onset of pathology, it is not surprising that the mutations
may have more subtle phenotypes during in vitro and cellu-
lar assays. Overall, our studies suggest a novel mechanism
in which VRK1 mutations may lead to distal spinal mus-
cular atrophy through loss of chromatin association due to
defective nucleosome acidic patch binding.

DATA AVAILABILITY

Cryo-EM maps have been deposited in the EMDB with ac-
cession numbers EMD-25778 (uncrosslinked) and EMD-
25777 (crosslinked) and the preferred cryo-EM model of the
VRK1-nucleosome complex has been deposited in the PDB
with accession number 7TAN.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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