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Phosphorylation at the disordered N-end makes HuR
accumulate and dimerize in the cytoplasm
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Abstract

Human antigen R (HuR) is an RNA binding protein mainly involved in maintaining the stability and controlling the translation of mRNAs, critical
for immune response, cell survival, proliferation and apoptosis. Although HuR is a nuclear protein, its mRNA translational-related function occurs
at the cytoplasm, where the oligomeric form of HuR is more abundant. However, the regulation of nucleo-cytoplasmic transport of HuR and
its connection with protein oligomerization remain unclear. In this work, we describe the phosphorylation of Tyr5 as a new hallmark for HuR
activation. Our biophysical, structural and computational assays using phosphorylated and phosphomimetic HuR proteins demonstrate that
phosphorylation of Tyr5 at the disordered N-end stretch induces global changes on HuR dynamics and conformation, modifying the solvent
accessible surface of the HuR nucleo-cytoplasmic shuttling (HNS) sequence and releasing regions implicated in HuR dimerization. These findings
explain the preferential cytoplasmic accumulation of phosphorylated HuR in Hela cells, aiding to comprehend the mechanisms underlying HuR
nucleus-cytoplasm shuttling and its later dimerization, both of which are relevant in HuR-related pathogenesis.
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Introduction

Posttranslational modifications (PTMs) consist in the cova-
lent addition of functional groups or biomolecules to pro-
teins, as well as other chemical changes of their constituent
amino acids and even the cleavage of peptide bonds, during
or after their synthesis. PTMs play a critical regulatory role
in cell metabolism, as they can modify the charge and struc-
ture of proteins, thus altering their function, stabilization and
localization. The RNA binding protein (RBP) Human anti-
gen R (HuR) is particularly regulated by PTMs (1,2). HuR,
also known as ELAV-like protein 1 (ELAVL1), is involved in
mRNA stabilization and degradation (3-5). HuR is composed
of three RNA recognition motifs (RRM), and each of them
contains two ribonucleoprotein domains (RNP). A disordered
region of 20 residues length precedes the RRM1, which forms
a tandem structure with the RRM2. A 60-residue disordered
region, the so-called hinge region, connects RRM2 and RRM3
(6-8). Although HuR is a predominantly nuclear protein, the
hinge region contains the HuR nucleo-cytoplasmic shuttling
(HNS) sequence (residues 205-237), which is responsible for
the HuR transport between nucleus and cytoplasm (9). The
HNS sequence is not homologous to canonical Nuclear Local-
ization Signals (NLS) or Nuclear Export Signals (NES). How-
ever, it is known that the essential residues in maintaining HuR
at the nucleus are located at the beginning of the HNS se-
quence (R205, R206 and F207, and probably H212, H213,
R217 and R219) (9,10). In fact, cleavage of HuR at D226
by caspases 3 and 7 at the cytoplasm generates two HuR
cleavage products (CP). HuR-CP1, but not HuR-CP2, inter-
acts with transportin 2 (Trn2) and returns to the cell nucleus
(11-13).

HuR is susceptible to numerous modifications, but the most
common is phosphorylation (1). As a general rule, changes
near the RRMs usually alter HuR affinity towards nucleic
acids, whereas modifications on the hinge region tend to
modulate HuR localization. For instance, protein kinase C
(PKC8) phosphorylates HuR on S318, at the RRM3 domain,
improving HuR-mRNA binding ability, while the phospho-
rylation on S221, at the hinge region, by protein kinase Co
(PKCx) promotes its translocation from the nucleus to the
cytoplasm (14,15). Tyrosine phosphorylation has also been
described to regulate HuR function. Indeed, phosphorylation
by Janus Kinase 3 (JAK3) at HuR Y200, at the beginning
of the hinge region, diminishes HuR-mRNA affinity. Upon
stress conditions, a cytoplasmic fraction of HuR is relocated
to stress granules (SGs), but phosphorylation on Y200 ex-
cludes HuR from these membraneless organelles (16). Y200
and three more tyrosine residues (Y5, Y95 and Y109) were
previously suggested as consensus sites for Abll and Src ki-
nases, although no experimental evidence has been provided.
Interestingly, the non-phosphorylatable HuR with the four
Tyr-by-Phe substitutions, reduced protein accumulation on
the centrosomes, which was proposed to be regulated by HuR
phosphorylation (17).

The accumulation of HuR at the cytoplasm is typically
associated with conditions that require high mRNA regula-
tion and HuR activity, such as stress stimuli or cell prolifera-
tion and differentiation (5,14,18). By modulating the synthesis
of proinflammatory mediators, HuR plays a decisive role in
stress response, infections and other pathophysiological pro-
cesses, especially cancer development, where HuR expression
and activity increase (7,10,14,19-21). Indeed, elevated cyto-
plasmic localization of HuR is related to its tumorigenic po-
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tential, which has been correlated with poor prognosis of sev-
eral types of cancer as breast, esophageal or lung carcinoma
(reviewed in (22)). The activation of HuR is also related to its
oligomerization (23). In fact, the HuR inhibitors dehydromu-
tactin and MS-444 prevent HuR-RNA recognition, as well as
HuR dimerization and its translocation to the cytoplasm (24).

In this study, we identify Y5 as a new phosphorylation site
of HuR and explore the structure, dynamics and function
of Y5 phosphorylation by combining biophysical and cellu-
lar techniques. Although Y5 is located at the disordered N-
terminal stretch of HuR, we show that its phosphorylation
increases the dynamic behaviour of the hinge region, modify-
ing the HNS sequence solvent exposure, and thus promoting
the nucleo-cytoplasmic shuttling. In addition, the increased
dynamics of disordered stretches improves the availability of
key RRM1 residues involved in HuR dimerization. Thus, Y5
phosphorylation represents a novel regulation mode for HuR
activation that leads to higher oligomeric protein levels at the
cytoplasm.

Materials and methods

A more detailed version of the Methods can be found in Sup-
plementary Methods.

Cell cultures and plasmid construction

HeLa and Jurkat cell lines were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (D5796-500mL, Sigma-
Aldrich) and RPMI1640 (R8758-500mL, Sigma-Aldrich), re-
spectively, at 37°C in a humidified atmosphere of 5% CO,.
Both media were supplemented with 10% heat-inactivated fe-
tal bovine serum (FBS) (P30-3306, PAN-Biotech), 2 mM L-
glutamine (G7513-100ML, Sigma-Aldrich), 100 U/ml strep-
tomycin and 100 pg/ml penicillin (P433-100ML, Sigma-
Aldrich). SGs formation was induced with 250 uM sodium-
arsenite (S7400-100G, Sigma-Aldrich) treatment for 45 min.
When indicated, cells were treated with 10 uM doxorubicin
(D1515-10MG, Merck) for 4 h.

The plasmids and oligonucleotides in this work are listed in
Supplementary Tables S1 and S2. All newly constructed plas-
mids were verified by DNA sequencing. Detailed information
about plasmid construction can be found in Supplementary

Methods.

Western blots analyses

Hela and Jurkat cells were lysed in TR3 buffer (3% SDS,
10% glycerol, 10 mM Na,HPOy4) or RIPA buffer (1.6 mM
Na,HPOy4, 8.4 mM NaH,PO4, 0.1 M NaCl, 0.1% SDS,
0.1% Triton X-100), supplemented with 2.5 mg/ml sodium-
deoxycholate (D6750-25G, Sigma-Aldrich), complete pro-
tease inhibitor cocktail (05056489001, Roche) and 1 mM
sodium orthovanadate (A2196,0005, AppliChem) or phos-
phatase inhibitor cocktails (P2850, Sigma-Aldrich); and then
centrifuged at 20000 x g for 15 min. Protein content was mea-
sured using the DC Protein Assay (5000116, Bio-Rad Labo-
ratories) with bovine serum albumin (BSA) (23210, Thermo-
Scientific) as a standard, and 20 or 60 pug protein was loaded
for each lane.

To detect HuR oligomeric species by western blotting,
HeLa cells were seeded in 6-well plates and transfected
with plasmids carrying V5-tagged HuR WT or HuR YSF
(Supplementary Table S1), using Lipofectamine 3000 trans-
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fection reagent (L3000001, Invitrogen), as stated in the man-
ufacturer’s instructions. After 24 h, cells were lysed in 50 mM
BisTris pH 7.2, 50 mM NaCl, 10% w/v Glycerol, 0.001%
Ponceau S and 1% digitonin, supplemented with 2.5 mg/ml
sodium-deoxycholate (D6750-25G, Sigma-Aldrich), complete
protease inhibitor cocktail (05056489001, Roche) and 1 mM
sodium orthovanadate (A2196,0005, AppliChem). For sam-
ples in reduced and denatured conditions, the buffer was sup-
plemented with 3-mercaptoethanol and preheated at 95°C for
5 min before gel loading. However, for samples in non-reduced
and non-denatured conditions, (-mercaptoethanol was not
added and the preheating step was omitted as described be-
fore (23). Then, samples were separated by SDS-PAGE (8%,
12% or 15% acrylamide) and transferred onto polyvinylidene
difluoride (PVDF) membranes. Membranes were blocked with
5% BSA (A3294, Sigma-Aldrich) in Tris-Base buffered saline
(TBS)-0.1% Tween-20 for 1 h at room temperature.

For HuR and HuR pYS5 detection, primary rabbit anti-
HuR pY35 (made by ProteoGenix against the peptide CM-
SNG(pY)EDHMAED; Supplementary Figure S1A, B) and
mouse anti-HuR (WH0001994M2, Sigma-Aldrich) were
used. For VS5-tag detection, membranes were incubated
overnight at 4°C with VS-tag primary antibody (1:1000)
(R960-25, Invitrogen). The immunoreactive bands were de-
tected using Immobilon Western Chemiluminescent HRP Sub-
strate (WBKLS0500, Millipore). The chemiluminescent sig-
nal from immunoreactive proteins was detected in the Im-
ageQuant LAS 4000 imaging system (GE Healthcare). Protein
bands were quantified by densitometric analysis using Image-
Lab v6.1 (BioRad) or the open source image processing pro-
gram Image] software and normalized to tubulin housekeep-
ing protein expression (25).

To test the specificity of the antibody against HuR pY$5, 385
pg/ml HuR proteins were incubated with 20 pg/ml kinase do-
main of JAK3 (provided by Prof. Patrick Celie at the Nether-
lands Cancer Institute), a kinase previously found to phospho-
rylate HuR at tyrosine residues (26), and 1.5 mM ATP for 20
hat4°Cin 20 mM HEPES, pH 7.4, supplemented with 1 mM
MgCl, and 1 mM MnCl,. Dephosphorylation was performed
with 3 U/ml alkaline phosphatase (P7640, Sigma-Aldrich) in-
cubated for 30 min at 37°C.

Immunofluorescence

HeLa cells were grown for 24 h on 20 mm glass cov-
erslips, in 24-well plates containing 500 upl of supple-
mented DMEM. When indicated, HeLa cells were trans-
fected with plasmids carrying V5-tagged HuR WT or HuR
YSF (Supplementary Table S1), using DharmaFECT trans-
fection reagent (T-2001-03, Horizon Discovery) and Opti-
MEM I reduced serum medium (31985070, Gibco), as stated
in the manufacturer’s instructions. After 24 h, cells were
washed with phosphate buffer saline (PBS) (P4417-50TAB,
Sigma-Aldrich), then fixed with 4% paraformaldehyde (w/v)
(F8775-500, Sigma-Aldrich), prepared in PBS, for 15 or 20
min at room temperature (RT). Afterward, cells were washed
three times in PBS and permeabilized with 0.2% Triton X-
100 or 0.2% BSA-0.1% Triton X-100, prepared in PBS, for
10 min at RT. After blocking with 2% or 3% BSA, prepared
in PBS, for 30 min at RT, cells were incubated overnight at
4°C with rabbit anti-HuR pY5 (1:150), prepared in blocking
buffer. Coverslips were washed with PBS and incubated for
1 h at RT with mouse anti-HuR (1:500), prepared in block-

ing buffer. Transfected HeLa cells were incubated overnight
at 4°C with mouse anti-V5-tag (1:100) prepared in blocking
buffer. Then, coverslips were washed three times with PBS
and probed with the secondary antirabbit IgG-FITC antibody
(1:500) and antimouse Alexa Fluor 568 (1:500), or with sec-
ondary Alexa Fluor 488 (1:500) prepared in blocking buffer
for 1 h at RT. Nuclei were stained by 10 min RT incubation
with 200 ug/ml Hoechst dye (Sigma-Aldrich) or Fluoroshield
with DAPI (F6057, Sigma-Aldrich). Cells were washed with
PBS before immersed in pure ethanol for 2 min, dried for a
few minutes, mounted using #-propyl gallate (02370-100G,
Sigma-Aldrich) and sealed with nail polish.

Fluorescence was monitored with an Olympus FLUOVIEW
FV3000 confocal laser-scanning microscope equipped with an
UPlanApo 40x /1.4 NA oil immersion objective, or with a Le-
ica SP8 Laser Confocal Microscope equipped with 63x HC
PL APO/1.4 NA oil immersion objective. Samples were ex-
cited with 405, 488 and 561 nm for nuclei Hoechst dye, HuR
pYS and total HuR respectively. Fluorescence emission was
detected between 359-461,499-520 and 579-603 nm.

Fluorescence quantification of endogenous HuR and HuR
pYS or exogenous V5-tagged HuR WT and HuR Y5F in HeLa
cells was calculated as the percentage of the total fluorescence
intensity in the nucleus with respect to that in the whole cell
or in SGs with respect to that in the whole cell or in the cy-
toplasm. Fluorescence intensity was quantified using Image]
and data were analysed with Origin 2019b (OriginLab). Con-
trol samples containing secondary, but not primary antibod-
ies, were used to set fluorescence levels to zero. Background
fluorescence was extracted from cellular fluorescence in each
image prior quantification.

Subcellular fractionation

Separation of 3 x 10° Hela cell extracts into cytosol and nu-
cleus fractions was performed with a ProteoExtract Subcellu-
lar Proteome Extraction Kit (539790, Calbiochem), accord-
ing to the manufacturer’s indications. Purity of subcellular
fractions was verified by western blot analysis, using anti--
tubulin (T9026, Sigma-Aldrich) and anti-histone H3 (ab1791,
Abcam) antibodies for specific detection of cytosol and nu-
cleus, respectively.

Protein expression and purification

Unlabeled HuR;.99 and HuR; 139 proteins were expressed in
Escherichia coli BL21 (DE3) cells (70235, Novagen) in Luria
Bertani (LB) medium supplemented with 100 pug/ml ampi-
cillin for 20 h at 30°C and 150 rpm after induction with
1 mM isopropyl-B-D-thiogalactopyranoside (IPTG) (R3679,
iNtRON Biotechnology). Incorporation of pCMF was accom-
plished as previously described (27). Briefly, culture was incu-
bated at 37°C at 150 rpm in minimal medium M9 supple-
mented with 100 pg/ml ampicillin and 20 pg/ml chloram-
phenicol. Pre-induction of the pre-culture with 0.02% arabi-
nose (A3256-25G, Sigma-Aldrich) is necessary to ensure the
presence of the unnatural tRNA /aaRS pair. Protein expression
was induced at an optical density (ODggg) of 0.6 with 0.02%
arabinose and 1 mM IPTG; pCMF was added after induction
at a final concentration of 1 mM.

SN- and N-13C labeled proteins were expressed in min-
imal medium M9 supplemented with SNH4CI (1 g/l) or
ISNH4CI (1 g/1) and 3 Cg-glucose (4 g/1), respectively.
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Full-length HuR proteins were expressed in E. coli BL21
(DE3) cells in LB media supplemented with 100 pg/ml ampi-
cillin for 60 h at 12 °C and 150 rpm after induction with 0.5
mM IPTG.

To purify HuR; 139 and HuR; 99 and its mutant derivatives,
cells were collected by centrifugation (4200 x g for 10 min),
and then resuspended in lysis buffer (20 mM Tris=HCI, pH
8.0, 800 mM NaCl and 10 mM imidazole), supplemented
with 1 mM phenylmethylsulfonyl fluoride (PMSF) (93482-
SOML-F, Sigma-Aldrich), 0.02 mg/ml DNase (10104159001,
Roche) and 0.2 mg/ml lysozyme (89833, ThermoScientific).
Cells were ruptured by sonication (cycles of 10 s at 35% of
amplitude, 20 s of rest, 4 min total time, on ice), and cell de-
bris was removed by centrifugation at 20000 x g at 4°C for
60 min. For proteins purification, cell lysates were incubated
with HisPur™ Ni-NTA resin (88222, ThermoScientific), pre-
viously equilibrated with lysis buffer, and eluted with buffer
20 mM Tris-HCI pH 8, supplemented with 200 mM NaCl, us-
ing a non-continuous imidazole gradient (10-300 mM imida-
zole). Fractions containing the protein of interest were pooled
and dialyzed at 4°C in three steps against 5 | of buffer 20
mM HEPES pH 7.4, buffer 20 mM citrate pH 5.5, 100 mM
NaCl or buffer 20 mM sodium-phosphate pH 7.

For purification of full-length HuR proteins, a second pu-
rification step was performed by loading the fractions con-
taining the protein of interest onto a 5 ml MBPTrap affinity
column (28-9187-79, Cytiva). The column was washed with
buffer 20 mM Tris-HCI pH 7.4 supplemented with 1 mM
ethylenediaminetetraacetic acid (EDTA), 1 mM dithiothreitol
(DTT) and 1 mM PMSE, and protein was eluted in one step
with the same buffer containing 25 mM maltose. Fractions
containing the protein of interest were pooled and dialyzed at
4°C in two steps against 5 | of buffer 20 mM HEPES pH 7.4
or buffer 20 mM citrate pH 5.5, 100 mM NaCl.

Proteins were used freshly purified. Protein concentrations
were determined before every experiment with the Brad-
ford assay, using the Bio-Rad Protein Assay Dye Reagent
(5000006, Bio-Rad) with BSA (23210, ThermoScientific) as
a standard.

Molecular dynamics simulations

The initial structures of HuR,.99 were based on the nuclear
magnetic resonance (NMR) structure of HuR RRM1 (PDB
ID: 5SZW) (28). To trace the unstructured linker between
domains RRM2 and RRM3, the structural model of HuR
RRM2-RRM3 was built with MODELLER (29) using as tem-
plates the X-ray structures of PDB entries 4EDS5 (6) and 6GD3
(8). The initial structure of HuR .32 was created from the re-
sulting structure of HuR RRM2-RRM3, the NMR structure
of HuR RRM1 and the X-ray structure of HuR RRM1 and
RRM2 (PDB ID: 4EGL) (6). All mutants and phosphorylated
models were built using the wild-type proteins as templates.
The force field parameters for phosphorylated tyrosine (30)
and unnatural amino acid pCMF (31) were used to generate
the topology and coordinate files required for the simulation,
with the TLEAP module of AMBER (32).

Molecular dynamics (MD) simulations were performed us-
ing the OpenMM (33) software in CUDA platform with AM-
BER 14SB force field (34) and particle mesh Ewald electro-
statics with an Ewald summation cut-off of 10 A. For each
simulation, the system was neutralized with sodium and chlo-
rine counter-ions according to the total charge of the pro-
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tein and solvated with optimal-3-charge, 4-point rigid water
model water molecule (35). The whole system was subjected
to 2500 steps of energy minimization at 298 K. Langevin ther-
mostat was used to control the temperature with a friction co-
efficient of 1 ps~ and a step size of 0.002 ps. Systems were
subjected to MD simulations of 1 us for HuR;.99 and 300 ns
for HuR.354. For the trajectory analysis, the CPPTRAJ mod-
ule of AMBER was used (36). Contact maps were created
with Contact Map Explorer tool of MDTraj library (37). Cut-
off distance was set at 0.45 nm for HuR,.99 and 0.7 nm for
HuR_356. Solvent-accessible surface areas (SASA) were calcu-
lated with SASA Calculation tool of MDTraj library.

Nuclear magnetic resonance spectroscopy

For nucleic magnetic resonance (NMR) 2D 'H-""N-HSQC
spectrum assignment, we performed 3D 'H-PN-13C-
HNCACB and 3D '"H-"’N-TOCSY-HSQC experiments. For
2D 'H-PN-HISQC spectra assignment, we performed 2D
TH-SN-(H2C)N(CCH) and 2D 'H-"*N-H2CN experiments.
All assignment spectra were recorded on a 600 MHz Bruker
Avance-1II spectrometer equipped with a cryoprobe (BMRB
accession number for PN-13C-labelled HuR;.99 YSpCMF:
52173). Sample contained 690 uM of PN-13C-labelled
HuRj.99 Y5pCMF in citrate buffer (20 mM sodium-citrate
pH 5.5, 100 mM NaCl, 5% D;,0) supplemented with 5 mM
TCEP.

2D 'H-N-HSQC spectra of 300 uM HuRj.99 and 200
uM HuR; 139 samples were recorded in citrate buffer supple-
mented with 2 mM TCEP, on a 500 MHz Bruker Avance-III
spectrometer equipped with a cryoprobe.

Solvent paramagnetic relaxation enhancement (sPRE)-
NMR experiments were performed on a 500 MHz Bruker
Avance-III spectrometer equipped with a cryoprobe. Sam-
ples contained 200 uM of MN-labelled HuR;.99 wild-type
or Y5pCMF mutant in citrate buffer. Carboxy-PROXYL and
carbamoyl-PROXYL probes were added at 5 mM for negative
and neutral paramagnetic experiments, respectively. For dia-
magnetic experiments, samples were measured with no probe.
Rates for negative and neutral probes were calculated as pre-
viously described (38) using Origin 2019b.

NMR titration of 100 uM HuR ;.99 wild-type and Y5pCMF
samples with 5-ATTTTTA-3’ oligonucleotide, were per-
formed as independent samples in citrate buffer supplemented
with 2 mM TCEP, on a 700 MHz Bruker Avance-III spectrom-
eter equipped with a cryoprobe. Chemical-shift perturbations
(ACSP) for residues Leu22, Ala57 and Arg97, calculated as
previously described (39), were used to estimate Kp. This anal-
ysis was performed with Origin 2019b (OriginLab).

2D 'H-N-HSQC, 3D 'H-"N-'3C-HNCACB and 3D
TH-PN-TOCSY-HSQC experiments were performed at 298
K. 2D 'H-"SN-HISQC experiment was performed at 278
K to enhance NH3* lysine side chain detection. 2D 'H-
SN-(H2C)N(CCH) experiment was performed at 308 K to
improve 3C-13C Hartmann-Hahn cross polarization. Non-
uniform spectral sampling (NUS) was used to collect the data
in 3D experiments.

The experimental data were processed using NMRPipe or
Bruker TopSpin NMR 4.1.1 software (Bruker). CSPs were
analysed with NMRFAM-Sparky NMR assignment tool (40)
and Origin 2019b, and PRE-NMR data, with Origin 2019b.
Protein structures were visualized using UCSF Chimera
software (41).

20z AInp $Z uo Jasn ezobelez ap pepisioniun eaa1olqig Aq G190/ 2/79G9e)6/1eu/S601 0 L/10p/a]01B-a0uBApE/IEU/WO09 dNO-djWwapeoe.//:sdy Wwol) papeojumoq



Nucleic Acids Research, 2024

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) dilution experiments
of HuR; 99 wild-type and HuR;.99 Y5pCMF were performed
using a Nano ITC Standard Volume instrument (TA Instru-
ments, USA). Dilution assays consisted of 25 or 20 successive
injections of 2 or 2.5 pl, from a 700 uM protein stock into
the sample cell, containing the protein buffer.

ITC titration experiments of HuR; 99 wild-type or HuR; 99
YS5pCMF with 5-ATTTTTA-3' oligonucleotide were per-
formed using a Nano ITC Low Volume instrument (TA In-
struments, USA). Titration experiments of HuR; 99 with DNA
consisted of 25 successive 2 ul-injections, from a stock of 1.6
mM 5-ATTTTTA-3' oligo into the sample cell, containing
250 uM of HuR; 99 wild-type or Y5pCMF mutant.

The reference cells were filled with distilled water. All ITC
assays were performed at 20 mM sodium-citrate pH 5.5 sup-
plemented with 100 mM NaCl and 1 mM TCEP, at 25°C. Ho-
mogeneous mixing was achieved by maintaining the stirring
speed at 300 rpm. Data were processed and analysed using
NanoAnalyze software (TA Instruments) and Origin 2019b
(OriginLab).

Biolayer interferometry

Biolayer interferometry (BLI) analyses were performed on the
Octet RED 96e platform (FortéBio) using Streptavidin Biosen-
sors (SA) (FortéBio). The biosensors were hydrated in a 96-
well black plate for 10 min with BLI buffer containing 20
mM HEPES pH 7.4, 100 mM NaCl, 5 mM TCEP for full
length HuR wild-type and Y5pCMF mutant; and 20 mM
citrate pH 5.5, 100 mM NaCl, 5 mM TCEP for HuR;.99
wild-type or Y5pCMF mutant. Both BLI buffers were supple-
mented with 0.01% Triton X-100 and 0.01% rabbit serum
albumin (RSA) to reduce non-specific binding to the biosen-
sor. The biosensors were incubated with 2 uM $5’-biotinylated
single-stranded DNA oligonucleotide (5'-ATTTTTA-3' or §'-
ATTTTTATTTTATTTTT-3') (Sigma-Aldrich) diluted in BLI
buffer. After the association step, the biosensors were trans-
ferred into the corresponding buffer to monitor the dissocia-
tion of protein-DNA complexes. The experimental data were
processed with Data Analysis HT 12.0 software (FortéBio)
and analysed with Origin 2019b.

Results

Y5 phosphorylation mediates HuR
nucleo-cytoplasmic shuttling
Although phosphorylation on HuR Y5 had previously been
detected by phosphoproteomic analyses, its presence in cells
was not experimentally confirmed (17,42,43). Here, we used
a custom-made antibody against a synthetic peptide contain-
ing the first 12 residues of HuR including phosphorylated Y5
(pYS). First, we assessed its specificity by examining its in-
teraction with both wild-type and non-phosphorylatable vari-
ants of the HuR protein (Supplementary Figure S1A-D). Next,
we tested whether HuR phosphorylated at Y5 (HuR pYS5) can
be found in cancer cell models as HeLa and Jurkat cells. As
shown in Figure 1A, western blots revealed that both cell types
did contain HuR pYS$.

Afterwards, we studied the compartment localization of
HuR pYS$ in HeLa cells by immunofluorescence assays. In
agreement with former reports (18), our fluorescence quan-

tification analysis revealed that HuR is a predominantly nu-
clear protein, with 76.1 £ 7.5% of total HuR being detected
inside the nucleus. Surprisingly, phosphorylated pY5 protein
was mainly cytoplasmatic, with only 29.1 £ 9.6% of HuR
pYS retained at the nucleus (Figure 1B and Supplementary
Figure S1E).

As many other RBPs, HuR associates with SGs under cer-
tain conditions, in order to regulate the fate of target RNAs
as a part of the cell stress response (16,44,45). Indeed, phos-
phorylation of Y200 by JAK3 kinase inhibits the recruitment
of HuR into SGs (16). For that reason, similar immunoflu-
orescence experiments were performed to test whether Y5
phosphorylation affects HuR localization at SGs upon arsen-
ite treatment. HuR pY3$ nucleo-cytoplasmic distribution ap-
peared to be independent from the stress response, exhibiting
a very similar distribution to the one found under homeostatic
conditions (Figure 1B and Supplementary Figure S1E). When
comparing the fluorescence intensities of HuR and HuR pY$
in SGs over the total fluorescence of the cell, HuR pY$5 pre-
sented an increased tendency to concentrate in SGs in compar-
ison to total HuR (Supplementary Figure S1F). However, no
differences were found between total HuR and HuR pY$ con-
centrated in SGs from the total cytoplasmic population (Fig-
ure 1C), indicating that the concentration in SGs of HuR pY35
is a consequence from the predominant cytoplasmic distribu-
tion rather than a specific effect of stress. Therefore, our re-
sults showed that Y5 phosphorylation regulates HuR nucleo-
cytoplasmic shuttling without especifically affecting recruit-
ment into SGs in HelLa cells.

Previously, it was shown that HuR travels to the cyto-
plasm upon doxorubicin treatment, which elicits the DNA
damage response, in a phosphorylation-dependent manner
(46). Therefore, we analysed the effect of doxorubicin on Y5-
phosphorylation and localization of HuR by cell fractiona-
tion. As shown before, the cytoplasmic HuR population in-
creased from 15% to 38% after the treatment with doxoru-
bicin, while the total amount of HuR remained unchanged (af-
ter doxorubicin treatment the amount of HuR was 1.0 & 0.3-
fold the amount under control conditions) (Figure 1D and
E). Surprisingly, the rate of Y5-phosphorylated/total protein
increased considerably after the addition of the drug (Figure
1F). To confirm the role of Y5 phosphorylation after doxoru-
bicin treatment, we transfected HeLa cells with plasmids bear-
ing V5-tagged HuR WT or a non-phosphorylatable version
(HuR YSF mutant), and detected their cellular location by
immunofluorescence experiments using a V5-antibody (Fig-
ure 1G). Both WT and YSF HuR versions remained nuclear
under control conditions, although the non-phosphorylatable
version YSF presented a localization slightly more nuclear
than the WT, presumably due to basal Y5 phosphorylation
in the WT protein in HeLa cells. Thus, the average percent-
age of nuclear YSF mutant (72.1%) was 6.2% higher than
that for the WT version (65.9%). After doxorubicin treat-
ment, HuR shuttled to the cytoplasm. As expected, differ-
ence between the average percentages of nuclear WT and
YSF versions were significant in this condition, increasing
12.6% (46.8% for HuR YSF versus 34.2% for HuR WT)
in agreement with a higher population of phosphorylated
protein in WT HuR after doxorubicin treatment. These re-
sults suggest a physiological role of Y5 phosphorylation in
the shuttling of HuR to the cytoplasm in response to DNA
damage.
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Figure 1. HuR Y5 phosphorylation causes HuR cytoplasmic accumulation. (A) Western blot analysis confirming HuR phosphorylation at Y5 in 10% Jurkat
and Hela cells by using anti-HuR and anti-HuR pY5 antibodies. (B) Immunofluorescence analysis of endogenous total HuR (red) and HuR pY5 (green) in
Hela cells under basal conditions (Control) and upon 45 min of 250 1M arsenite treatment. Contrast and bright were adjusted equally in both conditions
only for illustration purposes. Right panels show the results of fluorescence quantification of total HUR and HuR pY5 inside of the cell nuclei. For basal
and stress conditions, 227 and 231 cells were quantified, respectively. Rotated kernel density plots are given for each dataset to show their distribution.
Boxes indicate percentiles 25 and 75. Black lines indicate the median values, and whiskers indicate 1.5 times standard deviation values. The significance
of differences was tested using the Student’s t test. (C) Fluorescence quantification analysis of total HuR and HuR pY5 in stress granules from the total
fluorescence intensity in the cytoplasm upon arsenite treatment, represented as in (B). (D) 3 x 10° Hel.a cells were incubated in the presence or
absence of 10 M doxorubicin for 4 h. After that, cytoplasmic (C) and nuclear (N) fractions were submitted to Western blot using anti-HuR or anti-HuR
pY5 antibodies. Tubulin and Histone H3 were used as cytoplasmic and nuclear markers, respectively. (E) Quantification of the percentage of the protein
detected in the nucleus for anti-HuUR or anti-HuR pY5 antibodies from (D). Intensities from discrete bands were normalized against tubulin intensity for
each condition. The average of 2 experiments is shown. Whiskers indicate standard deviation values. (F) Quantification of the ratio HuR pY5 over total
HuR in each condition. The average of 3 experiments is shown. The significance of differences was tested using the Student's t test. Whiskers indicate
standard deviation values. (G) Immunofluorescence analysis of wild-type or Y5F mutant versions of HuR-V5 (red) in HelLa cells. Nuclei (DAPI signal) are
shown in blue. Cells were incubated in the presence or absence of 10 uM doxorubicin for 4 h. Right panels show the results of fluorescence
quantification of the nucleocytoplasmic distribution of 75 cells of each condition, represented as in (B).
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Y5 phosphorylation increases the dynamics of HuR
disordered regions

To understand the changes observed in cell, we analysed the
effect of Y5 phosphorylation on HuR structure by studying its
behaviour in vitro. First of all, we constructed a truncated ver-
sion, HuR 99, containing the disordered N-end and the first
RNA-recognition domain (RRM1) of HuR (Supplementary

Figure S2A). We demonstrated the independence of HuR
RRM1 upon the tandem domain RRM1,2 by comparing the
constructions HuRj.99 and HuR,.1g9 (which contains HuR
RRM1 and RRM2; Supplementary Figure S2B). The ther-
mal stability analysis by circular dichroism (CD) of HuR;.99
and HuR; 139 revealed a single melting temperature of sim-
ilar value for both protein variants (Supplementary Figure

S3A). Moreover, overlapping of nuclear magnetic resonance
(NMR) heteronuclear single quantum coherence (2D-'"H-’N-
HSQC) experiments with HuR; 99 and HuR; 149 showed min-
imal chemical shift perturbation differences (ACSPs < 0.03
ppm) for residues located at the first domain of HuR, 189 vs.
HuR;. 99 (Supplementary Figure S3B). Altogether, these data
proved the independence of HuR RRM1 domain and allowed
us to work with the simplified construction HuR; 99 (47).

Next, we designed a phosphomimetic version of HuR; 99
phosphorylated at Y5 (HuR;.99 pY3) by replacing Y5 by p-
carboxymethyl-L-phenylalanine (pCMF; HuR;.99 Y5pCMF),
which is a non-canonical amino acid extensively used to mimic
phosphotyrosine residues due to its charge and volume (27).
Specific insertion of pCMF at the correct position was con-
firmed by mass digestion (Supplementary Figure S4A). We per-
formed a thermal stability assay by CD to characterize the
mutant protein. Both HuR;_ 99 wild-type protein and HuR; .99
YS5pCMF mutant presented similar denaturation profiles,
proving that the phosphomimetic mutant maintained the over-
all protein structure (Supplementary Figure S3A and SS5A).
Overlap between 2D-'"H-"SN-HSQC spectra from HuRj.99
wild-type and HuR; 99 Y5pCMF showed almost no general
differences (ACSPs < 0.03 ppm) (Supplementary Figure S5B
and S5C).

Although the Y5 phosphorylation does not significantly al-
ter the protein structure, 1 us molecular dynamics (MDs) sim-
ulations revealed dynamic changes. Simulations showed that
HuR;.99 pY5 and HuR;.99 Y5pCMF contain a more dynamic
N-end and B,-B3 loop than HuR; 99 wild-type (Figure 2A
and Supplementary Figure S6A). The representations of the
contact frequency of each residue with the others during the
MDs (contact-maps) revealed differences on the contact pat-
tern of the same regions (N-end and $,-p3 loop) between
the wild-type and the phosphorylated or phosphomimetic
proteins (Figure 2B). More specifically, the contacts between
the first N-terminal stretch and beta sheets 31 and B3, ob-
served in the wild-type model, were debilitated in HuR;.99
pYS or HuR, 99 Y5pCME due to weaker interactions of
the flexible N-end mapping the protein surface (Figure 2A
and B).

To further study this phenomenon, we analysed the an-
ionic distribution of HuR .99 wild-type and HuR; 99 Y5pCMF
using NMR solvent paramagnetic relaxation enhancement
(sPRE) experiments. For these assays, we used a neg-
atively charged paramagnetic probe—carboxy-PROXYL—
and a neutral paramagnetic probe—carbamoyl-PROXYL
(Supplementary Figure S7A). Positively charged regions of
the protein attract the negative probe, thus accumulating an-
ions (positive AT, values). Conversely, the neutral probes dis-

tribute uniformly around the protein. Regions with higher
rates for the neutral than for the negative probe present neg-
ative values of AT, indicating anions exclusion (48). In gen-
eral, HuR; 99 YSpCMF tends to exclude more anions than
HuR;.99 wild-type (Figure 2C and Supplementary Figure
S7B, C). This effect is especially notable on the B,—f; loop,
together with the «-helix region. Thus, the negative charge
of pCMF residue ejects the negative probe not only on its
surroundings—which was expected due to the chemical na-
ture of the modified residue—but also on the opposite side of
the protein, probably due to the highly dynamic N-terminal
stretch of the phosphomimetic protein, as pointed out by the
MD simulations.

Y5 phosphorylation changes HuR
nucleo-cytoplasmic shuttling sequence exposure

HuR possesses a nucleo-cytoplasmic shuttling (HNS) se-
quence, located at the hinge region between RRM2 and
RRM3, that regulates its transport across the nuclear enve-
lope (9). PTMs influencing HuR nucleo-cytoplasmic distribu-
tion are usually located in or near the hinge region (1) and,
therefore, it was unexpected that a phosphorylation at the
N-terminal stretch of the protein could alter its cellular lo-
calization (Figure 1). To better understand the effect of Y5
phosphorylation on full-length HuR dynamics, we performed
300 ns MD simulations with HuR full-length (HuR354) wild-
type, HuR1 326 pY5 and HuRy 36 Y5pCMF (Figure 3 and
Supplementary Figure S6B and S6C). The main differences on
the contact map representations correspond to the N-terminal
stretch, the first domain of HuR and the hinge region (Figure
3A and Supplementary Figure S6C). Specifically, the regions
of the 3,-B3 loop and the «;-helix of RRM1 establish con-
tacts with the second half of the hinge region (residues 219-
244) on the wild-type model. However, these contacts disap-
pear on the MD simulations of the phosphorylated and phos-
phomimetic species, whereas novel contacts appear between
the initial region of the hinge domain (residues 182-192) and
the N-terminal stretch and the «»-helix of RRM1. On the
phosphorylated protein, the beginning of the HNS sequence
(residues 203-212) establishes contacts with the disordered
N-terminal stretch and the «,-helix of RRM1. The differ-
ences on the contact pattern between HuR_ 356 wild-type and
HuR 356 pY35 result on two differentiated areas on the hinge
region according to their differences on the solvent-accessible
surface area (SASA) (Figure 3B). Therefore, the first half of the
hinge region, responsible for the NLS activity, is more exposed
on the wild-type protein, whereas the second half is more ex-
posed on the phosphorylated protein, enabling the shuttle of
HuR to the cytoplasm (see Figure 1B).

Phosphorylation at Y5 increases HUR RRM1
oligomerization
HuR oligomerization has been previously observed in cancer
cell lines, predominantly in the cytoplasm (23,49). Interest-
ingly, when further analysing the MD and sPRE-NMR ex-
periments, the most remarkable differences between HuR; 99
wild-type and HuR;.99 YSpCMF correspond to the B2—f3
loop and the «;-helix. Remarkably, these regions were pre-
viously described as responsible for the dimerization of HuR
RRM1 (28).

Thus, we transfected HeLa cells with plasmids bearing
VS5-tagged wild-type HuR or HuR YSF and detected them
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Figure 2. Y5 phosphorylation effect on HuR structure and dynamics. (A) Superimposition of ribbon representation of 100 structures of HuR,.g9 Wild-type,
HuR2.99 Y5pCMF and HuR2.99 pY5 during 1 us of molecular dynamics (MDs) simulations. Residues 1-20 are colored in cyan, orange, and purple
respectively. Side chain of residue 5 is represented in each structure. Residues 21-99 are in grey. (B) Contact maps of HuR,.g9 wild-type, Y5SpCMF and
pY5 from 1 pus MDs simulations. o-helices and (3-sheets of HUR RRM1 are represented with red rectangles and blue arrows respectively. Black boxes
indicate the regions containing the main differences between HuR,.g9 constructs. (C) Differences between the NMR solvent Paramagnetic Relaxation
Enhancement (sPRE) I'; rates for the analogous paramagnetic probes carboxy-PROXYL (negative) and carbamoyl-PROXYL (neutral) of HuR.99 wild-type
and HuR,.99 Y5pCMF proteins. Higher I'; rates for negative probe than for neutral probe indicate anions accumulation (blue). The opposite indicates
anions exclusion (pink). o-helices are represented with red rectangles and 3-sheets with blue arrows. Residues in secondary structures are shaded in
grey. IDD stands for intrinsically disordered domain.
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Figure 3. HuR phosphorylation at Y5 modifies HuR nucleo-cytoplasmic shuttling sequence solvent exposure. (A) Contact maps zooms of full length HuR
(HuR1326) wild-type, Y5pCMF and pY5 from 300 ns molecular dynamics (MDs) simulations. (B) Differences between solvent-accessible surface area
(SASA) by residues of HuR1.326 Wild-type and pY5 during the MDs. Residues more exposed on HuRq326 wild-type are in blue, and residues more
exposed on HuR;.326 pY5 are in pink. o-helices and 3-sheets of HUR RRM1 are represented with red rectangles and blue arrows respectively. RRM
domains are represented with grey rectangles, and HuR nucleo-cytoplasmic shuttling (HNS) sequence, with a pink rectangle. The residues implicated on

the nuclear localization signal (NLS) activity are indicated in the right panel.

by western-blot in non-reducing and non-denaturing condi-
tions, comparing with reducing and denaturing conditions,
using V5 antibody (Figure 4A). Importantly, although bands
corresponding to monomeric or dimeric HuR were present
in both samples at the same intensity in non-reducing and
non-denaturing conditions, a band corresponding to a trimer
was barely present in the YSF mutant (0.3-fold the intensity
presented in the WT version). Notably, bands correspond-
ing to dimeric and trimeric HuR disappeared in reducing
and denaturing conditions. Collectively, these results demon-
strate that HuR phosphorylated in Y5 exhibits a tendency for
oligomerization.

Furthermore, we verified the oligomerization of both pro-
teins in vitro by isothermal titration calorimetry (ITC) dilution
assays (Figure 4B). In these experiments, a concentrated sam-
ple of HuR (700 uM) is titrated into the cell containing buffer,
thus diluting the protein, and promoting dimer dissociation.
According to the analysis of ITC dilution assays, the equilib-
rium dissociation constant (Kp) of HuR;.99 Y5pCMF is one
order of magnitude lower than that for HuR; 99 wild-type, in-
dicating a higher tendency of HuR; 99 to dimerize when it is
phosphorylated at Y5. Thus, the phosphorylation of Y5 seems
to play a dual role: disturb the contacts between the RRM1
B,—B3 loop and the HNS sequence, and thereby promote both
HuR shuttling to the cytoplasm and oligomerization.

Y5 phosphorylation modulates HuR nucleic acids
interaction

Since HuR RRM1 is the principal domain involved in RNA
recognition (8), we decided to study whether HuR binding to
nucleic acids is affected by Y5 phosphorylation. For this pur-
pose, we designed a recombinant full-length HuR (HuR 36,
see Supplementary Figure S2C), and its phosphomimetic ver-
sion by replacing Y5 by pCMF (HuR{ 356 Y5pCMF). The non-
canonical amino acid insertion was confirmed by mass diges-
tion (Supplementary Figure S4B). Then, we performed bio-
layer interferometry (BLI) assays using a biotinylated DNA
oligonucleotide of 17 bases length (17mer) and HuR ;356 wild-
type or HuRy 356 Y5pCMF (Figure 5A). We performed simi-
lar experiments using a biotinylated DNA oligonucleotide of
7 bases (7mer) and HuR;.99 wild-type or HuR;. 99 Y5pCMF
(Supplementary Figure S8A). Given that HuR binds to adeno-
sine and uridine-rich elements (AREs) with high affinity (50),
both oligonucleotides were composed of adenine and thymine
(S-ATTTTTATTTTATTTTT-3' and 5’-ATTTTTA-3'). Analy-
sis of BLI experiments revealed a slightly higher nucleic acids
affinity for the wild-type protein than for the phosphomimetic
mutant, both for HuR;.99 and for the full-length protein.
Calorimetry assays and 2D-'H-""N-HSQC NMR titrations
with HuR; 99 wild-type or HuR; 99 YSpCMF proteins and the
7mer oligonucleotide further corroborated the modest change
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Figure 4. Y5 phosphorylation increases RRM1-dependent oligomerization of HuR. (A) Western-blot analysis of V5-tagged HuR versions. Hel a cells were
transfected with plasmids expressing HuR-V5 or HuR Y5FV5 variants, and subjected to analysis to detect V5-tag. Non-transfected Hel a cells were used
as control (C). For samples in non-reduced and non-denatured conditions (Non-denat), reducing agents were not added and samples were not heated
before loading in the SDS-PAGE gel. Arrows indicate theoretical weights for HUR monomers, dimers and trimers. The western blot showed is
representative of four similar experiments. Right panel: Quantification of the intensities from discrete bands for HUR monomers, dimers and trimers
using anti-Vb-tag antibody. The average of 4 experiments is shown. Whiskers indicate standard deviation values. The significance of differences was
tested using the Student'’s t test. (B) ITC analysis of HuR,.g9 wild-type (cyan) and HuR,.99 YSpCMF (orange) dilution assays. Thermograms and

dissociation isotherms are shown in the upper and lower panels, respectively.

in binding affinity of the phosphomimetic protein towards nu-
cleic acids (Figure 5B and Supplementary Figure S8B).
Surface mapping of the residues exhibiting highest ACSPs
delimits the DNA binding interface on the B-strands of HuR
RRM1 (Figure 5C and Supplementary Figure S8C-F), as al-
ready demonstrated before (28). No remarkable changes were
observed between the interaction interfaces of HuR,.99 wild-
type and HuR; 99 Y5pCMF; actually, only one residue (A96)
shows a ACSP slightly higher for the phosphomimetic pro-
tein than for the wild-type. Nevertheless, 2D 'H-'*N-HSQC
backbone conventional experiments were not able to detect
hydrogen bonds involving side chains, which have a key
role in HuR nucleic acid binding (6). For that reason, we
performed heteronuclear in-phase single quantum coherence
spectroscopy (HISQC) experiments, which takes advantage of
tailored pulse sequences to analyze the "H-"SN correlation of
lysine side-chain amino groups. This method is particularly
useful to study interaction dynamics between HuR and DNA,
since HuR 99 contains five lysine residues, all of them exposed
to the solvent. Additional experiments were performed to as-
sign signals in HISQC spectra: 2D (H2C)N(CCH)-TOCSY—
to detect N correlations with '"H Lys—and 2D H2CN—
to monitor changes of 'He-'>N( resonance signals across
temperature—(Supplementary Figure S9). Upon DNA bind-
ing, the NH3* groups from lysine side chains are less sus-
ceptible to exchange with bulk H* (lower water-exchange
rates), thus allowing their detection by NMR. 2D-'H-1"N-
HISQC titrations were carried out with HuR; 99 wild-type or
Y5pCMF and the 7mer oligonucleotide (Figure 5D). Four -
NH;* signals appeared in the free HuR ;.99 spectrum, whereas
the spectra recorded at higher protein:DNA ratios (1:0.8 and
1:1.3) revealed an additional -NH?3* signal, which corresponds
to K50. The resonances of lysine residues at the DNA bind-
ing interface, namely K50, K55 and K92, experienced signif-
icant chemical shifts, while the resonances of K72 and K89
signals barely moved upon DNA addition. Most importantly,

the lower signal intensity of K50, K55 and K92, which are
likely the residues with a major involvement in DNA binding,
for HuR;.99 Y5pCMF mutant suggests a reduction in DNA-
affinity in the phosphomimetic mutant. Altogether, these ob-
servations support that phosphorylation of Y5 only has a
modest impact on nucleic acids interaction.

Nevertheless, we tested the capacity of Y5 phosphorylated
HuR to interact with target mRNAs in the cell by RIP (ribonu-
cleoprotein immunoprecipitation) analysis. For that, we trans-
fected HeLa cells with plasmids expressing HuR-VS or HuR
YSF-V5. After immunoprecipitation with anti-V35, the levels
of specific mRNAs were measured by reverse transcription
followed by real-time quantitative PCR analysis (Figure SE).
Surprisingly, the concentration of ribonucleoprotein (RNP)
complexes of HuR with prothymosin alpha (PTMA) mRNA,
which is a known target of HuR, increased after doxorubicin
treatment. Significantly, this change was not observed for HuR
YSE Thus, Y5 phosphorylation might affect the binding of
HuR with certain mRNA targets in the cell.

Discussion

The RBP HuR is essential on vital processes, from develop-
ment to cell survival upon stress conditions (51). Thus, HuR
is involved in numerous diseases with diverse aetiologies, and
the interest on this protein is still increasing since its discov-
ery in 1996 (2,7,52). The activation of HuR is related to its
translocation from the nucleus to the cytoplasm to play its
main function, namely RNA stabilization, under diverse stim-
uli, for instance, DNA damage response (7,53,54). Specifically,
doxorubicin was previously shown to induce HuR phospho-
rylation by PKC kinase, which leads to its cytoplasmic re-
distribution (46,55). Furthermore, the cytoplasmic fraction of
HuR is more susceptible to oligomerize (23,24). However, the
mechanistic details on HuR transport between nucleus and
cytoplasm have not been fully elucidated and neither of the
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Figure 5. Phosphorylation at HuR Y5 regulates HUR nucleic acids affinity. (A) Biolayer Interferometry (BLI) binding analysis of full length HuR (HuR1.326)
wild-type (cyan) and Y5pCMF mutant (orange) with a 17mer DNA-oligonucleotide (5-ATTTTTATTTTATTTTT-3'). (B) Curves representing the best global fit
of NMR CSPs for several amide signals in the indirect (**N) and direct ("H) dimensions, at a 1:5 ratio (protein:DNA), for HuR.g9 wild-type (upper panel)
and Y5pCMF mutant (lower panel). (C) Ribbon and surface map of HuR,.g9 Wild-type. Residues exhibiting CSPs higher than twice the standard deviation
(20) for HuR,.99 wild-type and HuR,.99 Y5pCMF are represented by dark blue and those ones with values between 1o and 20, in cyan. K96, which is
significantly affected only in HuR,.g9 Y5pCMF mutant, is colored by yellow. Y5 is colored in orange. Side chains of the residues with CSPs higher than 1o
are shown. PDB ID: 5SZW (28). (D) Superimposed 2D "H-"®N HISQC titration spectra of "®N-labeled HuR,.q9 wild-type (left panel) and Y5pCMF mutant
(right panel) up to a ratio 1:3 (protein:DNA). (E) Hela cells were transfected with HuR-V5 or HuR Y5FV5, and treated in the absence or presence of 10
1M doxorubicin for 4 h. Ribonucleoprotein immunoprecipitation (RIP) analysis was used to measure the interaction between HuR variants and
prothymosin alpha (PTMA) mRNA. GAPDH mRNA was measured for normalization, and data are represented as enrichment of the mRNAs in V5 IP
samples relative to the levels in IgG IP samples. The graphs represent the mean and standard deviation from three independent experiments.

numerous PTMs regulating HuR seem to control its oligomer-  cally, the spin-labelled-C245 of RRM3 is close to the 3,-f3
ization (1,2,5,56). In this study, we describe a new pathway for ~ loop and the helical region of RRM1. In the same report, 2D-
HuR activation elicited by DNA damage response which in- "H-"SN-HSQC experiments were also performed with HuR
volves phosphorylation at Y5 for the first time. We have con- ~ RRM1-2, HuR RRM1-3 and a version of HuR RRM1-3
firmed Y5 phosphorylation in cancer cell models, i.e. HeLa ~ where the hinge region is mutated by repetitions of Gly-Gly-
and Jurkat cells (Figure 1). This PTM not only promotes HuR ~ Ser. Relevant ACSPs at the 3,—3 loop of RRM1 were found
cytoplasmic accumulation, but also protein oligomerization. when comparing the spectrum of HuR RRM1-2 with that of

Previous studies determined the proximity between HuR HuR RRM1-3, indicating a change in the chemical environ-
RRM1 and RRM3 by PRE-NMR experiments (8). Specifi-  ment of the f2—f3 loop of RRM1 in the presence of the RRM3
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domain. However, the analysis with the mutated version of
HuR RRM1-3 revealed no significant ACSPs in that region
(8). This difference on ACSPs, dependent on the nature of the
hinge region, confirms its closeness to RRM1 in the context
of the full-length protein.

Although Y5 phosphorylation occurs at the N-terminal dis-
ordered region, our data support that this modification in-
creases the dynamics of the hinge region and modifies its con-
tacts with the first domain of HuR (Figure 3A). These changes
alter the solvent exposure of the HNS sequence. According to
our MDs simulations, the hinge domain can be divided in two
regions (Figure 3B). Whereas the second half of the hinge re-
gion is buried in the non-modified protein, the residues with
NLS activity in the first half are exposed. Thus, it is likely that
the different solvent exposure in this region contributes to the
different subcellular localization observed for the phosphory-
lated protein (Figure 1).

On the other hand, our MDs simulations and sSPRE-NMR
experiments indicate that the solvent exposure of the first do-
main also changes when HuR is phosphorylated at Y5 (Fig-
ure 2). Specifically, the contacts of the hinge region with the
«q-helix and the B2—p; loop disappear. Calorimetry assays
indicate that their exposure suppose a 10-fold reduction in
dimerization Kp, which will trigger an increase in HuR RRM1
dimeric population (Figure 4B). Although non-modified HuR
dimerizes exclusively through RRM3 domain in the context
of the full-length protein (8,57,58), studies performed with
isolated domain RRM1 revealed the ability of this domain
to form dimers in a Cys-independent manner (28). In fact,
we confirmed that HuR phosphorylated in Y5 presents a ten-
dency for oligomerization in Hela cells (Figure 4A). Thus,
we propose that full-length HuR needs to be phosphorylated
at Y5 to release ay-helix and the B,-B3 loop, and permit
oligomerization mediated by RRM1.

We also tested the effect of Y5 phosphorylation on HuR-
nucleic acids binding. Dissociation constant of phospho-
mimetic HuR is slightly higher than for the non-modified pro-
tein. A possible explanation for this faint difference is the
repulsion generated between the negatively charged nucleic
acids and pCMF or pY amino acids. Moreover, the N-end
of HuR establishes numerous transient contacts with RRM1
B-sheets when Y35 is phosphorylated, possibly sterically hin-
dering its interaction with nucleic acids (Figure 2). There-
fore, although Y5 phosphorylation is not directly involved on
the control of HuR-RNA binding, the extra negative charge
might lead to a reduction in the binding capacity of the pro-
tein. While HuR dimerization through RRM3 increases RNA
binding in vitro, it seems to play an autoinhibitory role in the
cell, reducing the mRNA stabilization activity of HuR (59).
The slightly reduced interaction with DNA observed for HuR
Y5pCMF could alternatively be due to a negative effect of
dimerization. Indeed, RRM1 dimerization is reduced by nu-
cleic acid binding in the non-modified protein (28). Nonethe-
less, Y5 phosphorylation seems to exert an effect in the in-
teraction with HuR specific mRNA targets, such as PTMA,
demonstrating a physiological role of this post-translational
modification.

In summary, we present a new phosphorylation site at the
intrinsically disordered N-end of HuR that increases the dy-
namics of the hinge-region and modifies the solvent exposure
of the HNS sequence. Thus, the phosphorylation at Y35 in-
terferes with HuR shuttling between nucleus and cytoplasm,
resulting on the cytoplasmic accumulation of HuR. In addi-
tion, this PTM is responsible for HuR oligomerization by its
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first domain upon the release of the implicated residues. More-
over, the detection of phosphorylated HuR at Y35 in cancer cell
models (HeLa and Jurkat cells) highlights the possible impli-
cations of Y5 phosphorylation in cancer. As a new activation
pathway of HuR, phosphorylation at Y5 opens a study field
on the regulation of this protein, and it contributes to the un-
derstanding of HuR function.
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