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Abstract

Nucleophosmin (NPM1) is a nucleolar protein commonly mutated in ~30% of newly diagnosed acute myeloid leukemia (AML) cases. These
mutations occur in the terminal exon of the NPM1 gene, affecting the C-terminal DNA-binding domain of the protein and causing its delocalization
to the cytoplasm—a hallmark of NPM1-mutated AML. NPM1 shuttling to the nucleoplasm is tightly regulated by posttranslational modifications,
such as phosphorylation of Ser254, Ser260, and Tyr271 of the DNA-binding domain. However, the structural mechanisms underlying this pro-
cess remain unclear. In this work, we show that Serto-Asp (S254D-S260D) and Tyrto-pCMF (para-carboxymethyl phenylalanine) (Y271pCMF)
phosphomimetic mutations induce significant structural and dynamical rearrangements, as well as drastic modifications in electrostatic surface
potential. These changes compromise recognition of a G-quadruplex sequence from the ¢-MYC promoter by reducing DNA-binding affinity, re-
shape histone capturing dynamics, and fade charge segregation in the histone-binding domain. Combination of such substitutions in a triple
phosphomimetic variant (S254D-S260D-Y271pCMF) further destabilizes the domain's structure and triggers protein aggregation. Altogether,
these findings suggest that phosphorylation of Ser254, Ser260, and Tyr271 of the C-end DNA-binding domain weakens both DNA affinity and
charge block-driven liquid-liquid phase separation, offering a molecular explanation for the delocalization of NPM1 outside of the nucleolus.
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Introduction

Acute myeloid leukemia (AML) is an hematological disorder
characterized by the abnormal proliferation and differentia-
tion of a clonal population of myeloid stem cells [1]. The se-
rial acquisition of somatic mutations in cells with the capac-
ity to self-renew and propagate the neoplastic clone is crucial
for leukemia development [2]. Advances in genetically based
diagnosis have enabled the classification of AML into differ-
ent subentities based on the presence or absence of clinically
relevant cytogenetic and molecular abnormalities [3]. Among
these, the 2022 World Health Organization classification on
myeloid neoplasms has recognized nucleophosmin (NPM1)-
mutated AML as a distinct entity, defined by this specific
genetic abnormality regardless of blast counts [4]. Notably,
NPM1 is involved in ribosome biogenesis, centrosome dupli-
cation, protein chaperoning [5], and cell proliferation [6]. It
is prevalently mutated in approximately one-third of all diag-
nosed AML cases [7-11]. These mutations represent the most
prominent class II mutations, according to the two-hit leuke-
mogenesis model [1].

Most NPM1 leukemogenic mutations result in frameshift
events that disrupt the C-terminal nucleic acid-binding do-
main. Structurally, the C-end domain of NPM1 consists of a
three-helix bundle [12] (residues 241-294) and is connected to
the N-terminal oligomerization domain (OD) through an in-
trinsically disordered region (IDR) [13] (Fig. 1A). This bundle,
together with a short segment of the IDR (residues 224-241),
constitutes the NPM1 DNA-binding domain (DBD; Fig. 1A
and B), which binds DNA-based G-quadruplexes with high
affinity, including the sequence found at the c-MYC oncogene
promoter [14]. Frameshift mutations in this region result in
the loss of the protein’s nucleolar localization signal (NoLS),
specifically the key residues Trp288 and Trp290 (Fig. 1B).
This alteration leads to the formation of a new nuclear ex-
port signal, preventing proper incorporation of NPM1 into
the nucleolus and promoting its mislocalization to the cyto-
plasm [15-17]. This mislocalization disrupts the cellular lo-
calization of NPM1, which is a critical hallmark in cancer de-
velopment [18]. Due to its central role in nucleolar morphol-
ogy and function, as well as in other extranucleolar processes,
NPM1—and specifically its DBD—serves as a hub for post-
translational modifications [19-21]. Notably, dual phospho-
rylation at Ser254 and Ser260 within the C-terminal DBD of
NPM1 induces translocation from the nucleolus to the nucleo-
plasm [22]. Moreover, phosphorylation at Tyr271 under geno-
toxic stress has been associated with premature and extensive
nucleolus-to-nucleoplasm translocation of NPM1 [20]. How-
ever, it remains unclear how dual phosphorylation at Ser254
and Ser260, phosphorylation at Tyr271 alone, or the com-
bined modification at all three sites influences the structural
architecture of the domain, its nucleic acid binding capacity,
and overall protein dynamics.

In this study, we demonstrate that phosphomimetic
mutations—Ser to Asp (5254D-S260D) and Tyr to pCMF
(para-carboxymethyl phenylalanine) (Y271pCMF)—in the
NPM1 DBD preserve the overall folding of the domain,
despite inducing structural and dynamical rearrangements.
These mutations markedly reshape the ESPs, leading to re-
duced DNA-binding affinity—as reflected by impaired recog-
nition of a G-quadruplex sequence from the ¢-MYC gene
promoter—along with diminished histone-capturing activity
and a partial loss of charge segregation within the histone-

binding domain. The combination of these substitutions in a
triple phosphomimetic variant (S254D-5260D-Y271pCMF)
further destabilizes the domain structure and leads to ag-
gregation of the domain. Collectively, these findings suggest
that phosphorylation at Ser254, Ser260, and Tyr271 could
contribute to NPM1 delocalization outside of the nucleolus
by compromising both DNA affinity and the propensity for
charge block-based liquid-liquid phase separation (LLPS).

Materials and methods

DNA constructs

For protein expression, the coding sequence of C-end (C70)
or full-length (FL) NPM1 fused with an N-terminal His-
tag and inserted in pET28(+) bacterial expression vec-
tor was already available at our group [23]. NPMI1
C70 and FL phosphomimetic variants were obtained via
mutagenic polymerase chain reaction using the follow-
ing primers: (i) 5" GATATAGAAAAAGGTGGTGATCTTCC-
CAAAGTGGAAGCCAA 3" and 5" ATCACCACCTTTTTC-
TATATCTGCTTGCATTTTTGCTTTAATGT 3’ for the sub-
stitution of Ser254 and Ser260 codons for aspartate
ones; and (ii) 5 CAATTAGGTGAAGAATTGCTTCCG-
GATGACTGAC 3’ and 5 CACCTAATTGATGAATTTG-
GCTTCCACTTTGGGA 3 for the substitution of Tyr271
codon for an Amber STOP codon. The results were
checked by Sanger Sequencing (Eurofins Genomics). G-
quadruplex oligonucleotide Pu24l [24] of sequence 5’
TGAGGGTGGIGAGGGTGGGGAAGG 3’ was purchased
from Sigma-Aldrich. The lyophilized Pu24I stock was resus-
pended in 20 mM sodium phosphate buffer (pH 7.2) and 100
mM KCI. For the G-quadruplex formation annealing, Pu241
was heated to 95°C for 15 min and left to cool down at room
temperature overnight [24].

Protein expression and purification

pET28a(+) plasmid coding for NPM1 C70 or FL constructs
were used to transform Escherichia coli BL21(DE3) cells
via heat shock. Transformed cells were plated in lysogeny
broth (LB)-agar solid media supplemented with 50 pg ml~"
kanamycin at 37°C. For protein expression of NPM1 C70 or
FL WT and S254D-S260D, cells were grown at 37°C with
shaking overnight on liquid LB medium supplemented with
50 ug ml~! kanamycin, which was then used to inoculate 1.5
| cultures in 3 1 flasks (1:10 dilution). Protein expression was
induced once ODyg(p reached a value of 0.8, adding isopropyl-
B-p-thiogalactoside (IPTG) at 1 mM, and incubating for 20 h
at 30°C with shaking.

To incorporate pCMF in position 271 of NPM1 C70 or FL,
we followed previous protocols reported in the literature [25].
For the expression of NPM1 C70 or FL Y271pCMEF, cells were
cotransformed with the protein-coding pET28a(+) vector and
the pEVOL plasmid. pEVOL encodes an aminoacyl transfer
RNA (tRNA) synthetase/tRNA pair, specific for pCMF incor-
poration to the polypeptide chain upon recognition of the Am-
ber (UAG) STOP codon. Transformed cells were cultured in
LB supplemented with 50 ug ml~! kanamycin and 20 ug ml™!
chloramphenicol and grown overnight at 37°C with shaking.
These cells were used to inoculate 50 ml of fresh LB medium
with a 1:10 dilution factor. Once ODggg reached a value of
0.4, pEVOL expression was induced by adding arabinose at
0.02% (w/v) final concentration to the culture media. After a
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Figure 1. In silico molecular dynamics calculations of NPM1 C70 phosphomimetic variants. (A) Domain organization of NPM1. NES: nuclear export
signal. NLS: nuclear localization signal. NoLS: nucleolar localization signal. OD: oligomerization domain. IDR: intrinsically disordered region. DBD:
DNA-binding domain. The C-terminal basic stretch is highlighted in light blue. (B) Ribbon structure of the NPM1 C-terminal nucleic acid-binding domain.
Phosphorylatable residues and Trp residues forming the NoLS are shown. (C) Mean distance difference heatmap of all residue pairs in the three-helix
bundle of NPM1 C70 S254D-S260D (left) and NPM1 C70 Y271pCMF (right) with respect to NPM1 C70 WT. Mean distances were computed using
sampled frames from two independent replicates for each variant. Residue pairs that distance from each other are colored blue, while those that
become closer are colored red. (D) Representation of helix rearrangement in NPM1 C70 phosphomimetic variants. Left, NPM1 C70 S254D-S260D MD
simulation frames aligned through «2. A color gradient from yellow to red indicates the progression of loop movements over time, illustrating helix
rotation. Right, schematic representation of MD simulation frames showing «2 rotation in the NPM1 C70 Y271pCMF variant. (E) Electrostatic surface
potential (ESP) comparison between MD frames of NPM1 C70 WT and phosphomimetic variants. Reference ribbon structures are depicted. The scale
ranges from —5 (red) to +5 (blue) Kz T/e.
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2-h incubation period, cells were collected at 3500 x g for §
min and used to inoculate 250 ml of M9 minimal media in
1 I flasks. Upon reaching an ODgp of 0.8, the noncanonical
amino acid pCMF was added at 1 mM and the expression
of both plasmids was induced by adding 0.02% arabinose, 1
mM IPTG. Cultures were incubated at 30°C with shaking for
20 h.

15N-labeled NPM1 C70 WT and S254D-S260D protein
samples for Nuclear Magnetic Resonance (NMR) experi-
ments were expressed in M9 minimal media, using 1 g
171 SNH,4Cl as nitrogen source. Cells were grown at 37°C
overnight in liquid LB media supplemented with 50 ug ml~!
kanamycin, collected and used to inoculate fresh M9 me-
dia. Protein expression was induced with 1 mM IPTG upon
reaching an ODggg of 0.8. Cultures were grown for 20 h at
30°C with shaking. NPM1 C70 Y271pCMEF expression was
achieved as described above, using 1 g 17! Y'NH4Cl as nitro-
gen source.

Cells were collected at 4500 x g for 10 min at 4°C and
resuspended in a lysis buffer composed by 20 mM Tris-HCI
(pH 8.0), 800 mM NaCl, 10 mM Imidazole, 1 mM phenyl-
methylsulfonyl fluoride (PMSF), 500 ul cOmplete™ ethylene-
diaminetetraacetic acid (EDTA)-free Protease Inhibitor Cock-
tail (Roche) from a tablet per ml stock, 0.2 mg ml~"! lysozyme,
0.02 mg ml~! DNase I (Roche), and 5 mM dithiothreitol
(DTT). The cell extract was sonicated for 5 min and cen-
trifuged at 27 000 x g for 30 min at 4°C to remove cell debris.
Protein purification was carried out by affinity chromatogra-
phy in a column with Ni-Sepharose (HisPur™ Ni-NTA Resin,
Thermo Scientific™) previously equilibrated with lysis buffer.

Protein was eluted using a 10-300 mM imidazole step
gradient. Protein-containing elution fractions were dialyzed
in 20 mM sodium phosphate buffer (pH 7.2) and concen-
trated in Amicon® Ultra-15 Centrifugal Filter Units (3 kDa
cutoff) until reaching the required concentration. Sample pu-
rity and protein integrity was assessed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
protein concentration was quantified through Bradford pro-
tein assay for NPM1 FL species or registering sample ab-
sorbance at 280 nm for NPM1 C70 species.

H2A and H2B expression was carried out similarly as de-
scribed in [26]. Transformed E. coli BL21(DE3) were grown in
LB liquid media. Once ODgg reached ~0.6, 1 mM IPTG was
added. Cells were collected after incubation for 3 h at 37°C.
For inclusion bodies purification, collected cells were lysed in
buffer containing 20 mM HEPES (pH 7.5), 300 mM NaCl,
30 mM imidazole, 1 mM DTT, 5% glycerol, cOmplete™
(Roche), 0.01% PMSF, 0.2 mg ml~! lysozyme, and 0.2 mg
ml~!.DNase I (Roche). Resuspended cells were sonicated for
7 min. The resulting extract was centrifuged at 26 000 x g for
20 min at 4°C.

The pellet was resuspended in buffer containing 20 mM
HEPES (pH 7.5), 200 mM NaCl, 1 mM EDTA, 1 mM DTT,
1% triton X-100, cOmplete™, 0.01% PMSE, 0.2 mg ml~!
lysozyme, and 0.2 mg ml~! DNase I, using a douncer. The
homogenized lysate was then centrifuged at 18000 x g for
20 min. This process was repeated twice, and another two
times using the same buffer without triton X-100, with a final
centrifugation step at 22 000 x g for 30 min at 4°C. The re-
maining pellet was flash frozen in liquid nitrogen and stored
at —20°C.

Inclusion bodies were solubilized in dimethyl sulfoxide, and
later incubated in agitation for 1 h at room temperature in

buffer containing 20 mM Tris-HCI (pH 7.5), 6 M guani-
dinium chloride, 1 mM DTT. The sample was then centrifuged
at23 000 x g for 30 min at 4°C. The supernatant was dialyzed
against buffer containing 20 mM sodium acetate (pH 5.2), 7
M urea, 1 mM EDTA, 1 mM DTT, 200 mM NaCl at 4°C.
The sample was loaded on a DAE cellulose column to elimi-
nate residual DNA. Flowthrough was then loaded on a DEAE
cellulose matrix for cation exchange chromatography. Elution
was done using a 0.2-1 M NaCl step gradient. Samples were
dialyzed against water with 1 mM DTT at 4°C and lyophilized
afterward.

Histone dimer assembly

Lyophilized H2A and H2B were separately dissolved in buffer
containing 20 mM Tris—HCI (pH 7.5), 6 M guanidinium chlo-
ride, 5 mM DTT. Protein concentration was determined us-
ing 280 nm absorbance. H2A and H2B were equimolarly
mixed and dialyzed extensively in buffer containing 10 mM
Tris—-HCI (pH 7.5), 1 mM EDTA, 2 mM DTT, 2 M NacCl. To
separate the dimers, the sample was loaded on a Superdex®
75 Increase (GE Healthcare) size exclusion chromatography
column.

MALDI-MS and tryptic digestion

Pure NPM1 C70 and FL samples were run on a 15% and
10% SDS-PAGE, respectively. Coomassie-stained SDS-PAGE
gel bands were cut and unstained using an NH4CO3 and ace-
tonitrile solution. They were also treated with DTT to break
disulfide bonding and with iodoacetamide for cysteine car-
bamidomethylation. Tryptic digestion was done using a 1:10
mix of bovine trypsin:substrate and overnight incubation at
37°C. After acetonitrile extraction, samples were acidified, de-
salted, and concentrated. Spectra were registered using an Ul-
traflextreme MALDI-TOF spectrometer (Bruker), available at
the Biomolecular Mass Spectrometry Service in Pablo de Ola-
vide University. The information given by the fingerprint spec-
tra was compared with the results expected from the theori-
cal digestion of the peptide, which included posttranslational
modifications, cysteine carbamidomethylation, and methion-
ine oxidation.

Molecular dynamics simulations

Molecular dynamics (MD) simulations were carried out us-
ing AMBER 14SB force field [27] in explicit solvent using
OPC water models under periodic boundary conditions us-
ing an orthorhombic cell geometry, with a minimal distance
between protein and cell walls of 10 A. The net charge of the
system was neutralized including chlorine and sodium atoms.
Charges and force-field parameters for the pCMF residue were
obtained from previous ab initio GAMESS calculations [25].
Charges and force-field parameters for the phosphoserine and
phosphotyrosine with unprotonated phosphate group were
retrieved from the AMBER Parameter Database [28]. The
NMR-resolved structure of NPM1 C70 (PDB accession num-
ber: 2LLH [24]) was used as the starting structure of WT
NPM1 C70 simulations, and as a template to generate the
modified phosphomimetic and phosphorylated variants. Co-
ordinates and topology parameters were obtained using AM-
BER’s LeaP module.

MD simulations in equilibrium were performed using
OpenMM [29] v7.4.2. Each system was subjected to 2 us MD
simulations at 298 K at a constant pressure of 1 atm after
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2500 steps of energy minimization, using particle mesh Ewald
(PME) electrostatics with an Ewald summation cut-off of 9
A to account for Coulomb and van der Waals interactions.
Replicates (7 = 2) were run using the same initial coordinates
and topology parameters. The simulation’s trajectory statistics
were analyzed using the CPPTRAJ [30] module of AMBER.
The Mdtraj [31] Python module was used to compute the dis-
tance between residue pairs from two replicate simulations
for each system, with the same starting coordinates, using the
“closest heavy” method.

Replica exchange with solute tempering (REST2) simu-
lations [32] were performed in GROMACS (v2023.5) [33]
patched with plumed (v2.9.0) [34]. AMBER topology and co-
ordinate files were converted to GROMACS-compatible for-
mat using parmed [35], and chlorine and sodium atoms were
added to match a 150 mM ionic strength. The system was min-
imized using the steepest descent algorithm applying gradu-
ally decreasing isotropic force constants restraints (1000, 500,
250, 100, 50, 10 kJ mol~! nm~2) to the protein atoms, fol-
lowed by an unrestrained minimization. The system was equi-
librated for 20 ns at 300 K, using a velocity rescale thermo-
stat and an isotropic pressure of 1 bar maintained using a C-
rescale barostat, using PME with a cutoff of 11 A for Coulomb
and 9-11 A for van der Waals interactions, and restricting the
bond length using LINCS algorithm. To set the simulations,
the charge, Lennard—Jones parameter, and proper dihedral po-
tentials defined in the topology file were rescaled as described
by a A factor defined as

py—L (1)

where Ty, is the minimum temperature (T = 280 K for A = 0)
and T; is the temperature of the ith replica [36]. The replica
temperatures, T;, were distributed following an exponential
geometric progression,

T; = Tiin - exp lbi(_?"l) , (2)

where Ty is the maximum temperature (550 K), and 7 is
the number of replicas (24). Exchanges were attempted ev-
ery 500 steps using the -hrex and -replex 500 options. The
simulation length was at least 200 ns with a 2 fs timestep un-
der periodic boundary conditions. Temperature and pressure
were controlled using the v-rescale thermostat (t = 0.1 ps)
and the Parrinello-Rahman barostat (t = 0.5 ps, 1 bar). Long-
range electrostatics were treated using the PME method with
a real-space cutoff of 11 A, and van der Waals interactions
were smoothly switched to zero between 9 and 11 A. Hydro-
gen bonds were constrained using the LINCS algorithm. GPU
acceleration was employed for nonbonded, PME, and bonded
interactions, while position updates were handled on CPUs.
To analyze the simulations, first we computed the effective
temperature, T¢, using the following equation [37]:

(Tar) =T 1+ E“—l <E(§)+(§)(§)> |

(3)
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where E,p(X), Epw(X) designate protein-protein and
protein—water potential energies, and T; is the instantaneous
temperature at the ith step.

To evaluate the evolution of the structure along the differ-
ent repeats, we computed the backbone root mean square de-
viation (RMSD) for the folded region (residues 20-70) over
the last half of the trajectories using “gmx rms” from the
GROMACS suite, with the starting structure after equilibra-
tion as the reference. A conformation was defined as folded if
its RMSD was below 2.5 A, allowing us to estimate the frac-
tion of folded states.

AM1BCC tool [38] of the Antechamber package, included
in USCF Chimera v1.17 [39], was used to compute atom
charges, and adaptive Poisson-Boltzmann solver [40] to cal-
culate ESPs of NPM1 C70 variants. USCF Chimera v1.17 and
VMD v1.9.4 [41] were used for simulation analysis and de-
piction.

Circular dichroism

Circular dichroism (CD) spectra of NPM1 C70 samples were
registered in the far-UV range (190-250 nm) at 298 K in
20 mM sodium phosphate (pH 7.2) buffer. For each sample,
20 scans were averaged in a Jasco J-815 spectropolarimeter
equipped with a Peltier temperature-control system, using a
1-mm quartz cuvette. Protein concentration was 15 uM. Far-
UV CD spectra of NPM1 FL samples were registered in 10
mM sodium phosphate (pH 7.4) buffer with the same sys-
tem setup. Protein concentration was 1 pM of the pentameric
form.

For far-UV (195-250 nm) CD temperature ramp measure-
ments of NPM1 C70 WT and S254D-S260D-Y271pCMF
variant, four scans were averaged in 1°C increments using
a 10-mm quartz cuvette. Samples were prepared in 20 mM
sodium phosphate (pH 7.2) buffer at 2.5 uM protein con-
centration. The stability parameters for the protein were esti-
mated by nonlinear regression data analysis applying the sin-
gle transition model in which the unfolding Gibbs energy, AG,
is given by:

AG (T) = AH (T) <1 - Tl> + ACp (T T, — TlnTl>

(S) _ Sn+Syexp(—=AG(T)/RT)
=~ T 1texp(—AG(T)/RT)

where AH is the unfolding enthalpy, Ty, is the unfolding tem-
perature, ACP is the unfolding heat capacity, (S) is the mea-
sured signal at each temperature, Sy and Syare the intrinsic
signals for the native and the unfolded states, which are con-
sidered linear functions of the temperature. The populations
of the native and unfolded states, Py and Py, are related to
the unfolding Gibbs energy:

1
Pn(T) =1 + exp(—AG(T)/RT)’
Py (T) = exp(—AG(T)/RT)

" 1 =exp(—AG(T)/RT)’

NMR measurements

1D 'H, 2D ['H, N] HSQC, 3D NOESY-HSQC, and 3D
TOCSY-HSQC NMR spectra of all NPM1 C70 variants were
acquired on a Bruker Avance III 500 MHz system at 298 K
(unless otherwise specified). Structural characterization
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experiments were carried out in 20 mM sodium
phosphate buffer (pH 7.2) supplemented with tris(2-
carboxyethyl)phosphine (TCEP) reducing agent at 5 equiv-
alents of the protein molar concentration. All samples
contained 5% D,O for the adjustment of the lock signal.
For 1D experiments protein concentrations ranged 80-300
uM, whereas 2D spectra were performed at 500 uM. 3D
TOCSY-HSQC and NOESY-HSQC spectra were acquired at
higher protein concentration, ranging 500-900 uM.

Titration experiments were performed in 20 mM sodium
phosphate (pH 7.2) supplemented with 5 equivalents of TCEP
and 100 mM KCIL. 2D ['H, PN] HSQC spectra of 50 uM
NPM1 C70 were recorded in the absence and in the pres-
ence of 50 uM nonlabeled Pu24I oligonucleotide (1:0 and
1:1 molar ratio). For the assignment of NPM1 C70 phos-
phomimetic variants, 3D TOCSY-HSQC and NOESY-HSQC
spectra were acquired. Supplementary Fig. S1 shows the 2D
['H, P N] HSQC spectra with assigned backbone amide res-
onances. Amide backbone resonance assignments are avail-
able at the Biological Magnetic Resonance Data Bank (BMRB
accession numbers 52438 and 52439). Acquisition parame-
ters used in 2D and 3D NMR experiments are included in
Supplementary Table S1.

TopSpin v4.2.0 software was used for the initial steps of
spectra processing. For the assignment of backbone reso-
nances and chemical-shift perturbations (CSPs) calculations,
POKY NMR [42] software was used.

Isothermal titration calorimetry measurements

To study the interaction between NPM1 C70 phospho-
mimetic variants and Pu24I oligonucleotide, isothermal titra-
tion calorimetry (ITC) measurements were performed using a
Nano ITC Low Volume (TA Instruments, USA) at 298 K. Ex-
periments consisted of 17 successive 2.9 pl injections of a 300
uM NPM1 C70 solution into the cell, which contained a 20
uM solution of Pu24I oligonucleotide. Samples were prepared
in a 20 mM sodium phosphate (pH 7.2), 100 mM KClI, 1.5
mM TCEP buffer. The delay between injections was set to 150
s to allow for baseline recovery and steering was maintained
constant at 300 rpm during the acquisition. All samples were
degassed prior to the experiments. To determine the binding
affinity (dissociation constant, Kp, and binding Gibbs energy,
AG) and the enthalpic and entropic contributions (AH and
-TAS), the experimental data were analyzed considering an
interaction model of a single binding site using user defined
routines in Origin 7.0 (OriginLab Corp.) software.

Histone-capture disaggregation assay

Histone-capture disaggregation assays were done similarly as
described by Lorton et al. [43]. To form histone-DNA ag-
gregates, H2A/H2B dimers were mixed with a 500-bp DNA
fragment in a 15:1 molar ratio (300 nM histones and 20 nM
DNA) in a 20 ul reaction volume in buffer containing 25 mM
sodium phosphate (pH 7.0), 150 mM NaCl, and 1 mM EDTA.
After incubating at 23°C for 15 min, NPM1 FL WT or phos-
phomimetic species were added to the mix at the monomeric
NPM1: H2A/H2B dimer ratios shown. Samples were then in-
cubated for another 30 min at 23°C. 2.8 pl of 50% glycerol
were added to each sample and 10 pul of the mix were loaded
on a 0.5% agarose Tris-borate-EDTA (TBE) gel. The elec-
trophoresis was run for 45 min at 100 V and gels were post-
stained using SYBR Gold nucleic acid stain (Thermo Scien-

tific). Image analysis of the gels was done using Image] 1.54¢g
[44]. DNA bands in each gel were quantified relative to their
corresponding free DNA control. Intense bands near the wells
of the gel were used to quantify aggregate DNA. Control ex-
periments in the absence of H2A/H2B dimers were performed
to ensure that the binding of NPM1 FL to DNA did not in-
terfere with the assay. These assays were carried out at the
highest chaperone concentration (4.8 pM of the monomeric
form) for all NPM1 FL species.

Phase separation assays

Experiments were performed as previously described [435, 46].
Briefly, NPM1 FL species at a pentameric concentration rang-
ing 0.25-10 pM were mixed with 13% Ficoll™ PM70 (Cy-
tiva) molecular crowding agent in a 10 mM sodium phosphate
buffer (pH 7.4) containing 150 mM NaCl. After mixing, sam-
ples were mounted in a glass slide and covered with a cover-
slip, kept together by a layer of pierced 3M™ double-sided,
100-um-thick tape. Samples were incubated at room temper-
ature for 10 min to allow the droplets to settle in the slide
before image acquisition. Multiple microscopy field images
(4-7) of two mounted samples were acquired for each experi-
mental condition using a Leica CTR 6000 microscope. Image
processing was performed with the LASX (Leica Microsys-
tems) and FIJI (Image]) softwares [44]. FIJI’s trainable Weka
segmentation tool was employed for image segmentation and
droplet area occupancy quantification. Pairwise comparisons
of droplet area occupancy were done using a Mann-Whitney
U test in Origin 7.0 (OriginLab Corp.) software.

Results

Molecular dynamics simulations on NPM1 C70
phosphomimetic variants suggest helix-bundle
destabilization

To explore whether the delocalization of NPM1 triggered by
phosphorylation in its DNA binding C-terminal domain [20,
22] correlates with changes in protein structure, dynamics,
or nucleic acid binding, we analyzed phosphomimetic vari-
ants on an NPM1 construct that comprises its last 70 amino
acids (NPM1 C70), since its kinases are still unknown. Ser254
and Ser260 were replaced by aspartates (NPM1 C70 S254D-
$260D), while Tyr271 was substituted by the noncanoni-
cal amino acid para-carboxymethyl phenylalanine (pCMF)
(NPM1 C70 Y271pCMF). The combination of the three
substitutions was also tested (NPM1 C70 S254D-S260D-
Y271pCMF).

During MD simulations on WT and the three NPM1 C70
phosphomimetic variants, radius of gyration (RoG) values re-
mained constant and showed a similar degree of compactness
among different variants (Supplementary Fig. S2A~C). RMSD
values along the simulations remain approximately ina +£1 A
range for most replicates, while in some of them occasional
fluctuations could be observed (Supplementary Fig. S2A-C).
The convergence of RMSD and RoG values in the ns—us
timescale suggests the absence of global unfolding events in
the domain.

Three «-helical tracts are clearly distinguished for the three
variants in the secondary structure analyses of the trajecto-
ries (Supplementary Fig. S2A-C). Interestingly, while the Ser-
to-Asp substitutions are located at the end of helix 1 (x1),
a slight instability of helices 2 («2) and 3 («3) was detected
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during the trajectories. Similarly, while the Y271pCMF sub-
stitution takes place at o2, a decrease in the stability of «1
and «3 helices was observed. These observations were consis-
tently reproduced, albeit with different degrees of destabiliza-
tion. Altogether, these findings point to a broader effect of the
phosphorylation events, spanning the entirety of the domain.

Difference in distances of all residue pairs in the three-
helix bundle between phosphomimetic and WT NPM1 C70
species were computed (Fig. 1C). In the $254D-S260D and
Y271pCMF variants, there is an approach between o1 and
a3, while loop 2 (L2) separates from a1 and «2. In the NPM 1
C70 S254D-S260D variant, «3 also distances from the end
of a2 (before loop 2); while in NPM1 C70 Y271pCMF, «3
takes a tighter turn and converges closer toward the end of
a2. It is worth noting that the C-end of «3 in NPM1 C70
§254D-S260D variant became unstable during simulations,
which is reflected in the increased distance from the rest of the
domain. Altogether, these findings indicate that slight struc-
tural rearrangements allow the accommodation of the substi-
tuted phosphomimetic residues (Fig. 1D).

The effect of mutations was further explored performing
ESP calculations on both variants in comparison with the WT
protein (Fig. 1E). ESPs were displayed using MD frames in
which the IDR was mostly extended, and the three-helix bun-
dle remained compact. The positively charged groove between
a1 and «2 helices in NPM1 C70 WT harbors the binding sur-
face of the G-quadruplex-forming DNA oligo Pu24I [24] and
encompasses residues Ser254, Ser260, and Tyr271. Accord-
ingly, the ESP of the C-end phosphomimetic NPM1 species
(NPM1 C70 S254D-S260D or Y271pCMF) is substantially
less positive in the two-helix interface and the adjacent un-
structured N-terminal block (Fig. 1E), pointing toward an ef-
fect on the domain ability to establish electrostatic interac-
tions with negatively charged molecules, such as nucleic acids.

Cotranslational incorporation of canonical and noncanoni-
cal phosphomimetic residues may result in only a partial anal-
ogy of phosphorylation, without fully reproducing the hydra-
tion layer, tetrahedral geometry, and formal charges of phos-
phate [47]. A workflow that combines computational and
biochemical approaches to better decipher how phosphory-
lation events affect protein structure and function has been
previously reported [48]. Therefore, to assess the extent to
which Asp and noncanonical pCMF phosphomimetic sub-
stitutions recapitulate the structural and electrostatic effects
of NPM1 phosphorylation at Ser254-Ser260 and Tyr271, we
performed MD simulations on phosphorylated variants of the
NPM1 C70 construct, modeled with deprotonated phosphate
groups. Analysis of RMSD and RoG indicated structural sta-
bility across the simulation timescale (Supplementary Fig. S3A
and B). The three-helix bundle secondary structure was pre-
served throughout the trajectories, though phosphorylated
variants exhibited a higher degree of destabilization relative
to their phosphomimetic counterparts (Supplementary Fig.
S3A and B). Residue-residue distance mapping of the heli-
cal core revealed conserved dynamic patterns in the phos-
phorylated forms, occurring within a similar distance range
as observed in the phosphomimetic variants (Supplementary
Fig. S3D). As anticipated, ESP alterations were substantially
more pronounced in the phosphorylated variants compared
to the mimetics (Supplementary Fig. S3E), indicating a poten-
tially greater influence on nucleic acid-binding affinity. Collec-
tively, these MD simulations demonstrate that while phospho-
mimetic substitutions induce milder perturbations than bona
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fide phosphorylation, they nonetheless preserve key structural
and electrostatic features, supporting their utility as proxies
for studying NPM1 phosphorylation in contexts where the
kinases remain unidentified.

Ser254-Ser260 and Tyr271 phosphomimetic
substitutions result in mild domain-level
perturbations

To validate the in silico predictions, we resorted to ex-
pressing, purifying, and biophysically characterizing NPM1
C70 WT, S254D-S260D, and Y271pCMF protein vari-
ants (Supplementary Fig. S4) [48]. After protein purification
(Supplementary Fig. S4A), noncanonical amino acid pCMF
incorporation and aspartate substitutions in the appropri-
ate positions were confirmed by tandem mass spectrometry
(MSMS) upon trypsin digestion of SDS-PAGE protein bands
(Supplementary Fig. S4B and C).

Far UV-CD spectroscopy shows patterns consistent with
an a-helical protein, with similar spectra between NPM1 C70
WT and phosphomimetic species (Supplementary Fig. S4D).
Two-dimensional NMR ['H, '’N] heteronuclear single quan-
tum coherence (>N-HSQC) spectra of $254D-$260D and
Y271pCMF NPM1 C70 species show disperse signals in the
amide region, consistent with monomeric, well-folded confor-
mations (Fig. 2A).

To gather information about the structural changes induced
by the phosphomimetic modifications, 3D TOCSY-HSQC and
3D NOESY-HSQC NMR experiments were run for the as-
signment of protein backbone amide resonances of NPM1
C70 S254D-S260D and Y271pCMF species (BMRB acces-
sion numbers: 52439 and 52438, respectively). ['H, ’N]-
HSQC displaying amide backbone resonances assignment are
shown in Supplementary Fig. S1. Then, CSPs of protein back-
bone amide resonances comparing WT and phosphomimetic
NPM1 C70 species were plotted (Fig. 2B) and displayed over
NPM1 C70 MD simulations conformers (Fig. 2C). For the
$254D-S260D variant, perturbations of eight amide reso-
nances were overall significantly larger (Ad,ys > p + 20) than
in the WT construct. Namely, Asp254 signal experienced the
largest shift, followed by Met251 and GIn252. Other nearby
residues located in «1, close to the mutation sites (Ile247,
Lys248, Ala249, Lys250, Ala253, and Ile255), also shifted
substantially. Moreover, resonances corresponding to residues
in «2 (Val272) and «3 (Thr279 and Lys292) showed subtle
but significant shifts (AS.yg > u + o). Altogether, these find-
ings underline the tight connection within the three-helix bun-
dle, in agreement with the long-range effect inferred by MD
simulations. Amide resonance of Asp260 was hardly identi-
fied in the NPM1 C70 S254D-S260D spectrum and remained
unassigned.

The magnitude of the CSPs of the Y271pCMF variant were
smaller when compared to the ones calculated for NPM1
C70 S254D-S260D (Fig. 2B). However, six residues (Thr237,
Ile2535, Ser260, Val272, Cys275, and Phe276) underwent sig-
nificant CSPs (A, > 1 + 20). Due to the usage of N-
unlabeled pCMEF in the expression of NPM1 C70 Y271pCME
this residue was not assigned. Still, residues in the surround-
ings experience significant CSPs (Val272, Cys275, Phe276).
Interestingly, the CSP magnitude is almost equivalent between
al and «2, which highlights the wide impact of this posi-
tion on the NPM1 C70 structure, affecting not only residues

920Z YoJe|\ /| UO Jasn eosjolsWwaH BUIDIPS\ P pejnoed Aq 0SS0058/S9 1 Bexb/S/yS/el0le/1eu/woo dno-olwspese//:sdny wol) papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag165#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag165#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag165#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag165#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag165#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag165#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag165#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag165#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag165#supplementary-data

8 Rivero-Garcia et al.

A ENPM1C70WT
ENPM1 C70 S254D-S260D

— ]
0 Max

M Unassigned residues MMutated residues

N (ppm)

W NPM1 C70 WT
W NPM1 C70 Y271pCMF

C-end

Q N-end \

\ »
ol ) o
& s
CSP (ppm)

— ]

0 Max

Figure 2. NMR structural characterization of NPM1 C70 phosphomimetic variants. (A) Superimposed "®N-HSQC spectra of NPM1 C70 WT and
phosphomimetic variants. (B) CSP differences (absolute values) of amide groups between NPM1 C70 WT and phosphomimetic variants. Mean CSPs
plus 1-2 standard deviations are indicated in the plots. Asterisks denote unassigned signals, shown in gray. Prolines are marked with red asterisks. (C)
CSP maps overlaid onto MD simulation frames of NPM1 C70 phosphomimetic variants. Left panels correspond to NPM1 C70 S254D-S260D, and right

panels correspond to NPM1 C70 Y271pCMFE

adjacent to the mutation but also the ones located in the spa-
tially opposing helix.

Interestingly, several resonances (including Ile255 or
Val272) shifted substantially in the spectra of both phospho-
mimetic variants, suggesting a common effect of the different
phosphorylations in the cavity formed in the interface of he-
lices a1 and 2. The crosstalk among positions 254, 260, and
271 is also made clear by the remarkable shift that Ser260 ex-
periences when Tyr271 is replaced in the pCMF271 variant.

NPM1 phosphomimetic variants display changes in
binding to the c-MYC promoter DNA
oligonucleotide Pu24l

NPM1 was initially thought to bind unspecifically to
both RNA and DNA [13, 49]. However, current evidence
shows preferential binding to G-quadruplex structured DNA
molecules [14, 24, 50, 51] like the Pu24I oligonucleotide, de-
rived from the c-MYC protooncogene promoter [14, 24]. This
24-bp oligonucleotide populates only one of the possible G-
quadruplex structures thanks to a guanine to inosine substi-
tution [52].

Based on the changes observed in the ESP of the phospho-
mimetic variants (Fig. 1E), we hypothesized that phospho-
rylations at Ser254, Ser260, and Tyr271 might decrease nu-
cleic acid binding, favoring the escape of NPM1 from the nu-
cleolus. To test this hypothesis, 2D ['H, "N]-HSQC NMR

titration experiments of 'N-labeled NPM1 C70 species were
recorded upon addition of an equimolar ratio of unlabeled
Pu24I. CSPs of NPM1 C70 amide resonances were monitored
to identify differential binding mode to Pu24I in the phospho-
mimetic variants (Fig. 3A) and were displayed over represen-
tative frames of the NPM1 C70 MD simulations (Fig. 3B).
Regarding CSP maps, «1 and «2 of NPM1 C70 WT were
found to be involved in the interaction with DNA (Fig. 3B).
For ol, the largest CSPs of the WT species are attributed
to Lys248, Met251, GIn252, Ser254, and 1le255; except for
Ile255, this was also the case in the NPM1 Y271pCMF
species. On the contrary, NPM1 C70 S254D-S260D main
CSPs involve 1le247, GIn252, Ala253, and Asp254. While
the specific residues involved in the interaction vary between
NPM1 C70 species, the stretch ranging from residues 244 to
255 in «l is consistently involved in the interaction in all of
them (Fig. 3A). In fact, CSPs corresponding to Val244 and
Glu245—Tlocated at the start of «l—were among the high-
est ones in all variants. Regarding o2, the largest CSPs of
NPM1 C70 WT correspond to Ile269 and Tyr271, one of
the phosphorylation target positions analyzed in this work. In
both phosphomimetic variants, Phe268, le269 and Cys275
are the residues that underwent the largest CSPs. Interest-
ingly, in NPM1 C70 WT, eight residues broadened beyond
detection: Phe268, Lys273, Cys275 (described to partake in
the protein—oligo interface [24]), Phe276, and Thr279. The
number of broadened signals was reduced to three in the
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Figure 3. DNA binding of NPM1 C70 phosphomimetic variants. (A) Average CSPs of amide groups of NPM1 C70 WT and phosphomimetic variants in
complex with the G-quadruplex c-myc promoter Pu24l at equimolar concentrations. Dashed lines represent mean CSP plus 1-2 standard deviations.
Asterisks denote unassigned signals (gray), broadened signals (blue), and prolines (red). (B) CSP maps upon Pu24l binding for NPM1 C70 WT and
phosphomimetic variants depicted over MD simulation frames. (C) ITC assays for NPM1 C70 WT and phosphomimetic variants with Pu24l.
Thermograms (upper) and binding isotherms (lower) calculated for each interaction are shown. Left panels correspond to NPM1 C70 WT, middle panels

to NPM1 C70 S254D-S260D, and right panels to NPM C70 Y271pCMFE

case of S254D-S260D (i.e. Lys273, Cys275, Phe276) and
Y271pCMF (Asn274, Cys275, Phe276). Of note, Cys275 and
Phe276 were consistently broadened in the WT and phos-
phomimetic variants of NPM1 C70. Altogether, these exper-
iments show that NPM1 C70 phosphomimetic variants kept
their ability to interact with Pu24I through the helices «1 and
a2, as evidenced by the similar CSP profile (Fig. 3A). Nev-
ertheless, the magnitude of overall CSPs was smaller than
for NPM1 C70 WT, suggesting a decrease in DNA binding
affinity.

To characterize the thermodynamics of the interactions and
assess the binding affinity, [ITC measurements were carried out
(Fig. 3C and Table 1). The dissociation constant (Kp) value for
NPM1 C708254D-S260D (Kp = 9.5 £ 2.9 uM) was ca. twice
than that of the WT (Kp = 5.6 £+ 1.7 uM) species, while it re-
mained similar in NPM1 C70 Y271pCMF (Kp = 4.9 + 1.5
uM; Table 1). This goes in agreement with the smaller CSP
values calculated from the NMR titrations. Both phospho-
mimetic variants display a more favorable enthalpic contri-
bution and a less favorable entropic contribution. In the case
of NPM1 C70 S254D-S260D, this might reflect the establish-
ment of stronger polar interactions due to the introduction of
negatively charged groups, at the expense of reduced desolva-
tion entropy (as serine is less hydrophilic than aspartate) and
a greater loss of conformational entropy upon binding. For

NPM1 C70 Y271pCME, this response is likely attributable to
the introduction of a negative charge into the phenolic ring.

The addition of negative phosphate charges—mimicked
by Asp or pCMF substitutions—partially impairs the bind-
ing between NPM1 C70 species and DNA. The subtle struc-
tural rearrangement of the domain upon phosphomimetic
substitution—predicted by MD simulations (Fig. 1C and D)
and validated by NMR (Fig. 2)—together with the less-
positive DNA-binding interface predicted by ESP calculations
(Fig. 1E), may modulate the binding interface through changes
in the relative orientation of nearby residue side chains. This is
consistent with the shift in the thermodynamic binding profile
from entropically to enthalpically driven (Table 1).

NPM1 phosphomimetic variants reshape histone
capturing activity and reorganize the homotypic
contact network that drives phase separation

The relevance of electrostatically driven intramolecular re-
arrangements in histone chaperones was recently showcased
for Xenopus laevis nucleoplasmin (NPM2), another member
of the nucleophosmin/nucleoplasmin (NPM) family and close
relative of NPM1. The acidic stretches in the flexible tail fa-
cilitate recruitment and possibly also entrapment of histone
substrates near the acidic surface in the core domain of NPM2
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Table 1. Thermodynamic parameters for the interaction of NPM1 C70 WT and its phosphomimetic variants with the Pu24| G-quadruplex oligonucleotide

~TAS (kcal
Kp (uM) AH (kcal mol™1) mol~1) AG (kcal mol™1) n
NPM1 C70 WT 5.6 -2.9 —4.26 7.2 1.1
NPM1 C70 S254D-S260D 9.5 —6.8 —-0.02 —6.8 1.6
NPM1 C70 Y271pCMF 4.9 -7.6 —-0.39 7.2 1.1
NPM1 C70 S254D-S260D-Y271pCMF 9.5 -1.7 —-5.14 —6.8 0.8

Kp, dissociation constant.
AG, Gibbs energy of binding.

AH and -TAS, enthalpic and entropic contributions to the Gibbs energy of binding.
Absolute errors: 0.1-0.2 kcal mol~! for AG, 0.3-0.5 kcal mol~! for AH and —TAS, and 0.2 for 7. Relative error: 20%-30% for Kp.
The stoichiometry (1) for the NPM1 C70-involving complexes is ~1, except for the $254D-S260D NPM1 C70 variant due to deviations in protein concen-

tration.

[53].1t has been proposed that the C-end basic tract in the IDR
of NPM2 shields its largest acidic stretch, hosted in the N-end
of the IDR. The competition between the C-end basic tract and
histones for the binding to the N-end acidic stretch regulates
the histone chaperone activity of NPM2 [54]. Furthermore,
phosphorylation of the C-terminal tail of NPM2 enhances nu-
cleosome assembly by promoting histone interaction with the
second acidic tract of the protein [55]. In light of the above,
we explored whether the phosphorylation of Ser254, Ser260,
and Tyr271 in the C-terminal DBD of NPM1 could impact its
histone chaperone activity through a similar mechanism.

Therefore, phosphomimetic variants were newly designed
in full-length NPM1 (NPM1 FL) and their histone chaper-
one activity was tested in a histone-capturing disaggregation
assay [43, 54]. NPM1 FL species were expressed and puri-
fied (Supplementary Fig. S5A), and the incorporation of the
noncanonical amino acid pCMF in the appropriate position
was confirmed by MSMS spectrometry upon trypsin digestion
of SDS-PAGE protein bands (Supplementary Fig. S5B). Far-
UV CD spectroscopy shows patterns that differ from those
of the NPM1 C70 species (Supplementary Fig. S4D). In this
case, the pattern was consistent with a protein containing both
a-helices and B-sheet motifs, with similar spectra between
NPM1 FL WT and phosphomimetic species (Supplementary
Fig. S5C).

NPM1 FL species were added at increasing concentrations
to a non-nucleosomal histone—-DNA aggregate, resulting in the
liberation of the DNA contained in them (Fig. 4A-C). The
ratio between free and aggregate-contained DNA was com-
puted for each NPM1 FL concentration by quantifying the
aggregate-contained DNA band intensity normalized to the
intensity of the free DNA control, and data were fit to a lin-
ear model (Fig. 4D). In all cases, the ratio of free DNA to
aggregated DNA correlated positively (R?> > 0.9) with in-
creasing amounts of NPM1 FL, indicating that all NPM1
FL phosphomimetic variants retained histone-capturing ac-
tivity. The $S254D-S260D phosphomimetic variant showed
the highest disaggregation ability. Counterintuitively, this vari-
ant was able to resolve all aggregates at a 0.4 molar ratio
(NPM1:H2A/H2B). The underlying mechanism for this be-
havior remains to be elucidated and may also occur with other
variants at different NPM1 FL:H2A/H2B ratios. Ratio 0.4 of
NPM1 FL $254D-S260D was omitted for the linear fit. On the
contrary, the histone disaggregation ability of the Y271pCMF
phosphomimetic variant remained similar than that of the WT
protein. Control experiments were performed in the absence
of H2A/H2B dimers to ensure that the DNA-binding ability
of the DBD of NPM1 FL variants did not interfere with the
disaggregation assay (Supplementary Fig. S5D).

This finding opens the possibility for the structured C-
terminal of the DBD of NPM1 to play an additional role be-
yond DNA binding, by participating in the (de)shielding of
acidic regions within the NPM1 IDR, thereby regulating elec-
trostatic interactions of NPM1 with itself or with its target
proteins, such as histones, as a preparatory step for its parti-
tioning into liquid biomolecular condensates [56]. In this con-
text, in vitro droplet formation assays were conducted to as-
sess how phosphomimetic substitutions affect the ability of
NPM1 FL to undergo phase separation via homotypic inter-
actions, in the presence of Ficoll—a crowding agent that mim-
ics the crowded cellular environment and prompts the forma-
tion of NPM1-containing liquid condensates. All NPM1 FL
variants were capable of undergoing phase separation. How-
ever, the $254D-5260D and Y271pCMEF variants displayed
reduced droplet area occupancy compared to NPM1 WT
(Fig. 5A). This suggests that the threshold concentration (Ci,,)
of the variants is expected to be higher than that of the WT. Al-
though the relatively small sample size warrants some caution
in interpretation (four replicas used in a Mann—Whitney test),
the tendency was consistent across the entire tested protein
concentration range for the NPM1 FL Y271pCMF, whereas
statistically significant differences for the $254D-S260D vari-
ant were limited to the 0.25-2.5 uM protein concentration
range.

At higher protein concentrations, NPM1 FL Y271pCMF
exhibited reduced wetting on hydrophobic glass surfaces
(Fig. 5B), indicating that the Tyr271-to-pCMF substitution
further altered the physicochemical properties of the result-
ing biomolecular condensates. These results suggest that phos-
phorylation of the structured C-terminal DBD of NPM1 par-
tially neutralizes the adjacent block of positive charges in the
unstructured central region of the protein, as revealed by ESP
maps (Fig. 1E). This modulation reduces “charge blockiness”
throughout NPM1 IDR, thereby decreasing its propensity for
LLPS [57].

Concomitant Ser254, Ser260, and Tyr271
phosphomimetic substitutions in the NPM1 DNA
binding domain prompts its aggregation, limits
both nucleic acids binding and charge block-driven
phase transition

To delve deeper into the effect of a triple phosphorylation at
Ser254, Ser260, and Tyr271, we ran MD simulations of an
NPM1 C70 S254D-S260D-Y271pCMF triple variant. The
results were in good agreement with the other phospho-
mimetic species analyzed, where three o-helical tracts were

observed, which were still less stable when compared to
NPM1 C70 WT (Supplementary Fig. S2D).
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The mean distances between all residue pairs in the three-
helix bundle along the MD simulation time were compared
between NPM1 C70 S254D-S260D-Y271pCMF and the WT
species to identify the residues approaching or diverging upon
substitution (Fig. 6A). After selecting the residue pairs with the
highest mean distance difference (>p +30), 15 pairs stood
out, where residues belonging to the domain’s hydropho-
bic core were notably involved. The hydrophobic core of
NPM1 C-end domain is mainly formed by four aromatic
residues (Phe268, Phe276, Trp288, and Trp290) [58]. How-
ever, residues such as I1e247, Tyr271, Val272, or Leu287 also
contribute to the formation of the hydrophobic pocket, whose
compact nature is crucial for the architecture of the domain
[59]. Following the residue distance analysis, Trp288 and
Trp290 were included in seven of the identified pairs, more
abundantly than in the other phosphomimetic variants. Inter-
estingly, the distance between both Trp residues and Asp260,
as well as between Trp290 and pCMF271, increased sig-
nificantly. Of the remaining residue pairs, four of them in-
cluded pCMF271, whose distance from residues belonging
to helix a1 (Lys248, Ala249, Met251, and GIn252) also in-
creased. Altogether, MD simulations data suggest that the in-
terference of phosphomimetic sites (Asp260 and pCMF271)
with a1 and the NoLS Trp residues loosens the contacts in
the hydrophobic core of the domain. The behavior of the
triple-phosphorylated NPM1 C70 domain in MD simulations

aligned with findings observed for the triple phosphomimetic
variant (Supplementary Fig. S3C and D).

The S254D-S260D-Y271pCMF triple variant in both
NPM1 C70 and NPM1 FL constructs was then expressed,
purified, and characterized (Supplementary Figs S4A and
S5A). Far-UV CD spectra of NPM1 C70/FL WT and NPM1
C70/FL triple variant were similar, indicating a comparable
secondary structure content between the WT and phospho-
mimetic species (Supplementary Figs S4D and S5C). However,
most of the protein backbone amide resonance in the ['H,
BN]-HSQC NMR spectrum of the NPM1 C70 triple vari-
ant collapsed at 8.0 ppm at temperatures higher than 298
K (Fig. 6B, upper). Intriguingly, when the temperature is de-
creased down to 278 K a gradual detection of amide resonance
signals occurs, matching the ones registered for other NPM1
C70 phosphomimetic species (Fig. 6B, lower). Comparing the
signals of three backbone amide resonances and the e-amide
group of Trp288 in the YN-HSQC spectra of NPM1 C70 WT
and triple variant (Supplementary Fig. S6A-C), there was an
increase in the range of 5.5-15.0 Hz in 'H frequency linewidth
of such resonances from the triple variant with respect to the
ones from the WT construct. This is consistent with the aggre-
gation propensity of NPM1 C70 S254D-5260D-Y271pCMFE

CD-monitored thermal denaturation profiles of both
NPM1 C70 WT and triple variant were consistent with a sin-
gle thermal transition between folded and denatured states
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(Fig. 6C). However, NPM1 C70 $254D-S26D-Y271pCMF
exhibited a much lower thermal stability, with a melting tem-
perature (Ty,) ca. 15°C lower than that of NPM1 C70 WT.
At 37°C, the triple variant exhibited a 26% reduction in the
fraction of folded protein compared with the WT, decreasing
from 94% to 68%.

The differential stability of the two proteins was further
confirmed by REST2 simulations, which revealed distinct sta-
bility profiles for the NPM1 C70 wild type and its mutant vari-
ant (Supplementary Fig. S7). The mutant exhibited a steeper
decline in the fraction of folded states compared to the wild
type, indicating reduced thermal stability. Notably, the calcu-
lated melting temperature (T,,) difference between the wild
type and mutant equal to 41 K, in line with the experimental
data, falling within the expected deviation of the computa-
tional approach [37, 60].

Altogether, these data suggest that NPM1 C70 triple variant
is folded, in agreement with the far-UV CD spectrum, but it
is prone to aggregate at physiological temperature, as inferred
from the loss of dispersion and the increase in linewidths of
the NMR backbone amide resonances.

ESP alterations were more pronounced than those observed
in other variants, rendering the entire DNA-binding surface
of the domain, as well as the neighboring unstructured N-

terminal stretch, noticeably less positively charged (Fig. 6D).
This effect was further amplified in the triple-phosphorylated
variant (Supplementary Fig. S3E). Further ITC experiments
with NPM1 C70 S254D-5260D-Y271pCMF and Pu24I oligo
yielded approximately a two-fold decrease in DNA binding
affinity (Kp = 9.5 + 2.9 uM) compared to NPM1 C70 WT,
albeit the binding was entropically driven in both NPM1 C70
species (Fig. 6E and Table 1). A less favorable enthalpic contri-
bution and a more favorable entropic contribution may reflect
weaker polar interactions resulting from the accumulation of
negatively charged groups, leading to a suboptimal binding
interface that retains some polar group mobility and under-
goes a smaller loss of conformational entropy upon binding.
This provides a clear example of the nonadditive effects of
modifications and the context-dependent impact of structural
changes on protein binding affinity. Histone-capturing activ-
ity was also the lowest out of all NPM1 FL species studied,
although similar to that of NPM1 FL WT (Fig. 6F and Sup-
plementary Fig. S6D).

Disruption of charge segregation along the IDR in
the NPM1 triple phosphomimetic variant partially impairs
charge block-driven LLPS [57]. Consistently, NPM1 FL
$254D-S260D-Y271pCMF exhibited significantly reduced
droplet area occupancy compared to NPM1 FL WT across the
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0.25-2.5 uM concentration range (Fig. 6G), accompanied by
a slight decrease in droplet wetting. These results suggest a
multifunctional role for the phosphorylations on NPM1 C-
end domain, which modulate not only its ability to integrate
into the nucleolus via homo- and heterotypic LLPS but also its
histone chaperone activity when populating the nucleoplasm.

Discussion

Phosphorylation events play a critical role in regulating
NPM1 function [21]. While phosphorylation sites are dis-
tributed along the entire length of the protein, the AML-
related C-terminal DBD serves as a key hub for these mod-
ifications [20, 22]. Phosphorylation at specific residues of the
domain has been associated with the translocation of NPM1
from the nucleolus to the nucleoplasm [20, 22]. NPM1 inte-
grates into the nucleolus by establishing an intricate network
of self-interactions (homotypic) and interactions with other
proteins and nucleic acids (heterotypic), thereby providing the
multivalency required for LLPS and driving the organization
of the membrane-less organelle into coexisting, immiscible lig-
uid phases [56]. Both homotypic and heterotypic LLPS mech-
anisms in NPM1 are predominantly electrostatically driven.
Homotypic interactions rely on the interplay between acidic
and basic tracts within NPM1, whereas heterotypic interac-
tions involve the binding of NPM1 acidic regions to positively
charged protein motifs or, alternatively, the association of its
basic tracts and DBD with nucleic acids [56]. The structural
integrity of the DBD is also essential for nucleic acid recogni-
tion, a property that is lost upon unfolding induced by type
A AML mutations [61]. Thus, the dynamic interplay among
protein stability, DNA binding, and charge block-mediated
phase separation ultimately determines NPM1 localization
and functional output.

Given that the behavior of NPM1 is dependent on its charge
block distribution, the negative charges introduced by phos-
phorylation in the basic DBD are likely to disrupt its inter-
action with nucleic acids and acidic tracts within the protein,
ultimately driving NPM1 displacement from the nucleolus. In
this work, we investigated the effects of phosphorylation at
Ser254, Ser260, and Tyr271 on the NPM1 DBD, using the
NPM1 C70—Pu24I as a model system.

MD simulations provided insight into the dynamic be-
havior of the NPM1 C-terminal three-helix bundle. Phos-
phomimetic amino acid substitutions at specific positions
within this motif induced a destabilizing effect that prop-
agated across all three helices. Although mild destabiliza-
tion of the C-terminal region was occasionally observed, the
three NPM1 C70 variants—S254D-5260D, Y271pCMF and
$254D-5260D-Y271pCMF—retained the global folding of
the domain, as later confirmed by CD and NMR experiments.
The slight fluctuations in secondary structure observed dur-
ing MD simulations likely reflects the bundle’s attempts to ac-
commodate the introduction of negative charges near its hy-
drophobic core. Simulations were extended to 2 s to explore
the conformational space more thoroughly. Overall, our MD
simulations data suggest that, despite its compact arrange-
ment, the NPM1 C-terminal three-helix bundle is sufficiently
dynamic to rearrange and allow for phosphorylation to occur
at the studied positions. In line with this, our CD and NMR
experiments confirmed that the phosphomimetic variants re-
mained folded into an «-helix-containing structure. However,
the chemical environment of residues at helices «1 and «2

still undergoes significant perturbations in both NPM1 C70
$254D-S260D and Y271pCMEF variants. This is consistent
with the observation that phosphomimetic substitutions pri-
marily affect the interface between these two «-helices. The
maintenance of contacts between the helices is crucial for G-
quadruplex binding. The loss of compactness associated with
the AML-type A-mutated NPM1 C-terminal domain partly
explains its inability to bind DNA [61].

Interestingly, when S254D, S260D, and Y271pCMF muta-
tions are combined in the NPM1 C70 construct, the result-
ing protein exhibits an increased aggregation propensity. This
is likely due to an alteration of the NPM1 C70 hydrophobic
core, involving Trp288 and Trp290. The fact that aggrega-
tion only occurs when all three substitutions are present sug-
gests a model in which domain destabilization is driven by
cooperative, multisite phosphorylation, similar to the model
proposed for the NPM1 N-terminal oligomerization domain
[62]. In that case, sequential phosphorylations modulate the
equilibrium between the ordered pentamer and disordered
monomers [62]. The domain instability within the context of
the FL NPM1 protein and its reversibility remains to be ex-
plored.

Moreover, the Ser-to-Asp and Tyr-to-pCMF substitutions
directly affect Pu24I DNA binding site. The DNA-binding
groove is similar among NPM1 C70 variants, but it is less-
positively charged in the phosphomimetic variants compared
to the WT counterpart. This affects DNA recognition, as com-
plex formation is primarily electrostatically driven through in-
teractions between key residues of the three-helix bundle and
the phosphate groups of Pu241 [24], with the aid of the ad-
jacent unstructured stretch [63]. According to our biophys-
ical characterization of the nucleic acid-protein interaction,
the NPM1 C70 phosphomimetic variants are still able to bind
G-quadruplex structures, although with decreased affinity in
the case of the $254D-5260D variant. Nucleic acid binding is
known to be critical for the nucleolar localization of NPM1,
as loss of binding to rDNA G-quadruplex structures has been
shown to displace the protein from the nucleolus [61]. Inter-
estingly, the Kp values reported for the wild-type NPM1 C70
domain binding to multiple G-quadruplex rDNA sequences
[61] align well with the observed values for binding of NPM1
phosphomimetic variants to the G-quadruplex Pu241 DNA. In
a multicellular context, Chiarella et al. [61] also demonstrated
that treatment with TmPyP4, a well-known G-quadruplex lig-
and, displaces endogenous NPM1 to the nucleoplasm in the
OCI-AML2 cell line, mirroring the localization observed for
the $254D-5260D and Y271-phosphorylated NPM1 variants
under cellular stress [20, 22]. Together, these findings suggest
that, although the binding affinity is relatively modest, it is
nonetheless biologically relevant in determining NPM1 cel-
lular localization. Additionally, disruption of G-quadruplex
structures in the IncRNA MALAT1 compromises NPM1 lo-
calization to nuclear speckles [50]. Furthermore, interaction
of NPM1 with nucleolar nucleic acids (i.e. rRNA) is essential
for LLPS mechanisms mediated by heterotypic contacts that
facilitate protein integration into the organelle [64].

Although the oligomerization and DNA binding domains
of NPM1 are separated by the long IDR, they should not be
considered as independently acting entities. Intramolecular in-
teractions between basic and acidic stretches that affect pro-
tein function have already been described in other members
of the nucleophosmin/nucleoplasmin family [54, 55]. Here, we
show that phosphomimetic variants in the C-terminal domain
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of FL NPM1 display significant differences in their histone-
capturing activity. While NPM1 FL Y271pCMF has simi-
lar activity to that of the WT protein, the S254D-S260D
phosphomimetic variant is much more effective in resolving
the DNA-histones aggregates. We hypothesize that the ad-
dition of two negative charges in the basic C-terminal DBD
is necessary to prevent the intramolecular shielding between
the histone-binding acidic and C-terminal basic stretches in
the IDR of NPM1, in a manner similar to what has been
described for Xenopus laevis NPM2 [54]. We also propose
that the structured C-end DBD contributes to the electrostati-
cally driven homotypic phase separation of NPM1 [56], acting
within the interplay of acidic and basic charge blocks along
the protein. As suggested from ESP maps, phosphorylation
of Ser and/or Tyr within the DBD may influence the N-end
adjacent basic stretch, thereby partially disrupting the char-
acteristic charge segregation pattern of the NPM1 IDR that
underlies its ability to undergo LLPS [57]. NPM1 oligomeriza-
tion is also a key determinant in regulating droplet formation
[65], whose fluidity depends on the stability of the pentamer.
Crosstalk between NPM1’s oligomerization and DBDs and
its acidic histone-binding stretch underlies the protein’s phase
partitioning behavior, with the structured domains emerging
as cornerstones in LLPS.

When the combined effect of all three phosphomimetic sub-
stitutions converges in the $254D-5260D-Y271pCMF vari-
ant, its histone-capturing activity is slightly reduced compared
to that of NPM1 FL WT. Similarly, the homotypic LLPS ex-
hibited by the triple variant mirrors that of the $254D-5260D
variant. Together, these findings point to a dual role for C-
end DBD phosphorylation: fine-tuning transient contacts with
acidic regions involved in histone chaperoning, and damp-
ening “charge blockiness” within the IDR, thereby modulat-
ing NPM1’s ability to undergo homotypic phase separation—
where Ser254 and Ser260 act as drivers, and Tyr271 functions
as a repressor. Altogether, these findings suggest that the three
phosphorylation sites are important contributors to NPM1 re-
distribution, though not the sole ones. Such phosphorylation
events may act in concert with additional modifications—for
instance, Tyr271 phosphorylation has been detected together
with phosphorylation at Tyr17, Tyr29, and Tyr67 [20]. We
therefore propose that NPM1 localization within the cell is
regulated by the synergistic interplay of cumulative modifica-
tions across distinct regions of the protein.

Altogether, we show that the NPM1 C-terminal DBD dis-
plays intrinsic dynamics that allow the three-helix bundle
to adapt to independent phosphorylation events at Ser254,
Ser260, or Tyr271. However, this domain experiences a re-
markable destabilization when these modifications occur si-
multaneously. Preservation of a folded structure upon addi-
tion of negative charges in the a1l and «2 interface allows
the phosphomimetic variants to still bind G-quadruplex struc-
tures. Nonetheless, both structural constraints and marked al-
terations in ESP maps account for the reduced DNA affinity
of NPM1 variants, as well as the diminished segregation of
acidic and basic charge blocks within the IDR. Given that both
homo- and heterotypic interactions are key to NPM1’s phase
separation and nucleolar retention, the combined effects of re-
duced DNA-binding affinity, altered binding mechanisms, di-
minished droplet-forming capacity, and increased domain in-
stability offer a compelling molecular explanation for how si-
multaneous phosphorylation at Ser254, Ser260, and Tyr271
could drive NPM1 displacement from the nucleolus.
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