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ABSTRACT

SFPQ is a ubiquitous nuclear RNA-binding protein
implicated in many aspects of RNA biogenesis. Im-
portantly, nuclear depletion and cytoplasmic accu-
mulation of SFPQ has been linked to neuropatho-
logical conditions such as Alzheimer’s disease (AD)
and amyotrophic lateral sclerosis (ALS). Here, we de-
scribe a molecular mechanism by which SFPQ is mis-
localized to the cytoplasm. We report an unexpected
discovery of the infinite polymerization of SFPQ that
is induced by zinc binding to the protein. The crys-
tal structure of human SFPQ in complex with zinc at
1.94 Å resolution reveals intermolecular interactions
between SFPQ molecules that are mediated by zinc.
As anticipated from the crystal structure, the appli-
cation of zinc to primary cortical neurons induced
the cytoplasmic accumulation and aggregation of
SFPQ. Mutagenesis of the three zinc-coordinating
histidine residues resulted in a significant reduction
in the zinc-binding affinity of SFPQ in solution and
the zinc-induced cytoplasmic aggregation of SFPQ
in cultured neurons. Taken together, we propose that
dysregulation of zinc availability and/or localization
in neuronal cells may represent a mechanism for the
imbalance in the nucleocytoplasmic distribution of
SFPQ, which is an emerging hallmark of neurode-
generative diseases including AD and ALS.

INTRODUCTION

The cytoplasmic aggregation of RNA-binding proteins
(RBPs) through mutations and pathological conditions is
an emerging hallmark of neurodegenerative diseases that
include amyotrophic lateral sclerosis (ALS), frontotempo-
ral lobar dementia (FTLD) and Alzheimer’s disease (AD)

(1,2). The most notable examples are trans-activation re-
sponse element (TAR) DNA-binding protein 43 (TDP-43)
and fused in sarcoma (FUS), which have been implicated
in the onset and progression of ALS and FTLD, where
imbalance in the nucleocytoplasmic distribution of these
RBPs is observed. These RBPs are predominantly nuclear
under normal conditions, however, they form cytoplasmic
aggregates in the disease state. The RBPs implicated in neu-
ropathological conditions often harbour low-complexity
domains that are enriched with uncharged amino acids and
are predicted to be intrinsically disordered. The majority
of ALS- and FTLD-related mutations in the implicated
RBPs are found within this region proposed to increase
their propensity of the proteins to aggregate (1–3). Previ-
ous studies have probed the potential mechanisms of cy-
toplasmic aggregation of RBPs using transfected cell cul-
ture models. However, the molecular mechanisms that un-
derlie pathological changes to endogenous proteins leading
to RBP aggregation remain poorly understood.

Splicing factor proline- and glutamine-rich (SFPQ) is
an abundant and ubiquitous RBP that plays roles in
many aspects of RNA biogenesis including transcrip-
tional initiation and termination, transcriptional activa-
tion and repression, and splicing (4,5). Along with two
paralogues, non-POU domain-containing octamer-binding
protein (NONO) and paraspeckle component 1 (PSPC1)
from the Drosophila behavior human splicing (DBHS) pro-
tein family, SFPQ is found predominantly in the nucleus
and has been implicated in a wide range of physiological
functions including neuronal differentiation and develop-
ment (5). It has been reported that SFPQ plays critical
roles in neuronal differentiation during zebrafish brain de-
velopment (6) and is required for neurotrophin-dependent
axon survival through direct regulation of multiple mRNAs
(7). In addition, loss of SFPQ specifically causes impaired
transcriptional elongation, downregulating long genes in
the developing mouse brain (8). Interestingly, an increas-
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ing body of evidence has also indicated abnormal cytoplas-
mic accumulation and loss of the nuclear pool of SFPQ in
neuropathological conditions including AD, Pick’s disease,
FTLD, and ALS (9–11). Specifically, striking nuclear loss
of SFPQ was demonstrated in the spinal cord tissue from
sporadic ALS cases (11) and in the neurons of brain tis-
sues from AD and Pick’s disease patients (9). However, the
molecular mechanisms triggering cytoplasmic mislocaliza-
tion of nuclear SFPQ are still poorly understood.

The structure of SFPQ has been previously character-
ized, confirming the obligatory dimer formation that is
characteristics of the DBHS protein family (12). More im-
portantly, the crystal structure of SFPQ revealed a strik-
ingly extended structure over 265 Å long formed by an un-
usual antiparallel coiled coil that results in an infinite lin-
ear polymer of SFPQ. Disruption of the coiled-coil medi-
ated polymerization of SFPQ resulted in reduced nucleic
acid binding in vitro, a reduced number of subnuclear bod-
ies termed paraspeckles and a significant reduction in tran-
scriptional activation, which could be rescued by the exoge-
nous full-length SFPQ but not SFPQ variants that are in-
capable of polymerization (12). These findings collectively
suggest that the polymerization of SFPQ is essential for the
functions of SFPQ in transcriptional regulation and subnu-
clear body formation. Thus, any event affecting the ability
of SFPQ to polymerize is a potential mechanism of misreg-
ulation, leading to aberrant gene regulation.

Here, we present zinc-induced polymerization of SFPQ
that potentially competes with the functional polymeriza-
tion mediated by the coiled coil. Based on the crystal struc-
ture of SFPQ in complex with zinc, we show that the ap-
plication of zinc induces in vitro aggregation of SFPQ, and
cytoplasmic aggregation and mislocalization of SFPQ in
primary neuronal cells. These observations led us to pro-
pose dysregulation of zinc as a potential mechanism that
causes an imbalance in the nucleocytoplasmic distribution
of SFPQ in neurodegenerative diseases including AD and
ALS. This study, to our best knowledge, is the first example
providing the structural basis of the zinc-induced aggrega-
tion of an RBP implicated in neurological diseases.

MATERIALS AND METHODS

Plasmids for protein expression and purification

The construction of pCDF11-SFPQ-276-535 and
pETDuet1-NONO-53-312 was described elsewhere
(12,13). The following human SFPQ constructs were
cloned into pGEX6p-1 (GE Healthcare) using the Gib-
son Assembly cloning method (New England Biolabs):
SFPQ-276-535 (encoding amino acid residues 276–535),
SFPQ-276-598 (encoding amino acid residues 276–598),
and SFPQ-276-598 quadruple mutant (QM) (L535A,
L539A, L546A, M549A) using the previously reported
pCDF11-SFPQ constructs (12) as template for insert
amplification. pGEX6p-SFPQ-276-535 triple mutant (TM)
(H483A, H528A, H530A), pGEX6p-SFPQ-276-598 TM
and pGEX6P-SFPQ-276-598 QM-TM were generated with
the Q5 site-directed mutagenesis method (New England
Biolabs) using oligonucleotides containing the base-pair
substitutions. Human RXR� DNA-binding domain
(DBD) (residues 130–228) was also cloned into pGEX6p-1

using the Gibson Assembly cloning method. All constructs
were verified by DNA sequencing.

Protein expression and purification

Expression and purification of His6-tagged SFPQ-276-
535 was previously reported (12). Procedures of expres-
sion and purification of GST-tagged RXR�-DBD were
adapted from the previous report (14). For expression of
GST-tagged SFPQ constructs, pGEX6P-SFPQ constructs
were transformed into Escherichia coli Rosetta2 (DE3)
cells and recombinant proteins were produced by induc-
tion at an Abs600 of 0.6 with 0.5 mM isopropyl �-D-1-
thiogalactopyranoside (IPTG) followed by incubation at
25◦C overnight. Harvested cells were resuspended in ly-
sis buffer [20 mM Tris–HCl (pH 7.5), 500 mM NaCl,
10% glycerol] and disrupted using a TS Series Benchtop
cell-disruptor. The soluble fraction was incubated with
glutathione sepharose 4B beads (GE Healthcare) at 4◦C
for 1 h. After washing with lysis buffer, the protein-
loaded beads were incubated with GST-tagged human rhi-
novirus (HRV) 3C protease at a ratio of 1:50 (w/w) at
4◦C overnight to cleave the GST-tag. The GST-tagged re-
moved SFPQ constructs were subjected to size-exclusion
chromatography using a HiLoad 16/600 Superdex 200 pg
column (GE Healthcare) equilibrated with lysis buffer. For
co-expression of SFPQ constructs with NONO-53-312,
pETDuet1-NONO-53-312 was co-transformed with the ap-
propriate pGEX6p-SFPQ constructs into Rosetta2 (DE3)
and the SFPQ/NONO heterodimer purified as described
above. All buffer solutions used in this study were pH
titrated at room temperature.

Crystallization and X-ray diffraction data collection

Crystals of the Zn-SFPQ complex produced from the
mixture of SFPQ-276-535 and RXR�-DBD-130-228 were
grown by hanging-drop vapor diffusion method at 20◦C.
SFPQ-276-535 (2.5 mg/ml) and RXR�-DBD-130-228 (1
mg/ml), both in 20 mM Tris–HCl (pH 7.5), 500 mM NaCl
were mixed at a molar ratio of 1:1 and incubated for 1 h
before concentrated to 11.9 mg/ml. 2 �l of SFPQ-RXR�-
DBD (11.9 mg/ml) was mixed with 2 �l of reservoir solu-
tion [0.1 M MES (pH 6.0), 0.2 M calcium chloride, and 14%
(w/v) PEG 4000] and equilibrated against 0.5 ml reservoir
solution. Plate-like crystals (150 × 50 × 10 �m) grew in two
weeks. Diffraction data were recorded on beamline MX2 at
the Australian Synchrotron (15) at a wavelength of 0.954 Å
at 100 K. Additional datasets were collected for metal iden-
tification at low- and high-energy remote wavelengths, 9560
and 9760 eV, respectively, on beamline MX1 at the Aus-
tralian Synchrotron at 100 K. Prior to cryocooling, crystals
were successively transferred to artificial reservoir solutions
containing 20% ethylene glycol in 10% increments. The data
were processed with XDS (16), and merged and scaled with
AIMLESS (17). Crystals belong to space group P21 with
unit cell parameters of a = 61.2, b = 62.5, c = 67.9 Å and
β = 95.7o. The asymmetric unit is estimated to contain one
dimer of SFPQ, with a corresponding crystal volume per
protein weight of 2.15 Å3 Da−1 and a solvent content of
42.9%. Data collection and merging statistics for the native
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Table 1. Diffraction data and refinement statisticsa

Data collection
Space group P21
Unit cell parameters (Å, ◦) 61.2, 62.5, 67.9, β = 95.7
Resolution (Å) 27.38–1.94 (1.99–1.94)
No. of observations 154 554 (9,082)
No. of unique reflections 37 507 (2,239)
Completeness (%) 99.1 (89.6)
Redundancy 4.1 (4.1)
Rmerge (%) 6.2 (60.0)
Rpim (%) 4.2 (40.1)
CC1/2 0.998 (0.700)
Average I/�(I) 10.3 (1.6)
Refinement
R (%) 17.6 (20.2)
Rfree (%) 21.8 (25.6)
No. (%) of reflections in test set 1999 (5.3)
No. of protein molecules per asu 2
R.m.s.d bond length (Å) 0.01
R.m.s.d bond angle (◦) 1.03
Average B-factors (Å2)b 35.4

Protein molecules 34.8
Zinc atom 22.6
Water molecules 42.0

Ramachandran plotc

Residues other than Gly and Pro in:
Most favored regions (%) 99.2
Additionally allowed regions (%) 0.8
Disallowed regions (%) 0

PDB code 6OWJ

aValues in parentheses are for the highest-resolution shell.
bCalculated by BAVERAGE in CCP4 Suite (19).
cCalculated using MolProbity (22).

data set are summarized in Table 1 and those for the data
sets collected for metal identification in Supplementary Ta-
ble S1.

Structure solution and refinement

The crystal structure was solved by molecular replacement
using PHASER (18) within the CCP4 suite (19). The struc-
ture of the SFPQ homodimer (PDB code 4WII (12)) was
used as search model after removing all non-protein atoms.
The search model found a solution with a log likelihood
gain (LLG) of 2,123 and a Z score of 22.9, locating one
dimer in the asymmetric unit. Iterative model building with
COOT (20) and refinement with autoBUSTER (21) was
carried out. The final model consists of two chains of SFPQ
(residues 284 – 535 in Chain A and residues 290–368, 371–
535 in Chain B), one Zn atom, and 378 water molecules. The
quality of the model was validated using MOLPROBITY
(22). The refinement statistics are included in Table 1. The
atomic coordinates have been deposited in the Protein Data
Bank as entry 6OWJ.

Zinc-binding assay

The Zn-binding affinities of SFPQ protein constructs were
determined using a competition assay between the proteins
and the Zn(II)-saturated Fluozin-3 as previously described
(23). Briefly, constant Fluozin-3 (150 nM) was titrated with
a series of Zn(II) concentrations (0–600 nM) until the
plateaued fluorescence signal was observed. The Kd(Zn(II))

was then determined by the following formula:

f − fmin

fmax − f
= [Zn (II)]

Kd

where fmax, f and fmin represent the fluorescence signal of
Fluozin-3 saturated with Zn(II), in the presence of Zn(II),
and in the absence of Zn(II), respectively. Kd of Fluozin-3
to Zn(II) was calculated to 257 nM. All buffers were treated
with Chelex® 100Resin (Bio-rad) to remove trace-metal
contaminations prior to Zn-binding assay. Purified SFPQ
constructs were incubated with ethylenediamine-tetraacetic
acid (EDTA) at a molar ratio of 1:5 (protein: EDTA) at
4◦C for 60 min before buffer exchange with the chelated
buffer [20 mM MOPS (pH 7.0), 250 mM NaCl] using PD-10
desalting columns (Sigma-Aldrich). A series of Zn-binding
assays were conducted with a range of protein concentra-
tions (0–10 �M) of SFPQ constructs titrated to a con-
stant FluoZin-3–Zn(II) concentration (150 nM) in 20 �l.
Excitation-emission spectra readings were monitored by the
decrease in fluorescence signal from the saturated Fluozin-
3–Zn(II) complex using a CLARIOstar plate reader (BMG
Labtech) with an excitation wavelength at 485 nm and emis-
sion wavelength at 520 nm at room temperature. The data
were analysed by Prism (GraphPad Software) using the one-
site non-linear fit with the Kd of Fluozin-3 to Zn(II) at 257
nM.

Small-angle X-ray scattering data collection and analysis

SAXS data for SFPQ-276-598 QM/NONO-53-312 and
SFPQ-276-598 QM-TM /NONO-53-312, in 20 mM Tris–
HCl (pH 7.5) and 250 mM NaCl, were collected on the
SAXS-WAXS beamline at the Australian Synchrotron (24).
Serial dilutions for each protein were prepared from a 3.0
mg/ml stock (yielding samples with concentrations of 3.0,
1.5, 0.75, 0.38 mg/ml) were loaded into a 96-well plate.
Data reduction was carried out using Scatterbrain software
(v 2.71) (http://www.synchrotron.org.au/aussyncbeamlines/
saxswaxs/software-saxswaxs), and corrected for solvent
scattering, sample transmission, and detector sensitivity.
The estimated molecular mass was calculated using con-
trast and partial specific volumes determined from the pro-
tein sequences (25). Further data processing and Guinier
analysis was performed using Primus (v 3.2) (26). The pair-
distance distribution function (p(r)) was generated from the
experimental data using GNOM (v 4.6) (27), from which
I(0), Rg and Dmax were determined. Calculation of scatter-
ing profiles from atomistic structures was performed using
CRYSOL (v 2.8.3) (28). Details of the data collection and
processing can be found in Supplementary Table S2.

Plasmids for fluorescent protein fusions

pEGFP-SFPQ TM (H483A, H528A, H530A) was gener-
ated with the Q5 site-directed mutagenesis method (New
England Biolabs) using oligonucleotides containing the
base-pair substitutions and the wild-type pEGFP-SFPQ
encoding full-length human SFPQ (12) as the PCR tem-
plate. The incorporation of mutation was confirmed by
DNA sequencing.

http://www.synchrotron.org.au/aussyncbeamlines/saxswaxs/software-saxswaxs
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Zinc treatment and SFPQ localization assay

Primary cortical neurons were prepared from embryonic
day 18 rat pups as described previously (29,30). Neurons
were plated onto poly-L-lysine coated coverslips in Neu-
robasal growth medium supplemented with 2% B-27, 2 mM
glutamax, 50 U/ml of penicillin, 50 �g/ml streptomycin
and 5% fetal bovine serum (FBS). At days in vitro (DIV)
5, neurons were switched to 1% FBS Neurobasal medium
and fed twice a week. To stop the growth of glial cells, 5
�M of uridine and 5-fluoro-2-deoxyuridine mixture were
added once at DIV5. Transient transfection of cortical neu-
rons was performed at DIV13 using Lipofectamine 2000
(Invitrogen) and used 16 h later. Transfected neurons were
treated with 100 �M ZnCl2 for 4 h, after which they were
fixed with 4% paraformaldehyde/4% sucrose solution in
PBS, washed and immediately mounted on glass slides us-
ing ProLong Diamond anti-fade mounting medium with
DAPI (Invitrogen). Slides were imaged on a Zeiss Axio
Imager slide scanner using the tile scan function and an-
alyzed using Image J software (NIH). Fractions of neu-
rons containing nuclear or cytoplasmic SFPQ aggregates
over total transfected neurons were quantified and normal-
ized to the group of GFP-SFPQ WT without ZnCl2 treat-
ment. MTT assay for cell viability test was performed using
the CellTiter® 96 Non-Radioactive Cell Proliferation As-
say Kit (Promega, G4000) according to the manufacturer’s
protocol. All animal handling procedures were carried out
in accordance to the Australian code for the care and use
of animals for scientific purposes by the National Health
and Medical Research Council and were approved by the
University of Queensland Animal Ethics Committee (AEC
approval number QBI/047/18).

RESULTS

The crystal structure of SFPQ reveals unexpected zinc coor-
dination by SFPQ

The structure of human SFPQ has been determined previ-
ously using different constructs: the dimerization domain
(residues 276-535) (12,31) and the full-length DBHS do-
main with the intact coiled-coil domain (residues 276–
598) (12) (Figure 1A). In this study, the same dimeriza-
tion domain of SFPQ (referred as SFPQ-276-535 here
in), encompassing two RNA-recognition motifs (RRMs), a
NonA/paraspeckle (NOPS) domain and part of the coiled-
coil domain, was crystallized in complex with Zn(II) (Fig-
ure 1B and Table 1). With no previous literature indicating
zinc-binding activity of SFPQ, our finding of the Zn(II)–
SFPQ complex was an unexpected, serendipitous discov-
ery where the original crystallization was intended for co-
crystallization of SFPQ with a nuclear hormone, RXR�,
containing two zinc finger domains. Despite the presence
of both proteins in the crystallization, the resulting crystals
contained only SFPQ in complex with Zn(II).

The identity of the metal ion bound to SFPQ was unam-
biguously identified as Zn(II) by the calculation of anoma-
lous difference Fourier maps from diffraction data collected
at energies near the Zn(II) X-ray absorption edge: 9560 eV
(f’Zn = 0.57 e−) and 9760 eV (f’Zn = 3.77 e−) (Supplemen-
tary Figure S1 and Supplementary Table S1). The overall

structure of the Zn-SFPQ complex is consistent with the
previously reported structures of the dimerization domain
of SFPQ where extensive intermolecular interactions within
the dimer primarily governed by hydrophobic interactions
are observed (12,31). The main structural deviations are
concentrated at the distal end of the truncated coiled-coil
domain, which presents the zinc-binding site (Supplemen-
tary Figures S2 and S3).

In this structure, the Zn(II) coordination site lies between
the two adjacent dimers (Figure 1C and D), with the metal
coordinated by three histidine residues and a carbonyl oxy-
gen: His A483, His B530, His A*528 and Leu A*535, where
the asterisk (*) denotes a symmetry-related molecule (x, y,
z – 1) (Figure 1C and D). The residue His A483 is located in
the C-terminal end of the NOPS domain while His A*528,
His B530 and Leu A*535 reside at the distal end of the
coiled-coil domain with Leu535 being the last residue of
the truncated coiled-coil domain. This homotypic pattern
of Zn(II) coordination by the two adjacent dimers contin-
ues with the following dimers, resulting in an infinite linear
polymer of SFPQ-276-535 mediated by Zn(II) in the crystal
(Figure 1E).

Our previous study revealed the coiled-coil mediated
polymerization of SFPQ as critical for the cellular func-
tions of SFPQ (12), while in this study, the crystal struc-
ture of SFPQ-276-535 reveals a different polymerization
mechanism mediated by Zn(II). The Zn(II) coordination
by SFPQ results in a significant conformational change in
the �-helical secondary structure of the ‘coiled-coil interac-
tion motif ’, which is required for coiled-coil based polymer-
ization (12) (Supplementary Figures S2 and S3), suggest-
ing that Zn(II)-mediated polymerization can prevent the
coiled-coil mediated polymerization that is critical for the
physiological functions of SFPQ. In addition, the result-
ing Zn(II)-mediated polymerization of SFPQ decreases the
intermolecular distance between the neighbouring dimers
from 100 Å observed in the coiled-coil mediated polymer-
ization (12) to 68 Å (Supplementary Figure S4).

SFPQ binds Zn(II) in solution

To test if the observed zinc-mediated polymerization of
SFPQ in the crystal structure also occurs in solution, com-
petitive zinc-binding assays were carried out by competi-
tion with the fluorescent Zn(II) indicator, Fluozin-3. In ad-
dition to the SFPQ construct (SFPQ-276-535) used in the
crystallization study, the full-length DBHS domain with
an intact coiled-coil domain (SFPQ-276-598) was assayed
in order to determine the effect of truncation of the pro-
tein on its Zn(II)-binding affinity (Supplementary Figure
S5). In addition, to verify that the measured zinc-binding
affinities were due to Zn(II)-coordination by the three his-
tidine residues (His483, His528 and His530) observed in
the crystal structure, these histidine residues were mu-
tated to alanine, to generate the variant protein SFPQ-TM
(H483A/H528A/H530A).

The calculated Zn(II) affinities of SFPQ-276-535 wild-
type (WT) and SFPQ-276-598-WT with the assumption of
the stoichiometry of SFPQ dimer to Zn(II) being 1:1 were
comparable: Kd of 0.28 and 0.23 �M, respectively (Figure
2 and Supplementary Table S3). The triple mutation of the
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Figure 1. Crystal structure of the human SFPQ homodimer in complex with Zn(II). (A) Schematic domain organization of human SFPQ. Glycine, proline,
glutamine (GPQ)-rich N-terminal region is followed by DNA-binding domain (DBD) of which precise boundary remains to be defined, and the DBHS
domain composed of two tandem RNA-recognition motifs (RRM), NonA/paraspeckle (NOPS) domain and a C-terminal coiled coil. (B) Stereo view of
the dimerization domain of human SFPQ in complex with Zn(II) in cartoon presentation with chain A in grey and chain B in the same color scheme as
in (A). The Zn(II) atom is shown as black sphere. (C) Intermolecular interaction mediated by Zn(II). Chain A and chain B are shown in cyan and pink,
respectively, while the neighboring dimer (symmetry operator, x, y, z – 1) is shown in grey. (D) Close-up view of the Zn(II) center. (E) Zn(II)-mediated
infinite polymerization observed in the crystal structure.

three Zn(II)-coordinating histidine residues caused a signif-
icant reduction in the affinity of SFPQ for Zn(II), evidenced
by 31- and 26-fold increase in Kd: 8.24 �M for SFPQ-
276-535-TM and 6.14 �M for SFPQ-276-598-TM, respec-
tively (Figure 2 and Supplementary Table S3). This signif-
icant reduction of Zn(II)-binding affinities of SFPQ mu-
tants indicates that the measured Zn(II)-affinities are due
to specific interaction of the Zn(II)-coordinating residues of
SFPQ and that the Zn(II)-binding site observed in the crys-
tal structure is the same as that probed in solution in both
constructs (truncated and full-length coiled-coil domain).

Zinc-induced polymerization of SFPQ occurs in solution

We also applied a small-angle X-ray scattering (SAXS)
approach to confirm the Zn(II)-mediated polymeriza-
tion of SFPQ in solution. As mentioned previously,
SFPQ polymerizes in solution through its coiled-coil do-
main in a concentration-dependent manner (12). There-
fore, we used the quadruple mutant SFPQ-276-598-QM
(L535A/L539A/L546A/M549A) previously reported (12)
to eliminate the polymerization effect mediated by the
coiled-coil domain. In addition, the observation that het-
erodimerization of SFPQ with NONO is preferred to
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Figure 2. SFPQ binds Zn(II) in solution. The wild-type of two different
constructs of SFPQ (SFPQ-276-535-WT and SFPQ-276-598-WT) showed
sub-micromolar affinities for Zn(II) measured by a competition Zn(II)-
binding assay using a Zn(II)-indicator, Fluozin-3, while mutations of the
three histidine residues (TM) caused a significant decrease in Zn(II)-
binding affinities. Data are presented with the standard deviation of three
independent experiments (n = 3).

homodimerization and therefore, the SFPQ/NONO het-
erodimer may in fact more physiologically relevant than
the SFPQ homodimer (32) led us to use the SFPQ-276-
598-QM/NONO-53-312 heterodimer where SFPQ includes
the full coiled-coil domain while the NONO construct in-
cludes only the dimerization domain (Supplementary Fig-
ure S5). SFPQ and NONO share 72% sequence identity
within the DBHS domain (32). The two histidine residues
corresponding to H528 and H530 in SFPQ are conserved
in NONO while H438 in SFPQ is replaced by proline in
NONO. However, the association with Zn(II) and forma-
tion of infinite linear polymer is still possible with the
SFPQ/NONO heterodimer by adapting a rigid order of
either an SFPQ/NONO-SFPQ/NONO or NONO/SFPQ-
NONO/SFPQ configuration to utilize H483 from SFPQ.
The triple mutation of the three Zn(II)-coordinating histi-
dine residues to alanine (SFPQ-276-598-QM-TM/NONO-
53-312) was again introduced to verify the effect of Zn(II)
in the polymerization of SFPQ.

The resulting scattering data from SFPQ-276-
598-QM/NONO-53-312 and SFPQ-276-598-QM-
TM/NONO-53-312 were indistinguishable in the absence
of Zn(II) (Figure 3A and C, Supplementary Figure S6
and Supplementary Table S2). The addition of 0.5 mo-
lar ratio of Zn(II) to the heterodimer, however, caused
concentration-dependent protein association of SFPQ-
276-598-QM/NONO-53-312, demonstrated by the upturn
of the intensity profile at q-values below 0.05 Å−1, clearly
visible in the 1.5 mg/ml sample and amplified significantly
in the 3.0 mg/ml sample (Figure 3B), while no apparent
protein association was observed with SFPQ-276-598-QM-
TM/NONO-53-312 in the presence of Zn(II) (Figure 3D).
Therefore, the data demonstrate that the SFPQ/NONO
heterodimer also undergoes Zn(II)-mediated polymeriza-
tion in solution.

Application of zinc promotes cytoplasmic aggregation of
SFPQ in primary cortical neurons

Based on the observations of in vitro Zn(II)-mediated poly-
merization of SFPQ in this study and the nuclear depletion
and cytoplasmic accumulation of SFPQ observed in neuro-
logical diseases such as AD and ALS (9–11), we reasoned
that altered zinc homeostasis leading to high zinc concen-
tration in the neuropathological processes may cause the cy-
toplasmic aggregation of SFPQ. In fact, increased cytoso-
lic zinc levels have been reported in the AD-affected cor-
tex (33), in neurons derived from an AD transgenic mouse
model (34) and in the spinal cords of transgenic mouse mod-
els of ALS and FTLD (35,36).

To facilitate this type of zinc dysregulation ex vivo and
test our hypothesis that zinc dysregulation leading to high
cytosolic zinc concentration may induce the cytoplasmic ag-
gregation of SFPQ, we treated primary cortical neurons co-
expressing a cell fill marker tdTomato and GFP-SFPQ (ei-
ther wild-type or TM variant) with 100 �M ZnCl2 for 4 h.
Neurons were healthy and viable under this condition (Sup-
plementary Figure S7). The concentration of ZnCl2 admin-
istered was determined based on the previous study showing
that overnight treatment of 50 �M ZnCl2 resulted in a sig-
nificant increase (72%) in the intracellular concentration of
Zn(II) (37). In addition, it has been reported that neurons
store up to 300 �M of free Zn2+ in nerve terminals and the
estimates of synaptic Zn2+ release is in the range of 10–100
�M (38,39). In control neurons, GFP-SFPQ is primarily lo-
calized in the nucleus in the absence of added ZnCl2 (Figure
4A). However, following ZnCl2 treatment, there was a sig-
nificant increase in the number of neurons with cytoplasmic
GFP-SFPQ aggregates in the somatodendritic regions (Fig-
ure 4A and B, and Supplementary Figure S8). In contrast,
zinc-induced aggregation was abolished in neurons express-
ing the GFP-SFPQ-TM variant protein (Figure 4A and B).
Collectively, these data support the notion that high con-
centration of intracellular Zn(II) induces SFPQ aggrega-
tion and accumulation in the cytoplasm of primary neurons
by promoting intermolecular interactions between SFPQ
molecules (Figure 5).

DISCUSSION

SFPQ is a ubiquitous and multifunctional RBP, implicated
in many aspects of RNA metabolism (4,5). More recent
studies have shown the abnormal cytoplasmic accumula-
tion and loss of nuclear pool of SFPQ in neuropatholog-
ical conditions such as AD, ALS and FTLD (9–11). Al-
though SFPQ is predominantly found in the nucleus, a non-
nuclear pool of SFPQ has also been shown to be essential
for axon motor development and viability (40). Collectively
these data suggest that balance of the nucleocytoplasmic
distribution of SFPQ is important for cellular homeostasis
and responses to various stimuli.

In this study, we provide a molecular mechanism for the
polymerization of SFPQ that is induced by Zn(II) bind-
ing to the protein, which results in an infinite linear poly-
mer of SFPQ. To our best knowledge, this is the first study
providing the structural basis of the zinc-induced aggre-
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Figure 3. Zinc-induced aggregation probed by small-angle X-ray scattering. SAXS data were collected from: SFPQ-276-598-QM/NONO-53-312 in (A)
the absence of Zn(II) and (B) the presence of Zn(II); SFPQ-276-598-QM-TM/NONO-53-312 in (C) the absence of Zn(II) and (D) the presence of Zn(II).
The concentration series measurements have been scaled to the highest concentration sample so that the high-q portion of the data overlay and differences
between the data sets can be clearly seen (0.38 mg/ml samples are shown in blue, 0.75 mg/ml samples in red, 1.5 mg/ml samples in grey, and 3.0 mg/ml
samples in yellow). The Zn(II) concentration in (B) and (D) is fixed at an SFPQ/NONO heterodimer to Zn(II) ratio of 1:0.5).

Figure 4. Zinc-induced cytoplasmic aggregation of SFPQ. (A) Representative confocal images of primary cortical neurons co-expressing a cell filled marker
tdTomato (magenta) and GFP-SFPQ (green) exhibiting nuclear localization (top panel) or cytoplasmic aggregates in the somatodendritic regions (bottom).
Higher-magnification images are shown on the right panels. (B) Quantification of the fraction of neurons with GFP-SFPQ cytoplasmic aggregates normal-
ized to the value of control neurons. Over 1000 transfected neurons were examined per group (n = 9 coverslips from three independent experiments). Each
dot on the bar graph represents the relative number of neurons containing GFP-SFPQ cytoplasmic aggregates normalized to GFP-SFPQ-WT-untreated
group from one coverslip. Data represent mean ± SEM (one-way ANOVA, Tukey’s post-hoc multiple comparison test, **P < 0.01).
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Figure 5. A proposed mechanism of the zinc-induced cytoplasmic aggregation of SFPQ in high Zn conditions. Under the normal physiological conditions,
SFPQ polymerizes via the coiled-coil domain within the nucleus, which increases affinity and avidity to DNA and RNA interaction, while elevated levels
of the intracellular zinc induce the zinc-induced polymerization of SFPQ, resulting in aggregation and accumulation of SFPQ in the cytoplasm.

gation of an RBP implicated in neurological diseases. The
competitive Zn(II)-binding assay and SAXS data supported
the observations made in the crystal structure that SFPQ
undergoes Zn(II)-mediated polymerization in solution and
that the three histidine residues His483, His528 and His530
which are conserved in SFPQ from most higher vertebrates
(Supplementary Figure S9) are required for this polymer-
ization. Furthermore, the treatment of cultured primary
cortical neurons with a high concentration of Zn(II) in-
duced aggregation and accumulation of SFPQ in the cyto-
plasm of these cells, mimicking the observations of SFPQ
mislocalization that have been made in AD, ALS, and
FTLD. Therefore, dysregulation of zinc leading to increased
cytosolic zinc levels in neuronal cells may represent a po-
tential mechanism that causes an imbalance in the nucleo-
cytoplasmic distribution of SFPQ (Figure 5), which is an
emerging hallmark of AD and ALS.

Altered metal homeostasis, in particular, dysregulation of
zinc homeostasis – liberation of zinc in cytoplasm – in neu-
rodegenerative disorders has been suggested to play a crit-
ical role in development of neuropathology (41–43). Un-
der normal conditions, the majority of zinc in neurons is
bound to zinc-binding proteins, thus, maintaining intracel-
lular free zinc levels within the picomolar range while dur-
ing neuronal injury and neuropathological conditions, zinc
can be released from zinc-binding proteins due to oxidative
stress and other unknown mechanisms (41–43). The asso-
ciation of amyloid-� (A�) with zinc has been implicated in
the polymerization and aggregation of A� and the deposi-
tion of amyloid plaques in AD (38,39). The role of zinc in
ALS and FTLD has been mainly established with Cu–Zn
superoxide dismutase (SOD1) where mismetallation of this
protein leads to protein misfolding and aggregation (44).
However, recent studies have begun to unravel the associ-
ation of zinc with TDP-43, which also induced the aggrega-
tion and cytoplasmic accumulation of this protein (37,45).
Therefore, supported by our study presenting the structural
basis of the zinc-induced polymerization of SFPQ, we sug-
gest that SFPQ and other RBPs also undergo the metal-
dependent aggregation, which results in mislocalization of

these proteins from nucleus to cytoplasm when the cytosolic
zinc concentration is increased in disease-affected neurons.

Our previous study has shown that the dynamic and func-
tional polymerization of SFPQ mediated by the extended
coiled-coil domain is critical for the cellular functions of
SFPQ. The association of zinc with SFPQ results in a sig-
nificant conformational change in the �-helical secondary
structure of the extended coiled-coil domain, preventing
the physiologically critical polymerization mode, which un-
derpins the function of SFPQ in transcriptional regulation
and subnuclear body formation in the nucleus. The two
different modes of polymerization of SFPQ also resulted
in different intermolecular distances: from 100 Å observed
in the coiled coil mediated polymerization to 68 Å in the
Zn(II)–SFPQ complex. Interestingly, it has been proposed
that the extended coiled-coil domain functions as an elas-
tic ruler, to position the core of the dimer at a specific dis-
tance along RNA interaction partners such as NEAT1 long
non-coding RNA for subnuclear body, paraspeckle forma-
tion (46). Therefore, in addition to altering the nuclear and
cytosolic distribution of SFPQ upon the increased cytosolic
zinc concentration (Figure 5), the association of the nuclear
pool of SFPQ with zinc will also likely have impact on the
nucleic acid binding properties of SFPQ, and therefore its
function in gene regulation and subnuclear body formation.

RBPs play multiple roles in many aspects of RNA
metabolism for spatial and temporal control of gene ex-
pression in a wide range of biological contexts by forming
extensive protein-RNA and protein-protein interactions in
a large number of permutations. An increased demand of
the RNA metabolism has been shown particularly in the
brain through alternative mRNA processing such as alter-
native splicing, polyadenylation and targeted localization,
and post-transcriptional silencing to diversify the strategies
for gene expression in the brain cells (2). Therefore, it is not
surprising that loss of nuclear population accompanied by
cytoplasmic aggregation of RBPs is linked to neurological
diseases. Although the two proteins use different domains
for their polymerization (the N-terminal domain in TDP-
43 versus the C-terminal coiled-coil domain in SFPQ), our
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observations in this study are reminiscent of TDP-43, where
functional and dynamic polymerization is essential for its
function in the nucleus while cytoplasmic aggregation of
TDP-43 is linked to the pathological condition in the ma-
jority of ALS (47).

It is unclear whether loss of the nuclear pool of SFPQ
is a cause or merely an effect of the progression of neu-
rodegenerative diseases. However, a recent report showed
that loss of SFPQ caused impaired transcriptional elonga-
tion, resulting in the downregulation of long genes in the de-
veloping brain (8). Many of the downregulated long genes
by SFPQ knockout are associated with neurodegenerative
and psychiatric diseases, and essential for axon guidance,
neuronal migration and synapse formation. These data in-
dicate an essential role of SFPQ in gene expression dur-
ing neuronal development. Another independent study also
showed that loss of SFPQ caused altered Tau isoform ratio
and induced FTLD-like behaviour in mouse (48). Based on
these observations, it is likely that loss of the nuclear pool
of SFPQ drives neuropathology by loss of its essential func-
tions in the nucleus. Finally, whether the cytoplasmic aggre-
gates of SFPQ are cytotoxic to the neurons – gain of func-
tion – similar to the debated cytotoxic role of TDP-43 ag-
gregates in ALS (49) is an intriguing possibility.

In summary, our study provided the structural basis of
the zinc-induced polymerization of SFPQ, an RBP linked to
AD and ALS, offering a new framework how metal-induced
polymerization of RBPs can induce cytoplasmic aggrega-
tion and accumulation of these proteins in neurodegenera-
tive diseases. This framework may provide new diagnostic
and/or therapeutic avenues for these diseases.
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