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ABSTRACT

FUS, a nuclear RNA-binding protein, plays multi-
ple roles in RNA processing. Five specific FUS-
binding RNA sequence/structure motifs have been
proposed, but their affinities for FUS have not been
directly compared. Here we find that human FUS
binds all these sequences with K4?PP values span-
ning a 10-fold range. Furthermore, some RNAs that
do not contain any of these motifs bind FUS with sim-
ilar affinity. FUS binds RNA in a length-dependent
manner, consistent with a substantial non-specific
component to binding. Finally, investigation of FUS
binding to different nucleic acids shows that it binds
single-stranded DNA with three-fold lower affinity
than ssRNA of the same length and sequence, while
binding to double-stranded nucleic acids is weaker.
We conclude that FUS has quite general nucleic acid-
binding activity, with the various proposed RNA mo-
tifs being neither necessary for FUS binding nor suf-
ficient to explain its diverse binding partners.

INTRODUCTION

FUsed in Sarcoma (FUS, also known as Translocated in
LipoSarcoma, TLS), is an abundant nuclear protein that
has been implicated in transcription, mRNA splicing and
mRNA transport (1-3). Mutations in FUS are detected in
~5% of familial ALS (amyotrophic lateral sclerosis) pa-
tients as well as in sporadic ALS (4,5). ALS is a progres-
sive motor neuron disease characterized by loss of the upper
and lower motor neurons (6). Patients typically die within
3-5 years after onset of the disease. Dysregulation of RNA
is emerging as a pathogenic mechanism in ALS. Therefore,
understanding the biology and biochemistry of the FUS
protein may provide insights into how this protein can po-
tentially cause the onset of the disease.

FUS, together with EWS (Ewing’s sarcoma) and TAF15
(TBP-associated factor 15) in vertebrates, belongs to the
FUS/EWS/TAF15 (FET) or TLS/EWS/TAF15 (TET)
family (3). The FUS protein has 526 amino acids
and is composed of a SYGQ (serine, tyrosine, glycine

and glutamine)-rich region at its N-terminus, an RNA-
recognition motif (RRM), multiple RGG (arginine, glycine
and glycine)-repeat regions, a C2C2 zinc finger motif and a
nuclear localization signal (NLS) at its extreme C-terminus.
FUS recognition of RNA is mediated by both the RRM and
the zinc-finger-containing RGG-Znf-RGG domain (7-9).

RNA binding has been suggested to be crucial for FUS
function. FUS inhibits the acetyltransferase activity of
CREB-binding protein (CBP) and p300 on the cyclin D1
promoter (10). This inhibition of histone acetylation is de-
pendent on the expression of noncoding RNA in cis, and
it leads to reduced transcription of the cyclin D1 gene.
More generally, our previous work has shown that FUS
binds the C-terminal domain (CTD) of RNA polymerase
IT (RNA Pol II) in an RNA-dependent manner and or-
chestrates phosphorylation at position Ser2 of the CTD
hexapeptide motif (9,11).

Several groups have published RNA sequences that pro-
mote FUS binding (9,12-17). One group has utilized in vitro
SELEX analysis to identify GGUG as a preferred FUS-
binding motif (12). However, some RNAs with no GGUG
motif are able to bind to FUS (13). More recently, high
throughput sequencing has discovered many RNA targets
of FUS within the mammalian genome (13-15). Based on
these studies, FUS-binding regions of these RNAs have
been reported to readily form secondary structures (13-15)
and to be enriched either in G/C nucleotides (14,15) or
A/U nucleotides (13). However, these reported enrichments
represent <10% of the FUS-binding regions. These studies
suggest that FUS binding is complicated and that both se-
quence and structure of RNAs may recruit FUS.

Elucidating the nucleic acid targets of FUS is important
for understanding its cellular roles. To characterize the fea-
tures of RNA targets necessary for FUS binding, we have
thoroughly evaluated the binding affinities of FUS with
all five published RNA motifs and additional sequences,
using electrophoretic mobility shift assays (EMSAs). We
found that FUS is able to bind all published RNA se-
quences within a 10-fold range of binding affinities. In con-
trast to expectation, however, FUS bound other RNAs in-
cluding fragments of an Escherichia coli mRNA with bind-
ing constants similar to those of the published motifs. Con-
sistent with promiscuous binding, we demonstrated that
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FUS binds RNA in a length-dependent manner. Finally, us-
ing competition experiments, we found that FUS had only
a modest preference for binding ssRNA relative to single-
stranded DNA (ssDNA) of the same length and sequence.
We conclude that FUS has a wide range of nucleic-acid
binding ability.

MATERIALS AND METHODS
Protein expression and purification

The initial FUS expression plasmid was acquired as a gift
from the M. G. Rosenfeld lab (UCSD). We added se-
quences encoding a Hisg-MBP (six histidine-maltose bind-
ing protein) tag at the N-terminus of FUS, generating
the Hisg-MBP-FUS construct (9). This expression plas-
mid was transformed into BL21 cells (Life Technologies)
and grown in a 5-ml LB-Amp culture overnight. Cul-
tures (1 1) were inoculated and grown at 37°C to ODgyp>
0.8, followed by induction with 0.5 mM isopropyl-beta-D-
thiogalactopyronoside (IPTG) and growth for an additional
3-5 h at 37°C. Bacterial cells were pelleted at 6000 rpm for
10 min and lysed in lysis buffer (1 M KCI, 50 mM Tris pH
7.4, 10 mM imidazole, 1 mM CacCl,, 5% glycerol, 1% NP40,
1.5 mM B-mercaptoethanol, 1 M urea, micrococcal nucle-
ase (New England Biolabs M02474; 1000 Kunitz Units per
gram of cell pellet), followed by sonication (15 s on and 15
s off) for a total time of 1 min. Lysates were cleared by cen-
trifugation at 17 500 g for 20 min at 4°C and supernatants
were incubated for 1 h with Ni-sepharose beads at 4°C.
Beads were pelleted at 2000 rpm for 2 min and washed four
times in wash buffer (1 M KCl, 50 mM Tris pH 7.4, 10 mM
imidazole, 1.5 mM B-mercaptoethanol, 1 M urea), followed
by one time in wash buffer supplemented with 25 mM imi-
dazole. Protein (hereafter called MBP-FUS or simply FUS)
was eluted in wash buffer supplemented with 250 mM imi-
dazole. Highly concentrated FUS tends to form aggregates,
but the maltose-binding protein (MBP) tag keeps FUS sol-
uble. MBP tag itself does not bind RNA (18). Thus, MBP
tags were not cleaved after purification. Our purified MBP-
FUS protein was analyzed by size exclusion chromatog-
raphy, showing high purity and solubility (Supplementary
Figure S1A). After purification, the A260/280 ratio was
typically in the range 0.57-0.60, indicative of nucleic acid-
free protein. The final purified protein (1 mg) was treated
with micrococcal nuclease (200 Kunitz Units) and 1.0 mM
CaCl; to ensure the complete elimination of nucleic acid
and the nuclease was then inactivated by chelating the Ca>*
with 1.0 mM ethylene glycol tetraacetic acid (EGTA); we
determined that the residual inactivated micrococcal nucle-
ase did not affect the measurement of FUS-RNA binding
(data not shown). Protein was aliquoted with 10% glycerol,
snap frozen in liquid nitrogen and stored at —80°C.

The percent active protein was determined by titrating
MBP-FUS into trace amounts of hot prD RNA and 200
nM cold prDRNA (48 nt) as the substrate. It typically re-
quired 1300 nM FUS to fully bind 200 nM RNA. In the
case of a 1:1 complex, this would mean that the protein was
only 15% active but on the basis of our previous estimate
of four FUS molecules per 48 nt RNA (9), the FUS prepa-
ration is calculated to be 4 x 15% = 60% active. Here we
present K4?PP values based on active protein assuming a 1:1

complex so that they are directly comparable to those pre-
sented in our previous publication (9), understanding that
the real Ky values are likely to be four-fold higher. Other
FUS publications do not report measuring or correcting for
the percent active protein.

In vitro transcription of MBP RNA

For MBP 1-10 and MBP 1-20, DNA templates were syn-
thesized by Integrated DNA Technologies (IDT). Comple-
mentary strands were annealed and used for in vitro tran-
scription. The templates were as follows:

e MBP 1-10 Forward, TAATACGACTCACTATAGGG
AGACCAAAACTG

e MBP 1-10 Reverse, CAGTTTTGGTCTCCCTATAG
TGAGTCGTATTA

e MBP 1-20 Forward, TAATACGACTCACTATAGGG
AGACCAAAACTGAAGAAGGTAA

e MBP 1-20 Reverse, TTACCTTCTTCAGTTTTGGT
CTCCCTATAGTGAGTCGTATTA

For other longer MBP RNA constructs, DNA templates
were amplified from plasmid pFastBacl containing the
MBP gene from E. coli. The primers used were as follows:

e T7-Forward, TAATACGACTCACTATAGGGAGAC
CAAAACTGAAGAAGGTAAACTGGTAATCTGG
e MBP 1-50 Reverse, CCTTTATCGCCGTTAATCCA
GATTAC

e MBP 1-100 Reverse, TTCCGGTATCTTTCTCGAAT
TTCTTACCG

e MBP 1-200 Reverse, CGGTCGTGTGCCCAGAAGAT
AATG

e MBP 1-300 Reverse, GTAACGTACGGCATCCCA
GGTAAAC

For the MBP RNA bearing the MS2 motif, only MBP1-
100 Reverse was changed as follows:

e MBP 1-100 MS2 Reverse: TTCCGGTATACATGGG
TAATCCTC

DNA templates for transcription were generated by poly-
merase chain reaction (PCR) with high-fidelity DNA poly-
merase (Phusion, NEB). The predicted size of PCR ampli-
cons was confirmed by agarose gel electrophoresis with ap-
propriate DNA size markers. The in vitro RNA transcrip-
tion reactions were set up as described (19). Briefly, the re-
actions were carried out with T7 RNA polymerase and were
incubated at 37°C for 2 h, followed by inactivation at 65°C
for 20 min. A trace amount of radioactive CTP [a-3P] was
included in the reaction to body-label the transcripts. The
reactions were spun down and supernatants were treated
with RQ1 RNase-free DNase (M6101, Promega) to digest
DNA template. The digestions were stopped by addition of
50 mM EDTA. Unincorporated nucleotides were removed
by a microspin G25 column (GE Healthcare 27-5325-01).
Then, the reactions were mixed with formamide dye, incu-
bated 5 min at 95°C and loaded onto a 10% w/v 29:1 acry-
lamide:bis 7 M urea gel. The bands containing radiolabeled
RNA were excised from the gel and the RNAs were eluted



for 1 h at 4°C by 0.3 M sodium acetate, pH 5.2. The elu-
ant was precipitated with glycogen and ethanol at —80°C
overnight and the body-labeled RNAs were quantified by
liquid scintillation counting.

End-radiolabeling RNA

prD RNA, GGUG RNA and other RNA oligos were syn-
thesized by IDT and end-radiolabeled with y-*?P-ATP us-
ing T4 polynucleotide kinase (NEB); incubation was at
37°C for 45 min, followed by inactivation with EDTA. Un-
incorporated nucleotides were removed and RNA was gel-
purified as described for in vitro transcription.

Electrophoretic mobility shift assays

In a 20 pl binding reaction, a trace amount of **P-labeled
RNA was incubated with MBP-FUS in binding buffer (50
mM Tris—-HCI pH 7.4, 150 mM KCI, 2 mM MgCl,, 2 mM
Dithiothreitol (DTT), 0.1 mg/ml yeast tRNA, 0.1 mg/ml
bovine serum albumin and trace amount of orange dye) at
room temperature for 30 min. A portion of each reaction
was loaded onto a 4-20% Tris-borate-EDTA (TBE) (Invit-
rogen EC62252BOX) gel and run at room temperature at
150V for 70 min. Gels were vacuum dried for 60 min at 80°C
and the [*?P] radioactive signal was detected by exposure to
phosphorimager screens. The signals were acquired with a
Typhoon Trio phosphorimager (GE Healthcare) and den-
sitometry was quantified with ImageQuant software (GE
Healthcare). Quantified data were fit to a sigmoidal bind-
ing curve with MATLAB (MathWorks), allowing calcula-
tion of both dissociation constants and Hill coefficients.

For competition assays, an appropriate concentration of
unlabeled competitor RNA or DNA was mixed with 5000
cpm radiolabeled RNA of the same sequence in a 20 pl re-
action. The binding reaction was performed as described
above.

RESULTS
FUS is able to bind many RNAs

Five different RNA sequences have been reported to be
preferentially bound by FUS protein (12-17). Among these,
GGUG, CGCGC and GUGGU are suggested to contain
a specific sequence motif recognized by FUS (12-16). On
the other hand, Stem-loop and TERRA form unique sec-
ondary and tertiary structures suggested to promote FUS
binding (13,17). We hypothesized that FUS may bind one
of these RNAs with exceptionally higher affinity than the
others. To test this hypothesis, we measured the binding of
E. coli-expressed FUS protein to eight RNAs including the
five published motifs and three negative control sequences
(Supplementary Table S1). We also tested prD RNA, one
of many human ncRNAs that recruits FUS in vivo identi-
fied in our previous study (11). EMSA was performed with
increasing concentrations of MBP-FUS protein and a trace
amount of end-labeled RNA to measure binding affinities
(Figure 1A).

Discrete shifted bands were observed, indicating RNA-
protein complexes of specific stoichiometry and absence of
aggregation. All nine sequences tested were bound by FUS,
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Figure 1. FUS binds many RNAs. (A) A schematic representation of the
FUS protein. Blue, low complexity domain. Yellow, RGG domains. Green,
RNA-binding domains. (B) A trace amount of TERRA (left), TERRA neg
(middle) or prD (right) was incubated with increasing concentrations of
MBP-FUS (0, 15, 31, 62, 125, 188, 250, 375, 500, 750, 1000 and 1500 nM).
Binding was analyzed by electrophoretic mobility shift assays (EMSA). (C)
Summary of RNA binding data for MBP-FUS with nine different RNAs.
Left, Quantification of Fy,oyng (RNA in complexes per total RNA in lane)
as a function of MBP-FUS concentration. Right, the apparent dissociation
constant was calculated for each RNA. n and L represent Hill coefficient
and length of the RNA, respectively. Uncertainties represent the range of
two or more replicates.

each with a K4*PP in the range between 100 and 1000 nM
(Figure 1B and Supplementary Figure S1B). The similar
binding affinities of very different RNAs (e.g. CGCGC,
stem-loop and GGUG) cast doubt on their specificity for
binding to FUS. This skepticism was reinforced by the small
differences in affinity between three of the proposed mo-
tifs and their mutated forms (cf. TERRA and TERRA neg,
stem-loop and stem-loop neg, GGUG and GGUG neg).
Furthermore, the prD RNA binds FUS as well as any of
the other published RNAs but contains none of the motifs
).

The EMSA patterns suggested positive cooperativity be-
tween FUS and RNA, as it took only two or three protein
concentration points to proceed from unshifted RNA to the
low-mobility completely shifted complex (Figure 1A). We
quantified and fit the binding data with the Hill equation,
which revealed that FUS bound each sequence with pos-
itive cooperativity (Figure 1B). The low-mobility complex
is thought to contain at least four FUS proteins (9) and
the fact that intermediates with one, two or three bound
proteins do not accumulate is expected for highly coopera-
tive binding. At higher FUS concentrations, the FUS-RNA
complexes shifted more toward the well of the gel. This sug-
gests that additional FUS molecules are associated with the
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RNA in the highly retarded species compared to the ini-
tial low-mobility FUS-RNA complex. Alternatively, some
of these complexes may contain multiple FUS associated
with multiple RNAs.

Our MBP-FUS protein was purified from E. coli, while
one previous publication carried out EMSA with Hisg-FUS
purified from insect cells (13). To test for differences in FUS
obtained from these expression systems, Hisg-FUS purified
from insect cells was compared with MBP-FUS purified
from E. coli by EMSA (Supplementary Figure S1C). The
two proteins both formed discrete RNA—protein complexes
and the protein concentration necessary to shift half of the
radioactively labeled RNA was similar. In both cases, the
observation of discrete complexes suggests well-folded pro-
tein. Therefore, we used MBP-FUS purified from E. coli for
all remaining experiments.

FUS binds RNA in a length-dependent manner

To further test FUS’s specificity for RNA binding, we per-
formed EMSAs with portions of the mRNA for the MBP
from E. coli, an organism that does not possess FUS. Sur-
prisingly, the first 200 nt of the E. coli MBP mRNA (MBP
1-200) bound FUS with a reasonably high affinity (K4*PP
= 56 £+ 2 nM; Figure 2A). The electrophoretic mobility of
the RNA-protein complex decreased progressively as the
FUS concentration was increased, suggesting the loading
of more and more FUS onto the mRNA and low binding
specificity. The Hill coefficient was 4.8 + 0.1, indicating that
multiple FUS proteins bound this non-human sequence in
a positively cooperative manner.

Even though MBP-RNA originates from E. coli, it was
still possible that some sequence or structure hidden in this
RNA could have been responsible for promoting FUS bind-
ing. To test this possibility, we in vitro transcribed a series
of MBP RNAs, including RNA containing the first 10 nt
(MBP 1-10), first 20 nt (MBP 1-20) and so on, and then
measured their binding to FUS. If MBP 1-200 contained
some sequence or structure necessary to bind FUS, then
there should be a sudden increase in affinity at the length
corresponding to the inclusion of the motif. If no such se-
quence or structure existed in MBP 1-200, FUS might bind
all the truncated sequences.

As shown in Figure 2B, there was no discrete length cut-
off for FUS binding, but rather an incremental increase in
affinity with increasing RNA length. FUS bound MBP1-
20 but not MBP 1-10, defining a minimum length for RNA
binding. As the RNA length increased, the binding curves
shifted from right to left, indicating an increase in binding
affinity (Figure 2B). In other words, K4*PP decreased with
increasing RNA length. Plotting log (Ky) versus log (RNA
length) revealed a linear relationship between dissociation
constant and RNA length with a slope of —1 (Figure 2C),
consistent with promiscuous binding (20).

A specific RNA-binding protein is able to recognize its specific
RNA motif within a longer RNA

The conclusions above relied on the assumption that a
sequence-specific RNA-binding protein can recognize and
bind its specific motif hidden in a long sequence and that
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Figure 2. FUS binds RNA in a length-dependent manner. (A) EMSA of
FUS for RNA containing the first 200 nt of Escherichia coli MBP mRNA
reveals a tight binding affinity. (B) Binding curves were plotted for FUS
and RNAs comprising 10, 20, 35, 50, 100 and 200 bases of E. coli MBP
mRNA. Error bars represent the range of two or three replicates. (C) Fur-
ther analysis of binding curves in (B). Plotting log (K4?PP) versus log (RNA
length) revealed a linear relationship with a slope of —1.

shorter RNAs without this motif will no longer recruit the
protein to bind (Figure 3A). To validate this assumption,
we substituted the MS2 recognition motif for a portion of
the MBP 1-200 sequence. The MS2 motif forms a stem-
loop structure, recruiting specifically MS2 coat protein with
a high affinity (K4*P? = 4 nM) (21). The position of substi-
tuting the MS2 motif was selected from locations where the
MS2 RNA can still be properly folded in the context of the
MBP long sequence, using the mFold program to predict
RNA secondary structures (Supplementary Figure S2).

We in vitro transcribed two series of MBP mRNAs, each
comprising the first 10 nt, the first 20 nt and so on from
the 5-end of the mRNA. One series had the 21 nt MS2
motif substituted for nucleotides 71-92 and the other did
not. RNA sequences in the series lacking the MS2 motif
bound MS2 coat protein weakly with a micromolar bind-
ing affinity (Figure 3B). In contrast, in the series contain-


















