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The RNA-binding protein FUS is chaperoned and imported
into the nucleus by a network of import receptors
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Fused in sarcoma (FUS) is a predominantly nuclear RNA-
binding protein with key functions in RNA processing and
DNA damage repair. Defects in nuclear import of FUS have
been linked to severe neurodegenerative diseases; hence, it is of
great interest to understand this process and how it is dysre-
gulated in disease. Transportin-1 (TNPO1) and the closely
related transportin-2 have been identified as major nuclear
import receptors of FUS. They bind to the C-terminal nuclear
localization signal of FUS and mediate the protein’s nuclear
import and at the same time also suppress aberrant phase
transitions of FUS in the cytoplasm. Whether FUS can utilize
other nuclear transport receptors for the purpose of import and
chaperoning has not been examined so far. Here, we show that
FUS directly binds to different import receptors in vitro. FUS
formed stable complexes not only with TNPO1 but also with
transportin-3, importin B, importin 7, or the importin (/7
heterodimer. Binding of these alternative import receptors
required arginine residues within FUS-RG/RGG motifs and was
weakened by arginine methylation. Interaction with these
importins suppressed FUS phase separation and reduced its
sequestration into stress granules. In a permeabilized cell sys-
tem, we further showed that transportin-3 had the capacity to
import FUS into the nucleus, albeit with lower efficiency than
TNPOL1. Our data suggest that aggregation-prone RNA-bind-
ing proteins such as FUS may utilize a network of importins for
chaperoning and import, similar to histones and ribosomal
proteins.

Nuclear depletion and cytoplasmic aggregation of RNA-
binding proteins (RBPs) is a key feature of two devastating
neurodegenerative diseases, ALS and frontotemporal dementia
(FTD) (1-3). The pathological aggregates are found in neurons
and glial cells of the postmortem brain and spinal cord of
patients with ALS/FTD. In the majority of cases, these
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aggregates contain the ubiquitously expressed RBP TAR DNA-
binding protein 43 (TDP-43) and, more rarely, fused in sar-
coma (FUS) or members of the heterogeneous nuclear ribo-
nucleoprotein A family (3-5). Both gain-of-function and loss-
of-function mechanisms caused by these dysfunctional RBPs
have been suggested to contribute to defective RNA meta-
bolism and neurodegeneration (4).

Transport of proteins into the nucleus and back into the
cytoplasm is mediated by members of the importin B-family of
nuclear transport receptors (NTRs), also referred to as
importins and exportins or karyopherins (6). Nuclear import
defects have been suggested to contribute substantially to the
above-described RBP pathology and ALS/FTD pathogenesis
(7-9). For one, ALS-causing mutations in the C terminus of
FUS that also cause motor neuron degeneration in mice
(10-12) were found to disrupt the major nuclear localization
signal (NLS) of FUS, thus reducing its nuclear import (13).
This NLS consists of a C-terminal proline—tyrosine (PY)
consensus sequence preceded by an arginine—glycine—rich
(termed RGG3) region and is of low structural complexity (14,
15). Second, the main import receptor for FUS, transportin-1
(TNPO1, also known as karyopherin p2) (16), was found to
coaggregate with cytoplasmic FUS inclusions in patients with
FTD-FUS and might be functionally impaired in the affected
brain regions (17-19). Moreover, protein arginine N-methyl-
transferase 1 (PRMT1)-mediated R methylation of the FUS—
RGGS3 region, which is known to regulate TNPO1 binding and
hence FUS nuclear import, is defective in patients with FUS-
FTD (14, 20).

In addition to defective nuclear import, enhanced phase
separation of FUS has been suggested to contribute to the
formation of pathological FUS aggregates (15, 21-23). Like
other RBPs, FUS undergoes liquid-liquid phase separation
(LLPS) driven by weak multivalent cation—m interactions be-
tween tyrosines in the N-terminal low-complexity domain
(LCD) and arginines in C-terminal disordered arginine- and
glycine-rich RG/RGG regions (24, 25). We and others have
recently shown that TNPO1 can act as a molecular chaperone
of FUS: by binding to and shielding of RG/RGG motifs,
TNPOL1 suppresses phase separation of FUS in vitro and its
recruitment into stress granules (SGs) (15, 26-28). Likewise,
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Nuclear import receptors of FUS

other nuclear import receptors have been described to sup-
press aberrant phase separation of other RBPs, such as TNPO1
for Ewing sarcoma breakpoint region 1 protein, TATA box-
binding protein (TBP)-associated factor 15, heterogeneous
nuclear ribonucleoprotein Al, and heterogeneous nuclear
ribonucleoprotein A2 (26), TNPO1l and transportin-3
(TNPO3) for the cold-inducible RNA-binding protein
(CIRBP) (29), or importin o/ for TDP-43 (26). These findings
suggest a general function of nuclear import receptors as
molecular chaperones for aggregation-prone RBPs (30). Based

thereon, elevating nuclear import receptor levels has been
proposed as a potential therapeutic strategy to mitigate RBP
aggregation and neurodegeneration (31).

Interestingly, a number of nuclear proteins including tran-
scription factors, histones, ribosomal proteins (rps), and RBPs,
such as HIV-1 Rev, c-fos, c-jun, and CIRBP are bound and im-
ported by multiple different import receptors (29, 32-38).
Moreover, highly positively charged and aggregation-prone
proteins, such as histones and ribosomal proteins, can be
chaperoned by multiple import receptors, at least in vitro (39).
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Figure 1. Several nuclear transport receptors interact directly with FUS in a RanGTP-dependent manner. A, MBP or MBP-FUS was immobilized on
amylose beads and incubated with Hela cell lysate. B, MBP-FUS-EGFP or MBP-EGFP was immobilized on MBP-selector beads and incubated with lysates
from HAP1 cells (control) or TNPO1-KO cells. A and B, bound proteins were analyzed by SDS-PAGE followed by Western blotting, detecting TNPO1, importin
B, CRM1, and GAPDH with specific antibodies. The immobilized fusion proteins were detected using anti-MBP (A) or anti-GFP (B) antibodies. C, MBP-FUS-
EGFP was immobilized on GFP-Trap magnetic agarose beads and incubated with His-tagged nuclear transport receptors (TNPO1, TNPO3, importin /7,
importin 3, importin 7, importin 13, exportin 4 (Xpo4), importin a, importin 5, and CRM1) in the absence or presence of RanQ69L(aa1-180)-GTP. Bound
proteins were analyzed by SDS-PAGE, followed by Coomassie staining. Input: 40%. FUS binds to TNPO1, TNPO3, importin /7, importin B, importin 7,
importin 13, and exportin 4 but not importin a (in the presence of importin @), importin 5, and CRM1 in a RanGTP-sensitive manner. Similar results were
obtained when MBP-FUS-EGFP was immobilized on amylose beads (data not shown).
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Whether neurodegeneration-linked aggregation-prone RBPs,
such as FUS, are also bound by multiple import receptors for the
purpose of import and/or chaperoning has not been investigated.

Here, we demonstrate that FUS directly interacts not only
with TNPO1 but also with TNPO3, importin 3, importin 7,
and the importin /7 dimer under physiological buffer con-
ditions. Binding of the alternative import receptors depends on
arginines in RG/RGG motifs and is weakened by arginine
methylation. All interacting importins are able to suppress
FUS phase separation in vitro and to reduce its partitioning
into SGs in digitonin-permeabilized cells. Import studies in
permeabilized cells demonstrate that TNPO3 and, to a lesser
extent, importin 3, importin 7, and the importin /7 hetero-
dimer can also import FUS into the nucleus, albeit with lower
efficiency than TNPOL. Our data suggest that, similar to his-
tones and ribosomal proteins, FUS may also utilize a network
of importins for efficient chaperoning and import.

Results

FUS interacts with different nuclear import receptors in a
RanGTP-dependent manner

Previously, we and others have shown that FUS is bound
and imported into the nucleus by TNPO1 and the highly
related transportin-2 (TNPO2) (13, 40, 41). To test whether
other NTRs interact with FUS, we first performed pull-down
experiments using proteins from a HeLa cell lysate. As
shown in Figure 14, not only TNPOI1 but also importin
bound to immobilized FUS fused to the maltose binding
protein (MBP—FUS), but only weakly to MBP alone.

We next addressed the possibility that in the absence of
TNPOI, binding of alternative NTRs could be favored and
obtained lysates from either the nearly haploid control cells
HAP1 or HAP1 cells lacking TNPO1 entirely. As observed
for the HeLa cell lysate, TNPO1 and also importin  bound
specifically to immobilized MBP-FUS-EGFP (enhanced
green fluorescent protein) when the control lysate was used
for the reaction (Fig. 1B). Chromosome region maintenance
1 (CRM1), which is not involved in nucleocytoplasmic
transport of FUS (42), and GAPDH did not interact with the
immobilized protein. In the absence of TNPOI1, the amount
of importin p bound to the beads did not increase, sug-
gesting that TNPO1 did not prevent binding of the alter-
native NTR under our experimental conditions.

For a more systematic and direct analysis, we next per-
formed binding experiments with recombinant NTRs. Again,
MBP-FUS-EGFP was immobilized on beads and incubated
with different His-tagged NTRs in the absence or presence of a
truncated version of RanQ69L(aal-180)-GTP, a Ran mutant
deficient in GTP hydrolysis (43). TNPOL1, our positive control,
showed clear binding to MBP-FUS-EGFP, as expected, and
the interaction was reduced when RanQ69L—GTP was added
to the reaction (Fig. 1C). In addition, direct binding to FUS was
also observed for TNPO3, importin p, importin 7, importin 13,
and exportin 4 (Xpo 4). Binding of these NTRs to FUS was
either abolished or reduced by RanQ69L, suggesting specific
interactions. No binding was detected for importin 5, the
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export receptor CRM1, or for importin o added to the reaction
in addition to importin . Importin B and importin 7 have
previously been shown to dimerize and to function as an
import receptor for histone H1 (44). When importin p and
importin 7 were added together to immobilized MBP-FUS-
EGFP, binding of both NTRs was observed. Again, the addition
of RanGTP abolished the interaction.

Together, our pull-down experiments using cell lysates or
purified proteins show that several NTRs can engage in spe-
cific interactions with FUS.

FUS forms a stable complex with TNPO1, TNPO3, importin £3,
importin 7, and importin /7

To further address the composition and the stability of FUS—
NTR complexes, we subjected them to size-exclusion chro-
matography (SEC). When analyzed alone the His-tagged NTRs
(TNPOL1 (Fig. 24), TNPO3 (2C), importin  (2E), importin 7
(2F), importin 13 (2G), and Xpo 4 (2H); dashed red curves)
eluted from the gel-filtration column with peaks in fractions 6
to 7, reflecting the similar sizes of the individual proteins. Upon
incubation with MBP-FUS-EGFP, TNPOI, the established
import receptor of FUS, eluted earlier from the column (with a
peak in fractions 4-5) (Fig. 24, blue curve), demonstrating that
the TNPO1-FUS complex is stable under the conditions of gel
filtration. When RanQ69L—GTP was added to the reaction, no
complex was observed and TNPOI, together with Ran, was
found in fractions 6 to 7 (Fig. 2B, dotted gray curve), confirming
the specificity of the interaction. Similar results were obtained
for complexes containing FUS and TNPO3 (Fig. 2, C and D),
importin B (Fig. 2E), or importin 7 (Fig. 2F). In contrast,
importin 13 (Fig. 2G) and Xpo 4 (Fig. 2H) did not form stable
complexes with MBP-FUS-EGFP, although binding was
observed in the pull-down experiments (Fig. 1C). Next, we
analyzed the potential trimeric complex comprising MBP—
FUS-EGFP, importin B, and importin 7 in more detail. As
expected, the two NTRs alone formed a stable heterodimer,
eluting in fractions 4 to 5 from the gel-filtration column
(Fig. 21). When MBP-FUS-EGFP was added to the assembly
reaction, the resulting complex eluted as a heterotrimer,
peaking in fractions 3 and 4. Importantly, stoichiometric
amounts of the three proteins were detected, suggesting a 1:1:1
complex. As for the individual heterodimers described above,
the addition of RanQ69L-GTP to the assembly reaction pre-
vented the formation of a stable heterotrimer (Fig. 2J). MBP—
FUS—EGEP alone was not detected in gel-filtration experiments
with RanQ69L-GTP, as binding to NTRs was prevented by
Ran, leading to largely insoluble FUS proteins.

In summary, just like TNPO1/2, the import receptors
TNPO3, importin f, importin 7, and importin /7 can form
stable complexes with FUS.

Heterodimerization of importin 8 and importin 7 is required
for the formation of a trimeric complex with FUS
To characterize the trimeric FUS—importin p/importin 7

complex in more detail, we used a mutant version of importin
7 (Imp7AC) lacking amino acids 1002 to 1038, that is, the
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Figure 2. FUS forms complexes with TNPO3, importin B, importin 7, and importin /7. MBP-FUS-EGFP was incubated with different His-tagged
nuclear transport receptors in the absence (A, C, and E-/) or presence (B, D, and J) of RanQ69L(aa1-180)-GTP and subjected to size-exclusion chroma-
tography, monitoring UV absorbance at 280 nm. Eluate fractions were analyzed by SDS-PAGE, followed by Coomassie staining. Note that FUS alone was not
soluble after a 100,000g centrifugation step and was therefore not detected by size-exclusion chromatography.

C-terminal end. This deletion was previously shown to impair
the interaction of importin 7 with importin { (45). Indeed, full-
length importin 7, but not the mutant, formed a complex with
importin {, as shown in Figure 3A. The truncated version of
importin 7 did, however, interact with FUS (Fig. 3B), showing
that cargo-binding is still possible. Finally, importin 7AC is
unable to engage in a trimeric complex with FUS and importin
B (Fig. 3C), suggesting that the importin f—importin 7 inter-
action is required for trimeric complex assembly. The elution
profile of individual proteins is shown in Figure 3D.

TNPO1 has a high affinity for FUS compared with other NTRs

The importin (/7 dimer has previously been shown to
function as an import receptor for histone H1 (44). As another

4 | Biol. Chem. (2021) 296 100659

specificity criterion, we therefore performed competition ex-
periments with purified histone H1. As shown in Figure 44,
the addition of a 3-fold excess of the soluble histone over
immobilized FUS prevented the interaction of FUS with
importin  or importin 7 alone, as well as with the hetero-
dimer. The interaction of FUS with TNPO1 and TNPO3, by
contrast, was not affected by the histone.

We next addressed the question whether different NTRs
compete for FUS binding or bind simultaneously. Again,
MBP-FUS-EGFP was immobilized on beads and incubated
with different ratios of importin f and TNPOI1. Clearly,
TNPOL, the established import receptor for FUS, prevented
binding of importin B to FUS at all ratios (Fig. 4B). Even a 5-
fold molar excess of importin p over TNPOI1 did not result in
significant binding of importin B to the immobilized protein.

SASBMB
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Figure 3. The C terminus of importin 7 is required for the formation of a trimeric FUS-importin B-importin 7 complex. A-D, different combinations
of MBP-FUS-EGFP, His-importin 3, His—importin 7wt, and His-importin 7AC (aa1-1001) were incubated and subjected to size-exclusion chromatography,
monitoring UV absorbance at 280 nm. Eluate fractions were analyzed by SDS-PAGE, followed by Coomassie staining. Note that FUS alone was not soluble

after a 100,000g centrifugation step and was therefore not detected by size-

Likewise, TNPOL1 efficiently competed with importin 7
(Fig. 4C) and TNPO3 (Fig. 4D) for binding to immobilized
FUS. At a 3- or 5-fold molar excess of importin 7 or TNPO3,
however, small amounts of both NTRs bound to FUS, in
addition to TNPOL1. Thus, importin 7 and TNPO3 appear to
have a somewhat higher affinity for FUS than importin p.
These results suggest that different NTRs compete for FUS
binding, because of either overlapping binding sites or allo-
steric changes preventing the interaction of FUS with other
NTRs. Next, we analyzed the FUS—importin p—importin 7
interaction in more detail. As shown in Figure 4E, a 5-fold
molar excess of importin B did not prevent binding of
importin 7 to FUS. Likewise, an excess of importin 7 did not
reduce the interaction between FUS and importin p, con-
firming the SEC results (Fig. 21), showing that the three pro-
teins form a trimeric complex. Finally, we tested the ability of
TNPO1 to compete with a combination of importin  and
importin 7 for binding to immobilized FUS (Fig. 4F). Again, at
a 5-fold molar excess of TNPO1, no other NTR interacted

exclusion chromatography.

with FUS. When all proteins were present at equimolar con-
centrations, however, both importin 7 and importin f were
found to bind to FUS, besides TNPOL1. Similarly, TNPO1 was
able to compete with TNPO3, importin f, importin 7, or
importin /7 when these NTRs were allowed to bind to FUS
before addition of TNPO1 (Fig. S1, A-D).

Together, these results clearly show that several NTRs are
able to directly interact with FUS, with TNPO3, importin p,
importin 7, and importin /7 showing weaker binding than
TNPO1. Although TNPOLI occurs at relatively high concen-
trations (1 to 2 uM in HeLa cells, i.e., similar to importin p and
importin 7 (46)), alternative NTRs may thus be used in certain
cell types and/or under certain growth conditions.

TNPO3, importin B, importin 7, and importin B/7 bind to FUS
RGG regions

TNPO1 is known to bind with high affinity to the
C-terminal RGG3-PY domain of FUS (14, 15). Whether
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Figure 4. TNPO1 has a higher affinity for FUS than TNPO3, importin B, importin 7, and importin /7. MBP-FUS-EGFP was immobilized on GFP-Trap
magnetic agarose beads and incubated with one or two His-tagged nuclear transport receptors in the presence or absence of histone H1 (A) or with two
(B-E) or three (F; importin B/importin 7/TNPO1) different His-tagged nuclear transport receptors at different molar ratios, as indicated. Bound proteins were

analyzed by SDS-PAGE, followed by Coomassie staining.
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Figure 5. TNPO3, importin , importin 7, and importin B/7 bind to RGG motifs in FUS and are affected by arginine methylation. A, scheme
illustrating FUS constructs used for pull-down experiments. B, MBP-FUS WT, a FUS mutant with all RG/RGG motifs mutated to KG/KGG (KGG) or FUS deletion
mutants lacking either the N-terminal low-complexity domain (aa1-165; AN) or the RGG3-PY domain (aa454-526; AC) were immobilized on amylose resin
and incubated with TNPO1, TNPO3, importin 3, importin 7, or importin /7 as indicated. Binding of importins to the different FUS proteins was analyzed by
Western blotting. Successful immobilization of MBP-FUS proteins was verified by MBP Western blot. Input, 15%. C, quantification of the amount of NTR
bound to MBP-FUS wt or mutant as the mean of two independent replicates + SD normalized to TNPO1. D, binding of TNPO1, TNPO3, importin 3, importin
7, or importin B/7 to either unmethylated (unme) or methylated (me) MBP-FUS as detected by Western blotting. Immobilization of MBP-FUS proteins was
verified by Western blotting. Input, 15%. E, quantification of the amount of NTR bound to unmethylated (unme) or methylated (me) MBP-FUS shown as
ratio of NTR/MBP as the mean of three independent replicates + SEM normalized to unme FUS. NTR, nuclear transport receptor; PY, proline-tyrosine; RGG3,

arginine-glycine-rich.
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TNPO3, importin B, importin 7, or importin /7 bind to the
same NLS in FUS is unclear. To address this question, we
performed binding assays utilizing a series of FUS mutants
immobilized to amylose resin: MBP-FUS lacking the N-ter-
minal LCD (FUS Aaa 1-165; FUS AN), MBP-FUS lacking the
C-terminal RGG3-PY domain (FUS Aaa 454-526; AC), or
FUS with all RG/RGG motifs mutated to KG/KGG (KGG)
(Fig. 5A). Under the physiological buffer conditions used in
our assay, TNPO1 showed slightly diminished binding to the
C-terminal deletion mutant of FUS (Fig. 5B, quantification
shown in Fig. 5C), consistent with the FUS RGG3-PY domain
being the main, but not the only binding site for TNPO1 (28).
Interestingly, binding of TNPO3 appeared unaffected by
deletion of the RGG3-PY domain (AC) but was greatly
reduced in the KG/KGG mutant in line with our previous
results showing binding of TNPO3 to the RG/RGG regions in
CIRBP (29). Importin f, importin 7, and importin B/7 all
showed reduced binding upon mutation of the RG/RGG mo-
tifs (KG/KGG mutant) and upon deletion of the C-terminal
RGG3-PY domain (AC). In contrast, no impact of importin
binding was detected upon deletion of the N-terminal LCD
(AN). These findings suggest that TNPO3, importin p,
importin 7, and importin /7, in contrast to TNPO1, bind FUS
mostly via the RG/RGG motifs, independently of the PY motif,

Nuclear import receptors of FUS

with the C-terminal RGG3 domain being the main interaction
site for importin f3, importin 7, and importin p/7.

As asymmetric dimethylation of arginine is known to reduce
binding of TNPO1 to FUS (14, 15, 20), we sought to address
whether methylation of the FUS-RG/RGG regions also affects
binding of the alternative importins. Both unmethylated MBP—
FUS (unme; incubated with the methyltransferase PRMT1 in
the absence of the methyl donor SAM) and methylated (me)
MBP-FUS were immobilized on MBP-Trap agarose and
tested for binding to TNPO1, TNPO3, importin 3, importin 7,
and importin /7. In line with our findings that mutation of all
RG/RGGs abolished binding of TNPO3, importin 3, importin
7, and importin B/7, binding of these importins was greatly
diminished upon R methylation (Fig. 5D, quantification shown
in Fig. 5E). Owing to the presence of the PY motif as high-
affinity binding site for TNPO1l in the FUS C-terminal
domain, TNPOI1 binding was only weakly reduced upon R
methylation, in line with our previous findings (14, 15).

Together, we demonstrate that TNPO3, importin f,
importin 7, and importin /7 primarily interact with FUS RG/
RGG regions and that their binding is strongly reduced upon R
methylation. While the presence of the RGG1 and RGG2
domains is sufficient for TNPO3 binding, importin 3, importin
7, and the heterodimer importin (/7 appear to require the
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Figure 6. TNPO3, importin B, importin 7, and importin B/7 can suppress and reverse phase separation and sedimentation of FUS. A, equimolar
amounts of TNPO3, importin B, importin 7, or importin 3/7 can suppress precipitation of MBP-FUS upon Tev cleavage of the MBP-solubility tag in a
sedimentation assay similarly to TNPO1. Equal amounts of the supernatant (S) and pellet (P) fraction were visualized by SYPRO Ruby stain. B, importin 5 is
not able to suppress FUS precipitation upon Tev cleavage. C, the relative amount of FUS being soluble as the percent of the total (sum of S and P). Values
represent the mean of three (TNPO3, importin {3, importin 3/7, importin 5) or six (untreated, TNPO1) independent experiments + SEM, ***p < 0.0002 defined
by one-way ANOVA with Dunnett’s multiple comparison test to untreated (“-"). D, experimental setup to assess reversal of FUS phase separation by NTRs.
E, reversal of FUS phase separation by TNPO1, TNPO3, importin 8, importin 7, or importin /7 in a sedimentation assay. Equal amounts of the S and P
fraction were visualized by SYPRO Ruby stain. F, the relative amount of soluble FUS as percent of the total (sum of S and P). Values represent the mean of
three independent experiments + SEM, ***p < 0.0002 defined by one-way ANOVA with Dunnett’s multiple comparison test to control lacking NTR (“-NTR").

ns, not significant.

SASBMB

J. Biol. Chem. (2021) 296 100659 7



Nuclear import receptors of FUS

- +TNPO1  +Ilmp5

+TNPO1 +TNPO3

+Impp +lmp7  +Impp/7

S§

B D —_
5 *k%k ,
é\ 100~ l 1 > 150+ *kk
2 (@) {7 —
(0] o e e Q
£ 80 E £ | *kk | .
o ® ° [ ] o 1004
2 604 o 060 --r<
s o=
@y 404 . 20
82 R e §2 50
é 20_ __.EB_ o o éLI.
s 1 e J 5
g 5
£ ~ € 0 -
P F S &&\ Qé\ A
=~ S > Q
;K ’/(\% * * ’(\s /\e *\@
*

Figure 7. TNPO3, importin , importin 7, and importin B/7 suppress stress granule association of FUS. A, association of MBP-FUS to stress granules
(SGs) in semipermeabilized cells is suppressed by TNPO1, TNPO3, importin 3, importin 7, and importin 3/7. SGs and MBP-FUS were visualized by staining for
the SG marker protein G3BP1 and the MBP-tag. For clarity, signals were converted to gray values in the individual channels (upper two rows). In the merge
(lower row), G3BP1 alone is shown in magenta. White pixels indicate colocalization with MBP-FUS (green). DAPI (turquoise) was included in the merge. The
scale bar represents 20 pm. B, quantification of the mean fluorescence intensity of MBP-FUS in SGs for three independent replicates + SEM, ***p < 0.0002
defined by one-way ANOVA with Dunnett’s multiple comparison test (=10 cells; = 32 SGs per condition) in the absence or presence of 5-fold excess of
TNPO1, TNPO3, importin B, importin 7, or importin 3/7. C, importin 5 cannot suppress association of MBP-FUS to stress granules (SGs) in semipermeabilized
cells. SGs and MBP-FUS were visualized by staining for the SG marker protein G3BP1 and the MBP tag as before. The scale bar represents 20 pum.
D, quantification of the mean fluorescence intensity of MBP-FUS in SGs for three independent replicates + SEM, ***p < 0.0002 defined by one-way ANOVA
with Dunnett’'s multiple comparison test (=10 cells; > 30 SGs per condition) in the absence or presence of either TNPO1 or importin 5. G3BP1, Ras GTPase-
activating protein-binding 1; SGs, stress granules.

RGG3 region of FUS, suggesting similar but nonredundant
binding modes of different NTRs to the RGG regions of FUS.

TNPO3, importin B, importin 7, and importin B/7 function as
chaperones for FUS

FUS is known to wundergo reversible LLPS in a
concentration-dependent manner (22, 23, 47-50). This pro-
cess is mainly driven by m-m and cation—m interactions of ty-
rosines in the N-terminal LCD with arginines in the RGG
regions (15, 24, 27). We and others have shown that TNPO1
not only mediates nuclear import of FUS but also acts as a
chaperone by binding to the RGG regions, thereby preventing
LLPS of FUS (15, 26—28). We therefore hypothesized that the
other importins that bind to RG/RGG regions of FUS are also
able to suppress FUS phase separation and addressed this
hypothesis in a sedimentation assay, where phase-separated
condensates are pelleted by centrifugation. Here, FUS was
predominantly in the pellet fraction (P) upon Tev protease—

8 J Biol. Chem. (2021) 296 100659

mediated cleavage of the MBP-solubility tag (Fig. 64, see
Fig. 6C for quantification). Similar to TNPO1, equimolar levels
of TNPO3, importin P, importin 7, or importin /7 increased
FUS levels in the supernatant (S), indicating increased FUS
solubility, that is, “chaperoning” activity of all importins tested.
Importin 5, which does not bind to FUS (Fig. 1C), could not
prevent sedimentation of FUS (Fig. 6, B and C).

TNPO1 has not only been shown to prevent but also to
reverse phase separation of FUS (26). Therefore, we next tested
whether TNPO3, importin 3, importin 7, or importin p/7 is
also able to mediate solubilization of FUS after it has under-
gone phase separation. To this end, we first induced phase
separation of FUS by Tev protease—mediated cleavage of the
MBP tag, before adding equimolar amounts of the different
import receptors and analyzing FUS solubility in a sedimen-
tation assay (Fig. 6D). As before, the solubility of FUS was
greatly reduced upon cleavage of its solubility tag (Fig. 6E,
quantification shown in Fig. 6F, “control”). Subsequent
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Figure 8. Nuclear import of FUS in digitonin-permeabilized cells by TNPO1 and alternative NTRs. Digitonin-permeabilized Hela cells were incubated
with MBP-FUS in the absence or presence of different His-tagged nuclear transport receptors, in the absence or presence of an ATP-regenerating system,
with either WT Ran or RanQ69L (Q69L) at 30 °C or 4 °C as indicated. A, cells were subjected to indirect immunofluorescence detecting the MBP tag and
analyzed by confocal microscopy. The scale bar represents 20 pm. B, quantification of the mean nuclear import efficiencies of FUS as in panel A for four or
three (*-", 30 °C, importin B, 30 °C) independent experiments + SEM (25-70 cells per condition).
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addition of TNPO3, importin f3, importin 7, or importin /7
restored solubility, similarly to TNPO1, whereas FUS
remained insoluble in a control lacking an NTR.

TNPO3, importin B, importin 7, and importin /7 suppress SG
association of FUS

TNPOL1 suppresses LLPS of FUS not only in vitro but also in a
cellular system, as it reduces the partitioning of FUS into SGs in
digitonin-permeabilized cells (15, 51). In this assay, formation of
SGsis induced by the proteasome inhibitor MG132. The plasma
membrane is then selectively permeabilized using digitonin, and
all soluble components are washed out. To analyze association
of FUS with SGs in absence of nuclear import, nuclear pores are
blocked using wheat germ agglutinin before recombinant
MBP-FUS is added in the absence or presence of nuclear
import receptors. In the absence of any import receptors, MBP—
FUS partitions into SGs, as published previously (15). We used
this assay to address whether TNPO3, importin 3, importin 7,
and importin /7 are also able to prevent SG association of FUS
in a cellular environment. Indeed, all importins were able to
suppress SG association of MBP-FUS, with importin [,
importin 7, and the heterodimer importin /7 being slightly less
efficient compared with TNPO1 and TNPO3 (Fig. 7, A and B).
In contrast, addition of importin 5 could not prevent association
of FUS with SGs (Fig. 7, C and D). These results demonstrate
that not only TNPOL1 but several importins can act as molecular
chaperones to prevent LLPS and partitioning of FUS into
membrane-less organelles.

FUS can be imported into the nucleus by TNPO1 and TNPO3

Our results described so far show that FUS can interact with
multiple importins, forming complexes that are stable under
physiological conditions. Furthermore, not only TNPO1 but
also other importin receptors can function as molecular
chaperones, increasing the solubility of FUS and preventing its
association with SGs. We next asked whether FUS can also be
imported into the nucleus by these importins. To this end, we
used the established nuclear import assay in digitonin-
permeabilized cells with MBP-FUS as the import substrate.
As a positive control, we used the main nuclear import factor
of FUS, TNPO1, and compared it to TNPO3, importin f3,
importin 7, and the combination of the latter two. As shown in
Figure 8, A and B, in the presence of TNPO1, nuclear import
of FUS was observed even at 4 °C in the presence of Ran and
an ATP-regenerating system, pointing to the high efficiency of
this pathway. Import was further stimulated at 30 °C, whereas
RanQ69L, which prevents the interaction of FUS with TNPO1,
reduced the import efficiency and resulted in a strong cyto-
plasmic FUS signal. This observation suggests that without
sufficient chaperoning by NTRs, the import substrate is prone
to unspecific binding to cellular structures, particularly at 30
°C. Compared with TNPO1, TNPO3 was less efficient in
importing FUS into the nucleus, although temperature-
dependent transport could be observed in a RanQ69L- and
ATP-dependent manner. Addition of importin f3, importin 7,
or importin /7 promoted import only slightly.

10 J Biol Chem. (2021) 296 100659

Together, these data confirm TNPOI as the major import
receptor for FUS but also show that additional importins, in
particular TNPO3, can carry out nuclear import of FUS, at
least in permeabilized cells. It remains to be investigated, un-
der which conditions these alternative importins, which are
functional in vitro, support nuclear import of FUS in intact
cells.

Discussion

TNPO1 and TNPO2 are known as major import receptors of
FUS (14, 41) and have also been shown to chaperone the FUS
protein in the cytoplasm, preventing and reversing its aberrant
LLPS (15, 26, 28). Our results now show that additional NTRs
can perform similar functions. Of note, a subset of alternative
NTRs has also been reported to interact with FUS during the
review process of our article (52). Apart from TNPO1/2,
TNPO3 (also known as transportin-SR2, Trn-SR2, Trn-3) and
its splice variant transportin-SR (53—57) have been implicated
in the nuclear import of several RBPs by binding to their
arginine—serine (RS)-rich regions, both in a phosphorylation-
dependent and phosphorylation-independent manner (29, 57).
RS domains hence have been suggested to act as an NLS for
TNPO3. This NLS motif has recently been extended by Bour-
geois et al. (29), demonstrating the relevance for tyrosine resi-
dues in RSY-rich regions for TNPO3 binding. TNPO3 has also
been reported to mediate nuclear import of proteins in the
absence of any RS domain (56, 58, 59). Recently, TNPO3 was
found to bind to an RGG/RG-rich region in the RBP CIRBP in
an arginine-methylation dependent manner, similarly to
TNPOL, yet with weaker affinity than TNPO1 (29), suggesting
an overlapping cargo spectrum of TNPO1/2 and TNPO3. Our
results showing that TNPO3 can also function as a chaperone/
NTR for FUS in an RGG-dependent and arginine methylation—
dependent manner are very much in line with these findings. It
will be interesting to determine which other RGG/RG region
containing cargoes can utilize both TNPO1/2 and TNPO3 as
import receptors and which features in the “RGG-NLS”
determine promiscuous receptor binding.

Similar to TNPO1 and TNPO3, the heterodimeric import
receptor importin /7 acts as a chaperone for various highly
basic proteins and mediates their nuclear import, including
ribosomal proteins L4 and rpL6, the RNA methyltransferase
EMG], and the linker histone H1 (39, 44, 60). Histone H1 can
bind individually to importin p and importin 7 as well. The
formation of a functional import complex, however, appears to
require the cooperative assembly of an importin /7-H1-
trimer (44, 45, 61). In a large-scale proteomics study for po-
tential cargoes of different importins using reconstituted nu-
clear import in permeabilized cells (59), FUS was identified as
a putative import substrate of TNPO1, TNPO2 importin f,
importin 7, and importin 11. Our data show that FUS can also
form a heterotrimeric complex with importin /7, requiring
importin f—importin 7 interaction via the importin 7 C-ter-
minal region.

TNPO3, importin , importin 7, and importin /7 bind FUS
with lower affinity than TNPO1, perhaps because their binding

SASBMB



is mediated by RG/RGG motifs or other regions, indepen-
dently of the PY-NLS. In contrast, the FUS PY-NLS provides
a high-affinity docking site for TNPOI1, which additionally
interacts with various regions throughout the entire length of
FUS (28). Under which conditions the weaker-binding
importins are utilized by FUS in vivo as chaperones and/or
import receptors remains to be determined. We speculate that
they may compensate for TNPO1 under conditions where
TNPO1-FUS binding is either impaired or TNPO1 is
nonfunctional. This is the case in patients with ALS-FUS,
where a genetic mutation in the NLS of FUS impairs
TNPOL1 binding and thereby hampers nuclear import of FUS.
It seems possible that the alternative importins partially
compensate the reduced TNPO1 binding and restore nuclear
import and chaperoning at least to some degree. In addition,
TNPOL1 in patients with FTD-FUS is found to coaggregate
with unmethylated FUS in cytoplasmic inclusions (17-19).
Whether TNPOL1 itself is dysfunctional in FTD-FUS and why
it is codeposited with FUS are currently unknown. It can be
speculated that increased expression levels of TNPOS3,
importin 3, importin 7, or importin /7 can, at least partially,
rescue FUS mislocalization and/or aggregation in these pa-
tients. Alternatively, these importins might also be codeposited
in postmortem brains of patients with FTD, along with
TNPOI, leading to the observed severe mislocalization and
aggregation of FUS and other RBPs (62-64).

In the HeLa cell proteome, importin B, TNPOI1, and
importin 7 are equally abundant (1-2 pM), whereas TNPO3
has lower levels (~0.3 uM) (46). Expression levels of NTRs and
usage of specific importins might, however, be cell type
dependent. Interestingly, FUS inclusions in ALS/FTD are only
found in neurons and sometimes glia cells in certain brain
regions (3). Based on our data, it seems possible that limiting
importin levels might contribute to the RBP pathology in these
cell types, possibly in an age-dependent manner. Whether
indeed TNPO3, importin B, or importin 7 have higher levels in
other cell types and therefore are able to prevent cytosolic
aggregation and mediate nuclear import of FUS is currently
unclear.

Our data clearly provide further support for a general role of
importins as molecular chaperones for aggregation-prone
RBPs, as suggested previously (15, 26, 28, 30, 39). Which do-
mains of importins are involved in mediating molecular
chaperoning is currently unclear and requires further investi-
gation. Similarly, it is currently unknown whether this mech-
anism is limited to histones or RBPs rich in basic residues/
RGG motifs, such as FUS or ribosomal proteins, or also applies
to other disease-linked RBPs that are not characterized by a
large number of basic residues, such as TDP-43.

Experimental procedures
Plasmids

Bacterial expression constructs coding for MPB-FUS KG/
KGG were generated by inserting a codon-optimized gBlock
double-stranded gene fragment (IDT) replacing all codons for
RG/RGG with codons for KG/KGG in the original pMal-Tev-
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Flag-FUS-Tev-His using Bsu36l and HindIII sites. pMal-Tev-
Flag FUS (Aaal-165)-Tev-His (AN) was a gift from
Marc-David Ruepp. pMal-c2-MBP-EGFP was generated by
PCR amplification of the coding sequence of EGFP and clon-
ing into pMal-c2 (New England Biolabs) via EcoRI and
HindIII.

Antibodies

Antibodies against importin B (65), CRM1 (66), and
importin 7 (67) were described previously. The following an-
tibodies are commercially available: anti-GAPDH (#10494-1-
AP, Proteintech); mouse anti-MBP (#66003-1-Ig, Pro-
teintech); rabbit anti-MBP (NEB); rabbit anti-G3BP1 (13057-
2-AP, Proteintech); mouse anti-TNPO1 (# T0825, Sigma clone
D45); mouse anti-TNPO3 (# ab54353, Abcam). For Western
blotting, IRDye 800CW, IRDye 680CW, or IRDye 680LT (LI-
COR) was used as the secondary antibody.

In import and SG association assays, recombinant MBP—
FUS was detected using mouse anti-MBP and SGs were
stained by using rabbit anti-G3BP1. As fluorescent secondary
antibodies for microscopy, donkey anti-mouse Alexa 488
(Thermo Fisher) and donkey anti-rabbit Alexa 555 (Thermo
Fisher) antibodies were used.

Protein expression and purification

MBP-FUS-EGFP-Hisg wt (15), GST-M9 (33), RanWT and
RanQ69L (68), RanQ69L(aal-180) (69), His—importin o (70),
His—importin f (71), and His—CRM1 (72, 73) were expressed
and purified as described previously. RanQ69L was loaded
with GTP as described (74).

His—TNPO3 (29), His—PRMT1 (75), His—Tev (plasmid gift
from A. Geerlof), MBP-FUS wt, and FUS ARGG3-PY (15)
were purified as previously described. MBP-FUS KG/KGG
and Aaal-165 (AN) were purified as described for MBP-FUS
wt. pMal-c2-MBP-EGFP was transformed into BL21 (DE3)
codon”, and bacteria were grown in an LB medium to an
absorbance at 600 nm of 0.7. Expression was induced with
0.5 mM IPTG for 4 h at 16 °C. MBP—GFP was purified in MBP
buffer (50 mM Hepes, pH 8.0, 300 mM NaCl, 5 mM MgCl,,
10% glycerol, 5 mM B-mercaptoethanol, 0.1 mM PMSEF, and
1 pg/ml each of leupeptin, pepstatin, and aprotinin) using
amylose resin (New England Biolabs), followed by SEC
(HiLoad 16/60 Superdex 200 prep grade; GE Healthcare) in
transport buffer (TB; 20 mM Hepes, 110 mM KOAc, 2 mM
Mg(OAc),, 1 mM EGTA, pH 7.3, 2 mM DTT).

pQE32-His-TNPO1 (34), pQE30-His-importin 5 (34),
pQES80-His-importin 7 (Xenopus laevis, (45)), pQE80-His-
importin 7-aal-1001 (X. laevis, (45)), pQE80-His-importin 13
(76), and pQE30-His-Xpo 4 (Mus musculus, gift from Dirk
Gorlich) were transformed in Escherichia coli JM109 and
grown in 2x YT medium supplemented with 2% glycerol and
30 mM K,HPO, to an absorbance at 600 nm of ~0.6. The
cultures were cooled down for 1 to 2 h at 4 °C, and expression
of His—importin 5, His—importin 7, His—importin 13, and
His—Xpo 4 was induced with 0.5 mM IPTG overnight at 16 °C.
Expression of His—TNPO1 was induced with 0.5 mM IPTG for
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3 to 4 h at 25 °C. The proteins were purified in buffer A
(50 mM Tris, pH 7.5, 500 mM NaCl, 10 mM Mg(OAc),, 5%
glycerol, 10 mM B-mercaptoethanol, 0.1 mM PMSF, and 1 pg/
ml each of leupeptin, pepstatin, and aprotinin) over Ni-NTA
Sepharose (# 30230, Qiagen) and separated over a HilLoad
26/60 Superdex 200 prep grade column connected to a AKTA
purifier system (GE Healthcare) using buffer B (50 mM Tris,
pH 7.4, 200 mM NaCl, 5% glycerol, 2 mM DTT).

For LLPS assays and studies using FUS mutants, NTRs were
expressed and purified as follows: His—TNPO1 was basically
purified as described before (15). Expression of His—importin {3
and His—importin 7 in Rosetta 2 was induced in the presence
of 30 mM K,HPO, and accompanied by ethanol shock and
cold shock. The proteins immobilized on beads were washed
with lysis buffer containing 1 M NaCl. After elution, proteins
were subjected to SEC and stored in 20 mM Na,HPO,/
NaH,PO,, pH 7.5, 75 mM NaCl, 5% (v/v) glycerol, 2 mM DTT
(His-TNPO1 and His-importin ), or 50 mM Tris, pH 7.5,
250 mM NaCl, 2 mM MgCl,, 10% (v/v) glycerol, and 2 mM
DTT (His—importin 7). Importin 5 was a gift from Dirk
Gorlich.

In vitro methylation of MBP-FUS

In vitro arginine methylation of MBP—FUS by 2-fold molar
excess of PRMT1 was performed using 1 mM SAM overnight
at room temperature (RT) and confirmed using methylation-
specific antibodies, as previously described (15).

Sedimentation assay

For sedimentation analysis of FUS, the MBP tag of 1 uM
purified MBP-Flag-FUS protein in the absence or presence of
equimolar amounts of His—TNPOI1, His—TNPO3, His—S—
importin B, His—importin 7, or His—S—importin {B/His—
importin 7 was cleaved using 1.6 uM His—Tev in a total vol-
ume of 50 ul TP for 30 min at RT, followed by centrifugation at
21,000g and 4 °C for 15 min. Equal volumes of the S and pellet
fraction were analyzed by SDS-PAGE and SYPRO Ruby stain
(Sigma). Densitometry measurements of band intensities of S
and P fractions was performed using implemented plugins of
the Image Lab software (Bio-Rad Laboratories), and statistical
analysis was performed in GraphPad Prism 8.

SG association assay

HeLa cells were grown on high-precision (No. 1.5), poly-L-
lysine—coated 12-mm coverslips, permeabilized with 0.005%
digitonin in KPB (20 mM potassium phosphate, pH 7.4, 5 mM
Mg(OAc),, 200 mM KOAc, 1 mM EGTA, 2 mM DTT, and
1 mg/ml each aprotinin, pepstatin and leupeptin). Soluble
proteins were removed by several washes (4x 4 min in KPB on
ice), and nuclear pores were blocked by 15-min incubation
with 0.2 mg/ml wheat germ agglutinin on ice. Cells were then
incubated for 30 min at RT with 100 nM MBP-FUS in the
absence or presence of 500 nM His—TNPO1, His—TNPOS3,
His—S—importin [, His—importin 7, or His—S-importin 3/His—
importin 7 in KPB. Note that a 5-fold excess of importins was
required for efficient shielding of FUS, possibly because of
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other RBPs present in SGs that sequester importins. Subse-
quently, cells were washed (3x 5 min in KPB on ice) to remove
unbound MBP-FUS and processed by immunostaining as
described (15, 51) to visualize SGs (by G3BP1 immunostain-
ing) and FUS (by MBP antibody). Cells were analyzed by using
confocal microscopy with an inverted Leica SP8 microscope
and the LAS X imaging program (Leica), using lasers for 405-
nm, 488-nm, and 552-nm excitation. Images were acquired
using two-fold frame averaging with a 63x 1.4 oil objective and
an image pixel size of 59 nm. The following fluorescence
settings were used for detection: 4/,6-diamidino-2-phenyl-
indole (DAPI): 419 to 442 nm, GFP: 498 to 533 nm, Alexa 555:
562 to 598 nm. Recording was performed sequentially to avoid
bleed-through using a conventional photomultiplier tube.
Images were processed and analyzed using Image]/Fiji soft-
ware (77), applying linear enhancement for brightness and
contrast and implemented plugins for measurement of pixel
intensities in SGs. Statistical analyses were performed in
GraphPad Prism 8.

Cell culture and cell lysate

HeLa cells were grown in Dulbecco’s modified Eagle’s me-
dium high-glucose GlutaMAX (Invitrogen) supplemented with
10% fetal bovine serum and 10 pg/ml gentamicin at 37 °C, 5%
CO, in a humidified incubator.

HAP1 cells and TNPO1 KO cells were obtained from Per-
kinElmer (Horizon; HZGHC003548c007) and grown in
Iscove’s Modified Dulbecco’s Medium (GIBCO) supplemented
with 10% fetal calf serum, 6 mM L-glutamine and 100 U/ml
penicillin, 100 pg/ml streptomycin at 37 °C, and 5% CO,.

Cell lysates were obtained from digitonin-permeabilized
cells as described previously (51, 78).

Binding assays

For binding assays with HeLa cell lysates, MBP or MBP-
FUS (6.25 pg each) was immobilized on amylose resin (NEB)
in the TB containing 1 pg/ml each of leupeptin, pepstatin, and
aprotinin. The beads were incubated with 300 pl of the cell
lysate (2 mg/ml) overnight at 4 °C. After three washing steps
with the TB, proteins were eluted with Laemmli buffer and
analyzed by SDS-PAGE (10% gel).

For binding assays with HAP1-cell lysates, MBP-GFP or
MBP-FUS-EGFP (1 nmol each) were immobilized on 62.5 pl
MBP-selector beads (Nanotag Biotechnologies) in the TB
containing 1 pg/ml each of leupeptin, pepstatin, and aprotinin
and 2 mg/ml hemoglobin (Sigma) as a blocking reagent. The
beads were incubated with 300 pl of cell lysate (~4 mg/ml) and
0.2 pg/ml RNAse A (Qiagen) in a total volume of 0.5 ml
overnight at 4 °C. After three washings steps with the TB,
proteins were eluted with SDS sample buffer and analyzed by
SDS-PAGE (4-12% NuPAGE gels, Invitrogen), followed by
Western blotting using the Odyssey system (LI-COR).

For binding assays with purified NTRs, MBP-FUS-EGFP—
His (100 pmol) was immobilized on 10 ul GFP-Trap Magnetic
Agarose (#gtma-100, Chromotek, Planegg, Germany), equili-
brated in the TB supplemented with 20 mg/ml bovine serum
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albumin (BSA) for 1 h. The immobilized MBP—FUS—EGFP—
His was incubated with 100 pmol of His—TNPO1, His—
TNPO3, His—importin /7, His—importin , His—importin 7,
His—importin 13, or His—Xpo 4 in the presence or absence of
300-pmol RanQ69L(aal-180)-GTP in a total volume of 500 pl
for 2 h at 4 °C. After washing 3x with 500 pl TB lacking BSA,
bound proteins were eluted in 4x SDS sample buffer, analyzed
by SDS-PAGE and Coomassie-stained. Competition experi-
ments were performed as described above, but instead of
RanGTP, increasing amounts (100 pmol, 300 pmol, 500 pmol)
of two different His-tagged NTRs or 300 pmol of histone H1
(Roche) was added. For sequential competition experiments,
100 pmol MBP-FUS—-EGEFP was immobilized on amylose HF
resin for 1.5 h at 4 °C before allowing 100 pmol of TNPO3,
importin P, importin 7, or importin /7 to bind overnight.
Subsequently, increasing amounts of TNPO1 (50-200 pmol)
were added for 3 h before samples were processed as described
above. Binding of NTRs was visualized by SYPRO Ruby
staining.

For binding assays using unmethylated or methylated MBP—
FUS WT or MBP-FUS mutants (KG/KKGG, AN or AC), 5-ug
recombinant MBP—-FUS protein per reaction was immobilized
on preblocked (20 mg/ml BSA) and preequilibrated MBP-
Trap agarose (# mbta-20, Chromotek) or amylose resin (#
E8021, New England Biolabs), respectively, in the TB supple-
mented with 100 mM NaCl and 2 mg/ml BSA. Recombinant
import receptors (5 pg per reaction) were added for 3 to 4 h at
4 °C. Beads were subsequently washed 3x and then bound
proteins were eluted using 2x SDS sample buffer and analyzed
by Western blotting.

SEC

To assess complex formation, 1 nmol MBP-FUS-EGFP-
His was incubated in the presence or absence of 1 nmol
His—TNPO1, His—TNPO3, His—importin /7, His—importin
B/7-aal-1001, His—importin B, His—importin 7, His—
importin 7-aal-1001, His—importin 13, or His—Xpo 4 in TB
in a total volume of 500 pl for 1 h at 4 °C. Some reactions also
contained a 3-fold molar excess of RanQ69L(aal-180)-GTP.
After centrifugation at 100,000¢ for 15 min at 4 °C, 450 pl of
protein samples was loaded onto a Superdex 200 Increase
10/300GL column (#28-9909-44, GE Healthcare), equilibrated
in TB. Eluted fractions were analyzed by SDS-PAGE, followed
by Coomassie staining.

Import assay

For nuclear import assays, HeLa cells were grown on poly-
L-lysine—coated 12-mm coverslips, permeabilized with
0.005% digitonin (# CAS11024-24-1, Calbiochem) in TB and
washed 4x for 4 min with the TB. Cells were incubated in a
total volume of 40 pl with 2 mg/ml BSA, 100 nM MBP-FUS,
and 500 nM His-TNPO1, His—-TNPO3, His—importin /7,
His—importin B, or His—importin 7 in the absence or pres-
ence of 4 pM RanWT, 4 uM RanQ69L-GTP, and an ATP-
regenerating system (1 mM ATP, 5 mM creatine phos-
phate, 20 U/ml creatine phosphokinase) in TB in a humidity
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chamber for 30 min at 30 °C or 4 °C. The coverslips were
washed in cold TB, fixed with 3.7% formaldehyde, and pro-
cessed by immunostaining for MBP. Nuclei were stained
using DAPI, and cells were mounted in ProLong Diamond
(Thermo Fisher). Cells were analyzed by confocal microscopy
with an inverted Leica SP8 microscope and the LAS X imaging
program (Leica), using lasers for 405 nm and 488 nm excitation.
Images were acquired using 2-fold frame averaging with a 63x 1.4
oil objective and an image pixel size of 90 nm. The following
fluorescence settings were used for detection: DAPIL: 419 to
442 nm and GFP: 498 to 533 nm. Images were processed using
Fiji, applying linear enhancement for brightness and contrast
(77). The area of the nucleus was defined by the DAPI staining
using the magic wand tool in Fiji.

Data availability

All data are contained within the article.
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