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Abstract  
The translocation of mechanosensitive transcription factors across the nuclear envelope is 
a crucial step in cellular mechanotransduction. Yet the molecular mechanisms by which 
mechanical cues control the nuclear shuttling dynamics of transcription factors through the 
nuclear pore complex to activate gene expression are poorly understood. Here, we show 
that the nuclear import rate of myocardin-related transcription factor A (MRTFA) — a 
protein that regulates cytoskeletal dynamics via the activation of the serum response 
factor— inversely correlates with the protein’s nanomechanical stability and does not relate 
to its thermodynamic stability. Tagging MRTFA with mechanically-stable proteins results in 
the downregulation of gene expression and subsequent slowing down of cell migration. We 
conclude that the mechanical unfolding of proteins regulates their nuclear translocation 
rate, and highlight the role of the nuclear pore complex as a selective mechanosensor able 

to discriminate forces as low as 10 pN. The modulation of the mechanical stability of 
transcription factors may represent a new, general strategy for the control of gene 
expression.  
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Cellular mechanotransduction requires that cytoplasmic mechanical cues are 
relayed to the nucleus to activate gene expression1. Several transcription factors, such as 

YAP/TAZ2, -catenin3 or zyxin4, have emerged as important mediators of mechanical 
signalling5. The myocardin related transcription factor A (MAL/MRTFA) stimulates the 
transcriptional activity of the serum response factor (SRF)6, which targets genes that encode 
cytoskeletal components7,8, including actin and other key proteins involved in cell motility, 
adhesion and differentiation9. Importantly, the Rho-dependent MRTFA/SRF activity is 
shown to control migration and invasion of metastatic cancer cell lines6. Thorough in-vitro 
cell-biology assays, supported by structural-biology approaches, have provided a seemingly 
complete picture of how MRTFA localization is regulated at the biochemical level10; in 
serum-starved cells, MRTFA is mostly cytoplasmic and bound to G-actin. Upon serum 
stimulation, Rho-GTPases trigger F-actin polymerization11 and the subsequent dissociation 
of G-actin from the MRTFA RPEL motif results in the exposure of a nuclear localization 
sequence (NLS)12 that signals MRTFA to translocate into the nucleus13. Consequently, the 
active remodelling of the cytoskeleton is tightly controlled by a Rho/actin-mediated 
mechanical feedback mechanism upstream of MRTFA/SRF transcriptional activity. Given 
that mechanical cues control both its cytoplasmic10 and nuclear14,15 activity, MRTFA is an 
excellent molecular platform to interrogate whether nuclear shuttling of transcription 
factors through the nuclear pore complex (NPC) — the primary transport gate for molecular 
exchange to and from the nucleus16 — is also per se a mechanically-activated process, with 
potential knock-on effects at the transcriptional and functional levels. 

Recent single-molecule nanomechanical experiments on molecular pores showed 
that the translocation of polypeptides through the ClpX proteolytic E. coli machinery 
requires mechanical unfolding17, and that the pulling direction and mechanical stability of 
the degraded protein18 regulate its translocation kinetics. Similarly, proteins need to unfold 
before they cross nanopores upon electrical stimulation19. Unlike the narrow pores of the 

ClpX and -hemolysin proteins, recent cryo-EM structures revealed that the central pore of 

the human NPC, such as that of U2OS cells20, is rather large (40-50 nm width)21 in 
comparison to the size of the translocating cargo. Despite its considerable size and the 
absence of known direct ATP consumption, transport across the NPC is extremely selective 
and finely regulated by a sophisticated set of intrinsically disordered22 and highly dynamic 
nucleoporins (Nups), rich in phenylalanine-glycine (FG) motifs, that line the central NPC 
channel and extend filaments on both the cytoplasmic and nucleoplasmic faces23. These FG-
Nups form a dense protein mesh that acts as an effective ‘molecular sieve’24. Several 

complementary models ⎯ including the virtual gating25, polymer brush26, selective gel 

phase27, forest30, bimodal structure28, and reduction of dimensionality29 models⎯ have 
been proposed to explain the physical basis for the high selectivity and directionality 
observed during transport across the NPC, on the basis of the physicochemical properties 
of nucleoporins23,24. The general consensus is that translocating molecules need to 
overcome an entropic energy barrier created by the rapidly-fluctuating FG-Nups30. Given 
that mechanical unfolding and extension drastically reduces the entropy of proteins31, it is 
tempting to speculate that a mechanically-extended protein cargo will traverse the 
repulsive mechanical gate more efficiently than the protein’s natively-folded stiffer 
conformation, exhibiting a much higher degree of steric hindrance. Early independent 
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observations reported that ribonucleoprotein particles are straightened while translocating 
through the NPC32, and that the transport of flexible cargos is faster than rigid ones of 
similar size23,33-35. More recently, we demonstrated that the nuclear translocation of the 
YAP transcription factor is mechanoselective36. Motivated by these findings, we conjectured 
that the mechanical unfolding of proteins could enhance their dynamics of nuclear import, 
having potential knock-on effects at the genetic and functional levels. Here we employed a 
multiscale experimental approach, using a combination of single-molecule force 
spectroscopy, live-cell imaging, optogenetics, gene expression, and cellular-motility assays 
to quantitatively investigate the mechanosensor role of the NPC in regulating the dynamics 
of MRTFA translocation. 
 Serum stimulation triggers nuclear accumulation of MRTFA10. To examine the 
dynamics of MRTFA nuclear translocation of serum-starved U2OS cells after 15% serum 
stimulation (Figs. 1A & S1) we used live-imaging confocal microscopy to monitor the fraction 
of nuclear MRTFA-GFP for 20 minutes following stimulation (Fig. 1B). Fitting the resulting 
time course with a single exponential yielded a rate constant k = 3.91±0.42 ×10-3 s-1 and 
equilibrium nuclear accumulation ne = 78.4±1.9 % (Fig. S2). Since MRTFA is known to be in 
dynamic equilibrium between the cytoplasm and the nucleus10, we decoupled the 
contributions of the import and export processes, both being treated as pseudo-first order 
processes (see SI), to yield import and export rate constants of kI = 3.07±0.32 ×10-3 s-1 and 
kE = 0.84±0.14 ×10-3 s-1 respectively. This dynamic equilibrium was demonstrated by treating 
starved cells with leptomycin B, known to block nuclear export37, resulting in gradual 
nuclear accumulation of MRTFA-GFP (Fig. S3).  

To explore the effect of the mechanical stability of the translocating protein on its 
shuttling dynamics, the most common tactic would entail the rational modification of its 
mechanical stability via the introduction of well-defined point mutations into the force-
bearing structural motif38. Unfortunately, the structural information of MRTFA is limited to 
its relatively small RPEL motif13. We hence used an alternative strategy that consisted of 
concatenating fluorescent MRTFA constructs with different protein domains with varying 
mechanical stabilities. As a first candidate we chose the major pilin of S. pyogenes, the two-
domain protein Spy0128. Each domain of Spy0128 contains an intermolecular isopeptide 
bond (Lys36–Asn168 and Lys179–Asn303 in the N- and C- domains respectively), with each bond 
linking residues close to either termini of each domain39 (Fig. 1C), preventing mechanical 
extensibility. Indeed, single molecule force spectroscopy experiments have demonstrated 
that Spy0128 is one of the most mechanically-stable protein known40. The formation of 
these isopeptide bonds, which lock the protein in its native conformation, are catalysed by 
nearby glutamic acid residues, specifically E117A and E258A in the N- and C- domains, 
respectively41. Point mutations of these residues abrogate isopeptide bond formation, and 
the resulting protein mutants become suddenly extensible upon mechanical unfolding40. 
We compared the nuclear translocation kinetics of MRTFA-Spy0128WT-GFP with the 
corresponding E117A and E258A mutants (Figs. 1D & S4). U2OS cells expressing MRTFA 
tagged with the mechanically-inextensible Spy0128WT exhibited slow nuclear import and 
limited nuclear accumulation. By contrast, both the E117A and E258A mutants led to 
dramatically faster import without influence on the export rate (Fig. 1E), resulting in greater 
nuclear accumulation. These results suggest that the rate of nuclear translocation 
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correlates with the ability of the tagging protein to unfold. However, given that this pilin 
system is an extreme case where the isopeptide bond acts as a ‘binary’ unfolding switch, 
we speculated that the dynamics of nuclear shuttling could follow a continuous trend with 
the mechanical stability of the translocating protein. 

To test this hypothesis, we used 3 distinct immunoglobulin (Ig) domains – namely 
Ig1, Ig27 and Ig32 – from cardiac titin (Fig. 2A). This giant protein is responsible for the 
passive elasticity of muscle and its mechanical stability – increasing along the N-C termini 
direction42 – can be directly characterized in single molecule force spectroscopy (SMFS) 
experiments. To this goal, polyproteins of the different Ig domains under study, namely (Ig1-
Ig27C47A-C63A)4, (Ig27WT)8 and (Ig32)8, were individually stretched by an AFM cantilever at a 
constant velocity of 400 nm s-1 (Fig. 2B), resulting in the classic saw-tooth pattern of 
mechanical unfolding, whereby each force peak fingerprints the unfolding of an individual 
domain within the polyprotein chain (Fig. 2C). As expected, the mechanical stability of the 
Ig1 domain, located in the proximal region of titin’s elastic I-band, displays a lower 

mechanical stability (14427 pN) than the Ig27 (20729 pN) and Ig32 (26733 pN) domains, 
which are situated further down in the distal I-band (Figs. 2D & S5). These results are all in 
general agreement with previous findings42-44. 

Having characterized the mechanical stability of each Ig domain independently, we 
measured the nuclear translocation kinetics of each MRTFA-X-BFP construct, with X = Ig1 
(Fig. 1G), Ig27 or Ig32. Tagging MRTFA with the mechanically-labile Ig1 resulted in much 
faster translocation (and much higher nuclear accumulation) than Ig27 and Ig32 (Figs. 2E & 
S6). The nuclear import rate constant exhibits behaviour in line with an exponential 
dependence with the unfolding force measured by SMFS (Fig. 2F). By contrast, the export 
rate constant is largely independent of the mechanical stability of the tagging domain. We 
then investigated the translocation kinetics of MRTFA tagged with a domain of extremely 
low mechanical stability (albeit with a different fold and molecular weight) – the 
mechanically-labile R16 domain of spectrin45 (Fig. S7). MRTFA-R16-GFP exhibits the largest 
import rate constant (kI = 4.26±0.45 ×10-3 s-1) of any of the probed chimeric MRTFA 
constructs. Taken together, these experiments suggest that the dynamics of MRTFA nuclear 
accumulation inversely correlate with the mechanical-stability hierarchy of the tagging 
domains.  

Although the different titin Ig domains share a similar Ig fold and are of comparable 
size, their sequences are different, and the differences in mechanical stability are rather 

large (60 pN, Fig. 2D). An ideal comparison of the effect that a change in the protein’s 
mechanical stability has on the rate of nuclear translocation should be done, stricto sensu, 
by modulating the protein’s mechanical stability while keeping its sequence, size, and 
structure largely unperturbed. With this purpose, we repeated the live-cell imaging 
experiments using MRTFA-Ig27X-GFP constructs, with the Ig27X domain either wild-type (X 
= WT) or harbouring a point mutation in a well-localized position within the mechanical 
clamp, namely X = V13P, V11P, V15P, or Y9P – all inducing a change in the mechanical 
stability, in the order V13P < V11P < V15P < WT < Y9P38 (Fig. 3A). The dynamics of nuclear 
accumulation for each construct also followed the mechanical stability trend (Figs. 3B & 3C) 
and, strikingly, the import rate constant is again found to display an exponential 
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dependence on the unfolding force from constant velocity SMFS measurements38 (Fig. 3D), 
whereas the export rate does not display any dependence on unfolding force (Fig. S8). 

We next independently confirmed the nuclear import dependence (and the nuclear 
export independence) on mechanical stability observed in our translocation kinetic analysis. 
First, we compared the nuclear accumulation (solely dictated by the import process) of 
MRTFA-Ig27WT-GFP and MRTFA-Ig27V13P-GFP in serum-starved U2OS cells in the presence 
of leptomycin B, which blocks nuclear export.  As expected, the mechanically-labile V13P 
construct exhibits faster nuclear accumulation than the mechanically-stable WT form (Figs. 
3E & S9) –corroborating the inverse correlation between nuclear import and mechanical 
stability. Using the same MRTFA constructs, we then conducted fluorescence loss in 
photobleaching (FLIP) experiments11 on serum-stimulated U2OS cells to measure the decay 
in nuclear fluorescence intensity following photobleaching of a localised cytoplasmic region 
(Figs. 3F & S10). The nuclear intensity decay at early times (when export dominates) for 
both constructs overlaps within error, further demonstrating that nuclear export is 
insensitive to the mechanical properties of the translocating protein.  

To learn whether the nuclear import rate also correlated with the thermodynamic 
stability of each tagging domain, we conducted differential scanning fluorimetry of all Ig27 
variants and found no correlation between their melting temperature and mechanical 
stability (Figs. 3D & S11) – notably, the Y9P mutant has an increased mechanical stability, 
and yet exhibits a marked decrease in the thermal stability, with respect to the wild-type. 
These experiments unambiguously demonstrated that nuclear import is dictated by the 
mechanical – and not the thermal – stability of the translocating protein. Analogous 
experiments comparing the nuclear translocation for MRTFA-Ig27WT-GFP and MRTFA-
Ig27V13P-GFP in MDA-MB-231 and HeLa cells (Fig. S12 and S13) led to similar conclusions, 
indicating the mechanical selectivity of the import mechanism might be general and 
independent of cell line. 

To directly demonstrate the differential sensitivity to protein nanomechanics within 
a single cell, we conducted control experiments whereby U2OS cells were co-transfected 
with MRTFA-Ig27X-BFP and MRTFA-Ig27Y-YFP constructs, where X, Y = V11P, V13P, V15P, 
WT, or Y9P. The choice of BFP and YFP ensured that both emission wavelengths were 
sufficiently far apart to guarantee their individual detection without cross-talk, while 
presumably exhibiting very close (if not identical) mechanical stabilities46. This is confirmed 
as the translocation behaviour of MRTFA constructs differing only in their fluorescent tag 
display near identical behaviour (Fig. S14). Dual fluorescence live-cell imaging to 
simultaneously monitor the nuclear translocation of MRTFA-Ig27WT-BFP and MRTFA-
Ig27V11P-YFP (Fig. 3G) showed that the nuclear import rate of the mechanically-labile V11P 
construct was significantly higher than that of the mechanically-stable WT construct (Fig. 
3H and inset), with no significant difference in the export rate. As expected, transport was 
completely blocked by overexpression of the dominant-negative vector of RanGTP, 
RanQ69L-mCherry (Fig. S15). Importantly, treatment with importazole, a small molecule 
inhibitor of importin-β47, noticeably inhibits overall translocation, without affecting 
selectivity (Fig. S15). Finally, the kinetic analysis of multiple dual fluorescence assays 
comparing MRTFA-Ig27X-BFP constructs benchmarked against MRTFA-Ig27V13P-YFP (or 
MRTFA-Ig27V11P-YFP) confirmed the mechanical hierarchy observed for the different Ig27 
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mutants when analysed independently (Figs. 3I & S14). In conclusion, these experiments 
reiterate the high degree of mechanical sensitivity underpinning the nuclear translocation 
of MRTFA. 

To examine whether the mechanical sensitivity to nuclear import is independent of 
MRTFA, we conducted optogenetic experiments using U2OS cells transiently expressing 
protein constructs containing the light-inducible nuclear export probe, LEXY (AsLOV2-
NES)48.  Specifically, we monitored the translocation of NLS-Ig27X-mCherry-LEXY where X = 
WT or V13P (Figs. 4 & S16). In the absence of light (dark state), the NES of LEXY is docked 
with the LOV domain, preventing exportin binding and, therefore, active nuclear export. 
Upon illumination with blue light, the LOV domain undergoes a conformational change that 
exposes the NES motif, resulting in the fast exclusion of the construct from the nucleus. The 
reversibility of the process is confirmed when the blue light is subsequently switched off, 
and nuclear localisation is recovered. Comparing the dark-state nuclear translocation 
kinetics of the optogenetic constructs tagged with Ig27 variants (Figs. 4C & S16) revealed 
that the nuclear import rate of the mechanically-labile V13P construct (kI = 1.20±0.08 ×10-3 
s-1) was significantly higher than the mechanically-stable WT construct     (kI = 0.900±0.063 
×10-3 s-1) (Fig. 4D). By contrast, the nuclear export rate did not significantly vary between 
these constructs. These experiments, demonstrating the high mechanical selectivity of 
nuclear import of proteins across the NPC, underscored the generality of our findings.  

Given that MRTFA regulates serum response factor (SRF)-related genes6, we posed 
the question of whether variations in the mechanical stability of the translocating MRTFA 
constructs had a direct impact on gene expression. Previous work reported that the myosin 
light chain 9 gene (MYL9), actin (ACTB), and SRF itself, responsible for cell migration and 
cancer invasion, are all regulated by MRTFA/SRF6,49. We conducted quantitative polymerase 
chain reaction (qPCR) experiments on stable U2OS cell lines expressing MRTFA-GFP and 
measured, 4 hours after serum stimulation, an increase in the expression of MYL9, ACTB, 
and SRF compared to cells stably expressing a GFP-empty vector (Fig. 5A). Most importantly, 
cells stably expressing MRTFA-Ig27V13P-GFP exhibited higher levels of MYL9, ACTB, and SRF 
mRNA expression compared to an MRTFA-Ig27WT-GFP stable cell line (Fig. 5A). Importantly, 
all our stable cell lines express similar levels of exogenous MRTFA (and a 2-fold increase 
with respect to the endogenous MRTFA, Fig. S13). Triggered by these observations, we then 
hypothesized that the variations in gene expression could potentially translate into 
functional consequences at the cellular level. Since MRTFA upregulates a variety of genes 
involved in cell migration, we postulated that the cells expressing MRTFA constructs tagged 
with a mechanical-labile domain – resulting in enhanced nuclear accumulation – would 
migrate faster than cells where MRTFA was tagged with a mechanically-stable domain. To 
test this premise, we conducted wound-healing assays on the U2OS stable cell lines 
described above. These experiments showed that the 24-hour wound recovery of cells 
expressing the mechanically-labile MRTFA-Ig27V13P-GFP construct was significantly higher 
than that of cells expressing the mechanically-stable MRTFA-Ig27WT-GFP construct (Figs. 5B, 
5C, & S17). Finally, we conducted cell motility assays on MDA-MB-231 cells6, and tracked, 
for 13 hours, the migration speed of individual cells transfected with different MRTFA 
constructs (Fig. S17). Notably, the levels of MRTFA overexpression is the same throughout 
the different constructs, and similar to the endogenous levels (Fig. S13). In this case we also 
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observed that cells transfected with the MRTFA construct harbouring the Ig27V13P domain 
moved significantly faster than those containing Ig27WT (Fig. 5D). Combined, these assays 
demonstrate that very subtle changes in the mechanical stability of translocating proteins 
has large effects at gene expression level (Fig. 5E), ultimately controlling the motility of two 
cancer cell lines.  

While recent structural advances have provided invaluable information on the 
composition and spatial arrangement of the multifaceted NPC machinery16,50,51, dynamic 
measurements of the NPC have proved challenging, especially due to the intrinsically-
disordered and highly-mobile nature of the unstructured FG-Nup domains. Pioneering 
studies using AFM imaging measured the nanoscopic spatiotemporal dynamics of FG-
Nups26, and probed the nanomechanical repulsion of the NPC central channel52. However, 
direct measurement of molecular transport at the nanoscale has lagged significantly 
behind. Our multiscale experiments revealed that transport across the NPC inversely 
correlates with the mechanical stability of the shuttling protein. 

This scenario is compatible with the current models of nucleocytoplasmic transport, 
both from a physical and chemical perspective. From a polymer physics view, mechanically-
unfolded conformations might be able to surf the intricate and dense NPC FG-Nup ‘forest’ 
more efficiently than the sterically-bulkier folded counterpart. This picture would be 
compatible for example with the selective phase model24, whereby the ‘adaptive’ barrier 
would not need to dramatically open to let the ‘floppier’ mechanically-unfolded protein 
through. Similarly, within the FG-gel context24, it is easy to rationalise that unfolded proteins 
are likely to be more efficient at crossing smaller mesh sizes, thereby minimising transient 
kinetic traps. Considering the interactions established during nuclear shuttling, a very 
recent elegant report demonstrated that the nature of the surface chemical properties of 
proteins determines their passage rates across the NPC53; while negatively-charged 
residues and lysines hinder passage, hydrophobic residues, certain polar residues and 
arginines dramatically increase the passage efficiency as a result of the favourable 
interactions established with the FG-Nups. Although this rationale explains the high 
hydrophobic content of the nuclear transport receptors, it also applies to the nature of the 
translocating protein cargos53. In particular, folded globular proteins tend to bury their 
hydrophobic residues in the solvent-inaccessible core. Hence, we postulate that upon 
mechanical unfolding, the otherwise cryptic hydrophobic residues will be readily exposed, 
facilitating their interaction with the dynamic FG-Nups and resulting in an overall increase 
of their translocation rate. Of note, while our experiments show that those proteins with 
lower mechanical stability translocate faster, it is likely, as observed in the slow nuclear 
translocation of the inextensible Spy0128WT construct, that, while speeding up the process, 
mechanical unfolding is not mandatory23 to cross the NPC. Lacking a described ATP-
dependent machinery, it remains unresolved what is effectively pulling on the translocating 
proteins. While the highly-dynamic Nups seem the first candidates to attach and pull from 

one of the protein’s termini, given the large (30) number of different FG-Nups, it is difficult 
to anticipate the precise FG-Nup(s) responsible for the mechanical interaction. An educated 
structurally-based guess would suggest that those Nups forming the cytoplasmic ring, such 
as the Nup214–Nup88–Nup62 complex, or even the central Nup358, might play a crucial 
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role51. Future work based on characterising the effect of the major Nup families on nuclear 
mechanotranslocation will help shed direct light into this question. 

A central discovery in our experiments is that the import rate constant of the 
different constructs (Figs. 2G & 3D) displays an exponential dependency with the unfolding 
force measured via SMFS when proteins are stretched at 400 nm s-1. Despite the clear 
mechanical trend that we measured, this does not entail that the absolute magnitude of 
the forces experienced in our cell experiments are the same as those measured in the in 
vitro single molecule AFM experiments, performed under non-equilibrium conditions at 
high pulling velocities in a buffer and experimental setting that differ from the physiological 
native environment of the NPC, where the forces experienced are likely to be much lower 
and applied over much longer time periods. Strikingly, the hierarchy in the mechanical 
stability measured in the AFM experiments is maintained in the physiological context of the 
cell. An intriguing observation from our experiments is the dependency of the import 
process, contrasting with the independency of the export process, on mechanical stability 
of translocating constructs. This implies that, regardless of any molecular consideration, 
import is an activated process whereas export is not. These findings are likely to be general, 
since they were confirmed by the nuclear translocation of two independent experimental 
approaches, namely the chemical control (serum stimulation) of MRTFA-based constructs 
and the optical control of the LEXY-based constructs.  

In conclusion, our experiments demonstrate that, in addition to protein size54 and 
surface properties53, mechanical stability emerges as an additional intrinsic property of 
proteins that is capable of regulating their nuclear translocation. From an applied 
perspective, our findings could be tested in vitro using artificial nuclear pore complexes55, 
and potentially used in the design of new molecular approaches aimed at externally 
modifying the mechanical stability of target transcription factors to selectively regulate 
nuclear localization and gene expression on demand. 
 
Materials and methods 
Plasmid constructs and (poly)protein engineering. All genes and reagents were obtained 
by Thermo Fisher Scientific unless stated otherwise. The full-length MRTFA-GFP vector11 
was kindly provided by Maria Vartiainen, and the pEBFP2-N1 and pEYFP-N1 vectors were 
kindly provided by Maddy Parsons. pEBFP2-C1, pmCherry-NLS, and pmCherry-RanQ69L 
were obtained from Addgene. Ig27 mutants were either created by site-directed 
mutagenesis by PCR or were ordered and subcloned into the pEGFP-MRTFA vector. The 
Spy0128 pilin domain, Spy0128 E258A mutant, R16 domain of spectrin, Ig27WT, and Ig27V11P 
were cloned using KpnI restriction enzymes. Spy0128 E117A mutant, Ig27V15P, Ig27V13P, and 
Ig27Y9P were cloned using SalI and KpnI restriction enzymes. Ig1 was subcloned from 
pQE80L, using PCR amplification with the addition of SalI and KpnI restriction sites, into 
MRTFA-GFP. MRTFA-Ig27X-GFP (X = WT, V11P, V13P, V15P, or Y9P) were subcloned into 
pEBFP2-N1 and pEYFP-N1 between HindIII and KpnI restriction sites by PCR amplification to 
incorporate an additional glycine residue in the coding sequence in order to remain in 
reading frame with the fluorescent tag. Ig32 was ordered with SalI and KpnI restriction sites 
for cloning into pEBFP2-N1 and pEYFP-N1 vectors and also incorporated an additional serine 
residue. For LEXY optogenetic experiments, the NLS-mCherry-LEXY (pDN122) plasmid was 
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obtained from Addgene (72655). The Ig27WT and Ig27V13P monomers were amplified using 
primers designed to add one Gly residue and Gly-Ala residues on the N- and C-termini of 
the insert, respectively. The amplified fragment was blunt-end ligated into the NLS-
mCherry-LEXY plasmid cut with BmgBI between NLS and mCherry. Colonies containing the 
insert in the correct direction were verified by colony PCR using direction-specific primers. 
Recombinant plasmids were transformed in XL1Blue (Agilent Technologies) or Top10 (kind 
gift by Dr. Mark Pfuhl) competent cells. Selected colonies were grown in Luria broth (LB) 
supplemented with 100 mg/ml kanamycin or ampicillin at 37 °C. Cells were lysed and 
plasmid DNA was purified prior to transfection using a Qiagen kit according to the 
manufacturer’s instructions. Immunoglobulin monomers for differential scanning 
fluorimetry (Ig27WT, Ig27V11P, Ig27V13P, Ig27V15P, and Ig27Y9P) were subcloned into pQE80L 
vector (Qiagen) between BamHI and KpnI restriction sites. Immunoglobulin polyproteins for 
single-molecule force spectroscopy, (Ig1–Ig27C47A-C63A)4, (Ig27WT)8, and (Ig32)8, all containing 
two additional cysteine residues, were constructed using BamHI, BglII and KpnI restriction 
sites. Constructs were expressed in E. coli BLR(D3) cells (Novagen). Cells were grown in LB 
supplemented with 100 mg/ml ampicillin at 37 °C. After reaching an OD600 of ~0.6, cultures 
were induced with 1 mM isopropyl-β-D-thiogalactopyranoside and grown at 25 °C for 16 
hours. Cells were disrupted by French press and purified by Talon affinity resin (Clontech) 
using wash buffer (50 mM phosphate buffer, 300 mM NaCl, 20 mM imidazole, pH 7.0) and 
elution buffer supplemented with 250 mM imidazole. This was followed by gel filtration 
using a Superdex 200 10/300 GL column (GE Biosciences). Proteins were stored in PBS pH 
7.3 at 4 °C. 
Cell culture, stable and transient transfection, and drug treatment. U2OS (American Type 
Culture Collection) and MDA-MB-231 (kindly provided by Maddy Parsons) and HeLa (kindly 
provided by Ulrike Eggert) cells were grown in complete media – DMEM high glucose 
(Sigma-Aldrich) supplemented with 10% foetal bovine serum (FBS, Sigma-Aldrich), 100 U/ml 
penicillin, 100 mg/ml streptomycin, and 2 mM glutamine (Invitrogen). For transient 
expression, U2OS and MDA-MB-231 cells were transfected with 1 µg of constructs using 
Fugene (Promega) according to the manufacturer’s protocol. U2OS cells stably expressing 
GFP, MRTFA-GFP, MRTFA-Ig27WT-GFP or MRTFA-Ig27V13P-GFP were generated by 
transfection using Fugene, followed by selection with 500 µg/ml geneticin (Thermo Fisher 
Scientific). After FACS sorting, polyclonal cell lines were obtained and cultured in complete 
media supplemented with 500 µg/ml geneticin. Cells were starved by withdrawing serum 
and incubating in serum-starved medium containing 0.3% FBS for 24 hours. Starved cells 
were stimulated with 15% serum for the indicated time. Where indicated, U2OS cells were 
treated with 20 nM leptomycin B (Sigma-Aldrich) for 1 hour during live imaging experiments 
and for 4 hours for cells plated on polyacrylamide gels, 100 nM latrunculin B (Abcam) for 40 
minutes, or 40 µM importazole (Abcam) for 1 hour. 
Live cell imaging and quantification. Cells transfected with the indicated constructs were 
seeded and incubated overnight onto glass-bottom dishes. Cells were then serum starved 
for 24 hours. For live imaging acquisition, cells were stimulated with 15% FBS or treated 
with the drugs indicated. Images were acquired with a Nikon A1R confocal microscope with 
a 60X NA 1.40 oil objective and laser and emission filter wavelengths of 405 nm and 450/50 
nm respectively for BFP, 488.2 nm and 540/30 nm respectively for GFP and YFP, and 
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561.9nm and 595/50 nm respectively for mCherry. The microscope was operated with the 
Nikon Perfect Focus System and controlled by NIS Elements software. Images were typically 
acquired every 30 seconds during 30 or 60 minutes. The microscope was enclosed in a 
Solent Scientific environmental chamber with temperature and CO2 control. Live cell images 
were processed to quantify MRTFA localisation using a custom-made MATLAB (MathWorks) 
script. First, the background was measured and subtracted. Next, the outlines of the whole 
cell and the nucleus were defined by the user to determine the total fluorescent intensities 
of the cell and nucleus. The nuclear intensity was divided by the cell intensity to provide a 
measure of the nuclear MRTFA fraction. This procedure was repeated for all frames in an 
imaging sequence to obtain the time-dependent behaviour of the nuclear MRTFA fraction. 
Kinetic analysis. For each stimulated cell, the time-dependence of the nuclear MRTFA 
fraction, 𝑛(𝑡), is fit to 

𝑛(𝑡) = 𝑛0𝑒
−𝑘𝑡 + 𝑛e(1 − 𝑒−𝑘𝑡) 

 
where 𝑛0 and 𝑛e are the initial and equilibrium nuclear MRTFA fractions respectively, and 
𝑘 is the total rate constant (for simplicity we refer to 𝑛e as the equilibrium accumulation). 
For data from a stimulated cell to be considered ‘good’, its behaviour must obey the criteria 
0 ≤ 𝑛0 ≤ 𝑛e ≤ 1 and 𝑘 ≥ 1 𝑇⁄  where 𝑇 is the duration over which observations are made. 
In practice, this entails that cells that (i) do not respond to serum stimulation, (ii) exhibit 
very slow nuclear accumulation (do not display plateauing behaviour and thus provide 
unreliable information regarding export), or (iii) have artefacts (e.g. discontinuities) in their 
nuclear accumulation curves due to unavoidable technical reasons (such as sudden changes 
of shape and cell death), are not considered for kinetic analysis. For U2OS cells, 𝑡 = 0 is 
defined as 2 minutes after serum stimulation, such that the initial transient behaviour 
(before stimulation is fully activated) is not fitted. For MDA-MB-231 cells, which respond 
slower to serum, the definition of 𝑡 = 0 rises to 5 minutes after stimulation. For the 
optogenetic experiments, 𝑡 = 0 coincides with cessation of illumination since 
conformational relaxation of LOV domains occurs on a rapid timescale relative to our 
experiments. Before averaging the time courses of individual cells for a given condition, any 
variations in 𝑛0 between cells (which is not of interest) must be corrected for in a way that 
does not alter 𝑛e or 𝑘 (which are of interest). This correction is performed by subtracting 
𝑛0𝑒

−𝑘𝑡 from the nuclear MRTFA fraction data to give a corrected nuclear MRTFA fraction, 
�̃�(𝑡). Assuming pseudo-first-order behaviour (see supplementary information), an 
equivalent mathematical description of the translocation kinetics is given by import and 
export rate constants, 𝑘I and 𝑘E respectively, which relate to the equilibrium accumulation 
and total rate constant via 𝑛e = 𝑘I (𝑘I + 𝑘E)⁄  and 𝑘 = 𝑘I + 𝑘E. As such, there are two 
equivalent fittings to the corrected nuclear MRTFA fraction: 

�̃�(𝑡) = 𝑛e(1 − 𝑒−𝑘𝑡) =
𝑘I

𝑘I + 𝑘E
(1 − 𝑒−(𝑘I+𝑘E)𝑡) 

Final values of these parameters-of-interest are obtained from the fitting of averaged time 
courses. Errors in these values are given by the standard error of fitting parameters 
obtained from the fitting of the time courses from individual cells. 
Fluorescence Loss in Photobleaching (FLIP). U2OS cells transfected with either MRTFA-
Ig27WT-GFP or MRTFA-Ig27V13P-GFP were seeded and incubated overnight onto glass-
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bottom dishes. Cells were serum-starved for 24 hours and then stimulated for 30 minutes 
with 15% serum. Imaging (4% laser power) and photobleaching (60% laser power) were 
performed using the same 488.2 nm laser. Two images were acquired, followed by repeated 
photobleaching scanning for 40 seconds in a 30 μm × 30 μm cytoplasmic region. After 
photobleaching, images were acquired every second for 180 seconds. From the acquired 
images, the decay in MRTFA nuclear intensity was measured as described above. To negate 
the effects of unintended photobleaching during post-photobleaching imaging, the decay 
in nuclear intensity was corrected using the fluorescent intensity decrease of a nearby 
reference cell. Finally, nuclear MRTFA intensity values were normalised relative to the 
intensity measured immediately after photobleaching. 
Optogenetic control of nuclear export. Activation and imaging of NLS-Ig27WT-mCherry-LEXY 
(and NLS-Ig27V13P-mCherry-LEXY) was performed with laser wavelengths 488.2 nm and 
561.9 nm, respectively. mCherry images were acquired every 30 seconds for the entirety of 
the data acquisition. After 1 minute, prior to each mCherry image, cells were irradiated with 
the blue laser to expose the NES of LEXY, this was repeated for 10 minutes. For the 
remaining 20 minutes of data acquisition – the dark state recovery – only mCherry imaging 
took place. Kinetic analysis of the dark state recovery was performed in the same way 
(described above) as for serum-stimulation cells. 
Single molecule force spectroscopy. Single molecule force spectroscopy experiments were 
conducted using both a home-made and a Luigs and Neumann force spectrometer 
operating at room temperature, as described previously56. Samples were prepared by 
depositing 0.5–5 μl of protein (at a concentration of 1–5 mg/ml in PBS pH 7.3) onto a gold-
coated cover slide which had been plasma cleaned for 10 minutes prior to deposition. Each 
cantilever (MLCT-C, Bruker) was calibrated using the equipartition theorem, giving a typical 
spring constant of ~12–18 pN/nm. To stretch an individual protein, the cantilever tip was 
first pushed against the surface at high force (~2 nN) to promote non-specific adhesion 
between the protein and the tip. The tethered protein was subsequently pulled by 
retracting the cantilever at a constant velocity of 400 nm/s relative to the substrate. All data 
was recorded and analysed using custom-written software in Igor Pro (WaveMetrics). For 
the octomeric polyproteins (Ig27WT)8 and (Ig32)8, only traces showing the signature of at 
least 5 unfolding events were selected for analysis. For the tetrameric chimera polyprotein 
(Ig1–Ig27C47A-C63A)4 only trajectories displaying at least 2 Ig27C47A-C63A unfolding events 
(hallmarked by an increment of ~28 nm at ~200 pN) were analysed. There is no significant 
difference between the unfolding forces of Ig27WT and Ig27C47A-C63A (Fig. S5). Each protein 
unfolding event was fitted with the worm-like chain (WLC) model of polymer elasticity to 
obtain the increment in contour length. 
Differential scanning fluorimetry. Differential scanning fluorimetry (DSF) experiments57 
were performed to find the melting temperatures of Ig27 mutants (Ig27V13P, Ig27V11P, 
Ig27V15P, Ig27WT, and Ig27Y9P) using a Stratagene Mx3005P Real-Time (RT) qPCR System. The 
process of thermally-induced unfolding was monitored by measuring the fluorescence of 
SYPRO Orange dye (Thermo Fisher Scientific) with the excitation and emission wavelengths 
of 587 nm and 607 nm respectively. Data were collected at 1 °C intervals from 25 °C through 
to 95 °C with a heating rate of 1 °C/min.  Preliminary tests were carried out to find the 
optimal combination of protein concertation (Ig27WT used) and dye dilution. At the 



 13 

recommended concentrations, the fluorescence signal increase, which accompanied 
thermally-induced unfolding, was too low to produce reliable results. This was due to the 
small nature of Ig domains in question, and thus the sparsity of hydrophobic residues (to 
which the dye binds to become fluorescent) being exposed upon unfolding. An optimal 
signal-to-noise ratio was achieved with a 50 µM protein concentration and 1:500 dye 
dilution in 50 mM PBS pH 7.3 with 300 mM NaCl. As such, for each protein, 240 µl of 100 
µM protein and 240 µl of 1:250 diluted dye were mixed and aliquoted into 12 wells (40 µl 
per well) of a 96-well, non-skirted, low-profile, 0.2 ml PCR plate (Thermo Fisher Scientific), 
sealed with an optical adhesive cover (Applied Biosystems). As such, for each Ig27 mutant, 
12 DSF melting curves were obtained under identical conditions. To find the melting 
temperature of a given Ig27 mutant, each individual curve was fit to a sigmoidal function 
between its minimum and maximum fluorescence values and the temperature at the 
sigmoid midpoint was taken as the melting temperature for that curve. The quoted melting 
temperature is then the mean ± s.e.m. from these 12 measurements. For a given Ig27 
mutant, averaged DSF melting curves were obtained after normalising each individual curve 
by setting the area under the curve to unity 57. 
Western blotting. Cells were lysed using radioimmunoprecipitation assay (RIPA) buffer with 
a protease inhibitor cocktail. Lysates were separated by SDS-PAGE and transferred to a 
polyvinylidene difluoride membrane. Membranes were incubated in blocking buffer (3% 
BSA in PBS containing 0.1% Tween-20) for 1 hour at room temperature and then incubated 
overnight with the following antibodies: MRTFA (Santa Cruz) and GAPDH (GeneTex). 
Antibodies were visualized using the ECL detection system (Bio-Rad). Densitometric analysis 
was performed using ImageJ. 
RNA extraction and RT qPCR. RNA from U2OS cells was extracted on ice using RNeasy Mini 
kit (Qiagen) according to the manufacturer’s instructions and treated with DNase 
(Invitrogen). RNA concentration was determined, and purity was checked, by measuring the 
A260/A280 ratio. Relative mRNA expression of genes was determined by RT qPCR assay using 
SYBR-Green detection chemistry (Agilent) and the ViiA7 RT qPCR System (Applied 
Biosystems). Primers used were MYL9 
CATCCATGAGGACCACCTCCG/CTGGGGTGGCCTAGTCGTC6, ACTB (QT00095431, Qiagen) and 
SRF (QT00084063, Qiagen). Relative abundances of template cDNA were calculated by the 
comparative CT (ΔΔCT) method. Each sample was normalized to the level of a GAPDH 
(PPH00150F-200 qPCR, Qiagen). 
Wound healing assay. U2OS cells stably expressing a GFP empty vector, MRTFA-GFP, 
MRTFA-Ig27WT-GFP, or MRTFA-Ig27V13P-GFP were seeded onto 6-well plates and incubated 
overnight at 37 °C. After reaching 80% confluence, cells were first serum starved for 24 
hours and then stimulated with 10% serum for other 24 hours. Scratch wounds were made 
by scraping a 10 µl pipette tip across each cell layer58. For each condition regions were 
imaged at time zero, to record the initial area of the wounds, and at 24 hours, using a Nikon 
Ti2 microscope with a 10x NA 0.3 and a Nikon DS-Qi2 camera, controlled by NIS Elements 
software. Wound recovery was calculated by measuring the change in the wound area from 
time zero to 24 hours. These areas were user-defined in ImageJ. Experiments were 
performed independently three times, evaluating eight regions within each scratch. Final 
values are normalised with respect to MRTFA-GFP.  
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Random migration assay. MDA-MB-231 transiently transfected with a GFP empty vector, 
MRTFA-GFP, MRTFA-Ig27WT-GFP, or MRTFA-Ig27V13P-GFP, were plated on FN-coated 6-well 
plates in serum-starved medium for 16 hours and the stimulated with 10% serum for other 
24 hours. Cells were then imaged using a Nikon Ti2 microscope with a 10x NA 0.3 and a 
Nikon DS-Qi2 camera, controlled by NIS Elements software. In order to visualize and track 
successfully transfected cells, a GFP fluorescence image was acquired at time zero. Bright 
field images were then acquired every 5 minutes for 13 hours. Cells were tracked, and their 
migration speed was determined using the Manual Tracking plug-in for ImageJ. 
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Figure 1. Protein unfolding modulates the kinetics of nuclear import. (a) Representative 
confocal image gallery showing MRTFA nuclear translocation, upon serum stimulation, in a 
U2OS cell expressing MRTFA-GFP. 10µm scale bar. (b) Individual (light grey lines) and 
averaged (green points, mean ± s.e.m.) time courses of nucleus/cell MRTFA. These 
translocation dynamics can be fit to 𝑛(𝑡) = 𝑛e(1 − 𝑒−𝑘𝑡) (black line), yielding an 
equilibrium accumulation ne = 0.784±0.019 and a total rate constant k = 3.91±0.42 ×10-3 s-

1, which can be decomposed into import and export rate constants kI = 3.07±0.32 ×10-3 s-1 
and kE = 0.84±0.14 ×10-3 s-1, respectively. Data are from four independent experiments (n = 
24). (c) Schematic representation of the MRTFA-GFP construct concatenated with 
Spy0128WT, the latter comprised of two domains each containing an isopeptide bond close 
to their termini.  Point mutations (E117A, N-terminal domain) or (E258A, C-terminal 
domain) abrogate isopeptide bond formation, enabling domain unfolding. (d) Averaged 
(mean ± s.e.m.) time courses of nucleus/cell MRTFA in U2OS cells expressing MRTFA-
Spy0128WT-GFP, MRTFA-Spy0128E117A-GFP, or MRTFA-Spy0128E258A-GFP, after serum 
stimulation. Inhibiting isopeptide bond formation clearly increases the rate and extent of 
MRTFA nuclear translocation. Data are from three independent experiments (WT, n = 41; 
E117A, n = 20, E258A, n = 22). (e) The kinetics of nuclear translocation of MRTFA-Spy0128WT-
GFP exhibits a slow nuclear import (kI = 1.08±0.07 ×10-3 s-1) compared to the faster E117A 
and E258A mutants (kI = 2.32±0.19 ×10-3 s-1 and kI = 2.42±0.21 ×10-3 s-1, respectively). While 
both E117A and E258A mutants significantly increase the import rate constant, export is 
not significantly varied. Two-tailed t-tests, ns P > 0.05 and **** P ≤ 0.0001. 
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Figure 2. The kinetics of MRTFA nuclear import is regulated by its mechanical properties. 
(a) Structural schematic of titin, showing the distribution of selected Ig domains along the 
N-C termini direction. (b) Schematics of a single molecule force spectroscopy experiment, 
whereby a polyprotein made of selected titin Ig domains is tethered between an AFM 
cantilever tip and a gold substrate. Inserting Ig domains within MRTFA constructs enables 
one to probe the effect of mechanical stability on nuclear translocation. (c) Stretching 
individual (Ig1-Ig27C47A-C63A)4, (Ig27)8 and (Ig32)8 polyproteins at a constant velocity of 400 
nm s-1 gives rise to unfolding trajectories exhibiting saw-tooth patterns, where each force 
peak corresponds to the unfolding of an individual Ig domain within the polyprotein chain 
(Fig. S5).  (d) Probability density histograms of unfolding forces for Ig1 (yellow), Ig27 (grey), 
and Ig32 (magenta) domains with the associated Gaussian probability density distributions 
(black) overlaid (unfolding force mean ± s.d.: Ig1, 144±27 pN, n = 137; Ig27, 208±28 pN, n = 
186; Ig32, 267±33 pN, n = 936). (e) Averaged (mean ± s.e.m.) time courses of nucleus/cell 
MRTFA in U2OS cells expressing MRTFA-Ig1-BFP, MRTFA-Ig27-BFP, or MRTFA-Ig32-BFP, 
after serum stimulation. The rate and extent of MRTFA nuclear translocation of the 
mechanically-labile Ig1 is higher than that of Ig27 and of the mechanically-stable Ig32. Data 
are from four independent experiments (Ig1, n = 34; Ig27, n = 37, Ig32, n = 44), only a 
representative error bar is shown per condition. (f) Total (squares), import (right-pointing 
triangles), and export (left-pointing triangles, offset vertically by -0.7 for clarity) rate 
constants associated with the nuclear translocation of Ig-domain-tagged MRTFA constructs 
plot against the mechanical stability (unfolding force) of the tagging Ig domain. The import 
rate constant displays exponential dependence (R2 = 0.999) with mechanical stability. By 
contrast, the export rate constant is largely independent of mechanical stability. Rate 
constants correspond to the fitting parameters from the averaged time courses in (h), 
associated error bars correspond to the s.e.m. of fitting parameters of the individual time 
courses. The unfolding forces correspond to the mean ± s.d. of unfolding forces as in (d). 
Dashed lines are a weighted linear fit (import) and average (export). 
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Figure 3. The nuclear pore complex is highly mechanoselective. (a) Selective introduction 
of point mutations in key residues in the mechanical-clamp region of the Ig27 structure 
result in subtle changes to its mechanical stability, in the order V13P < V11P < V15P < WT < 
Y9P, as measured elsewhere by single molecule force spectroscopy experiments38. (b) 
Representative confocal image galleries showing MRTFA nuclear translocation, upon serum 
stimulation, of U2OS cells expressing MRTFA-Ig27X-GFP constructs containing an Ig27 
mutant (in order of mechanical stability, top to bottom: V13P, V11P, V15P, WT, Y9P). All 
scale bars are 10 µm. (c) Averaged (mean ± s.e.m.) time courses of MRTFA nuclear 
translocation, upon serum stimulation, in U2OS cells expressing MRTFA-GFP tagged with 
different Ig27 mutants – the rate and extent of MRTFA nuclear accumulation is dependent 
on the tagging Ig27 variant. Data are from two (V11P, n = 26) or three (V13P, n = 22; V15P, 
n = 25; WT, n = 30; Y9P, n = 17) independent experiments, only a representative error bar 
is shown per condition. (d) The import rate constant (triangles) displays an exponential 
dependence (dashed line, linear fit, R2 = 0.988) with the mechanical stability of the tagging 
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Ig27 mutant. By contrast, a weaker correlation is observed with their thermodynamic 
stability (circles), measured using differential scanning fluorimetry. Import rate constants 
correspond to the fitting parameters from averaged time courses, associated error bars 
correspond to the s.e.m. of fitting parameters from individual time courses. Melting 
temperatures correspond to the mean of 12 replicates (with associated s.e.m. < 0.1 °C for 
each mutant, Fig. S11). Unfolding forces correspond to the mean ± estimated s.d. (20 pN)38 
as in (a). (e) Averaged (mean ± s.e.m.) nuclear accumulation of MRTFA-Ig27V13P-GFP and 
MRTFA-Ig27WT-GFP in serum-starved U2OS cells following treatment with leptomycin B. 
Significantly greater nuclear accumulation of the V13P construct, compared to the WT 
construct, develops over time (unpaired t-test). Data are from three independent 
experiments (V13P, n = 40; WT, n = 50). (f) Averaged (mean ± s.e.m.) normalised decay of 
nuclear MRTFA measured in FLIP experiments. The decay in nuclear fluorescent intensity at 
early times (which isolates the nuclear export process) for MRTFA-Ig27V13P-GFP and MRTFA-
Ig27WT-GFP displays no significant differences at any time (unpaired t-test). Data are from 
three independent experiments (V13P, n = 20; WT, n = 15). (g) Representative confocal 
image galleries showing MRTFA nuclear translocation, following serum stimulation, of a 
U2OS cell co-expressing MRTFA-I27WT-BFP and MRTFA-I27V11P-YFP. 10 µm scale bar. (h) 
Corresponding averaged (mean ± s.e.m.) time courses showing that, within the same cell, 
the rate and extent of nuclear accumulation of MRTFA tagged with the mechanically-labile 
Ig27V11P is higher than MRTFA tagged with the mechanically-stable Ig27WT. Analysis of the 
coupled kinetic parameters – the import (or export) rate constants of both constructs within 
the same cell – display significant differences in terms of import, but not export (inset, 
paired t-test).  Data are from four independent experiments (n = 14), only a representative 
error bar is shown per condition. (i) Ratios (mean ± s.e.m.) of import (right-pointing 
triangles) and export (left-pointing triangles) rate constants plot against the unfolding force 
differences for co-expression experiments (full details in Fig. S14). Data are from four 
(WT/V11P) or three (all other) independent experiments (left to right, BFP/YFP: V13P/V13P, 
n = 9; V15P/V13P, n = 8; WT/V11P, n = 14; WT/V13P, n = 15; Y9P/V13P, n = 12). Ratios 
correspond to the mean ± s.e.m. of the ratios of the fitting parameters associated with 
translocation of the BFP construct, with respect to the YFP construct, from each individual 
cell. Dashed lines are a weighted linear fit (import) and average (export). Significance levels 
for two tailed t-tests, ns P > 0.05, * P ≤ 0.05, ** P ≤ 0.01, and *** P ≤ 0.001. 
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Figure 4. The mechanical selectivity of the NPC probed with optogenetic constructs. (a) 
Representative confocal image gallery of a U2OS cell expressing NLS-Ig27WT-mCherry-LEXY 
showing that nuclear localisation of this construct can be controlled by illumination with 
blue light. (b) Averaged (mean ± s.e.m.) raw time courses of nuclear localization of NLS-
Ig27WT-mCherry-LEXY. In the dark state, the NES of LEXY is docked with the LOV domain 
(inset), and nuclear localization is observed. Upon illumination, the LOV domain undergoes 
a conformational change that exposes the NES motif, resulting in the fast exclusion of the 
construct from the nucleus. Nuclear localisation is recovered over time when the 
illumination is removed (dark state recovery). Data are from three independent 
experiments (n = 19). (c) Averaged (mean ± s.e.m.) time courses of dark-state-recovery 
nuclear localization of NLS-Ig27V13P-mCherry-LEXY and NLS-Ig27WT-mCherry-LEXY. Data are 
from three independent experiments (V13P, n = 23). (d) The nuclear import rate constant 
of the V13P construct (kI = 1.20±0.08 ×10-3 s-1) was significantly higher than the WT 
construct (kI = 0.900±0.063 ×10-3 s-1). By contrast, no statistically significant difference was 
found for the export rate constant. Two-tailed t-tests, ns P > 0.05 and ** P ≤ 0.01. 
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Figure 5. Mechanically-stable MRTFA constructs downregulate gene expression and 
cellular motility. (a) Real-time quantitative PCR in U2OS cells stably expressing a GFP empty 
vector, MRTFA-GFP, MRTFA-Ig27WT-GFP or MRTFA-Ig27V13P-GFP, 4 hours after serum 
stimulation. MYL9, ACTB and SRF gene expression is significantly higher when MRTFA is 
tagged with the mechanically-labile Ig27V13P domain compared to the mechanically-stable 
I27WT. Data are from four (MYL9 and SRF) or three (ACTB) independent experiments, bars 
show mean ± s.e.m. Data were transformed using the log transformation y=log(y) to make 
data conform to normality and analysed using Paired t-test. (b) Representative bright-field 
images of wound healing of MRTFA-Ig27V13P-GFP and MRTFA-Ig27WT-GFP stable cell lines. 
100 µm scale bar. (c) Wound-healing assays on U2OS stable cell lines show that wound 
recovery is significantly slower in cells expressing MRTFA-Ig27WT-GFP compared to MRTFA-
Ig27V13P-GFP. Data are from three independent experiments (GFP empty vector, n = 21; 
MRTFA-GFP, n = 23; MRTFA-Ig27V13P-GFP, n = 24; MRTFA-Ig27WT-GFP, n = 24), bars show 
mean ± s.e.m. (d) Motility assays of MDA-MB-231 cells showing that the migration speed of 
cells transfected with MRTFA-Ig27V13P-GFP is significantly higher than those transfected 
with MRTFA-Ig27WT-GFP. Data are from three independent experiments (GFP empty vector, 
n = 101; MRTFA-GFP, n = 74; MRTFA-Ig27V13P-GFP, n = 92; MRTFA-Ig27WT-GFP, n = 98), bars 
show mean ± s.e.m. All statistical tests are two-tailed t-tests, * P ≤ 0.05, ** P ≤ 0.01, *** P 
≤ 0.001, and **** P ≤ 0.0001. (e) Schematic representation of the proposed nuclear import 
mechanism by which the mechanical properties of the translocating protein regulate their 
nuclear shuttling dynamics. 


