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The liquid state of FG-nucleoporins mimics
permeability barrier properties of nuclear pore

complexes

Giorgia Celetti®>**@®, Giulia Paci*>**@®, Joana Caria¥@®, Virginia VanDelinder*, George Bachand*®, and Edward A. Lemke*>*®

Nuclear pore complexes (NPCs) regulate all cargo traffic across the nuclear envelope. The transport conduit of NPCs is highly
enriched in disordered phenylalanine/glycine-rich nucleoporins (FG-Nups), which form a permeability barrier of still elusive and
highly debated molecular structure. Here we present a microfluidic device that triggered liquid-to-liquid phase separation of
FG-Nups, which yielded droplets that showed typical properties of a liquid state. On the microfluidic chip, droplets were
perfused with different transport-competent or -incompetent cargo complexes, and then the permeability barrier properties of
the droplets were optically interrogated. We show that the liquid state mimics permeability barrier properties of the
physiological nuclear transport pathway in intact NPCs in cells: that is, inert cargoes ranging from small proteins to large
capsids were excluded from liquid FG-Nup droplets, but functional import complexes underwent facilitated import into
droplets. Collectively, these data provide an experimental model of how NPCs can facilitate fast passage of cargoes across an

order of magnitude in cargo size.

Introduction

The nuclear pore complex (NPC) is composed of multiple copies
of roughly 30 different proteins (termed nucleoporins, or Nups)
and regulates all nucleocytoplasmic transport. Small molecules
can pass the NPC by passive diffusion. However, larger cargoes
(smooth cutoff of =40 kD/4 nm in diameter; Timney et al., 2016)
can pass through the NPC when bound to nuclear transport
receptors (NTRs) that typically recognize nuclear localization
signals (NLSs) or nuclear export signals (NESs) on the cargoes.
Remarkably, even large preribosomal subunits, viral capsids,
and mRNAs, with diameters almost equal to the central trans-
port channel themselves, can pass the NPC barrier intact (Au
and Panté, 2012; Babcock et al., 2004; Grunwald and Singer,
2010; Mor et al., 2010; Panté and Kann, 2002; Seisenberger
et al., 2001; Tu et al., 2013).

Recent advances in structural biology combining X-ray
crystallography, electron tomography, and mass spectrometry
with integral modeling have yielded an impressive structural
model of the NPC scaffold (Eibauer et al., 2015; Kim et al., 2018;
Kosinski et al., 2016; Lin et al., 2016; Ori et al., 2013). Compar-
atively, very little structural insight is available for the actual

transport channel, which even in highly resolved electron to-
mography showed up only as a large hole of >20 nm, because the
tomogram generation process typically averages out unstruc-
tured regions. The central channel of the NPC is densely filled
with multiple copies of about 10 different intrinsically disor-
dered Nups that are rich in phenylalanine and glycine residues
(FG-Nups). These FG-Nups form the NPC permeability barrier
(Nehrbass et al., 1990; Ori et al., 2013; Ribbeck and Gorlich,
2002). As the plasticity of FG-Nups inherent to their disor-
dered nature prevents the application of most conventional
structural biology approaches, their geometric arrangement and
how the transport machinery works molecularly are still widely
debated. With the physiological permeability barrier of the NPC
being of submicroscopic resolution, much of our current
knowledge and hypotheses are derived from in vitro studies
using purified/reconstituted FG-Nup domain model systems
(where the NPC anchoring site was removed). In solution, FG-
Nups can adopt different conformations and supramolecular
states and have also been shown to undergo liquid-to-gel and
liquid-to-solid phase transitions to tough macroscopic hydrogels
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and amyloid-like fibers (Frey and Gérlich, 2007; Ader et al.,
2010; Yamada et al., 2010; Hough et al., 2015; Milles et al.,
2013, 2015). Surface and channel grafted FG-Nups have been
shown to display phenotypes ranging from polymer brushes to
films (Eisele et al., 2013; Fisher et al., 2018; Fu et al., 2017;
Jovanovic-Talisman et al., 2009; Ketterer et al., 2018; Lim et al.,
2007; Moussavi-Baygi et al., 2011; Wagner et al., 2015; Zahn
et al., 2016). The theorized permeability barrier models are
similarly diverse. Convergence of the models has clearly been
slowed down by the multifaceted nature of FG-Nups, as well as
their high aggregation tendency, leading to different experi-
mental outcomes.

In vitro phase separation assays have become widely used in
the study of intrinsically disordered proteins. As phase separa-
tion occurs above a critical concentration, often a concentrated
solution of FG-Nup in a denaturing buffer is rapidly diluted into
a physiological condition. Additives such as trimethylamine
N-oxide (TMAO, a small molecule osmolyte; Ferreon et al., 2012;
Levine et al., 2015) or polyethylene glycol (PEG, a large molecule
crowder; Annunziata et al., 2002) are frequently added to the
solution to assist in in vitro phase separation assays. Often,
adding those compounds is considered to better mimic the
crowded in cellulo conditions, but the exact mechanism of those
additives is not established in all cases. However, in general,
they offer a convenient way to tune protein-protein versus
protein-solvent interactions (Alberti et al., 2019), so that the
proteins do not simply precipitate to an amorphous aggregate (a
form of liquid-to-solid phase separation), which is commonly
observed for highly aggregation-prone proteins. Analogously,
FG-Nup hydrogels have been formed from either lyophilized
powder or rapid dilution of concentrated denatured solution
(Frey and Gorlich, 2007; Konishi and Yoshimura, 2018; Milles
et al.,, 2013; Milles and Lemke, 2011; Schmidt and Gérlich, 2015).
In FRAP experiments, hydrogel particles doped with fluorescent
FG-Nups did not recover when bleached, revealing limited mo-
bility in line with formation of a tough hydrogel state (Frey and
Gorlich, 2007; Konishi and Yoshimura, 2018; Schmidt and
Gorlich, 2015).

Particular attention has been given to the interaction prop-
erties between these hydrogel particles and various cargo pro-
teins. Several studies on FG-Nup hydrogel particles have shown
that they rapidly enrich with cargoes bearing a signal that is
recognized by nuclear transport receptors such as Importin f (in
facilitated import, the NLS binds to Importin a, which in turn
binds to Importin B via its Importin B-binding [IBB] domain). In
contrast, inert cargoes such as dextran (70 kD) or mCherry
(without an NLS or IBB domain) are excluded from these par-
ticles (passive exclusion). The partition coefficient volume of
inert cargoes exceeded the pure excluded volume effect of FG-
Nups in the FG-Nup gel particle, and this permeability barrier
effect was accounted for by hypothesizing the formation of a
mesh structure that ultimately translates into mechanical sta-
bility, yielding a tough hydrogel (Ader et al., 2010; Frey and
Gorlich, 2007; Schmidt and Gorlich, 2015).

Here we present a microfluidic device that controls the phase
transition of FG-Nups on a millisecond time scale and their
subsequent interaction with cargoes of interest under optical
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interrogation. The microfluidic device enabled us to perform
rapid phase separation and direct interrogation of the properties
of FG-Nup droplets on a previously unexplored time scale range.
We determined that FG-Nups can undergo liquid-to-liquid phase
separation, leading to a highly dynamic droplet state that obeys
all characteristics of a liquid. Remarkably, the liquid state dis-
played NPC-like properties, as tested with cargoes of sizes
spanning an order of magnitude.

Results and discussion

We selected the disordered domain of yeast FG-Nup49 (aa
1-249), as it contains multiple GLFG repeats. In metazoans, GLFG
containing FG-Nup98 was found to be essential for creating
reconstituted NPCs with functional permeability properties
(Hillsmann et al., 2012; Schmidt and Gérlich, 2015). Further-
more, FG-Nup49 has been previously characterized to be a
hydrogel-forming Nup that exhibits permeability barrier-like
properties (Milles et al., 2013). EM analysis of such FG-Nup49
macroscopic hydrogels showed a fiber network that, due to its
dimensions (fibers partially thicker than 100 nm), was unlikely
to be of physiological relevance and thus more likely to be a
consequence of phase transition into a solid state (Milles et al.,
2013). Such molecular aging of protein assembly states are also
known from other phase-separating proteins (Lin et al., 2015;
Patel et al., 2015).

Fig. 1 shows the design of the microfluidic device developed
in this study. It is composed of two mixing regions (MI and MIJ;
Fig. 1 A) and an optical interrogation region in which molecules
flow along a snake-like channel for long observation (minutes;
Fig. 1 D). In the mixing region MI, a highly concentrated solution
of the FG-Nup49 in 4 M guanidinium hydrochloride (GdmHCI;
arrow on the left in Fig. 1 B) flows from the sample inlet to the
MI region (Fig. 1 A, pink square), where the protein solution is
squeezed into a thin layer by the buffer stream containing PBS
and 30% TMAO. We show in Fig. S1 that both PEG and TMAO
help to tune phase separation of FG-Nups. The laminar flow
mixing leads to rapid dilution of the GAmHCI and buffer ex-
change to physiological PBS buffer within milliseconds (Gambin
et al., 2011; Lemke et al., 2009; Tyagi et al., 2014).

FG-Nup49 was doped with 500 nM of fluorescently labeled
FG-Nup49 for whole-chip visualization using a 10x objective on
an inverted epifluorescence microscope. As shown in Fig. 1, the
microfluidic device enabled us to visualize the formation of FG-
Nup droplets (elusive in coverslip assay procedures) and ob-
serve them for 20 min while they traveled along the 3-mm-long
observation channel. The droplets displayed properties of a
liquid state, including droplet coalescence, deformability, and
fast recovery in FRAP experiments (Fig. 1, C-F). After the outlet,
we typically detected (over extended periods of device opera-
tion) visible gel formation that ultimately led to clogging of the
device; however, in the snake-like channels, we could observe
droplets right after generation due to phase separation and fol-
low the liquid droplets while traveling along the channel, which
distinguishes this technology from simple coverslip assays.

To study whether the liquid state of the FG-Nups displays
NPC-like properties, we designed a second mixing region (MII)
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Figure 1. Liquid-liquid phase separated FG-Nup49 droplets in the microfluidic device. (A) Scheme of the microfluidic device/chip. (B) COMSOL color
image (flow simulations, see Fig. S1 for details) of the working principle of the device. (C) First mixer of the device (MI) where the denatured FG-Nup protein
solution is buffer exchanged into a physiological buffer, and the formation of droplets is triggered that then flow toward MII. The image shows a bright field
view of the device overlaid with a fluorescent snapshot of FG-Nup49 droplet formation. (D) Fluorescence image of FG-Nup49 droplets flowing along the snake-
like observation channel after their formation (10, air objective, epifluorescence microscopy). Scale bar is 50 um. (E) Snapshots of a coalescence event
between two liquid FG-Nup49 droplets (20x, air objective, epifluorescence microscopy). Scale bar is 10 um. (F) FRAP experiment of one droplet in the device

(63x, oil objective, confocal microscopy). Each frame corresponds to a 2-s interval acquisition. Scale bar is 3 um.

in the device (Fig. 1 A), where cargoes such as IBB-MBP-GFP
(=80 kD), preincubated with Importin B, could interact with the
droplets. As detailed in Fig. S1, the flow rates in MII had to be
below a limit to avoid shearing and/or squeezing of liquid
droplets. Consequently, the biomolecules from the cargo inlet
flowed at the sides of the channel parallel to the large droplets in
the center, and cargo molecules reached the droplets over time
by diffusion (Figs. 2 and S1). In Fig. 2, the first row shows the
behavior of the respective cargo constructs in permeabilized
cells assays with a reconstituted functional nuclear transport
machinery. Permeabilized cell assays are commonly used to
study cellular nuclear import machinery (Adam et al., 1990).
As shown in Fig. 2, A and B (whole microfluidic chip imaging
using epifluorescence), IBB-MBP-GFP rapidly penetrated and
enriched in the droplets only in the presence of Importin 8
(Fig. 2, A vs. B, and corresponding Videos 1 vs. 2). As an addi-
tional negative control, we used a variant of the GFP cargo
bearing an M9 signal (M9-MBP-GFP =80 kD) and observed that
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this protein did not enrich in droplets (Fig. 2 C and corre-
sponding Video 3). M9 is another type of NLS that is not rec-
ognized by Importin B. The last row shows dot plots where the
cargo enrichment of individual droplets was analyzed and
plotted over distance traveled (refer to Materials and methods
for droplet-by-droplet analysis). Consistent with the images,
cargo enriched inside droplets only in Fig. 2 A, where a func-
tional import complex could assemble. Additional experiments
using another model cargo that agree well with these results are
shown in Fig. S3.

We determined the average intradroplet FG-Nup49 concen-
tration to be =4-5 mM (corresponding to =140 mg/ml; Fig. S1).
This concentration was in good agreement with the estimated
FG-Nup concentration of previously characterized FG-Nup hy-
drogels (Frey and Gérlich, 2007). Assuming the partial specific
volume for the polypeptide chain of 0.73 ml/g (Hinz 2012), we
estimate that the FG-Nup itself amounted on average to 10% of
droplet volume and the aqueous buffer to the remaining 90% of

Journal of Cell Biology
https://doi.org/10.1083/jcb.201907157


https://doi.org/10.1083/jcb.201907157

« [
N oy

A B C
IBB-MBP-GFP IBB-MBP-GFP M9-MBP-GFP
Importin B Importin B ‘
BB M9
Hoechst Cargo channel Hoechst Cargo channel

Hela cells

nup49 channel

zoom cargo channel

max projection

0.8- 0.8 0.8
0.6 0.6 0.6
>
‘@
S 044 04 0.4
=
o
g 021 02 02
0.0 T T T T T ] 0.0 + T T T T T | 0.0 T T T T T ,
00 05 10 15 20 25 3.0 00 05 10 15 20 25 3.0 00 05 10 15 20 25 30

Distance travelled by the droplets (mm)

Figure 2. Facilitated transport of MBP-GFP cargoes into FG-Nup49 droplets. Epifluorescence microscopy of whole microfluidic device/chip. (A) Inter-
action between the IBB-MBP-GFP cargo and FG-Nup49 droplets in the presence of Importin 8. (B and C) Two control experiments: the IBB-MBP-GFP cargo
without Importin B and the M9-MBP-GFP cargo in the presence of Importin B. The rows of the figures are organized as follows. Top row: Confocal images of the
respective cargo construct in permeabilized cells assays with a functional nuclear transport machinery. Second and third rows: Snapshot of the droplet channel
(FG-Nup49), followed by a corresponding snapshot of the cargo channel. Fourth row: Two zooms corresponding to the white boxes in images above. Fifth row:
Ratiometric maximum projection of an entire image series (see Fig. S2 for details on ratiometric analysis). Bottom row: Single-droplet analysis of the fluo-
rescent cargo signals within the FG-Nup49 droplets while they travel along the device during each experiment. Briefly, droplets were segmented from the
ratiometric video, and the intensity was estimated and plotted in relation to the droplet centroid position along the device. Each dot on the plots represents a
single droplet. All rows: The FG-Nup49 droplets channel is displayed in red, the GFP cargo channel is in grayscale, and the ratiometric projections of the
experiment (last row) show a colorimetric interaction of the cargo with the droplets. The more yellow/white the color, the more the cargo enriched inside
the FG-Nup droplet. Scale bar is 50 pm. See corresponding Videos 1, 2, and 3 and details in Materials and methods for the ratiometric analysis. Scale bar in the
zoom is 20 um. Shown are exemplarily datasets from three technical replicates. In each dataset, 10,000 droplets are analyzed.
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droplet volume (Fig. S1). Exclusion of inert cargoes from a
droplet beyond the excluded volume of FG-Nup itself can be seen
as a mimic of passive exclusion NPC-like permeability barrier
properties (Schmidt and Gérlich, 2015). In a coverslip experi-
ment of hydrogel droplets, this can be easily quantified, as the
fluorescence outside and inside the droplet can be directly
compared under steady-state conditions.

Under the laminar flow conditions in our device, cargo
molecules reached the droplets via slow diffusion, so that full
immersion of the droplets in the cargo bath would be reached
only in a channel =1 cm long (see Fig. S1 and Materials and
methods). Therefore, it is not possible to transfer the experi-
mental conditions from steady-state coverslip assays to our flow
device. We thus performed three experiments to assay whether
the liquid state displayed qualitatively permeability barrier-like
properties with respect to passive exclusion. For these experi-
ments, a confocal laser scanning microscope was used to image
thin optical sections through the droplet, at the cost of smaller
fields of view and slower image acquisition. We studied three
effects. (1) The interaction of an M9-MBP-GFP fusion protein
cargo with FG-Nup droplets: as shown in Fig. 3 A (and corre-
sponding Video 4), the GFP cargo accumulated on the surface of
the droplets more than inside, leading to a rim staining. (2) The
small mCherry-12His (=30 kD) showed a similar rim type of
staining effect (Fig. 3 B and corresponding Video 5). The rim
stainings were indicative of formation of a barrier, reminiscent
to previously observed rim staining under steady-state con-
ditions of other fluorescent protein cargoes that had limited
ability to penetrate into hydrogel particles (Frey et al., 2018). (3)
An mCherry (=30 kD) without the His tag did not show the rim
effect (Fig. 3 C and corresponding Video 6) and was excluded
homogeneously from the liquid droplet. Together, these findings
indicated that a hydrophobic part of the M9-MBP-GFP and
mCherry-12His constructs interacted with the liquid droplet, but
the hydrophilic properties of the rest of the cargoes prevented
further penetration. For mCherry, a line profile analysis (Fig. 3,
last row) indicated that more than =70% of inert cargo remained
excluded in all tested cases. While an exact partition coefficient
should not be extracted from those flow conditions (Fig. S1 and
methods), all three experiments together strongly suggest that
in the liquid state, an efficient permeability barrier was formed
that displayed passive exclusion properties.

In a liquid state, FG-Nups remain flexible, and intermolecular
bonds can be broken and formed on a very fast time scale, and
should be able to accommodate large dynamics. As transport of
large cargoes in principle requires megadaltons of protein mass
to be moved (Paci and Lemke, 2019), we tested if the liquid state
FG-Nup droplets could also enable facilitated import of a very
large model cargo. We tested a previously used recombinant
capsid from the MS2 bacteriophage (27 nm in diameter), which
was covered with fluorescent dyes and NLSs and known to be an
import cargo, as well as a capsid without NLSs as a negative
control. We repeated the experiment for the MS2 capsid ana-
logue to the IBB-MBP-GFP described above (Fig. 4). We observed
precipitation during flow experiments. This complication lim-
ited our ability to compare the accumulation speed of such large
cargo with respect to the much smaller model cargoes tested
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above. We speculate that the fact that the capsid, which has =100
NLSs, could bind multiple Importin Bs (which is itself a multi-
valent molecule) could lead to formation of larger aggregates.
Regardless, it could be observed that fast import occurred only in
the presence of MS2-NLS and Importin B/Importin a.

Our experiments present a laminar flow device able to gen-
erally study phase separation, applied here to specifically study
FG-Nups. The addition of a second mixer (MII) right after the
first mixer MI, which triggers phase separation and droplet
formation, allowed us to follow how cargoes known from cell-
based studies can enter the droplets while flowing along the
snake-like optical interrogation channel. The device provided an
exclusive look at the liquid state of FG-Nups before they mature
into more solid states (tough hydrogel, amyloids, etc.), as could
be seen from the occurrence of rapid coalescence (a signature of
a liquid state) along the observation channel. In a liquid state,
inter- and intramolecular contacts between proteins remain
highly dynamic compared with more gel- or solid-like assem-
blies. The formation of a rather stable FG-FG meshwork, which
translates to mechanical stability of a hydrogel, does not appear
to be an essential requirement to yield basic NPC-like permea-
bility barrier properties (Ader et al., 2010; Frey and Gérlich,
2007). However, this does not exclude the possibility that a
highly dynamic meshwork could be responsible for the observed
behaviors. In fact, we know from other biological condensates
that liquid states can also obey effective mesh sizes (Wei et al.,
2017). The highly dynamic nature intrinsic to a liquid phase also
provides a good explanation for how cargoes across different
sizes and even large viruses can enter the NPC. In our solution
experiments yielding liquid droplets, the FG domain was not
tethered to a surface or scaffold. In contrast, previous studies on
grafted FG-Nups maintain many of the geometrical aspects of
the NPC, and thus a direct comparison is not possible. However,
those studies also have not yet converged to a single interpre-
tation or transport model (Eisele et al., 2013; Fisher et al., 2018;
Fu et al., 2017; Jovanovic-Talisman et al., 2009; Ketterer et al.,
2018; Lim et al., 2007; Moussavi-Baygi et al., 2011; Wagner et al.,
2015; Zahn et al., 2016).

While the dimension of a polymer is typically different in a
liquid state compared with a brush state (Schifer, 1999), both
systems are (in the case of FG-Nups) compatible with the exis-
tence of highly dynamic states. Since the disordered region of
FG-Nups can easily be >500 aa, formation of a highly dynamic
matrix inside the NPC can be envisioned, even if the FG-Nups
are tethered at one end. We note that liquid, gel, solid, and even
expanded conformations as in a brush state are part of a con-
tinuum and can be very close neighbors in a phase diagram of
heteropolymers, such as intrinsically disordered FG-Nups. On
the phase boundaries, more than one phase can even coexist,
and thus identifying the exact states in cellulo will remain
challenging. While the liquid state can recapitulate key prop-
erties of physiological NPC function in vitro, we currently lack
the technology to directly probe if the FG-Nups in the nanosized
NPC barrier are liquid. One important question that now arises
is how a physiological permeability barrier could be kept in the
liquid state in vivo, since in vitro the liquid state is transient
and ages to more solid states. One possibility is that different
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FG-Nups might stabilize the liquid state when combined to-
gether. Analogues for this hypothesis are ubiquitous in the lit-
erature, e.g., the inhibition of amyloid-p plaques or aggregates
by a-synuclein (Bachhuber et al., 2015) or mixing of the in-
trinsically disordered protein FUS with EWS or TAF15 (Marrone
et al., 2019). In the future, more complex device designs that
have additional mixers for on-chip preparation of different FG-
Nups may address this question. This could explain why NPCs
are so complex in vivo (10 different FG-Nups and an additional
20 scaffold Nups, which in part also contain intrinsically dis-
ordered regions; Teimer et al., 2017), with little sequence con-
servation of the disordered part across species, even though the
fundamental properties of the NPC permeability barrier can be
recapitulated from only one to a few components (Hiillsmann
et al., 2012; Strawn et al., 2004).

Future reimplementations of the device could also simulta-
neously study droplet microrheology (Elbaum-Garfinkle et al.,
2015), which could provide a more refined look at the material
properties of the droplets over long time periods. Those might
also enable a quantitative comparison between the permeability
barrier properties of hydrogels versus liquid droplets under
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Figure 3. Passive exclusion properties of the
liquid state of FG-Nup49. Confocal microscopy
of flowing droplets. (A-C) The passive exclusion
of the three cargoes from the FG-Nup49 drop-
lets. The first row (A) shows confocal images in
permeabilized cell experiments analogous to
Fig. 2. The confocal images below (B) show the
FG-Nup49 droplets represented in red and the
cargo in grayscale. The last row shows the line
profiles of the three droplets in the mCherry
experiment (C) along the orange lines. All ex-
periments were performed in the absence of
NTRs. Fig. S3 shows a validation that an IBB-
mCherry cargo in the presence of Importin B is
imported. Scale bar is 20 pm. See corresponding
Videos 4, 5, and 6.

mCherry

Cargo channel
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same conditions. Recent studies have suggested an integral role
of NTRs as part of the permeability barrier (Kapinos et al., 2017;
Lowe et al., 2015). Microrheology measurements could also in-
vestigate the permeability barrier properties over material
states to assay if the presence of NTRs affect the molecular
architecture of the droplet. Finally, implementation of a third
mixer could also be used to study cargo release from droplets, for
example, when perfusing droplets with RanGTP, so that all steps
of nucleocytoplasmic transport (docking, barrier passage, and
undocking) can be studied on the microfluidic device.

Materials and methods

Sample preparation

FG-Nup49 aa 1-249 was purified as previously reported (Milles
et al., 2013). Briefly, it was cloned as N-terminal fusion proteins
with an Intein-CBD-12His tag. Cells were grown in terrific broth
medium containing 50 pg/ml of ampicillin at 37°C, and protein
expression was induced with 0.02% arabinose at ODgop =
0.4-0.8. After 4 h at 37°C, cells were harvested by centrifugation.
Cell pellets stored at —-80°C were resuspended in 4x PBS, pH 8,
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supplemented with 2 M urea, 0.2 M Tris(2-carboxyethyl)phos-
phine (TCEP), and 1 mM PMSF. Cells were sonicated, and the
lysate was centrifuged at 39,000 g to remove further aggrega-
tion. The supernatant was incubated with washed Ni beads (1 ml
per 2 liters of culture) for 2 h. Proteins were eluted in 2 M urea
buffer containing 500 mM imidazole and dialyzed for 24 h to
remove the imidazole. Proteins were incubated again with the
Ni beads to remove cleaved tag and uncleaved proteins. Final
purification was achieved by HPLC. Fractions were analyzed by
SDS-PAGE and stained with Coomassie blue. Pure fractions were
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MS2 Figure 4. Facilitated transport of MS2 cap-

sids into FG-Nup49 droplets. Epifluorescence
microscopy of whole device. Panels are orga-
nized analogously to Fig. 2. (A) Interaction be-
tween the MS2-NLS capsid and the FG-Nup49
droplets in the presence of Importin a/Importin
B, showing the cargo entering into the droplets
(see also zoom). (B) The negative experiment:
MS2 capsid without NLSs. For all rows: FG-
Nups49 droplet channel is displayed in red,
MS2 cargo channel is in grayscale, and the ra-
tiometric projection of the full experiment shows
colorimetric interaction. Scale bar is 50 um.
Shown are exemplary datasets from two tech-
nical replicates.

Alexa647

Cargo channel

pooled and lyophilized overnight. For labeling, samples were
exchanged to 4 M GdmHCl and 100 mM NaCl at pH 6.6. Labeling
with Alexa Fluor 594 and Alexa Fluor 488 maleimide was done
using a twofold molar excess (dye:protein) for 2 h at room
temperature. The reaction was quenched with 10 mM DTT, and
free unreacted dyes were removed by gel filtration on a Su-
perdex S75 column.

All the small cargoes used in this work were purified from
Escherichia coli BL21 (DE3) Al cells containing a pBAD-6His and
pBAD-12His plasmids for the GFP cargo and the mCherry cargo,
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respectively. The cultures were grown overnight with shaking
at 37°C and used at a 1:100 dilution to inoculate an expression
culture in lysogeny broth medium. Cells were incubated at 37°C
with shaking, and protein expression was induced with 0.02%
arabinose once the culture reached ODgg = 0.6. All the proteins
were expressed overnight at 20°C with shaking (180 rpm). Cells
were then harvested by centrifugation; pellets were re-
suspended and lysed with a microfluidizer. The lysate was spun
down in a Beckmann centrifuge. The clear lysate was then in-
cubated for 2 h on Ni beads (1 ml for each liter of expression) at
4°C under rotation. Beads were then poured into a polypropyl-
ene column and the flow-through was collected. Ni beads were
washed with 10 bead volumes of wash buffer (50 mM Tris, pH
7.5, 150 mM NaCl, 0.2% Triton X-100, 10% glycerol, 10 mM
imidazole, 0.2 mM TCEP, and 1 mM PMSF) and then with 4 bead
volumes of wash buffer (50 mM Tris, pH 7.5, 150 mM NacCl, 0.2%
Triton X-100, 10% glycerol, 50 mM imidazole, 0.2 mM TCEP,
and 1 mM PMSF). The protein was eluted with 2-3 bead volumes
of elution buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.2% Triton
X-100, 10% glycerol, 500 mM imidazole, 0.2 mM TCEP, and
1 mM PMSF). The elution was concentrated in a centrifugal
concentrator filter and, finally, purified via a Superdex S200
column. For long-term storage at -80°C, the protein was flash
frozen in liquid nitrogen after adding 25% glycerol.

The mCherry-12His cargo used for the passive exclusion
experiment was obtained purifying the flow-through from the
first round of Ni beads purification via a Superdex S75 column.
The MS2 bacteriophage cargo was purified as previously de-
scribed (Paci and Lemke, 2019). Briefly, a colony of E. coli BL21
(DE3) AI cells containing the pBAD_MS2_Coat_Protein-(1-393)
plasmid was inoculated in lysogeny broth medium containing
50 pg/ml ampicillin. Expression was the same as in the small
cargoes, but it was performed at 37°C with shaking (180 rpm) for
4 h. Cells were harvested by centrifugation at 4,500 rpm for
20 min at 4°C. For purification, pellets were resuspended in an
equal volume of lysis buffer (10 mM Tris, pH 7.5, 100 mM Nacl,
5 mM DTT, 1 mM MgCl,, and 1 mM PMSF) and lysed through
three to four rounds in a microfluidizer at 4°C. The lysate was
incubated with 0.2% polyethylenimine for 1 h on ice and then
clarified by centrifugation at 10,000 rpm with a Beckmann JA
25.50 rotor for 30 min. A saturated solution of (NH,),SO, was
added at 4°C dropwise to the clear lysate under continuous mild
stirring, up to a final concentration of 25%. After 1 h, the lysate
was pelleted by centrifugation using the same rotor for 30 min.
The supernatant was discarded, and the pellets were gently re-
suspended with 10-20 ml of lysis buffer on a rotator at room
temperature. The lysate was then centrifuged again for 30 min,
and the clear supernatant was collected. The supernatant was
cleared using the KrosFlo system (SpectrumLabs) with a 0.2-pm
cutoff membrane to remove large impurities. The sample was
then concentrated using the KrosFlo with a 500-kD cutoff
membrane. Purified capsids were labeled via maleimide chem-
istry to couple a fluorescent dye and NLS peptide to the exposed
cysteines. The dye (Alexa Fluor 647 maleimide; Invitrogen) and
NLS peptide (maleimide-GGGGKTGRLESTPPKKKRKVEDSA;
PSL Peptide Specialty Laboratories) were stored at -80°C and
freshly resuspended in anhydrous DMSO. The capsids were
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incubated with different molar excesses of dye and NLS peptide
according to the desired degree of labeling for 1-2 h at room
temperature. The reaction was then quenched by adding 10 mM
DTT, and the protein was pelleted at 10,000 rpm for 10 min to
remove any precipitation. The excess dye was removed by
loading the sample on a HiPrep Sephacryl S500 16/60 size ex-
clusion column (GE Healthcare). Relevant fractions containing
the labeled capsids were then pooled and concentrated using the
KrosFlo. For long-term storage at —-80°C, the sample was sup-
plemented with 25% glycerol and flash-frozen in liquid nitrogen.

Microfluidic device fabrication and operation

The microfluidic device was made using conventional photoli-
thography techniques. The master mold was fabricated using
SU-8-2015 photoresist (Microchem). A 25-um-thick layer of
photoresist was spun on silicon wafer, baked, and exposed to the
UV light through a transparency photomask, baked again to cure
the UV, and finally developed. The final mold was hard baked
and then silanized with chlorotrimethylsilane (Sigma-Aldrich).
To obtain the final silicon device, the polydimethylsiloxane
(PDMS; Sylgard 184) prepolymer and cross-linking agent (Dow
Corning) were mixed at a mass ratio of 10:1 (wt/wt); the mix was
poured onto the master and cured at 65°C for =2 h. The replica
was peeled off the wafer, and inlets and outlets were made by
punching the PDMS with a blunt needle. The PDMS was cova-
lently bonded to a standard microscope coverglass by treating
both with oxygen plasma.

The microfluidic device presented here was designed to ex-
change the protein solution to trigger phase separation of Nups
ready to be interrogated in the optical region of the device.
Buffer exchange occurred at the first mixer (MI) of the device,
where the protein solution is squeezed between the two streams
of buffer (30% TMAO in PBS) coming from the two side channels
(Gambin et al., 2010; Tyagi et al., 2014). The sample channel and
the mixing region are 40 and 30 pwm wide, respectively, and
20 mm and 50 pm long. The width of the sample solution stream
(ws) was calculated to be 0.5 pm, leading to diffusive exchange
between the sample and the buffer solution at a time scale t,, =
(wi/2)?/D, corresponding to the millisecond range for the
GdmHCI (D = 1075 cm?/s). To enable rapid buffer exchange of the
FG-Nup49 into PBS, the volumetric flow rate of the buffer was
set to be 100-fold of the volumetric flow rate in the FG-Nup
channel. Thus, the device can mix the sample and the buffer
in a ratio of 1:100. Indeed, numerical simulation indicated that
before the sample phase separates into liquid droplets, the
concentration of denaturant in the sample is reduced by 90%
compared with its original value. That is why the droplets can
already form in the first mixer.

The second mixer (MII) was designed to allow the FG-Nup49
droplets to interact with the cargo of interest, while at the same
time preventing them from being squeezed by the cargo solution
during the assay (which requires a careful adjustment of flow
rates to avoid shearing the fragile droplets). To this end, the
volumetric flow rate of the cargo solution was designed to be 50-
fold lower than the flow in the measurement channel. This de-
sign gave us the advantage of interrogating the droplets in the
presence of the cargo of interest without squeezing them.

Journal of Cell Biology
https://doi.org/10.1083/jcb.201907157


https://doi.org/10.1083/jcb.201907157

As can be seen in Fig. S1, due to laminar flow and slow mixing
by diffusion, large biomolecules from the cargo inlet channel
stay largely at the periphery, while diffusion into the central
region is small. At the flow rates used, we can detect a concen-
tration of =15% in the central region (color coded in blue in Fig.
S1). The time it takes to enrich in the droplet is thus a sum of
molecules reaching the droplets by diffusion and the time it
takes to enter them. Due to the different sizes of the droplets and
their different flow speeds in the device, an exact quantitative
calculation of both effects separately is not easily achieved. We
thus primarily focused on comparing different biological con-
ditions. For example, adding an NLS to a functional import
complex adds only <1% in molecular weight, so the diffusional
properties are basically unchanged and thus serve as an ideal
control.

The formation of the cargo gradient does not lead to droplets
fully immersed in a homogeneously concentrated cargo solution.
To reach the center of the channel with 50% of the initial cargo
concentration flowing in from the cargo inlets, we estimate a
channel length of 1 cm would have been required (Fig. S1).
However, in such a long channel, traveling FG-Nups will tran-
sition to a hydrogel and clog the device during the experiment.
Furthermore, our interest was to study the properties of their
liquid state. To do so, the observation channel was designed to be
50 um wide and =3 mm long.

Microfluidic device experiments and imaging

To allow visualization of the FG-Nup49 droplets, a small amount
(500 nM) of fluorescently labeled FG-Nup49 was premixed with
the unlabeled protein before flowing into the device. Depending
on the fluorophore present on the cargo, we used FG-Nup49
labeled with either Alexa Fluor 594 or Alexa Fluor 488. For all
experiments that included both cargo and NTRs, they were
preincubated together for 30 min to allow formation of the
import complex.

Facilitated transport experiments (Figs. 2, 4, and S3, A and B)
were performed at room temperature on a custom-built epi-
fluorescence microscope equipped with a 10x air objective (NA
0.4) and scientific complementary metal oxide semiconductor
cameras (SCMOS ORCA, Hamamatsu) that allowed imaging a large
field of view covering of the whole microfluidic chip to monitor
the cargo accumulation over time. For experiments investigating
the passive exclusion properties of the droplets (Figs. 3 and S3 C), a
custom-built confocal microscope was used to obtain better sec-
tioning. The confocal microscope is equipped with a 60x water
objective (NA 1.2) and PicoQuant hybrid detectors. The acquisition
software employed was custom-written in LabVIEW (National
Instruments) for the epifluorescence microscope and SymPho-
Time (PicoQuant) for the confocal microscope.

Microfluidic device analysis

To analyze the facilitated transport experiments, a ratiometric
analysis of the raw videos was performed with a custom-written
Fiji routine, as follows. A mask (Fig. S2 B) was generated by
segmenting the FG-Nup49 channel (Fig. S2 A) and applied to the
cargo channel (Fig. S2 C) to extrapolate the cargo signal in the
region of interest, e.g., in the droplets (Fig. S2 D). Once a clean
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cargo signal (I;) was obtained, this was added to the red signal of
the droplets (I; + I,; Fig. S2 E) and then the ratio between those
two (I,/(I; + I,)) was calculated for the full video. Fig. S2 F rep-
resents a maximum projection of the full ratiometric movie
obtained via Image] (National Institutes of Health) for repre-
sentative purposes. The final plots “intensity versus position of
droplets” in Fig. 2 were obtained by analyzing in Image] 10°
droplets in the final colorimetric video, with a droplet area of
5-150 pm?, traveling along the full device. All final plotting was
done using IgorPro (Wavemetrics).

Cell culture

HeLa Kyoto cells were cultured at 37°C in 5% CO, atmosphere in
DMEM with 1 g/ml glucose (Gibco; 31885023) supplemented
with 1% penicillin-streptomycin (Sigma-Aldrich; P0781), 1%
L-glutamine (Sigma-Aldrich; G7513), and 10% FBS (Sigma-
Aldrich; F7524). The cells were passaged every 2-3 d for a
maximum of 15-17 passages. Cells were seeded 1 or 2 d before the
experiment at low density (7,000-10,000 cells per well) in a
glass-bottom 8-well Lab-Tek II chambered coverglass (Thermo
Fisher Scientific, Nunc; 155383).

Permeabilized cell transport assays

Cells for transport assays were rinsed once with 1x PBS and in-
cubated for 10 min at room temperature with 20 nM Hoechst
33342 (Sigma-Aldrich; B2261) to stain the nuclei. Cells were then
washed once with transport buffer (1x TB: 20 mM Hepes, 110 mM
KOAc, 5 mM NaOAc, 2 mM MgOAc, and 1 mM EGTA, pH 7.3) and
permeabilized by incubation for 10 min at room temperature with
digitonin (40 pg/ml). Cells were then washed three times with
1x TB supplemented with 5 mg/ml PEG 6000 (Sigma-Aldrich)
to avoid osmotic shock. After the final wash, excess buffer was
removed, and the transport mix was quickly added to the cells to
start the experiment. The transport mix was composed of 1 pM
Importin a, 1 pM Importin B, 4 .M RanGDP, 2 pM NTF2, 2 mM
GTP, and 0.5 pM cargoes. To allow the import complex to form,
the cargo was first preincubated with Importin § and Importin a
on ice for at least 10 min, then the rest of the transport mix was
added, and the solution was spun down for 10 min at 10,000 rpm
to remove any aggregates. For negative controls, some compo-
nents were left out of the transport mix, as indicated. In passive
transport experiments, no transport mix was added but only the
cargo of interest in 1x TB + PEG. Each experiment was performed
side by side with control cells incubated with fluorescently labeled
70-kD dextran (Sigma-Aldrich; 53471) to confirm nuclear envelope
intactness throughout the whole experiment.

Permeabilized cell imaging

All permeabilized cell imaging was performed at room temper-
ature in 1x TB. Confocal imaging of cell experiments was per-
formed either on a Leica SP8 STED 3x microscope using a 63x oil
objective (NA 1.40), HyD detectors, and LASX acquisition soft-
ware or an Olympus FluoView FV3000 with a 40x air objective
(NA 0.95), spectral GaAsP detectors, and FV31S-SW acquisition
software (for the Traptavidin-GFP-NLS and MS2 cargoes). Illu-
mination and acquisition settings were selected as appropriate
for Hoechst/GFP/mCherry imaging.
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Online supplemental material

Fig. S1 shows device characterization and phase separation con-
ditions. Fig. S2 shows epifluorescence whole device/chip pipeline
analysis. Fig. S3 shows additional cargo controls. Video 1 shows
facilitated transport of NLS-MBP-GFP into FG-Nup49 droplets in
the presence of Importin B. Video 2 shows negative control of fa-
cilitated transport of NLS-MBP-GFP into FG-Nup49 droplets in the
absence of Importin . Video 3 shows negative control of facilitated
transport of M9-MBP-GFP into FG-Nup49 droplets in the presence
of Importin P. Video 4 shows passive exclusion properties of the
liquid state of FG-Nup49 with M9-MBP-GFP cargo. Video 5 shows
passive exclusion properties of the liquid state of FG-Nup49 with
mCherry-12His cargo. Video 6 shows passive exclusion properties
of the liquid state of FG-Nup49 with mCherry cargo.
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Figure S1. Device characterization and phase separation conditions. (A-C) Characterization of the diffusion profile inside the microfluidic device. In such
laminar flow mixers (Ml and MIJ; Fig. 1), mixing occurs only by diffusion (Gambin et al., 2011; Lemke et al., 2009). To illustrate how such a concentration profile
looks, A shows a finite element simulation performed in COMSOL Multiphysics for the second mixer MII. A diffusion coefficient of 10-7 cm?/s (= expected
diffusion coefficient for molecules of the size of Importin B) was used for the biomolecules perfused in the cargo inlet channels. We also characterized the
diffusion profile experimentally: to empirically calculate the concentration of cargo in the center of the main channel, we flowed fluorescently labeled Importin
B in the cargo inlet and measured its concentration at different points in the center of the channel. B shows an image of the microfluidic device when only
fluorescently labeled Importin B was loaded into the cargo inlet (scale bar is 50 um), while from mixer Ml, only PBS was flowing in the Ml region. The red lines
indicate positions at which we calculated the ratio of fluorescent Importin 3 in the center of the channel versus the periphery. The resulting ratio, plotted into
G, revealed a slight increase from =15% to 20% over time/distance traveled. This concentration profile was consistent with the results from the COMSOL
simulation. (D) Quantification of the FG-Nup49 concentration inside the droplets. Five different dye concentration solutions were first introduced inside the
device to obtain an internal calibration curve that was used to estimate the concentration of the droplets based on their fluorescent intensity. For the
quantification, 50 individual droplets were analyzed. As the droplets can differ in size, we compared the protein concentration in relation to droplet area (as
segmented in Image]) and calculated the corresponding percentage polypeptide according to Hinz (2012). (E) Experimental phase separation conditions on a
coverslip assay. Fluorescence images of phase-separated FG-Nup49 particles formed in presence of different concentration of TMAO or crowder (PEG 8000;
scale bar is 10 um). Lyophilized FG-Nup49 was dissolved in a small volume of stock buffer (4 M GdmHCl and 1x PBS, pH 7.0) and rapidly diluted to a final
concentration of 10 uM into 1x PBS containing different concentrations of TMAO or PEG, which yielded similar droplets that were allowed to settle on a
coverslip. TMAO was chosen for droplet experiments on the microfluidic device, as it has faster diffusive properties. As in the device experiments, here also FG-
Nup49 labeled with Cy5 was added to unlabeled FG-Nup at a very small concentration (=20 nM) to visualize the self-assembled particles. Images were taken on
a confocal microscope, Olympus FV3000, using a 63x oil-immersion objective.
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Figure S2. Epifluorescence whole device/chip pipeline analysis. This figure summarizes the analysis pipeline to calculate cargo enrichment into the
droplets when imaging the whole device using a 10x objective and epifluorescence microscopy. (A) Red signal from fluorescence of FG-Nup49 droplets. (B)
Mask obtained by segmenting the red channel (FG-Nup49). (C) Green signal from the cargo fluorescence. (D) Signal of the cargo only in the region of interest
(droplets region) obtained by applying mask B to image in C. (E) Colorimetric image of the ratio between the sum of A and D divided by D. (F) Maximum-

intensity projection of the full ratio video. Scale bar is 50 um.
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Figure S3. Additional cargo controls. (A and B) Facilitated transport of Traptavidin-GFP-NLS in the presence and absence of Importin B/Importin a into the
FG-Nup49 droplets studied using a 10x objective and epifluorescence microcopy (whole device). This experiment was particularly challenging because of
precipitation of cargo/NTRs complexes inside the device (likely due to the tendency of traptavidin to multimerize). Despite this issue, we could observe a
remarkable difference between the experiments in the presence and absence of NTRs (A and B, respectively). The maximum-intensity projection in the figure
shows the enrichment of the cargo into the droplets along the device. As for all the facilitated transport experiments shown in this article, the functionality of
this cargo was also tested in cells with and without NTRs (top row A and B, respectively). Scale bar is 50 um. (C) Facilitated transport of IBB-mCherry in the
presence of Importin B inside the FG-Nup49 droplets studied on a confocal microscope. This is the positive control corresponding to Fig. 3 C. The IBB-mCherry/
Importin  mix was preincubated at a 1:1 ratio for 30 min before the start of the microfluidic experiment. The interaction between this cargo and the FG-Nup49
droplets is evident in the cargo channel. The top row shows functionality of the IBB-mCherry cargo in permeabilized cell assays. The last row shows the region
of the device in which confocal imaging was performed; all images in Fig. 3 were recorded in this same region. Scale bar is 20 um, acquired on a custom
confocal microscope with a 60x objective (water).
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- Video 1. The ratiometric image series of how IBB-MBP-GFP enriches in FG-Nup49 droplets in the presence of Importin .
Corresponds to Fig. 2 A. Scale bar, 50 um. Frame rate, 10 frames/s.

Video 2. The ratiometric image series of how IBB-MBP-GFP does not enrich in FG-Nup49 droplets in the absence of Importin f.
Corresponds to Fig. 2 B. Scale bar, 50 pm. Frame rate, 10 frames/s.

Video 3. The ratiometric image series of how M9-MBP-GFP does not enrich in FG-Nup49 droplets in the presence of Importin
B. Corresponds to Fig. 2 C. Scale bar, 50 um. Frame rate, 10 frames/s.

Video 4. Side-by-side FG-Nup49 channel (left) and M9-MBP-GFP channel (right), revealing a rim stain of the cargo. Corre-
sponds to Fig. 3 A. Scale bar, 20 pm. Frame rate, 5 frames/s.

Video 5. Side-by-side FG-Nup49 channel (left) and mCherry-12His channel (right), revealing a rim stain of the cargo. Cor-
responds to Fig. 3 B. Scale bar, 20 um. Frame rate, 5 frames/s.

| Video 6. Side-by-side FG-Nup49 channel (left) and mCherry channel (right), revealing no interaction between the cargo and
the FG-Nup droplets. Corresponds to Fig. 3 C. Scale bar, 20 um. Frame rate, 5 frames/s.
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