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Selective transport across the nuclear envelope (NE) is mediated by
the nuclear pore complex (NPC), a massive ~100-MDa assembly
composed of multiple copies of ~30 nuclear pore proteins (Nups).
Recent advances have shed light on the composition and structure
of NPCs, but approaches that could map their organization in live
cells are still lacking. Here, we introduce an in vivo method to
perform nuclear radial intensity measurements (NuRIM) using
fluorescence microscopy to determine the average position of
NE-localized proteins along the nucleocytoplasmic transport axis.
We apply NuRIM to study the organization of the NPC and the
mobile transport machinery in budding yeast. This reveals a
unique snapshot of the intact yeast NPC and identifies distinct
steady-state localizations for various NE-associated proteins and
nuclear transport factors. We find that the NPC architecture is
robust against compositional changes and could also confirm that
in contrast to Chlamydomonas reinhardtii, the scaffold Y complex
is arranged symmetrically in the yeast NPC. Furthermore, NuRIM
was applied to probe the orientation of intrinsically disordered FG-
repeat segments, providing insight into their roles in selective NPC
permeability and structure.

nuclear pore complex | superresolution | nucleoporins | quantitative
fluorescence microscopy | FG repeats

he nuclear pore complex (NPC) provides the essential pas-

sageway for proteins and RNAs across the nuclear envelope
(NE), which separates the nucleus from the cytoplasm in eu-
karyotes (1, 2). NPC malfunctions are associated with a spectrum
of detrimental conditions including aging-related disorders, in-
fectious diseases, neurodegeneration, and cancer (3, 4). In recent
years, electron microscopy (EM) coupled to integrative modeling
has greatly contributed to delineating the architecture of the
NPC despite its sheer size and compositional heterogeneity (5-8).
Current structural NPC models reveal the double-layered lipid pore
membrane, overall 8-fold rotational symmetry of the NPC, and
finer anatomical details including the nuclear basket, cytoplasmic
export platform, and core scaffold where distinct ring-like features
are recognized (Fig. 14) (9-12). By relying on a powerful set of
inferential methods (aka “integrative modeling”), high-resolution
models of the NPC were presented that account for most known
NPC features. However, given the limited resolution of current
NPC tomograms (~3 nm) and the high structural similarity among
nucleoporins (Nups), the fitting of individual protein structures into
the EM density of entire NPCs has been a formidable challenge,
critically dependent on orthogonal input such as restraints from
chemical cross-linking data, symmetry considerations, and accurate
stoichiometry (5, 13-16).

We previously introduced technology to precisely determine
the stoichiometry of molecular complexes in the yeast NE by
fluorescence intensity measurements (Fig. 1 B-E) (16). That
method was applied to the yeast NPC, revealing 16 copies per
NPC for most Nups as well as a capacity for NPCs to remain
functional despite alterations in their composition, a type of
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robustness termed “compositional plasticity” (1, 9, 10, 16-18).
However, whether compositional plasticity is also reflected by
structural plasticity is unexplored. Also, it has proven difficult to
obtain positional information for the intrinsically disordered
Phe-Gly (FG) repeats. Yet these are essential functional ele-
ments that endow the NPC with the capacity to interact selec-
tively and transiently with cognate transporters as well as the
NPC core (19). It has been suggested that FG repeats play an
additional role in NPC assembly and stability via multivalent
interactions with scaffold Nups (20), and that nuclear transport
receptors form a pool at the NPC, influencing the permeability
properties of the NPC (Fig. 14) (21-23). However, because of
the intrinsically disordered nature of FG repeats, these essential
functional elements remain a challenge for current structural
approaches (5, 14, 20, 24-27).

In this study, we develop an in vivo quantification tool named
nuclear radial intensity measurements (NuRIM) to extract the
average position of Nups and associated transport factors along
the nucleocytoplasmic transport axis. This provides us with a tool
to comprehensively reexamine the organization of the native
yeast NPC and the nucleocytoplasmic transport machinery.

Significance

The nuclear pore complex (NPC) is a huge protein assembly that
selectively transports macromolecules across the nuclear en-
velope (NE) of eukaryotes. Determining the precise organiza-
tion of that machinery has been a long-standing goal of
structural biology. Here, we introduce a methodology called
NuRIM that can map the average position of NE proteins in vivo
based on the analysis of intensity patterns in fluorescence
micrographs. This generally applicable technique delivers a
precise positional map of the native yeast NPC and associated
factors. Further, it allows us to investigate the structural con-
sequences of NPC compositional perturbations, and to orient
specific protein segments that play an essential role in NPC
transport and assembly.
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Fig. 1. Description of the NuRIM method. (A) State-of-the-art electron
density map of the yeast NPC adapted from the work of Kim et al. (5) in-
troduces salient features of the NPC including a central channel permeated
by a central “transporter,” framed by the NPC core. UCSF Chimera software
was used to display a density map at the recommended threshold of 0.015
(64). (B) Bright-field image of S. cerevisiae cells. (C) The luminal dsRed-HDEL
reference is used for NE tracing. (D) Using automated image analysis, NEs are
precisely outlined and their center is determined (cross-hair). (E€) Nup-yEGFP
channel allows quantifying Nup abundance and radial shift relative to the
dsRed-HDEL reference channel. (F) Dilated NE traces restrict analysis to in-
formative area only. (G-/) Lines from the nuclear center intersect the NE.
Intensity profiles along these lines are then fitted with Gaussian functions,
allowing the measurement of the radial shift of a given Nup, for example,
Nup159-yEGFP (green) against the dsRed-HDEL reference profile along the
same ray (red). Averaging thousands of such differential measurements
delivers structural information on NPC architecture with nanoscale accuracy
(SI Appendix). (Scale bars, 1 pm.)

Results

NuRIM: A Superresolution Technique to Map GFP-Tagged Nucleoporins
in Native NPCs. NPCs are ~100 nm in size, suggesting that it is
impossible to resolve subfeatures under optical microscopy (Abbe’s
diffraction limit is ~200 nm for fluorescence microscopy) (9, 11, 17,
28). Superresolution may nonetheless be reached by single-
molecule excitation or by averaging many noisy measurements of
the same quantity (28, 29). One fruitful application of the latter
principle has been single-particle EM, whereby thousands of noisy
images are averaged into structures reaching subnanometer reso-
lution (12, 30). We set out to utilize similar principles under
fluorescence microscopy to map the relative positions of Nups
(31). To implement such an approach, we took advantage of yeast
strains coexpressing yeast-enhanced GFP (YEGFP)-tagged Nups
together with dsRed-HDEL serving as a fluorescent NE fiduciary
marker (16, 32). The NE signal in the immediate proximity of the
NPCs allows differential measurement of small-scale radial shifts
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(called “heights” for brevity) of Nups with respect to the NE
marker, and thus to systematically arrange most Nups according
to their radial position within the NPC (Fig. 1). By convention,
the origin of coordinates lies at the NPC center of mass; negative
coordinates are directed toward the cytoplasm and positive co-
ordinates toward the nucleus. For example, we would obtain a
positive value for the position of the nuclear basket component
Nup60-yEGFP (Dataset S1, sheet 1).

To gauge the theoretical accuracy of NuRIM (see SI Appendix
for accuracy and precision notions), we generated 160,000 simu-
lated 3D image stacks of NEs under variable conditions of NPC
signal intensity and confounding background fluorescence in the
cytoplasm and nucleus (Fig. 2 and SI Appendix, Fig. S1). Errors

E Surface error at NE signal=2

=y

AZ(nm)

Fig. 2. Testing NUuRIM'’s theoretical accuracy using simulated data. (A) Point-
like NPCs (green solid dots) and reference fiduciary markers (red open dots) are
distributed on the NE, itself modeled as a sphere. Variable levels of con-
founding fluorescence are introduced inside and outside the NE (blue open
dots). (B) Convolution with a realistic point spread function (PSF) yields 3D
diffraction-limited stacks (a 3D rendering of the NE is shown). (C and D) Single Z
slices sampled from the simulated image volumes. Small transverse shifts in the
distributions of NPCs away from the NE lead to measurable subpixel shifts in
the simulated images (red and green dashed circles). (E) Over 10 million sim-
ulated images were generated under variable background conditions. The plot
shows the error made by NuRIM when recovering the ground-truth shift for an
NE signal level corresponding to nucleoporins. Black dots represent average
shift error for batches of 64 simulated images. The fitting surface was obtained
using neural network training, thus yielding estimates of bias error in any
background conditions. These small bias errors are subsequently subtracted
from experimental values to obtain adjusted positions (S/ Appendix and S/
Appendix, Fig. S1). (Scale bars, 1 um.)
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were characterized extensively by comparing the positions re- same object (e.g., by dividing one’s dataset into 2 halves, or by
covered by NuRIM_ against a known .groul}d truth (q.g., 0 nm  relying on 2 independent techniques) and then measures by how
when no shift was lmpqsed); For typical 51gqal conditions en-  much they differ after rigid registration, using the pairwise rmsd
cogntered durmg Nup imaging, errors .rer.nalned belgw 5 nm - criterion (33, 34) (Fig. 34 and SI Appendix). To apply that pro-
(Fig. 2E). A major benefit of that ar}alyms is that one is able to (/.01 1o NuRIM, we independently collected structural in-
subsequently subtract these small biases from the values mea- L . L. . .
? . . . formation in haploid and diploid strains, registered the 2
sured experimentally to obtain adjusted coordinates, referred to . . . Lo
corresponding 1D structures (by iterative minimization of the

as “position” (SI Appendix and SI Appendix, Fig. S1). Altogether, . . .
these simulations suggest that gathering structural information ~ 'mSd), and obtained a pairwise rmsd accuracy of 0.7 nm (Fig. 34

for the Nups along the nucleocytoplasmic axis using wide-field ~and Dataset S1, sheet 2). Diploid cells are larger than haploid
microscopy is possible. cells, so the experiment also served to test accuracy against

To assess experimental accuracy in ultramicroscopy, one typ-  Vvariations in the nuclear diameter (35). Assuming that the NPC
ically performs 2 independent structure determinations of the  structure is identical in haploid and diploid cells (SI Appendix,
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Fig. 3. Testing the accuracy of NURIM. (A) Haploid nuclei are smaller than diploid nuclei, but the recovered Nup positions in both cases were highly consistent
(pairwise rmsd = 0.7 nm; error bars always represent the SEM except when stated). Schematics illustrates the general notion of the pairwise rmsd serving to
assess the accuracy of structural methods. (B) Another strategy to test NURIM accuracy was to compare the predicted average positions for double mutants
with the positions actually measured (pairwise rmsd = 2.7 nm). (C) To test NuRIM'’s robustness against variations in background fluorescence, soluble yEGFP-
NES and yEGFP-NLS were overexpressed on top of Nup84-yEGFP (pairwise rmsd = 2.4 nm) (36). (Scale bars, 1 um.)
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Fig. S3), we concluded that our method can map the average
position of individual Nups with nanometer accuracy.

To provide an independent estimate of accuracy in a more
complex setting, we used strains simultaneously expressing 2
different yEGFP-tagged Nups (Fig. 3B). These cannot be re-
solved as they occupy the same diffraction-limited volume, but
their simultaneous presence is expected to lead to a radial shift
of their combined signal compared with the singly labeled
strains. The predicted position /¢ for the double mutant is the
center of mass of the combined yEGFP distributions: 4c = (11 X
hy + ny X hy)/(ny + ny), where the copy numbers #n; and n, and
positions /4 and A, are obtained experimentally from the singly
labeled strains. By comparing those predicted values with the
experimental ones, a pairwise rmsd accuracy of 2.7 nm was
obtained (Dataset S1, sheet 3).

The presence of nuclear or cytoplasmic background fluores-
cence is expected to affect the distribution of the measured Nup
signal at the NE and could thus introduce errors into our positional
assignments. To test robustness against background fluorescence
under challenging conditions, we selected 2 fluorescently tag-
ged Nup strains (Nup84-yEGFP and Nupl59-yEGFP) and
overexpressed free yEGFP fused either to a nuclear export
sequence (NES) or a nuclear localization sequence (NLS) (36)
(Fig. 3C). Despite prominent background fluorescence, positions
remained very consistent (pairwise rmsd = 2.4 nm; Dataset S1,
sheet 4).

It is widely appreciated that fluorescence-based measurements
can be affected by the environment, for example by changes in
pH or polarity (37). To assess potential interferences within the
NPC environment, we increased the length of the flexible linkers
between the yEGFP and its Nup to a total of 102 amino acids,
thereby attempting to release the yEGFPs from any local effects
(16). This only led to minimal positional changes (pairwise
rmsd = 1.6 nm; Dataset S1, sheet 5). These accuracy results
compare favorably with state-of-the-art positional uncertainties
of ~6 nm in immunogold electron microscopy (IEM) (9, 38, 39).

We also examined whether the maturation kinetics of yEGFP
coupled to variable turnover at the NPC could possibly affect our
measurements. Thus, we generated strains tagged with “super-
folder GFP,” a variant specially developed for rapid folding (40).
These measurements led to an rmsd of 1.1 nm by pairwise
comparison with the original yEGFP-based results (Dataset S1,
sheet 6).

Finally, we also wanted to assess how signal strength and
bleaching influence our measurements. To this end, we contin-
uously photobleached a single field of view until the fluorescence

intensity decreased to less than 10% of the original signal. The
measured Nup positions remained surprisingly stable even at the
lowest signal intensities (SI Appendix, Fig. S2).

Additional tests to appreciate the role of chromatic aberra-
tions, NE size (SI Appendix, Fig. S3), and projection effects (SI
Appendix, Fig. S5) are deferred to SI Appendix. It turns out that
projection effects can be compensated by the introduction of a
“projection factor” slightly larger than 1, and that chromatic
effects are minimal and can be eliminated by performing color
registration. Altogether, our tests indicate that NuRIM offers an
average accuracy of ~2 nm, which is on par with that of IEM
(Table 1).

NuRIM Reveals the Position of Stably Anchored Nup Domains Along
the Nucleocytoplasmic Transport Axis and Demonstrates Robustness
of the NPC Structure Against Compositional Changes. Owing to ex-
tensive averaging, systematic position measurements produced
by NuRIM for yeast Nups had high precision—providing a 1D
map with an average SEM equal to 1.5 nm across 28 Nups (Fig.
44 and Dataset S1, sheet 1). The NPC is akin to a modular as-
sembly of stable subcomplexes (2). The majority of yeast Nups
are believed to be symmetrically organized along the NPC
transport axis, with half of the copies facing the nucleus and the
other half facing the cytoplasm (2). Since the symmetric units
occupy the same diffraction-limited volume they cannot be re-
solved under fluorescence microscopy, and we can only de-
termine their average position in between the 2 symmetric units
along the transport axis. By contrast, Nup82 and Nup159, that
both belong to the mRNA export platform, exclusively face the
cytoplasm (12, 41). Thus, considerations of symmetry do not play
a role for these Nups. NuRIM measured average positions of
—8.6 + 2.3 nm for Nup159 compared with —11.5 + 1.8 nm for
Nup82 (Dataset S1, sheet 1). Further, Glel, which is known to
interact with the same subcomplex, was mapped at —7.4 +
1.9 nm. Interestingly, the only other Nups seen within a range of
3 nm were Nupll6 (h = —7.3 = 1.8 nm), consistent with its
known interaction with Nup82 (42), as well as Nup42 (h = —9.5 +
1.9 nm), another documented interactor (43). Altogether, this is
consistent with previous reports that depict the export platform
hovering over NPCs (41). Additional Nups are likely to localize
nearby but, owing to symmetry, their average location is close to
the midplane (Fig. 44).

On the other side of the NPC, the asymmetric nuclear basket
nucleoporins comprising Nupl (12.8 + 3.0 nm), Nup60 (14.7 +
0.5 nm), Mlp1 (36.2 = 1.1 nm), and Mlp2 (13.0 + 1.5 nm) were in
agreement with integrative models as well (Fig. 44) (5, 9).

Table 1. Accuracy of NuRIM evaluated using various approaches
Rmsd
Approach accuracy, nm Comments
Nup positions in haploid strains compared 0.7 4 haploid Nup-yEGFP strains versus matching
with diploid strains (Fig. 3A) diploids (Dataset S1, sheet 2)
Positions in double mutants compared with 2.7 5 double-mutant combinations (Dataset S1, sheet 3)

predicted values based on data from single
mutants (Fig. 3B)
Positions in base strain compared with strains 2.4
where soluble yEGFP is enriched in the
cytoplasm or nucleoplasm (Fig. 3C)

Positions in base strain compared with strains 1.6
with 102-aa linkers to yEGFP

Positions in base strain compared with 1.1
superfolder GFP strains

Positions in Y complex obtained using 2 1.9
different NE reference probes (Fig. 4C)

Average accuracy 1.55

2 Nup-yEGFP base strains, 6 Nup-yEGFP strains in
total (Dataset S1, sheet 4)

3 Nup-yEGFP base strains (Dataset S1, sheet 5)
4 Nup-yEGFP base strains (Dataset S1, sheet 6)

5 Nup-yEGFP strains from the Y complex
(Dataset S1, sheet 7)
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The symmetrical organization of scaffold Nups was recently
shown not to hold for the NPCs of Chlamydomonas reinhardtii,
where an asymmetry of the Y complex (also called the Nup84
subcomplex) was demonstrated (44). For budding yeast, how-
ever, it is generally accepted that such bilateral symmetry does
hold (2, 5, 9). Therefore, one would expect to obtain identical
NuRIM average positions for all symmetric Nups, as illustrated
in Fig. 4B. Conversely, the observation of any difference in the
average height of Nups from the Y complex could indicate that
such a symmetry holds only approximately.

The coordinates of the Y complex members determined by
NuRIM did not differ strongly and overall coincided with those
of other “symmetric Nups” (Fig. 4 A and C). By linear fitting, we de-
termined that the long axis of the Y complex is on average slanted by as
little as 3°, a result that could be reproduced independently using

14610 | www.pnas.org/cgi/doi/10.1073/pnas.1903764116

Sec61-mCherry instead of dsRed-HDEL as the NE fiduciary marker
(Fig. 4C and Dataset S1, sheet 7). Thus, NuRIM does not provide
evidence of asymmetry in the organization of the yeast Y complex.

It was previously shown that some NPCs with altered com-
positions are still functional, namely they do exhibit an intriguing
plastic character (16, 18, 20, 45, 46). We therefore wanted to test
whether such “plastic” NPC variants would also exhibit structural
plasticity, that is, whether structural anomalies could be de-
tected. In one such instance, deletion of Nup170 in a Nupl57-
yEGFP strain led to functional NPCs, where the missing Nup170
was not substituted by its paralog, Nup157-yEGFP (16). NuRIM
measured an average position of —0.3 = 0.8 nm for the Nup157-
yEGFP strain and 0.5 + 0.5 nm in nupl70A, suggesting that no
major structural changes had occurred despite the compositional
changes (Dataset S1, sheet 9).
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Table 2. Comparison of NuRIM results with reference values
from the literature

Kim et al. Alber et al. Rout et al.
Nucleoporin  NuRIM, nm (5),* nm 9)," nm ), nm
Nup133 3.4 -0.3 0.0 0.0
Nup84 1.7 1.7 0.0 0.0
Nup145C -0.6 -1.7 0.0 0.0
Nup85 1.4 0.4 0.0 0.0
Nup120 14 ~0.2 0.0 0.0
Seh1 2.1 0.2 0.0 0.0
Nic96 -2.9 0.7 0.0 0.0
Nup188 -0.5 -0.3 0.0 0.0
Nup192 -2 0.9 0.0 0.0
Nup157 -0.3 0.5 0.0 0.0
Nup170 15 0.7 0.0 0.0
Nup53 2.0 -0.5 0.0 0.0
Nup59 -2.8 1.7 0.0 0.0
Nup57 -0.1 0.9 0.0 0.0
NDC1 1.3 1.3 0.0
Pom152 -0.31 0.1 0.0 0.0
Pom34 1.9 1.1 0.0
Nup116 -7.3 -19.6 -13 -28
Nup100 1.7 -95 -8 -32
Nup159 -8.6 -16.5 -13 -27
Nup42 -9.5 -21.9 -13 -35
Nup82 -11.5 -20.7 -13 -52
Gle1 -7.4 -17.2 =11 -22
Nup1 12.8 7.2 12 53
Nup60 14.7 14.8 14 41
Mip1 19.7 36.2
Mip2 17 12.9

*Values were sourced from the reference probability density maps using
UCSF Chimera software with the “measure center” command (5). Thus, by
virtue of averaging across symmetric units, many Nups are close to 0 nm. This
facilitates comparison with NuRIM results where such averaging cannot be
avoided.

"Values were sourced from reference supplementary figure 25 in ref. 9. Nups
considered “symmetric” were rewritten here as “0.0” nm to facilitate com-
parison with NuRIM results.

*Values were sourced from reference table Il in ref. 2. Nups considered
symmetric were rewritten here as 0.0 nm to facilitate comparison with
NuRIM results.

The reverse scenario whereby NUP157 was deleted also pro-
duced a viable strain but, in this case, overexpression of an addi-
tional copy of Nup170-yEGFP from the URA3 locus was shown to
generate functional pores displaying twice the stoichiometry of
Nup170 compared with the wild-type pores (16). Again, positional
changes were quite small: from # = 1.5 + 0.7 to —0.9 + 0.7 nm upon
deletion of Nup157, and from 1.5 + 1.5 to 2.9 + 0.5 nm upon
overexpression of Nupl70-yEGFP. In this latter case, the lack of
significant changes may be explained by the similarity of the average
position for both Nups involved.

Likewise, for Nup192-yEGFP, deletion of its ancient paralog
Nup188 brought the initial position of Nupl192-yEGFP from
—2.0+1.1to —1.2 + 0.3 nm (47), and overexpression of Nup192-
yEGFP from the URA3 locus which was previously shown to lead
to partial substitution led to a position of —=3.9 + 0.2 nm (16).

Finally, we examined the case of Nic96-yEGFP. When tagged
C-terminally, that Nup was only present on average in 24 copies
per NPC, but when tagged N-terminally, 32 Nic96-yEGFP copies
were counted (16). We applied NuRIM to both strains and
measured a change from —3.4 + 0.6 nm for the C-terminal strain
to —2.9 + 1.8 nm for the N-terminal strain.

None of the changes reported in these plasticity experiments
were significant at a 5% level. Thus, the NPC structure appears
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to be robust against compositional changes that do not affect
biological function (48).

We then asked whether environmental changes could affect
the NPC organization. Thus, we monitored the positions of various
yEGFP-tagged strains upon acute glucose starvation. The overall
organization of the NPC did not change significantly, as shown by
relatively constant positions for Nup120-yEGFP or Nup116-yEGFP
(Fig. 4D), for example. However, Nups that were tagged N-
terminally at the extremity of their intrinsically disordered FG re-
peats showed more variability: It appeared that the GFP tags of
yEGFP-Nup116 and yEGFP-Nupl59 both moved toward each
other by approximately 3 nm (Fig. 4D). Although this change was
not significant at a 5% level, the experiment illustrates how NuRIM
could be employed to track changes in the distribution of Nups
over time.

NuRIM Reveals Steady-State Localization for the Mobile Phase of the
Nucleocytoplasmic Transport Machinery. NuRIM is not limited to
the analysis of nucleoporins. We thus examined a panel of NE-
enriched proteins consisting mainly of karyopherins and mRNA
transport factors integral to the function of the transport ma-
chinery (43) (Fig. 44). An average position of —20.1 + 6.7 nm
was obtained for DbpS5, in agreement with its documented in-
teractions with Nup159 and Glel and its role in remodeling
mRNPs at the terminal stage of the export process (49). The
exportin XPO1 (CRM1) was found in close proximity (—21.1 +
3.2 nm) and had almost the same abundance (16.1 + 5.0, versus
16.8 + 3.0 copies for Dbp5). In contrast to these cytoplasmic-
facing factors, the majority of transport factors tested were lo-
cated on average medially in the NPC. For example, Kap95 was
found at —1.0 + 3.3 nm, while Mex67 was at —1.2 + 0.5 nm on
average (Fig. 44 and Dataset S1, sheet 10). Interestingly, when
applied to purified nuclei that were gently released by osmotic
shock in an excess of buffer (no detergents or fixatives were
used), NuRIM analysis showed that a significant fraction of
Mex67-yEGFP and Kap95-yEGFP remained at the NPC and
that these factors retained their position relative to Nup84 (50)
(Dataset S1, sheet 12).

To test NuRIM beyond the NPC architecture, we next attempted
to determine the localization of transmembrane proteins found at
the NE. Consistent with previous reports (26, 51), we found Heh1
(8.1 = 3.3 nm) and Heh2 (8.7 = 3.3 nm) biased toward the
nuclear side (Dataset S1, sheet 10). Likewise, and despite weak
expression levels, the paralogs Brll (14.4 + 3.1 nm) and Brr6
(11.1 + 1.3 nm) were clearly nuclear-facing (52) (SI Appendix,
Fig. S4). We conclude that NuRIM may be applied to address
other NE-related questions that hitherto demanded time-
consuming IEM measurements.

NuRIM Allows the Study of Intrinsically Disordered FG Repeats. The
ability of NPCs to transport larger substrates only when these are
bound to transport factors remains one of the most enigmatic
features of NPCs (53). Most models that have been put forth to
account for this selective behavior have focused on the role of
FG repeats. For example, these were proposed to form a labile
and dynamic polymer brush or phase providing a set of transient
binding sites for transport factors (23, 54).

The NPC model of Kim et al. (5) represents the FG repeats as
dynamic polymer brushes protruding from their anchor sites and
projecting on average toward the NPC 8-fold axis. When we
tagged Nup116 N-terminally with yYEGFP at the extremity of its
FG repeats, we measured a position 8.2 + 3.1 nm deeper than
the Nup116 variant tagged at the C terminus, and docked to the
outer ring (Dataset S1, sheet 8). Thus, our data suggest that
these FG repeats point on average toward the inner-scaffold
Nups (Fig. 54). This orientation is consistent with the presence
of cohesive interactions between the FG repeats of Nup116 and
inner-scaffold Nups (20, 55). It is also consistent with other types
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Fig. 5. Characterizing FG repeats using NuRIM. (A) Comparing results from
C-terminal versus N-terminal tagging of Nup116 revealed that the flexible
region of Nup116 (including both its FG-repeat region and a short linear
interaction motif [SLIM]) are directed on average toward the core scaffold
Nup188 (Ah = 8.2 + 3.1 nm). INM and ONM indicate the inner and outer
nuclear membranes, respectively. (B) Repressing the scaffold Nup188 led to a
partial release of Nup116 toward the cytoplasm (Ah = 3.8 + 0.5 nm) (see also
figure 4G in ref. 20). (C) Comparing the positions of C-terminally versus N-
terminally tagged Nup159 confirms the view that cytoplasmic-facing FG
Nups more typically protrude into the cytoplasm (Ah = 3.1 + 2.2 nm).

of interactions that have been detected between those scaffold
Nups and a short linear interaction motif (SLIM) in Nupl16
adjacent to its FG-repeat stretch (5, 7, 56). Indeed, in a mutant
where the SLIM was deleted, the abundance of Nup116-yEGFP
at the NE decreased by 55% (Dataset S1, sheet 8). To address
whether the FG repeats of Nupl16 contribute to interactions
with scaffold Nups beyond those already provided by the SLIM,
we exploited 2 otherwise identical versions of Nupl116-yEGFP
comprising the same native SLIM and the same truncated
C-terminal domain. The first version kept its native FG repeat
but, in the second one, all phenylalanines were replaced by al-
anines to abolish putative interactions mediated specifically by
the FG repeats (20). Consistent with a distinct role for those FG
repeats, the GFP on the second Phe-to-Ala Nupl16-yEGFP
version variant shifted on average by 6.5 + 3.5 nm farther into
the cytoplasm (Dataset S1, sheet 8).

To further probe the interactions between the cognate domains
of Nupl16 and the scaffold Nup188, we depleted Nupl88 via a
methionine-repressible PMET3 promoter controlling its expression
(20). Following repression of Nup188, Nup116-yEGFP moved by
3.8 + 0.5 nm farther into the cytoplasm, compatible with the notion
that Nup188 indeed contributes to anchoring Nup116 to the NPC
scaffold (Fig. 5B and Dataset S1, sheet 8). This effect was specific:
For example, as shown earlier, the deletion of Nup188 did not lead
to significant positional shifts for Nup192-yEGFP.

Cytoplasm-facing FG NUPs are typically depicted as hairbrush
structures protruding randomly into the cytoplasm, a picture at
odds with Nup116 as was just shown. We thus labeled Nup159 N-
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terminally with yEGFP at the extremity of its FG repeats. Com-
pared with the C-terminal counterpart, yYEGFP was 3.1 + 2.2 nm
farther into the cytoplasm, this time consistent with the dynamic
hairbrush picture (57) (Fig. 5C).

Altogether, these results are revealing of the multifaceted
roles played by FG repeats and establish NuRIM as a suitable
tool for their study.

Discussion

We have developed an in vivo wide-field microscopy technique,
NuRIM, which provides insight into the organization of native
yeast NPCs at a precision and accuracy of ~2 nm. We have also
demonstrated that NuRIM is a generally applicable method that
simplifies localization analysis of NE-associated proteins and
complexes. As a 1D methodology that necessitates fluorescent
tagging, NuRIM will not replace EM or X-ray diffraction but
provides a complementary viewpoint: In contrast to those tech-
niques, it operates on live cells and conclusive analyses may be
conducted within a few hours, compared with weeks or months
(58). One should bear in mind, however, that NuRIM is not a
single-molecule technique: It measures the full complement of
proteins intimately associated with the NE rather than only those
exclusively present in the NPC. This might possibly explain some
of our observations—for example, the fact that the paralogs
Mip1 and Mlp2 did not colocalize exactly (Fig. 44). Indeed, it
has been shown previously that these Nups can also be present at
the NE independent of their structural role within NPCs (16, 59).
This might also explain our finding that Nup100 is on average
found symmetrically whereas its paralog Nup116 is not. How-
ever, an alternative explanation is that Nup116 is asymmetrically
localized as part of the cytoplasmic RNA export platform,
whereas Nup100 is not a member of this complex (60).

Similar to a recently introduced technique named “surface-
induced FRET,” NuRIM can deliver estimates of distances be-
tween proteins positioned distally at the NE, yet it does not
depend on engineered surfaces nor does it require complex
calibration (24). In addition, several other techniques have been
developed recently to study NE protein localization, including
single-point FRAP, bimolecular fluorescence complementation,
FRET, and enzymatic-based methods (14, 27, 61, 62). Due to
NuRIM’s accuracy and simplicity, we anticipate that it will be
widely used for such localization studies. Another exciting prospect
for NuRIM will be to characterize NPCs in various conditions of
cell stress, cell cycle, age, and assembly stages, thus promising to
capture the wide gamut of NPC plasticity.

In this contribution, we have mainly examined the native NPC
architecture in the presence of all accessory proteins. Our results
are largely consistent with data obtained previously using IEM,
although they portray a somewhat flatter NPC (2, 9, 39). NuRIM
also corroborates recent integrative models of entire NPCs (5).
In particular, the Y complex appeared symmetric on average
(44). By contrast, an interesting example of asymmetry was
revealed by the analysis of the FG repeats of Nup116, which—
contrary to those of Nup159—were found to project on average
into the NPC channel, possibly serving a cohesive function in
addition to their role in transport (20). NuRIM appears unique
as a technique that can provide positional information on in-
trinsically disordered regions present in as much as ~30% of the
human genome (63).

Applying NuRIM to functional NPCs off-balance in their
composition revealed that their morphology was quite robust
against such manipulations. In keeping with the structure—function
paradigm, it appears that compositional changes in NPCs are tol-
erated if they preserve the structural integrity of the complex. In
conclusion, NuRIM represents a timely addition to the toolkit of
biologists interested in the structure and assembly of membrane-
associated complexes.

Vallotton et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903764116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903764116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903764116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1903764116

Materials and Methods

Yeast cells expressing yEGFP-tagged Nups were grown in synthetic complete
media to log phase (optical density 0.7) and imaged in concavalin A (Sigma-
Aldrich)-coated MatriPlates (Matrical Technologies) using an epifluorescence
microscope (Nikon Ti-E) equipped with an sCMOS camera (Hamamatsu Flash
4.0). A Nikon 100x Plan-Apo objective N.A. 1.4 was used. Pixel size was 65 nm
in object space. NIS Element software controlled image acquisition and
the GFP/RFP filter settings were used. All yeast strains used for quantita-
tive analysis of Nup-yEGFP intensity also expressed dsRed-HDEL (or Sec61-
mCherry when stated). Exposure time was 500 ms and LED power was set to
50% except when indicated otherwise. Further information for researchers
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