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Figure 1. The orientation of Nup-mEGFP fusion proteins can be measured in individual NPCs with pol-TIRFM. (A) Using pol-TIRFM, the bottom of the

nucleus is illuminated and Nup-mEGFP fusion proteins are excited with p̂-polarized or ŝ-polarized light. p̂-excitation is parallel and ŝ-excitation is

perpendicular to the nucleocytoplasmic axis of the NPC. The emission from Nup54-mEGFP fusion proteins in HeLa cells in response to each excitation

is shown in the right column. (Scale bar = 10 mm). (B) p:s ratios, a measurement of orientation of mEGFP, are calculated for each NPC and represented

with a color scale. (C) Schematic of the NPC indicating the Nups studied. (D) Schematic of the mEGFP placement within the Nups. (E) Nup54-mEGFP

constructs with flexible or rigid linkers in between the Nup and the mEGFP. With each additional amino acid in a rigid alpha helix, the mEGFP rotates

103˚ relative to the Nup, which does not happen with a flexible linker. (F) The p:s ratios of Nup54-mEGFP494 fusion proteins with a rigid linker shift with

the addition of each amino acid. (G) The p:s ratios of Nup54-mEGFP494 fusion proteins with a flexible linker do not shift upon amino acid additions.

(n = 300 NPCs, 10 cells, boxes indicate quartiles, center bars indicate medians, one-way ANOVA with post-hoc Tukey test).
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Figure 1—figure supplement 1. The orientation of Nup-mEGFP fusion proteins can be monitored with pol-TIRFM. Four different Nup-mEGFP

(Nup133, Nup93, Nup54, and Nup58) were transiently expressed for 48 hr in HeLa cells. (Columns 1–2) The constructs were alternately excited with p̂-

polarized (perpendicular to the coverslip) and \hat{s}-polarized (parallel to the coverslip) light (Scale bar = 10 mm). (Column 3) The p:s ratios, a

measurement of orientation of mEGFP relative to the coverslip are calculated for each NPC. The color of the dot represents the p:s ratio of the NPC

upon which it is superimposed. The box plot represents the data directly taken from the cell next to it. Each dot represents the p:s measurement of a

single NPC. (Column 4) The difference from the mean divided by the standard deviation is shown in the final column, illustrating how the p:s ratio does

not vary with respect to the basal surface of the nucleus and that the cell holds its nuclear envelope parallel to the coverslip.
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Figure 2. Varying the length of the linker between the Nup and the mEGFP by single amino acids to test validity

of the orientational sensors. (A) Nup133-mEGFP, with linkers of different lengths at its carboxyl terminus,

conjugated to mEGFP. A change in the linker length by a single amino acid changes the p:s ratio. Pairs of different

rigid alpha-helical linkers of the same length generate indistinguishable p:s ratios. (B) Nup93-mEGFP with different

linker lengths to mEGFP at the carboxyl terminus. One deleted amino acid shifts the p:s ratio. (C) Nup58 with the

mEGFP at the carboxyl terminus of the coiled-coiled domain. Each subsequent deletion of a single amino acid

alters the p:s ratio. (D) Nup54-mEGFP494 with the mEGFP at the carboxyl terminus of the coiled-coiled domain

(Amino Acid: 494). Each subsequent deletion of a single amino acid changes the p:s ratio. (E) Nup54-mEGFP510

with the mEGFP at the carboxyl-terminus of the protein (Amino Acid: 510). Each subsequent deletion of a single

amino acid does not alter the p:s ratio. Detailed linker descriptions are available in Supplementary file 1. (n = 300

NPCs, 10 cells, boxes indicate quartiles, center bars indicate medians, one-way ANOVA with post-hoc Tukey test

for A, C-E, Student’s t-test for B).
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Figure 3. The Inner Ring Nups, Nup54 and Nup58, are reorganized with respect to the NPC after starvation. Cells

were maintained in complete media (CM) or starved for 24 hr in HBSS prior to imaging. The p:s ratios and

representative images are presented for: (A) Nup133-mEGFP(�8a), (B) Nup93-mEGFP(– 5), (C) Nup58-mEGFP(�8),

(D) Nup54-mEGFP494(0), and (E) Nup54-mEGFP510(�4). The orientation changed for Nup58-mEGFP and Nup54-

mEGFP494. For additional linker lengths, see Figure 3—figure supplement 2. HeLa cells were imaged 48 hr post

transfection. (n = 300 NPCs, 10 cells, boxes indicate quartiles, center bars indicate medians, Student’s t-test).
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Figure 3—figure supplement 1. Nuclear transport is attenuated post-starvation. (A) The NLS domain of the LANS construct normally is masked by the

AsLOV2 domain and the protein remains predominantly in the cytosol. Upon stimulation with blue light, the NLS is unmasked and the

protein translocates into the nucleus. Figure adapted from Yumerefendi et al., 2015. (B) Representative images for light activation and reversion for

HeLa cells in complete media (CM) and HBSS for 24 hr. (Scale bar = 10 mm). Images are all scaled to the same color axis. (C) The change in the ratio of

nuclear/cytoplasmic fluorescence in HeLa cells in CM (blue) and HBSS (red). The shaded region represents the time of blue light LANS activation. (D)

The average change in the ratio of nuclear/cytoplasmic fluorescence in HeLa cells in CM (blue) and HBSS (red) (n = 6, mean reported ± SEM with error

bars). The shaded region represents the time of blue light LANS activation. Note: In starved cells, there were some bright cytoplasmic regions, which

might be autophagosomes, that were excluded from analysis.
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Figure 3—figure supplement 2. The Inner Ring Nups, Nup54 and Nup58, are reorganized with respect to the

NPC after starvation. Cells were maintained in complete media (CM) or starved for 24 hr in HBSS prior to imaging.

The p:s ratios are presented for: (A) Nup133-mEGFP(�8b), (B) Nup133-mEGFP(�9a), (C) Nup133-mEGFP(�9b), (D)

Nup93-mEGFP(�6), (E) Nup58-mEGFP(�6), (F) Nup58-mEGFP(�7), (G) Nup54-mEGFP494(1), and (H) Nup54-

mEGFP494(2). The orientation changed for Nup58-mEGFP and Nup54-mEGFP494. There was no change of

orientation for Nup133-mEGFP(�8a) after starvation (Figure 3). Here, the results are expanded to include Nup133-

mEGFP(�8b), Nup133-mEGFP(�9a) and Nup133-mEGFP(�9b), none of which show a change of orientation after

starvation. No change in orientation of Nup93-mEGFP(�5) was seen after starvation (Figure 3); here, Nup93-

mEGF(�6) also shows no change in orientation post-starvation. Starvation shifted the orientation of Nup58-mEGFP

(�8) (Figure 3), and here it shifts the orientation of Nup58-mEGFP(�6) and Nup58-mEGFP(�7). Starvation shifts

the orientation of Nup54-mEGFP494(0) (Figure 3), and here starvation shifts the orientation of Nup54-mEGFP494(1).

A significant change in orientation is not seen on Nup54-mEGFP494(2). It is expected that the magnitude of the

shift of the orientation will differ between different probe locations. For example, if a starvation induces a rotation

of the excitation dipole of the mEGFP from �52˚ to +52˚ relative to the axis normal to the coverslip, then p:s ratio

will not change. This result underscores the importance of testing different linker lengths. HeLa cells were imaged

48 hr post transfection. (n = 300 NPCs, 10 cells, boxes indicate quartiles, center bars indicate medians, Student’s t-

test).

Pulupa et al. eLife 2020;9:e60654. DOI: https://doi.org/10.7554/eLife.60654 7 of 16

Research article Cell Biology

https://doi.org/10.7554/eLife.60654


C

HBSSCM

Nup54 no FG

mEGFP494(2)
p
:s

 r
a
ti
o

0.8

1.0

1.2

1.4
A

p
:s

 r
a
ti
o

Nup54 no FG

mEGFP494(0)
1.8

1.6

1.2

p
:s

 r
a
ti
o

HBSSCM

B

Nup54 no FG

mEGFP494(1)

p < 10 -22 p < 10 -40

p = 0.3940

1.4

2.0

2.4

0.8

1.0

1.2

1.4

Figure 3—figure supplement 3. Cells were maintained in complete media (CM) or starved for 24 hr in HBSS prior

to imaging. The p:s ratios are presented for: (A) Nup54 no FG-mEGFP494(0), (B) Nup54 no FG-mEGFP494(1), (C)

Nup54 no FG-mEGFP494(2) (n = 300 NPCs, 10 cells, boxes indicate quartiles, center bars indicate medians,

Student’s t-test).
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Figure 4. Conformational changes of the Inner Ring of the NPC revealed by perturbations of cargo state in

CRISPR cell lines. (A-B) No morphological distortions are detected in cell lines endogenously expressing

orientational sensors. (C) Nup133-mEGFP cell lines with the mEGFP at the carboxyl-terminus of the protein with

different linker lengths. One deleted amino acid shifts the p:s ratio. (D) Nup54-mEGFP494 cell lines with the

mEGFP at the carboxyl-end of the coiled-coiled domain of the protein with constructs of different linker lengths.

One deleted amino acid shifts the p:s ratio. Detailed linker descriptions are available in Supplementary file 2. (E-

F) Orientational sensor cell lines were maintained in CM or starved for 24 hr in HBSS. (G-H) CRISPR cell lines mock

permeabilized or digitonin-permeabilized prior to imaging. (I-J) CRISPR cell lines mock treated or treated with

leptomycin B prior to imaging. (K-L) CRISPR cell lines with or without transient expression of dominant-negative

Ran. (n = 300 NPCs, 10 cells, boxes indicate quartiles, center bars indicate medians, Student’s t-test). (M-N) The

average change in the ratio of nuclear/cytoplasmic fluorescence in HeLa cells with and without dominant-negative

Ran transiently expressed (n = 6, mean reported ± SEM with error bars). The shaded region represents the time of

blue light LANS activation.
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Figure 4—figure supplement 1. Validation of CRISPR cell lines. (A–B) PCR amplification of the Nup54 and

Nup133 region reveal one band when the Nup-mEGFP region is homozygous for mEGFP incorporation and two

bands when the region is heterozygous. The bands were sequenced to verify proper incorporation of the mEGFP.

The validated homozygous clones were used for our experiments. (C–D) Western blots probed for anti-GFP

detects Nup54 and Nup133 fusion proteins as expected. The blots were stripped of the anti-GFP and probed with

anti-actin to confirm protein loading.
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Figure 4—figure supplement 2. The Inner Ring Nup Nup54 is reorganized with respect to the NPC after

starvation. Hap1 cell lines that had been engineered with CRISPR/Cas9 were maintained in complete media (CM)

or starved for 24 hr in HBSS prior to imaging. The p:s ratios are presented for: (A) Nup133-mEGFP(�8), (B) Nup54-

mEGFP494(1), (C) Nup54-mEGFP494(2). These results are similar to what was observed for the transiently transfected

cells in Figure 3 and Figure 3S and the CRISPR line in Figure 4E. The notable exception is that the effect of

starvation is more significant in the transiently transfected Nup54-mEGFP494(1) than in the CRISPR cell line of

Nup54-mEGFP494(1). This difference in severity of the effect of treatment could be due to a difference in signal-

noise between the transfection and the CRISPR cell line or due to a difference in ‘steady-state’ conformation in the

two different cell types. The cell line used in Figure 4E was Nup133-mEGFP(�9), and in this figure the cell line

used was Nup133-mEGFP(�8). The CRISPR cell line used in Figure 4F was Nup54-mEGFP494(0); and in this figure,

the cell lines used are Nup54-mEGFP494(1) and Nup54-mEGFP494(2). (n = 300 NPCs, 10 cells, boxes indicate

quartiles, center bars indicate medians, Student’s t-test).
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Figure 5. Karyopherin content at the nuclear periphery induces conformational changes in Nup54-mEGFP494 but not Nup133-mEGFP. (A) Digitonin

permeabilization allows the introduction of transport factors to the nuclear periphery. (B-E) Nup133-mEGFP does not experience a shift in orientation

Figure 5 continued on next page
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Figure 5 continued

after removal of endogenous kaps or addition of exogenous kaps. (F-I) The orientation of Nup54-mEGFP494 changes after removal of endogenous kaps

or introduction of exogenous kaps. Pink boxes indicate the addition of Ran mix, blue boxes indicate the addition of kaps, and gray boxes indicate a

buffer change with no additional transport factors. (n = 300 NPCs, 30 cells, boxes indicate quartiles, center bars indicate medians, one-way ANOVA

with post-hoc Tukey test).
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Figure 5—figure supplement 1. Introduction of nuclear transport factors to the nuclear periphery using digitonin permeabilization of the plasma

membrane. (A) Cells were incubated with R-phycoerythrin after the digitonin permeabilization protocol was performed with (left) 0 mg/mL digitonin, for

Figure 5—figure supplement 1 continued on next page
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Figure 5—figure supplement 1 continued

which no R-phycoerythrin is detected in the cell, (middle) 34 mg/mL, for which R-phycoerythrin has entered the cytosol but is excluded from the nucleus,

and (right) 100 mg/mL digitonin for which R-phycoerythrin is seen throughout the cytosol and nucleus. (Scale Bar = 10 mm). (B–C) The Coomassie-

stained gels show purified Ran, NTF2, Kap1-a, Kap1-b proteins with minimal contaminants. (D) Cells were incubated with an ATP-regenerating system,

Ran-GTP, NTF2, and an NLS-TD-Tomato cargo in the presence and absence of Kap1- a and Kap1-b. (E) Amount of NLS-TD-Tomato accumulated in the

nucleus was measured by quantifying the average fluorescence signal in the nucleus, as defined by Hoechst staining. (n = 5 cells, error bars represent

standard deviation). (F–G) Removal of kaps was confirmed with quantitative immunofluorescence. (Scale Bar = 10 mm; error bars represent standard

deviation; n = 5 cells).
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Figure 6. FRET between Nup62 ‘finger’ domains increases after starvation. Under starvation conditions, FRET

increased between Nup62 ‘finger’ domains. (A) Schematic of Nup62 FRET probe labeling scheme. (B) FRET

efficiency for HeLa cells were imaged 48 hr post transfection. Cells were kept in CM or starved for 24 hr in HBSS

(n = 100 NPCs, 10 cells, boxes indicate quartiles, bars indicate medians, Student’s t-test).
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