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ABSTRACT Integral membrane proteins of the Lap2-emerin-MAN1 (LEM) family have
emerged as important components of the inner nuclear membrane (INM) required for the
functional and physical integrity of the nuclear envelope. However, like many INM proteins,
there is limited understanding of the biochemical interaction networks that enable LEM pro-
tein function. Here, we show that Heh2/Man1 can interact with major scaffold components of
the nuclear pore complex (NPC), specifically the inner ring complex (IRC), in evolutionarily
distant yeasts. Although an N-terminal domain is required for Heh2 targeting to the INM, we
demonstrate that more stable interactions with the NPC are mediated by a C-terminal winged
helix (WH) domain, thus decoupling INM targeting and NPC binding. Inhibiting Heh2's inter-
actions with the NPC by deletion of the Heh2 WH domain leads to NPC clustering. Interest-
ingly, Heh2's association with NPCs can also be disrupted by knocking out several outer ring
nucleoporins. Thus, Heh2's interaction with NPCs depends on the structural integrity of both
major NPC scaffold complexes. We propose a model in which Heh2 acts as a sensor of NPC
assembly state, which may be important for NPC quality control mechanisms and the segre-
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gation of NPCs during cell division.

INTRODUCTION

The eukaryotic genome is enclosed by a nuclear envelope that is
contiguous with the endoplasmic reticulum (ER). Despite this conti-
nuity, the nuclear envelope contains a unique proteome that defines
its function as a selective barrier. This barrier not only establishes
nucleocytoplasmic compartmentalization but also directly impacts
genome organization and function at the nuclear periphery (Mekhail
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and Moazed, 2010; Taddei and Gasser, 2012; Buchwalter et al.,
2019). The key elements of this biochemical specialization are the
nuclear pore complexes (NPCs), which control nucleocytoplasmic
molecular exchange, and proteins specifically associated with the
inner and outer nuclear membranes (INM and ONM) (Ungricht and
Kutay, 2017; Hampoelz et al., 2019). While ONM proteins generally
act as adaptors that connect the cytoskeleton to the nucleus (Burke
and Roux, 2009), INM protein function is less well defined. This is
due in part to challenges inherent with defining biochemical interac-
tions between low-abundance integral membrane proteins that ex-
ist within a complex and integrated network of peripheral chromatin
and nuclear scaffold proteins like the lamins (outside of yeasts).
Nonetheless, there is confidence that there are several dozen inte-
gral INM proteins with the most evolutionarily conserved families
being the LAP2-emerin-MAN1 (LEM) and the Sad1, UNC-84 (SUN)
proteins (Mans et al., 2004; Ungricht and Kutay, 2015).

LEM family proteins are so named for their LEM domain, a short
~40-amino-acid helix-extension-helix motif that, at least in metazoa,
binds to barrier to autointegration factor (BAF) (Furukawa, 1999; Cai
etal., 2007). As there is no BAF in yeasts, their LEM domain contain-
ing proteins must possess other conserved functions, which may
more directly relate to genome integrity, ensuring the stability of
repetitive DNA (Mekhail et al., 2008) and also contributing to the

1359



mechanical integrity of the nucleus (Schreiner et al., 2015). There are
up to seven LEM domain proteins in humans but in the two most
commonly used yeast models, Saccharomyces cerevisiae (Sc) and
Schizosaccharomyces pombe (Sp) there are only two: ScHeh1(Src1)/
SpHeh1(Lem?2) and ScHeh2/SpHeh2(Man1) (Barton et al., 2015). Of
these two, ScHeh1 and SpHeh1 are likely orthologues derived from
a common ancestor, while ScHeh2 and SpHeh2 resulted from inde-
pendent duplication events of their respective paralogues ScHeh1
and SpHeh1 (Rhind et al., 2011; Gonzalez et al., 2012). Despite their
independent evolutionary history, there is evidence that Heh2 in
both yeasts specifically makes functional connections with NPCs.
For example, in S. cerevisiae, we demonstrated synthetic genetic
interactions between genes encoding NPC components (nucleopo-
rins or nups), and HEH2 (Yewdell et al., 2011). In the S. pombe
cousin Schizosaccharomyces japonicus, it has also been suggested
that Heh2 supports connections between chromatin and NPCs to
enable their segregation between daughter cells in mitosis (Yam
et al., 2013). However, the underlying biochemical connections be-
tween Heh2 and the NPC are not understood.

Understanding the nature of the connections between Heh2 and
NPCs may also help illuminate mechanisms underlying the biogen-
esis of NPCs. As the total proteome, interactome, and structure of
NPCs have come to light, it is now understood that the enormous
(50-100 MD) NPC is built from a relatively small (~30) number of
nups (Hampoelz et al., 2019; Fernandez-Martinez and Rout, 2021).
These nups are organized into modular subcomplexes that, in mul-
tiples of eight, assemble the eightfold radially symmetric NPC scaf-
fold composed of inner and outer ring complexes (IRC and ORC), a
coaxial membrane ring complex, the central transport channel, and
asymmetric (perpendicular to the plane of the nuclear envelope)
mRNA export platform and nuclear basket (Kosinski et al., 2016;
Kim et al., 2018). How NPCs are assembled in space and time dur-
ing interphase remains ill-defined but likely begins within the nu-
cleus at the INM (Marelli et al., 2001; Makio et al., 2009; Yewdell
et al., 2011; Mészaros et al., 2015; Otsuka et al., 2016). The recruit-
ment of nups to an assembly site occurs alongside membrane re-
modeling that evaginates the INM and ultimately drives fusion with
the ONM (Otsuka et al., 2016). Consistent with an inside-out model,
the cytosolic-facing mRNA export platform is likely added at a ter-
minal step in NPC assembly (Otsuka et al., 2016; Onischenko et al.,
2017). In genetic backgrounds where the cytoplasmic-facing mRNA
export platform is not assembled, herniations or blebs are observed
over assembling NPCs, which may reflect defects in INM-ONM fu-
sion and/or the triggering of NPC assembly quality control path-
ways (Thaller and Lusk, 2018; Thaller et al., 2021).

Both Heh1 and Heh2 have been implicated in mechanisms of
NPC assembly quality control in which they regulate the recruitment
of the endosomal sorting complexes required for transport (ESCRT)
to the nuclear envelope (Webster et al., 2014, 2016; Thaller et al.,
2019). One early model suggested that Heh2 may differentially bind
to NPC assembly intermediates over fully formed NPCs (Webster
etal., 2014). However, this has yet to be formally interrogated. To be
more incisive as to how Heh2 impacts NPC function, here we have
thoroughly analyzed the biochemical interaction network of endog-
enous Heh2. Using two evolutionarily distant yeasts, we show that
Heh2 can copurify with the NPC's IRC. These interactions do not
require the LEM domain or any INM targeting sequences but in-
stead depend on a C-terminal domain predicted to fold into a
winged helix (WH) (Caputo et al., 2006). Further, by decoupling NPC
clustering from perturbations to NPC structure, we demonstrate
that Heh2 associates with NPCs in vivo. Most interestingly, the as-
sociation of Heh2 with NPCs can be diminished by knocking out
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components of the ORC. These data suggest that Heh2's interaction
with the NPC depends on the latter’s structural integrity. Taking the
results together, we suggest a model in which Heh2 may be a sensor
of NPC assembly state.

RESULTS

Heh2 binds to specific nups in evolutionarily distant yeasts
To better define the interacting partners of Heh1 and Heh2, we per-
formed one-step affinity purifications of Heh1-TAP and Heh2-TAP
(produced at endogenous levels) from cryolysates derived from
logarithmically growing budding yeast (Hakhverdyan et al., 2015).
As shown in Figure 1A, we did not detect any obvious stoichiomet-
ric binding partners of Heh1-TAP despite robust recovery of the fu-
sion protein. In marked contrast, Heh2-TAP copurified with at least
eight additional proteins, which were visible by SDS-PAGE and
Coomassie blue staining of bound fractions. Excision of these bands
followed by mass spectrometric (MS) protein identification revealed
that Heh2 interacts with the IRC of the NPC and a subset of cyto-
solic-facing nups, including Nup159, Nup188, Nup192, Nup170,
Pom152, Nup157, Nup116, Nic?6, and Nsp1 (Supplemental Table
S1). For context, we have colored the identified nups in a diagram
of a single spoke from the budding yeast NPC structure (Kim et al.,
2018) in Figure 1A.

We were next curious as to whether Heh2's interaction with nups
was also observed in other yeast species where the NPC structure is
different from that in budding yeast. For example, fission yeast
NPCs are made up of a similar catalogue of nups (Bai et al., 2004;
Chen et al., 2004; Asakawa et al., 2014), but there is evidence that
there is asymmetry with respect to the ORC, which contains 16 cop-
ies (instead of eight) of the “Y” complex on the nucleoplasmic side
of the NPC (Asakawa et al., 2019). Of additional interest, although
HEH1 in both S. cerevisiae and S. pombe is derived from a common
ancestor, these yeasts are separated by ~500 million years of evolu-
tion (Rhind et al., 2011). Intriguingly, and in contrast, ScHEH2 and
SpHEH2 arose from distinct duplication events (Mans et al., 2004)
and might therefore be expected to carry out distinct functions.

Interestingly, however, despite this unique evolutionary history,
the affinity purifications of SpHeh2-TAP and SpHeh1-TAP were
qualitatively similar to those of the S. cerevisiae versions. For ex-
ample, only SpHeh2-TAP copurified with several specific proteins
(Figure 1B). Note that SpHeh2-TAP is proteolytically sensitive and
is purified both as a full-length (~115 kDa) and a smaller (~65 kDa)
form (Figure 1B). Nonetheless, like its distant S. cerevisiae cousin,
the SpHeh2 complex consisted of essentially the same subset of
inner ring nups including Nup184, Nup186, Nup155, Pom152,
Npp 106, Nup98, and Nup97 (Figure 1B; Supplemental Table S1).
To facilitate a comparison, the S. cerevisiae homologues are listed
next to the identified S. pombe nups in Figure 1B. Thus, despite
the distinct duplication events that gave rise to HEHZ2 in both spe-
cies, the physical association of Heh2 with the IRC likely points to
an important and conserved function that was likely shared by a
common ancestor before being independently specialized in the
two species lineages.

Heh2 colocalizes with NPCs

The affinity purifications strongly suggested that Heh2 can interact
with NPCs in vivo. To test whether this association could be ob-
served in living cells by light microscopy, we took advantage of a
NPC clustering strategy that leverages the Anchor Away approach
(Haruki et al., 2008). The latter relies on the rapamycin-mediated
dimerization of FRB and FKBP12 protein domains. In prior work, we
had observed that NPCs could be rapidly (within 15 min) clustered
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FIGURE 1: Heh2 binds to specific nups in evolutionary distant yeasts. (A) Heh2 specifically binds the IRC. Affinity
purifications were performed from cell extracts derived from strains expressing endogenous Heh1-TAP or Heh2-TAP or
from WT cells (no TAP). Bound proteins were separated by SDS-PAGE and visualized by Coomassie staining. Numbers
at the left indicate positions of molecular weight standards in kilodaltons. Positions of Heh1-TAP and Heh2-TAP are
indicated, and colored circles indicate proteins identified by MS from the Heh2-TAP lane, as indicated in the key (see
Supplemental Table S1). This color scheme is also used to indicate positions of nups within a single spoke of the NPC
structure (from PDBDEV_00000010; Kim et al., 2018). ORC is outer ring complex, IRC is inner ring complex. (B) As in A
but affinity purifications performed from S. pombe cell extracts. The corresponding S. cerevisiae homologues of the

identified S. pombe nups are also listed.

by treating cells expressing a NPC-incorporated Nsp1-FRB fusion
and a plasma membrane Pma1-FKBP12 anchor with rapamycin
(Figure 2A). The speed of clustering indicated that fully formed
NPCs were driven into clusters independently of NPC misassembly.
Further, we did not detect any removal of Nsp1-FRB from NPCs
under these conditions (Colombi et al., 2013). Consistent with this
premise, we assessed the colocalization of Nup82-GFP with
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Nup170-mCherry in strains expressing Nsp1-FRB and Pma1-FKPB12
in the presence of carrier alone (dimethyl sulfoxide [DMSO]) or ra-
pamycin. As expected, both of the fluorescent proteins localized in
a punctate distribution at the nuclear envelope in the presence of
carrier only with a significant r = 0.48 positive correlation between
the green fluorescent protein (GFP) and mCherry fluorescence
(Figure 2B, far right panel). Upon the addition of rapamycin, we
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Heh2 associates with NPCs in vivo. (A) Schematic of NPC clustering assay mediated by the rapamycin-
induced dimerization of Nsp1-FRB (at the NPC) and Pma1-FKBP12. N is nucleus, V is vacuole. (B-D) Left: Deconvolved
fluorescence micrographs of indicated GFP-tagged proteins and Nup170-mCherry as a NPC marker with merge in cells
treated with DMSO (carrier) or rapamycin for 30 min. Scale bar is 5 pm. Middle: Line profiles of fluorescence intensity of
GFP and mCherry fusions (in arbitrary units, a.u.) along the nuclear envelope of a single cell. Arrowheads indicate peaks
of Heh2-GFP but not Nup170-mCherry. Right: Scatterplot with Pearson correlation coefficient (r) of GFP and mCherry
fluorescence intensity (in arbitrary units, a.u.) along the nuclear rim of 30 cells, from three independent experiments.
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observed rapid clustering and concurrent colocalization of both sig-
nals along the nuclear envelope, which were evident in the coinci-
dence of the GFP and mCherry fluorescence peaks of line profiles
along the nuclear envelope and a correlation that increased to r =
0.74 (Figure 2B, middle and right panels).

We next tested how this approach to NPC clustering influenced
Heh2-GFP localization. As a control, we also assessed the distribu-
tion of Heh1-GFP, which does not detectably interact with nups
(Figure 1A). As shown in Figure 2C, the addition of rapamycin lead
to the clear colocalization of Heh2-GFP and Nup170-mCherry. This
again was evident through the examination of line profiles of a rep-
resentative nuclear envelope where there was coincidence between
the peaks of the GFP and mCherry fluorescence and was supported
by the increased positive correlation of GFP and mCherry fluores-
cence (from r=0.18 to r=0.64; Figure 2C, middle and right panels).
Note, however, that unlike the comparison between the two nups
(Figure 2B), there are peaks of Heh2-GFP fluorescence that are not
coincident with the NPC clusters (Figure 2C, arrowheads in line pro-
files). Thus, while it is clear that Heh2-GFP associates with NPCs,
there is also an additional pool of Heh2-GFP at the INM. Last, we
did not observe similar effects with Heh1-GFP, which failed to cluster
with NPCs (Figure 2D) or correlate with their distribution (r=-0.01)
(Figure 2D, right panel). Thus, this NPC clustering approach faith-
fully mirrored the biochemical analysis of both Heh1 and Heh2 and
supports the interpretation that Heh2 shares interactions with NPCs
and the INM.

Inhibition of NPC assembly reduces the Heh2 pool bound to
NPCs

A model in which there are two pools of Heh2 was further supported
by experiments where we reduced NPC number by inhibiting NPC
assembly. For example, by again leveraging the Anchor Away strat-
egy, we inhibited NPC assembly by trapping newly synthesized
Nup192-FRB-GFP for 3 h (Colombi et al., 2013). Under these condi-
tions, there is a reduction in the number of NPCs that is reflected by
lower levels of Nup192-FRB-GFP at the nuclear envelope and a con-
comitant accumulation of newly synthesized Nup192-FRB-GFP at
the plasma membrane (Figure 3, A and B, rapamycin panels, ar-
rows). In this scenario, we tested whether Nup192-FRB-GFP and
Heh2-mCherry colocalized at the nuclear envelope (Figure 3B). As a
control, we also tested colocalization with Pom152-mCherry (Figure
3A). Although Pom152-mCherry distribution was similar to that of
Nup192-FRB-GFP with line profiles showing coincidence between
mCherry and GFP fluorescence peaks along the nuclear envelope
with correlation between GFP and mCherry fluorescence (Figure 3A,
middle and right panels), there were gaps in the Nup192-FRB-GFP
signal that were filled by Heh2-mCherry (Figure 3B, see arrow-
heads). This result was also represented in line profiles along the
nuclear envelope where Heh2-mCherry fills areas that are devoid of
GFP peaks and reduced correlation of GFP and mCherry signals
(Figure 3B, middle and right bottom panels). Importantly, however,
a subset of Nup192-FRB-GFP peaks that likely correspond to NPCs
that were assembled before rapamycin addition still coincided with
Heh2-mCherry peaks (Figure 3B, middle bottom panel). Thus, these
data are consistent with the interpretation that inhibition of NPC
assembly leads to a decrease in the pool of Heh2 bound to NPCs
(due to their reduced number) and an increase in the free pool at the
INM. This conclusion is further supported by affinity purifications of
Heh2-TAP from Nup192-FRB-GFP strains under the same condi-
tions. While in DMSO-treated conditions the expected IRC profile of
nups was detected (Figure 3C), upon inhibition of NPC assembly
with rapamycin, we observed an ~2-3-fold reduction in the number
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of these nups (orange line in densitometry plot at right) while the
total amount of Heh2-TAP affinity purified remained unchanged
(Figure 3C). Importantly, we did not observe any changes to at least
Pom152 total levels under these conditions (Figure 3D). Thus, we
favor a model in which Heh2 remains capable of binding to the IRC
in fully formed NPCs, even when their number is decreased upon
assembly inhibition.

Heh2's association with NPCs depends on the integrity of
the NPC scaffold

We next explored the hierarchy of physical interactions that control
Heh2's binding to the IRC by affinity purifying Heh2-TAP from sev-
eral IRC nup deletion backgrounds. As a control, we also tested the
impact of deletion of NUP133, which encodes a component of the
ORC. Interestingly, we were unable to define any single knockout of
an inner ring nup that fully disrupted Heh2's biochemical association
with this complex. For example, in cases where we deleted the
genes encoding Nup157 or Pom152, we observed the discrete loss
of these, and only these, proteins from bound fractions (Figure 4, A
and B). Deletion of NUP170 and NUP188 led to a more severe dis-
ruption of nups bound to Heh2, but in these cases, Pom152 and a
band at the molecular weight of Nup159 remained (Figure 4, A and
B). Thus, it seems likely that Heh2 makes several direct connections
to nups in the IRC, with the most obvious candidates being Pom152,
Nup170, and/or Nup188.

These data are also consistent with the lack of any major change
to Heh2-GFP distribution in the nup170A4, nup1884, and pom1524
strains; in all cases the punctate, NPC-like distribution of Heh2-GFP
was retained (Figure 4C, quantified in D). The one exception was
that, in addition to the punctate nuclear envelope distribution, a
cortical ER pool of Heh2-GFP could be discerned specifically in
nup170A strains (Figure 4C, arrowhead). These data are consistent
with prior work demonstrating that Nup170 is required for the effi-
cient targeting of overexpressed Heh2 to the INM (King et al., 2006).
They further support a model in which the role of Nup170 in target-
ing Heh2 to the INM may be independent of its contribution to
Heh2-IRC binding.

In striking contrast to the IRC nup deletions, the removal of the
ORC nup Nup133 led to a virtually complete loss of binding be-
tween Heh2 and the IRC (Figure 4A). This was surprising as we did
not detect any significant enrichment of ORC components in the
affinity purifications of Heh2. Consistent with the functional rele-
vance of this finding, we observed a similar loss of SpHeh2's interac-
tions with nups upon deletion of the Nup133 homologue spNup132
(Figure 4E). We considered two scenarios to explain these data.
First, it was possible that NPC clustering, which occurs in the ab-
sence of Nup133 (Doye et al., 1994; Pemberton et al., 1995), pre-
vented Heh2 from binding to NPCs. Alternatively, it was possible
that Heh2 reported on the integrity of the NPC scaffold, which is
likely compromised without this key ORC component.

To begin to differentiate between these possibilities, we exam-
ined the distribution of Heh2-GFP in several genetic backgrounds
where NPC clustering has been observed. We first tested colocaliza-
tion between Heh2-GFP and Nup82-mCherry in a strain expressing
the nup159-1 temperature-sensitive allele (Gorsch et al., 1995). This
strain is particularly useful for this analysis as clustering of NPCs oc-
curs at the permissive temperature for the nup159-1 allele (i.e.,
room temperature) when NPCs are thought to be fully assembled.
Consistent with this assertion, Nup82-mCherry is clustered at the
nuclear envelope at room temperature (Figure 5A), whereas its lo-
calization at the nuclear envelope at the nonpermissive temperature
(37°C) is diminished because it cannot be stably incorporated into
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NPCs without a functional Nup159 (Supplemental Figure S1). Under
the permissive NPC clustered condition, we observed the colocal-
ization of Heh2-GFP and Nup82-mCherry (Figure 5A). In fact, we
calculated that ~70% of the Heh2-GFP at the nuclear envelope was
found colocalized with the clustered Nup82-mCherry, which was
similar to, if not higher than, the proportion of Heh2 at NPCs using
the Nsp1-FRB Anchor Away clustering approach (Figure 5B). Taking
the data together, we conclude that NPC clustering per se does not
impact Heh2's interaction with NPCs.

We therefore next explored how disrupting several components
of the ORC contributed to Heh2-GFP’s association with NPCs in
vivo. Consistent with the interpretation that Heh2 requires a func-
tional ORC to bind NPCs, the deletion of both NUP84 and NUP120
led to an obvious diminishment of the proportion of Heh2-GFP that
colocalized with the clustered Nup82-mCherry in these strains
(Figure 5, A and B). Most strikingly and consistent with the biochem-
ical analysis, we observed a near complete loss of Heh2-GFP asso-
ciation with clustered NPCs in nup1334 cells (Figure 5, A and B). In
fact, there were often clear gaps in the Heh2-GFP signal at the nu-
clear envelope that corresponded to the location of the nup1334
NPC clusters (Figure 5A, arrowheads). A similar result was observed
in Spnup132A cells (Supplemental Figure S2). Thus, we conclude
that Heh2 requires a functional ORC for its association with the NPC
and might therefore be capable of sensing the integrity of the NPC
scaffold.

The conserved WH domain of Heh2 is required for NPC
association

We next wished to determine the sequence elements of Heh2 that
conferred binding to the NPC and whether they were distinct from
those required for INM targeting. We therefore generated trunca-
tions of Heh2 where the N-terminal nucleoplasmic domain (which
contains the INM-targeting information [King et al., 2006; Meinema
et al., 2011]) and the C-terminal WH domains are deleted (Figure
6A). Interestingly, deletion of the N-terminus did not impact binding
to nups, as a similar (if more robust) profile of the IRC was recovered
in affinity purifications of heh2-(316-663)-TAP (Figure 6B). These
data suggest that Heh2 can reach the NPC (or at least bind to nups)
in the absence of its N-terminal INM targeting domain. In marked
contrast, deletion of the WH domain, which does not impact INM

targeting (Meinema et al., 2011), led to a striking reduction of nup
binding (Figure 6B). These results were also mirrored in vivo. For
example, compared with Heh2-GFP, heh2-(1-570)-GFP did not ex-
hibit a punctate distribution at the nuclear envelope (Figure 6C),
which was quantified as a reduced coefficient of variation (CV) of the
fluorescence signal along the nuclear envelope (Figure 6D). Consis-
tent with the idea that this change in localization of heh2-(1-570)-
GFP was due to a loss of its interaction with NPCs, it also failed to
cluster with NPCs in the Nsp1-FRB Anchor Away NPC clustering
assay (Figure 6E) with no positive correlation between heh2-(1-570)-
GFP and Nup170-mCherry signals in either DMSO (r = 0.0) or ra-
pamycin (r = —0.08)-treated cells (Figure 6F). Thus, the WH domain
of Heh2 is required for stable binding to NPCs.

WH-domain-mediated interactions with NPCs are required
for normal NPC distribution

As the Heh2 WH domain was specifically required for Heh2 binding
to NPCs, but not for INM targeting, there was an opportunity to
define a putative NPC-specific function for Heh2. Indeed, deletion
of HEHZ2 leads to a marked clustering of Nup82-GFP, which was
quantified as a CV of the fluorescence along the nuclear envelope
that was approximately double the value in wild-type (WT) cells
(Figure 6, G and H). To directly test whether this phenotype was due
to aloss of nup binding, we assessed the distribution of Nup82-GFP
in cells expressing heh2-(1-570). Indeed, as shown in Figure 6G, this
targeted abrogation of the nup-binding WH domain also resulted in
a clear redistribution of Nup82-GFP, showing a clustering coefficient
nearly identical to that seen in heh24 cells (Figure 6H). Thus, interac-
tions between Heh2 and the NPC are required for normal NPC
distribution.

Interestingly, expression of heh2-(316-663) from its endogenous
locus also impacted NPC distribution, but with a unique phenotype.
Because this truncation of Heh2 lacks its INM targeting information,
this fusion will be mislocalized to the ER (King et al., 2006; Meinema
et al., 2011). In these cells, Nup84-GFP accumulated in clusters at
the nuclear envelope but also appeared within cytosolic foci (Figure
6l, arrowheads) in ~17% of cells (Figure éJ). Together then, these
data support a model in which both the N-terminal and C-terminal
domains of Heh2 are important for NPC distribution; however, the
underlying mechanisms behind these alterations are unique and

FIGURE 3: Inhibition of NPC assembly reduces the Heh2-nup bound pool. (A, B) Left: Deconvolved fluorescence
micrographs of Nup192-FRB-GFP with either Pom152-mCherry or Heh2-mCherry with merge after cells were treated
with DMSO (carrier) or rapamycin for 3 h to inhibit NPC assembly. Note accumulation of newly synthesized Nup192-
FRB-GFP at the plasma membrane as it binds to the Pma1-FKBP12 anchor indicated by arrows. The asterisk denotes
vacuolar autofluorescence. Arrowheads point to areas where Heh2-mCherry does not colocalize with Nup192-FRB-GFP.
Scale bar is 2 pm. Middle: Line profiles of GFP and mCherry fluorescence intensity (in arbitrary units, a.u.) along the
nuclear envelope of single cells corresponding to DMSO (top) and rapamycin (bottom) conditions. Right: Scatterplot
with Pearson correlation coefficient (r) of GFP and mCherry fluorescence intensity (in arbitrary units, a.u.) along the
nuclear rim of 30 cells, from three independent experiments. (C) Inhibiting NPC assembly reduces Heh2-IRC binding.
Affinity purifications were performed from cell extracts derived from cells expressing Heh2-TAP with Nup192-FRB-GFP
and Pma1-FKBP12 treated with carrier (DMSQ) alone or with rapamycin (rap) to inhibit NPC assembly. Bound proteins
were separated by SDS-PAGE and visualized with Coomassie. Positions of molecular weight markers (kilodaltons) are
indicated at the left, and proteins are marked with colored circles that denote their identity as per the key at the right.
Densitometry of the protein staining of the DMSO (black) and rapamycin (orange) lanes on the right. (D) Nup levels are
not reduced upon inhibition of NPC assembly. Western blots using anti-GFP (top panel), anti-Pom152 (second panel),
and anti-TAP (third panel) antibodies to detect the indicated proteins from whole-cell extracts derived from cells
expressing Heh2-TAP (with Nup192-FRB-GFP and Pma1-FKBP12) treated with carrier (DMSO) or with rapamycin (rap).
The fourth panel is a representative region of the nitrocellulose membrane stained with Ponceau S to evaluate total
protein loads. Positions of molecular weight markers (kilodaltons) are indicated at the left.
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Heh2-GFP

with nups.

DISCUSSION

Nup82-mCherry merge reflect either too little (in the case of heh2-(1-570)) and likely
inappropriate or untimely (in the case of heh2-(316-663) interactions

We have explored the physical and functional relationship between
the integral INM protein Heh2 and the NPC. This study was moti-
vated by our prior discovery of predominantly genetic interactions
between HEHZ2 and nup genes (Yewdell et al., 2011), in addition to
other work considering Heh?2 as a factor in a NPC assembly surveil-
lance pathway (Webster et al., 2014, 2016). In the latter, we sug-
gested that Heh2 possesses the ability to discern between NPC as-
sembly intermediates and fully formed NPCs. This concept was
centered, in part, on data showing that Heh2 does not associate
with clustered NPCs in nup133A4 strains (Figure 5), which was the
premise for a model where Heh2 does not bind to fully formed
NPCs. We now provide a more nuanced explanation for these data,
as deletion of Nup133 (and other ORC nups) disrupts Heh2's other-
wise robust physical association with the NPC (Figures 4A and 5).
Thus, in light of the new data presented here, a reconsideration of
the role of Heh2 in NPC biology is needed. Given these new obser-
vations, we suggest that Heh2 likely binds to fully formed NPCs.
Several data support this assertion, including 1) the biochemical in-
teractions that suggest the formation of a stable complex between
Heh2 and the IRC (Figure 1, A and B); 2) the maintenance of these
interactions even upon NPC assembly inhibition (Figure 3C); and 3)
the punctate distribution of Heh2 at steady state and upon cluster-
ing of functional NPCs driven by the anchoring of Nsp1-FRB (Figure
2C) and in the strain carrying the nup159-1 allele (Figure 5A).
Despite the demonstration that Heh2 associates with NPCs, sev-
eral new conundrums arise as a consequence of this work. The first

f o 1 Heh2’s association with NPCs depends on the integrity of

754

% Heh2-GFP enrichment

> > >
W "

with unpaired t test, where **** indicates p < 0.0001.

the NPC scaffold. (A) ORC gene knockouts reduce Heh2-GFP
clustering at the nuclear envelope. Deconvolved fluorescence
micrographs of Heh2-GFP and Nup82-mCherry with merge in WT and
the indicated nup gene deletion or mutant strains. Arrowheads

50 indicate regions devoid of Heh2-GFP where clustered NPCs are
localized in nup 1334 cells. Scale bar is 5 pm. (B) Heh2 does not enrich
25 with NPC clusters in ORC deletion strains. Violin plot of the percent
é enrichment of Heh2-GFP within NPC clusters in individual cells with
median (thick dotted lines) and quartiles (thin dotted lines) in the
indicated nup gene deletion or mutant strains from three independent
< experiments (10 cells/strain per experiment). The width of the violins
&9&@' shows the frequency distribution of cells. p values were calculated

NPC scaffold integrity affects Heh2's association with NPCs. (A) Affinity purifications were performed from
cell extracts derived from the indicated nup gene deletion strains expressing endogenous Heh2-TAP or from WT cells (no
TAP). Bound proteins were separated by SDS-PAGE and visualized by Coomassie staining. Numbers at the left indicate
positions of molecular weight standards in kilodaltons. Proteins are marked with colored circles that denote their identity
as per the key at the right. Asterisks in the right panel indicate the position of a nonspecific protein that was affinity
purified with a batch of IgG beads different from those used in the left panel affinity purifications. (B) The nups affinity
purified from the indicated genetic backgrounds in A are placed within a single spoke of the NPC structure (from
PDBDEV_00000010; Kim et al., 2018) in the side and center views. Individual nups are colored as in the key in A. Boxes in
the nup 1334 model indicate positions where Nup133 would be located. (C) Deconvolved fluorescence micrographs of
Heh2-GFP in the indicated strains. White arrowhead points to Heh2-GFP fluorescence at the cortical ER in nup170A cells.
Scale bars are 5 pm. (D) The distribution of Heh2-GFP at the nuclear envelope is unaltered in IRC deletion backgrounds.
The CV of the GFP fluorescence along the nuclear envelope was calculated as a quantitative measure of Heh2-GFP
clustering at the nuclear envelope. Individual CV values (multiplied by 100) were plotted with mean and SD from 60 cells
from three independent experiments. The width of the violin shows the frequency distribution of cells; the thick and thin
dotted lines specify the median and the quartiles, respectively. (E) As in A but affinity purifications performed from
S. pombe cell extracts. Arrowheads point to the full-length and degradative forms of spHeh2-TAP.
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is that we do not observe any robust physical association between
Heh2 and the ORC, and yet, deletion of ORC nups, particularly
Nup133, leads to a loss of Heh2 binding to the NPC (Figure 4A). In
contrast, we cannot disrupt Heh2's association with NPCs by knock-
ing out any individual component of the IRC (Figure 4, A and C).
While the latter can be explained in a model where Heh2 makes
several direct but redundant connections with nups, likely Pom152
and Nup170 and/or Nup188, the former is more challenging to in-
terpret. Several potential models can be considered. The first deals
with the very nature of nup1334 NPC clustering, which has so far
remained only partially explained on a mechanistic level. For exam-
ple, one thought is that the association of NPCs with the pore mem-
brane is destabilized without the amphipathic helix/ALPS motif in
Nup133 (Drin et al., 2007), which may lead to pore clustering (Fer-
nandez-Martinez et al., 2012). In such a scenario, given that it is an
integral membrane protein, Heh2's interactions with the NPC may
depend on the presence of specific lipids or membrane curvature
(or both) at the pore membrane. It is also possible that the IRC may
not be fully functional or be structurally perturbed in this context.
Regardless of the underlying mechanism, as Heh2's association with
the NPC ultimately depends on the function of both of its major
scaffold complexes (i.e., the IRC and ORC), we favor a model in
which Heh2 can, through a mechanism that remains to be defined,
“sense” the structural integrity of the NPC.

A model in which Heh2 is a sensor for the NPC scaffold fits within
a quality control mechanism framework. For example, recent work
suggests that NPC clustering can facilitate clearance of NPCs by
autophagy (Lee et al., 2020). Thus, it is tempting to speculate that
damage to the NPC scaffold may trigger the release of Heh2, which
would in turn lead to the clustering of damaged NPCs. Such an idea
is supported by the clustering that we observe in contexts where
Heh2-NPC interactions are abrogated (Figure 6, G and H). Similarly,
as we have previously reported, NPC clustering may also be an in-

put that ensures that damaged or malformed NPCs are not trans-
mitted to daughter cells (Webster et al., 2014). Thus, the consistent
theme is that breaking interactions between Heh2 and NPCs may
be an input to their segregation or clearance. A corollary to this is
that Heh2 bound to NPCs may in fact promote the inheritance of
functional NPCs. This may be best illustrated by work from S. japoni-
cus, where it was demonstrated that the Heh2 orthologue contrib-
utes to anchoring NPCs to chromatin to promote their proper seg-
regation between daughters (Yam et al., 2013). Indeed, our
observation that Heh2 also engaged in interactions with the IRC in
S. pombe argues that it supports a fundamental role(s) across di-
verse yeasts.

How, then, do interactions between Heh2 and NPCs ensure
proper NPC distribution? We speculate that in the absence of
mechanisms to keep NPCs apart, NPCs have an inherent conforma-
tion or affinity that drives their clustering. In this scenario, tethering
NPCs to INM proteins could help ensure their physical segregation.
Although this could be envisaged as Heh2 acting as a physical buf-
fer that prevents NPC-NPC interactions, we favor the concept that
the distribution of NPCs and other elements of the nuclear architec-
ture are codependent. Indeed, our prior work suggests that SpHeh2
antagonizes the flow of chromatin into nuclear deformations (Sch-
reiner et al., 2015), in essence maintaining normal chromatin distri-
bution at the nuclear periphery, a direct corollary of the effect here
on NPC distribution. As SpHeh2 binds both chromatin (Gonzalez
etal., 2012; Steglich et al., 2012) and NPCs (this work), it is tempting
to speculate that it supports the normal organization of NPCs and
chromatin by dynamically linking these two major structural compo-
nents of the nucleus. This concept is consistent with evidence in
mammalian cells where NPCs are anchored to the lamin network
(Daigle et al., 2001; Maeshima et al., 2006; Xie and Burke, 2017,
Kittisopikul et al., 2020). In scenarios in which this lamin connection
is disrupted, for example, in lamin knockouts, NPCs also cluster

FIGURE 6: The WH domain of Heh2 is required for its association with NPCs. (A) Schematic of Heh2 and Heh2
truncations showing the LEM (Lap2-emerin-Man1) domain, a bipartite nuclear localization signal (NLS), intrinsically
disordered region (IDR), lumenal domain (LD), transmembrane domains (TM1 and TM2), and putative winged helix (WH);
numbers represent amino acid numbers. INM, inner nuclear membrane. (B) Affinity purifications were performed from
cell extracts derived from strains expressing the indicated TAP fusions or from WT cells (no TAP). Bound proteins were
separated by SDS-PAGE and visualized by Coomassie staining. Proteins are marked with colored circles that denote
their identity as per the key at the right. Numbers at the left indicate positions of molecular weight standards in
kilodaltons. (C) Deconvolved fluorescence micrographs of Heh2-GFP or heh2-(1-570)-GFP and the NPC marker
Nup82-mCherry, with merge. Scale bar is 5 pm. (D) To quantitatively evaluate the distribution of Heh2-GFP and
heh2-(1-570)-GFP, a CV of the GFP fluorescence along the nuclear envelope was calculated. Violin plots show the
distribution of individual CV values (multiplied by 100) with median (solid line) and quartiles (dotted line) from 60 cells,
from three independent experiments. The width of the violin specifies the frequency distribution of cells. p values were
calculated from Student’s t test, where **** indicates p < 0.0001. (E) Deconvolved fluorescence micrographs of
heh2-(1-570)-GFP and Nup170-mCherry with merge in cells expressing Nsp1-FRB and Pma1-FKBP12. Cells were treated
with carrier (DMSO) or rapamycin. Addition of rapamycin leads to NPC clustering as described in Figure 2A. Scale bar is
5 pm. (F) Scatterplot with Pearson correlation coefficient (r) of heh2-(1-570)-GFP and Nup170-mCherry fluorescence
intensity (in arbitrary units, a.u.) along the nuclear envelope of 30 cells from three independent experiments like that
shown in E. Values are from cells from DMSO (top) and rapamycin-treated (bottom) conditions. (G) The WH domain of
Heh2 is required for normal NPC distribution. Deconvolved fluorescence micrographs of Nup82-GFP in the indicated
strain backgrounds. Scale bar is 5 pm. (H) To quantitatively evaluate the distribution of Nup82-GFP in the indicated
strains, a CV of the GFP fluorescence along the nuclear envelope was calculated. Violin plots show the distribution of
individual CV values (multiplied by 100) with median (solid line) and quartiles (dotted line) from 60 cells, from three
independent experiments. The width of the violin specifies the frequency distribution of cells. p values were calculated
from one-way analysis of variance with Tukey’s post-hoc test, where nsis p 0.05, ****p < 0.0001. (I) Deconvolved
fluorescence micrographs of Nup84-GFP in WT and cells where HEHZ is replaced by heh2-(316-663). Arrowheads point
to cytosolic Nup84-GFP foci. Scale bar is 5 pm. (J) Plot of the percentage of cells where Nup84-GFP is found in the
cytosol from experiment in I. Error bars are SD from four independent experiments where more than 500 total cells
were counted for each. p values were calculated with unpaired t test, where ** indicates p < 0.01.
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together (Xie and Burke, 2017; Kittisopikul et al., 2020). Although
NPCs are more dynamic along the nuclear envelope in budding
yeast than in lamin-containing cells (Belgareh and Doye, 1997; Bucci
and Wente, 1997), their interactions with chromatin through multi-
ple mechanisms (Luthra et al., 2007; Tan-Wong et al., 2009) could
nonetheless contribute to their normal distribution. Whether clus-
tering has an impact on NPC function per se remains ill-defined, al-
though one could speculate that NPC clustering has a more pro-
found impact on the NPC's roles in chromatin organization and gene
expression as opposed to nuclear transport (Capelson et al., 2010;
Raices and D’Angelo, 2017).

One particularly interesting feature of our analysis of Heh2 is that
the NPC interaction and INM targeting sequences are distinct and
on two physically separated domains. Certainly there is evidence
from both genetic and biochemical analyses where the function of
specific domains of the LEM domain proteins can be separated (Gr-
und et al., 2008; Yewdell et al., 2011; Barrales et al., 2016; Hirano
et al., 2018; Thaller et al., 2019; von Appen et al., 2020). However,
we wonder whether there are functional implications for the integra-
tion of these two interaction platforms, which could place Heh2 in a
tug-of-war between its residence bound to the NPC and its release
to the INM. This would be yet another example in an emerging
theme for these LEM domain proteins in which they bridge distinct
sets of physical interactions to maintain the dynamic organization of
the nuclear envelope system.

MATERIALS AND METHODS

Yeast culture and strain generation

Al yeast strains used in this study are listed in Supplemental Table
S2. S. cerevisiae strains were grown in YPD consisting of 1% yeast
extract (BD), 2% bacto-peptone (BD), and 2% p-glucose (Sigma). For
microscopy experiments, YPD was supplemented with 0.025% ad-
enine hemisulfate (Sigma). Yeast cells were grown at 30°C to mid—
log phase, unless otherwise stated. Transformation of S. cerevisiae
cells, mating, sporulation, and tetrad dissections were carried out
using standard protocols (Amberg et al., 2005). Deletion and trunca-
tion of yeast open reading frames (ORF) and tagging of ORFs with
fluorescent protein genes, FRB, and TAP-tags were performed utiliz-
ing the pFAba or pK3F plasmid templates (Longtine et al., 1998;
Zhang et al., 2017).

S. pombe strains were grown in YE5S media consisting of 5%
yeast extract (BD), 30% p-glucose (Sigma), and 1.25% SP complete
supplements (adenine hemisulfate, L-histidine hydrochloride mono-
hydrate, L-leucine, L-lysine hydrochloride, and uracil) from Sunrise
Science products, at 30°C. S. pombe strains were crossed and main-
tained utilizing standard media and techniques as described in
Moreno et al. (1991). PCR-based gene disruption and tagging were
performed utilizing pFA6a plasmid templates (Bahler et al., 1998;
Hentges et al., 2005).

Plasmids
All plasmids used in this study are listed in Supplemental Table S2.
The pFA6a-TAP-his3MX6 and pFA6a-TAP-TRP1 plasmids were con-
structed as follows: the TAP coding sequence was PCR-amplified
from chromosomal DNA from a strain expressing Heh2-TAP (SB-
CPL42; Dharmacon yeast resources) using Phusion High fidelity
DNA polymerase (New England BioLabs) and cloned into the Pacl
and Ascl sites of pFA6a-his3MXé and pFA6a-TRP1.
pFAba-3xHA-FRB-GFP-his3MX6 was generated by Gibson As-
sembly (New England BioLabs). The 3xHA epitope coding sequence
was PCR-amplified from pFAéa-3xHA-hisMXé (Longtine et al., 1998)
using Q5 DNA polymerase (New England BioLabs) and assembled
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into pFAba-FRB-GFP-hisMX6, or pFAéa-FRB-hisMXé (EUROSCARF)
digested with Sall and Pacl.

Conjugation of Dynabeads with rabbit IgG

Purified rabbit immunoglobulin G (IgG) (Sigma; 15006) was dis-
solved in 0.1 M sodium phosphate buffer, pH 7.4, to a final concen-
tration of 1 mg/ml. The IgG solution was filtered through a 0.22 pm
syringe filter and mixed with an equal volume of 3 M (NH),SO;4. For
conjugation, Dynabeads M-270 Epoxy (Invitrogen; 100 mg) were
transferred to a 15 ml centrifuge tube, suspended in 6 ml 0.1 M so-
dium phosphate buffer, pH 7.4, and incubated at room temperature
for 15 min on a tube rotator. The beads were collected on a mag-
netic rack, the buffer aspirated, and the beads were washed again
with 0.1 M sodium phosphate buffer, pH 7.4, by vortexing. The
buffer was removed, and beads were resuspended in 2 ml of IgG
solution and incubated at 30°C for 65-70 h on a tube rotator. The
beads were separated on a magnetic rack and quickly washed with
100 mM glycine, pH 2.5, followed by a wash with 10 mM Tris-HClI,
pH 8.8. The beads were again washed quickly with freshly prepared
100 mM triethylamine followed by four washes with phosphate-
buffered saline (PBS) for 5 min each and one wash with PBS with
0.5% Triton X-100 for 15 min. The beads were washed one final time
with PBS, collected on a magnetic rack, and resuspended in 667 pl
PBS with 50% glycerol.

Immunoaffinity purification
To affinity purify TAP-fusions, S. cerevisiae strains were grown over-
night and 2 ml of culture was diluted into 1 | of YPD the next morn-
ing and grown for 20-24 h to late log phase (OD¢gg ~ 2). S. pombe
cells were grown overnight and transferred to fresh medium the next
morning to an ODggp of 0.1 and grown for 7 h. S. pombe cells were
further diluted to an ODggg of 0.01 in 1| YES medium and grown for
another 18-20 h. Both S. cerevisiae and S. pombe cells were grown
at 30°C at 200 rpm, and cells were harvested by centrifugation. Cells
were washed with ice-cold water once, collected by centrifugation,
and resuspended in 100 pl of freezing solution (20 mM HEPES, pH
7.4, 1.2% polyvinylpyrrolidone, and protease inhibitor cocktail
[Sigmal]) per g of cells. The cell slurry was snap-frozen in liquid nitro-
gen immediately. The frozen cell pellets were cryomilled six times at
30 Hz for 3 min in a Retsch MM400 mixer mill and stored at -80°C.
To perform immunoaffinity purifications, 200 mg of frozen yeast
grindate was resuspended in a 4x volume of homogenization buffer
(400 mM Naj3Cit, pH 8.0, 10 mM Deoxy Big CHAP) and protease
inhibitor cocktail at room temperature. The homogenate was clari-
fied by centrifugation at 16,000 x g for 10 min at 4°C. The soluble
fraction was incubated with 25 pl of rabbit-lgG-coated Dynabeads
for 1 h at 4°C under gentle rotation. After binding, beads were col-
lected on a magnetic rack and washed three times with 500 pl ice-
cold homogenization buffer. The proteins were eluted by incubating
beads with 20 pl of 1x NuPAGE lithium dodecyl sulfate sample buf-
fer (Invitrogen) at room temperature for 10 min. The eluate was
separated on a magnetic rack and further incubated with 50 mM
dithiothreitol at 70°C for 10 min. The eluted proteins were sepa-
rated on a 4-12% NuPAGE gel (Novex) and stained with Imperial
protein stain (Thermo Scientific). The proteins of interest were ex-
cised for identification by MS.

Mass spectrometry

Excised SDS-PAGE gel pieces were washed with deionized water
and transferred to a 1.5 ml tube, and in-gel tryptic digestion was per-
formed. The peptides were separated on a Waters nanoACQUITY
ultra-high-pressure  liquid chromatograph and detected on a
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Thermofisher Q Executive mass spectrometer. The MS/MS
data were analyzed by the Mascot software (Matrix Science,
London, UK; version 2.6.1) to search the SwissProt_2019_08.
fasta tax:Schizosaccharomyces pombe or SwissProt_2018_10.fasta
tax:Saccharomyces cerevisiae database. Mascot search parameters
allowed variable modifications (oxidation [M], carbamidomethyl [C],
propionamide [C]), a peptide mass tolerance of 10 ppm, and a frag-
ment ion mass tolerance of 0.02 Da. The total score assigned by
Mascot search is the probability of the observed match to be a ran-
dom event, and expectation values represent the number of protein
matches with equal or better scores than are expected to occur by
chance alone. emPAIl (exponentially modified protein abundance
index) is the approximate, relative quantification of the protein in a
mixture as described by Ishihama et al. (2005).

Anchor Away experiments

The Anchor Away experiments were performed as described by Ha-
ruki et al. (2008). Briefly, strains expressing Nup-FRB fusions and
Pma1-FKPB12 in HHY110 (tor1-1 for14) were incubated with a final
concentration of 1 pg/ml rapamycin for 30 min (to cluster NPCs in
the context of Nsp1-FRB) or 3 h to inhibit assembly (Nup192-FRB).

Western blotting

To visualize protein levels by Western blotting, whole-cell protein
extracts were prepared from 2 ODgqg cells. Cells were washed once
with 1 mM EDTA and lysed by resuspension in 2 N NaOH for 10 min
on ice. To precipitate the proteins, the cell lysate was incubated with
50% trichloroacetic acid for 20 min on ice and collected by centrifu-
gation. The protein precipitate was washed with ice-cold acetone,
air-dried at room temperature, and resuspended in SDS-PAGE sam-
ple buffer. The protein samples were denatured at 95°C for 5 min
and separated on a 4-12% SDS-PAGE gradient gel (Bio-Rad). The
proteins were transferred to a 0.2 pm nitrocellulose membrane. To
ensure equal protein loading across samples, the nitrocellulose
membrane was stained with Ponceau S solution (Sigma). The mem-
branes were washed once with tris-buffered saline-tween (TBST:
20 mM Tris-Cl, pH 7.5, 150 mM NaCl, 0.1% Tween 20) and blocked
with 5% nonfat dry milk powder (Sigma) in TBST for 1 h. The blocked
membranes were incubated with primary antibodies: anti-TAP
(CAB1001; Thermo Fisher Scientific), anti-GFP (rabbit polyclonal),
and anti-Pom152 (rabbit polyclonal, raised against a peptide in the
Pom152 lumenal domain) for 1 h at room temperature. The primary
antibodies were detected with anti-rabbit horseradish peroxidase—
conjugated secondary antibodies and visualized with the Pierce ECL
Western blotting substrate (Thermo Fisher Scientific) in a Versadoc
Imaging System (Bio-Rad).

Fluorescence microscopy, image processing, and analysis
Fluorescence micrographs were acquired on a DeltaVision mi-
crosope (Applied Precision, GE Healthcare) with a 100x, 1.4 NA ob-
jective (Olympus). The images were captured with a CoolSnapHQ?
CCD camera (Photometrics). Fluorescence micrographs were de-
convolved with the iterative algorithm sofWoRx 6.5.1 (Applied Pre-
cision, GE Healthcare).

Clustering of NPCs was quantified as described previously
(Fernandez-Martinez et al., 2012): A 6-pixel-wide freehand line was
drawn along the nuclear envelope contour, and mean fluorescence
intensities were measured using FlJI/Imaged (Schindelin et al.,
2012). Clustering was assessed by calculating the CV (SD/mean x
100) of the fluorescence intensities at the nuclear envelope.

To measure the enrichment of Heh2 at the NPC clusters in nup
deleted or mutant strains, the raw integrated density of the GFP
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signal at the NPC clusters and along the entire nuclear envelope
was measured utilizing FlJlI/Imaged (Schindelin et al., 2012). The
fraction of signal density at the NPC clusters was calculated out of
the total signal density to yield the percent Heh2-GFP enrichment.

Modeling of NPC spokes

Color coding of an isosurface representation of individual nup den-
sities as assigned in Kim et al. (2018) within an individual spoke of
the NPC from the PDB DEV ID:00000010 was completed using Chi-
meraX (UCSF) (Goddard et al., 2018).
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