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The paralogous Brré and Brl1 are conserved integral membrane proteins of the nuclear envelope (NE) with an unclear
role in nuclear pore complex (NPC) biogenesis. Here, we analyzed double-degron mutants of Brré/Brl1 to understand
this function. Depletion of Brré and Brl1 caused defects in NPC biogenesis, whereas the already assembled NPCs re-
mained unaffected. This NPC biogenesis defect was not accompanied by a change in lipid composition. However, Brl1
interacted with Ndc1 and Nup188 by immunoprecipitation, and with transmembrane and outer and inner ring NPC
components by split yellow fluorescent protein analysis, indicating a direct role in NPC biogenesis. Consistently, we
found that Brré and Brl1 associated with a subpopulation of NPCs and emerging NPC assembly sites. Moreover, BRLT
overexpression affected NE morphology without a change in lipid composition and completely suppressed the nuclear
pore biogenesis defect of nup1164 and gle24 cells. We propose that Brré and Brl1 transiently associate with NPC as-

sembly sites where they promote NPC biogenesis.

Introduction

The nuclear pore complex (NPC) is a large cylindrical structure
with multiple copies of more than 30 different proteins named
nucleoporins (NUPs; Beck and Hurt, 2017). The NPC is em-
bedded in the nuclear envelope (NE) at sites of inner nuclear
membrane (INM) and outer nuclear membrane (ONM) fusion.
The NPC promotes the bidirectional nucleocytoplasmic trans-
port of proteins and RNA through the central channel in the
NPC lumen that contains NUPs with Phe- and Gly-rich repeats
(FG-NUPs; Radu et al., 1995; Strawn et al., 2004; Alber et al.,
2007; Wente and Rout, 2010; Eibauer et al., 2015). Other NUPs
have a structural role or embed the NPC into the NE. Some of
the outer and inner ring complex components bind to the trans-
membrane (TM) protein Ndcl (Gerace et al., 1982; Hallberg
et al., 1993; Wozniak et al., 1994; Miao et al., 2006; Stavru et
al., 2006). Interestingly, yeast Ndcl has an additional role in
inserting the spindle pole body (SPB), the functional equiva-
lent of the human centrosome, into the NE (Winey et al., 1993;
Chial et al., 1998). NE embedding of the SPB is a consequence
of the closed mitosis in yeast Saccharomyces cerevisiae. It
allows the SPB to organize nuclear and cytoplasmic microtu-
bules, with functions in chromosome segregation and spindle
positioning, respectively.

Higher eukaryotes have two pathways to assemble NPCs.
One pathway assembles NPCs in telophase upon chromatin
binding of the NUP ELY S/MEL?28 (Loiodice et al., 2004; Gilles-
pie et al., 2007; Hetzer and Wente, 2009; Doucet et al., 2010).
In contrast, the interphase pathway promotes NPC biogenesis
in the intact double membrane of the NE and is independent
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of ELYS/MELZ2S8, indicating it is mechanistically distinct from
the telophase NPC biogenesis (Rexach, 2009; Funakoshi et al.,
2011; Vollmer et al., 2015). Recent EM data in human cells vi-
sualized membrane intermediates in interphase NPC biogene-
sis (Otsuka et al., 2016). Interphase NPC assembly follows, at
least partially, an inside-out (nuclear to cytoplasm) extrusion of
the NE that eventually leads to fusion of the double membrane.
Because of the closed mitosis, S. cerevisiae assembles NPCs
exclusively by the “interphase” pathway (Winey et al., 1997;
Khmelinskii et al., 2010).

The paralogous BRR6 and BRLI code for two essential
integral membrane proteins of the NE in S. cerevisiae, with
functions in NPC biogenesis or stability. Brr6, Brll, and the
nonessential Apql2, also an integral membrane protein of the
NE, were found to interact with each other by immunoprecipi-
tation (IP; Lone et al., 2015). Interestingly, deformations of the
INM, so-called herniations, were observed in conditional lethal
brr6 and brll cells (de Bruyn Kops and Guthrie, 2001; Hodge
et al., 2010). Herniations are also a phenotype of yeast NPC
mutants such as nupl16A cells (Wente and Blobel, 1993). Re-
cently, it was discovered that GLFG repeats in Nup116 stabilize
critical interactions with scaffold NUPs during interphase NPC
biogenesis. Failure of these interactions, as in nupl16AGLFG
Puers-NUPI188 cells, results in the formation of herniations
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(Onischenko et al., 2017). Thus, herniations can arise from
faulty NPC biogenesis processes.

Conditional lethal brr6 or brll cells showed a change in
lipid composition at the restrictive temperature. In addition,
they grew poorly on plates with benzyl alcohol (BA), which
increases membrane fluidity, and genetically interacted with
mutant genes involved in lipid biogenesis (Mukhopadhyay et
al., 2002; Hodge et al., 2010; Lone et al., 2015). As a result,
it was suggested that Brr6 and Brll modulate lipid fluidity to
allow NPC biogenesis. Fission yeast Brr6 (Schizosaccharomy-
ces pombe lacks BRLI) functions in the insertion of the SPB
into the NE, indicating membrane-modulating activity of this
protein (Tamm et al., 2011). Whether S. pombe Brr6 has an ad-
ditional role in NPC biogenesis has not been investigated.

Here, we analyzed the functions of Brr6 and Brll in
S. cerevisiae. Because of their paralogous relationship, we
constructed conditional lethal BRR6/BRLI double-degron mu-
tants to analyze phenotypes. Double depletion of both proteins
rapidly affected NPC biogenesis without impairing already as-
sembled NPCs or changing lipid composition. In BRR6/BRLI
double-degron cells, SPB duplication was only mildly affected.
The SPB phenotype arose later than the NPC biogenesis de-
fect. Brr6 and Brll associated with assembly intermediates of
NPC biogenesis on the bend of the INM. In addition, Brll in-
teracted with a range of NUPs, and BRLI overexpression was
able to bypass the scaffolding function of Nupl116 and over-
come the NPC biogenesis defect of gle2A cells. We propose
that Brr6 and Brll transiently bind to NPC assembly sites to
mediate NPC biogenesis.

Results

Codepletion of Brr6 and Brl1 causes NPC
assembly defects

Brr6 and Brll are interacting paralogues that may have over-
lapping functions (Schneiter and Cole, 2010). To analyze the
full impact of the loss of both gene products, we combined
brr6(ts) and bril(ts) alleles. However, double mutant cells
showed a synthetically lethal phenotype (Fig. S1 A). We there-
fore combined the temperature-inducible degrons (td) td-brr6
and td-brll that were under control of the Cu?*-inducible
Pcyp; promoter. Single- or double-degron td-brr6 and td-brli
cells with P, ;-UBRI grew at 23°C or 37°C in the presence
of Cu?* on yeast extract, peptone, and glucose (YPD) plates as
BRR6 BRLI P, ;-UBRI WT (named BRR6 BRLI WT) cells
but were unable to grow on YPRG plates without Cu?* at 37°C
(Fig. 1 A). Galactose-induced expression of the E3 ligase Py, ;-
UBRI promotes degradation of the degron-tagged protein by
the proteasome (Kanemaki et al., 2003). Consistently, Brr6
and Brll were rapidly degraded upon shifting cells to 37°C in
the presence of galactose (Fig. S1 B). The temperature-depen-
dent growth defect was complemented by the corresponding
trans-genes (Fig. S1 C).

It has been reported that conditional lethal brr6(ts) or
brll(ts) mutant cells display mislocalization of cytoplasmic
NUPs (Hodge et al., 2010). To evaluate whether this phenotype
was also observed in the td-brr6 td-bril cells and whether mis-
localization was a general phenotype for all NUP subgroups,
we examined the cellular localization of NUPs after 3 h at 37°C
in YPRG medium (Figs. 1 B and S1 D). All NUPs showed a
uniform localization along the NE in BRR6 BRLI WT cells. In
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contrast, the majority of td-brr6 td-brll cells displayed NPC
defects upon degradation of Brr6 and Brll (Fig. 1, B and C;
and Fig. S1, D and E). The signal of Nup82—-yeast-enhanced
GFP (Nup82-yeGFP) along the NE was reduced in td-brr6 td-
brll cells compared with WT control. This was also the case for
Nup85, a member of the Y-shape complex. In addition, ~40%
of td-brr6 td-brll cells showed Nup85-yeGFP—positive dots in
the cytoplasm (Fig. 1 B, arrowhead) and clustering into sev-
eral dots on the NE (Fig. 1, B and C). Similar defects were
observed for nearly all other NUPs, independently of their lo-
calization and function (Fig. 1, B and C; and Fig. S1, D and
E). The INM protein Heh2 also showed similar mislocalization
(Fig. 1, B and C). Heh2 is a member of the Lap2-emerin-MAN1
family of integral INM proteins, which binds to an early NPC
assembly intermediate but not to mature NPCs (Webster et al.,
2014). In contrast, we observed only minor localization defects
upon Brr6/Brll depletion for Hehl (Fig. S1, D and E), which
functions in NPC repair (Webster et al., 2016). No defects were
detectable for the ER markers Sec63-yeGFP and Olel-yeGFP,
which are not associated with NPCs (Fig. S1, F and G; Stukey
et al., 1990; Delic et al., 2013). Collectively, these data show
that the Brr6 and Brll proteins are important for proper lo-
calization of most NUPs.

We next performed EM to examine the ultrastructure of
NPCs in td-brr6 td-brl1 cells. Depletion of Brr6 and Brll caused
NE abnormalities (Fig. 1 D). In particular, the NE showed many
electron-dense inclusions beneath the INM, so-called hernia-
tions (Wente and Blobel, 1993), and sheet structures inside the
nucleus. Immunostaining indicated that INM inclusions and
sheets contained the FG-NUP Nspl. The Nspl label was at the
nuclear bottom region of the herniations (Fig. 1 D). In addition,
the anti-Nsp1 antibody labeled morphologically proper NPCs
in td-brr6 td-brll cells (Fig. 1 D, asterisk). Thus, double deple-
tion of Brr6 and Brll affects NPCs.

To evaluate whether the mislocalization of NUPs in td-brr6
td-brll cells was the result of a general NPC destabilization or a
defect in new NPC assembly, we compared Nup188-mCherry—
marked NPCs that assembled in the presence of Brr6/Brll ac-
tivity with Nup188-yeGFP that was synthesized after Brr6/Brl1
depletion. This experiment was done with the recombination-
induced tag exchange (RITE) system (Terweij et al., 2013) that
allows rapid switching of tags via Cre-induced recombination
from NUP188-mCherry to NUP188-yeGFP (Figs. 1 E and S1,
H-J). We inactivated Brr6/Brll by shifting td-brr6 td-brlI cells
to 37°C for 1 h. This short time at 37°C was chosen to observe
the impact of Brr6/Brll inactivation on newly assembled NPCs.
With the temperature shift, Cre recombinase was activated by
the addition of estradiol. The efficiency of mCherry-to-yeGFP
switching during 1 h of Cre induction was ~50-60% (Fig. S1
H). In td-brr6 td-brll cells, Nup188-mCherry signal, represent-
ing the assembled NPCs, remained equally distributed over the
NE during the time-lapse experiment. In contrast, the newly
synthesized Nup188-yeGFP accumulated as a dot on the NE
(Figs. 1 E and S1 I). This phenotype was observed in ~50% of
cells with Cre-induced recombination (Fig. S1 H). In the other
50% of cells, Brr6/Brll were probably insufficiently depleted
after 1 h at 37°C to cause NPC defects. In a control experiment,
we established that BRR6 BRLI WT cells showed equal distri-
bution of both Nup188-mCherry and Nup188-yeGFP, when Cre
recombinase was switched on (Fig. S1, H and J). These data
suggest that Brr6 and Brll are required for the biogenesis of
new NPCs but not for maintenance of already assembled NPCs.

620z Jequiede( z0 uo 3senb Aq 4pd 420902102 A0l/9¥8909 L/..8/€/.L L Z4Pd-8lone/qol/Bio sseidny/:dpy woly pepeojumoq



A 23°C
srre BrL1[ X R TR

o

td-brr6 td-bri1

Nup85-yeGFP

w

BRR6
BRL1
iy
&

td-brré
td-bri1

C Nup82 Nup85 Ndc! Nup188 Heh2 Nup60 Mipt  Mip2

1004
80+ sl T O
s m.0
5 607
2 O
© 4o /
201
U-\»\\\\»\\»\«\\\\\\\
T A N A A N WA\ AR ANV
Q,%@:a G\&v %%\&0 & &L Q,%\(yv %@\éﬂ & £ %%@»
Qg«" & ng’ & ng’ & Qg@ & Q&" & @ﬁ’ & @%‘2’ & @%“’ &
LRSS AR AN AR R A AR NS AN

Heh2-yeGFP

ol

Gray value
o g -
o o o N
® Gray value
o =N
S o 0 o
O-z
Gray value
o - N
o.?
o
Gray value
o - N
(o]
Gray value
o - N w
o4
N
~
o

2 4 6
Distance (um)

Mip1-yeGFP

2 4 6
Distance (um)
Nup60-yeGFP

BRR6
BRL1

td-brré
td-bri1

E]ca

Gray value

2 4 2 4
Distance (um) Distance (um)

Mlp2-yeGFP

Distance (um)

<“).E

o - N W B O
o.?‘

2 4
Distance (um)

td-brr6 td-brl1

%2 —— BRR6BRL1 Mip1, Mip2, Nup60

< td-brr6 ta-bri1

&1
> - 04

2 4 6 8
Distance (um) Distance (um)
Old
E ~uries hphVIX6 G flopios .

anti-Nsp1

Loss of Brré and Brl1 cause NPC assembly defects. (A) Serial-dilution growth assay of td-brré td-brl1 cells. (B) Images of living cells incubated at
37°C for 3 h. The yeGFP signal along the NE was scanned (enlargement right, yellow circle) for the distribution of the NUPs (graph, bottom). Arrowheads
indicate GFP-dots in the cytoplasm. A cartoon of NUPs with GFP-fusions used in B and in Fig. S1 D is shown. Bars: (overviews) 5 pm; (enlargements)
1 pm. (C) Percentage of cells with mislocalization of GFP-fusion proteins. Error bars: SD (n > 180); three independent experiments. (D) TEM micrographs
of BRR6 BRLT WT and td-brré td-brl1 cells incubated for 3 h at 37°C. Anti-Nsp1 staining at normal NPCs (asterisk), herniations (arrowheads), and sheets.
N, nucleus; C, cytoplasm. Bars, 100 nm. (E) RITE assay. Estradiol induces a genetic switch of NUP188-mCherry (old) to NUP188-yeGFP (new). td-brré td-
brl1 cells were imaged at 10-min intervals after addition of estradiol at 37°C. Fig. S1 | shows an additional td-brré td-brl1 cell. Bar, 1 pm.

Addition of estradiol
to activate recombinase

New
NUP188

Time at 37°C

old
Nup188- Nup188-

New

3
@
y
(8]
E
o
[
Q
°
>
o
=y
o
=

BrrB&/Bri1 associate with NPC assembly sites

Nup188 .

879

620z Jequiede( z0 uo 3senb Aq 4pd 420902102 A0l/9¥8909 L/..8/€/.L L Z4Pd-8lone/qol/Bio sseidny/:dpy woly pepeojumoq



880

Because of the SPB duplication defect of brr6(ts) cells in
S. pombe (Tamm et al., 2011), we asked whether SPB duplica-
tion is also affected in td-brr6 td-brll cells. Interestingly, mild
SPB duplication defects were observed after 4 h at the restric-
tive condition (Fig. S2, A—E) when the NPC biogenesis defect
was already strongly apparent (Fig. 1, B and C; and Fig. S1, D
and E). In addition, yeGFP-Brll and yeGFP-Brr6 did not ac-
cumulate with SPBs during any cell cycle phase, including the
time of the insertion of the new SPB into the NE (Fig. S2 F), as
is the case in S. pombe (Tamm et al., 2011). Thus, because SPB
defects occurred after NPC defects and because of the lack of
Brr6/Brll enrichment at SPBs, the SPB defect in td-brr6 td-brll
cells may be an indirect consequence of the NPC biogenesis
failure. Indeed, we have recently shown that NPCs are import-
ant for SPB duplication (Riithnick et al., 2017).

Depletion or overexpression of Brr6
and Bril1 does not affect cellular lipid
composition
Previously, it has been described that conditional lethal brr6(ts)
cells change ergosterol and neutral lipid composition when
incubated for 6 h at 37°C (Hodge et al., 2010). brr6(ts) and
brli(ts) cells accumulated high levels of monounsaturated
and shorter-chain fatty acids after 16 h at 16°C (Lone et al.,
2015). This led to the suggestion that both proteins promote
NPC biogenesis by regulating lipid homeostasis. To test this
model, we analyzed lipid profiles after codepletion of Brr6 and
Brll over time and simultaneously followed the appearance of
NPC defects by fluorescence microscopy. Although NPC de-
fects were clearly detectable after 3 h at 37°C as indicated by
Nup188-yeGFP clustering (Fig. 2 A), the lipid composition of
BRR6 BRLI WT and td-brr6 td-brll cells was very similar. The
lipid species, the functional lipid subgroups, the chain length,
and the number of double bonds were nearly identical in BRR6
BRLI WT and td-brr6 td-brll cells (Fig. 2, B-E). Over the 6-h
time course, the tendency of lipid changes was similar for both
strains (Fig. 2 F). These data suggest that depletion of Brr6/Brl1
affects NPC biogenesis without changing lipid composition.

Recently, it was shown that an additional copy of BRLI
was able to rescue cell viability of nupl16A or nup57A cells
(Liu et al., 2015). This rescue was attributed to a change in
the lipid composition induced by elevated BRLI, because BA,
which modulates membrane fluidity, caused decreased cell
viability of nup57A cells with an extra copy of BRLI. In our
nupl16A strain background, an additional copy of BRLI did not
allow growth of cells at 37°C (Fig. 3 A). However, expression
of Pgar,-BRLI or P,py;-BRLI, but not Pg,; ;-BRR6 or Ppy; -
BRRG6, was able to suppress the growth defect of nupl16A cells
at 37°C (Fig. 3 A and see Fig. 7, A and B). Mass spectrometric
analysis measurements did not detect changes in lipid profiles
in WT cells upon P4, ,-BRR6 or Py, ,-BRLI induction after 6 h
at 30°C (Fig. 3, B-E), with the exception of a very mild increase
in the chain length of certain triacylglyceride (TAG) subspecies
in the case of BRLI overexpression (Fig. 3 D, asterisks). These
data support the notion that Brr6 and Brll promote NPC bio-
genesis without affecting overall lipid composition.

Reduced growth on BA has been used as an argument for
a change in lipid composition in brr6(ts) and brll(ts) cells. To
evaluate the broadness of this phenotype, we tested conditional
lethal brr6(ts) and brli(ts) mutant cells together with NPC and
SPB mutants for growth on plates with BA. Fig. 3 F shows
that only a subset of BRLI alleles (brl1-56 at 23°C-33°C and
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brl1-58 at 30°C and 33°C) grow more poorly in the presence of
BA in comparison to the cells on the control plate. In contrast,
BA did not enhance the growth defect of other mutant cells
(brr6-19, brr6-732, or brr6-751). BA even promoted growth of
brr6-5001 cells at 33°C. No matter whether BA affected the
growth or not, brr6(ts) and brli(ts) alleles cells showed NPC
defects (Fig. 3 G). Reduced growth on BA was also observed
for mps2-1, mps2-42, mps2-2, nbpl-2, nbpl-3, pom33A, and
nupl33A cells that are defective in the insertion of the new
SPB into the NE (mps2(ts), ndcl(ts), and npbl(ts)) or NPC bio-
genesis (pom33A and nup1334), but do not have a direct im-
pact on lipid biosynthesis.

Partial NPC localization of Brr6 and Bri1
To better understand the function of Brr6 and Brll in NPC
biogenesis, we analyzed the localization and topology of both
proteins. Brr6 and Brll have been reported to localize to the
NE and ER using plasmid-encoded tagged versions of the genes
that were expressed in parallel to the untagged WT gene copy
(de Bruyn Kops and Guthrie, 2001; Saitoh et al., 2005). To con-
firm this localization, we fused BRR6 and BRLI to yeGFP and
moderately overexpressed the gene fusions from the P, pro-
moter (Fig. 4 A). Brr6 and Brll localized at both the NE and
the peripheral ER independently of the position of the yeGFP
tag (Fig. 4 A). The intensity of yeGFP-Brr6 and Brr6-yeGFP
at the cell cortex was stronger than that at the NE. This ratio
was reversed for yeGFP-Brll and Brl1-yeGFP (Fig. 4 A). The
uniform NE localization of yeGFP-Brll and yeGFP-Brr6 was
disturbed in apql2A cells grown at the restrictive temperature.
Both proteins showed a punctate pattern in apql2A cells (Fig.
S3 A, arrowheads). Thus, Brr6 and Brll are uniformly distrib-
uted along the NE, in dependence on Apql2.

Tagging of BRR6 and BRLI at the 3’ end by yeGFP with-
out affecting the promoter confirmed localization of both pro-
teins at the nuclear rim that was marked by Nup188-tdTomato
(Fig. 4 B). Scanning of the fluorescence intensities along the
NE indicated a fraction of overlapping peak intensities be-
tween Brr6/Brll and Nupl88 (Fig. 4 B, arrowheads). This
may indicate localization of Brr6/Brll to a subpopulation of
NPCs. To test this further, we performed immuno-EM using
anti-GFP antibodies followed by protein A—gold (Fig. 4, C-E).
The membrane NUP yeGFP-Pom34 was used as control for a
NE-associated protein that localizes with NPCs. Asi3-yeGFP,
a protein of the INM with a function in quality control (Khme-
linskii et al., 2014), is at the NE but not at NPCs. Incubation of
the yeGFP-tagged cells with only protein A—gold did not result
ina NE or NPC signal. In P,p,-yeGFP-POM34 cells, gold par-
ticles reflecting the localization of yeGFP-Pom34 were at the
NE and NPCs. For yeGFP-Pom34, ~40% of the gold particles
at the NE associated with NPCs (Fig. 4, C and D). In contrast,
only 10% of the Asi3-yeGFP signal along the NE overlapped
with NPCs. The Asi3-yeGFP signal at NPCs was similar to
the NPC occupancy of the NE (Fig. 4 D) and therefore prob-
ably reflects Asi3 molecules that were coincidently close to
NPCs at the time of fixation. Interestingly, 20-25% of the NE-
associated Brr6 and Brll signals were at NPCs. This number
was lower than that for Pom34 but clearly higher than the 10%
value for Asi3. We therefore conclude that a fraction of Brr6
and Brl1 associates with NPCs.

We next used the immuno-EM data from Fig. 4 C to quan-
tify the INM and ONM distribution of Brr6 and Brll. The Asi3
signal was predominantly associated with the INM, consistent
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Figure 2. Codepletion of Brré and Brl1 does not affect lipid composition. (A) Cells were incubated at 37°C as in Fig. 1 B and analyzed 0, 3, and 6 h after
temperature shift with Nup188-yeGFP as NPC marker. Images with maximum-intensity projections are shown. Bar, 5 pm. (B-F) Lipids were extracted from
cell cultures used for A with subsequent mass spectrometric analysis by nano-ESI-MS/MS. Samples in B-E were analyzed after 3 h at 37°C. (B) Lipid classes
displayed as mol% of measured lipids. (C) Distribution of lipids into functional categories of glycerophospholipids and glycerolipids (GPL), sphingolipids
(SP), sterols (ST), and storage lipids. (D) Chain length profiles. (E) Double bond profiles. (F) Changes in the mol% distributions of lipid classes during the

time course experiment. Error bars in B-F: SD (n = 3).

with published data (Zargari et al., 2007; Fig. 4, C and E).
yeGFP-Brr6 and Brr6-yeGFP were equally distributed on both
sides of the NE, whereas yeGFP-Brll mainly localized to the
INM (Fig. 4, C and E). Thus, Brr6 and Brll associate with the
INM; Brr6 shows additional localization at the ONM.

Membrane topology of Brr6 and Bri1

Brr6 and Brll are integral membrane proteins, although their
topology is a matter of debate (de Bruyn Kops and Guthrie,
2001; Kim et al., 2006). To elucidate the topology of Brr6
and Brll, we used the bifunctional complementation (BiFC)
assay (Hu et al., 2002). In this assay, C- and N-terminal do-
mains of Venus (VC and VN) that are nonfluorescent are ex-
pressed as gene fusions. As soon as VC and VN come close
together, because either two fusion proteins interact or N and

C termini of an integral membrane protein are on the same
side of the membrane, VC and VN interact and the YFP is
restored. Following this strategy, VN-BRLI-VC fusions were
expressed as the only chromosomal copy. The VN-Brl1-VC
signal was detectable at the NE (Fig. 4 F). In contrast, the
integral membrane protein VN-Pom152-VC, which only has
one membrane-spanning domain (Tcheperegine et al., 1999),
did not show a YFP signal (Fig. 4 F). This indicates that N and
C termini of Brll are located on the same side of the NE. In
contrast to VN-BRLI-VC cells, tagging of BRR6 on both sides
(VN-BRR6-VC) strongly affected viability of cells. We there-
fore combined VC-BRR6 with BRLI-VN and BRR6-VN with
VC-BRLI (Fig. S3 B). Both combinations resulted in YFP-
positive cells, suggesting that N and C termini of Brr6 are ad-
jacent to the N and C termini of Brll.
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Previous data suggest that the C termini of Brr6 and
Brll are exposed to either the cytoplasm or nucleoplasm
(Smoyer et al., 2016). Confirmation of this conclusion came
from histidine-biotin-histidine (HBH)-tagged Brr6. The HBH
tag of HBH-Brll, HBH-Brr6, and Brr6-HBH became bioti-
nylated, as indicated by streptavidin detection (Fig. 4 G). Be-
cause the biotin modification system is not localized in the
nuclear intermembrane space (Huh et al., 2003; Emerman et
al., 2010), this result confirms that the N and C termini of
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Brr6 and the N terminus of Brll are localized in either the
nucleoplasm or cytoplasm.

Disulfide bonds are important for
localization and stability of Bri1

Four conserved cysteine residues are found in all Brr6/Brl1 or-
thologues (Fig. 4 H). Importantly, Brll contains two additional
cysteine residues in its second TM domain (Fig. 4 H; TM2).
Because the nuclear intermembrane space has an oxidative
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environment (Braakman et al., 1991; Frand et al., 2000), we
determined the redox state of the cysteine residues in Brr6 and
Brll to judge whether they localize in the intermembrane space
or in the nucleus/cytoplasm.

Analysis of yeGFP-Brr6 and Brll by SDS-PAGE under
oxidative and reducing conditions excluded the possibility of
intermolecular interactions via disulfide bridges (Fig. S3 C),
as we failed to detect dimeric or multimeric GFP-Brr6 or Brll
species in the absence of the reducing agent DTT. Incubation of
protein extracts with 24-methyl-polyethylenglycol-maleinimide
(mmPEG24), which alkylates free cysteine residues and causes
an upshift of the protein in SDS-PAGE upon modification, did
not affect running behavior of the HBH-tagged version of Brr6
(HBH tag does not contain cysteine; Fig. 4 H, lane 1 and 3).
mmPEG24 triggered only a small upshift of Brll (Fig. 4 H,
lanes 1 and 3). This indicates that most cysteine residues in both
proteins were oxidized. To confirm this notion, we preincubated
the cell extract with Tris-2-carboxyethyl-phosphine (TCEP) to
reduce all cysteine residues followed by mmPEG?24 incubation.
This scheme resulted in four mmPEG24-modified HBH-Brr6
bands. Brll was strongly upshifted into one band (Fig. 4 H, lane
2). This result further indicates that cysteine residues in Brr6
and Brll are predominately oxidized in vivo.

To exclude that cysteine residues became oxidized during
extract preparation, intact cells were first incubated with the
membrane-permeable N-ethylmaleimide (NEM) to block all
free cysteines. Cell extracts were then treated with TCEP and
mmPEG24. HBH-Brr6 behaved as without NEM incubation
(Fig. 4 H, compare lanes 2 and 4), indicating that all cysteine
residues of B1r6 are oxidized in cells. The mmPEG24-induced
upshift of Brll was slightly reduced by NEM (Fig. 4 H, compare
lanes 4 and 2). The two cysteine residues in the TM2 domain
of Brll are probably in a reduced state, and their blockage by
NEM slightly reduced the mmPEG24-induced mobility shift.

To test for the importance of the disulfide bonds, we mu-
tated cysteine residues in Brr6 and Brl1 to serine (C-S). Mutat-
ing all four central cysteine residues of Brr6 and Brll caused
cell death (Fig. 4 1, brr6-4S and brli-4S). Interestingly, brli-
SCCS supported viability of brllA cells, whereas brl1-CSSC or
brl1-SCSC cells failed to form colonies (Fig. 4 I). This suggests
that the critical disulfide bond is the most inner one. Indeed, the
full upshift of Brl1-SCCS by mmPEG24 was seen only after
TCEP reduction, suggesting that the two inner cysteines of Brll
form a disulfide bond (Fig. S3, D and E).

Why are the cysteine mutants of Brll nonfunctional?
Analysis of cell extracts by immunoblotting indicated that
Papui-yeGFP-brl1-SCCS was expressed similarly to P,py;-
yeGFP-BRLI (Fig. S3 H). yeGFP-Brl1-SCCS still localized to
the NE; however, the intensity of this signal was reduced com-
pared with WT Brll (Fig. S3, F and G). This reduction in sig-
nal intensity by similar expression to WT Brll is explained by
mislocalization or misfolding of a portion of the yeGFP-Brl1-
SCCS protein. P,py-yeGFP-brll-4S and P,py,-yeGFP-brll-

SCSC were less expressed than P,;;,-yeGFP-BRLI (Fig. S3
H). Consistently, the NE signal of yeGFP-brl1-4S and yeGFP-
brl1-SCSC was reduced (Fig. S3, F and G). yeGFP-brl1-CSSC
was degraded to the level of yeGFP that uniformly stained the
cytoplasm. These data indicate that, at least for the overex-
pressed proteins, the disulfide bonds in Brll are important for
either protein stability (inner C-C) or proper NE localization
(outer C-C). A model for disulfide bond formation in Brr6 and
Brll is given in Fig. 4 J.

Bri1 interacts with a subset of NUPs
Because Brr6 and Brll are not stable components of NPCs,
both proteins may only transiently interact with NPCs during
biogenesis. We tested the possibility of transient Brl1-NUP in-
teractions using the BiFC assay (Hu et al., 2002). In this assay,
transient interactions are preserved after YFP formation (Kerp-
pola, 2008; Khmelinskii et al., 2014). We observed interaction
of Brll with structural NUPs, including the TM NUPs Ndcl
and Pom33; the outer ring NUPs Nup84, Nup85, and Nup133;
and the inner ring NUPs Nup188 and Nup59. Brll mildly in-
teracted with Heh1 but not Heh2, which has been indicated to
be involved in the quality control of NPC biogenesis (Webster
et al., 2016). In contrast, no interaction was observed between
Brll and the FG-repeat proteins Nup49 and Nupl16, the cy-
toplasmic filament protein Nup82, and nuclear basket NUPs
Nup2, Nup60, Mlpl, and Mlp2 (Fig. 5, A and B). Deletion of
APQ]I2 increased Nup84-Brl1 interaction in the BiFC assay but
had no impact on other interactions (Fig. S3 I).

To confirm interactions, Brr6-3yeGFP and Brll-3yeGFP
were immunoprecipitated from whole-cell extracts with GFP-
Trap beads (Rothbauer et al., 2008). As positive control for IP,
we confirmed complex formation between Brll and Brr6 (Fig.
S3 J; Lone et al., 2015). We detected Ndc1-6HA in the IP of
Brr6-3yeGFP (Fig. 5 C). In a similar way, we detected Nup188-
6HA and Ndcl-6HA bound to yeGFP-Brr6 and yeGFP-Brll
(Fig. 5 D). Collectively, these data show that Ndc1 and Nup188
are in relatively stable complexes with Brr6 and Brll.

Clustered Brr6 and Brl1 proteins recruit
NUPs to the NE

To obtain additional evidence for the interaction of Brr6 and
Brll with NUPs, we asked whether clustering of Brr6 and Brll
in the NE had the ability to recruit NPCs. We induced Brr6/Brl1
clustering by galactose-induced expression of three tandem
copies of the gene coding for the GFP-binding protein (3GBP;
Rothbauer et al., 2008) in BRR6-3yeGFP BRLI-3yeGFP cells
(Fig. 6 A). This expression reduced growth of BRR6-3yeGFP
BRLI-3yeGFP cells but not of BRR6 BRLI cells (Fig. 6 B).
Short Pg,; ;-3GBP expression clustered Brr6/Brl1-3yeGFP into
a dot-like region at the NE that was stronger in intensity than the
Brr6/Brl1-3yeGFP signal along the NE (Fig. 6 C, arrowheads).
Importantly, Nup188-mCherry was recruited to this Brr6/Brl1-
3yeGFP dot, as indicated by the colocalization of yeGFP and

(enlargement) 1 pm. (C) Immuno-EM analysis of yeGFP-Pom34, Asi3-yeGFP, yeGFP-Brr6, and yeGFP-Brl1 cells with anti-GFP antibody. Blue arrowheads,
10-nm gold particles reflecting yeGFP localization. Orange stars indicate NPCs. Red squares represent the red marked enlargements on the right. Green
boxed pictures on the right show additional examples with Brré and Brl1 signals at NPCs taken from other EM micrographs. N, nucleus; C, cytoplasm.
Bars: (overviews) 500 nm; (enlargements) 50 nm. (D) Plot of gold particles of the NE at NPCs. n is given in E. NPC occupancy is described in Materials
and methods. (E) Quantification of gold-labeled particles on different sides of the NE. (F) Topology of Brl1 by BiFC. Bar, 5 pm. (G) In vivo biotinylation of
HBH-Brl1, HBH-Brré, and Brr6-HBH. (H) Scheme of Brl1 and Brr6. In vivo redox analysis of Brré and Brl1. Immunoblot with antibodies against Brl1 or His-
tag. (I) Serial dilutions of brl14 CEN-URA3-BRL] cells with the indicated LEU2based CEN plasmids. 5-FOA removes the URA3based plasmid. (J) Model for

the topology of the disulfide bonds in Brré and Brl1.
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Figure 5. Brré and Brl1 interact with structural NUPs that are required for the early NPC assembly. (A) BiFC fluorescent signals of cells expressing
Brl1-VC and NUP-VN fusions. A cartoon of the NPC with indicated VN-fusions is shown. Bar, 5 pm. (B) Quantification of cells from A. Error bars: SD
(n > 100); three independent experiments. (C) Ndc1-6HA coimmunoprecipitates with Brr6-3yeGFP. (D) Nup188-6HA and Ndc1-6HA copurifies with
yeGFP-Brré and yeGFP-Brl1.
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mCherry (Fig. 6, C [right] and D). Expression of P, ;-3GBP
in NUP188-mCherry cells had no impact on the localization of
Nup188-mCherry, excluding binding of the mCherry moiety to
3GBP (Fig. S3, K and L). As a specificity control, we established
that expression of Pg,;;-3GBP in SEC63-3yeGFP or OLEI-
3yeGFP cells clustered Sec63-3yeGFP and Olel-3yeGFP with-
out affecting Nup188-mCherry localization (Fig. 6, E and F;
and Fig. S3, M and N). Together with the BiFC, immuno-EM,
and IP data, this supports the notion that Brr6 and Brll can in-
teract with NUPs at the NE.

BRL 1 overexpression suppresses the

NPC biogenesis defect of nup1 164 and
gle2A cells

Cells with a deletion of NUP116 or GLE?2 or carrying the condi-
tional lethal gle2-1 allele have a growth defect at 37°C that was
suppressed by BRLI but not BRR6 expressed from the GALI
or ADH] promoter (Fig. 7, A and B). GLE2 encodes for a NPC
component that interacts with Nupl116 (Murphy et al., 1996;
Suntharalingam and Wente, 2003; Lutzmann et al., 2005). Sup-
pression of the growth defect of nup116A cells by Brll was de-
pendent on the presence of the inner cysteine residues (Fig. 7 B).
Recently, it was shown that the GLFG repeats of Nup116 func-
tion in a redundant manner with Nupl88 in NPC biogenesis
(Onischenko et al., 2017). As for nupl16A cells, the growth
defect of nupl IGAGLFG P,zp5-NUP188 cells was suppressed
by P,pu;-BRLI but not by P,py,-BRR6 (Fig. 7 C). In contrast,
Pgar-BRLI did not allow growth of nupl20A and secl3-34
cells, which also form herniations at the restrictive temperature
(Fig. 7 A). NUP120 and SECI3 code for components of the
Y-shape Nup84 complex that forms an NPC scaffold (Sinios-
soglou et al., 2000). In the reverse experiment, we asked whether
P,pi-NUPI116 was able to suppress brr6(ts) and brll(ts) mu-
tant alleles. P,py,-NUP116 allowed growth of nup116A cells at
37°C (Fig. 7 D). However, P,py;,-NUP116 did not suppress the
growth defect of brr6(ts) or brii(ts) cells (Fig. 7 D). This ge-
netic analysis suggests that BRLI overexpression bypasses the
functions of NUP116 and GLE?2 in NPC biogenesis.

To understand the suppression of the nupl16A and gle2A
phenotypes by P,py;-veGFP-BRLI, we analyzed these cells by
EM. The herniation phenotype of nupl16A and gle2A cells at
37°C (Fig. 7 E; Wente and Blobel, 1993; Murphy et al., 1996)
was completely suppressed by P,py;-yeGFP-BRLI (Fig. 7 F).
As in WT cells (Fig. 4, C and E), yeGFP-Brl1 localized with the
smooth INM in nup116A and gle2A cells, as determined by im-
muno-EM (Fig. 7 F, arrowheads). Thus, Brl1 can efficiently over-
come the NPC biogenesis defect of nupl16A and gle2A cells.

Brr6 and Brl1 locate to NPC assembly
intermediates
To understand where Brr6 and Brll function during NPC bio-
genesis, we determined their localization during the NPC as-
sembly. NPC assembly intermediates are transient in nature and
have not been described in WT yeast cells. We accumulated
such structures using conditional lethal td-brr6 or td-brll cells.
In light microscopy images, ~30% of td-brr6 cells with Py~
veGFP-BRLI (Fig. 8 A) showed dot-like Nup85-tdTomato sig-
nals at the NE, most of which colocalized yeGFP-Brl1 puncta
(Fig. 8, B and C). This raises the possibility that Brl1 associates
with NPC assembly intermediates.

Analysis of td-brr6 cells by EM identified INM evagi-
nations that were labeled by the marker Nspl (Fig. 8 D). We
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subgrouped Nsp1-labeled evaginations into three classes accord-
ing to their depth (Fig. 8 F). With depth less than 30 nm, which
was smaller than the INM-ONM distance (Fig. 8 F, right), we
defined the INM deformations as NPC assembly intermediates.
These small INM evaginations were detected in only one se-
rial section and are therefore not extensions of herniations. The
morphology of these structures was similar to NPC assembly
intermediates of human cells (Otsuka et al., 2016). NE defor-
mations, which were deeper than the ONM-INM distance, were
named small or large herniations, depending on the depth of the
deformation (Fig. 8 F). The diameter of herniations was similar
to that of NPCs (Fig. 8 G). yeGFP-Brll was detected at the bend
of the INM of assembly intermediates (Figs. 8 D and S4 A). The
yeGFP-Brl1 signal localized mostly at the bend of the INM in
small and large herniations (Fig. 8 D, middle and right).

In td-brll cells, yeGFP-Brr6 was also detected at NE
evaginations (Fig. 8 E). Consistent with the localization of Brr6
to the INM and ONM in WT cells (Fig. 4, C and E), Brr6 local-
ized on both membranes of NE evaginations (Fig. 8§ E). Because
BRR6 did not suppress the defect of nupl16A and gle2A cells
(Figs. 3 A and 7 A), we could use these cells for analysis of
the localization of yeGFP-Brr6. yeGFP-Bir6 localized to the
INM and ONM of herniations (Fig. S4, B and C). In summary,
Brll associates with the INM of NPC biogenesis intermediates,
whereas Brr6 was at the INM and ONM of these assemblies.

To test whether Brll has membrane-remodeling activity,
we overexpressed BRLI from the galactose promoter (Pg,; ;-
BRLI) and analyzed NE morphology. Indeed, galactose-induced
expression of P, ,-BRLI affected the morphology of the NE in
WT cells (Fig. S4, D-F). In 83% of the Pg,,,-BRLI cells (10 of
12 cells), sheets of NE were detected inside the nucleus by EM
(Fig. S4 G). Such defective NE structures were not observed in
control cells. This phenotype was not observed for Pg,; ;-BRR6
cells. Thus, Brll has the potential to remodel the NE.

Discussion

Brr6 and Brll are two integral membrane proteins of the NE
with functions in NPC biogenesis (Schneiter and Cole, 2010).
It was suggested that both proteins regulate lipid homeostasis,
explaining their essential role in NPC biogenesis. Although this
model is appealing, indications are missing for how Brr6 and
Brll would regulate lipid composition and whether NPC de-
fects and lipid changes correlate over time in conditional lethal
brré(ts) and brll(ts) cells.

Because Brr6 and Brll are paralogues with overlapping
functions, as suggested by similar NPC defects and the syn-
thetically lethal phenotype of mutant alleles, we codepleted
Brr6 and Brll to see the full range of Brr6 and Brll functions.
These double-degron cells showed NPC biogenesis defects, as
has been reported for the conditional lethal brr6(ts) and brli(ts)
cells (de Bruyn Kops and Guthrie, 2001; Saitoh et al., 2005;
Hodge et al., 2010; Lone et al., 2015). However, lipid mass
spectrometry analysis did not indicate a change in lipid com-
position in response to Brr6 and Brll depletion. In addition,
Pgar,-BRR6 and Py, ,-BRLI overexpression did not affect lipid
composition. The only exception was a very small increase of
TAG subspecies with long fatty acids by Pgs,;-BRLI expres-
sion. However, it is unlikely that this minute increase has an im-
pact on the NE, because TAGs are mainly components of lipid
droplets, which do not have a direct role in membrane curvature
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Figure 6. In vivo cross-linking of Brré and Brl1 recruits Nup188. (A) Principle of 3GBP in vivo crosslinking assay. (B) Growth of indicated cells with
plasmids p415Gal or p415Gal-3GBP. (C and E) p415Gal or p415Gal-3GBP cells were incubated for 3 h at 30°C with galactose to induce the Pguy;
promoter. The enlargements show NEs that were used for the plot profiles on the right. Arrowheads indicate colocalization of Brr6/Brl1 and Nup188.
Bars: (overviews) 5 pm; (enlargements) 1 pm. (D and F) Quantification of cells from C and E. Error bars: SD (n > 300 for C and n > 150 for E); three in-
dependent experiments. Unpaired ttest with two-tailed pvalue was used to compare the samples. ***, P < 0.001; ****, P < 0.0001; ns, not significant.
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Figure 7. Genetic interactions of BRLI. (A) Indicated yeast strains with chromosomal Pyp;-BBR6 or Pap;-BRLT or plasmid encoded Pgy;;-BRRS or Pgy ;-BRLT
were incubated for 2 d at 37°C. -, no growth; +, growth; —/+, partial growth; nd, not determined. A cartoon of the NPC with indicated proteins tested in
the assay is shown. (B) Serial dilutions of indicated strains with the plasmid-encoded BRL1 alleles on SC-selection plates. (C) Suppression of the growth defect
of nup116AGLFG Pyer5-NUP188 cells by Papy;-BRLT. Ten-fold serial dilutions of cells on plates with or without methionine. (D) Growth of brré(ts), brll(ts),
and nup 1164 cells with Pap,;-NUPT16. (E) TEM images of nupT164 and gle24 cells show herniation defects after incubation at 37°C for 3 and 2.5 h,
respectively. N, nucleus; C, cytoplasm. Bars: (overviews) 500 nm; (enlargements) 100 nm. (F) Immuno-EM analysis with anti-GFP antibody. nup1164 and
gle24 cells with Pyp;-yeGFP-BRLT were incubated for 3 and 2.5 h at 37°C, respectively. Arrowheads, 10-nm gold particles reflecting yeGFP localization.
Abbreviations and bars are as in E.
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Figure 8. Brré and Brl1 accumulate at NPC assembly intermediates. (A) Protein level of yeGFP-Brl1 of the indicated cells represented in B. Tub2 is load-
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Figure 9. Model for Brr6/Brl1 function. See
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and fusion (Thiam et al., 2013; McMahon and Boucrot, 2015).
In addition, BA affected growth of only a subset of conditional
lethal brll mutant cells, although all of them showed NPC bio-
genesis defects. brr6-5001 cells grew even better on BA at 33°C
than without the drug. BA also impaired growth of well-studied
SPB duplication and NPC biogenesis mutants that are import-
ant for the insertion of the SPB or NPC into the NE but are
not involved in lipid biogenesis. Thus, a change in growth by
BA probably indicates a role of the encoded protein in mem-
brane-related processes but does not necessarily indicate a func-
tion in lipid homeostasis.

Previously it was suggested that the C terminus of Brr6 is
in the intermembrane space of the NE, whereas the N terminus
is exposed into the nucleo- or cytoplasm (de Bruyn Kops and
Guthrie, 2001). Our data are most consistent with the model
that Brr6 and Brll have two TM domains with N and C termini
exposed to the nucleoplasm or cytoplasm (Fig. 4 J). In agree-
ment with this model are membrane orientation predications
(Kim et al., 2006; Smoyer et al., 2016) and the observation that
N and C termini of Brll interact in the split YFP assay, indicat-
ing that they colocalize on the same side of the NE. Similarly,
N- and C-tagged Brr6 interacted with Brll in the BiFC. Fur-
thermore, the HBH tag at the N terminus of Brll and N and C
termini of Brr6 was found to be biotinylated by endogenous
biotin transferase, which resides in the nucleus and cytoplasm
but not in the ER lumen. In addition, Brr6 and Brll formed
intramolecular disulfide bonds, most likely inside the oxidative
environment of the intermembrane space of the NE. The two
most inner cysteine residues of Brll were essential for its func-
tion. We propose that disulfide bond formation within the inter-
membrane space is important to stabilize the fold of Brl1, which
then has an impact on the membrane insertion, localization, and
stability of the protein.

How do Brr6 and Brl1 function in NPC biogenesis? Recent
data indicate that the GLFG repeats of Nup116 not only have a
NPC transport function, but in addition play a role in NPC bio-
genesis by stabilizing critical interactions with scaffold NUPs
during interphase NPC biogenesis. Failure of this stabilization
causes NPC biogenesis defects, with the accumulation of her-
niations (Onischenko et al., 2017). Herniations are also a prom-
inent phenotype of brr6(ts) and brli(ts) mutant cells (Hodge
et al., 2010; Lone et al., 2015). Puzzlingly, however, Brr6 and
Brll do not colocalize with clustered NPCs in nup33A cells,
leading to the suggestion that they are not associated with NPCs
(de Bruyn Kops and Guthrie, 2001; Saitoh et al., 2005). Immu-
no-EM data presented here indicate that Brr6 and Brll interact
with a subset of NPCs. These may be newly assembled NPCs
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or a specific subset of already assembled NPCs. In addition,
Brr6 and Brll localized to INM evaginations of NPC assem-
bly intermediates that are morphologically related to the NPC
assembly intermediates in human cells (Otsuka et al., 2016).
Furthermore, Brr6 and Brll were essential for the biogenesis of
new NPCs. Mature NPCs were not affected by the depletion of
both proteins. Clustering of Brr6 and Brll at the NE was suf-
ficient to recruit the NPC component Nup188. This altogether
supports the notion that Brr6 and Brll transiently interact with
assembling NPCs (Fig. 9).

Brr6 and Brll could be part of a control mechanism that
repairs defective or stalled assembly intermediates, as was
shown recently for Heh2 and the AAA-ATPase Vps4 (Webster
et al., 2014). We consider this possibility as less likely, because
in cells lacking the repair pathway genes HEH2 or VPS4, NPC
assembly defects are relatively rare even in the absence of
POM152 and VPS4 (<15%; Webster et al., 2014). Thus, NPC
biogenesis is highly efficient even without a repair pathway. In
contrast, only 1-h depletion of Brr6 and Brll affected ~50% of
the newly assembled NPCs (Fig. 1 E), and depletion of Brr6/
Brll for 3 h impaired most of the NPCs (Fig. 1, B and C; and
Fig. S1, D and E). This strong NPC biogenesis defect is more
in line with a function of Brr6 and Brll in the assembly of
new NPCs. We favor a model in which Brll either scaffolds
NPC assembly independent of Nupl88 and GLFG-Nupl16
or promotes fusion of the INM and ONM by remodeling the
NE during NPC biogenesis. This model is consistent with the
observation that BRLI overexpression was able to bypass the
functions of NUP116 and GLE?2 in NPC biogenesis. In fact, the
INM evagination phenotype of nupl16A and gle2A cells was
completely suppressed by P,py,-BRLI. Furthermore, P,py;-
BRLI suppressed the growth defect of nupl I6AGLFG P pr3-
NUPI88 cells that arises because of a lack of scaffold function
during NPC biogenesis (Onischenko et al., 2017). Future in
vitro experiments will test whether purified Brll has mem-
brane-remodeling activity.

Complex formation, genetic interactions, and similar phe-
notypes of conditional lethal mutants suggest that Brr6 and Brll
function together in one complex. However, it is important to
note that Brr6 does not always behave like Brll. In contrast to
BRLI, overexpression of BRR6 failed to suppress the growth
defect of nupl16(ts) and gle2(ts) cells and did not affect NE
morphology. Moreover, about half of Brr6 associated with the
ONM, whereas most of Brl1 was at the INM. This may indicate
that Brr6 and Brll do not always function together. It will be im-
portant to understand when in the NPC biogenesis process both
proteins interact and which functions of BRLI require BRR6.
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The S. pombe Brr6 becomes enriched at the SPB in early
mitosis and with mitotic exit, where it facilitates NE insertion
and extrusion of the SPB from the NE, respectively (Tamm et
al., 2011). Such function at the SPB was not obvious in S. cere-
visiae. We detected only relatively mild SPB duplication defects
that could be an indirect consequence of the NPC defects in
Brr6/Brl1-depleted cells (Riithnick et al., 2017). We were un-
able to show enrichment of Brr6 and Brll at the SPB of bud-
ding yeast. The difference between S. pombe and S. cerevisiae
is probably an attribute of distinct SPB insertion mechanisms
(Cavanaugh and Jaspersen, 2017). In S. cerevisiae, the daughter
SPB inserts next to the mother SPB that is already embedded in
the NE (Seybold and Schiebel, 2013). In S. pombe, the mother
and daughter SPBs reside on the cytoplasmic face of the NE
during interphase, and both become inserted into a fenestra of
the NE with mitotic entry (Ding et al., 1997; Bouhlel et al.,
2015; Riithnick and Schiebel, 2016).

In mammalian cells, the membrane curvature—sensing
protein Nup133, the Sun domain protein Sunl, and the TM NUP
Pom121 have been reported to be involved in interphase NPC
assembly (Doucet et al., 2010; Funakoshi et al., 2011; Talamas
and Hetzer, 2011). Puzzlingly, Brr6/Brll homologues are found
only in organisms with closed mitosis (Tamm et al., 2011; Jas-
persen and Ghosh, 2012; Yang et al., 2017). In these organisms,
the interphase NPC pathway is probably the only way to assem-
ble NPCs and as such has to be particularly efficient. This may
explain the conservation of Brr6/Brll in these organisms. Func-
tionally similar proteins most likely fulfill the role of Brr6/Brll
in interphase NPC biogenesis in higher eukaryotes. It will be
interesting to test the extended reticulon family (Yang and Strit-
tmatter, 2007; Christodoulou et al., 2016) and Torsin, whose
depletion causes accumulation of herniation-like structures in
human cells (Laudermilch et al., 2016), for functions in INM-
ONM fusion during interphase NPC biogenesis.

Materials and methods

Yeast strains and culture conditions

Yeast strains and plasmids used in this study are listed in Table S1.
Yeast strains TSA1123, Y12346, and Y12360 were obtained from
C. Boone (Donnelly Centre for Cellular and Biomolecular Research,
University of Toronto, Toronto, Canada). The plasmids pUN100-
SECI13-ProtA and pUN100-sec13-34-ProtA were obtained from
E. Hurt (Heidelberg University Biochemistry Center, Heidelberg,
Germany). The plasmid pLPMR?2 was obtained from C.P. Lusk (Yale
School of Medicine, New Haven, CT). The yeast strain SCEB116
was obtained from G. Rabut (Centre National de la Recherche Sci-
entifique, Rennes, France). The yeast strain KWY5540 was obtained
from K. Weis (Institut fiir Biochemie, ETH Zurich, Zurich, Swit-
zerland). The yeast strain SWY 1136 was obtained from S. Wente
(Vanderbilt University School of Medicine, Nashville, TN). Gene
deletion and epitope tagging of endogenous genes were performed
using a PCR-based integration approach (Knop et al., 1999; Janke
et al., 2004). Yeast strains were grown in synthetic complete (SC)
medium, SC-selection medium (Rose, 1987), YPD, or yeast extract,
peptone, and raffinose (YPRaf) with or without 0.1 mM CuSO, at
16°C, 23°C, 30°C, or 37°C. Galactose was added to a final concen-
tration of 2% to induce expression of genes under a GAL/ promoter.
Alkaline lysis and TCA precipitation were used to prepare yeast ex-
tracts for analysis of protein levels by immunoblotting (Janke et al.,
2004). To test for growth defects, yeast cells were grown overnight

in the indicated selection medium before the density was adjusted
to ODg, = 1 the next day. The cell suspension was then spotted in
a 10-fold serial dilution on the desired plates and incubated at the
indicated temperatures.

Fluorescence light microscopy

A DeltaVision RT system (Olympus IX71 based; Applied Precision)
equipped with the Photometrics CoolSnap HQ camera (Roper Scien-
tific), a 100x/1.4-NA UPlanSAPO objective (Olympus), a mercury arc
light source, and softWoRx software (Applied Precision) was used for
cell imaging. Imaging was done at 23°C, 30°C, or 37°C using the GFP,
YFP, and mCherry channels with different exposure times according to
the fluorescence intensity of each protein. For time-lapse experiments,
cells were grown and imaged in microfluidic plates (Y04C/CellASIC)
within the ONIX microfluidic platform (CellASIC) inserted onto the
microscope stage. SC medium with 3% raffinose and 2% galactose was
perfused into the microfluidic plate at a pressure of 0.25 psi. Image
restoration by 3D deconvolution was performed with softWoRx and
processed with Imagel software (National Institutes of Health). For
quantification of SPB signals, the integrated density (IntDen) of the
SPB in the brightest stack was measured with a 5 x 5-pixel square and
7 x 7-pixel square for background correction. The following formula
was used to calculate the relative fluorescent intensity (RFI):

RFI = IntDeng,s— {(IntDen7x7 — IntDens,) x [areas,s/(area,,, — areas,s)| }.

Quantifications were performed three times, and a combined graph
is shown.

Lipid analysis

Cells (10 OD) were harvested and homogenized by FastPrep (MP
Biomedicals) in 155-mM ammonium bicarbonate buffer (pH 7.5).
Homogenized cells were subjected to acidic Bligh-Dyer lipid ex-
traction in the presence of internal lipid standards added from a mas-
ter mix containing phosphatidylcholine (PC; 13:0/13:0, 14:0/14:0,
20:0/20:0; 21:0/21:0; Avanti Polar Lipids), phosphatidylinositol
(PI; 17:0/20:4; Avanti Polar Lipids), phosphatidylethanolamine
and phosphatidylserine (PE and PS; both 14:1/14:1, 20:1/20:1,
22:1/22:1; semisynthesized as described in Ozbalci et al. [2013]),
DAG (17:0/17:0; Larodan), TAG (TAG, D5-TAG-Mix, and LM-6000/
D5-TAG, 17:0, 17:1, and 17:1; Avanti Polar Lipids), phosphatidic
acid (PA, 17:0/20:4; Avanti Polar Lipids), phosphatidylglycerol (PG,
14:1/14:1, 20:1/20:1, 22:1/22:1; semisynthesized as described in Oz-
balci et al. [2013]), and t-ceramide (t-Cer; Avanti Polar Lipids). Lip-
ids recovered in the organic extraction phase were evaporated by a
gentle stream of nitrogen. Before measurements, lipid extracts were
dissolved in 10 mM ammonium acetate in methanol and transferred
to 96-well plates (Eppendorf Twintec 96). Mass spectrometry mea-
surements were performed in positive ion mode on an AB SCIEX
QTRAP 6500+ mass spectrometer, equipped with chip-based (HD-D
ESI Chip; Advion Biosciences) nano-electrospray infusion, and ion-
ization (Triversa Nanomate; Advion Biosciences) as described pre-
viously (Ozbalci et al., 2013). The following precursor ion scanning
(PREC) and neutral loss scanning (NL) modes were used for the mea-
surement of the various lipid classes: +PREC 184 (PC), +PREC282
(t-Cer), +NL141 (PE), +NL185 (PS), +NL277 (PI), +NL189 (PG),
+NL115 (PA), and +PREC 77 (ergosterol). Ergosterol was quanti-
fied after derivatization to ergosterol acetate in the presence of the
standard (22E)-Stigmasta-5,7,22-trien-3-p-ol  (R202967;
Sigma-Aldrich) using 100 pl acetic anhydride/chloroform (1:12 vol/
vol; Ejsing et al., 2009). Data evaluation was done using LipidView
(ABSciex) and an in-house—developed software (ShinyLipids).
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Bimolecular fluorescence complementation

The BiFC interaction assay was performed using Brl1 and NUPs tagged
with either VC173 or VN155 fragments (VC and VN) of the Venus flu-
orescent protein (Shyu et al., 2006). All fusions were expressed from
their endogenous chromosomal loci. The strains expressing BRLI-VC
were constructed on the scEB116 background, and NUPs-VN were
constructed by homologous recombination in the BY4741 background.
Strains expressing individual BRLI-VC and NUPs-VN fusions were
mated to produce an array of yeast strains each expressing a unique
combination of tagged BRL/ and NUP, as described previously
(Baryshnikova et al., 2010). The resulting strains were cultivated over-
night at 30°C in SC medium and diluted in SC medium again for 34 h
at 30°C or 16-18 h at 16°C before imaging.

Redox-state detection via alkylation shift experiments

To analyze the redox state of cysteine residues in Brr6 and Brll in vivo,
cells were grown in YPD medium to exponential phase, followed by
treatment with or without 50 mM NEM. The whole-cell lysates were
TCA precipitated with the modified protocol as described previously
(Keogh et al., 2006). In brief, cells at 3 OD were resuspended in 250 pl
of 20% TCA and subjected to glass bead lysis. The precipitated pro-
teins were washed with 1 ml ice-cold acetone and dissolved in mod-
ification buffer (Ramesh et al., 2016) with or without 10 mM TCEP
for 20 min at 96°C. The resuspensions were modified with 15 mM
mmPEG24 for 2 h in the dark.

Immunoprecipitation

Cells (25 OD) were harvested and resuspended in lysis buffer (20 mM
Tris-Cl, pH 8.0, 150 mM NaCl, 5 mM MgCl,, and 10% glycerol)
supplemented with 10 mM NaF, 60 mM f-glycerophosphate, 1 tab-
let/50 ml Roche protease inhibitor cocktail complete (EDTA free), and
1 mM PMSE. Glass beads (BioSpec Products) were added, and cells
were lysed in a FastPrep machine (MP Biomedicals). Cell lysate was
supplemented with 0.5% Triton X-100 and incubated on ice for 10 min.
The soluble proteins were separated from the cell debris by centrifuga-
tion and incubated with GFP-Trap agarose beads (Chromotek) at 4°C
for 2 h. Beads were washed three times with lysis buffer supplemented
with 0.1% Triton X-100 and twice with wash buffer (20 mM Tris-Cl,
pH 8.0, 150 mM NacCl, and 5 mM MgCl,). Bound proteins were eluted
in 50 pl of 2x SDS-PAGE sample buffer, heated to 95°C for 5 min,
separated by SDS-PAGE, and transferred to PVDF membrane (Milli-
pore) for Western blotting.

EM

Cells were high-pressure frozen, freeze-substituted, sectioned, labeled,
and stained for EM. In brief, cells were collected onto a 0.45-um poly-
carbonate filter (Millipore) using vacuum filtration and high-pressure
frozen with a HPMO10 (Abra-Fluid). Cells were freeze-substituted
(freeze substitution solution: 0.1% glutaraldehyde, 0.2% uranyl acetate,
and 1% water, dissolved in anhydrous acetone) using the EM-AFS2
device (Leica Microsystems) and stepwise infiltrated with Lowicryl
HM20 (Polysciences), started by a low temperature of —90°C. For po-
lymerization, the samples were finally exposed to UV light for 48 h at
—45°C and were gradually warmed up to 20°C. Embedded cells were
serially sectioned using a Reichert Ultracut S Microtome (Leica Instru-
ments) to a thickness of 70 nm. Poststaining with 3% uranyl acetate
and lead citrate was performed. The sections were imaged on a CM 120
BioTwin electron microscope (Philips Electronics) operated at 80—100
kV and equipped with a CCD camera (Keen View; Soft Imaging Sys-
tems) or a JE-1400 (Jeol) operating at 80 kV equipped with a 4,000
x 4,000 digital camera (F416; TVIPS). Micrographs were adjusted in
brightness and contrast using ImageJ. For immunolabeling, primary
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antibodies were used against GFP, Brll, and Nspl. The samples were
prepared similarly, with the exception that the glutaraldehyde was
omitted from the freeze-substitution solution. The sections were treated
with blocking buffer (1.5% BSA and 0.1% fish skin gelatin in PBS),
then incubated with the primary antibodies, followed by treatment with
protein A—gold conjugates (10 nm, Utrecht University). For double im-
munolabeling, after incubation with the mixture of primary antibodies,
the sections were treated with anti—rabbit gold (10 nm) and anti—-mouse
gold (15 nm) conjugates. The following formula was used to calculate
NPC occupancy: NPC occupancy = (number of NPC x average of NPC
diameter)/length of NE. The average NPC diameter was calculated to
be 70 nm from Fig. 8 G. Quantifications were performed in 48 cells.

Statistical analysis

For the statistical analyses, PRISM v.7 software (GraphPad) was used.
Comparisons of samples were performed using unpaired ¢ test with
two-tailed p-value. Data distribution was assumed to be normal, but
this was not formally tested.

Antibodies

Antibodies and their conditions of use are as follows: mouse anti-Nsp1
(immuno-EM, 1:100; ab4641; Abcam), rabbit anti-GFP (immuno-EM,
1:5; gift from M. Seedorf, Zentrum fiir Molekulare Biologie, Heidel-
berg, Germany), mouse anti-GFP (Western blot, 1:1,000; 11814460
001; Roche), rabbit anti-Brll (immuno-EM, 1:5; Western blot, 1:50;
made in-house), mouse anti-His (Western blot, 1:1,000; 34660; Qia-
gen), rabbit anti-Tub2 (Western blot, 1:1,000; made in-house), and
mouse anti-HA (Western blot, 1:100, made in-house).

Online supplemental material

Fig. S1 describes that NPC biogenesis is affected in td-brr6 td-brll
cells, associated with Fig. 1. Fig. S2 provides information regarding
SPB duplication defects in td-brr6 td-brll cells. It also describes the
localization of Brr6 and Brll during the cell cycle with Spc42 as a
SPB marker. Fig. S3 shows that mutations in conserved cysteine res-
idues cause mislocalization or destabilization of Brll, and that NE
localization of Nup188-mCherry by 3GBP expression is not affected
in OLEI-3GFP cells. Fig. S4 shows that overexpression of BRLI pro-
motes formation of NE sheets inside the nucleus. Table S1 shows yeast
strains used in this study.
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