
Article https://doi.org/10.1038/s41467-024-54811-z

Seipin governs phosphatidic acid
homeostasis at the inner nuclear membrane

Anete Romanauska1,2, Edvinas Stankunas1,3,4, Maya Schuldiner 5 &
Alwin Köhler 1,2,3

The nuclear envelope is a specialized subdomain of the endoplasmic reticulum
and comprises the inner and outer nuclear membranes. Despite the crucial
role of the inner nuclearmembrane in genome regulation, its lipidmetabolism
remains poorly understood. Phosphatidic acid (PA) is essential for membrane
growth as well as lipid storage. Using a genome-wide lipid biosensor screen in
S. cerevisiae, we identify regulators of inner nuclear membrane PA home-
ostasis, including yeast Seipin, a known mediator of nuclear lipid droplet
biogenesis. Here, we show that Seipin preserves nuclear envelope integrity by
preventing its deformation and ectopic membrane formation. Mutations of
specific regions of Seipin, some linked to human lipodystrophy, disrupt PA
distribution at the inner nuclear membrane and nuclear lipid droplet forma-
tion. Investigating the Seipin co-factor Ldb16 reveals that a triacylglycerol
binding site is crucial for lipid droplet formation, whereas PA regulation can be
functionally separated. Our study highlights the potential of lipid biosensor
screens for examining inner nuclear membrane lipid metabolism.

The nuclear envelope (NE) acts as a protective barrier separating the
nucleoplasm from the cytoplasm. It consists of two membranes: the
outer nuclear membrane (ONM) and the inner nuclear membrane
(INM), which are spaced by only ~10–50nm. The ONM is continuous
with the endoplasmic reticulum (ER), while the INM connects to the
ONM exclusively at sites where nuclear pore complexes (NPCs) are
embedded1–3. While it is recognized that different organelles possess
unique lipid compositions that dictate their specific functions4, our
understanding of the lipid composition of the INM is limited, primarily
due to difficulties in isolating this particular membrane.

The ONM and peripheral ER produce glycerophospholipids (PL)
for membrane growth and triacylglycerol (TAG) for energy storage5.
The INM, which directly contacts the genome, is also metabolically
active, enabling the storage of fatty acids in nuclear lipid droplets
(nLDs)6,7. The lipid storage metabolism of the NE can be repro-
grammed in response to imbalances of lipid unsaturation, redirecting
unsaturated fatty acids away from the INM8,9. Presumably due to an

asymmetric lipid metabolism across the NE, the lipid composition of
the INM differs from that of the ONM. For example, the INM is char-
acterized by elevated levels of diacylglycerol (DAG), metabolized from
phosphatidic acid (PA)7,10. The fundamental unanswered questions are
how cells detect and regulate the lipid properties of the INM and what
benefits this regulation provides.

PA plays a versatile role in lipid metabolism as it can generate
precursors for both, membrane PLs and storage lipids. For storage, PA
undergoes processing by a group of phosphatidate phosphatases (e.g.
Pah1) to yield DAG, which is further metabolized into TAG5,11. Addi-
tionally, PA can be converted to cytidine diphosphate diacylglycerol
(CDP-DAG) by Cds1, and CDP-DAG serves as a precursor for the
synthesis of phosphatidylinositol (PI), phosphatidylserine (PS), phos-
phatidylethanolamine (PE), phosphatidylcholine (PC), or cardiolipin,
which are all important components of membranes5,11 (Fig. 1a). At the
INM, PA is metabolized by both, Pah1 and Cds1 (Fig. 1a)7. Elevated PA
levels at the INM lead either to NE proliferation or to nLD formation,
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dependingon themetabolic branch that is active7. Given the key roleof
PA in lipidmetabolism, it is crucial to understand how cells regulate PA
homeostasis at the INM in response to different metabolic states.

In this study, we employed a genome-wide visual screen in S.
cerevisiae (from here on simply called yeast) to identify regulators of
PA homeostasis at the INM. The screen identified Seipin (Sei1) as
essential for INM PA homeostasis and NE integrity. Sei1 is a key reg-
ulator of nLD formation and we identified 12 nLD-associated factors,
thereby expanding the inventory of the nLD proteome. We dissected
the role of specific regions within Sei1, including one implicated in
lipodystrophy in humans, and identified mutations that caused aber-
rant distribution of PA at the INM and nLDbiogenesis defects. Notably,
Sei1 selectively influences specific lipid species at the INM, affecting PA
and DAG without impacting PS. Additionally, we show that Sei1 and its

co-factor Ldb16 differentially affect PA homeostasis and nLD forma-
tion at the INM. A model of the Sei1-Ldb16 complex provides a fra-
mework for understanding their functional separation, highlighting
the TAG binding site of Ldb16 as a means of controlling LD formation
without affecting INM PA.

Results
A genome-wide screen for PA regulators at the INM
To pinpoint factors affecting INM PA homeostasis, we employed a
genome-wide microscopy screen based on a previously characterized
INM-specific PA biosensor7. The NLS-PA-mCherry sensor contains the
Q2 domain of the yeast transcription factor Opi1 that specifically
recognizes PA12. The NLS of yeast nucleoporin Nup60 is attached for
nuclear import and the mCherry fluorophore for visual detection. PA
sensing depends on specific residues within a critical amphipathic
helix (AH), which harbors two PA-selective three-finger grips13.

First, we generated a yeast strain with the INM PA sensor geno-
mically integrated, which showed a nucleoplasmic sensor distribution,
indicative of low INM PA levels. This parental strain was crossed with a
library of 5120 strains carrying deletions of non-essential genes14

(Fig. 1b). In addition, essential genes were targeted by crossing the
parental strain with 1102 strains of the DAmP (Decreased Abundance
bymRNAPerturbation) library15. In this library, a gene’s 3′ untranslated
region (UTR) is disrupted with an antibiotic resistance cassette,
thereby destabilizing the corresponding transcript and reducing the
mRNA amount typically two- to tenfold16.

Following automated image acquisition, all mutant strains were
inspected for a relocalization of the PA sensor to the INM, indicative of
high INM PA levels, or a focal accumulation of the sensor, indicative of
inhomogeneities or intranuclear PA structures such as PA-rich nLDs.
19 strains of the deletion library and 7 strains of the DAmP library
displayed analtered sensor localization (Supplementary Fig. 1a, b). The
positive hits could be further categorized into strains with PA-positive
foci (65.4%), PA-positive INM staining (19.2%), and varied PA inhomo-
geneities (15.4%), all indicative of an altered nuclear PA status. The
positive hits included several regulators of INM PA metabolism pre-
viously identified by a candidate approach (INO2, INO4, OPI3, and
CHO2)7,8, thus validating the screen. 8 of the identified genes are
involved in lipid metabolism, either as transcription factors that reg-
ulate expression of PL biosynthetic genes (e.g. the Ino4-Ino2 complex),
as enzymes that consume products from PA metabolism for PL
synthesis (e.g. CHO2) (Fig. 1a), or as regulators of PL metabolism (e.g.
SCS2). As is often the case in high-throughput screens, some slow-
growing strains were lost during the procedure (11% in the deletion
library, 30% in the DAmP library). Hence, some regulators of INM PA
homeostasis may remain undetected.

To validate the results, we first re-examined positively tested
strains under exponential growth conditions in liquid media. We then
examined these strains in a different genetic background (BY4741)
than the screening strain. After these two validation steps, we arrived
at a consolidated list of 6 factors (Fig. 1c and Supplementary Fig. 1a–c),
which included the previously known regulators INO2, INO4, OPI3,
and CHO2.

Notably, while the deletion of five of these factors, all involved in
PA metabolism, led to an INM localization of the PA sensor, the dele-
tion of the LD biogenesis factor SEI1 showed multiple PA-positive foci
within the nucleus (Figs. 1c and 2a, b). Of note, we previously detected
Seipin at the INM7 and Seipin has been proposed to bind PA17. These
findings prompted us to examine Seipin’s role in INM PA homeostasis.

Seipin preserves nuclear membrane architecture
The PA-positive foci in sei1Δ cells frequently did not co-localize with
the LD marker BODIPY (Fig. 2a), unlike nLDs induced by oleic acid
overload or by genetically induced increase of lipid storage
metabolism7,8. About 50% of sei1Δ cells showed foci that were positive
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Fig. 1 | High-throughput screening uncovers PA regulators at the INM.
a Simplified scheme of yeast lipid biosynthesis depicting the two major branches
leading to synthesis of phospholipids (Membrane growth) or triacylglycerol (TAG)
(Storage). Phosphatidic acid (PA) is a central precursor. The Kennedy pathway
(dashed line) channels diacylglycerol (DAG) into phospholipid production. CDP-
DAG, cytidine diphosphate diacylglycerol; PS, phosphatidylserine; PE, phosphati-
dylethanolamine; PC, phosphatidylcholine; PI, phosphatidylinositol; MAG, mono-
acylglycerol.b Schemeof the high-throughput screening approach used to identify
new regulators of PA at the INM with examples of phenotypes of PA localization
observed using high-throughput screening. The 96-well plate icon was obtained
from Clipground under a Creative Commons license. c Table showing validated
hits, their biological function and PA sensor localization. Note that foci in ino2Δ and
ino4Δ cells likely reflect nuclear lipid droplets7. PL, phospholipid; INM, inner
nuclear membrane.
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for PA but did not stain with BODIPY; ~10% displayed a mixed pheno-
type with both PA-positive/BODIPY-negative foci and PA-positive/
BODIPY-positive foci. In contrast, only a very small fraction of cells
(~ 2%) contained PA-positive/BODIPY-positive structures which
resemble properly matured LDs (Fig. 2b and Supplementary Fig. 3a).
When analyzing individual foci, we found that ~90% of PA-positive foci
in sei1Δ cells lacked a BODIPY signal (Fig. 2c). This suggests that, in the
absence of Seipin, the PA-containing structures had not undergone
TAG-enrichment as would be expected in LD formation.

This discrepancy raised questions about the ultrastructure of
these foci. Thus, we employed transmission electron microscopy
(TEM) to study the cell nucleus in the sei1Δ mutant, screening TEM
images of 310 yeast cell nuclei. In comparison to wild-type cells
(Fig. 2d), we noted the presence of small lipid droplet-like structures
within the nucleus as the most common ultrastructural abnormality

(Fig. 2e, i and Supplementary Fig. 2a–d), as has been observed
previously18,19. These likely correspond to the PA-positive foci observed
by fluorescence microscopy. It is plausible that these small lipid dro-
plets have not acquired enough TAG to stain with BODIPY, even
though they are easily detected by the PA sensor. Consistent with
earlier TEM data, we observed cytoplasmic LDs of heterogeneous size
in sei1Δ cells, including clusters of small LDs and supersized LDs
(Supplementary Fig. 2e, j, l)18,20–22. In contrast, no supersized LDs were
observed in the nucleus of sei1Δ cells in any of the TEM images
examined.

We observed further nuclear membrane deformations, where
portions of the nucleus engulfed cytoplasmic material, including
membranes of unknown origin (Fig. 2f and Supplementary Fig. 2h, l).
We also found ectopic intranuclearmembranes, localized in proximity
to the INM. While these membranes look like a thin tube in EM cross-
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Fig. 2 | Seipin regulates nuclear membrane architecture. a Live imaging of wild-
type or sei1Δ cells expressing a genomically integrated NLS-PA-mCherry sensor.
BODIPY stains LDs. N, nucleus. Cell contours weremarked with a dashed white line
based on brightfield imaging. Scale bar, 2μm. bQuantification of NLS-PA-mCherry
sensor localization in (a). Mean value and standard deviation indicated. n, number
of biological replicates. 480 cells for sei1Δ and 526 cells for wild-type analysed.
Source data areprovided as a SourceData file. cAnalysis of NLS-PA-mCherry sensor
foci co-localization with BODIPY in sei1Δ in (a). Mean value and standard deviation
indicated. n, number of biological replicates. 591 foci in total analysed. Source data
are provided as a Source Data file. d TEM analysis of a representative example of
wild-type cell grown in SDC medium. N, nucleus; NE, nuclear envelope. Scale bar,

1μm. e–h TEM analysis of representative examples of sei1Δ cells transformed with
an empty vector and grown in SDC medium. Cells exhibit small lipid droplet-like
structuresmarked withwhite asterisks in (e), intranuclear inclusionsmarked with a
yellow arrowhead in (f), ectopic intranuclear membrane sheets marked with a red
arrowhead in (g) andomega-shapedNEherniationsmarkedwith a green arrowhead
in (h). Seemore TEM images in Supplementary Fig. 2. Insets show amagnified view
of the marked areas. N, nucleus; NE, nuclear envelope; cLD, cytoplasmic lipid
droplet; V, vacuole. Scale bar, 1μm; 200 nm for insets. i Analysis of nuclear
deformation frequency in nuclei of sei1Δ cells by TEM. sei1Δ cells were transformed
with an empty vector and grown in SDC medium. Source data are provided as a
Source Data file.
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section, they likely form a three-dimensional membrane sheet (Fig. 2g
and Supplementary Fig. 2c, e–g). Lastly, we observed omega-shaped
NE herniations23 in a fraction of sei1Δ cells (Fig. 2h), suggesting that
Seipin also plays a role, either directly or indirectly, in maintaining NE
integrity. These nuclear Sei1 deletion phenotypes are more diverse
than previously appreciated and could reflect abnormalities in both
nucleoplasmic lipid storage and INMmembraneproliferation aswell as
NE stability.

Seipin differentially alters lipid dynamics at the INM
Because the deletion of Seipin had pronounced effects onmembrane
homeostasis, we wanted to know if PA is channelled towards mem-
brane growth or lipid storage in sei1Δ cells (Fig. 1a). We therefore
examined the relative distribution of PA, DAG, and PS at both the INM
and nLDs in wild-type and sei1Δ cells. To identify DAG, we employed
the DAG-specific recognition domains of protein kinase C (PKCβ

C1a + C1b). These domains are specific for DAG both in vitro and
in vivo7,24,25. Here, we used a modified sensor containing two tandem
NLSs for nuclear import. The DAG sensor labels the INM smoothly in
wild-type cells (Fig. 3a). In contrast, in sei1Δ cells the DAG sensor
exhibited non-homogenous staining and detected nuclear foci in
∼70% of cells compared to ∼14% in the wild type (Fig. 3a, b). Using
Sec62 as an NE marker, we determined that ~10% of DAG foci are
present in the nucleoplasm of sei1Δ cells, with the remainder loca-
lizing to the INM. In contrast, ~30% of PA foci in sei1Δ cells are
nucleoplasmic (Supplementary Fig. 3b, c). Collectively, this sug-
gests that besides its role in maintaining nuclear PA homeostasis,
Seipin is also required for a homogeneous distribution of DAG, the
downstream metabolite of PA, at the INM. Since the absence of Sei-
pin appears to differently impact the nuclear localization of PA and
DAG, Seipin may have distinct effects on the nuclear sorting of these
lipids.
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Fig. 3 | Seipin differentially alters lipid dynamics at the INM. a Live imaging
of wild-type or sei1Δ cells expressing plasmid-based 2xNLS-DAG-mCherry
sensor and stained with BODIPY. INM, inner nuclear membrane. Scale bar, 2μm.
b Quantification of cells with 2xNLS-DAG-mCherry sensor foci in (a). Mean value
and standard deviation indicated. n, number of biological replicates. 454 cells for
sei1Δ and 628 cells for wild-type analysed. Source data are provided as a Source
Data file. c Live imaging of wild-type, sei1Δ or cho1Δ cells expressing plasmid-based
3xNLS-PS-mCherry sensor and stainedwith BODIPY. INM, inner nuclearmembrane;
N, nucleus. cho1Δ cells were supplemented with ethanolamine and the sensor was
expressed from the GPD promoter in cho1Δ cells. Scale bar, 2μm. d Cartoon of the
engineered NLS-Sei1 construct which contains the nuclear localization sequence

(NLS) and the linker of the INM transmembrane protein Heh2 (aa93-317) appended
to Sei1. Putative membrane topology of Sei1 is based on cryo-EM models. TEM
analysis of a representative example of NLS-Sei1-expressing cells. Plasmid-based
mGFP-NLS-SEI1was expressed from the SEI1 promoter in a sei1Δ strain. N, nucleus;
NE, nuclear envelope; nLD, nuclear lipid droplet. Asterisk marks a widened peri-
nuclear space beneath an nLD. Scale bar, 0.5μm. e Live imaging of sei1Δ cells
expressingplasmid-basedNLS-SEI1and lipid sensors taggedwithmCherry. Cells are
stained with BODIPY. nLD, nuclear lipid droplet; INM, inner nuclear membrane.
Scale bar, 2μm. f Live imaging of sei1Δ cells expressing plasmid-based NLS-SEI1,
NLS-PA-mGFP and lipid sensors tagged with mCherry. nLD, nuclear lipid droplet;
INM, inner nuclear membrane. Scale bar, 2μm.
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PS was reported to localize to the cytoplasmic leaflet of the
plasma membrane. Its detection there used a biosensor that contains
the C2 domain of lactadherin (Lact-C2), a domain known for its ability
to specifically bind PS26–29. Of note, a recent study has also detected PS
at the INM using freeze-fracture EM30. To detect PS at the INM in live
cells, we developed a nuclear mCherry-tagged Lact-C2-based PS bio-
sensor by appending three NLSs in tandem to promote efficient
import. Whereas the non-NLS version of the PS sensor mostly labeled
the plasma membrane, as described before29, the NLS-variant labeled
the INM in wild-type cells (Fig. 3c and Supplementary Fig. 3d).

To confirm the specificity of the sensor in detecting changes in PS
levels and distribution at the INM, we evaluated the sensor’s response
to the deletion of Cho1, a phosphatidylserine synthase. Deletion of
Cho1 is expected to lower cellular PS levels (Fig. 1a). Consequently, we
observed decreased binding of the 3xNLS-PS sensor to the INM,
resulting in a nucleoplasmic signal (Fig. 3c and Supplementary
Fig. 3d, e). Likewise, a previously characterizedmutation in the Lact-C2
domain (3 A mutant), known to reduce Lact-C2 affinity towards PS29,
resulted in localization of the mutant sensor to the nucleoplasm
(Supplementary Fig. 3f, g), confirming that PS recognition is specific.
Unlike the DAG and PA sensors, the PS sensor did not exhibit a notable
change between wild-type and sei1Δ cells (Fig. 3c and Supplementary
Fig. 3h), indicating that the PA- and DAG-positive foci contain minimal
amounts of PS. This suggests specificity in Seipin’s impact on INM
lipids. Evidently, our comparative assessment is only qualitative as we
lack information on the affinities of these biosensors to their target
lipids in vivo.

In summary, our findings suggest that Sei1 regulates both, PA and
DAG homeostasis at the INM but has little, if any, effect on PS dis-
tribution, at least as assessed by the PS sensor under the conditions
tested.

Lipid features of Seipin-induced nLDs
These findings raised the question as to how Seipin normally affects
the distribution of DAG and PS in nLDs. Because nLDs are rare in wild-
type cells not overloaded with fatty acids, we targeted Seipin to the
INM using a method developed earlier8, which involves appending the
NLS and the linker region of the INM protein Heh2 (aa93-317)31 to Sei1
(abbreviated as NLS-Sei1). This approach targets Sei1 to the INM and
leads to the formation of nLDs (Fig. 3d). These nLDs exhibit a notable
enrichment in PA, forming a distinct outer shell around a BODIPY-
positive core composed of neutral lipids (Fig. 3f). Based on these
characteristics, they resemble the nLDs observed in wild-type cells
after oleic acid supplementation or those induced by genetic mod-
ifications, such as INO4 deletion or CDS1 inactivation7. To address how
DAG and PS partition between the INM and NLS-Sei1-induced nLDs, we
first combined the mCherry-labeled NLS-DAG and NLS-PS sensors and
the LD marker BODIPY (Fig. 3e). Subsequently, we combined the
mGFP-tagged NLS-PA sensor with the mCherry NLS-DAG and NLS-PS
sensors (Fig. 3f). These comparative assessments suggest that DAG is
present on the surface of nLDs while still maintaining localization at
the INM. Conversely, PA can be fully incorporated into the nLD lipid
monolayer with minimal PA remaining at the INM. In contrast, PS
exhibits enrichment at the INM but barely diffuses into the lipid
monolayer of the nLD. Consequently, by employing a triple-INM sen-
sor strategy, we elucidated the distinct distribution of lipids between
the INM and nLDs. Our findings revealed significant differences
between the abnormal droplet-like structures in sei1Δ cells and the
lipid dynamics of nLDs formed by Seipin at the INM.

Localization of cytoplasmic LD biogenesis factors to nLDs
To understand how lipids are distributed to nLDs, a fundamental
understanding of nLD formation is required. However, in contrast
to cytoplasmic LD formation32–34, LD biogenesis within the nucleus
is still poorly understood. In the cytoplasm, proteins and lipids

required for LD formation undergo a sequential recruitment to
specific sites of the ER35–39. Factors involved in nuclear LD formation,
whether they are soluble or membrane-bound, need to pass
through the NPC, which restricts the access of large non-NLS-
containing cargo40. Whether LD biogenesis factors can reach the
INM and have a role in nLD formation remains largely unknown. To
determine the spectrum of nLD-associated factors, we induced nLD
biogenesis via NLS-Sei1 (Fig. 3d), visualized nLDs with the NLS-PA
sensor, and examined the co-localization of various mGFP-tagged
proteins normally involved in cLD biogenesis (Fig. 4a and Supple-
mentary Fig. 4a). Although NLS-Sei1 promotes LD formation pre-
dominantly in the nuclear compartment, we occasionally observed
cLDs as well, allowing us to evaluate mGFP-tagged proteins on both
nLDs and cLDs in the same cell.

We first asked whether PA metabolic enzymes co-localize with
nLDs. PA is converted to DAG by Pah1 (mammalian Lipin) (Fig. 1a),
which requires the Nem1-Spo7 complex for activation41. Indeed, we
detected a prominent colocalization ofNem1withbothnLDs and cLDs,
as evidenced by a circular fluorescence signal, suggesting that Nem1 is
able to integrate into the lipidmonolayer of an LD (Fig. 4a). In contrast,
Spo7, the regulator of Nem1, localized to the NE as well as the per-
ipheral ER and did not show a strong enrichment with nLDs or cLDs.
This suggests that the interaction between Nem1 and Spo7 in cells can
be dynamic.

Pah1 did not exhibit a strong colocalization with nLDs, likely
because Pah1 only transiently interacts with membranes when
dephosphorylated by Nem1-Spo7 as shown earlier for cLDs42.
Accordingly, earlier immunogold TEM showed that a major fraction of
Pah1 localized to the nucleoplasm and cytoplasm in wild-type cells7.

At cLD biogenesis sites, the membrane-shaping protein Pex3043

has been reported to act downstream of Sei1 and Nem1 to recruit the
TAG-synthases Lro1 and Dga135. Although we detected Pex30 enriched
in cytoplasmic puncta37,39, likely associated with cLDs, no noticeable
Pex30 signal was observed around nLDs (Fig. 4a). In contrast, we
observed a strong Dga1 signal surrounding nLDs. Interestingly, Lro1
was present at the NE, yet it did not show enrichment around nLDs.
Hence, Dga1 and Lro1 TAG synthases may differ in their ability to
associate with nLDs.

When a nascent cLD grows at a Sei1-Nem1 site, the perilipin Pet10
and Erg6, a Δ(24)-sterol C-methyltransferase, are recruited to its
surface35. We observed Pet10 and Erg6 localizing to the periphery of
nLDs and confirmed their association with cLDs (Fig. 4a). Additionally,
the phosphatidylinositol transfer protein Pdr16, which localizes to a
subpopulation of LDs44,45, showed a faint signal around nLDs and
weakly labelled cLDs as well.

Ldo45 (a homolog to human promethin/LDAF146) is another pro-
tein that decorates only a subset of LDs and regulates Seipin44,47. Ldo45
did not encircle nLDs but was often found in proximity to nLDs, pos-
sibly at their biogenesis sites (Fig. 4a). It also appeared as fluorescent
puncta in the cytoplasm, indicating its association with cLDs48,49.

Stored TAG in LDs can be mobilized by TAG lipases, all of which
are found on cLDs11. Tgl1 and Tgl5, the two candidate lipases tested,
were found to associate with both nLDs and cLDs. This suggests that
nLDs undergo lipase-dependent degradation and shrinkage similar to
their cytoplasmic counterparts (Fig. 4a).

Because enzyme-substrate interactions are often transient, we
additionally employed a variation of the bimolecular fluorescence
complementation (BiFC)50 technique to visualize low-affinity interac-
tions of cLD biogenesis factors with nLDs. To this end, we tagged the
NLS-PA-mCherry sensor with the N-terminal half of the Venus fluor-
ophore (VN) and LD biogenesis factors with the C-terminal half of the
fluorophore (VC). We then tested for the occurrence of a BiFC Venus
signal and co-localization with NLS-PA-mCherry on nLDs (Fig. 4b). This
assay revealed robust fluorescence complementation on nLDs for
Nem1, Dga1, Pet10, Erg6, Pdr16, and the Tgl1 and Tgl5 lipases,
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consistent with the results of the co-localization assay (Fig. 4a). mGFP-
Pah1 did not exhibit significant enrichment on the nLDs; however, a
faint BiFC signal suggests that Pah1 might be in transient contact with
these structures. Of note, Spo7, Pex30 and Lro1 which were not enri-
ched on nLDs in the co-localization assay (Fig. 4a), exhibited BiFC
signal around nLDs, which often was not completely homogenous.
This could indicate that these proteins are in contact with nLDs and
their biogenesis sites but cannot shuttle onto the nLD surface. An only
partial co-localization with nLDs was also observed with mGFP-tagged
lipases (Fig. 4a).

Collectively, these findings indicate that many factors involved in
the formation of cLDs can reach the INM and associate with nLDs
(Fig. 4c). For NLS-Sei1-induced nLDs, only two factors (Dga1 and Pet10)
were previously identified as associated with nLDs8, while this study
has identified ten additional factors (Nem1, Spo7, Pah1, Pex30, Lro1,
Erg6, Pdr16, Ldo45, Tgl1, Tgl5). The presence of PAmetabolic enzymes
and TAG synthase canmediate nLD growth, while lipases catalyze nLD
degradation and TAG mobilization51, indicating both nLD formation
and turnover in the nucleus. Consequently, the processes governing
nLD and cLD formation in yeast share the same core molecular
machinery, despite occurring in distinct cellular compartments.
However, differences in enzyme abundance and other yet-to-be-
identified factors may create compositional differences between nLDs
and cLDs.

Specific Sei1 residues are important for INM PA homeostasis
Yeast Seipin forms a decameric, cage-like structure, where the
domains located in the ER lumen create a ring at the base, while the
transmembrane (TM) segments form the sides of the cage
(Fig. 5a)17,52–54. Interactions between TM segments of adjacent subunits
occur in two distinct conformations (termed A and B)52, which stem
from conformational differences in “switch regions” positioned
between the lumenal domains and the TM segments. Current models
posit that, initially, a closed cage conformation facilitates the phase
separation of TAG, followed by a transition to an open conformation
that facilitates LD expansion and budding52.

To investigate the role of specific Sei1 regions on INM PA home-
ostasis and nLD formation, we conducted a mutational analysis
(Fig. 5a, b). Mutations in the human Seipin gene, such as the A212P
missense mutation in the lumenal domain, are associated with
Berardinelli-Seip congenital lipodystrophy55–57. This condition is char-
acterized by a lack of body fat, severe insulin resistance, and various
other abnormalities. Whereas human Seipin can effectively comple-
ment the SEI1 deletion in yeast, the human pathogenic A212P mutant
fails to do so22. An analogous G225P mutant of the yeast protein, pre-
dicted to correspond to the human A212P mutant22, also failed to
complement the SEI1 deletion22 and is unstable in cells58. A super-
position of yeast Sei1 and human Seipin cryo-EM structures reveals
differences in the yeast G225 and human A212 location and the overall
region (e.g., the yeast protein has two β-strands while the human
protein only one) (Supplementary Fig. 5a). Nevertheless, the yeast
“disease” mutation likely has a similarly detrimental effect on protein
stability and assembly as the human disease mutation.

To test differentmutants, we employed a complementation assay.
In the absence of Sei1, numerous PA-positive, BODIPY-negative foci
formed in the nucleus (Fig. 5c, d; also see Fig. 2a), which could be
largely restored by introducing a plasmid-based SEI1 (expressed from
the endogenous SEI1 promoter) (Fig. 5c). Introducing Sei1 G225P did
not rescue the phenotype, showing aberrant PA-foci similar to sei1Δ
cells, indicating that this region of Seipin is functionally important
from yeast to human (Fig. 5c, d). Since the mutant has decreased
protein expression levels58 (Supplementary Fig. 5b), we testedwhether
its overexpression from a strong GPD promoter would rescue its
function. However, even the overexpressed G225P mutant exhibited
numerous PA-positive foci lacking BODIPY staining (Fig. 5e and

Supplementary Fig. 5c, d). We further probed whether this mutant,
when targeted to the INM, could generate nLDs. Once more, it
resembled sei1Δ cells and, unlike wild-type NLS-Sei1, was unable to
form properly matured nLDs which are characterized by PA- and
BODIPY-positive staining (Fig. 5c, d and Supplementary Fig. 5e, f).

A recent study of the yeast Sei1 structure identified additional
functionally important residues52 (Fig. 5a, b). Within a Sei1 subunit, the
N- and C- terminal TM segments interact with each other (Fig. 5b).
Hence, we tested whether mutations in the N-terminal TM segment
(Patch 1 = S33A, Y37A, Y41A) and the C-terminal TM segment (Patch
2 =M240G, Y248I, F255R, I259K), which are expected to disrupt intra-
subunit interactions between the TM helices, affect PA homeostasis at
the INM. The combined mutant (Patches1 + 2) exhibited an abnormal
PA distribution in the nucleus and could not form nLDs when targeted
to the INM with an NLS (Fig. 5f and Supplementary Fig. 5g, h). This
defect could not be compensated by overexpressing the mutant from
the strong GPD promoter (Fig. 5f and Supplementary Fig. 5h, i). Thus,
Seipin’s transmembrane architecture is critical for INMPAhomeostasis
and nLD formation at the INM.

Conformational changes of Sei1 may facilitate the transition from
a membrane-contained TAG lens to an LD bud59,60. Specifically, Sei1
monomers can adopt two different conformations. These arise from
changes in switch regions, positioned between the lumenal domains
and the TM segments52. When the Sei1 switch region was mutated, we
observed defects in PA metabolism and nLD formation, underscoring
its structural and functional importance (Supplementary Fig. 6)

Overall, our findings highlight the critical role of Seipin’s TM
segments, conformational changes of the complex, and a region with
links to Berardinelli-Seip lipodystrophy in regulating PA homeostasis,
consistentwith the outcomeof our initial PA biosensor screen (Fig. 1c).

Ldb16 and Sei1 have distinguishable functions at the INM
Seipin is widely conserved, however, in S. cerevisiae and other yeasts,
Seipin function is encoded by two proteins - Sei1 and Ldb1661,62. Earlier
studies proposed that the function of Sei1 fully depends on Ldb16,
because the LD abnormalities observed in cells lacking SEI1, LDB16, or
both, were indistinguishable62,63. Whereas human Seipin was proposed
to directly interact with TAG, promoting its concentration and phase
separation into a lens-like structure64–66, this function in yeast appears
to be outsourced to Ldb1653. However, the stoichiometry and structure
of the Ldb16-Sei1 complex is unknown and the division of labor
between Ldb16 and Sei1 is unclear. Whether and how Ldb16 is relevant
for INM PA homeostasis is unknown.

In our high-throughput PA screen, the ldb16Δ well contained no
viable cells, preventing us from assessing the impact of Ldb16 on INM
PA. We therefore generated ldb16Δ strains with either the NLS-PA or
NLS-DAG sensor. Both sensors recognized PA- and DAG-containing
nuclear foci, respectively, as seen in sei1Δ cells (Fig. 6a, b). A detailed
analysis revealed that 50% of ldb16Δ cells had PA-positive, but BODIPY
negative foci; ~9% displayed amixed phenotypewith both PA-positive/
BODIPY-negative foci and PA-positive/BODIPY-positive foci, while very
few cells (~ 1%) contained typical nLD structures with PA-positive/
BODIPY-positive staining (Fig. 6f). This indicates that Sei1 and Ldb16
cooperate to regulate PA and DAG at the INM, consistent with them
forming a complex (Fig. 7a).

Since Sei1 localizes to the INM7, we asked whether Ldb16 is also
present in this location. We performed BiFC with Ldb16 fused to the
C-terminal half of the Venus fluorophore (VC) and an INM protein,
Nup60, fused to the N-terminal half of the fluorophore (VN)
(Fig. 6c). Nup60 is a basket nucleoporin, exclusively localized on
the nucleoplasmic side of the NPC. Ldb16 showed fluorescence
complementation with Nup60 specifically at the nuclear rim con-
sistent with the presence of Ldb16 at the INM (Fig. 6c). We also
confirmed the presence of Ldb16 at the site of nLD formation. As
before, nLDs were induced by directing NLS-Sei1 to the INM. We
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then employed BiFC to probe whether INM-localized Ldb16 and PA-
rich nLDs physically interact. Ldb16-VC showed fluorescent
complementation with the NLS-PA sensor-VN, indicating a
co-localization of Ldb16 and nLDs (Fig. 6d). Thus, Ldb16 is present
in proximity to nLDs, likely reflecting the formation of a Sei1-Ldb16
complex at the INM.

Next, we aimed to test whether the function of Sei1 and Ldb16,
specifically at the INM, canbe functionally separated.We inducednLDs
by NLS-Sei1 andmonitored the nuclear PA distribution inNLS-SEI1 and
NLS-SEI1 ldb16Δ cells (Fig. 6e). NLS-SEI1 cells exhibited ∼30% of nLDs

with a BODIPY-positive core and a PA-rich shell. Contrary to expecta-
tion, theNLS-SEI1 ldb16Δ strain still produced ~10%of cellswith PA- and
BODIPY-positive nLDs and ~30% of cells displayed a mixed phenotype
with both PA-positive/BODIPY-positive foci and PA-positive/BODIPY-
negative foci, thus differing from ldb16Δ cells, which produce almost
no nLDs (Fig. 6f). This suggests, that NLS-Sei1 is partially capable of
forming nLDs on its own, however, it does require Ldb16 to mature
them into larger TAG-rich structures. Hypothetically, Sei1 may be suf-
ficient to promote TAG lens formation, but require Ldb16 to channel
TAG into a growing nLD.

0
20
40
60
80

100
nLD
nLD+PA foci
PA foci
nucleoplasmic%

 o
f c

el
ls

n=3

NLS-PA sensor localization

Se
i1

se
i1∆

Se
i1 

G22
5P

NL
S-

Se
i1

NL
S-

Se
i1 

G22
5P

a

NLS-PA Sensor-mCherry (genomic)

PAOpi1 Q2

GPDprom
mGFP-

Sei1
G225P pER

NE

mCherry mergedmGFP
SEI1prom

mGFP-
Sei1

G225P

d

ec

Sei1

mCherry BODIPY

NLS-PA Sensor-mCherry (genomic)

PAOpi1 Q2

Sei1
Patches

1+2

merged

N

GPDprom
Sei1

Patches
1+2

NLS-
Sei1

Patches
1+2

NLS-
Sei1 nLD

Sei1

NLS-
Sei1

Sei1
G225P

mCherry BODIPY merged

NLS-PA Sensor-mCherry (genomic)

PAOpi1 Q2

NLS-
Sei1

G225P

empty
vector

N

nLD

f

Side view

105°
90°PDB ID: 7RSL

Sei1

Protomer

Patch1
Patch2
G225P
Switch

Cytoplasmic/
nucleoplasmic

view

b
N

NC C

Article https://doi.org/10.1038/s41467-024-54811-z

Nature Communications |        (2024) 15:10486 8

www.nature.com/naturecommunications


To identify a separation-of-function mutant of Ldb16 that could
decouple Ldb16’s role in concentrating TAG into nascent LDs from its
role in INM PA homeostasis, we examined an Ldb16 mutant with a
known defect in TAG binding. Ldb16 features a short helical motif with
several hydroxyl residues (T52/S53/S55/T61/S62/T63), important for
TAG binding. Mutating these six residues to alanine (Ldb16 6A)
resulted in an abnormal variation in LD sizes53. Notably, this Ldb16 6 A
mutant showed a nucleoplasmic PA sensor localization similar to wild-
type Ldb16, yet it exhibited the aberrant cellular LD phenotype as
previously reported (Fig. 6g–i). To explore the effect of the hydroxyl
residues of Ldb16 specifically on nLD formation, we induced nLDs via
NLS-Sei1 in the Ldb16 6 A mutant. Interestingly, this led to a reduced
number of nLDs, which were significantly larger compared to those
generated in Ldb16 wild-type cells (Fig. 6j, k). This finding reveals an
intriguing separation of function for Ldb16’s hydroxyl residues: they
are crucial for proper TAG accumulation in nLDs and cLDs but do not
affect PA homeostasis at the INM. This contrasts with the tested Seipin
mutants, which all disrupted PA homeostasis at the INM, supporting
the idea that functions of the Sei1-Ldb16 complex are distributed
between the two subunits.

In silico structure of the Ldb16-Sei1 complex
We took advantage of the AlphaFold 3 deep learning algorithm67 to
investigate the Sei1-Ldb16 complex in silico. Basedon this analysis, Sei1
is predicted to form a 1:1 complex with Ldb16 with the interaction
primarily mediated by the hydrophobic packing of transmembrane
helices (Supplementary Fig. 7a-c). This results in an architecture
composed of three tightly bundled TM helices, two provided by Sei1
and one from Ldb16. Notably, AlphaFold 3 predicts Sei1 in the pre-
viously describedA conformation,whichmay reflect the fact that the A
conformation of Sei1 was the only experimental structure available at
the time of AlphaFold 3 training53,67.

To predict the homodecamer, we needed to conform with the
upper limit of total amino acids per prediction currently imposed by
the AlphaFold 3 server. We therefore truncated Ldb16 so that only
the highest confidence TM helix and adjacent regions (i.e. aa40-110)
were included. The Sei1 homodecamer together with 10 copies of
Ldb16(40–110) revealed a belt of Sei1 and Ldb16 TM helices sur-
rounding a hollow cavity as a putative site of LD biogenesis (Fig. 7a,
see Supplementary Fig. 7d, e for confidence scores and surface
representations of the protomer). The ER/NE lumenal face of the
assembly features the putative serine- and threonine-rich TAG
binding helicalmotifs of Ldb16 (aa52-63) (Fig. 7a) that were proposed
to facilitate the incorporation of TAG molecules into growing LDs53.
According to this prediction, the orientation of these residues would
suggest that Ldb16 plays a role in attracting TAG to the outside of the
Sei1 ring. Although a mechanistic understanding of how TAG mole-
cules penetrate tightly packed TM helices of Sei1 and Ldb16 is lack-
ing, it is conceivable that A-B conformational changes of Sei1 may
create gaps for TAG entry between TM segments. This model con-
trasts with the proposed TAG-enrichment mechanisms for human
Seipin64,66. Here, a hydrophobic helix, which is positioned at the

center of the human Seipin ring, concentrates TAG molecules and
therefore facilitates lens formation and LD budding. In contrast to
human Seipin, the yeast Sei1 lumenal ring does not contain this
hydrophobic helix. Our model would predict that a TAG enrichment
step in yeast may occur on the outside of the Seipin cage rather than
within its cavity.

In summary, AlphaFold3 predictions, earlier structural data17,52–54

and our analysis of Ldb16’s impact on nLD formation suggest that
Ldb16 enhances the ability of Sei1 to channel TAG into growing LDs.
This is achieved by locally concentrating TAG around the Sei1-Ldb16
complex. The proposed model remains to be tested in future studies,
also with regards to cytoplasmic LD formation.

Discussion
The close proximity of the INM and ONM makes it difficult to isolate
them into pure fractions suitable for lipidomics68. To identify INM
regulators of the key precursor lipid PA, we conducted a genome-wide
screen to detect changes in yeast INM lipid dynamics. Our screen
successfully identified changes in INM PA levels, with Seipin emerging
as a key regulator. We found that Seipin is essential for maintaining
nuclear envelope integrity and controlling nLD biogenesis, and iden-
tified specific residues, including those analogous to human lipody-
strophy mutations, as critical for INM PA homeostasis. We also
examined Seipin’s co-factor Ldb16, demonstrating that TAG enrich-
ment and INM PA regulation are distinct functions. Our mapping of
nLD-associated factors reveals that nLDs and cLDs share core
machinery for biogenesis and turnover. However, variations in some
factors may indicate differences in the lipid and protein composition
between nLDs and cLDs.

Seipin and PA homeostasis
Earlier reports suggested that PA plays a role in the formation of
cytoplasmic LDs21, however, the precise mechanism is still unclear.
PA, being a cone-shaped lipid, promotes negative membrane cur-
vature due to its small anionic phosphomonoester head group lying
relatively close to the lipid bilayer’s hydrophobic interior. PA can
therefore trigger various membrane fusion and fission events,
possibly because of its capacity to create non-bilayer phases4. At the
INM, PA might play a role in nLD biogenesis by inducing nascent
nLD membrane curvature and bud neck remodelling. The extent to
which PA at the INM acts as a precursor for localized TAG synthesis
also requires further clarification. Enzymes involved in converting
PA into TAG, such as Pah1, its regulators Nem1 and Spo7, and the
TAG-synthase Dga1 are in proximity to nLDs, as shown in this study.
While Seipin has been reported to interact with Lipin (the mam-
malian ortholog of Pah1) in adipocytes69, this connection has yet to
be validated in yeast.

The identification of Seipin and Ldb16 as regulators of INM PA
homeostasis (Fig. 7b) prompted us to ask whether and how INM PA
homeostasis and nLD formation are connected. Deletion of SEI1 and
LDB16, or mutations of functionally important Sei1 residues, con-
sistently caused aberrant nLDs and disrupted INM PA distribution,

Fig. 5 | PA defects at the INM in Sei1 lipodystrophy and TM contact mutants.
a Cartoon representation of S. cerevisiae Sei1 homodecamer (PDB ID: 7RSL) with
select amino acid residues shown in atom (stick) representation. The amino acid
residues, which were either substituted or deleted in corresponding Sei1 mutants,
are colour-coded (yellow: Patch1, salmon: Patch2, red: G225P, blue: Switch). Note
that the mutated amino acid residues do not map to the inter-subunit interfaces,
and are therefore unlikely to disrupt the formation of the Sei1 ring assembly.
b Close-up view of the Sei1 protomer (PDB ID: 7RSL, B conformation) shown in
hybrid cartoon-atom representation as in Fig. 5a. c Live imaging of sei1Δ cells
expressing genomically integrated NLS-PA-mCherry sensor and the indicated
plasmid-based mGFP-SEI1 constructs. BODIPY stains LDs. nLDs have a BODIPY-
positive core surrounded by a PA-rich shell. Note that even though cells contain

mGFP-Sei1, the green BODIPY fluorescence signal is significantly brighter, hence
Sei1 fluorescence remains undetectable when the settings for BODIPY imaging are
applied. N, nucleus; nLD, nuclear lipid droplet. Scale bar, 2μm. d Quantification of
NLS-PA-mCherry sensor localization in (c). Mean value and standard deviation
indicated. n, number of biological replicates. More than 435 cells analysed for each
condition. Source data are provided as a Source Data file. e Live imaging of sei1Δ
cells expressing genomically integrated NLS-PA-mCherry sensor and plasmid-
based mGFP-sei1 G225P constructs from the endogenous SEI1 or a strong GPD
promoter. Scale bar, 2μm. f Live imaging of sei1Δ cells expressing genomically
integrated NLS-PA-mCherry sensor and indicated plasmid-based mGFP-SEI1 con-
structs from the endogenous SEI1 or a strong GPD promoter. BODIPY stains LDs. N,
nucleus; nLD, nuclear lipid droplet. Scale bar, 2μm.
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making it difficult to distinguish between the two phenotypes.
However, a key finding of this study is that a mutation in the TAG
binding motif of Ldb16 specifically affects LD formation while
leaving INM PA levels largely unchanged. This intriguing separation
of function in the mutant suggests that PA regulation, or potentially
its binding, is governed by a different part of the Sei1-Ldb16 com-
plex. Indeed, it has been suggested that the lumenal domain of
human Seipin directly binds PA17. Currently, the exact PA binding
site in human or yeast Seipin remains unidentified, which will be

crucial for examining its influence on INM PA levels, including the
mode of PA transfer onto nLDs in the future. The binding site in
yeast could, in principle, be present in either Sei1 or Ldb16, which
are predicted to form a complex (Fig. 7a).

Yeast Seipin exhibits a comparable lumenal domain structure as
human Seipin17,52,53, although the yeast oligomer does not feature
analogous TAG-binding hydrophobic helices positioned at the center
of the ring. In an unexpected twist, AlphaFold3 positions the TAG
binding motif of yeast Ldb16 on the exterior of the Sei1-Ldb16
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complex, suggesting differences in how TAG is concentrated and how
it enters the Seipin cage when compared to human Seipin. Evidently,
an experimental structure of the Sei1-Ldb16 complex is necessary to
clarify the topological relationship between the TAG and potential PA
binding sites and their role in nLD biogenesis. Our experimental sys-
tem, inducing nLD formation of INM-targeted Sei1, is invaluable in this

context, enabling the analysis of LD formation distinct from the intri-
cate ER environment.

Access of Seipin and nLD factors to the INM
Studying Seipin function specifically at the INM poses experimental
challenges due to the proximity of the INM and ONM. This is further

Fig. 6 | Ldb16’s hydroxyl residues governproper cellularTAGaccumulationbut
not PAmetabolism at the INM. a Live imaging of ldb16Δ cells expressing plasmid-
based NLS-PA-mCherry sensor. BODIPY stains LDs. Scale bar, 2μm. b Live imaging
of ldb16Δ cells expressing plasmid-based 2xNLS-DAG-mCherry sensor and stained
with BODIPY. Scale bar, 2μm. c Experimental design for BiFC (bimolecular fluor-
escence complementation). VN, VC, complementary Venus fragments. Live ima-
ging of wild-type cells expressing Ldb16 fused with VC and Nup60 fused with VN.
Ldb16 is expressed from the GPD promoter. Nup60 is a basket nucleoporin,
exclusively localizedon the nuclear face of the nuclear pore complex. Empty vector
is used as a control. Scale bar, 2 µm. d Live imaging of sei1Δ cells expressing
plasmid-based NLS-PA-mCherry-VN, LDB16-VC and NLS-SEI1 constructs. Ldb16 is
expressed from the GPD promoter. nLD, nuclear lipid droplet. Scale bar, 2μm.
e Live imaging of sei1Δ or sei1Δ ldb16Δ cells expressing plasmid-based mGFP-NLS-
SEI1 and genomically integrated NLS-PA-mCherry sensor. Cells are stained with
BODIPY. nLD, nuclear lipid droplet. Scale bar, 2μm. f Quantification of NLS-PA-
mCherry sensor localization in (e). Mean value and standard deviation indicated. n,
number of biological replicates. More than 380 cells analysed for each condition.
Source data are provided as a Source Data file. g Live imaging of ldb16Δ cells
expressing plasmid-based NLS-PA-mCherry sensor and indicated plasmid-based
LDB16-mGFP constructs from the ADH1 promoter. N, nucleus. Scale bar, 2μm.
h Live imaging of ldb16Δ cells expressing plasmid-based NLS-PA-mCherry sensor

and indicated plasmid-based LDB16-mGFP constructs expressed from the ADH1
promoter. BODIPY stains LDs. Note that even thoughcells contain Ldb16-mGFP, the
green BODIPY fluorescence signal is significantly brighter, hence Ldb16 fluores-
cence remains undetectable when the settings for BODIPY imaging are applied.
cLD, cytoplasmic lipid droplet. Scale bar, 2μm. i Automated quantification of cel-
lular LD diameter in (h). n, number of biological replicates. Median and inter-
quartile range indicated. P value (****P < 0.0001) determined by two-sided
Kolmogorov-Smirnov test. Source data are provided as a Source Data file.
j Quantification of NLS-PA-mCherry sensor localization in sei1Δ ldb16Δ cells
expressing genomically integrated NLS-PA-mCherry, plasmid-based mGFP-NLS-
SEI1 and genomically integrated LDB16-mGFP constructs. LDB16 was expressed
from the ADH1 promoter. Mean value and standard deviation indicated. n, number
of biological replicates. 611 cells for LDB16-mGFP and 663 cells for ldb16 6A-mGFP
were analysed. Source data are provided as a Source Data file. k Automated
quantification of nLD diameter in sei1Δ ldb16Δ cells expressing genomically inte-
gratedNLS-PA-mCherry, plasmid-basedmGFP-NLS-SEI1andgenomically integrated
LDB16-mGFP constructs. LDB16was expressed from theADH1promoter. n, number
of biological replicates. Median and interquartile range indicated. P value
(***P < 0.001) was determined by two-sided Kolmogorov-Smirnov test. 302 nLDs
for LDB16-mGFP and 252 nLDs for ldb16 6A-mGFP were analysed. Source data are
provided as a Source Data file.
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Fig. 7 | Sei1 positions the TAG-binding domain of Ldb16 outside of the
decameric ring. a Cartoon representation of AlphaFold 3 model of S. cerevisiae
Sei1·Ldb16(40-110) protomer (left), and both surface (right top) and cartoon (right
bottom) representations of AlphaFold 3 model of Sei1·Ldb16(40-110) 10:10 ring
assembly. The models are coloured by chain. Yellow arrowheads indicate putative
serine/threonine-rich TAG binding motifs of Ldb16. For Sei1·Ldb16 prediction and
confidence scores, see Supplementary Fig. 7. b A model illustrating the role of the

Sei1-Ldb16 complex in regulating nLDs and INM lipid composition. When Sei1 is
localized to the INM, nLDs with PA-enriched surfaces are formed. In the absence of
Sei1, abnormal PA-rich but TAG-deficient droplets arise, accompanied by diverse
defects in nuclear membrane structure. Mutations in the TAG-binding domain of
Ldb16 (yellow arrowheads) reduce nLD numbers but slightly enlarge nLDs, sug-
gesting impaired nLD biogenesis.
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exacerbated because Seipin is estimated to be expressed at low levels
(~ 850 molecules in yeast70), which translates to only about 85 deca-
meric complexes in the entire yeast ER/NE network. This low abun-
dance makes immunogold EM, which has low sensitivity, unreliable to
confirm Seipin localization to the INM. In contrast, techniques such as
BiFC7 and split-GFP71 detect Seipin at the INM. A previous study, using a
human osteosarcoma cell line, arrived at the conclusion that nLD
formation does not depend on Seipin72. This conclusion was based on
the inability to detect Seipin at the INM through immunogold EM and
on the assumption that uncontrolled phase separation of TAG from
membranes in the absence of Seipin equates to properly matured
LDs72. However, without Seipin, a conserved factor from yeast to
human, the phase transition of neutral lipids becomes irregular,
resulting in formation of many small and few supersized LDs20,22.
Therefore, the presence of LD-like structures alone does not indicate
that LD formation is independent of Seipin. Although TAG phase
separation can occur without Seipin, proper LD biogenesis requires it.
Seipin is essential for the coordinated transfer of lipids and proteins
onto LDs51. An imbalance of phospholipid surfactants, an increase in
fusogenic lipids such as PA and ripening defects might cause LDs to
merge into larger supersized LDs21,73,74 or prevent the accumulation of
sufficient TAG into an nLD, as shown in this study.

Leveraging the sensitivity of BiFC enabled the detection of Sei1 at
the INM7. We have now added additional proteins involved in Seipin
regulation, PA metabolism, membrane remodeling, TAG synthesis, LD
scaffolding, and TAG lipolysis to the list of nLD-proximal factors
(Fig. 4c). Our study suggests that the core machinery of Seipin-
dependent LD formation is shared between nLDs and cLDs. However,
the stoichiometry and abundance of these components may vary, as
NPCs might hinder or restrict access to the INM for some factors. This
could influence the biogenesis kinetics, number, and morphology of
LDs formed in each compartment. Consequently, variations in the
stoichiometry and abundance of lipid metabolism enzymes and other
LD-associated factors in the nucleus could result in a distinct nLD
monolayer composition and protein inventory, potentially leading to
functional specializations of nLDs that are tailored to the nuclear
environment.

A question raised by our data is how a subset of cytoplasmic LD
biogenesis factors from the ER gain access to the INM. In general,
membrane proteins with extraluminal domains of up to 90 kDa in
molecular mass can enter the nucleus40, probably through either
passive diffusion via peripheral channels in the NPC75 or through NLS-
dependent transport31,76. However, size selection alone cannot explain
INM localization, as demonstrated in a previous study where many
small soluble and ERmembrane proteins failed to reach the nucleus71.
Therefore, the proteome of the INM is probably established by a
combination of protein diffusion, transport, retention, and degrada-
tion mechanisms. Understanding how Seipin and other LD biogenesis
factors enter the nucleus, as well as the conditions under which the
Sei1-Ldb16 complex assembles at the INMwill be an important subject
of future investigations.

Sei1-Ldb16 complex safeguards NE integrity
A notable finding from our study is the presence of a highly irregular
NE architecture in sei1Δ cells. These defects extend beyond the
reported proliferation of ER membranes or supersized LDs in the
vicinity of the NE19. They encompass NE herniations, anomalous
intranuclear membrane sheets, and distorted nuclei containing
engulfed cytoplasmicmaterial. Thesefindings suggest that Seipinhas a
role in preserving the structural integrity of the cell nucleus. Although
we cannot determine the specific contribution of either the INM or
ONM pool of Sei1 to these phenotypes, it appears likely that Sei1
deficiency affects the NE through its involvement in PA and TAG
metabolism, possibly in combination. In bilayer membranes, TAG is
soluble up to a concentration of about 3mol%77. Beyond this

concentration, oil lenses form spontaneously64,78, which might disrupt
the NE membrane and the function of NE resident proteins. The irre-
gular LD budding processes themselves could potentially form weak
points in the NE. The accumulation of PA as a non-bilayer lipid4 may
additionally destabilize the NE.

The appearance of ectopic intranuclear membranes suggests a
potential increase in membrane production. Multiple studies across
differentmodel organisms have detected heightened cellular PA levels
following Seipin depletion21,69,79,80. However, it remains uncertain
whether this results froman inhibitionof proper LD formation, causing
a buildup of precursors (Fig. 1a). Regardless of the origin, increased
cellular PA levels could prompt a diversion of PA toward PL synthesis,
thereby boosting membrane production. The precise location where
these membranes might form (bearing in mind that S. cerevisiae has a
closed mitosis) poses an intriguing question, possibly indicating a
misregulation of localized lipid synthesis at the INM. Regarding the NE
herniations in sei1Δ cells, it is noteworthy that the ESCRT factor Chm7,
whichplays a role inNEmembrane surveillance, specifically recognizes
PA and is thought to repair these PA-rich NE defects81. If such nuclear
irregularities occur in patients with Berardinelli-Seip lipodystrophy,
this would offer new insights into the disease pathology.

In summary, using a genome-wide screen we have made progress
in characterizing key factors of INM PA homeostasis. This approach
could be expanded to other lipid species in the future, contingent on
the availability of NLS-lipid biosensors, such as our NLS-PS sensor.

Methods
Strains and media
All yeast strains used in this study are listed in Supplementary Table 1.
Genes in yeast were tagged/deleted by a standard one-step PCR-based
technique82. For integrating plasmids into the genome, plasmid
digestion using the appropriate restriction enzymes was performed,
followed by cell transformation with the digested product. Micro-
biological techniques followed standard procedures. Cells were grown
in standard yeast extract peptone dextrose (YPD) prior to transfor-
mation or in synthetic dextrose complete (SDC)+all amino acids for
experiments, or when transformed with plasmids in selective SDC
drop-out media at 30 °C. Where indicated, ethanolamine (Sigma-
Aldrich) was added to the growth medium to 2mM.

Lipid sensor and Sei1 construct design
All plasmids used in this study are listed in Supplementary Table 2. For
thePA sensor, theQ2domainof yeastOpi1(103-191)wasused. TheDAG
sensor contains the C1a +C1b domains of rat PKCβ(31-158). The PS
sensor is based on the Lact-C2 domain of bovine Lactadherin
MFGE8(270-427). Sensor NLS-sequences correspond to yeast nucleo-
porinNup60(1-24),whereasNLS-Sei1 contains theNLS and the linkerof
the INM transmembrane protein Heh2 (aa93-317) attached to Sei131.
The Sei1 mutants Patches1 + 2, ΔSwitch and shuffled-Switch were
constructed according to52. Plasmid-based Ldo45-mGFP and Ldo45-VC
contains the sequence of Ldo45 according to the description of spli-
cing in ref. 44: transcript corresponds to most of the YMR147W
sequence excluding the last 90 nucleotides, and 210 nucleotides of the
annotated YMR148W promoter, and the full YMR148W sequence.

Library preparation and high-throughput screening
To construct the query strain for the screen (NLS-Q2-mCherry Erg6-
mNeonGreen), Erg6was tagged andNLS-Q2-mCherry was genomically
integrated into a strain with markers for automated mating, sporula-
tion and haploid selection (YMS721)15, and was then crossed with the
yeast deletion and hypomorphic allele collections14,15 using automated
approaches83,84. In short: A RoToR bench-top colony array instrument
(Singer Instruments) was used to handle libraries. Cells weremated on
rich medium plates and diploids were selected in SDCMSG-Ura con-
taining Geneticin (200 µg/ml) (Formedium) and Nourseothricin
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(200 µg/ml) (WERNER BioAgents “ClonNAT”). Sporulation was
induced by transferring cells to nitrogen starvation media plates for
7 days. Haploid cells were selected by transferring cells to SDCMSG-Ura
plates containing Geneticin (200 µg/ml) and Neurseothricin
(200 µg/ml), alongside the toxic amino-acid derivatives Canavanine
and Thialysine (Sigma-Aldrich) to select against remaining diploids,
and lacking leucine to select an alpha mating type. A set of randomly
selected strains were verified by PCR.

The generated libraries were screened using an automated
microscopy setup. Cells were transferred from agar plates into 384-
well plates for growth in liquid media using the RoToR arrayer. Liquid
cultures were grown in a LiCONiC incubator overnight at 30 °C in SDC-
Ura. A JANUS liquid handler (PerkinElmer) connected to the incubator
was used to dilute the strains to anOD600 of ~0.2 into plates containing
SDC-Ura medium, and plates were incubated at 30 °C for 5 h. Strains
were then transferred by the liquid handler into glass-bottom 384-well
microscope plates (Matrical Bioscience) coated with Concanavalin A
(Sigma-Aldrich). After 20min, wells were washed twice with SDC-Ura-
Riboflavin media to remove non-adherent cells and to obtain a cell
monolayer. The plates were then transferred to an Olympus auto-
mated inverted fluorescent microscope system using a robotic swap
arm (Hamilton). Cells were imaged in SDC-Ura-Riboflavin at room
temperature using a × 60 air lens (NA 0.9) and with an ORCA-ER
charge-coupled device camera (Hamamatsu), using the ScanR soft-
ware. Imageswere acquired in twochannels: GFP (excitation filter 490/
20 nm, emission filter 535/50 nm) and mCherry/RFP (excitation filter
572/35 nm, emission filter 632/60 nm). After acquisition, images were
manually reviewed using ImageJ. Each strain was analyzed based on its
PA sensor localization. A strain was considered a ‘hit’ if the PA sensor
localization was not uniformly nucleoplasmic (e.g., foci, INM localiza-
tion) in at least 25% of cells analyzed. For all identified hits, over 100
cells were examined, unless stated otherwise in Supplementary Fig. 1a.
To validate the results, we first re-examined positively tested strains
under exponential growth conditions in liquid media and then exam-
ined these strains in a different genetic background (BY4741) than the
screening strain. Some expected hits were absent from our screen,
likely due to technical issues during automated library preparation or
strain propagation, such as the missing pah1Δ and ldb16Δ strains.
Although a cds1 allele was included in the DAmP library, the PA sensor
was nucleoplasmic. In contrast, a different cds1-ts allele that we pre-
viously studied7 showed robust PA sensor accumulationat the INMand
nLD formation. This discrepancy is likely because the cds1-ts allele has a
stronger inactivation phenotype than the DAmP variant.

Manual live-cell imaging of yeast
Exponentially growing cells were immobilized on microscope slides
with agarose pads and imaged on a DeltaVision Elite microscope (GE
Healthcare). Images were acquired with a 60x oil immersion objective
and recorded with a CoolSNAP HQ2 CCD camera (Photometrics).
Deconvolution was carried out using softWoRx software (GE Health-
care). Images were processed with ImageJ. Cell contours were marked
with a dashed white line based on brightfield imaging. To stain lipid
droplets, BODIPY 493/503 (final concentration 5.7μM, Thermo Fisher
Scientific) was added and cells were imaged after 20min.

AlphaFold 3 modelling of Sei1·Ldb16 complex
AlphaFold 3-based structural modelling of S. cerevisiae Sei1·Ldb16
complex was performed via the public AlphaFold Server (https://golgi.
sandbox.google.com/). Initial modelling was carried out using full-
length sequences of Sei1 andLdb16proteins. Ldb16was later truncated
to remove low-confidence regions, retaining the Ldb16(40–110)
sequence. The assessment of prediction confidence was guided by the
local confidence score (pLDDT), global confidence scores (pTM,
ipTM), PAE maps and the degree of superposition between 5 models
produced by AlphaFold 3 model. Additionally, Sei1 chains were

superimposed with previously determined experimental structures in
order to assess the validity of the prediction (root mean square
deviation (RMSD) between >190 pruned atom pairs was ≤0.80Å).

Transmission electron microscopy (TEM)
Wild-type, sei1Δ and NLS-Sei1 cells were grown in SDC medium. Pel-
leted cells weremixed 1:1 with 10% BSA, used as a filler, and transferred
into the 100μm cavity of a 3mm aluminum specimen carrier. This
carrier was sandwiched with a flat 3mm aluminum carrier and imme-
diately high pressure frozen in an HPF Compact 01 (both carriers and
high-pressure freezer from Engineering Office M. Wohlwend GmbH).
The frozen samples were subsequently transferred into a Leica EM
AFS-2 freeze substitution unit (Leica Microsystems). Over a period of
4 days, samples were substituted in a medium of acetone containing
2% osmium tetroxide (Agar Scientific), 0.2% uranyl acetate and 5%
water. Freeze substitution was performed according to the following
protocol: 40 hr at −90 °C, warm up at a rate of 2 °C per hour to −54 °C,
8 h at −54 °C, warm up at a rate of 5 °C per hour to −24 °C, 15 hr at
−24 °C, warm up at a rate of 5 °C per hour to 0 °C, 2 h at 0 °C. At 0 °C
samples were taken out and washed 3 times in anhydrous acetone (on
ice) and infiltrated with Agar 100 Epoxy resin (Agar Scientific) in a
graded series of acetone and resin over a period of 3 days. Poly-
merization took place at 60 °C. Ultra-thin sections with a nominal
thickness of 70 nm were cut using a Leica UCT ultramicrotome (Leica
Microsystems). Regions on the sections were randomly selected and
inspected with a FEI Morgagni 268D (FEI) operated at 80 kV. Digital
images were acquired using an 11 megapixel Morada CCD camera
(Olympus-SIS).

Statistics and reproducibility
The number of biological replicates is indicated in the figures, and
sample size in the figure legends. All microscopy experiments were
repeated at least 3 times, except screen validation and Supplementary
Figs. 5g and 6c, d which were repeated 2 times. The screen and EM-
based experiments were done once. All attempts to replicate the data
were successful. No statistical method was used to predetermine
sample size. No data were excluded from the analyses. The experi-
ments were not randomized. The investigators were not blinded to
allocation during experiments and outcome assessment.

To quantify the NLS-PA sensor localization, the following criteria
were used: “nLDs” are defined as spherical, BODIPY-positive structures
surrounded by the fluorescent NLS-PA sensor. “nLD+PA foci” are
defined as spherical, BODIPY-positive structures surrounded by the
fluorescent NLS-PA sensor with additional NLS-PA foci in the nucleus
which are not stained by BODIPY. “PA foci” are defined as NLS-PA
sensor-labelled foci in the nucleoplasm that do not co-localize with
BODIPY. When none of the above-mentioned criteria were met, the
sensor was classified as “nucleoplasmic”.

To quantify cells with the 2xNLS-DAG sensor foci, the following
criteria were used: if the 2xNLS-DAG sensor forms a roundish spot
which exhibits intensity that is two times higher than the intensity of
the INM, then the cell was counted as having a focus of the 2xNLS-DAG
sensor.

To quantify foci localization of the NLS-PA and 2xNLS-DAG sen-
sors in sei1Δ cells using Sec62-mNeonGreen as amarker for the NE, the
following criteria were used: foci are classified as “INM” if they overlap
with the Sec62 signal and foci are classified as “nucleoplasmic” if they
do not overlap with the Sec62 signal.

To quantify 3xNLS-PS sensor localization, the following criteria
were used: “INM” is defined as a fluorescent labeling of the INM with a
peak fluorescence intensity at least 1.5 times higher than the nucleo-
plasm; otherwise “nucleoplasmic”.

Automated quantification of cellular LDs was performed in Fiji
using the plugin “Trainable Weka Segmentation”. The segmentation
classifierwas trainedwith two classes - to recognize LDs (class 1) and to
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recognize the background (class 2). The “Watershed” plugin was used
to separate adjacent LDs. Next, particle analysiswasperformedand the
diameter of each LDwas quantified. Data normality was determined by
the Shapiro-Wilk test using the GraphPad Prism software. Statistical
significance was evaluated by two-tailed Kolmogorov-Smirnov test
using the GraphPad Prism software.

Automated quantification of nLDs was performed as described
above, except nLDs were manually selected and their diameter quan-
tified. If the “Watershed” function didnot clearly separate two adjacent
nLDs, the total area was divided in half to estimate the average area for
each nLD.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data reported in this article are available in the main text and its
supplemental material. Plasmids and yeast strains generated in this
study are available from the corresponding author upon request.
Source data are provided with this paper.
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