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ABSTRACT: Seipin is a transmembrane protein that resides in the endoplasmic reticulum and concentrates
at junctions between the ER and cytosolic lipid droplets. Mutations in the human seipin gene, including the
missense mutation A212P, lead to congenital generalized lipodystrophy (CGL), characterized by the lack of
normal adipose tissue and accumulation of fat in liver and muscles. In both yeast and CGL patient fibroblasts,
seipin is required for normal lipid droplet morphology; in its absence droplets appear to bud abnormally from
the ER. Here we report the first purification and physical characterization of seipin. Yeast seipin is in a large
discrete protein complex. Affinity purification demonstrated that seipin is the main if not exclusive protein in
the complex. Detergent sucrose gradients in H,O, and D,0 and gel filtration were used to determine the size
of the seipin complex and account for detergent binding. Both seipin-myc13 (seipin fused to 13 tandem copies
of the myc epitope) expressed from the endogenous promoter and overexpressed seipin-mCherry form
~500 kDa proteins consisting of about 9 copies of seipin. The yeast orthologue of the human A212P allele
forms only smaller complexes and is unstable; we hypothesize that this accounts for its null phenotype in
humans. Seipin appears as a toroid by negative staining electron microscopy. We speculate that seipin plays at least
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a structural role in organizing droplets or in communication between droplets and ER.

Congenital generalized lipodystrophy is characterized by the
inability to develop adipose tissue. In extreme cases this syndrome
results in several metabolic abnormalities and diabetes caused by
the lack of adipokines. Patients are hyperphagic leading to fat
accumulation in the liver and muscles; the cause of death is often
liver failure at an early age (/, 2). Recently, there has been some
success in treating lipodystrophy patients with leptin (3).

The severest form of lipodystrophy, congenital generalized
lypodystrophy type 2 (CGL2)," is caused by mutations in the BSCL2
gene encoding seipin (4). Seipin is normally expressed in fat, but
mRNA levels are highest in the nervous system and testes (4). Itis
an endoplasmic reticulum- (ER-) resident protein that concen-
trates at the junction of cytoplasmic lipid droplets (5—7). Seipins
from fungi, animals, and plants share a core structure consisting
of two likely transmembrane domains with a ER luminal loop that
is glycosylated in mammals (6, 8); according to this topological
model, both termini face the cytosol (9).

How mutations in seipin result in the lack of adipogenesis
in patients is unknown. CGL2 is recessive, o it is presumed to be
caused by a loss of function, and all but one allele contain nonsense
mutations; in contrast, mutations in the glycosylation site are
dominant and result in neuropathies (7, 8). Seipin knockdown in
cultured adipogenic cell lines results in disruption of adipogen-
esis, mimicking lipodystrophy, although the step in the pathway
affected is different in the studies (10, /). However, in both
Saccharomyces cerevisiae disrupted in the seipin gene (FLD) and
fibroblasts from a CGL2 patient, cytoplasmic lipid droplets
appear very disorganized and seem to bud chaotically from the
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ER (6). In yeast the droplets have fusogenic properties in vivo and
in vitro (5). Abnormalities in fatty acid composition of phospho-
lipids in yeast and cells from a CGL2 patient also have been
observed (3, 12).

While most CGL2 patients have null alleles for seipin, a few
have an A212P missense mutation in the loop domain (4).
Human seipin can complement a yeast FLDI knockout, but
neither the human A212P mutation nor the orthologous G225P
FLDI mutation is functional in this background (5, 6). It is
unknown how this point mutation within the loop region leads to
a nonfunctional protein.

To gain insight into seipin function, we searched for binding
partners. Although none were found from Triton X-100 solubi-
lized membrane extracts, we found that seipin is a homooligomer
of about nine subunits with a radially symmetric shape. This shape,
along with its apparent importance in droplet formation, suggests
that one role of seipin may be to form a collar to organize droplet
assembly.

EXPERIMENTAL PROCEDURES

Strains and Growth Conditions. S. cerevisiae strain BY4742
(Open Biosystems) was the parent strain for all strain constructions
and experiments. Strains used in this study are listed and de-
scribed in Table 1. A high-efficiency transformation protocol (13)
was used to introduce DNA into yeast, and prototrophic
transformants were selected on the appropriate nutrient drop-
out plates. PCR was used to confirm homologous integration of
all knock-in constructs. Cells were cultured in minimal synthetic
growth medium (yeast nitrogen base (Difco), 2% dextrose, and
appropriate base and amino acid supplements). Liquid cultures
were incubated at 30 °C in a rotary shaker at 210 rpm. A 50 mL
starter culture from a plate was grown for 24 h. Cells were
harvested and diluted into 500 mL of fresh medium and grown
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Table 1: Plasmids and Strains Used in This Study
plasmids
pDBI pRS313 (39) with the following insert: PGKI promoter, FLD! ORF fused with myc13
(13 tandem copies of myc epitope), PGK1 term
pDB2 pRS315 (39) with the following insert: PGKI promoter, FLDI ORF with G225 codon mutated
from GGG to CCG generating G225P, fused with mCherry, PGK1 term
pDB3 pRS313 with the following insert: PGKI promoter, FLDI ORF fused with tobacco etch virus protease site
(coding for ENLYFQG) and myc13 (13 tandem copies of myc epitope), PGKI term
strains?

BY4742 fld]A::kan® with pDBI plasmid

BY4742 fldIA::FLD1 ORF fused to myc13 followed by TADH! term and HIS3

identical to seipin-myc13 strain except G225 codon GGG in FLDI ORF replaced with CCG yielding G225P
described in Szymanski et al. (6)

described in Szymanski et al. (6)

described in Szymanski et al. (6)

seipin-mycl3 OE
seipin-mycl3
seipin[G225P]-mycl3
seipin OE
seipin[G225P] OE
seipin-mCherry OE

seipin[G225P]-mCherry OE
seipin-TEV-mycl3 OE

BY4742; fldIA::kan® with pDB2 plasmid
BY4742; fldIA::kan® with pDB3 plasmid

“All strains based on BY4742 (MATo his3A1 leu2A0 lys2A0 ura3A0) or BY4742 fldIA::kan® as indicated (Open Biosystems).

overnight again. Finally, the overnight culture was harvested
and diluted into 2750 mL of medium and cultured for 5—5.5 h
before use.

Reagents. The monoclonal anti-myc antibody 9E10 was pur-
chased from the National Cell Culture Center (Minneapolis, MN)
and the Living Colors DsRed polyclonal antibody, used to detect
mCherry on blots, was from Clontech. Deuterium oxide was
purchased from Sigma Aldrich. Molecular biology enzymes were
purchased from New England Biolabs, the rapid DNA ligation
kit was from Roche, and the HotStar HiFidelity polymerase kit
was from Qiagen. Sephacryl S-500 high resolution was from GE
Healthcare, and dextran from Leuconostoc mesenteroides (MW
5—40 MDa) was from Sigma. The Pierce coimmunoprecipitation
kit was from Thermo Scientific. All chemicals were of reagent
grade. Escherichia coli“10s ribosomes were from the Dunkle labora-
tory (UC Berkeley). Standard 40 nm nanobeads were purchased
from Polysciences, Inc. (www.polysciences.com). A polyclonal
antibody against yeast seipin (amino acids 165—178, preceded
by a cysteine residue) was generated by GenScript Corp. (Www.
genscript.com) from a synthetic peptide and affinity purified.

Plasmid Constructions. A list and description of plasmids
used in this study are in Table 1. Details of the constructions
are available upon request. All PCR-generated and mutagenesis
constructs introduced into yeast were confirmed by sequencing.

Seipin Stability. To compare the stability of seipin with seipin-
[G225P] we used the untagged overexpressed forms. (Untagged
seipin expressed from the endogenous promoter cannot be detected
with our antibody, and a tag was avoided since it partially
stabilizes the protein (Figure 1A).) The experiment using MG132
closely followed a previously published method (/4) except the
time course after addition of cycloheximide was from 0 to 6 h.
Intact cells were processed by lysis in base (15), and samples were
immunoblotted with anti-seipin antibody.

Preparation of ER-Enriched Membranes. Membranes
were prepared based on a published method (Preparation of Micro-
somes from ref /6) with several modifications: Spheroplasts were
generated with Zymolyase 100T in the following buffer: 10 mM
Tris-HCI, pH 7.4, 0.7 M sorbitol, 0.5% glucose, 0.75% yeast
extract, 1.5% bacto-peptone, and 1 mM DTT. Spheroplast lysis
buffer consisted of 20 mM HEPES/KOH, pH 7.4, 50 mM potas-
sium acetate, 0.2 M sorbitol, and 2 mM EDTA. Before freezing,
cells were resuspended at 500 ODgyo/mL in spheroplast lysis buffer
with the following protease inhibitors: 0.4 mM 4-(2-aminoethyl)-
benzenesulfonyl fluoride hydrochloride, 10 ug/mL aprotinin,
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FiGure 1: Wild-type and mutant seipins migrate as discrete oligomers.
(A) Immunoblots of fractions from detergent glycerol gradients.
Columns indicate wild-type or G225P seipin sequence, rows indicate
the carboxy-terminal tag of the fusion protein, which is driven either by
the PGKI promoter on a plasmid or by the endogenous chromsosomal
seipin promoter, as indicated by parentheses. For each blot the posi-
tions of the pellet, first, and twentieth fraction (from bottom to top of
gradient) are indicated. Arrowheads denote the position of internal
native standards as determined by densitometry of Amido Black-
stained nitrocellulose used later for the immunoblots. The standards
are as follows: t, thyroglobulin (669 kDa); c, catalase (232 kDa), not
included for mCherry constructs due to cross-reactivity with the anti-
body; |, lactate dehydrogenase (140 kDa); and a, albumin (67 kDa). The
nitrocellulose was immunoblotted for mCherry (first row), seipin
(second row), or myc (third and fourth rows). Prestained molecular
mass markers (kDa) are shown to the left of panels. (B) Seipin[G225P]
is unstable. Cells overexpressing untagged wild-type or seipin[ G225P]
were subjected to cycloheximide (CHX) in the presence of the proteo-
somal inhibitor MG132 or its vehicle DMSO. Cells were lysed at the
times indicated after addition of CHX and subjected to SDS—PAGE
and immunoblotting with anti-seipin antibody. Arrow, seipin; asterisk,
cross-reacting band.

0.8 ug/mL pepstatin A, 0.8 ug/mL leupeptin, 8 ug/mL N*-(p-toluene-
sulfonyl)-L-arginine methyl ester, 8 ug/mL N*-tosyl-L-lysine
chloromethyl ketone, 8 ug/mL benzoylarginine methyl ester,
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and 8 ug/mL soybean trypsin inhibitor. Dounce homogeni-
zation was omitted following the 27000g centrifugation.

When necessary to apply to a glycerol or to a sucrose gradient,
the sucrose in the partially purified ER was removed by first
adding an equal volume of 20 mM HEPES/KOH, pH 7.4, 50 mM
potassium acetate, 2 mM EDTA, 1 mM dithiothreitol (DTT),
and protease inhibitors, which was mixed by pipetting, and then
centrifuged at 60000 rpm in a Beckman TLA100.3 rotor (RCF,, =
152813g), 4 °C, 1 h, to pellet the microsomes.

Velocity Sedimentation and Gel Filtration. For gel filtration
and the H,O-based gradients, microsomal membranes were dis-
solved in 500 uL of 25 mM HEPES-NaOH, pH 7.5, with 150 mM
NaCl, 0.5% Triton X-100, 1 mM DTT, and protease inhibitors as
above. For the D,O—sucrose gradients all buffer components
except HEPES were constituted in D,0O instead of H,O. A 1 M
stock of HEPES—NaOH, pH 7.5, in H,O was diluted with D,O
to 25 mM. Five hundred microliters of the identical buffer
containing 15 uL of solubilized membranes and the following
standards was applied to all gradients: 150—200 ug of porcine thyro-
globulin, 27—100 ug of bovine liver catalase (omitted for seipin-
mCherry, since it cross-reacted with DsRed antibody on blots),
36—100 ug of beef heart lactate dehydrogenase, and 30—40 ug of
fraction V bovine serum albumin. The 10 mL gradients contain-
ing either 10—35% glycerol (v/v) or 5—20% sucrose (w/v) were
centrifuged in an SW41 rotor at 35000 rpm 4 °C for 18—19 h for
the H,O-based gradients or 45—46 h for the D,O—sucrose
gradients. Fractions of 0.5 mL were harvested from the bottom
of the gradients, and 19 uL of each was subjected to SDS gel
electrophoresis and immunoblotting.

To determine the Stokes radius, solubilized membranes were
loaded onto 80 or 90 mL Sephacryl S-500 HR columns which
were calibrated with the molecular weight markers indicated
above except 70S E. coli ribosomes or 40 nm diameter nanobeads
were added. Dextran (MW 5—40 MDa) and glucose were markers
of the void volume and column volume, respectively. Fractions
were collected (ranging from 1.54 to 1.80 g samples in different
runs) by gravity, and 19 uL of each fraction was subjected to SDS
gel electrophoresis and immunoblotting. Standard proteins were
detected by Amido Black-stained nitrocellulose, and both dextran
and glucose were detected by phenol/H,SOy (/7). The nanobeads
were detected by absorbance at 310 nm.

Calculation of the Molecular Mass of the Seipin Complex.
To determine the mass of the seipin complex and the contribution
of detergent, we combined methods mainly from Clark and
Smigel (/8) and Kumar et al. (19). A detailed description of the
analytical methods leading to the determination of the hydro-
dynamic parameters of seipin is found in the Appendix.

Seipin Affinity Purification. Affinity purification was per-
formed using the Pierce coimmunoprecipitation kit. One hundred
microliters of AminoLink Plus resin were reacted with 373 ug of
anti-myc antibody for conjugation according to the manufac-
turer’s instructions and then diluted into 400 uL of coupling
buffer. Yeast microsomes were dissolved in 400 uL of coupling
buffer plus 0.5% Triton X-100 and protease inhibitors as above.
The solution was cleared of particulate matter by centrifuging at
3000g for 1 min and then incubated with 40 L beads overnight at
4 °C on a rocker. Seipin-myc13 was eluted with elution buffer as
per the manufacturer’s instructions except Triton X-100 was
added to the neutralization buffer to 0.2% final concentration.
To release seipin-TEVsite-myc13 from beads, they were incu-
bated overnight at 4 °C with 8§ uL of tobacco etch virus (TEV)-
Hisg protease in 400 uL of 50 mM Tris-HCI, pH 7.5, 200 mM
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NaCl, 15% glycerol, 2 mM DTT, and 0.06% Triton X-100.
Protein was recovered by centrifugation, and then the solution
was subjected to nickel chromatography twice to remove the
TEV-Hiss.

Electron Microscopy of Purified Molecules. Carbon-
coated 400-mesh copper grids were glowed discharged in air
with 30 mA current for 1 min, and a 2.0 4L sample was loaded to
a grid. After 30 s incubation, the grid was blotted with a piece of
Whatman no. 4 filter paper, inverted, and incubated for 15—20 s
on top of a drop of 120 uL of staining solution containing 6.0%
ammonium molybdate/KOH, pH 6.4, and 0.5% trehalose and
then blotted again to remove excess staining solution. The stained
grids were dried in air for a couple of hours before examination
in a JEOL 2200FS FEG transmission electron microscope.
Images were taken with a 2K x 2K Tietz slow-scan CCD camera
at a calibrated magnification of 56.3K and —1.5 um defocus.
A minimum-dosage system was used to limit the dose for every
exposure to 20—30 electrons/A”.

Immunoblotting. Immunoblotting was performed with the
ECL kit (Amersham). All primary antibodies were used at 1:1000
dilution except in Figures 1B and 5B and Supporting Information
Figure S1, where anti-seipin antibody was used at 1:200.

RESULTS

Seipin Is in a Large Discrete Protein Complex. To deter-
mine whether seipin exists as a monomer or is in a larger complex,
we initially prepared membranes from a cell line that overexpressed
(using the PGKI promoter on a low copy plasmid) yeast seipin
tagged at its carboxy terminus with mCherry. We had previously
shown that seipin-mCherry in these cells correctly targets to the
ER (6). Membrane proteins were solubilized with Triton X-100,
and the extract was subjected to centrifugation through a
detergent glycerol gradient. Seipin-mCherry (59.7 kDa predicted
MW) was detected in a discrete peak just behind the thyroglo-
bulin (669 kDa) internal standard and well ahead of lactate
dehydrogenase (140 kDa), suggesting that it forms a complex
with other proteins (Figure 1A). To determine if the mCherry tag
was necessary for complex formation, we generated an anti-
peptide antibody against yeast seipin. Although it could not detect
endogenous protein, overexpressed (using the PGKI promoter)
untagged protein was easily detected. Again, seipin was detected
only in a large complex as a discrete species. Seipin behaved on
SDS gels asa 27 kDa protein instead of 32 kDa predicted from its
sequence. However, the primary translation product from an in
vitro transcription—translation system also behaved as a 27 kDa
species (Supporting Information Figure S1), suggesting that seipin
migrates more rapidly than predicted through Laemmli gels.

To rule out an overexpression artifact, we tagged seipin in the
chromosome (so that its endogenous promoter was used) with 13
tandem copies of the myc epitope. (Two copies were insufficient
for detection; data not shown.) Again, seipin behaved on a glycerol
detergent gradient as a discrete species, migrating close to the soluble
marker catalase (250 kDa), although its monomer molecular
mass was 52.9 kDa. Some degradation of seipin-myc13, forming
a ladder of species that corresponded to proteolytic removal of
a varying number of myc epitopes, was always seen, even in
extracts from cells killed in acid (Figure 1A and data not shown).
Overexpression of seipin-myc13 using the PGKI promoter on a
plasmid yielded an identical migration in the glycerol gradients
(Figure 1A), suggesting that there were no limiting components
in the complex other than seipin. The complex was stable, since
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F1GURE 2: Hydrodynamic behavior of seipin-mCherry and seipin[G225P]-mCherry. (A) Rows 1 and 2: Immunoblots of fractions from detergent
H,O— or D,O—sucrose gradients of seipin-mCherry (“wild-type” column) and seipin[G225P]-mCherry (“G225P” column). See legend to
Figure 1 for more details. Arrow indicates the G225P form, which is difficult to visualize. Row 3: Immunoblots of fractions from S500
chromatography. White arrowheads on each blot indicate void volume, left, and column volume, right. Native markers identical to Figure 1
except b, 5 nm nanobeads. (B) Curve of Stokes radii of standards from S500, with arrow indicating behavior of seipin[G225P]-mCherry

(“G225P").

the protein, isolated from peak fractions and subjected to a second
glycerol gradient, migrated identically (data not shown).

To determine whether seipin maintained its discrete oligomeric
form in other detergents, we solubilized membranes containing
seipin-mycl3 (expressed from the endogenous promoter in the
chromosome) in the nonionic detergents dodecyl octaethylene
glycol ether (C,Eg) or dodecyl f-p-maltoside (DDM), the zwitter-
ionic detergent CHAPS, or the anionic detergent sodium cholate
and then subjected the extract to glycerol gradient centrifugation in
the same detergents. Regardless of the detergent used, seipin-myc13
migrated as a discrete oligomeric species (Supporting Information
Figure S2A). Its apparent molecular mass (compared to the internal
soluble standards) varied from 200 or 400 kDa, but it was negatively
correlated with the partial specific volume of the detergent (Sup-
porting Information Figure S2B), suggesting that the buoyancy of
the detergent rather than the number of monomers in the complex
was more important to the different migration rates.

Yeast seipin mutated at residue 225 from glycine to proline
(G225P) is orthologous to the missense human seipin A212P that
is a cause of lipodystrophy (6). Untagged seipin[G225P] over-
expressed from the PGK promoter could not be detected by our
seipin antibody on these gradients (Figure 1A), suggesting that
the protein is unstable (the epitope is distant from G225), since
the wild-type form was easily detected. In whole cell lysates,
however, overexpressed untagged seipin[G225P] could be observed,
albeit at lower levels than wild type (Figure 1B, compare with
upper cross-reacting band). Upon addition of cycloheximide, the
mutated form demonstrated a half-life of about 1 h, whereas little
wild-type seipin disappeared after 6 h. Seipin[G225P] was partially
stabilized by the proteosomal inhibitor MG132, indicating a
route for its degradation.

In contrast to untagged seipin[G225P], both the overexpressed
seipin[G225P]-mCherry and even the chromosomally expressed
(using the endogenous promoter) seipinG225P]-mycl3 were
detected, albeit at levels lower than the unmutated analogues,
indicating that carboxy-terminal tags may stabilize the G225P
forms to some extent. Nevertheless, seipin[G225P]-mCherry and
seipin[G225P]-myc13 migrated much more slowly in detergent
glycerol gradients than their wild-type counterparts, suggesting
that they can form only smaller complexes.

Tagged Seipins Are in an ~500 kDa Protein Complex.
Although detergent glycerol gradient centrifugation indicates
that seipin is in a large complex, this technique cannot be used
to determine the size of the complex since bound detergent used
to extract seipin will change its hydrodynamic properties. Thus
the internal water-soluble standards in the glycerol gradients are
inaccurate for gauging the size of seipin. However, the molecular
mass of both a protein—detergent complex and the protein
component alone can be determined if the following attributes
of a discrete protein—detergent complex are known: the Stokes
radius, the partial specific volume (v), and the sedimentation coeffi-
cient extrapolated to standard conditions (sx0,y) (20, 21). These
constants were determined for both seipin and seipin[G225P] tagged
with either mCherry (overexpressed) or with myc13 (expression
driven by the endogenous chromosomal promoter). Briefly (see
Appendix for details), the Stokes radii were determined from
Sephacryl S500 exclusion chromatography using standards with
known Stokes radii. Values for v were determined from H,O—
and D,0O—sucrose gradient velocity sedimentation, and finally
these values were used to calculate sy, using standards with
known s, Behaviors of the mCherry-tagged seipins after the
sucrose gradients and S500 columns are shown in Figure 2A and
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we used 70S E. coli ribosomes “r” instead of beads as a marker. “*”

, much of this fraction was lost during processing.

Table 2: Seipin and MW Standard Physical Attributes

protein v (mL/g) 520" Stokes radius (A) M. (kDa)  detergent/protein oligomer? M,* (kDa)  subunits/complex
seipin-mycl3 0.776 & 0.015 11.1£0.7 113 640 £ 80 222 498 £5.5 9.4
[G225P]-mycl3 0.783 £ 0.033 8.0+ 1.1 104 454 £127 214 3166 6.0
seipin-mCherry 0.769 +0.0043  15.6 +0.34 80.9 620+ 3.5 160 517+19 8.7
[G225P]-mCherry ~ 0.772 £ 0.015 4.78 £0.30 97.5 233 £29.5 70 188£3 3.1
BSA# 0.734 431 ND
LDH 0.747 7.45 47.5
catalase 0.730 11.3 522
thyroglobulin 0.723 19.3 85
70S ribosomes NA NA 133
40 nm nanobeads ~ NA NA 183"

“Partial specific volume and “Svedberg coefficient (in S units): for seipin forms they refer to the protein—detergent complex; for the standards they refer to the
purified proteins. ‘Calculated molecular mass of the seipin oligomer—detergent complex. “Moles of Triton X-100 bound to a mole of seipin oligomer. “Calculated
molecular mass of the protein component of the detergent complex. /x + y throughout the table denotes mean and range from two preparations. *See Appendix for
references regarding these standards. "Measured average radius of the nanobeads according to the manufacturer.

for mycl3-tagged seipins in Figure 3A. Interpolation of Stokes
radii of the tagged seipins based on the behavior of standards
through the S500 column is shown in panel B of these figures.

The results of this analysis are shown in Table 2. The seipin-
mycl3 detergent complex was calculated to have a molecular
mass of 640 kDa containing a protein component of 498 kDa.
Similarly, these parameters for seipin-mCherry were 620 and 517
kDa. In contrast, the main species of seipin[G225P]-myc13 and
-mCherry were calculated to have protein components of 316 and
188 kDa, respectively. There was not a corresponding decrease in
the Stokes radii between wild-type and [G225P] forms. However,
all of the values were close to the Stokes radius of a Triton X-100
micelle, 95 A (22), so this parameter may reflect the detergent
contribution to the complex more than the core protein. Regard-
less, from the protein molecular weight analysis we conclude that
the G225P mutation does not allow seipin to form normal com-
plexes, although it can form smaller ones.

Seipin Forms Homooligomers. Preliminary experiments
failed to find heterologous partners in seipin complexes. To deter-
mine if seipin can self-associate, we performed a mixing experiment:
low levels of seipin-myc13 (produced from the endogenous seipin
promoter) were expressed with higher levels of either seipin-
mCherry or seipin[G225P]-mCherry (using the PGK! promoter).
If seipin can self-associate, the behavior of seipin-myc13 on glycerol
gradients should be influenced by overexpression of mCherry-
tagged forms. Indeed, this was the case: seipin-mycl3 was shifted
to smaller molecular weight when coexpressed with seipin-
[G225P]-mCherry compared to the wild-type seipin-mCherry
(Figure 4). This result indicates that seipin can self-associate.

To determine if seipin is a homooligomer, we affinity purified
seipin-mycl3 from solubilized membranes after adding a tobacco
etch virus (TEV) protease cleavage site between the seipin coding
sequence and the myc13 tag (Figure 5). We used anti-myc Sepharose
for the purification, and solubilized membranes from wild-type
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FIGURE 5: Seipin is a homooligomer. ER-enriched membranes from
wild type (lanes 1, 3, and 5) or the seipin-myc13-overexpressing strain
(lanes 2, 4, and 6) were solubilized in detergent and incubated with
anti-myc epitope antibody-conjugated beads. Protein was eluted with
elution buffer (from manufacturer) (lanes 1 and 2) or eluted with TEV
protease (lanes 3—6). Protease was removed on a nickel column (lanes
5 and 6). Samples were subjected to SDS—PAGE and stained with
silver (A) or immunoblotted with anti-seipin antibody (B). The
migration of the seipin-myc, ladder, seipin, and TEV protease are
indicated in (A).

cells were processed in parallel as a negative control. Protein was
eluted from the beads either by elution buffer supplied by the
manufacturer or after incubation with polyhistidine-tagged TEV
protease. Using the acidic elution buffer instead of TEV resulted
in a regularly spaced ladder of protein bands consistent with
cleavage of varying numbers of myc epitope copies during the
processing (similar to the myc ladders observed after gradient
fractionation in Figures 3 and 4) and marked as “seipin-myc,” in
Figure 5. We found that more TEV was required for elution than
expected, probably since a homooligomer would require cleavage
at several sites for elution. Subsequently, the protease was removed
on a nickel column, resulting in a single major band visible by
protein staining with silver that cross-reacted with anti-seipin
antibody. Although we cannot yet rule out substoichiometric
constituents of seipin, we conclude that seipin is predominantly a
homooligomer. Considering the size of the protein complex, we
estimate nine subunits per complex (calculated at 9.4 and 8.7 for
seipin-myc13 and seipin-mCherry, Table 2).

Seipin Resembles a Toroid. Affinity-purified seipin-mycl3
was subjected to negative staining electron microscopy. Both
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proteins eluted from the affinity beads by elution buffer and after
TEV protease incubation were imaged. Both appear as disks
with radii of 5.33 and 5.44 nm, respectively (Figure 6A,C). The
disks appear to have a hollow center and form toroids, which is
more apparent in Figure 6A, although more structural studies
will be required to confirm this shape. There were no particles
present in parallel samples from cells not expressing seipin-mycl!3
(Figure 6 B).

DISCUSSION

This is the first report of seipin purification or seipin structure.
Seipin is predicted to cross the ER membrane twice with termini
facing the cytosol; this topology appears likely since the loop
region is glycosylated, in mammals and glycosylation sites
engineered at the termini (distal from the two predicted trans-
membrane domains) are not used (9). We now add to this model
by demonstrating that seipin is a homooligomer of about nine
subunits that appears to form toroids. While we only purified and
determined the oligomeric state of tagged seipin, the mCherry
and mycl3 fusions we studied complement the null mutation,
even when introduced under the endogenous chromosomal
promoter (ref 6 and data not shown) indicating that they are
active. The oligomer is also stable and does not dissociate even
after two successive centrifugations on glycerol gradients. Oligo-
mers solubilized in various detergents migrate differently in
glycerol gradients (Supporting Information Figure S2), but this
appears to be largely an effect of the different detergent buoy-
ancies. Additional experiments will be required to determine if
the oligomers from different extraction methods have more
subtle differences which may yield clues of function.

While the phenotype of human seipin[A212P] resembles that
from other nonsense alleles, the reason for this has been unknown.
Here we show that the orthologous missense mutation in yeast,
(G225P, is quite unstable and cannot be detected on gradients even
when overexpressed from the PGK1 promoter. Stability is increased
with the addition of the myc13 or mCherry tags to the carboxy ter-
minus. However, only smaller homooligomers can be formed with
the G225P mutation: estimated at a hexamer for seipin[G225P]-
mycl3 or a trimer with seipin| G225P]-mCherry. This behavior may
indicate that seipin is assembled from trimers. Regardless of assem-
bly mechanism, our data suggest that human seipin[A212P] is
unstable because it cannot form the normal ~nonomeric structure.

While the Stokes radius of seipin-myc13is 113 A, the radius by
negative staining is only 53 A. This difference might be caused by
the behavior of the unstructured tandem myc epitopes on the gel
filtration column compared with negative staining, where it may
be difficult to image, since the size of the particles by this method
was identical with or without the epitope tag. The 2-fold differ-
ence might also have been caused by effects of the detergent in
these two systems (0.5% Triton was used for gel filtration, 0.06%
for negative staining) or shrinkage of protein on the grid. Further
work will be required to sort this out. Regardless, we now are
poised to computer average many seipin images to obtain a more
resolved structure.

Our data do not address the contact sites on seipin that are
required to form the oligomer. While the simplest model based on
the presumed topology of seipin is one in which interactions occur
principally through the transmembrane domains (the termini
beyond these domains are very short in yeast), the inability of the
G225P to correctly assemble suggests that the loop domain is
involved in contact sites between the monomers such that this
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FIGURE 6: Seipin forms a toroid. Negative staining of (A) affinity-purified seipin-myc13 from overexpressing cells, eluted from antibody column
with elution buffer from the manufacturer. (B and C) Affinity-purified seipin-TEVsite-myc13 (C) eluted with TEV protease or a parallel sample

from nonexpressing cells (B).

mutation disrupts them. To address this question, we will express
the loop domain alone (with signals to target it to the ER Iumen)
to determine if it can bind to full-length seipin.

The challenge in determining seipin function may be in dis-
secting direct from indirect effects. The three principal pheno-
types of seipin-null cells are changes in droplet morphology and
behavior (i.e., shape, apparent chaotic budding of droplets from
the ER, and ability to undergo homotypic fusion), resulting changes
in lipid composition and amounts, and a block in adipogenesis
(3, 6, 10—12). Our hypothesis, strengthened from the seipin
structure presented here, is that seipin is involved in organizing
droplets, perhaps in part by forming a collar at the ER—droplet
interface or by preventing droplets from evaginating into the
lumen. We suspect that as an organizer it facilitates trafficking of
lipids and/or proteins between these two compartments. Seipin is
not necessary for droplet formation, suggesting to us that droplets
can occur spontaneously; it is unclear whether droplets in seipin-
deficient cells are functional in terms of mobilizing lipid. We
imagine that changes in lipid profiles that occur in the absence
of functional seipin are secondary responses, as is the decision
of preadipocytes (but not fibroblasts and other cells) to abort
adipogenesis if droplets are not correctly assembled. An explora-
tion to determine if seipin structure extends beyond the core
oligomer reported here might be a productive avenue to more
directly address seipin function.
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APPENDIX

Hydrodynamic Parameters of Seipin. Our procedures com-
bine previous methods (/8, 20—23). The mass of the seipin
protein complex (M) can be determined knowing the mass
of the protein/detergent complex (M.) and the partial specific

volumes of the protein, the protein/detergent complex, and the
detergent (v, v, and vy, respectively) according to the equation

My = Me/(1+ (vp = ve)/ (ve = v4)) (1)
The M, can be determined with the equation
M. = 6‘7[N7720,WACS20, W/(1 - VC:O2(),W) (2)

where N is Avogadro’s number, 7750, and py, are the viscosity
and density, respectively, of water under standard conditions
(1.002 cP and 0.99823 g/mL), and A, and sy, are the Stokes
radius and the sedimentation constant under standard condi-
tions, respectively, of the seipin protein/detergent complex. To
solve for M. and M, we determined the Stokes radius, the partial
specific volume, and the sedimentation coefficient under stan-
dard conditions of the seipin protein/detergent complex.

The Stokes radius was determined from a standard curve of
elution volumes of proteins with known Stokes radii (Table 2).
For each standard, a value was calculated for K,, = (V. — V})/
(V.= Vy), where V, is the elution volume, V. is the column volume
(determined with glucose), and ¥ is the void volume (determined
with dextran 5—40 MDa (Sigma)). For the nanobead standard,
the Stokes radius was assumed equal to half the mean number
diameter according to the manufacturer. A linear regression was
calculated for a plot of (—log(K,,))"* vs Stokes radius for the
standards from which the Stokes radius (4.) for the seipin
protein/detergent complex was determined.

The partial specific volume, v., was determined from the
position of the seipin protein/detergent complex in sucrose
gradient centrifugation using the equation

ve = (Spnp/Sunu — 1)/ (en(Spnp/Sunw) —pep)  (3)

where S, 1, and p refer to the sedimentation coefficient, of the
complex, and the viscosity and density, respectively, of the
medium at the peak radial position of seipin and H and D
subscripts refer to sucrose gradients in H,O and D,0, respec-
tively. S was determined in each gradient using the equation

S = ((rpeak - rO)/t)/wzran

where rq is the position from the center of rotation of the top of
the gradient, w is the angular velocity (= 272(rpm)/60), ¢ is time of
centrifugation, and ryye = (Fpeak + 70)/2.
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The values for p in the gradients corresponding to the peaks of
the complex (for eq 3) were interpolated from the density of the
two solutions used to mix the gradient at the position of seipin,
assuming a linear gradient of density from the top to bottom
of the gradient. For viscosity () we cannot assume linearity in
the gradient. Therefore, we used internal protein standards with
known s, values to determine the viscosity of the gradient at
the position of each standard by the formula

1= 10, ($20,w/S) (1 =v0) /(1 = vy )

where 759, and py,, are the viscosity and density of water, as
above. Values for standards are shown in Table 2 and are based
on the following references: BSA (24, 25), LDH (26, 27), catalase
(28—33), thyroglobulin (31, 34—37), and 70S ribosomes (37, 38).
From these graphs of sy, vs viscosity we interpolated values of
n at the position of the seipin complex and solved eq 3 for v,.

From these data, the s, ,, for the seipin protein/detergent com-
plex can be determined using the formula

§20,w = SH(77H/7720,W)(1 - Vcho,w)/(l —Vefe)

where p, refers to the density at the peak radial position for the
seipin protein/detergent complex for the H,O gradient. (A similar
formula can be used for the D,O gradient, which should yield the
identical value.)

Having determined A, v., and sy, for the protein/detergent
complex, its molecular mass was determined using eq 2 and 0.908
for the partial specific volume for Triton X-100 (vy4) (23). Finally,
the protein component of the complex was calculated using eq 1.
Results are shown in Table 2.

SUPPORTING INFORMATION AVAILABLE

Figure S1 comparing the migration by SDS—PAGE of seipin
from cells and from in vitro translation, Figure S2 comparing the
behavior of seipin, extracted with five different detergents, after
glycerol gradient centrifugation, and corresponding methods and
references accompanying the figures. This material is available
free of charge via the Internet at http://pubs.acs.org.
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