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Lipid droplets (LDs), the major intracellular storage sites for
neutral lipids, consist of a neutral lipid core surrounded by a
phospholipid monolayer membrane. In addition to their func-
tion in lipid storage, LDs participate in lipid biosynthesis and
recently were implicated in proteasomal protein degradation
and autophagy. To identify components of the protein degra-
dation machinery on LDs, we studied several candidates iden-
tified in previous LD proteome analyses. Here, we demonstrate
that the highly conserved and broadly expressed ancient ubiq-
uitous protein 1 (AUP1) localizes to LDs, where it integrates
into the LD surface in a monotopic fashion with both termini
facing the cytosol. AUP1 contains a C-terminal domain with
strong homology to a domain known as G2BR, which binds E2
ubiquitin conjugases. We show that AUP1, by means of its
G2BR domain, binds to Ube2g?2. This binding is abolished by
deletion or mutation of the G2BR domain, although the LD
localization of AUP1 is not affected. The presence of the
AUP1-Ube2g2 complex at LDs provides a direct molecular link
between LDs and the cellular ubiquitination machinery.

Specialized organelles called lipid droplets (LD)> (1) play a
key role in intracellular turnover and storage of neutral lipids.
In LDs, a hydrophobic core of neutral lipids, usually triacylg-
lycerides and esterified sterols, is surrounded by a monolayer
of phospholipids with several embedded or associated pro-
teins, most prominently proteins of the PAT family, contain-
ing perilipin, adipophilin, and the tail-interacting protein of
47 kDa (TIP-47) (2, 3). The compartmentalization via a
monolayer of phospholipids, instead of the conventional bi-
layer, is the most characteristic difference of LDs to other or-
ganelles (4, 5). LDs were originally regarded as immobile stor-
age sites for triacylglyceride in adipocytes. LDs perform
additional functions in many cell types, e.g. in signaling and
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transport events and as a general reservoir for hydrophobic
and otherwise toxic substances (6, 7). LDs are ubiquitous, mo-
tile, and highly dynamic organelles (reviewed in Refs. 8, 9),
which interact with many other organelles, e.g. the ER, mito-
chondria, endosomes, and peroxisomes (10 —14). Progress in
our knowledge about the cell biology of LDs was the subject
of several recent reviews (9, 15-20), but essential questions
are still open, like the mechanism of targeting or degradation
of LD proteins or the machinery for regulation of LD size.

Recent studies from several laboratories have provided
comprehensive insight into the proteome of LDs of various
cell types (21-26). Comparative analysis of these LD pro-
teomes revealed the repeated identification of AUP1 as a
component of LDs (22, 23, 26). Originally, the AUPI gene was
identified as a part of the mnd2 (motor neuron degeneration
2) locus in mouse, mutation of which results in a lethal neuro-
muscular disorder (27). Independently, AUP1 was found as a
binding partner of adenoviral proteins (28, 29). AUP1 was also
reported as a cytosolic protein that binds to integrin « sub-
units and supports inside-out signaling in platelets (30, 31).
Very recently, AUP1 was identified as a component of the
Selll complex at the ER (32, 33), indicating an involvement of
AUP1 in protein degradation processes.

Here, we present evidence that a major fraction of AUP1
resides on lipid droplets. We show that AUP1 is a monotopic
membrane protein with both termini facing the cytosol. We
demonstrate that AUP1 binds to the E2 conjugase Ube2g2
and recruits it to LDs. Thereby AUP1 provides a molecular
link between LDs and ubiquitination.

EXPERIMENTAL PROCEDURES

Antibodies—Polyclonal rabbit antisera against recombinant
His,-AUP1(221-410), His,-NSDHL(1-211), and His,-
TIP47(1-168) were raised by Eurogentec and were affinity-
purified against the antigens. Additionally, we used the fol-
lowing antibodies: anti-HA (clone F-7, Santa Cruz
Biotechnology), anti-protein-disulfide isomerase (StressGen),
Alexa555- and Alexa488-conjugated secondary antibodies
(Invitrogen), and HRP-coupled secondary antibodies (Jackson
ImmunoResearch).

Cell Culture—A431 and COS7 cells were maintained in
DMEM (Invitrogen 31966), supplemented with 10% FCS.
Huh?7 cells were cultured in RPMI (Invitrogen 31870) with
10% FCS, 0.1 mM nonessential amino acids, 2 mm L-gluta-
mine, and 10 mm HEPES. All cells were kept at 37 °C and 5%
CO,.
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DNA Constructs—DNA sequences were PCR-amplified
from expressed sequence tags and cloned into 3HA, EGFP,
GST, MBP, or His, expression vectors. For details see supple-
mental Table 1. All constructs were verified by sequencing.

Sequence Alignment—Members of the AUP1 family were
identified by reciprocal BLAST searches against the nonre-
dundant protein data base at the NCBI (release of January
2007). The multiple sequence alignment and a distance-based
neighbor tree were generated using Clustal.

Bacterial Expression and Purification of Recombinant
Proteins—Plasmids as described in supplemental Table 1 were
transformed in Escherichia coli BL21/DE3 or ER2566 strains.
Bacteria were grown in LB supplemented with ampicillin and
chloramphenicol (BL21/DE3) or ampicillin (ER2566), induced
with 1 mM isopropyl 1-thio-B-p-galactopyranoside, and
shaken at 18 -32 °C for 416 h. Bacteria were collected by
centrifugation and pellets resuspended in 30 —-50 ml of Lysis
Buffer (as recommended by the manufacturer’s protocols for
the different fusion tags, i.e. Hisg, GST, MBP, always including
Complete inhibitor tablets without EDTA; Roche Applied
Science). All the following steps were performed at 4 °C. Cells
were lysed in the Emulsiflex (Avestin), and the lysate was cen-
trifuged at 50,000 X g for 15 min. The supernatant was incu-
bated with 2— 6 ml of the respective affinity matrix. Beads
were collected and washed, and the fusion proteins eluted
with imidazole, reduced glutathione, or maltose according to
standard protocols.

GST Pulldown—GST fusion constructs of Ube2gl and
Ube2g2 were bound to GSH-Sepharose beads, and the beads
were incubated with a stoichiometric amount of His,-
AUP1(221-410) in PBS, 1% Triton X-100, 1 mm DTT. GST
fusion constructs of AUP1(361-410) and AUP1(361—
410)-M1 were mixed with MBP-Ube2g2 at a stoichiometric
ratio of 2:1 in 20 mm HEPES/KOH, pH 7.5, 100 mm KCI, 1
mM EDTA, 1 mm DTT, and the complex was bound to GSH-
Sepharose beads. For all experiments, beads were washed sev-
eral times with PBS supplemented with 1% Triton X-100, 250
mm NaCl and eluted with Elution Buffer (20 mm GSH, 50 mm
Tris, pH 8.0). Eluates were analyzed via SDS-PAGE/Coomas-
sie Brilliant Blue staining.

Anti-AUPI Pulldown—Twenty 15-cm dishes of A431 cells
were grown in medium supplemented with 20 uM oleate.
Cells were washed with PBS and scraped into 16 ml of Bind-
ing Buffer (50 mm HEPES, pH 7.4, 70 mm sodium acetate, 1
mwm NaF, 20 mm B-glycerol phosphate, 5 mm magnesium ace-
tate, 0.5 mm DTT, 2X Complete protease inhibitor mixture).
The suspension was adjusted to 1% Triton X-100 and cleared
by two sequential centrifugations (4500 X g for 10 min at
4.°C) and (50,000 X g for 10 min at 4 °C). Supernatant was
incubated with Affi-Gel 10 beads with or without coupled
anti-AUP1 antibody for 24 h. Beads were washed, and bound
proteins were eluted with 3 ml of Elution Buffer (0.1 M gly-
cine, pH 2.4, 10% acetonitrile, and 0.5% Triton X-100). Pro-
teins were precipitated with chloroform/methanol, redis-
solved in 50 ul of Sample Buffer, separated with SDS-PAGE/
Coomassie Brilliant Blue staining, and analyzed by mass
spectrometry.
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Purification of LDs—Cells were grown in four 10-cm dishes
in medium supplemented with 100 um oleate for the last 24 h.
Cells were washed with cold PBS and Buffer A (50 mwm Tris-
HCl, pH 7.4, 20 mm sucrose, supplemented with Complete
Protease inhibitor mixture; Roche Applied Science) and
scraped into a total of 1 ml of Buffer A. Cells were cracked by
passing through a 22-gauge needle (0.7 X 40 mm) four times
and further disrupted by 13 strokes in a ball bearing cell
cracker (isobiotec, Heidelberg, Germany, inner diameter
8.020 mm, ball diameter 8.004 mm). The cell homogenate was
centrifuged (1500 X g/10 min/4 °C) to pellet nuclei and intact
cells. The supernatant was mixed 1:1 with buffer containing
50 mm Tris-HCI, pH 7.4, 2 M sucrose, supplemented with
Complete Protease inhibitor mixture (Roche Applied Sci-
ence), transferred to an SW60Ti ultracentrifugation tube, and
overlaid with Buffer A. LDs were floated to the top of the gra-
dient by centrifugation (100,000 X g for 3 h at 4 °C).

Fluorescence Microscopy of Fixed Samples—Cells were
grown on coverslips, washed with PBS, and fixed with 3.7%
(w/v) paraformaldehyde in PBS for 30 min. After washing
with PBS, cells were blocked and permeabilized with Blocking
Buffer (0.5% BSA and 0.1% saponin in PBS). Primary and sec-
ondary antibodies were diluted in Blocking Buffer and incu-
bated for 1 h. Nuclei and LDs were stained with DAPI and
Bodipy 493/503, respectively. Finally, cells were washed with
PBS, rinsed with water, and mounted in Mowiol 4-88 contain-
ing 2.5% 1,4-diazabicyclo[2.2.2]octane. Images were acquired
at a Zeiss LSM510 confocal microscope equipped with a
100X NA1.3 oil objective or at a Zeiss Axio Observer.Z1 with
a 63X NA1.4 objective. For selective permeabilization of the
plasma membrane (see Fig. 5), saponin in the Blocking Buffer
was replaced by 0.001% digitonin (Applichem A1905,0100).

Fluorescence Protease Protection Assay—A431 cells were
grown in 3-cm glass bottom dishes and co-transfected with
pDsRed2-ER (Clontech) and either pAUP1-EGFP or pEGFP-
AUP1. After transfection, medium was supplemented with 50
uM oleate, and cells were further grown for 24 h. Cells were
washed three times in KHM buffer (110 mm potassium ace-
tate, 20 mm HEPES, 2 mm MgCl,). The dish was placed onto
the microscope stage and incubated in 70 um digitonin in
KHM buffer for 1 min, and an image was recorded (Fig. 5,
before). Buffer was exchanged for KHM buffer containing 50
pg/ml proteinase K. Immediately thereafter, images were re-
corded every 10 s for 2 min. In Fig. 5, images taken after 40 s
are shown (40 s proteinase K).

Electron Microscopy—For immuno-EM, A431 cells were
incubated overnight with 50 uM oleate and fixed in 2%
paraformaldehyde and 0.2% glutaraldehyde in 0.1 » PHEM
buffer (60 mMm PIPES, 25 mMm HEPES, 10 mm EGTA, and 2 mMm
MgCl,), pH 6.9. Cells were embedded in 10% gelatin, cryopro-
tected using polyvinylpyrrolidone-sucrose, and snap-frozen
onto specimen holders in liquid N,. Thin sections (80 nm)
were picked up with a 1:1 mixture of 2.3 M sucrose and 2%
methylcellulose. Immunolabeling was performed using the
anti-AUP1 antibody and 10-nm gold-conjugated protein A.
Grids were viewed using a Leo 922 Omega transmission elec-
tron microscope.
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FIGURE 1. Domain structure and phylogenetic analysis of the AUP1 protein family. A, AUP1 has 410 amino acids and is highly conserved among multi-
cellular organisms. It contains four conserved domains. In the very N terminus, AUP1 has a long hydrophobic region (green). Close to that, AUP1 contains an
acyltransferase domain with three conserved motifs (violet boxes) of bacterial acyltransferases. In addition, AUP1 harbors a CUE domain (red) and a G2BR
domain (orange). B, phylogenetic tree and domain organization of the three related proteins hAUP1, hAAMFR/gp78, yCue1p as follows: light green, trans-
membrane (TMD); violet, putative acyltransferase; light blue, E3 ligase; red, ubiquitin binding (CUE); orange, E2 ligase binding (G2BR).

RESULTS

AUPI Is a Highly Conserved Protein—AUP1 is a protein of
410 amino acids, with a high degree of conservation in multi-
cellular organisms (Fig. 14). AUP1 contains a very long hy-
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drophobic stretch (Fig. 14, green), an acyltransferase domain
as indicated by the presence of three out of four conserved
motifs (Fig. 14, violet) (34), and two additional conserved do-
mains as follows: CUE (coupling of ubiquitin to ER-associated
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degradation, Fig. 14, red) and G2BR (G2 binding region; Fig.
1A, orange). CUE domains bind to ubiquitin and promote
intramolecular mono-ubiquitination (35-37), whereas the
G2BR domain binds to an E2 conjugase (38, 39). The presence
of those two domains indicates a direct connection of AUP1
to ubiquitination processes (40).

Phylogenetic analyses revealed a close relation of AUP1 to
AMFR/gp78 (autocrine motility factor receptor, glycoprotein
of 78 kDa) in higher eukaryotes and to Cuelp in the unicellu-
lar yeast Saccharomyces cerevisiae (Fig. 1B). All three proteins
share the conserved CUE and G2BR domains in their C ter-
minus (Fig. 1B and supplemental Fig. S14) but differ in their
N-terminal regions. Cuelp is a well characterized protein in
the yeast ER-associated protein degradation (ERAD) and in-
volved in sterol-dependent degradation of Hmg2p (hy-
droxymethylglutaryl-CoA reductase), a key enzyme in sterol
metabolism (41). Because AMFR/gp78 plays an analogous
role in mammalian cells (42), AUP1 might also perform a
Cuelp-related function in regulated ubiquitination and degra-
dation of proteins.

AUPI Is a Ubiquitous Protein and Localizes to LDs—We
raised a polyclonal antibody against human AUP1 and studied
the subcellular localization of endogenous AUP1 in human
Huh7 hepatoma cells, A431 fibroblasts, dog MDCK kidney
epithelial cells, and monkey COS7 cells by confocal immuno-
fluorescence microscopy (Fig. 2). In each cell line, a major
fraction of the protein (Fig. 2, magenta) was found around
LDs (Fig. 2, green), with the remainder on reticular structures
likely to represent the ER. The localization and enrichment of
AUP1 to LDs were further confirmed by immunoelectron
microscopy (Fig. 3).

Morphological localization to the vicinity of LDs could rep-
resent direct localization to the LD surface but also to adja-
cent organelles, in particular to ER that frequently surrounds
the LDs (4). To address this question, we subjected a homoge-
nate of A431 cells to floatation in a sucrose gradient and ana-
lyzed fractions by Western blotting. About 40% of AUP1 was
floating with the LD marker proteins NAD(P)H steroid dehy-
drogenase-like (NSDHL) and TIP47 to the top fraction, which
in turn was completely devoid of immunoreactivity for the ER
membrane protein calnexin (Fig. 4, Protein). This indicates
localization of AUP1 directly to the LD surface, although one
cannot exclude localization to a specialized ER domain that
floats with LDs but is devoid of the ER marker calnexin. The
purity of the LD preparation was further assessed by analysis
of lipids that were labeled with radioactive oleic acid (Fig. 4,
Lipids). The floating fraction contained about 80% of the ra-
dioactive triacylglyceride, but only 1.1% of the radioactive
phosphatidylcholine, indicating little, if any, contamination of
the LDs with other membranes. The distribution of AUP1 is
consistent with the double localization of AUP1 to the surface
of the LDs and to the ER, as determined by immunofluores-
cence and immunoelectron microscopy.

AUPI Is a Monotopic Membrane Protein—Like several
other integral proteins of LDs (19), AUP1 contains a single,
very long hydrophobic stretch (Fig. 1, green) but no N-termi-
nal signal sequence for ER translocation. This suggests a hair-
pin type of insertion into membrane mono- and bilayers with
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endogenou AUP1 / AUP1

FIGURE 2. Localization of endogenous AUP1 in A431, Huh7, MDCK, and
COS7 cells. A431 (A), Huh7 (B), MDCK (C), and COS7 cells (D) were grown
either with normal FCS (B) or supplemented with oleate (A, 20 um; C, 100
uMm; D, 20 pm), fixed, and stained with anti-AUP1 antibody. Lipid droplets
were counterstained with Bodipy 493/503 (bar, 10 wm). A431 cells were
additionally stained with DAPI to show the nuclei (top right image, blue).

lipid droplets

both termini facing the cytoplasm, as exemplified by caveolin
or DGAT?2 (43, 44).

To study the topology of the membrane insertion of AUP1,
we applied microscopy-based approaches. The use of the very
mild permeabilization reagent digitonin during staining of
fixed cells allows conservation of internal membranes (45).
Although only the plasma membrane was permeabilized, the
HA tag of both N- or C-terminally HA-tagged AUP1 was rec-
ognized in fixed cells by staining with anti-HA antibody (Fig.
5A, AUPI). In contrast, the ER luminal protein-disulfide
isomerase was only detected when cells were fully permeabi-
lized with saponin (Fig. 54, PDI).

In addition, we performed a fluorescence protease protec-
tion assay in living cells (46). COS7 cells were co-transfected
with pDsRed2-ER, coding for DsRed2 with an N-terminal
signal sequence and a C-terminal KDEL ER-retention motif,
resulting in expression of luminal ER resident DsRed2, and N-
or C-terminally EGFP-tagged constructs of AUP1. Again, the
plasma membrane was permeabilized with digitonin, which
did not affect the ER luminal DsRed2 signal or the AUP1-
EGEFP signal (Fig. 5B, before). Afterward, cells were incubated
with proteinase K. Although both N- and C-terminal EGFP
tags were degraded rapidly, the ER luminal signal stayed in-
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FIGURE 3. Localization of endogenous AUP1 in A431 cells by immuno-
electron microscopy. Cells were cultured in regular growth medium sup-
plemented with 50 um oleic acid for 16 h. Cryosections were labeled using
anti-AUP1 antibody followed by 10-nm protein A-gold detection. Lipid
droplets were defined as large electron-lucent structures that lacked a limit-
ing membrane bilayer with the lipid core often condensed or lost from the
section. AUP1 was highly localized to the rim of lipid droplets (arrow heads),
frequently found where lipid cores had been lost (black asterisks) and occa-
sionally detected in close proximity to lipid droplets (white asterisks). Mito-
chondria (m), nuclei, and plasma membrane showed minor labeling only
rarely. Bars, 2 um (A), 200 nm (A’ and A”).

bot mid top
AUP1 I
TIP47 [T | Protein
NSDHL [ [ (WB)
CALNEXIN
TAG W |Lipids
PC " (autorad.)

FIGURE 4. AUP1 localizes to the LD fraction. A431 cells were labeled with
radioactive oleic acid and fractionated in a sucrose gradient. Isolated LDs
(top), middle (mid) and bottom (bot) fraction, were analyzed by Western
blotting (WB). AUP1 localizes, similar to the LD marker proteins NSDHL and
TIP47, to the LD and the bottom fraction. In contrast, the ER membrane pro-
tein calnexin was not detected in the LD fraction. The purity of the LD prep-
aration was validated by the presence of radioactive triacylglycerol (TAG)
and the absence of radioactive phosphatidylcholine (PC).

tact (Fig. 5B, 40 s). Results from fixed and living cells showed
that both termini of AUP1 face the cytoplasm, providing evi-
dence that AUP1 is another example of a monotopic hairpin
membrane protein.

AUPI Binds to the E2 Ubiquitin Conjugase Ube2g2 and Re-
cruits It to LDs—Close to the C-terminal end, at amino acids
381-408, AUP1 has a short G2BR domain with strong ho-
mology to corresponding regions in the mammalian AMFR/
gp78 protein and the yeast Cuelp protein (supplemental Fig.
S1A and Fig. 1, yellow). For the two latter proteins, this
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stretch has been shown to mediate binding to the E2 ubiquitin
conjugase Ube2g2 and or its yeast orthologue Ubc7p, respec-
tively (38, 47), suggesting a similar interaction for AUP1. We
therefore studied direct binding of a recombinant soluble C-
terminal fragment AUP1(221-410) to recombinant human
GST-Ube2g2 and GST-Ube2g1 by pulldown assays.
AUP1(221-410) showed binding to GST-Ube2g2 (Fig. 6A, Ist
lane) but no binding to the closely related GST-Ube2g1 or
GST alone (Fig. 6A, 2nd and 3rd lanes, respectively).

To show that the G2BR domain of AUP1 alone is sufficient
to bind Ube2g2, we also performed GST pulldown assays with
the G2BR domain only. GST-G2BR efficiently pulled down
MBP-Ube2g?2 (Fig. 6B, 3rd lane). Based on the known contact
residues of AMFR/gp78 and Ube2g2 (39), we generated muta-
tions in the G2BR region of AUP1 (supplemental Fig. S1B) to
interfere with the binding of AUP1 to Ube2g2. GST-
G2BR-M1 containing the mutation ARRRFT to EGREDA was
unable to pull down MBP-Ube2g2 (Fig. 6B, 4th lane), demon-
strating the specificity of the direct binding between the
G2BR domain of AUP1 and Ube2g?2.

To show that the predicted interaction from in vitro experi-
ments also occurs in a cellular context, we performed an im-
munoaffinity chromatography of a Triton X-100 detergent
lysate from A431 cells on an anti-AUP1 antibody column
(supplemental Fig. S2). Eluted bands that bound to the anti-
body column but not to empty beads were identified by mass
spectrometry. Besides immunoglobulin chains, the only iden-
tified specifically bound proteins were AUP1 itself and
Ube2g2 in an apparently stoichiometric ratio. Notably, no
other E2 ubiquitin-conjugase was found, suggesting that
Ube2g?2 is the only E2 that is bound by AUP1.

To further study the interaction of AUP1 and Ube2g2 in
living cells, we co-expressed either full-length AUP1(1-410)
or a truncation mutant AUP1(1-362), lacking the G2BR do-
main, together with HA-tagged Ube2g2. To minimize inter-
ference from endogenous AUP1, we performed this experi-
ment in COS7 cells, which have a relatively low expression of
endogenous AUPL. In cells expressing full-length AUP1, both
proteins co-localized to LDs (Fig. 7A). In contrast, in cells ex-
pressing truncated AUP1(1-362) (AG2BR), the 3HA-Ube2g2
was found all over the cytoplasm with no enrichment at LDs,
although AUP1 was still localized to LDs (Fig. 7A). Similar to
the results of in vitro pulldowns, mutations (pAUP1-M1-
EGFP) or deletions (pAUP1-M2-EGFP) within the G2BR do-
main of AUP1 strongly reduced the recruitment of Ube2g2 to
LDs in living cells (Fig. 7B). Taken together, AUP1 specifically
binds Ube2g2 by its C-terminal G2BR domain and recruits
Ube2g2 to LDs in living cells.

DISCUSSION

We identified and characterized AUP1 as an LD protein
that provides a molecular connection of LDs to the ubiquiti-
nation machinery. Although AUP1 is highly conserved and
ubiquitously expressed, little is currently known about the
protein. In recent years, AUP1 was found in several LD pro-
teomes (22, 23, 26). Our subcellular fractionation and micro-
scopic localization data demonstrate that AUP1 is a specific
component of LDs in several different cell types. The failure

JOURNAL OF BIOLOGICAL CHEMISTRY 5603


http://www.jbc.org/cgi/content/full/M110.190785/DC1
http://www.jbc.org/cgi/content/full/M110.190785/DC1
http://www.jbc.org/cgi/content/full/M110.190785/DC1
http://www.jbc.org/cgi/content/full/M110.190785/DC1

AUP1 Is a Lipid Droplet Protein and Binds Ube2g2
. .
N-terminal HA C-terminal HA
Digitonin
B. .

C-terminal GFP C-terminal GFP

40sec

before

Proteinase K

N-terminal HA

N-terminal GFP

PDI
é-terminal HA
AUP1
Saponin
ER
N-terminal GFP
GFP

before 40sec

Proteinase K

FIGURE 5. Topology of AUP1, N and C terminus of AUP1 face the cytoplasm. A, in fixed cells, COS7 cells were cultured in normal growth medium, trans-
fected with N- or C-terminally HA-tagged AUP1, fixed with 3.7% paraformaldehyde in PBS, and permeabilized with either 0.001% digitonin (in order not to
permeabilize internal membranes) or 0.1% saponin (to permeabilize all membranes). Cells were stained with anti-protein-disulfide isomerase (PDI) (upper
row) and anti-HA (lower row) antibodies. Positive staining for both AUP1 constructs upon digitonin permeabilization indicates cytoplasmic localization of
both protein termini, whereas negative staining for the ER luminal protein-disulfide isomerase upon digitonin permeabilization shows that internal ER
membranes were intact. B, in living cells, COS7 cells were cultured in 3-cm glass bottom dishes and co-transfected with pDsRed2-ER and either N- or C-ter-
minal EGFP-tagged AUP1. After transfection, medium was supplemented with 50 um oleate, and cells were grown for another 24 h. Cells were washed and
incubated in 70 um digitonin in KHM buffer for 1 min, and an image was recorded (before). Buffer was exchanged for KHM buffer containing 50 ug/ml pro-
teinase K. Immediately after, images were recorded every 10 s for 2 min. Images taken after 40 s are shown (40s). Note that ER luminal DsRed2 is inaccessible

to the protease, and both termini of AUP1 fusion proteins are degraded.

to detect AUP1 localization to LDs in former studies (30, 32,
48) is likely due to the cell lines used in those studies and their
respective metabolic state. Although some cell lines, e.g. HeLa
cells, contain only few and small LDs in the absence of oleate
supplementation, our standard cell lines, A431 and Huh7,
contain easily detectable LDs under normal growth condi-
tions. Because AUP1 can dually localize to LDs and ER mem-
branes, it will be found on ER membranes in the absence of
LDs. Similarly, overexpressed AUP1 tends to localize to the
ER because the available LD surface cannot cope with large
amounts of AUP1 protein, especially in cells with few or small
LDs (see AUP1 in COS7 cells under FCS conditions in Fig.
5A). Another reason for the previous failure to detect AUP1 at
LDs may be differences in the fixation and permeabilization
procedure before microscopy. It was shown (49, 50) that some
LD proteins are not detected on LDs when cells are treated
with Triton X-100 for permeabilization.
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It has been reported previously that LDs are connected to
ubiquitination and protein degradation. Some peripheral LD
proteins such as adipophilin and perilipin are known to be
ubiquitinated and degraded via the proteasome (51-53).
Whether integral LD proteins such as caveolin, DGAT?2, or
NSDHL use similar mechanisms is unclear. Recently, the im-
portance of E3 ligases for LD turnover was reported, but fur-
ther molecular components or mechanistic details are lacking
(54). Apolipoprotein B accumulates in crescent-shaped struc-
tures around LDs in hepatocytes after inhibition of the pro-
teasome or autophagy (7, 55), suggesting a role of LDs in deg-
radation of excess apolipoproteins. In support of this function
of LDs, a recent study (56) demonstrated accumulation of
hydroxymethylglutaryl-CoA reductase around LDs under
conditions of impaired proteasomal degradation.

AUP1 provides a direct molecular connection of LDs to the
ubiquitination machinery by binding and recruiting the E2

VOLUME 286+NUMBER 7+FEBRUARY 18, 2011



A B s & & 0§
RO < o & 6
¢ ¢
Q
%&9 & & MBP-Ubezoz QENNEED GEENRNP S
[ [ [©) MEP @ cal
. e :
AUP 12140 s ‘ GST.G2BR o — —
GST - n 2
input GST-pull down

FIGURE 6. AUP1 binds Ube2g2 via its G2BR domain in vitro. A, GST pull-
down, AUP1 specifically binds to Ube2g2. GST alone or fusion proteins of
GST with full-length Ube2g2 or its closest homologue, Ube2g1, were incu-
bated with recombinant His,-AUP1(221-410), comprising the soluble part
of AUP1 (including G2BR domain). Complexes were precipitated with gluta-
thione-Sepharose beads and analyzed by SDS-PAGE/Coomassie Brilliant
Blue staining. The upper row shows the eluted GST fusion construct, and the
lower row shows the co-eluted Hisg-AUP1(221-410). Note: upper row is a
composite of two pieces from the same gel, because the control GST differs
in molecular weight from the two fusion proteins. B, GST pulldown, G2BR
domain of AUP1 is sufficient to bind Ube2g2. Fusion proteins of GST with
wild-type G2BR of AUP1 (G2BR-wt) or with mutated G2BR of AUP1 (G2BR-
MT1) were incubated with MBP-Ube2g2. Complexes were precipitated with
glutathione-Sepharose beads, eluted with free GSH, and analyzed by SDS-
PAGE/Coomassie Brilliant Blue staining. Note that the free MBP, which con-
taminates the MBP-Ube2g2 fusion protein, did not bind to the GST-G2BR
fusions.

conjugase Ube2g2 (Fig. 8). Remarkably, Ube2g?2 is the E2 con-
jugase that plays a central role in the ERAD process. Whether
the AUP1-Ube2g2 complexes on LDs participate in an ERAD-
like process now has to be addressed by further functional
studies. Being specifically concentrated on LDs, AUP1 may
participate in the regulation of LDs by linking LD turnover to
the proteasomal degradation machinery in a cell. Recent data
support this concept of AUP1 activity, because AUP1 was
found in a complex with Selll, a component of the Hrd1-li-
gase complex, participating in the dislocation of misfolded
glycoproteins on the ER (32).

The assembly of a functional ubiquitination complex at the
LD surface should require the presence of an E3 ligase, in ad-
dition to the AUP1-Ube2g2 complex. So far, LD proteome
analyses have not revealed a candidate E3 ligase. Ube2g2 and
its yeast homologue Ubc7p can assemble pre-formed polyu-
biquitin chains that are transferred to the substrate protein by
its cognate E3 ligases AMFR/gp78 or Hrd1p, respectively (47,
57, 58). The formation of polyubiquitin chains on Ube2g2
depends on the G2BR of AMFR/gp78 (59), which turns out to
be an allosteric activator of Ube2g2 transfer activity (39). Al-
though the G2BR of AUP1 may functionally replace the G2BR
of AMFR/gp78, there is no RING finger domain on AUP1
that might catalyze the actual ubiquitin chain transfer. The
missing E3 may either be an (overlooked) LD protein or a cy-
toplasmic protein or a component of the ER that closely asso-
ciates with LDs. Further studies are necessary to elucidate its
identity.

In summary, we demonstrate that AUP1 is a monotopic
membrane protein that localizes to lipid droplets. AUP1 binds
the E2-conjugase Ube2g2 via its G2BR domain and recruits it
to LDs. Further understanding of AUP], its control by up-
stream signaling events, and its role in Ube2g2-dependent
ubiquitination will improve our understanding of LD turn-
over and the role of LDs in protein degradation.
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FIGURE 7. AUP1 recruits Ube2g2 to LDs in vivo. A, binding to the G2BR
domain of AUP1 recruits Ube2g2 to LDs. COS7 cells were co-transfected
with HA-tagged Ube2g2 and either truncated AUP1(1-362), lacking the
C-terminal G2BR domain (upper row), or full-length AUP1(1-410) (lower
row). Cells were stained with anti-AUP1 (green) and anti-HA to detect
Ube2g2 (magenta). Note: truncated AUP1(1-362) localizes to LDs (top
left panel) but is unable to recruit Ube2g2, which shows a cytoplasmic
staining (top middle panel). In contrast, full-length AUP1(1-410) recruits
Ube2g2 to the LDs (lower middle panel). B, mutations in the AUP1 G2BR
domain abolish recruitment of Ube2g2 to LDs. COS7 cells were co-trans-
fected with HA-tagged Ube2g2 and either wild-type AUP1-EGFP (AUP1-
WT) or AUP1-EGFP bearing mutations (AUP1-M1) or a truncation (AUP1-
M2) in the G2BR domain. AUP1 was detected by the GFP fluorescence
(lower row), and Ube2g2 was detected by staining with anti-HA (upper
row).

lipid
droplet

FIGURE 8. AUP1-Ube2g2 complex at lipid droplets. AUP1 localizes in a
monotopic fashion to LDs and binds Ube2g2 via its G2BR domain.
Thereby, AUP1 recruits Ube2g2 to the surface of LDs. Blue, phospholipid
monolayer; yellow, neutral lipid core. Note that the modules are not
drawn to scale.
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