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Quality control of endoplasmic reticulum proteins involves
the identification and engagement of misfolded proteins, dislo-
cation of the misfolded protein across the endoplasmic reticu-
lum (ER) membrane, and ubiquitin-mediated targeting to the
proteasome for degradation. Ancient ubiquitous protein 1
(AUP1) physically associates with the mammalian HRD1-SEL1L
complex, and AUP1 depletion impairs degradation of misfolded
ER proteins. One of the functions of AUP1 in ER quality control
is to recruit the soluble E2 ubiquitin-conjugating enzyme
UBE2G2. We further show that the CUE domain of AUP1 regu-
lates polyubiquitylation and facilitates the interaction of AUP1
with the HRD1 complex and with dislocation substrates. AUP1
localizes both to the ER and to lipid droplets. The AUP1 expres-
sion level affects the abundance of cellular lipid droplets and as
such represents the first protein with lipid droplet regulatory
activity to be linked to ER quality control. These findings indi-
cate a possible connection between ER protein quality control
and lipid droplets.

Eukaryotic cells possess an efficient system to detect and
remove misfolded proteins from the endoplasmic reticulum
(ER)* (1). The HRD1 complex specializes in the removal of ER
proteins with defects in their lumenal domains (2—4). Once a
lumenal ER protein has exhausted its folding options, it is
directed to the quality control machinery by a set of proteins
that includes OS9, XTP3-B, and SEL1L (5-7). The misfolded
protein is then dislocated from the ER. Transportation across
the ER lipid bilayer is generally believed to proceed through a
proteinaceous channel, such as the complexes nucleated by
Sec61 (8), Derlinl (9, 10), or the E3 ligase Hrdlp (11). The
dislocated protein is ubiquitylated and deglycosylated prior to
its degradation by the proteasome in the cytoplasm. Ubiquity-
lation is a three-step process. E1 activates ubiquitin in an ATP-
dependent reaction, followed by formation of a thioester-linked
ubiquitin-E2 complex. An E3 ubiquitin ligase then catalyzes
transfer of ubiquitin onto the intended substrate. In the case of
the HRD1-SEL1L complex, UBE2G2 (also known as UBC7)
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serves as the E2 and HRD1 as the E3 (12). UBE2G2 also acts as
the E2-conjugating enzyme for gp78, another E3 ubiquitin
ligase that specializes in the ubiquitylation of dislocated ER pro-
teins (13). We have also identified Ubc6e as an E2-conjugating
enzyme of the HRD1-SEL1L complex (14), suggesting the pos-
sibility that protein complexes of overlapping yet distinct com-
position are involved in ER quality control.

We previously identified ancient ubiquitous protein 1
(AUP1) as a component of the HRD1-SEL1L ER quality control
complex and showed that AUP1 is necessary for US11-medi-
ated dislocation of class I MHC heavy chains (14). US11 is a
protein encoded by human cytomegalovirus that targets class I
MHC heavy chains for destruction as part of its immunoevasive
strategy (15). AUP1 has also been proposed to be involved in
integrin signaling (16, 17). AUP1 contains a hydrophobic
region close to the N terminus that inserts into the membrane
such that both termini are found in the cytoplasm (18). AUP1
contains two conserved cytoplasmic domains according to the
Ensembl database, an acyltransferase domain and a CUE
domain. Acyltransferase domains transfer fatty acids onto
phospholipids using a conserved active site histidine and aspar-
tic acid, separated by four amino acids (HX,D) (19). CUE
domains are UBA-like domains that bind ubiquitin. Residues
on the first and third a-helices of the CUE domain bind to a
hydrophobic surface patch of ubiquitin (20, 21). The role of
high affinity CUE domains in the monoubiquitylation of an
endocytic protein has been elucidated (20, 22, 23), but the role
of CUE domains in ER protein quality control has not. We here
identify a third region of AUP1 not previously annotated in the
domain bioinformatics databases that is necessary for recruit-
ment of UBE2G2. This UBE2G2 binding domain (G2BR) was
originally found on the E3 gp78 (24). During manuscript prep-
aration, this G2BR was also identified by another group (18).

At first glance, it is reasonable to hypothesize that in mam-
malian cells AUP1 merely serves a role similar to that of Cuelp,
a component of the yeast Hrd1-Der3p ER protein quality con-
trol complex. Both AUP1 and yeast Cuelp are membrane-an-
chored and recruit its cognate E2 ubiquitin-conjugating
enzyme. AUP1 recruits UBE2G2 via a G2 binding region, and
yeast Cuelp recruits (25) and enhances (26) the activity of
Ubc7p, the yeast UBE2G2 homolog, via a U7 binding region at
its C terminus (27). Aside from this similarity, AUP1 and Cuelp
are not homologs. Unlike AUP1, yeast Cuelp does not encode a
putative acyltransferase domain. The protein domain architec-
ture of AUP1, in which a membrane anchor is followed by an
acyltransferase domain and a CUE domain, is conserved in
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organisms with bilateral symmetry. Also, the CUE domain of
yeast Cuelp was reported as dispensable for ER quality control
(27), but we identify several important roles for the CUE
domain of AUP1. Given these differences, AUP1 may perform
additional functions beyond those of yeast Cuelp.

We show that AUP1 is found in both the ER and in lipid
droplets, an observation that was suggested by proteomic stud-
ies and observed independently by another group (18). Lipid
droplets are cytoplasmic organelles that serve as storage depots
for cholesteryl esters and triacylglycerols, to be released for
membrane biogenesis or as a source of cellular energy via 3-ox-
idation of fatty acids. Lipid droplets are thought to be derived
from the ER and are composed of a phospholipid monolayer
that surrounds the neutral lipid core (28, 29). The role of lipid
droplets also includes a variety of less obvious functions, such as
sequestration of histones in embryogenesis (30), involvement
in hepatitis C (31) and Chlamydia (32) infections, and protea-
somal degradation (33, 34).

Here, we examine the role of AUPI1 in ER protein quality
control and in lipid droplet accumulation. We expand the role
of AUP1 to include general ER quality control of soluble mis-
folded ER proteins. We find that AUP1 binds UBE2G2 at its C
terminus. AUP1-interacting proteins, identified by mass spec-
trometry, fall into three main categories as follows: ER protein
quality control proteins, lipid-modifying enzymes, and sub-
units of the oligosaccharide transferase complex, further
underscoring the connections with the ER. We characterize
several functions of the CUE domain in ER protein degradation
that have not been described previously, even for Cuelp; the
CUE domain mediates the interaction of AUP1 with the ER
protein quality control complex, terminally misfolded proteins,
and ubiquitylated proteins, and the CUE domain also inhibits
ubiquitin chain elongation. Finally, we show that AUP1 local-
izes to lipid droplets and contributes to their accumulation.
These unexpected results suggest that lipid droplets might be
important for ER protein quality control. This hypothesis is
supported by the observation that dislocation substrates are
stabilized in the presence of an inhibitor of lipid-modifying
enzymes required for lipid droplet formation and that ubiqui-
tylation can occur in purified lipid droplet fractions.

EXPERIMENTAL PROCEDURES

Antibodies—The following antibodies have been described:
anti-AUP1, anti-UBXDS, and anti-Ubc6e (14); anti-SEL1L (35);
and anti-class I MHC HC (HC-70) (9). Other antibodies were
purchased as follows: anti-GFP, anti-PDI, anti-GAPDH, and
anti-calnexin (Abcam); anti-FLAG and anti-HA-HRP 3F10
(Sigma); immobilized anti-HA 3F10 (Roche Applied Science);
anti-OS9 and anti-al-antitrypsin  (Novus); anti-HRD1
(Abgent); anti-p97 (Fitzgerald Industries International); and
anti-Myc M2 (Cell Signaling). Anti-ribophorin I antibody was a
generous gift of N. Erwin Ivessa (Vienna Biocenter, Vienna,
Austria). Anti-STT3B and anti-OST48 antibodies were a gen-
erous gift of Reid Gilmore (University of Massachusetts Medi-
cal School, Worcester, MA).

Cell Culture, Oleic Acid Treatment, Triacsin C, and
Transfection—HeLa cells (ATCC) were cultured in DMEM. For
lipid droplet loading, cells were incubated with oleic acid

OCTOBER 28,2011 +VOLUME 286+-NUMBER 43

Lipid Droplet Protein Involved in ER Quality Control

adsorbed to BSA (36), for the concentrations and times indi-
cated. Triacsin C was purchased from Biomol. FuGENE 6
(Roche Applied Science) was used for transfections.

shRNA—shRNA constructs targeting AUP1 were obtained
from the RNAi Consortium. shLUC corresponds to clone
SHCO007, mature sense sequence CGCTGAGTACTTC-
GAAATGTC, shAUPI-construct A corresponds to clone
TRCN0000004269, mature sense sequence TCAGCCAA-
CAGCCCTAACATT, and shAUP1-B corresponds to clone
TRCNO0000004272, mature sense sequence ACACCTTTC-
GACCACAACATA. Lentivirus was made, and HeLa cells were
infected as described (35). Cells were grown in DMEM supple-
mented with 1 ug/ml puromycin, and experiments were per-
formed 4 days post-infection.

DNA Constructs—mAT and mCUE mutations were made to
AUP1 using site-directed mutagenesis with the following prim-
ers (forward primers are given); for mAT (H96A), GGTCCTC-
ATTTCCAACgcTGTGACACCTTTCGACC; for mCUE
(E306K, V307A, and L308A), GCTCAGAGAGTCAAGaaggca-
gcaCCCCATGTGCCATTG; and (A333-334), CTTGACTAT-
CACTAATGAGGGGGCCGTAGCTTTC. For the AG2BR
construct, the following reverse primer was used in PCR: CGT-
GAATTCTCACTTGGCAAATGTTAGGGCTG. Constructs
were cloned into pcDNA3.1+ (Clontech) (untagged and N-ter-
minal HA) or pEGFP-C1/N1 (Clontech). GFP-AUP1 con-
structs also contain silent mutations rendering them resistant
to shAUP1-B. UBE2G2 was obtained from Open Biosystems
and cloned into pcDNA3.1+ with an N-terminal Myc epitope
tag. HA-ubiquitin was also cloned into pcDNA3.1+.

Immunoprecipitation and Immunoblotting—Cells were
lysed on ice in buffer containing 25 mm Tris, pH 7.4, 5 mm
MgCl,, 150 mm NaCl, and the detergent indicated, 0.5% Non-
idet P-40 or 1% digitonin. Protein concentration of the cyto-
plasmic fraction was determined and equalized across the sam-
ples. Samples were incubated for 3 h at 4 °C with the antibody
and protein A-agarose beads or immobilized anti-HA as indi-
cated. The immunoprecipitates were washed, boiled in reduc-
ing sample buffer, and run on SDS-PAGE. Proteins were trans-
ferred to PVDF membrane, and membranes were blocked in
PBS/Tween/milk, incubated with primary and secondary anti-
bodies, washed, and developed with Western Lighting Chemi-
luminescence Reagent Plus (PerkinElmer Life Sciences).

Pulise-Chase Metabolic Labeling—HeLa cells were starved for
45 min in DMEM lacking cysteine and methionine. 250 nCi of
35S-labeled cysteine and methionine (PerkinElmer Life Sci-
ences) was added to each sample during the pulse (10 min for
US11 and 15 min for Rl;;, and NHK). Media containing cold
cysteine and methionine were added, and equal numbers of
cells were removed at the indicated chase times. Cells were
lysed by agitation in a small volume of 1% SDS in PBS and then
diluted in Nonidet P-40 lysis buffer. Incorporation of radioac-
tivity was measured by TCA precipitation and liquid scintilla-
tion spectrometry to equalize, for each sample, the amount of
input radioactivity to that at the zero chase time point. >°S-
Labeled proteins were visualized on x-ray film and quantified
by phosphorimaging.

Mass Spectrometry— Approximately 90 million HeLa cells
were transfected with HA-AUP1 or empty vector
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(pcDNA3.1+) plasmid and 3F10 beads were used for immuno-
precipitation. Proteins were visualized in the SDS-polyacryl-
amide gel by silver staining. The entire lane was excised from
the gel in 4 X 10-mm strips, and each individual gel slice was
subjected to trypsinolysis. Disulfide bonds were reduced and
alkylated prior to trypsinolysis. Recovered peptides were ana-
lyzed by reversed-phase liquid chromatography electrospray
ionization mass spectrometry using a Waters NanoAcquity
pump coupled to a ThermoFisher LTQ linear in nanoflow con-
figuration. The mass spectrometer was operated in a dependent
data acquisition mode where the five most abundant peptides
detected in full scan mode were subjected to daughter ion frag-
mentation. Peptides were identified from the MS data using
SEQUEST algorithms that searched a human-specific database
generated from the NCBI database. SEQUEST filters used for
indication of positive peptide identification were as follows:
XCorr versus charge state = 1.5, 2.00, 2.50; Sp — preliminary
score = 500. Data interpretation from all bands was aided by
the MSRAT program (Protein Forest).

In Vitro Ubiquitylation—Following digitonin lysis and
immunoprecipitation, 100 nm E1 (Boston Biochem) and 60 um
FLAG-ubiquitin (Boston Biochem) were added in an ATP-re-
generating buffer (50 mm Tris, pH 7.6, 5 mm MgCl,, 5 mm ATP,
10 mm creatine phosphate, 3.5 units/ml creatine kinase) and
kept at 37 °C for 1 h with gentle shaking.

Immunofluorescence—Cells were grown on glass coverslips,
fixed in 4% paraformaldehyde, and permeabilized in 0.1% Tri-
ton X-100. Permeabilized cells were incubated with primary
and secondary (Alexa Fluor 568-labeled) antibodies and
washed with PBS before being mounted on a slide with Fluoro-
mount-G (Southern Biotech). Imaging was performed at 37 °C
on an inverted spinning disk confocal microscope (Nikon
TE2000-U) using a Nikon X100 magnification, 1.4 numerical
aperture, differential interference contrast oil lens, and
Hamamatsu ORCA camera using Metamorph Imaging soft-
ware as described (37).

Electron Microscopy—Cells were fixed in 2.5% glutaralde-
hyde, 3% paraformaldehyde, with 5% sucrose in 0.1 M sodium
cacodylate buffer, pH 7.4. Cells were then postfixed in 1% OsO,
in veronal-acetate buffer. The cells were stained in block over-
night with 0.5% uranyl acetate in veronal-acetate buffer, pH 6.0,
dehydrated, and embedded in Spurr’s resin. Sections were cut
on a Reichert Ultracut E microtome with a Diatome diamond
knife at a thickness setting of 50 nm and stained with 2% uranyl
acetate, followed by 0.1% lead citrate. Samples were examined
using an FEI Tecnai Spirit TEM at 80 kV and imaged with an
AMT camera.

Flow Cytometry—HeLa cells were transduced with shRNA.
Three days post-infection, 0.4 mM oleic acid was added to half
of the samples for 16 h. Lipid droplets were stained with 10
pg/ml BODIPY 493/503 for 2 h as described (38). Median
BODIPY 493/503 intensity was measured on a FACSCalibur
(BD Biosciences) using forward scatter measurements to
exclude dead cells. Data were analyzed using FlowJo software.

XBP-1 Splicing Assay—Total cellular RNA was isolated from
cells using the Qiagen RNeasy kit. cDNA was made using the
Superscript Il reverse transcriptase from Invitrogen. XBP-1 was
amplified using the primers TCCTTCTGGGTAGAC-
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CTCTGGGAG (forward) and CAAGGGGAATGAAGTGAG-
GCCAG (reverse), which flank the splice site.

Isolation of Lipid Droplets—Lipid droplets were isolated
from lipid-loaded 293T cells generally as described (36). Briefly,
cells were homogenized by 20 strokes in a glass Potter-Elve-
hjem homogenizer with a loose-fitting Teflon pestle in hypo-
tonic lysis medium (HLM) (20 mm Tris, pH 7.4, 1 mm EDTA,
protease inhibitor mixture (Roche Applied Science)). After sed-
imentation of unbroken cells and nuclei, cell lysate was adjusted
to 20% sucrose in HLM and applied to the bottom of a 13.2-ml
tube. 5 ml of HLM containing 5% sucrose was layered on top,
followed by HLM to the top (about 6 ml). Gradients were cen-
trifuged for 90 min at 28,000 X gin an SW41Ti rotor (Beckman)
and allowed to coast to a stop. Fractions were collected from
bottom to top using a long needle inserted to the bottom of the
tube attached to a peristaltic pump. The lipid droplet fraction
was the top-most ~50 ul. Lipid droplets were solubilized by
incubation in a sonicating water bath for 2 h at 37 °C in 5% SDS.

RESULTS

AUPI Facilitates the Dislocation of Misfolded Proteins from
the ER—AUP1 has been implicated in the US11-mediated dis-
posal of class I major histocompatibility complex HC based on
the observation that GFP-tagged versions of AUP1 act in dom-
inant-interfering fashion and impair the US11-mediated dis-
posal pathway (14). We confirmed this result using sShRNA-
mediated reduction of AUP1 levels. US11-expressing cells were
transduced with a control shRNA specific for luciferase or one
of two different shRNAs that target AUP1. These cells were
then subjected to pulse-chase analysis and immunoprecipita-
tion of class I heavy chains. The addition of the proteasome
inhibitor ZL,VS allowed recovery of both glycosylated (HC +
CHO) and deglycosylated, cytoplasmically disposed, heavy
chains (HC-CHO). Cells with decreased levels of AUP1 (as
determined by Western blot), exhibited slower kinetics of
heavy chain removal from the ER (Fig. 14).

Two soluble misfolded proteins, ribophorin I fragment (ribo-
phorin I, amino acids 1-332 (RI55,)) and the Null Hong Kong
variant of al-antitrypsin (NHK), are known to also use the
HRD1 complex for their removal from the ER. NHK and Rl;;,
are ER lumenal proteins harboring mutations that prevent
them from folding correctly and thus serve as dislocation sub-
strates (39). Both Rl,;,-HA and NHK are stabilized in AUP1-
depleted cells, showing that AUP1 contributes to their disloca-
tion. The magnitude of the effect on dislocation is comparable
with those observed for other interventions in ER quality con-
trol, such as depletion of members of the Derlin family (40),
0S9 (5), and AUP1-GFP dominant negatives. The two AUP1
shRNAs have different efficiencies in HeLa cells; construct A
shows ~50% reduction of AUP1 levels, and construct B shows
~90% reduction. Furthermore, the level of impairment of dis-
location negatively correlated with the level of AUPIL, ie.
greater reduction of AUPI levels leads to slower dislocation
rates (Fig. 1, Band C).

AUPI Binds Proteins Involved in ER Protein Quality Control,
Lipid Modification, and Glycosylation—W e identified proteins
that interact with AUP1 by mass spectrometry. HA-tagged
AUPI1 was transfected into HeLa cells and recovered from dig-
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FIGURE 1. AUP1 is involved in ER quality control. A, US11-expressing astrocytoma cells were transduced with shRNA specific against luciferase (shLUC), as a
control, or one of two different constructs targeting AUP1 (A or B). Four days post-transduction, cells were pulse-labeled with **S-labeled cysteine and
methionine. Samples were taken at the indicated chase times, and class | MHC heavy chain was recovered from the lysates. Immunoprecipitates (/P) were
separated by SDS-PAGE and imaged by autoradiography. Amount of recovered protein was quantified by phosphorimagery and is shown as a percentage of
glycosylated heavy chain compared with total heavy chain. Error bars represent standard deviation of three individual experiments. The level of AUP1 depletion
was determined by immunoblotting (IB) with p97 as a loading control. The same experiment as described for A was performed using shRNA-transduced HelLa
cells transfected with NHK (B) or Rl;5,-HA (C). NHK was immunoprecipitated using an anti-a1-antitrypsin antibody. Rl;3,-HA was immunoprecipitated using an
anti-ribophorin | antibody that recovers both the full-length and the misfolded fragment of ribophorin I. Quantification in B and C shows the percentage of
protein remaining compared with the amount recovered at the 0-min chase time.

itonin lysates with anti-HA antibody and resolved by SDS- binds UBE2G2 via a stretch of 27 amino acids found at its C
PAGE (supplemental Fig. 1). We identified the co-precipitating terminus (termed the G2 binding region (G2BR)) (24). An
proteins by LC/MS-MS (Table 1). Many of the known compo- amino acid sequence alignment between the gp78 G2BR and
nents of the HRD1 dislocation complex were recovered: AUPI identifies a region of high similarity at the C terminus
HRD1, SEL1L, OS9, UBXDS, p97, and UBE2G2. We also of AUPI (Fig. 2A4). We made constructs of AUP1 lacking its
recovered several components of the oligosaccharyltrans- putative G2BR-containing C terminus as well as constructs
ferase complex, ribophorin I and II (OST1 and OST2) and with mutations in the other two domains of AUP1 described
OST48. In addition, we identified several proteins involved previously (Fig. 2B). Full-length AUP1 and AUP1 with muta-
in lipid modification as follows: long chain fatty acyl-CoA tions in the acyltransferase or CUE domains interact with
ligase 3 (ACSL3), serine palmitoyltransferase subunit 1, and UBE2G2, whereas AUP1AG2BR does not, as determined by
lysophosphatidylcholine acyltransferase 1 (LPCAT1). (See immunoprecipitation for myc-UBE2G2, followed by immu-
supplemental material for a complete list of AUP1-interact- noblotting for HA-AUP1 (Fig. 2C). We thus conclude that
ing proteins.) In those cases where the necessary antibodies AUP1 binds UBE2G2 and that this interaction is dependent
were available, we could confirm by immunoprecipitation on the C terminus of AUP1 that constitutes a G2BR domain.
and immunoblot the interactions established by mass spec- CUE Domain of AUPI Mediates Its Binding to ER Quality
trometry (Fig. 3A4). None of the reported interacting proteins  Control Machinery and Dislocation Substrates—CUE domains
were present in the bead control pulldown from the cells possess conserved sequences on their first and third a-helices
transfected with empty vector. that bind to hydrophobic patches on the surface of ubiquitin.

AUPI Binds the E2 Ubiquitin Ligase UBE2G2 via a C-termi- For AUPI, these areas correspond to a valine-leucine-proline
nal G2 Binding Region—A striking AUP1-interacting protein and di-leucine sequence (20). We mutated these regions to
that we recovered is UBE2G2. This association was also identi- compromise the binding of AUP1 to ubiquitin. These muta-
fied in a large scale protein-protein interaction study (41). Five tions affected the association of AUP1 with many components
peptides of this 15.6-kDa protein were identified by mass spec-  of the ER quality control machinery. HeLa cells were trans-
trometry, accounting for 59% of its sequence (Table 1). fected with HA-AUPI1 constructs (wild type, mutant acyltrans-
UBE2G2 isa cytosolic E2 ubiquitin ligase, the mammalian hom-  ferase domain, mutant CUE domain, or G2BR deletion) or
olog of yeast Ubc7p. The mammalian E3 ubiquitin ligase gp78  empty vector plasmid as a negative control, and HA-AUP1 was
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TABLE 1
AUP1-interacting proteins

A partial list of proteins recovered from the HA-AUP1 immunoprecipitates and identified by LC/MS-MS is given. Unique peptides indicate the total number of different
peptides recovered from the immunoprecipitate. GenBank™ GI numbers and calculated molecular masses (Da) are also given. Data analysis was performed by MSRAT.

Protein accession no. Molecular mass Unique peptides Sequence coverage
Da %

ER quality control

AUP1 gi[31712030 45,758 13 45

p97 2i|6005942 89,266 13 20

UBE2G2 gi[33359701 15,603 5 59

SEL1L i[19923669 88,699 10 19

0s9 i63252870 73,775 6 13

UBXD8 gi24797106 52,591 6 20

HRD1 gi[27436927 67,641 3 5
Oligosaccharide transferase complex

Ribophorin I 2i|4506675 68,527 16 33

Ribophorin II 2i[209413738 67,682 10 27

Oligosaccharide transferase 48 £i|20070197 50,670 5 13
Lipid metabolism

Acyl-CoA synthetase 3 gi[42794754 80,368 5 9

Serine palmitoyltransferase subunit 1 gi|5454084 52,711 4 8

Lysophosphatidylcholine acyltransferase 1 2i|33946291 59,114 3 8

recovered by immunoprecipitation from digitonin lysates. We
then immunoblotted for several of the AUP1-interacting proteins
identified by mass spectrometry (Table 1). AUP1 with the mutant
CUE domain (AUP1mCUE) was less efficient at interacting with
most of the proteins involved in dislocation (p97, SEL1L, UBXDS,
0S9, UBC6e, and HRD1). Components of the oligosaccharide
transferase complex (ribophorin I, OST48, and STT3B) were
recruited equally well for all forms of HA-AUP1 (Fig. 34).

Given the role of AUP1 and the ER quality control complex in
processing of misfolded ER proteins, we examined whether
AUPI1 associates with dislocation substrates. HeLa cells were
transfected with AUP1 constructs and one of two terminally
misfolded proteins, NHK or RI;;,-HA. NHK or RI;;,-HA
immunoprecipitates were analyzed for AUP1 content by
immunoblotting. AUP1 with CUE domain mutations associ-
ated less well with both of the dislocation substrates than did
wild type AUP1 (Fig. 3, B and C).

AUPI Is Modified by Ubiquitin and Binds Ubiquitylated
Proteins—AUP1 is itself modified by ubiquitin. Cells trans-
fected with HA-ubiquitin and GFP-AUP1 were solubilized in
mild detergent (digitonin). HA-Ub and HA-Ub-modified pro-
teins were immunoprecipitated from the lysates, followed by
immunoblotting for AUP1. Anti-AUP1-reactive material was
detected at ~8 and ~16-kDa above the expected molecular
mass of GFP-AUP1, consistent with mono- and di-ubiquityla-
tion of AUP1 (Fig. 4A). A polypeptide corresponding to the size
of unmodified GFP-AUP1 was also detected, suggesting that
GFP-AUP1 self-oligomerizes with both ubiquitylated and
nonubiquitylated GFP-AUP1 in a digitonin-resistant manner.
Very little GFP-AUP1mCUE was recovered, indicating that the
CUE domain is essential for interaction with HA-Ub, and GFP-
AUP1mCUE is minimally ubiquitylated in vivo. Endogenous
AUPI1 is also present in the immunoprecipitates but less is
recovered in the presence of GFP-AUP1 constructs containing
the G2BR, suggesting that the G2BR, and perhaps the associ-
ated UBE2G2, competes with endogenous AUP1 for binding
with HA-Ub.

The same experiment was also performed in reverse order;
GFP-AUP1 was immunoprecipitated from the lysates followed
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by immunoblotting for HA-Ub. The amount of HA-reactive
material recovered by GFP-AUP1mCUE in digitonin lysates
was less than for GFP-AUP1 wild type (Fig. 4B), most likely
because the CUE domain of AUP1 mediates the interaction
between AUP1 and ubiquitylated proteins. We recovered rela-
tively more HA-reactive material from GFP-AUP1AG2BR dig-
itonin lysates than for GFP-AUP1 wild type, consistent with the
possibility that the G2BR domain of AUP1 acts as a negative
regulator of ubiquitylation or disrupts association of AUP1 with
ubiquitylated proteins.

CUE Domains Regulate Ubiquitin Chain Elongation—Given
that AUP1 recruits both E2 and E3 enzymes, UBE2G2 and
HRDI, respectively, we wondered if the material recovered by
immunoprecipitation of HA-AUP1 is sufficient to sustain ubiq-
uitylation in vitro. E1 ubiquitin ligase and FLAG-ubiquitin were
added to the HA-AUP1 immunoprecipitates. All HA-AUP1
constructs could be poly-ubiquitylated in vitro, producing the
typical ubiquitin “ladder” in anti-FLAG immunoblots (Fig. 4C).
There is very little mono-ubiquitylated HA-AUP1mCUE com-
pared with the other constructs, indicating that the CUE
domain of AUP1 may negatively regulate polyubiquitylation.

AUPI Localizes to the ER and Lipid Droplets and Its Overex-
pression Leads to Accumulation of Lipid Droplets—Recent pro-
teomic studies have identified AUP1 as a component of lipid
droplets (42—44). We confirmed this result for endogenous
AUPI1 in HeLa cells by microscopy. We performed anti-AUP1
immunofluorescence microscopy of HeLa cells fed oleic acid to
induce lipid droplet formation. Lipid droplets were stained with
the lipophilic dye BODIPY 493/503. AUP1 clearly localizes to
the periphery of lipid droplets as well as to the ER (Fig. 54).
Similar results were found in A431, Huh7, Madin-Darby canine
kidney, and COS7 cells (18).

Overexpression of several other known protein components
of lipid droplets, such as adipose differentiation-related pro-
tein, induces the formation of lipid droplets (45). Similarly, cells
stably expressing AUP1-GFP under the strong CMV promoter
exhibit increased numbers of lipid droplets (46). The magni-
tude of increased lipid storage due to AUP1-GFP overexpres-
sion is readily apparent with Oil Red O stain for lipid droplets
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(Fig. 5B) and in bright field images (Fig. 5C). Electron micros-
copy of cells expressing AUP1-GFP produced images of dark
electron-dense filled structures characteristic of lipid droplets
(Fig. 5D). Confocal microscopy at high magnification with Nile
Red co-stain for lipid droplets shows that the overexpressed
AUP1-GFP localizes mostly to the lipid droplets as well as to the
ER (Fig. 5E). AUP1-GFP expression level is shown in Fig. 5F.
To see if AUP1 plays a role in lipid droplet formation, we
looked at the ability of AUP1-depleted cells to form lipid drop-
lets in response to oleic acid treatment. HeLa cells were trans-
duced with the AUPI1-targeting shRNA constructs and then
either incubated with oleic acid for 16 h or left untreated. Lipid
droplets were stained with BODIPY 493/503, and fluorescence
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intensity levels were determined by flow cytometry. The AUP1-
depleted cells accumulated only ~60% as much lipid droplet
staining upon oleic acid treatment as did control cells (Fig. 6A).
This effect matches those observed for TIP47-depleted cells
(38), a bona fide lipid droplet component. The lipid droplets in
oleic acid-fed AUP1-depleted cells were similar in size to those
found in control cells (data not shown). Because AUP1 encodes
a putative acyltransferase domain, we wondered whether this
domain is important for lipid droplet formation. The level of
lipid droplet staining of HeLa cells transfected with wild type or
mutant acyltransferase AUP1 was determined by FACS (Fig.
6B). Oleic acid-fed cells with the wild type AUP1 construct
exhibit higher levels of lipid droplet staining compared with
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control cells and those transfected with AUP1 containing a
point mutation in the acyltransferase domain active site. It is
noteworthy that the effect is seen in the presence of the endog-
enous AUP1 and that the other mutant constructs induce lipid
droplet staining levels on par with wild type AUP1.
Pharmacological Inhibition of Lipid Droplet Formation Per-
turbs Dislocation—Upon finding that AUP1 plays a role in both
lipid droplet formation and ER protein quality control, we won-
dered whether the two processes were functionally related.
Inhibition of a subset of long chain acyl-CoA synthetases
(ACSL1, -3, and -4) by triacsin C impairs lipid droplet forma-
tion (47, 48). In cells treated with this inhibitor, dislocation of
MHC class I heavy chain in US11-expressing cells was slowed,
as was the degradation of two soluble dislocation substrates,
NHK and RI;;,-HA (Fig. 7, A-C). Triacsin C treatment does
not disrupt the folding capacity of the ER because XBP-1 splic-
ing, a read-out of unfolded protein response activation, was
only slightly triggered after longer incubation times (Fig. 7D).
The minor induction of the unfolded protein response may be a
result of impaired dislocation and the gradual accumulation of
misfolded proteins over time. As a comparison, tunicamycin,
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an inhibitor of N-linked glycosylation, causes significant XBP-1
splicing at much earlier time points.

Lipid Droplets Are Ubiquitylation-proficient Organelles—
Given that AUP1 is found on lipid droplets and in complex with
UBE2G2 (Fig. 5) (18), it seemed plausible that ubiquitylation
could occur on lipid droplets. Lipid droplets were isolated from
oleic acid-fed 293T cells and added to in vitro ubiquitylation
assays. This flotation method of fractionation largely separates
lipid droplets from the cytoplasm and ER (data not shown).
Ubiquitylation did occur in the lipid droplet fraction and did
not require the addition of exogenous E1 enzyme (Fig. 7E).
Absent a more stringent method to separate the ER completely
from lipid droplets, we cannot exclude the contribution of con-
taminating ER to this result.

DISCUSSION

AUP1 contributes to the degradation of misfolded ER pro-
teins and affects the intracellular abundance of lipid droplets.
AUP1 localizes to both the ER and to the surface of lipid drop-
lets. Reduced levels of AUPI impair the ability of the cell to
efficiently degrade the soluble terminally misfolded proteins
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gel, and were immunoblotted with a FLAG-specific antibody.

RI;5,-HA and NHK. Cells that lack AUP1 form fewer lipid
droplets, and overexpression of AUP1-GFP induces the hyper-
accumulation of lipid droplets. AUP1 associates with most of
the components of the HRD1 dislocation complex, as well as
lipid-modifying proteins and the oligosaccharide transferase
complex. The CUE domain and G2BR play important roles in
ubiquitylation of dislocated proteins. These domains are pro-
vided to HRD1 in trans by AUP1 and to Hrd1p by Cuelp (27),
whereas gp78, another E3 ubiquitin ligase, encodes these two
domains itself (24).

Lipid Droplet Connection—One of the key differences
between AUP1 and yeast Cuelp is the contribution of AUP1 to
lipid droplet levels. No such role is apparent for Cuelp, which is
not known to localize to lipid droplets. Furthermore, AUP1
interacts with lipid-modifying proteins and encodes a putative
acyltransferase domain, which is absent from Cuelp. This puta-
tive acyltransferase activity of AUP1 may be directly involved in
lipid droplet formation, as is suggested by the FACS data (Fig.
6B), or AUP1 may affect lipid droplet abundance by recruiting
other lipid-modifying proteins, such as those identified by mass
spectrometry (Table 1), to the site of lipid droplet formation.
The dual role of AUP1 may indicate a deeper connection between
ER protein quality control and lipid droplet formation. This idea is
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supported by the fact that pharmacological inhibition of lipid
droplet formation affects dislocation. AUP1 may serve as the ful-
crum responsible for linking and coordinating these two pro-
cesses. This proposed connection may be specific to mammalian
cells and absent from yeast, as manifest by the differences between
AUP1 and Cuelp with regard to lipid droplets. Although our data
are consistent with the possibility that the phenomena of lipid
droplet formation and dislocation are linked via AUP1, we cannot
exclude the alternative possibility, namely that the role of AUP1 in
these two processes is mechanistically distinct.

How could lipid droplets be involved in ER protein quality
control? In one model, the lipid rearrangements required to
form lipid droplets may facilitate the movement of misfolded
proteins from the ER to the cytoplasm (49). The incipient lipid
droplets could coat the hydrophobic regions of the misfolded
proteins, including any transmembrane domains. Alterna-
tively, AUP1 may shuttle the cytoplasmic dislocated proteins
from the ER membrane to lipid droplets en route to their pro-
teasomal destruction. Lipid droplets have been proposed to be a
storage depot for other aggregation-prone proteins (30). Like-
wise, misfolded ER proteins could temporarily be parked on
lipid droplets when the load of dislocated proteins exceeds the
capacity or local availability of proteasomes. Such is the case for
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a mammalian ER quality control substrate, HMG-CoA reduc-
tase, that is also found associated with lipid droplets post-dis-
location (50).

Several connections between lipid droplets and the ubiqui-
tin/proteasome system have been suggested in other studies.
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Components of the proteasome have been identified in lipid
droplet preparations by mass spectrometry. The proteasome is
responsible for the degradation of two major protein compo-
nents of lipid droplets, adipose differentiation-related protein
(51, 52) and perilipin (53). Cells treated with proteasome inhib-
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itor resulted in the accumulation of ubiquitylated proteins in
the lipid droplet-containing fraction (33). As we show here,
lipid droplets sustain ubiquitylation in vitro. The E3 enzyme
responsible for this ubiquitylation has not been identified, but it
may be an E3 recruited to lipid droplets, such as AIP4 (54) or an
ER resident E3, because lipid droplets are often found in close
proximity to lipid droplets.

CUE Domain—Although the CUE domain was originally
identified in Cuelp, the role of the CUE domain in ER protein
quality control had not been determined. The function of the
CUE domain is best understood for non-ER quality control sys-
tems, specifically yeast Vps9p, which binds ubiquitin, is
monoubiquitylated, and regulates endocytosis. The CUE
domain of Vps9p exhibits higher affinity for ubiquitin than does
Cuelp. The CUE domain of AUP1 is predicted to also have a
lower affinity for ubiquitin, based on the sequence of the ubig-
uitin-interaction motif. This raised a number of questions. Do
these lower affinity CUE domains have a function in ubiquity-
lation? If so, what role do CUE domains play in ER protein
quality control? The CUE domain of Cuelp was reported to be
dispensable in ER protein quality control and even suggested to
be vestigial (27). By contrast, we find that the CUE domain of
AUP1 facilitates several important protein-protein interac-
tions. The difference between these findings may indicate that
Cuelp and AUP1 differ with regard to the importance of the
CUE domain, or perhaps the ER quality control-associated
CUE domain is responsible for fine-tuning ubiquitylation, pos-
sibly in a substrate-specific manner, which could have easily
been overlooked in the yeast studies.

The CUE domain of AUP1 is crucial for binding ubiquityla-
tion substrates (Fig. 3, Band C). The lack of association between
AUP1mCUE and the terminally misfolded ER proteins may be
due to the fact that AUP1ImCUE is not efficiently incorporated
into the HRD1 complex (Fig. 3A4). Alternatively, AUP1 may
interact directly with the dislocation substrates, possibly via
ubiquitin modifications, which would account for the effect of
the CUE domain mutations on the interaction of AUP1 with
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FIGURE 8. Model. A possible model for the role of AUP1 in processing of misfolded ER proteins is presented. AUP1 recruits UBE2G2, the E2 that works with HRD 1
to ubiquitylate dislocated ER proteins. AUP1 binds the misfolded ER protein and regulates the ubiquitylation and polyubiquitylation of dislocation substrates
via its G2BR and CUE domain, respectively. AUP1 is also involved in the formation of lipid droplets, a cytoplasmic organelle that may serve as a temporary
storage location for misfolded ER proteins. Further explanation can be found under “Discussion.”

RI;;,-HA and NHK. Similarly, the CUE domain of gp78 is
important for binding two of its substrates, CFTRAF508 and
Huntingtin (55, 56). Thus CUE domains may fulfill a conserved
role of binding ubiquitylation substrates.

AUP1 is ubiquitylated, and the ubiquitin chain length is
dependent on its CUE domain. Other proteins that contain a
ubiquitin binding domain (such as Vps9p with a CUE domain
and Eps15 and Hrs with ubiquitin-interacting motifs) are also
ubiquitylated, but in those cases they undergo mono-ubiquity-
lation exclusively (20, 23, 57, 58). Both CUE domains and ubig-
uitin-interacting motifs bind ubiquitin in close proximity to its
Lys-48 residue, and in this way are thought to block chain
extension (21). When the CUE or ubiquitin-interacting motif
domains of these proteins are deleted, the proteins are no lon-
ger ubiquitylated (22, 58). AUP1, by contrast, is both monou-
biquitylated and polyubiquitylated in vivo when the CUE
domain is intact but not when the CUE domain is mutated (Fig.
4, A and B). In vitro studies show that AUP1mCUE constructs
can be ubiquitylated under optimal conditions and, in contrast
to wild type AUP1, do not show a preference for monoubiqui-
tylation (Fig. 4C). Could the affinity of the CUE domain for
ubiquitin affect the resulting chain length? The wild type CUE
domain of Vps9p exhibits the highest affinity and thus com-
pletely blocks the Lys-48 residue resulting in purely monoubig-
uitylation, although the wild type CUE domain of AUP1 binds
ubiquitin less tightly resulting in mono- and polyubiquitylation,
and the mutant CUE domain of AUP1 binds ubiquitin even
more poorly and thus does not inhibit ubiquitin chain forma-
tion in any way resulting in polyubiquitylation. Thus AUP1
CUE domain-mediated binding of ubiquitin may serve a regu-
latory function to control polyubiquitin chain formation on
AUP1 or the dislocated ER protein. Although we do not know
the exact role of the ubiquitylation of AUP1, an attractive
hypothesis is its possible involvement in forming ubiquitin
chains that are then transferred en bloc to substrates via
UBE2G2. The idea that a ubiquitin binding domain is involved
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in chain formation has also been hypothesized for E2-25K (59),
an E2-conjugating enzyme that contains a UBA domain (60).

G2BR Domain—The G2BR domain we identify in AUP1 is
similar to the U7 domain of Cuelp, and both are essential for
recruitment of their cognate E2 (UBE2G2 for AUP1 and Ubc7p
for Cuelp). The U7 domain of Cuelp enhances the activity of
Ubc7p in vitro (26, 27). The G2BR enhances the affinity of
UBE2G2 for the RING domain containing E3 gp78, and it
enhances ubiquitylation mediated by gp78 and HRD1 in vitro
(61). Our analysis of the G2BR indicates that AUP1 binding of
UBE2G2 may actually negatively regulate the ubiquitylation of
AUPI and dislocated substrates, because AUP1 interacts with
more ubiquitylated protein when the G2BR is deleted (Fig. 4B).

Model—A working model for the role of AUP1 places itin the
HRD1-SEL1L complex (Fig. 8). AUP1 may need to either bind
ubiquitylated proteins or be ubiquitylated itself before it can be
incorporated into the dislocation complex. Both of these func-
tions are dependent on an intact CUE domain. Once the entire
complex is assembled, it can proceed to process misfolded ER
proteins. Ubiquitin is transferred from E1 to UBE2G2, an E2
that is recruited to the site of dislocation by the G2BR of AUP1.
HRDI, an E3, is allosterically activated by the G2BR and cata-
lyzes the transfer of ubiquitin from UBE2G2 to misfolded ER
proteins. The G2BR limits the transfer of ubiquitin and thus the
interaction of AUP1 with ubiquitylated proteins. This negative
regulation may serve as a feedback mechanism to exert control
over degradation rates or to serve as an additional checkpoint in
quality control. AUP1 then binds the dislocated ER proteins via
interactions between its CUE domain and the ubiquitin moiety
covalently attached to dislocated ER proteins. This CUE
domain-ubiquitin interaction also regulates ubiquitin chain
extension. Finally, the dislocated substrates are delivered to the
proteasome where they are degraded, but they may first be
stored on lipid droplets under certain conditions. Thus, AUP1
is involved in several steps of ER protein quality control that
include ubiquitylation and processing.
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