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Background: TUG controls a specialized membrane trafficking pathway in adipocytes but is widely expressed.
Results: TUG converts p97 ATPase hexamers into monomers and controls Golgi membrane dynamics.
Conclusion: Localized disassembly of p97 hexamers may control a generalized trafficking pathway in eukaryotic cells.
Significance: Understanding how TUG and p97 function provides insight into regulation of both generalized and specialized
membrane trafficking.

p97/VCP is a hexameric ATPase that is coupled to diverse
cellular processes, such as membrane fusion and proteolysis.
How p97 activity is regulated is not fully understood. Here we
studied the potential role of TUG, a widely expressed protein
containing a UBX domain, to control mammalian p97. In
HEK293 cells, the vast majority of TUG was bound to p97. Sur-
prisingly, the TUG UBX domain was neither necessary nor suf-
ficient for this interaction. Rather, an extended sequence, com-
prising three regions of TUG, bound to the p97 N-terminal
domain. The TUG C terminus resembled the Arabidopsis pro-
tein PUX1. Similar to the previously described action of PUX1
on AtCDC48, TUG caused the conversion of p97 hexamers into
monomers. Hexamer disassembly was stoichiometric rather
than catalytic andwas not greatly affected by the p97ATP-bind-
ing state or by TUG N-terminal regions in vitro. In HeLa cells,
TUG localized to the endoplasmic reticulum-to-Golgi interme-
diate compartment and endoplasmic reticulum exit sites.
Although siRNA-mediatedTUGdepletionhadnomarked effect
on total ubiquitylated proteins or p97 localization, TUGoverex-
pression caused an accumulation of ubiquitylated substrates
and targeted both TUG and p97 to the nucleus. A physiologic
role of TUG was revealed by siRNA-mediated depletion, which
showed that TUG is required for efficient reassembly of the
Golgi complex after brefeldin A removal. Together, these data
support amodel inwhichTUGcontrols p97 oligomeric status at
a particular location in the early secretory pathway and inwhich
this process regulates membrane trafficking in various cell
types.

Mammalian p97/VCP and its yeast and plant orthologs,
termed CDC48, are hexameric AAA ATPase family members.
TheseATPases associatedwith diverse cellular activities couple
ATP hydrolysis to mechanical force to generate a variety of
effects on various substrate proteins (1). p97 has been impli-
cated in homotypicmembrane fusion, ER3-associated degrada-
tion, mitotic spindle disassembly, gene expression, and chro-
matin remodeling (2–5). ATP-driven conformational changes
in the p97 hexamer are coupled through adaptor proteins to
configure protein complexes and to regulate protein degrada-
tion (6–11).
Ubiquitin regulatory X (UBX) domain-containing proteins

bind p97/VCP/CDC48, typically through a ubiquitin-like UBX
domain near their C termini, and recruit p97ATPase activity to
various cellular targets (3). Outside of the UBX domain itself,
these proteins have little similarity, and they have awide variety
of other interacting partners and functions (3, 12–16). The
roles of some UBX family members, such as that of p47 to
recruit p97 in membrane fusion processes, have been relatively
well studied (6, 17–21). The functions of several other UBX
proteins are less well understood. Both p97 and many UBX
proteins are highly conserved, with orthologs in plants and
fungi. These pairings play fundamental roles in cell division,
protein homeostasis, and membrane trafficking.
TUG (tether, containing a UBX domain, for GLUT4; also

termed ASPL, UBXD9, RCC17) belongs to the family of UBX-
domain containing proteins and regulates the trafficking of
GLUT4 glucose transporters in 3T3-L1 adipocytes (22–26).
GLUT4 is regulated by a cell type-specific mechanism, which is
probably an adaptation of a more general trafficking pathway
present broadly in eukaryotic cells. TUG is expressed in a wide
range of cell types (26–28) and may participate in such a path-
way, but how TUG may direct p97 activity is not understood.
Here, we approached this question by characterizing the TUG-
p97 interaction. We noted that the C-terminal, UBX-contain-
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ing region of TUG resembles the Arabidopsis protein, PUX1,
which was shown to disassemble AtCDC48 hexamers (29, 30).
We show that mammalian TUG similarly converts p97 hexam-
ers into monomers, and we characterize requirements for this
action. Finally, we provide evidence that TUG resides at the
ER-Golgi intermediate compartment (ERGIC) and at ER exit
sites (ERES) in HeLa cells and that its activity is essential for
Golgi dynamics.

EXPERIMENTAL PROCEDURES

Reagents, Cell Culture, and Molecular Biology—Antisera
against TUG were described previously (26) and were affinity-
purified using the immobilized peptide immunogen (Pierce).
This peptide is uniquely encoded in rodent and human
genomes. TUGantiserawere used at dilutions of 1:1,000–2,000
on Western blots and 1:200 for immunofluorescence. Other
antibodies include those directed to HA epitope (Covance),
FLAG epitope (M2, Sigma), ERGIC-53 (Enzo Life Sciences),
GM130 (BD Transduction Laboratories), Vti1a (BD Transduc-
tion Laboratories), Hsp90 (BD Transduction Laboratories),
anti-GST (Millipore), transferrin receptor (Invitrogen), ubiqui-
tin (Covance), and p97/VCP (Abcam andMaine Biotechnology
Services). ATP, ADP, and ATP�S were purchased from Sigma
and used at a final concentration of 1 mM. MG-132 was pur-
chased fromAmerican Peptide andwas used at a concentration
of 10 �M for 2 h at 37 °C. Iodoacetamide was purchased from
Sigma and used at a final concentration of 20 mM in cell lysis
buffer.
HeLa cells were grown in DMEM (Invitrogen) containing

10% fetal bovine serum and supplemented with 2 mM L-glu-
tamine. HEK293 cells were grown in DMEM containing 10%
bovine growth serum (Hyclone) and supplemented with 2 mM

L-glutamine.
To express truncated proteins, PCR was done using oligonu-

cleotides corresponding to the residues indicated for each con-
struct, and products were cloned in bacterial or eukaryotic
expression vectors. The N-terminal His6-HA-tagged p97 and
truncation mutants were generated by PCR amplification of
human p97 clone (31) (Addgene plasmid 23971) and were
cloned using BamHI and NotI into the pcDNA3.1 or pET28a
vectors. His6-, GST-, or FLAG-tagged full-length and trunca-
tion mutants of TUG were generated by PCR amplification of
themurineTUGcDNA (26). These tagswere at theN terminus,
and the coding sequences were cloned using EcoRI and NotI
into pcDNA3.1, pBICD2, or pET28a vectors or using BamHI
and EcoRI into the pGEX-KG vector, as described previously
(25). All constructs were verified by sequencing. Synthetic
siRNAs (purchased from Dharmacon) had the following
sequences: TUG siRNA A, 5�-CCCUGUGAAUAUGAUCUGA-
UU-3�; TUG siRNA B, 5�-GCAGGACUCUUUCUGUUCAUU-
3�; control (scrambled) siRNA, 5�-CGUACGCGGAAUA-
CUUCGA-3�.
Sequence alignments of TUG and PUX1 (NM_113645.2)

were done using Praline (32). The N-terminal regions of TUG
were not included.More conserved residues aremarked by pro-
gressively warmer colors (yellows, oranges, and reds) and less
conserved residues are indicated by progressively cooler colors
(greens, blues, and purples) in supplemental Fig. 1.

Immunofluorescence Microscopy—Cells were plated on cov-
erslips coated with poly-D-lysine (Sigma) in 6-well dishes
(Corning Glass). Two hours prior to fixation, cells were incu-
bated in phenol red-free DMEM (Invitrogen) containing 10%
serum. Cells were washed oncewith phosphate-buffered saline,
pH 7.4 (PBS), and then fixed using 4% paraformaldehyde for 30
min at room temperature. Cells were permeabilized with 0.1%
TritonX-100 in PBS for 5min and blockedwith 4%normal goat
serum (Jackson Immunoresearch) in PBS for 30 min at room
temperature. Staining with primary antibodies was done at
dilutions of 1:200 in 4% normal goat serum for 1 h at room
temperature andwas followedby threewasheswith PBS.Alexa-
conjugated goat anti-mouse IgG or anti-rabbit IgG secondary
antibodies (Alexa488 or Alexa594, Molecular Probes) were
used at dilutions of 1:200 in 4% normal goat serum in PBS for
1 h. Coverslips were then washed three times in PBS and
mounted on slides using ProlongGoldAntifadewith orwithout
DAPI (Molecular Probes/Invitrogen). Brefeldin A (Cell Signal-
ing Technology) was prepared in DMSO and used at a final
concentration of 10 �g/ml. Nocodazole (Sigma) was prepared
in DMSO and used at a final concentration of 30 �M. The
VSVG-ts045-YFP and Sec13-GFP constructs were kind gifts
from the Caplan and Gorelick laboratories, respectively, and
were transfected as indicated. For wide field epifluorescence
microscopy, images were acquired on a Zeiss Axiovert 100 M
microscope using �40/1.30 or �63/1.40 oil immersion objec-
tives, and a cooled CCD camera was driven by Zeiss Axiovision
software. For confocal microscopy, images were acquired on a
Zeiss Axiovert LSM 510 confocal microscope using a �63/1.20
water immersion objective, and the pinhole was set for an Airy
unit of 1.0. To quantify effects on Golgi reassembly, GM130
mean fluorescence intensities were measured in two regions of
each cell, first in the perinuclear region, and second in a larger
area covering the entirety of the cell. This analysis was done
using ImageJ, and 19–24 cells were examined for each condi-
tion. For each cell, the ratio of perinuclear to whole cell mean
fluorescent intensities was calculated. The mean ratio � S.E.
was then plotted for each condition. Significant differences
were assessed using a two-tailed t test.
Transfection and Biochemistry—HEK293 or HeLa cells were

transfected with plasmid DNA or siRNA duplexes using Lipo-
fectamine 2000 (Invitrogen) per the manufacturer’s instruc-
tions. Cells were lysed in 0.5%Nonidet P-40, 20mMHEPES, pH
7.4, 150 mM NaCl containing Complete EDTA-free protease
inhibitors (Roche Applied Science). Lysate from one 10-cm
plate of cells was used for each immunoprecipitation. Insoluble
debris was removed by centrifugation for 10min at 1,000� g at
4 °C. Immunoprecipitations were done using 10 �l of antibody
or 30 �l of FLAG M2 affinity matrix (Sigma) for 1 ml of lysate
for 2 h at 4 °C. Immune complexes were pelleted using Protein
G-agarose beads (Pierce) at 500 � g. Immunoprecipitates were
washed six times with lysis buffer and eluted in 2� SDS-PAGE
sample buffer (Invitrogen) for 10–15 min at 37 °C. Samples
were analyzed by SDS-PAGE and immunoblotting. For exper-
iments in which cells were lysed in denaturing conditions, boil-
ing lysis buffer containing 1% SDS, 20 mM Tris pH 8.0, 150 mM

NaCl, 0.5 mM EDTAwas used. After brief sonication, insoluble
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debris was pelleted, and samples were analyzed by SDS-PAGE
and immunoblotting.
Pull-downs using recombinant proteins were performed in

theNonidet P-40 lysis buffer noted above. 10–50�g of GST- or
His-tagged proteins were incubated in a final volume of 1ml for
1–2 h, followed by 1 h of incubationwith glutathione beads (GE
Healthcare) orHisPur Cobalt (Pierce) beads at 4 °C. Beads were
washed six times in lysis buffer, eluted in 2� SDS-PAGE sample
buffer (Invitrogen), and analyzed by SDS-PAGE and
immunoblotting.
For SDS-PAGE and immunoblotting, samples were solubi-

lized in 2�LDS sample buffer or native gel sample buffer (Invit-
rogen) and separated using 4–12% Novex NuPAGE or 4–20%
native polyacrylamide gels (Invitrogen). Proteins were trans-
ferred to nitrocellulose using a Bio-Rad semidry transfer appa-
ratus. Membranes were blocked using 5% milk in PBS for
10–30min. Primary and secondary antibodieswere used for 1 h
each, and three 10-minwashes were done after each incubation
using PBS with 0.05% Tween 20. All steps were performed at
room temperature. Proteins were detected using chemilumi-
nescence as described previously (25) or using infrared fluores-
cence on a LI-COR Odyssey imaging system.
Recombinant Protein Expression and Pull-downs—His6- and

GST-tagged constructs were expressed in BL21(DE3)pLys
GOLD Escherichia coli (Agilent Technologies). Bacterial cul-
tures growing at 37 °C were induced with isopropyl-�-D-thio-
galactopyranoside at a final concentration of 1 mM once an OD
of 0.6 was reached. After 3–4 h, bacteria were lysed in 50 mM

Tris, pH 8.0, 300 mMNaCl, including 10 mM imidazole for His-
tagged proteins. Bacterial lysates were sonicated, and insoluble
debris was pelleted at 16,000 � g for 20 min. Protein from
supernatant were purified using HisPur Cobalt Resin (Pierce),
Ni2�-NTA-agarose (Qiagen), or glutathione-Sepharose 4B (GE
Healthcare) as appropriate. GST-tagged proteinswere eluted in
20 mM reduced glutathione, and His6-tagged proteins were
eluted in 150 mM imidazole (lysate buffer was used). In both
cases, proteins were dialyzed (Slide-A-Lyzer, Pierce) in 150mM

NaCl, 50 mM Tris, pH 7.6, 5% glycerol overnight. Protein con-
centrations were determined using both an EZQ protein quan-
titation kit (Invitrogen) and SDS-PAGEwith Gelcode Coomas-
sie staining (Pierce) with comparison against known protein
standards.
Sucrose Gradient Sedimentation—Samples of 1ml each were

loaded on the top of 0.5–1.2 M sucrose gradients made up in 20
mM HEPES, pH 7.4, 150 mM KCl, 1 mM MgCl2. Analysis of
recombinant proteins was done without detergent; however,
similar results were obtained when 0.5% Nonidet P-40 was
included. Lysates from FLAG-TUG (or mock)-transfected
HEK293 cells were prepared 24 h after transfection using 0.5%
Nonidet P-40 and were analyzed on gradients containing 0.5%
Nonidet P-40. All gradients were prepared by hand by layering
1-ml volumes, in which the sucrose concentrations were suc-
cessively reduced in each 0.1 M step, to reach a final volume of 8
ml. Sampleswere centrifuged at 128,000� g in a SW41Ti rotor
(BeckmanCoulter) for 16–20 h at 4 °C. Fractions of 0.5ml each
were collected by hand, starting at the top of the gradients, and
were analyzed by SDS-PAGE and immunoblotting. Standard
control proteins, including GST (26 kDa), ovalbumin (45 kDa;

Invitrogen), BSA (64 kDa and dimer at 130 kDa; American Bio-
analytical), Apoferritin (450 kDa; MP Biomedicals), and thyro-
globulin (660 kDa; Calbiochem), were centrifuged in parallel
gradients.
For analysis of the oligomeric status of p97, GST-TUG and

His6-p97 proteins were expressed in a BL21(DE3)pLys GOLD
E. coli isopropyl-�-D-thiogalactopyranoside-inducible system.
Varying molar ratios were used, with most experiments done
using 3:1 TUG/p97. In experiments using ADP, ATP, or
ATP�S, the final concentration of nucleotide was 1 mM. All
reactions were incubated on ice for 30 min prior to velocity
sedimentation on sucrose gradients.

RESULTS

Interaction of TUG and p97—We identified p97 by mass
spectrometry of 3T3-L1 adipocyte proteins that bound toGST-
TUG. To confirm the interaction, we coimmunoprecipitated
the endogenous TUG and p97 proteins from lysates of HEK293
cells (Fig. 1A). p97 is extremely abundant, and quantitative
analyses indicated that only a small fraction (�5–10%) of total
cellular p97 was bound to TUG. By contrast, a large fraction
(�85–90%) of total cellular TUGwas bound to p97, as assessed
by quantification of the converse immunoprecipitations. The
nearly quantitative recovery of TUGwith p97 suggests that this
interaction has very high affinity and that p97 is a primary bind-
ing partner for TUG.
TUG contains three potential p97-interacting sites, includ-

ing an N-terminal ubiquitin-like (UBL) domain (33) referred to
here as “UBL1,” an 8-residue SHP box (5, 34), and a UBX
domain, as noted above. Within the 550-residue murine TUG
protein, these regions reside at positions 10–83, 260–267, and
382–457, respectively, and an additional likely UBL/UBX
domain (“UBL2”) is present at residues 92–164. To test if TUG
binds p97 through one or more of these regions, we used trun-
cated proteins. Initially, we expressed FLAG-tagged TUG pro-
teins in HEK293 cells, as shown in Fig. 1B, and coimmunopre-
cipitated endogenous p97. Truncation of the TUG N terminus
(lane 3) and SHP box (lanes 4 and 5) did not greatly alter the
amount of p97 that was copurified in these experiments. In
addition, modest expression of a small construct containing
only the SHP box and flanking residues coimmunoprecipitated
p97 in amounts similar to those observed using full-length
TUG. These results suggested that TUGmay interact with p97
through more than one binding region.
We used recombinant proteins to show that TUG-p97 bind-

ing is direct and to define the interacting regions. Fig. 1C pres-
ents a representative immunoblot, in which various GST-TUG
proteinswere used to pull down full-lengthHis6-p97.AnN-ter-
minal TUG fragment containing residues up to, but not includ-
ing, the SHP box (residues 1–237) pulled down p97 (lane 4);
however, further truncations of this region did not interact.
Constructs containing the 8-residue SHP box (residues 1–279,
residues 1–376, residues 165–550, and residues 238–550) puri-
fied p97 most effectively (lanes 5–8). Moreover, as described
below, proteins containing mutations in the SHP box bound to
p97 much less well. Interestingly, a C-terminal fragment of
TUG containing the UBX domain (residues 377–550) was
unable to pull down p97 (lane 10). The TUGUBXdomain lacks
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a key phenylalanine residue that mediates p97 binding by other
UBX domains and contains a proline at this position (residue
433), which may account for the reduced binding (20, 35, 36).
Inclusion of residues immediately upstreamof theUBXdomain
(residues 313–376), which are predicted to form a coiled-coil,
conferred a weak interaction with p97 (residues 313–550; lane
9) but alone did not interact with p97 (not shown). These data

indicated that the interaction of TUG with p97 involves multi-
ple regions in TUG and requires sequences N-terminal to the
UBX domain, as described further below.
To test which region(s) of p97 interact with TUG, we used

full-length, N-terminal, and C-terminal p97 proteins. Full-
length TUGwas susceptible to degradation during purification
of the recombinant protein, and we therefore used N- and

FIGURE 1. Interaction of TUG and p97. A, anti-TUG or anti-p97 antibodies were used to immunoprecipitate (IP) endogenous TUG and p97 from HEK293 cells
lysed using 0.5% Nonidet P-40. Control IgG was used in lane 1, and duplicates of TUG (lanes 2 and 3) and p97 (lanes 4 and 5) immunoprecipitates are shown.
Eluates and preimmunoprecipitation lysates were immunoblotted to detect TUG and p97, as indicated. B, HEK293 cells were transfected to express FLAG-
tagged TUG proteins containing the indicated residues and lysed using 0.5% Nonidet P-40, and immunoprecipitations were performed using an anti-FLAG
affinity matrix. Endogenous p97 was immunoblotted in eluates and pre-immunoprecipitation lysates, as indicated. C, recombinant GST or GST-TUG proteins
containing the indicated TUG residues were used to pull down recombinant His6-p97 in 0.5% Nonidet P-40 buffer. Eluates and input proteins were immuno-
blotted using anti-p97 and anti-GST antibodies as indicated. D, GST or GST-TUG proteins were used to pull down His6-HA-tagged full-length, N-terminal, or
C-terminal p97 proteins in 0.5% Nonidet P-40 buffer. Eluates and inputs were immunoblotted using anti-GST and anti-HA antibodies as indicated. Residues
present in each p97 and TUG protein are indicated. E, diagram summarizes binding of p97 to TUG proteins containing the indicated residues. For reference, the
overall TUG domain structure is shown at top. The relative amount of p97 that associated with each TUG protein is indicated at the right. Binding was tested
using both GST pull-downs (PD; as in C and D) and by immunoprecipitation (IP; as in B). Most interactions were tested both ways, as indicated (B), and similar
results were obtained using both methods. Each construct was tested at least twice, with most tested three times. WB, Western blot.
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C-terminal TUG fragments to determine if binding occurred.
As shown in Fig. 1D, GST fusions to both TUG fragments
pulled down full-length p97 (residues 1–806). The p97 N ter-
minus (residues 1–219) bound strongly to the TUGC terminus
(residues 238–550) and was also copurified to a much lesser
degree with the TUGN terminus (residues 1–237). This C-ter-
minal TUG construct contains both the SHP box and the UBX
domain. Neither half of TUG bound to the C-terminal portion
of p97 (residues 220–806). We conclude that multiple regions
of TUG bind to the N-terminal domain of p97.
Fig. 1E summarizes data from several interaction experi-

ments using both GST pull-down and coimmunoprecipitation,
which support the idea that three contiguous regions of TUG
mediate its interaction with p97. The TUG N terminus, con-
tainingUBL1 andUBL2, binds p97 only in the presence ofmore
downstream residues (Region 1). The central region of TUG
contains the SHP box, and mediates a second interaction
(Region 2). The TUG C terminus mediates a third interaction
and requires a predicted coiled-coil motif upstream of the UBX
domain (Region 3). Of these, the central region containing the
SHP box purifies p97 most efficiently and presumably has the
highest affinity for p97. It seems most likely that these regions
form an extended interface with the p97N terminus and confer
the nearly quantitative association of TUG with p97 we
observed in cells.
TUG Mediates p97 Hexamer Disassembly—We noted that

theC-terminal half of TUG resembles theArabidopsis thaliana
protein, PUX1, as depicted in Fig. 2A. Alignment of the amino
acid sequences revealed that TUG and PUX1 are �23% identi-
cal and�36% similar in this region (supplemental Fig. 1). PUX1
is thought to regulate the oligomeric status of the Arabidopsis
p97 ortholog, AtCDC48, and it causes disassembly of this hex-
amer into its monomeric subunits in vitro (29, 30). Thus, we
considered whether TUG may function analogously to disas-
semble mammalian p97 hexamers into monomeric subunits.
Fig. 2B shows thatmammalianTUGcaused the generation of

p97 monomers, as assessed by sedimentation on 0.5–1.2 M

sucrose density gradients. In these and subsequent experi-
ments, the samples were loaded at the top of the gradient and
were centrifuged for 16 h at 4 °C. Recombinant p97 protein
formed the expected hexameric complex (�530 kDa) in the
presence of GST alone and was most abundant in fractions
9–11 (Fig. 2B, top pair of panels). When p97 was incubated
with GST-tagged full-length TUG (residues 1–550), p97 sedi-
mented at a much lower molecular weight and appeared in
fractions 6–8 (second pair of panels). Similar results were
obtained using a truncated form of TUG, containing only
C-terminal residues 238–550 (fourth pair of panels). In these
samples, the p97 proteins in fractions 6–7 cosedimented near
the �130 kDa marker and may be p97 monomers or p97-TUG
heterodimers. The TUGN terminus (residues 1–237), which is
not conserved in PUX1, did not produce p97 monomers (third
pair of panels). Rather, this fragment shifted the p97 hexamers
to slightly higher molecular weight fractions, suggesting that it
associates with but does not disassemble the p97 hexamer.
Immunoblots of TUG blots were consistent with this interpre-
tation and are shown below each p97 immunoblot. As a control,
TUGalone is foundmostly in fractions 4–6. Binding of TUG to

p97 can draw TUG up into higher molecular weight fractions.
Together with the results in Fig. 1, the data show that TUG
1–237 bound but did not disassemble p97 hexamers, whereas
intact TUG 1–550 and TUG 238–550 bound and also disas-
sembled p97 hexamers in vitro.

To further characterize the TUG sequences thatmediate p97
hexamer disassembly, we tested several additional truncated
forms, using sedimentation on sucrose gradients. As summa-
rized in Fig. 2C, the C-terminal region of TUGwas both neces-
sary and sufficient for p97 disassembly. This portion corre-

FIGURE 2. TUG generates p97 monomers. A, diagrams of the domain struc-
tures of TUG and PUX1; a region of similarity is indicated. The full alignment is
shown in supplemental Fig. 1. B, recombinant His6-p97 proteins were incu-
bated with GST alone or with the indicated GST-TUG proteins in equimolar
amounts. After 30 min at 4 °C, p97 complexes were separated by sedimenta-
tion on sucrose gradients and analyzed by immunoblotting for p97 and TUG,
as indicated. Fractions are numbered from the top of the gradient, and the
positions of molecular weight standards are indicated above the fraction
numbers. The position on the gradient of TUG alone is shown at the bottom. C,
the diagrammed TUG proteins were expressed as recombinant GST fusions
and were tested for their ability to generate p97 monomers using sedimen-
tation. A 3:1 molar ratio of TUG/p97 proteins was used. All constructs were
tested at least twice. The shaded area corresponds to the region of TUG that
was necessary for generation of p97 monomers. For reference, the relative
ability of each TUG construct to copurify p97 in pull-down and/or coimmu-
noprecipitation experiments is shown at the right.
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sponds to PUX1, and all constructs containing it generated p97
monomers with similar efficiency. In contrast, constructs that
lacked the UBX domain did not produce monomers but still
bound to hexameric p97 and increased its abundance in higher
molecular weight fractions.
We next tested if the nucleotide-bound state of the p97

ATPase affects its dissociation by TUG. After preincubating
p97 hexamers with ATP, ADP, or ATP�S, we added TUG and
used sedimentation to assess p97 monomer generation. Nei-
ther ATP nor ADP had much effect on the ability of TUG to
produce p97 monomers (Fig. 3A, top and middle). The non-
hydrolyzable analog, ATP�S, also did not inhibit the ability of
TUG to generate p97 monomers (Fig. 3A, bottom). In the
ATP�S samples, there was a slight excess of p97 in the hexamer
range (fraction 10), as compared with samples incubated with
ATPorADP. This complexmay containTUGbound to the p97
hexamer because it resides one fraction higher than p97 hex-
amer alone (fraction 9). Themain point is that TUG caused the
production of p97 monomers regardless of the nucleotide-
bound state of p97.

We wondered if TUG N-terminal regions might serve a reg-
ulatory role to enhance or limit monomer formation by the
TUG C-terminal region. In the data presented thus far, the
presence or absence of sequences in the N-terminal half of
TUG had little effect on p97 monomer formation. To further
test if N-terminal regions might regulate p97 disassembly, we
performed experiments in which we reconstituted full-length
TUG in trans. One such example is shown in Fig. 3B. TUG
1–164 did not cause monomer generation (second panel),
whereas TUG 165–550 very effectively led to p97 monomers
(third panel). When these constructs were first incubated
together and then added to p97, there was little change in the
ability of TUG 165–550 to cause monomer formation (fourth
panel). This result was also obtained for other constructs tested
in trans (e.g. TUG 1–237 and TUG 238–550; not shown). Con-
versely,monomer formationwas not rescuedwhenTUG1–376
and TUG 377–550 were added together. Together with data
summarized in Fig. 2C, these results suggest that the predicted
coiled-coil motif must be linked in cis to the UBX domain to
produce monomers. We conclude that the N-terminal regions
of TUG do not regulate the efficiency of p97 disassembly in
vitro.
We tested various molar ratios of TUG to p97 monomer, to

determine if similar amounts of TUG and p97 are required for
hexamer disassembly. As shown in Fig. 3C, p97 monomer gen-
eration was minimal at TUG/p97 molar ratios of 0.1:1 or 0.25:1
but was progressively more marked at ratios of 1:1 and 3:1.
These data support the idea that TUG acts stoichiometrically,
rather than catalytically, to produce p97 monomers.
Monomerization of Endogenous p97 in Cells—Because the

above studies were performed in vitro, we next tested if TUG
could generate p97monomers in cells. Fig. 4A shows that trans-
fection of FLAG-taggedTUG inHEK293 cells caused the nearly
quantitative conversion of endogenous p97 hexamers into
monomers, as assessed by sedimentation on sucrose gradients.
These experiments were also repeated with N- and C-terminal
TUG fragments, with results similar to those in Fig. 2C. Thus,
endogenous p97 can be acted upon by TUG, despite the possi-
ble presence of post-translational modifications and other
cofactors present in vivo (37). Monomeric subunits of p97 are
thought not to have ATPase activity (29, 38). Therefore, TUG-
mediated hexamer disassembly may occur in a controlled or
localized manner in cells and may constitute a novel mecha-
nism for regulation of p97 activity in vivo.

p97 proteins isolated from eukaryotic cells, or produced
recombinantly in bacteria, are present almost exclusively in
hexameric form (29, 30, 38). To test if TUG binds p97 mono-
mers as well as hexamers, we performed sequential separations
of cell lysates, as shown in Fig. 4B. We first used sedimentation
on sucrose gradients as above. We then used native PAGE to
analyze fractions containing predominantly monomeric p97
(fraction 7) or hexameric p97 (fraction 10). We found that
endogenous p97 hexamers fromHEK293 cells comigrated with
recombinant p97 proteins on native PAGE (Fig. 4B, left, lanes 1
and 3). Endogenous TUG ran at an unexpectedly large size on
native gels (Fig. 4B, right, lane 2). Transient transfection of
TUG caused p97 signal to appear in fraction 7, consistent with
the production of p97 monomers. p97 in this fraction migrated

FIGURE 3. p97 hexamer disassembly in vitro is not affected by nucleotides
or by TUG N-terminal domains and requires stoichiometric amounts of
TUG. A, recombinant His6-p97 was preincubated with ATP, ADP, or ATP�S at
final concentrations of 1 mM for 10 min at 4 °C, and then GST or GST-TUG
238 –550 was added, and the incubation was continued for an additional 30
min at 4 °C. The molar ratio of TUG to p97 was 3:1. p97 oligomeric status was
analyzed by sedimentation on sucrose density gradients, followed by immu-
noblotting of the fractions as indicated. The positions of molecular weight
markers are shown at the top. The experiment was repeated three times with
similar results. B, recombinant His6-p97 was incubated for 30 min at 4 °C with
GST alone or with GST TUG 1–164 and/or GST TUG 165–550, as indicated.
Molar ratios of 3:1 (TUG/p97) were used. p97 complexes were then separated
by sedimentation on sucrose gradients, and the fractions were immuno-
blotted to detect p97. The experiment was performed twice with similar
results. C, GST-TUG 238 –550 was incubated with His6-p97 at the indicated
molar ratios of TUG/p97 monomer, and then complexes were sedimented on
sucrose gradients. Fractions were immunoblotted to detect p97.
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as a lowermolecular weight smear rather than as a tight band of
higher molecular weight (Fig. 4B, left, lane 4). The overex-
pressed TUG was also present in this fraction and ran as an
identical smear on immunoblots of native polyacrylamide gels
probed with both antibodies (Fig. 4B, right, lane 4). Together,
these data indicate that TUG can bind monomers of endoge-
nous p97 in cells.
Subcellular Localization of TUG in HeLa Cells—Hexameric

p97 is one of the most abundant complexes in cells and is pres-
ent at multiple locations. We hypothesized that TUGmay spe-
cifically disassemble p97 hexamers at a particular site.We used
immunofluorescence microscopy to determine if TUG had a
unique staining pattern, as is observed for other UBX domain-
containing proteins (14, 16, 39). Initial studies of HeLa cells
showed that TUG was present in both a perinuclear location
and in peripheral punctae. This pattern was similar to that
observed in 3T3-L1 adipocytes, and the specificity of the anti-
body was further supported by competition experiments using
the immunizing peptide (26) (supplemental Fig. 2). This stain-
ing was reminiscent of that of ERES and the ERGIC. Therefore,
we costained ERGIC-53, a cargo receptor that is a marker for
these compartments, using coimmunofluorescence micros-
copy (40). Fig. 5A shows that ERGIC-53 localized to peripheral
ERES as well as perinuclear ERES/ERGIC. TUG colocalized
extensively with ERGIC-53 in both the perinuclear area and in
the peripheral punctae, suggesting that it resides specifically at
the ERES and ERGIC (Fig. 5A, top panels).

To evaluate this colocalization further, we used nocodazole
and brefeldin A (BFA) to alter ERGIC and Golgi morphology.
Nocodazole disrupts the microtubule-dependent trafficking
between these compartments, and treatment with this drug for
2 h redistributed ERGIC-53 into fragmented, ringlike struc-
tures (Fig. 5A,middle panels). TUG was similarly redistributed

FIGURE 4. Transfected TUG generates and binds p97 monomers. A,
HEK293 cells were transfected with FLAG-tagged TUG and lysed using 0.5%
Nonidet P-40. Postnuclear supernatants were analyzed by sedimentation on
sucrose density gradients, and fractions were immunoblotted to detect p97.
The positions of molecular weight standards are indicated. The experiment
was repeated with similar results. B, proteins in fractions 7 and 10 from the
gradients in A were separated using native PAGE and then immunoblotted as
indicated. Recombinant His6-p97 was included in the first lane for compari-
son, and the position of molecular weight standards is indicated at the left.
Western blots (WB) of p97 and TUG were done on the same membrane and
were imaged at different wavelengths using a LI-COR Odyssey imaging sys-
tem. The experiment was repeated with similar results.

FIGURE 5. TUG colocalizes with ERGIC-53 by confocal microscopy. A,
endogenous TUG and ERGIC-53 were detected in HeLa cells using indirect
immunofluorescence and confocal microscopy. Cells were untreated or
treated with 30 �M nocodazole or 10 �g/ml brefeldin A for 2 h prior to stain-
ing, as indicated. B and C, endogenous TUG and Vti1a (B) and TUG and GM130
(C) were imaged as in A. The insets show enlargements of the perinuclear
region of the merged images. Scale bars, 10 �m.
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and remained highly colocalized with ERGIC-53 in nocoda-
zole-treated cells. BFA inhibits the cycling ofARFGTPases, and
prolonged treatment with this compound collapses Golgi and
ERGIC markers into endosomes and the ER (41, 42). In cells
treated with BFA for 2 h, ERGIC-53 was scattered into larger
peripheral structures, with reduced perinuclear and slightly
increased ER staining (Fig. 5A, bottom panels). TUG was also
redistributed and remained highly colocalized with ERGIC-53
in the BFA-treated cells. These data support the notion that
TUG resides at ERGIC and ERES membranes in HeLa cells.
To further substantiate the localization of TUG to early and

not late compartments of the secretory pathway, we costained
HeLa cells for TUG together with Vti1a or GM130. Vti1a is a
SNARE protein that localizes primarily to the trans-Golgi net-
work (43, 44). As shown in Fig. 5B, TUGwas present near struc-
tures staining for Vti1a but did not colocalize with this protein.
When cells were treated with nocodazole for 2 h, Vti1a staining
became fragmented and peripherally distributed and remained
distinct from that of TUG. By contrast, the cis-Golgi marker
GM130 (45, 46) was present primarily in the perinuclear region
and overlapped only slightly with TUG, consistent with the
close juxtaposition of ERGIC and cis-Golgi compartments (Fig.
5C). GM130 also cycles through a subdomain of the ERGIC,
and the overlap may occur at this location (47, 48). Most peri-
nuclear TUG staining surrounded structures containing
GM130, and the peripheral TUG punctae had no relationship
to GM130. Nocodazole treatment dispersed GM130, and TUG
maintained its close association and some areas of overlap.
These data show that TUG is not highly concentrated on Golgi
or trans-Golgi network membranes.
As an additional test of TUG localization in HeLa cells, we

used VSVG-ts045-YFP (49, 50). Thismarker cannot exit the ER
when the cells are maintained at 40 °C but moves to the Golgi
and to subsequent compartments at 32 °C. In transfected HeLa
cells, VSV-G and endogenous TUG colocalized maximally at 4
min after release of the ER exit block (supplemental Fig. 3,
A–C). Finally, we also used Sec13, a component of the COPII
coat found at ERES, in colocalization studies. A tagged Sec13-
GFP protein has been described previously and recapitulates
this localization (51). Native TUG colocalized with transfected
Sec13-GFP in HeLa cells (supplemental Fig. 3D). Together, the
data support the idea that TUG is present at early compart-
ments of the secretory pathway, specifically at ERES and
ERGIC, and that it does not localize to late Golgi or trans-Golgi
network membranes in HeLa cells.
TUG Overexpression and Knockdown in HeLa Cells—Data

shown above revealed that transfected TUG had a marked
effect to disassemble p97 hexamers in cells (Fig. 4), which pre-
sumably inhibits p97 ATPase activity. To test if this has func-
tional consequences for p97-dependent processes in cells, we
examined HeLa cells in which TUG was overexpressed using
transient transfection. Fig. 6A shows that in transfected cells,
the total abundance of polyubiquitylated proteins was
increased. Immunoblots using an antibody to the TUG C ter-
minus showed that TUGwas overexpressed by �50-fold, com-
paredwith the abundance of endogenousTUGprotein (Fig. 6A,
second panel). No effects on GM130 abundance were observed,
and Hsp90 served as a loading control. The data are consistent

with the idea that p97 hexamer disassembly results in the accu-
mulation of polyubiquitylated substrates.
Transient transfection of TUG caused the accumulation of

both p97 and the exogenous TUG protein in the nucleus, as
shown in Fig. 6B. This effect was observed for full-length TUG
(residues 1–550) as well as for C-terminal fragments containing
residues 238–550 or 313–550. In contrast, N-terminal frag-
ments of TUG were more diffusely localized and did not cause
nuclear accumulation of p97 (Fig. 6B, bottom four pairs of
images). Some of these N-terminal fragments (e.g. 1–386 and
1–369) appeared to shift p97 distribution slightly out of the
nucleus and into the cytosol. Because the overexpressedTUG is
present at such high abundance compared with that of the
endogenous protein, TUG that resides at its usual location at
the ERGIC/ERES might not be well detected by immunofluo-
rescence microscopy. It is uncertain whether the nuclear accu-
mulation of overexpressed TUG represents a physiologic phe-
nomenon.However, the data also raise the possibility that TUG
may be targeted to the nucleus under certain conditions. TUG
contains a potential nuclear localization signal at residues 350–
361. This sequence is not sufficient to target TUG proteins to
the nucleus because it is present in TUG fragments (1–386 and
1–369) that do not exhibit nuclear accumulation. Strikingly, the
intact and C-terminal TUG proteins that accumulate in the
nucleus (containing residues 1–550, 238–550, and 313–550)
also disassemble p97 hexamers (Fig. 2C, above). The N-termi-
nal fragments (containing residues 1–386, 1–369, 1–336, and

FIGURE 6. TUG overexpression affects ubiquitylated protein abundance
and p97 distribution. A, HeLa cells were transfected using the indicated
amounts of a plasmid to express full-length, FLAG-tagged TUG. Cells were
lysed 48 h after transfection, and immunoblots were done to detect the indi-
cated proteins. An antibody to the TUG C terminus was used to detect endog-
enous and transfected TUG and to assess the level of overexpression. B, FLAG-
tagged intact TUG (residues 1–550) or truncated TUG proteins (containing
the indicated residues) were transfected HeLa cells. Cells were fixed, and
immunofluorescence microscopy was performed to detect endogenous p97
and FLAG-tagged TUG, as indicated. Scale bar, 20 �m.
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1–312) are predicted to bind, but not to disassemble, p97 hex-
amers. Therefore, it is possible that the potential nuclear local-
ization signal is only functional in the context of a heterodi-
meric TUG-p97 complex and that it then acts to target both
TUG and p97 to the nucleus.
The overexpression data support the idea that TUG-medi-

ated p97 disassembly can occur within cells and does not occur
only using recombinant proteins or in cell lysates. Previous sub-
cellular fractionation and microscopy data show that most
endogenous TUG is present outside the nucleus (26), and data
here show that it is localized to the ERES/ERGIC (Fig. 5, above).
Therefore, we hypothesize that endogenous TUG may act at
this location, possibly by regulating p97 oligomerization and
activity.
To further investigate the role of TUG in p97-dependent

processes, we depleted TUG using transient transfection of
siRNA duplexes. Fig. 7A shows that �48 h after transfection,
�75% knockdown (KD) was achieved using each of two inde-
pendent TUG siRNAs (A and B), compared with a scrambled
control siRNA. Hsp90 and transferrin receptor were used as
cytoplasmic and membrane loading controls, and we did not
observe any cell death or alteration in cell growth. p97 abun-
dance was decreased by �5–10% in TUG KD samples, com-
pared with the controls. There was no large effect on GM130
abundance. Although knockdown of some UBX family mem-
bers can result in an accumulation of ubiquitylated substrates,
we did not observe this effect in TUG-depleted cells. We con-
clude that TUGKD slightly reduced p97 abundance but did not
affect the overall abundance of polyubiquitylated proteins.
We next tested if TUG depletion altered the subcellular dis-

tribution of p97. As expected, the TUG immunofluorescent
signal was reduced in cells treated with TUG siRNAs, as com-
paredwith those treatedwith a control siRNA (Fig. 7B). p97was
widely distributed throughout the nucleus and cytosol, and the
intensity and distribution of p97 staining were not altered by
TUG depletion. In addition, we did not observe the vacuoliza-

tion noted previously after more prolonged p97 knockdown
(52). Together, the data show that whereas TUG overexpres-
sion affected both ubiquitylated protein abundance and p97
targeting, TUG knockdown had no large effect on either of
these end points.
Other UBX proteins, such as p47 and p37, are well known to

recruit p97 activity to specific SNARE complexes and are impor-
tant for themaintenance ofGolgi structure (17, 18, 21, 53). There-
fore, we examined the requirement of TUG for Golgi structure,
using GM130 as a cis-Golgi marker (54). As shown in Fig. 8A,
siRNA-mediated TUG depletion slightly dispersed Golgi struc-
tures marked by GM130 staining. As noted earlier, TUG knock-
down did not affect GM130 abundance (Fig. 7A). Thus, the
reducedGM130peak intensity, observed by immunofluorescence
microscopy, was not due to reduced GM130 abundance. Rather,
the staining pattern was more diffuse, with reduced perinuclear
intensity, inTUG-depleted cells.Weobserved this effect very con-
sistently. We observed no effect of siRNA-mediated TUG deple-
tion on trafficking of VSV-G to the cell surface (supplemental Fig.
4). The data suggest that there may be subtle alterations in Golgi
morphology or dynamics in TUG-depleted cells.
To testmore directly if TUGdepletion altersGolgi dynamics,

we examined the reassembly of Golgi membranes after BFA
washout. Reassembly of the Golgi after mitosis and during
interphase requires p97 activity and homotypic membrane
fusion; reassembly after BFAwashout may also require p97, yet
this is less clear (55, 56). To study the requirement of TUG, we
treated HeLa cells with BFA for 1 h to induce Golgi fragmenta-
tion. We then removed BFA, allowed cells to recover for 1 h,
and imaged GM130 to assess Golgi integrity. As shown in Fig.
8B, cells treatedwith a control siRNAdemonstrated amoderate
degree of Golgi reformation, with dispersed GM130 observed
in most cells (Fig. 8B, top right panel). As a control, mock-
treated cells not exposed to BFA had intact Golgi complexes
(Fig. 8B, top left panel). After siRNA-mediated depletion of
TUG, Golgi structures were slightly more diffuse in the mock-

FIGURE 7. siRNA-mediated TUG depletion has no large effect on ubiquitylated protein abundance or p97 distribution. A, HeLa were transfected using
control (scrambled) siRNA, TUG siRNA A, or TUG siRNA B, as indicated, and were lysed 48 h after transfection. Proteins were separated by SDS-PAGE and
immunoblotted as indicated. Hsp90 and transferrin receptor were used as loading controls. B, endogenous TUG and p97 were imaged in HeLa cells using
indirect immunofluorescence and confocal microscopy. Cells were treated with the indicated siRNAs 48 h prior to fixation. Scale bar, 20 �m.

TUG Regulates p97 and Resides at the ERGIC

FEBRUARY 24, 2012 • VOLUME 287 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 6687

http://www.jbc.org/cgi/content/full/M111.284232/DC1
http://www.jbc.org/cgi/content/full/M111.284232/DC1


treated cells (Fig. 8B, bottom left panel), similar to results in Fig.
8A. Strikingly, Golgi reassembly after BFA removal was mark-
edly impaired in cells treated with the TUG siRNA (Fig. 8B,
bottom right panel). To quantify these data, we calculated a
ratio of perinuclear to whole-cell fluorescence intensities for
each of several cells under each condition. As shown in Fig. 8C,
this ratio was reduced in control cells after BFA washout, com-
pared with untreated control cells, consistent with incomplete
reassembly of Golgi complexes. This was expected because the
cells were given only 1 h to recover from BFA treatment;
indeed, we chose this time point precisely because recovery was
incomplete. In cells treated with TUG siRNA but not BFA, the
slight loss of compactness of GM130 staining did not result in a
significant decrease in the ratio of perinuclear to whole cell

fluorescence intensities. However, after BFA removal, this ratio
was significantly reduced in TUGKD cells compared with con-
trol cells (compare fourth bar with second bar). This defect in
Golgi reassembly remained significant even when untreated
TUG KD cells were normalized to untreated control cells, and
BFA-treated TUG KD cells were scaled accordingly. We con-
clude that TUG depletion caused a significant impairment in
the recovery of Golgi complexes after BFAwashout. These data
support the concept that TUG functions inmembrane traffick-
ing pathways important for Golgi dynamics.

DISCUSSION

Our data show that TUG regulates the oligomeric structure
of the p97 ATPase and that it resides at the ERGIC and ERES.

FIGURE 8. TUG depletion alters GM130 staining intensity and impairs Golgi reformation after brefeldin A washout. A, endogenous TUG and GM130 were
imaged using immunofluorescence and confocal microscopy of HeLa cells. Cells were treated with control siRNA, TUG siRNA A, or TUG siRNA B, as indicated,
for 48 h prior to fixation. B, HeLa cells were treated with control siRNA or TUG siRNA A for 48 h and then mock-treated or treated with BFA, as indicated. BFA was
used at 10 �g/ml at 37 °C for 1 h, and then cells were washed three times and allowed to recover in the absence of BFA for 1 h at 37 °C. Cells were then fixed and
stained to detect GM130 as in A. The experiment was repeated with similar results. C, images of cells in B were quantified. For each cell, the ratio of fluorescence
intensity in the perinuclear region to that of the entire cell was quantified. 19 –24 cells were analyzed per condition, and the mean ratio � S.E. (error bars) is
plotted. Statistical significance was assessed using a two-tailed t test. Scale bars, 20 �m.
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Nearly all TUG is complexed with p97 in cells. Because p97
hexamerization is essential for its ATPase activity (8, 57), the
data imply that TUG controls p97 activity on ERES/ERGIC
membranes. We examined p97-dependent processes in cells
and found that overexpressedTUGcan cause the accumulation
of ubiquitylated substrates. A physiologic role was revealed by
siRNA-mediated depletion, which showed that TUG was
required for efficient reassembly of Golgi complexes after
brefeldin A removal. Thus, we propose that it may control a
specific, p97-dependent step in membrane trafficking.
The data distinguish TUG from other members of the UBX

domain-containing protein family, which serve as p97 cofac-
tors. UBX proteins are thought to recruit p97 activity to partic-
ular substrate proteins and thus to mediate the disassembly of
protein complexes or to extract proteins from membranes. By
disassembling p97 hexamers, TUG may inhibit p97 action
rather than coupling it to a particular target. This action is fun-
damentally different from that of other UBX proteins and
appears to be conserved through evolution (29, 30).
The mammalian TUG-p97 interaction involves an extended

sequence comprising three regions of TUG and the N terminus
of p97. This interaction is also distinct from the bipartite bind-
ing employed by other UBXproteins (5). No protein containing
the three p97-interacting sites, UBL, SHP, and UBX, has been
described previously. The SHP box of p47 was recently identi-
fied as the most important region for p47-p97 binding, similar
to our results with TUG (58). It is remarkable that the TUG
UBX domain alone did not bind p97 in vitro because this
domain and its interaction with p97 have been considered a
defining feature of this family. Another UBX protein, UBXD1,
also lacks key residues in the UBX domain and binds p97
through a PUB domain (39, 59). Although TUG does not con-
tain a PUB domain, its predicted coiled-coil region apparently
stabilized a UBX-p97 interaction. Very recently, a VCP-inter-
acting motif has been defined (60, 61); this motif is not present
in TUG. Structural studies will be required to understand how
the TUG regions defined here cooperate to bind and regulate
p97.
We find that TUG regulates the oligomeric state of mamma-

lian p97, similar to the Arabidopsis protein PUX1, which regu-
lates oligomerization of AtCDC48 (29, 30). Indeed, a C-termi-
nal TUG fragment corresponding to PUX1 was both necessary
and sufficient to disassemble p97 hexamers. Although full-
length TUG also disassembled p97 hexamers in vitro, a possi-
bility is that N-terminal regions of TUG confer some regulation
on this process in vivo. Such regulation was not apparent using
recombinant TUG but could involve post-translational modifi-
cations or protein interactions of TUG and/or p97 in cells. The
control of p97 oligomeric state would be a unique mechanism
to regulate the activity of this ATPase, which, to our knowledge,
has not been described for any other member of the AAA
ATPase family.
Our data show thatTUGbinds to bothmonomeric andhexa-

meric p97. Themechanism for hexamer disassembly is unlikely
to be catalytic, because the molar amounts of TUG that were
required were similar to or greater than the molar amounts of
p97 monomer. It is unclear how p97 hexamer disassembly can
occur, given that TUG bound only to the N-terminal domain of

p97. The first ATPase domain (D1) of p97 is the region neces-
sary for hexamerization (10). ATP hydrolysis-related confor-
mational changes are coupled to adaptors through N-terminal
position changes (6, 9). Possibly, the reverse may also occur, so
that TUG binding to the p97 N terminus may impart confor-
mational changes to the D1 domain to mediate disassembly.
Because the nucleotide-bound state of the hexamer did not
affect monomer generation in vitro, such conformational
changes may occur independent of ATP-binding status.
Our data show that TUG is concentrated at the ERES/ER-

GIC, suggesting that it may disassemble p97 hexamers specifi-
cally at this location in cells. We observed marked p97 disas-
semblywhenTUGwas overexpressed by transient transfection,
possibly reflectingmorewidespread localization aswell as over-
expression of the transfected TUG protein. Transient transfec-
tion of TUG caused an accumulation of total ubiquitylated pro-
teins, as would be expected from such marked p97 disassembly
in cells. Although we did not observe an accumulation of ubiq-
uitylated substrates in TUG-depleted HeLa cells, specific ubiq-
uitylated substrates did accumulate in yeast lacking the putative
TUG ortholog, Ubx4p (62).
Overexpressed, full-length TUG localized primarily to the

nucleus and caused the nuclear accumulation of p97. Endoge-
nous p97 is known to localize to the nucleus (63), as do other
UBX cofactors, such as p47 (53). It is interesting to note that
putative TUG orthologs in Saccharomyces cerevisiae and
Caenorhabditis elegans are also reported to localize to the
nucleus in addition to the cytoplasm (see the Saccharomyces
Genome Database for YMR067C and WormBase for
B0024.10), and the yeast protein, Ubx4p, functions in endoplas-
mic reticulum-associated degradation as well as to control the
degradation of the Rbp1 subunit of RNA polymerase II (62, 64,
65). It may be that TUG, like other p97 cofactors, has functions
both within and outside the nucleus. We did observe a correla-
tion of TUG fragments that localized to the nucleus and TUG
fragments that are able to disassemble p97 hexamers. Thus, one
possibility is that hexamer disassembly is coupled to nuclear
import, perhaps suggesting that p97 must be monomeric to
pass throughnuclear pores.However, the physiologic relevance
of the TUG-p97 nuclear accumulation we observed remains
uncertain because the vast majority of endogenous TUG
resides outside of the nucleus. The idea that TUGmay regulate
p97 specifically at the ERES/ERGIC, when expressed at physi-
ologic levels, fits well with the established role of p97 to control
protein trafficking in the early secretory pathway (5, 21, 53, 56).
Our data implicate TUG in a trafficking pathway involved in

Golgi dynamics. Defects in Golgi reassembly are also observed
upon disruption of two other p97-interacting proteins, p37 and
p47, which couple p97 ATPase activity to SNARE proteins dur-
ing interphase and at the end of mitosis, respectively (19, 53).
Interestingly, the function of p47 is regulated by its sequestra-
tion in the nucleus. It may be that TUGmodulates p97 activity
to control membrane fusion in a similar manner. The Arabi-
dopsis protein, PUX1, was identified for its ability to bind the
plant ortholog of syntaxin 5 (29). TUG is not known to bind
particular SNARES, and we have been unable to demonstrate
an interaction between syntaxin 5 and TUG. However, in addi-
tion to UBX proteins, p97 also interacts with coat proteins such
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as clathrin (66), tethering proteins such as EEA1 (67), cargoes
destined for lysosomes (68), andmembrane-remodeling factors
in the autophagy pathway (69). Thus, TUG regulation of p97
activity could control any of a number of substrates involved in
membrane trafficking, which could function in Golgi structure
and reassembly.
The studies described here will also shed light on how

GLUT4 glucose transporters traffic in adipocytes. As noted
above, GLUT4 participates in what is probably a cell type-spe-
cific adaptation of amore general trafficking pathway present in
non-specialized cells. GLUT4 itself is a cargo that may not be
essential for the regulated trafficking of vesicles containing
these transporters (70, 71) but may enhance this response (72).
GLUT4 regulation has been thought to occur primarily at a
postendosomal or post-Golgi location (22). However, ERGIC/
ERES and cis-Golgi matrix proteins, such as p115 and Golgin-
160, are implicated in GLUT4 targeting to an intracellular,
insulin-responsive compartment, similar to TUG (24, 25, 73,
74). Comparable with our results in TUG-depleted cells,
VSV-G trafficking was not affected by Golgin-160 knockdown
(75) or expression of p115 mutants (76). Together with earlier
work (24), our present data raise the possibility that GLUT4
may participate in an unconventional secretion pathway (77).
Understanding the cell type specificity of this response and how
p97 may participate will require further studies.
In conclusion, our data show that TUG mediates p97 hex-

amer disassembly, localizes to the ERES/ERGIC, and is required
for efficient Golgi reformation after BFA removal. Targeting of
TUG and p97 to the nucleus may add an additional layer of
control to these processes. These actions are fundamental to
the control of subcellular organization and membrane dynam-
ics. Future work to study these effects will require structural
characterization of the p97-TUG interaction and identification
of other proteins that act together with TUG and p97 to medi-
ate membrane trafficking. The data here provide a basis for
these studies and contribute to understanding of howTUG and
p97 act coordinately to control cellular functions.
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