The EMBO Journal Vol.21 No. 21 pp.5645-5652, 2002

Direct binding of ubiquitin conjugates by the
mammalian p97 adaptor complexes, p47 and

Ufd1-Npl4

Hemmo H.Meyer’', Yanzhuang Wang and
Graham Warren

Department of Cell Biology, Yale University School of Medicine,
333 Cedar Street, SHM, C441, PO Box 208002, New Haven,
CT 06520-8002, USA

!Corresponding author
e-mail: hemmo.meyer@yale.edu

H.H.Meyer and Y.Wang contributed equally to this work

The multiple functions of the p97/Cdc48p ATPase can
be explained largely by adaptors that link its activity
to different cellular pathways, but how these adaptors
recognize different substrates is unclear. Here we pre-
sent evidence that the mammalian adaptors, p47 and
Ufd1-Npl4, both bind ubiquitin conjugates directly
and so link p97 to ubiquitylated substrates. In the
case of Ufd1-Npl4, which is involved in endoplasmic
reticulum (ER)-associated degradation and nuclear
envelope reassembly, binding to ubiquitin is mediated
through a putative zinc finger in Npl4. This novel
domain (NZF) is conserved in metazoa and is both
present and functional in other proteins. In the case of
p47, which is involved in the reassembly of the ER,
the nuclear envelope and the Golgi apparatus, binding
is mediated by a UBA domain. Unlike Ufd1-Npl4, it
binds ubiquitin only when complexed with p97, and
binds mono- rather than polyubiquitin conjugates.
The UBA domain is required for the function of p47
in mitotic Golgi reassembly. Together, these data
suggest that ubiquitin recognition is a common feature
of p97-mediated reactions.
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Introduction

The abundant AAA protein, p97/Cdc48p, is an essential
ATPase present in the cytoplasm, on membranes and in the
nucleus of eukaryotes from yeast to man (Patel and
Latterich, 1998). Since its discovery as a cell cycle arrest
mutant in yeast (Moir et al., 1982), a large number of
reports have shown its requirement or involvement in a
wide variety of cellular processes, including membrane
fusion events (Acharya et al., 1995; Latterich et al., 1995;
Rabouille et al., 1995; Roy et al., 2000; Hetzer et al.,
2001), apoptotic regulation (Madeo et al., 1999; Shirogane
et al., 1999), ubiquitin—proteasome-dependent degradation
of cytosolic proteins (Ghislain et al., 1996; Dai and Li,
2001), endoplasmic reticulum (ER)-associated degrad-
ation (ERAD) (Bays et al., 2001; Ye et al., 2001; Braun
et al., 2002; Jarosch et al., 2002; Rabinovich et al., 2002)
and regulated ubiquitin-dependent processing (RUP)
(Hitchcock et al., 2001; Rape et al., 2001). Though
many of these cellular processes appear to be unrelated,
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common aspects are emerging that point to a general
mechanism of p97/Cdc48p function.

One widely accepted aspect of p97 function is its ability
to exert mechanical force on substrate proteins. This is true
for other AAA-ATPases which can disassemble macro-
molecular complexes and unfold proteins (Ogura and
Wilkinson, 2001), and is particularly true for the p97
homolog, NSF, an AAA-ATPase that unravels stable
SNARE complexes during the membrane fusion cycle
(Sollner et al., 1993). The unfolding activity of p97 was
first shown for its archaebacterial homolog, VAT (Golbik
et al., 1999), and then for p97/Cdc48p in the ERAD and
RUP pathways, where it mediates the retro-translocation
or mobilization of substrate proteins by either pulling
them through the translocation pore into the cytoplasm
or separating them from integral membrane proteins
(reviewed in Bays and Hampton, 2002; Tsai et al., 2002).

Another aspect is the involvement of cofactors.
Although the relevance of p97/Cdc48p binding to partners
such as the yeast and mammalian Ufd3p/PLAP (Ghislain
et al., 1996; Seigneurin-Berny et al., 2001) and Ufd2
(Koegl et al., 1999; Meyer et al., 2000) has remained
elusive, at least two binding partners have been shown to
be crucial for p97-mediated reactions. The first, p47, is
required for p97-mediated membrane fusion events during
post-mitotic reassembly of Golgi stacks (Kondo et al.,
1997). It is thought to link p97 to the t-SNARE, syntaxin-
5, thereby catalyzing changes in SNARE complexes
needed for p97-mediated Golgi membrane fusion
(Rabouille et al., 1998). The second binding partner is a
heterodimeric complex of Ufdl and Npl4 (UN), first
isolated from rat liver cytosol using affinity methods
(Meyer et al., 2000). UN and p47 bind p97 in a mutually
exclusive manner. This observation raised the idea that
they represent adaptors that direct the unfolding activity of
p97 to substrates in different reactions, p47 functioning in
membrane fusion and UN in ubiquitin-dependent pro-
cesses (Meyer et al., 2000). This role for UN was first
suggested by the fact that mutations in UFD1 prevented
degradation of a ubiquitin fusion protein in yeast (Johnson
et al., 1995) and recently has been corroborated by
experiments showing that UN is required for the p97-
mediated reactions in two ubiquitin-dependent processes,
ERAD (Bays et al., 2001; Ye et al., 2001; Braun et al.,
2002; Jarosch et al., 2002) and RUP (Hitchcock et al.,
2001; Rape et al., 2001).

It was, therefore, a surprise to find that UN could also be
involved in membrane fusion events. p97 is needed for the
assembly of the nuclear envelope in Xenopus egg extracts
in a two-step process (Hetzer et al., 2001). The first step
requires p97-UN and leads to the formation of a closed
nuclear envelope. The second step involves the expansion
of this nuclear envelope and requires p97—p47. Since both
steps involve topologically identical fusion events, one
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Fig. 1. The p97 adaptor, Ufd1-Npl4, mediates binding to polyubiquityl-
ated proteins. Recombinant mammalian p97 (lanes 2—4), p47 (lane 5)
and Ufd1-Npl4 (UN, lane 6) were biotinylated and immobilized on
streptavidin—beads. The p97-beads were either used without further
treatment (lane 2) or first saturated with recombinant p47 or UN (lanes
3 and 4, respectively). The immobilized protein complexes were then
incubated with a Triton X-100 extract from HeLa cells and bound
proteins analyzed by western blotting using a ubiquitin-specific anti-
body (upper panel). The filter was also stained with Ponceau S to
visualize the immobilized proteins (lower panel). Note that only UN
efficiently binds polyubiquitylated proteins (pUb) either alone or in
combination with p97.

could argue that both adaptors carry out essentially the
same reaction, the need for different adaptors reflecting
subtle differences in detail such as the need to close
fenestrae in the first step but not the second (Burke, 2001).

In this study, we have, therefore, examined the
relationship between p97 adaptors and ubiquitin conju-
gates. Since UN has been implicated in ubiquitin-related
processes, we carried out experiments showing that this
adaptor does indeed bind to ubiquitin conjugates. Similar
experiments were then carried out using p47, with the
surprising result that this adaptor also bound ubiquitin
conjugates, though the binding domain and substrate
specificity were different. We also show that this binding
domain is needed for p97-p47-mediated reassembly of
Golgi cisternae.

Results

Mammalian Ufd1-Npl4 mediates p97 binding to
polyubiquitin conjugates

To study the binding of p97 adaptor complexes with
ubiquitin conjugates, we first tested their ability to bind
naturally occurring polyubiquitylated proteins (Figure 1).
Recombinant p97, p47 or UN were biotinylated and
immobilized on streptavidin—beads. p97 beads were used
either directly or after incubation with either p47 or UN.
The pre-assembled UN dimer was used in this and most of
the following experiments since Ufd1 and Npl4 bind p97
cooperatively (Meyer et al., 2000) and only the hetero-
dimer is functional (Hetzer et al., 2001). The coated beads
were incubated with a detergent extract from cultured
HeLa cells, and bound polyubiquitylated proteins were
detected by western blot analysis using anti-ubiquitin
antibodies (Figure 1, upper panel). The filters were also
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stained for total protein to show the amount of bait protein
used (Figure 1, lower panel). Control and p97-coated
beads bound very little, if any, polyubiquitylated proteins.
In contrast, UN, either alone or in a complex with p97, was
most effective, with ~10% of the input polyubiquitylated
proteins bound. On the other hand, p47, alone or in a
complex with p97, bound much less polyubiquitylated
proteins than UN, but slightly more than background
amounts. This experiment clearly shows that UN binds to
polyubiquitylated proteins, though there remains the
possibility that this interaction is indirect. It should also
be noted that the beads coated with p47 or UN extracted
p97 from the lysate, as expected (Figure 1, lower panel,
lanes 5 and 6; and immunodetection, data not shown).

UN and p47 bind directly to a mono-ubiquitylated
substrate

To test whether the adaptors could bind ubiquitin directly,
we carried out experiments using a model mono-
ubiquitylated substrate, ubiquitin fused to the N-terminus
of GST (Ub-GST). Ub-GST was expressed in bacteria
and therefore enabled us to study the interaction of the
adaptors with ubiquitin using pure proteins.

GST or Ub-GST was immobilized on glutathione
beads, incubated with different combinations of pure,
recombinant p97, p47 and UN, and analyzed for bound
proteins. As shown in Figure 2A, Ub—GST bound the
p97-p47 complex very efficiently (lane 7), typically
removing ~10% of the complex from the incubation.
This contrasts with the very weak binding of poly-
ubiquitylated proteins to p97-p47 (Figure 1), suggesting
that it has a much higher specificity for mono- than for
polyubiquitylated substrates. Furthermore, neither p97 nor
p47 alone bound significantly to Ub—GST (Figure 2A,
lanes 6 and 8). Since mapping experiments below locate
the ubiquitin-binding site to p47, this shows that binding of
p47 to Ub-GST is regulated by p97. The p97-UN complex
could also bind Ub-GST (lane 9) although slightly less
efficiently than p97—p47. Unlike p47, however, UN could
bind Ub-GST independently of p97 (lane 10).

To confirm that UN could recruit p97 to Ub—GST, we
carried out a two-step reaction in which Ub—GST was first
incubated with or without UN and then with p97. As
shown in Figure 2B, p97 was recruited only if UN was
present in the first incubation (compare lanes 1 and 4).
Similar incubations with p47 gave no binding (compare
lanes 1 and 2), in agreement with earlier results
(Figure 2A).

Binding to ubiquitin conjugates was also found to be
ATP independent since the absence or presence of ATP,
ATPYS or ADP did not influence complex formation
between Ub—GST and either p97—p47 or p97-UN (data not
shown).

Ubiquitin binding of p97-p47 is mediated by the
p47-UBA domain

p47 contains a peptide sequence of 45 amino acids at the
N-terminus (Figure 3A) with homology to the UBA motif
(Hofmann and Bucher, 1996) that was shown in the Rad23
protein and others to bind ubiquitin (Bertolaet et al., 2001;
Wilkinson et al., 2001). To test the role of this peptide
sequence in ubiquitin binding, we generated a p47 mutant
that lacked this domain [p47(AUBA)]. As shown in
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Fig. 2. The binding of p47 and UN to mono-ubiquitin is direct but dif-
ferentially regulated. (A) The indicated combinations of p97, p47 and
UN were incubated with either GST (lanes 1-5) or a ubiquitin-GST
fusion protein (Ub—GST, lanes 6-10) immobilized on glutathione—
beads. Bound material was analyzed by western blotting using specific
antibodies against the proteins indicated on the right; 5% of the input
was loaded as a reference (lanes 11 and 12). Note that p97 binds
Ub-GST efficiently only as a complex with either p47 (lane 7) or UN
(lane 9), and that UN (lane 10), but not p47 (lane 8), can bind Ub—-GST
independently of p97. (B) Binding and analysis were carried out as in
(A) but using sequential incubations. Ub—GST was first incubated with
p47 (lane 2) or UN (lane 4), and with p97—47 or p97-UN as a reference
(lanes 3 and 5). The beads were then washed and incubated with p97 as
indicated. Note that UN (lane 4), but not p47 (lane 2), binds Ub-GST,
stays bound during the washes and can then recruit p97 in the second
incubation (lane 4).

Figure 3B (upper panels), this mutant failed to bind
ubiquitin. This was not due to decreased binding of
p47(AUBA) to p97, since the mutant could bind equally
well to immobilized p97 as the wild-type p47 (Figure 3B,
lower panels). The UBA domain is also sufficient for
ubiquitin binding and able to compete with p97—p47(wt).
This was shown using a bacterially expressed peptide
representing the UBA domain of p47 (Figure 3C). When
increasing amounts of this peptide were titrated into
incubations containing p97-p47(wt) and immobilized
Ub-GST, the p97-p47 complex was displaced and the
peptide became bound (lanes 2—4). A control peptide, p47-
UBA(F41A), that contained a mutation equivalent to a
ubiquitin-binding mutant of the UBA2 domain in Rad23
(Bertolaet et al., 2001), bound less efficiently and com-
peted with p97-p47 to a lesser extent (Figure 3C, lanes
5-7). Conversely, the peptide representing the UBA2
domain of hhRad23 had the same effect as the p47
UBA(wt) peptide (compare lanes 2—4 with lanes 8—10).
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Fig. 3. The UBA domain of p47 is both necessary and sufficient for
mono-ubiquitin binding. (A) Schematic representation of the p47
domain structure with amino acid (aa) numbers indicated. p47 contains
a UBX domain at the C-terminus, that has a ubiquitin fold which con-
tributes to p97 binding (Yuan et al., 2001). The N-terminal 45 amino
acids constitute the UBA domain. (B) Upper panels: p97 was incubated
with immobilized Ub—GST either alone or in the presence of p47(wt)
or p47 lacking the UBA domain [p47(AUBA)]. Bound proteins were
analyzed by western blotting using specific antibodies to the proteins
indicated on the right. Note that the UBA domain is needed for binding
to Ub—GST. Lower panels: biotinylated p97 was incubated with p47 or
p47(AUBA) and complexes retrieved using streptavidin—beads. Note
that the UBA domain is not required for binding to p97. The panel on
the right shows 10% of input material used. (C) p97-p47 was bound to
immobilized Ub—GST in the absence (lane 1) or presence of increasing
amounts (5, 25 and 125 mol excess over p47) of peptides representing
different UBA domains: p47(wt) (lanes 2—4), p47(F41A) mutant (lanes
5-7) and the human homolog of Rad23 (hhRad23, lanes 8—10). Bound
material was analyzed by western blotting. Note that the p47(wt) and
the hhRad23 peptides bind Ub—GST directly and compete with the
p97—p47 complex, whereas the p47(F41A) mutant does so much less
efficiently.

Together, these data show that the UBA domain of p47
is both necessary and sufficient for binding to mono-
ubiquitin—~GST and that it does not contribute to the
interaction between p97 and p47.

The p47 UBA domain is required for reassembly
of Golgi cisternae

The identification of p47 as a ubiquitin-binding protein
was surprising, since the only known function of p47 is in
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Fig. 4. The p47 UBA domain is required for p97-p47-mediated
reassembly of cisternal membranes from MGFs. Rat liver Golgi
membranes were fragmented by treatment with mitotic HeLa cell
lysate, and MGFs were isolated. After incubation with purified p97
alone or in combination with p47(wt), p47(AUBA) or p47(F41A), the
samples were processed for electron microscopy and the percentage of
Golgi membranes in cisternae determined. Results are presented as the
mean percentage of cisternal regrowth (= SEM), where 0% represents
incubations with buffer alone (38 + 3% of membrane in cisternae) and
100% represents incubations with p97-p47(wt) (66 = 2% of membrane
in cisternae). Note that both deletion and mutation of the UBA domain
reduced the reassembly activity of p97-p47 by 75-80%.

membrane fusion reactions and this has never been linked
to the ubiquitin system. We therefore tested whether its
ability to bind ubiquitin is required for its activity in Golgi
membrane fusion. Mitotic Golgi fragments (MGFs) were
generated by treatment of rat liver Golgi membranes with
mitotic HeLa cytosol. After re-isolation, the membranes
were treated with N-ethylmaleimide (NEM) to inactivate
the two ATPases (NSF and p97) that independently can
catalyze cisternal reassembly (Rabouille et al., 1995).
These MGFs were then incubated with buffer or p97,
alone or in combination with p47(wt), p47(AUBA) or
p47(F41A), for 60 min at 37°C. The samples were
processed for electron microscopy and the extent of
cisternal regrowth determined using stereological pro-
cedures. As shown in the representative experiment in
Figure 4, only a combination of p97 and p47(wt) could
reassemble cisternae efficiently. Deletion of the UBA
domain [p47(AUBA)] reduced reassembly by 75-80%
compared with p47(wt). Even a single point mutation in
the full-length protein [p47(F41A)] that reduces the
affinity of the UBA domain for ubiquitin (Figure 3C) had
almost the same effect. These data strongly suggest that
ubiquitin recognition by the UBA domain is crucial for the
function of p47 in mediating Golgi membrane fusion.

A zinc finger motif in Npl4 represents a novel
ubiquitin-binding domain

We conducted a series of binding experiments with
fragments of Ufdl and Npl4 to identify domains that
were crucial for ubiquitin binding. We narrowed down the
region to the C-terminus of Npl4 which contained a
putative zinc finger domain (NZF, Figure 5A), and an
experiment characterizing this region is shown in
Figure 5B. GST-Ufdl was immobilized on beads and
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either used alone or saturated with Npl4(wt) or Npl4 with a
deletion of the zinc finger [Npl4(AZF)]. The zinc finger
alone, fused to GST (GST-NZF), was also immobilized.
The beads were then incubated with HeLa cell extract and
analyzed for binding of polyubiquitylated proteins. As
shown in Figure 5B, deletion of the zinc finger abolished
the ability of UN to bind ubiquitylated proteins (compare
lanes 3 and 4) which were also bound to the same extent by
the zinc finger alone (lane 5). The zinc finger did not
mediate the binding of UN to p97, as shown by two
experiments. First, western blot analysis of the precipitates
in Figure 5B showed that Npl4 stimulated the binding of
p97 to Ufd1 (compare lanes 2 and 3) (Meyer et al., 2000)
even when the zinc finger was lacking (lane 4). The zinc
finger alone did not bind any detectable p97 (lane 5).
Secondly, we performed the same binding experiment
using pure p97 instead of lysate and obtained essentially
the same result (Figure 5C). Npl4 with or without the zinc
finger stimulated the binding of p97 to Ufd1 to the same
extent (compare lane 2 with lanes 3 and 4), whereas the
zinc finger domain alone bound little if any p97 (lane 5).

To eliminate the possibility that ubiquitin binding by the
NZF domain was mediated indirectly via an unknown
factor in the lysate (Figure 5B), we performed experiments
using pure Ub—GST as a model substrate (Figure 5D).
Once again, the absence of the zinc finger prevented
binding of UN to Ub-GST (lane 10), which in turn
prevented recruitment of p97 to this mono-ubiquitylated
substrate (lane 12). Together, these data strongly suggest
that the zinc finger domain of Npl4 is both necessary and
sufficient for ubiquitin binding.

Homology searches for similar zinc fingers led us to
speculate that it might have the same function as putative
zinc finger motifs in the nuclear pore proteins, RanBP2
and nupl53, which bind RanGDP via this domain
(Nakielny et al., 1999; Yaseen and Blobel, 1999).
Database searches identified more proteins with similar
motifs, and some of these sequences are aligned in
Figure SE. To test the functional relevance of this
homology, we expressed the indicated peptides of Npl4,
TAKI1-binding proteins (TAB2), RanBP2, Vps36p, mdm2
and RBCK2 as GST fusion proteins and performed
binding experiments to polyubiquitylated proteins
(Figure 5F). Intriguingly, two of the peptides with highest
homology to Npl4 (Vps36p and RBCK2) bound poly-
ubiquitin as well as Npl4, whereas more distantly related
peptides (RanBP2 and mdm?2) did not bind. TAB2 bound
weakly, though consistently. Based on these findings, we
conclude that the NZF motif is not functionally related to
the RanBP2 zinc finger, but represents a novel ubiquitin-
binding domain conserved in other proteins.

The p47 UBA domain, but not the Npl4 NZF
domain, can inhibit polyubiquitylation of Ub-GST
The previous experiments suggested that p97—p47 binds to
mono-ubiquitylated proteins. Mono-ubiquitylation has
been shown to regulate the function of some substrates
rather than trigger degradation (Hicke, 2001). It has also
been shown that the UBA domain-containing protein
Rad23 can inhibit further ubiquitylation, thereby possibly
preventing degradation of its substrate by the proteasome
(Ortolan et al., 2000). We wanted to test this ability for the
p47-UBA and Npl4-NZF domains and took advantage of
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Fig. 5. The zinc finger of mammalian Npl4 (NZF) represents a novel, conserved ubiquitin-binding domain. (A) Domain structure of rat Ufd1 and Npl4:
Npl4 contains a single putative zinc finger motif in the C-terminal 29 amino acids (NZF). Ufd1 contains the N-terminal UT3 domain that putatively folds
as a double-yp-barrel and a UT6 domain that binds both p97 and Npl4. (B) GST-Ufd1 (GST-U) was immobilized on glutathione-beads and saturated
with either wild-type Npl4 [N(wt)] or Npl4 with a deletion of the zinc finger [N(AZF)]. A fusion protein comprising the Npl4 zinc finger alone
(GST-NZF) was also immobilized on glutathione-beads. The beads were then incubated with a detergent lysate from HeLa cells. GST served as a control.
Bound proteins were analyzed by western blotting for the presence of either polyubiquitin (upper panel) or p97 (lower panel). Note that the NZF was both
necessary and sufficient to mediate binding to polyubiquitylated proteins (pUb). (C) Beads prepared as in (B) were incubated with pure p97 and bound
fractions were analyzed by SDS-PAGE followed by Coomassie Blue staining. Ten percent of the input p97 used is shown in the lower panel. Note that the
NZF domain does not participate in p97 binding to UN. (D) GST or Ub—GST was immobilized on glutathione-beads and incubated with different com-
binations of Ufd1-Npl4 [UN(wt)], Ufd1-Npl4AZF [UN(AZF)] and p97 as indicated. Complexes were isolated and analyzed by western blotting using anti-
bodies specific to the proteins indicated on the right. Note that deletion of the zinc finger abolished binding to Ub—GST. (E) CLUSTAL_W alignment of
related zinc finger peptide sequences of different proteins indicated on the left. The rat sequence is identical to that for mouse and humans and is probably
representative of all mammals. (F) Peptides indicated with an asterisk in (E) were expressed as fusions with GST and incubated with a HeLa cell lysate.
Their ability to bind polyubiquitylated proteins was tested by western blot analysis. See Materials and methods for details.

(lane 4). The NZF domain, either alone or fused to GST,
had no effect (lanes 5 and 6), even when the concentration
was raised to three times that of the UBA peptide (data not
shown). These data suggest that the two domains have
different modes of interaction with this ubiquitin substrate
such that the UBA domain blocks further ubiquitylation,

the fact that Ub—GST is modified in vivo and in vitro by
multi-ubiquitin chains that are attached to specific lysine
residues within the ubiquitin moiety of the fusion protein
(Johnson et al., 1995; Koegl et al., 1999). Polyubiquityl-
ation also occurs when Ub-GST is expressed in a
reticulocyte lysate (Figure 6, lane 1). We confirmed that

the bands of higher molecular weight were indeed
ubiquitylated forms of Ub—GST by addition of methylated
ubiquitin (me-Ub) that cannot in turn be ubiquitylated, and
so reduces polyubiquitylation (lane 2). Addition of the
UBA peptide significantly inhibited the polyubiquitylation
of Ub—GST (lane 3), whereas the mutant UBA(F41A), that
has a lower affinity for Ub—GST (see Figure 3B), did not

whereas the NZF still allows it.

Discussion

Many lines of evidence link ubiquitin with p97/Cdc48p-
mediated processes, though the exact role of ubiquitin in
linking substrate recognition to the unfolding activity of
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Fig. 6. The UBA domain of p47, but not the zinc finger domain of
Npl4, inhibits polyubiquitylation of Ub-GST in vitro. Ub—GST was
expressed in a rabbit reticulocyte lysate in the absence or presence of
methylated ubiquitin (me-Ub, 20 uM) or 35 uM of the indicated pep-
tides: p47-UBA(wt), p47-UBA(F41A), Npl4-NZF peptide, a GST-NZF
fusion or GST. Samples were fractionated using SDS-PAGE and visua-
lized using a phosphoimager. The radiolabeled Ub—GST fusion protein
was polyubiquitylated under control conditions (Ub;_,) by factors
present in the lysate. Note that p47-UBA(wt) significantly inhibited
polyubiquitylation.

p97/Cdc48p is still controversial. It is also not clear
whether ubiquitin is required for all p97-mediated pro-
cesses. In this report, we have focused on two p97
adaptors, UN and p47, and provide direct, biochemical
evidence that both mediate the binding of p97 to ubiquitin
conjugates, albeit in different ways.

p47 binds to ubiquitin via the UBA domain at its
N-terminus. The UBA motif was discovered originally as a
motif present in a variety of proteins (Hofmann and
Bucher, 1996). It was found to bind ubiquitin in Rad23 and
other proteins (Bertolaet et al., 2001; Wilkinson et al.,
2001), although it is also involved in other protein—protein
interactions (Withers-Ward et al., 1997; Suyama et al.,
2000). We show that the UBA domain of p47 is both
necessary and sufficient to bind ubiquitin. The full-length
p47, however, can bind ubiquitin only when present in a
complex with p97, which suggests that binding to p97
activates the ubiquitin-binding site in p47. The p97-p47
complex has high specificity for the model mono-
ubiquitylated substrate, Ub—GST, and binds polyubiquitin
from cell lysates very inefficiently when compared with
p97-UN. We cannot exclude the possibility that the
small amount of polyubiquitin bound to p47 in Figure 1
represents a specific subclass of conjugates since the
specificity of UBA-containing proteins for polyubiquitin
complexes of different size and linkages is still under
debate (Buchberger, 2002).

The UBA domain of p47 is also essential for its function
in reassembling Golgi cisternae from MGFs. Both deletion
of the UBA domain and a point mutation that decreases its
affinity for ubiquitin reduced its activity by 75-80%,
arguing that ubiquitin recognition by p97-p47 plays a
crucial role in Golgi reassembly.

The ubiquitin-binding site in mammalian UN, on the
other hand, comprises a novel zinc finger motif at the
C-terminus of Npl4 that we term the NZF domain. The
NZF is a conserved motif present in Npl4 proteins of
higher eukaryotes and also found in other proteins. We
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show here that homologous peptide sequences of Vps36p,
RBCK2 and, to some extent, TAB2 can bind ubiquitin. We
speculate that the NZF motif plays an important role in the
function of these proteins. Vps36 was identified in a screen
for vacuolar protein sorting mutants and is likely to be
involved in the sorting of proteins into multivesicular
bodies, a process that has been shown to be ubiquitin
dependent (Katzmann et al., 2001). RBCK2 is also known
to be a ubiquitin conjugase-7-interacting protein, and
TAB2 is involved in the activation of IkB kinase (Wang
et al., 2001), a process dependent on the assembly of
ubiquitin chains with Lys63 linkages. It will be interesting
to determine whether the polyubiquitin conjugates bound
by TAB2 (Figure 5D) comprise chains with Lys63
linkages.

Ubiquitin binding by mammalian UN is regulated
differently to that of p47 in that it can bind mono- and
polyubiquitylated proteins and can do so independently of
p97, which can then be recruited to the conjugate. To date,
we have been able to detect little if any direct binding of
ubiquitin conjugates to p97 alone, in contrast to previous
reports (Dai and Li, 2001; Rape et al., 2001). This may
reflect the different substrates and different systems that
were used. p97 binding to ubiquitin conjugates in cell
extracts could always be mediated by adaptors in the
extract, so model substrates have to be used to demonstrate
direct binding. The problem then is the physiological
relevance of the model substrates that are used. Further
work is clearly needed before any general conclusions can
be drawn. For the moment, what we can say is that the two
adaptors we have studied dramatically enhance the ability
of p97 to bind to ubiquitin conjugates.

Our findings have important implications for the role of
these p97 adaptors. One possible view would be that both
help to recruit p97 to ubiquitylated substrates, however in
differently regulated manner (Figure 7). In the case of
p97-p47, our results are consistent with a role for mono-
ubiquitylation which has been found to be important for
the regulation of protein function rather than degradation
(Hicke, 2001). We show that p97-p47 binds Ub—-GST
more efficiently than polyubiquitylated proteins when
compared with UN. Furthermore, the p47-UBA domain
can inhibit further ubiquitylation of Ub—GST. The same
mechanism has been shown for the UBA domain protein
Rad23 (Ortolan et al., 2000), a protein involved in DNA
repair. It is important, however, to remember that Ub—-GST
represents a particular type of degradation substrate
(Johnson et al., 1995), and until more work is done it
will not be possible to generalize these results to physio-
logical mono-ubiquitylated substrates.

Ubiquitin binding by p47 was somewhat surprising
since p47 has also been shown to bind recombinant
syntaxin 5 (Rabouille er al., 1998), which should lack
bound ubiquitin. This suggests that p47 has two specifi-
cities, for syntaxin 5 and ubiquitin. An attractive, but
highly speculative, model would be that during the course
of the p97-p47-mediated membrane fusion, SNAREs are
ubiquitylated and then serve as substrates for p97—p47.
This would implicate ubiquitin as an unfolding signal.
Interestingly, a similar mechanism has been proposed for
Tsg101, a protein that recruits retroviral gag proteins into
membrane buds in a ubiquitin-dependent manner. Like
p47, Tsgl01 can bind both ubiquitin and its substrate, the



Fig. 7. Hypothetical model for the role played by p97 adaptors in
ubiquitin-mediated processes. p47 bound to p97 would bind to sub-
strates both directly and indirectly via mono-ubiquitin (using the UBA
domain). Binding would prevent further ubiquitylation. UN would bind
mono- or polyubiquitylated substrates via the zinc finger on Npl4 and
permit further ubiquitylation. UN would either bind as a complex with
p97 or would recruit p97 to the substrate (S).

gag protein, independently. It binds the conjugate, how-
ever, with a much higher affinity (Garrus et al., 2001).

A similar model can be proposed for UN (Figure 7),
with the added flexibility that it can bind to both mono-
and polyubiquitylated substrates. Thus it could bind to
mono-ubiquitylated substrates during nuclear reassembly,
catalyzing fusion reactions that differ subtly from those
catalyzed by p97-p47 (Burke, 2001). Alternatively, it
could bind to polyubiquitylated substrates such as those
that need to be removed from membranes during ERAD or
RUP. However, this simple model can only hold true for
higher eukaryotes, since yeast Npl4 does not have the NZF
motif. Such differences between yeast and higher
eukaryotes are not uncommon. We have shown that
yeast Vps36p contains the NZF domain but it is not present
in the human homolog CGI-145/EAP45. Furthermore, two
orthologs in the endocytic pathway, yeast Edelp and
human Epsl5, have non-homologous ubiquitin-binding
domains (Shih et al., 2002), indicating that recombination
of these domains between different proteins could have
occurred during evolution.

In conclusion, our data clearly show that both p47 and
UN mediate complex formation of p97 with ubiquitin
conjugates that are likely to be crucial intermediates in
p97-UN- and p97-p47-mediated reactions. They point to
ubiquitylation and ubiquitin recognition as a common
theme in p97-mediated processes. Present efforts are now
focused on identifying the ubiquitylated substrates.

Materials and methods

Expression and purification of proteins
All proteins used were expressed in Escherichia coli and purified to
homogeneity: p97 (Meyer et al., 2000), GST-Ufdl and Ufd1-Npl4

p47 and Ufd1-Npl4 bind ubiquitin conjugates directly

(Hetzer et al., 2001) were generated as described. Npl4(AZF) was
expressed with a deletion of amino acids 580-608 and purified as for
wild-type Npl4. p47(wt) and mutants were all expressed as His-tagged
proteins using pTrcHis-p47(wt) (Kondo et al., 1997) or derived
constructs: p47(AUBA) contains amino acids 46-370, p47-UBA contains
amino acids 1-45, and p47-UBA(F41A) represents p47-UBA with an
alanine at position 41. p47(wt) and mutants were purified from bacterial
lysates using Ni—agarose followed by gel filtration. DNA encoding amino
acids 319-363 of hhRAD23 was cloned into pTrcHisA (Invitrogen) to
generate UBA(hhRAD23). Ub—GST was expressed using the pET-Ub-V-
GST construct and codes for mouse ubiquitin(G76V) followed by a lacl
spacer sequence described in Johnson et al. (1995), fused to the
N-terminus of GST. DNAs encoding the following peptide sequences
were cloned into pGEX-4T (Amersham Pharmacia) to express them as
GST fusions: rat Npl4, amino acids 580—608; human TAB2, amino acids
664—693; human RanBP2, amino acids 1479-1507; Saccharomyces
cerevisiae Vps36p, amino acids 177-205; human mdm?2 protein, amino
acids 299-327; and rat RBCK2, amino acids 181-209. The NZF peptide
was generated by thrombin cleavage of GST-NZF and subsequent
purification.

Binding assays

All binding experiments were carried out at 4°C in 0.2 ml of binding
buffer (150 mM KCl, 50 mM HEPES pH 7.3, 2.5 mM MgCl,, 5%
glycerol, 2 mM B-mercaptoethanol, 0.1% Triton X-100, 1 mg/ml bovine
serum albumin). If not otherwise stated, 2 pug of GST or Ub—GST were
immobilized on 5 pl of glutathione—Sepharose (Amersham Pharmacia),
washed and incubated with 5 pg of p97 and/or 2 g of p47, UN or mutants
thereof for 1 h. If streptavidin beads were used, proteins were biotinylated
and immobilized as described (Meyer et al., 2000). When nucleotide was
used, it was added at 2 mM to the binding and washing buffers. The
matrix was then washed and bound protein was subjected to western blot
analysis. Specific antibodies were used as described (Meyer et al., 2000).
For studies of binding to polyubiquitylated proteins, HeLa cells were
grown exponentially, treated with 50 uM MGI132 (Calbiochem) for
30 min and suspended in lysis buffer (150 mM KCl, 50 mM HEPES
pH 7.3, 2.5 mM MgCl,, 5% glycerol, 0.5% Triton X-100, 2.5 mM NEM)
for 30 min. Lysates were cleared for 15 min at 10 000 g and NEM was
quenched with 5 mM dithiothreitol (DTT). A 100 pg aliquot of lysate
protein typically was incubated with 2 pg of immobilized protein.
Ubiquitin conjugates were detected by western blot using an anti-
ubiquitin antibody (Sigma U5379).

Ubiquitylation assay

Ub-GST was expressed and radiolabeled with [33S]methionine for 45 min
in rabbit reticulocyte lysate using the Promega TNT Kit according to the
manufacturer’s instructions. pET-Ub-V-GST (see above) was used as a
DNA template. Peptide inhibitors were present as indicated from the start
of the reaction. Unmodified and ubiquitylated Ub—GST was analyzed by
SDS-PAGE and detected with a phosphoimager (Molecular Dynamics).
Methylated ubiquitin was purchased from Calbiochem.

Golgi reassembly assay

The Golgi reassembly assay was performed as described previously
(Rabouille et al., 1995). Endogenous NSF and p97 were inactivated by
treatment with 2.5 mM NEM for 15 min, followed by quenching with
5 mM DTT, and the mitotic membranes then reisolated. After incubation
for 60 min at 37°C with pre-formed complexes of rat liver p97 (100 ng/ul)
and recombinant wild-type p47 or mutants (25 ng/ul), samples were fixed,
processed for electron microscopy and cisternal regrowth quantitated as
described in Rabouille et al. (1995).
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