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p47 is a major adaptor molecule of the cytosolic AAA
ATPase p97. The principal role of the p97-p47 complex
is in regulation of membrane fusion events. Mono-ubiqui-
tin recognition by p47 has also been shown to be crucial in
the p97-p47-mediated Golgi membrane fusion events.
Here, we describe the high-resolution solution structures
of the N-terminal UBA domain and the central domain
(SEP) from p47. The p47 UBA domain has the character-
istic three-helix bundle fold and forms a highly stable
complex with ubiquitin. We report the interaction surfaces
of the two proteins and present a structure for the p47
UBA-ubiquitin complex. The p47 SEP domain adopts a
novel fold with a pppoap secondary structure arrangement,
where f4 pairs in a parallel fashion to pl1. Based on
biophysical studies, we demonstrate a clear propensity
for the self-association of p47. Furthermore, p97 N binding
abolishes p47 self-association, revealing the potential in-
teraction surfaces for recognition of other domains within
p97 or the substrate.
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Introduction

p47 was first identified in complex with the ATPase p97, in rat
liver cytosol (Kondo et al, 1997). p97 belongs to the family of
ATPases Associated with different cellular Activities (AAA)
(Patel and Latterich, 1998) and utilises specific adaptor
molecules in the regulation of various cellular pathways.
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Several p97 cofactors have been identified so far and include
p47, the heterodimer Ufd1-Npl4, SVIP (small VCP/p97-inter-
acting protein) and VCIP135 (Meyer et al, 2000; Uchiyama
et al, 2002; Nagahama et al, 2003). p47 is required for the p97-
regulated membrane reassembly of the endoplasmic reticulum
(ER), the nuclear envelope and the Golgi apparatus (Acharya
et al, 1995; Latterich et al, 1995; Rabouille et al, 1995; Kondo
et al, 1997; Patel et al, 1998; Roy et al, 2000; Hetzer et al, 2001).
It is thought to assist p97 in the disassociation of postfusion
Golgi membrane surface receptor complexes, specifically syn-
taxin 5, using the energy from p97 ATP hydrolysis or binding,
and prepare them for further rounds of membrane fusion
(Rabouille et al, 1998). Interestingly, it has recently been
reported that this process requires the recognition of mono-
ubiquitin by the N-terminal UBA domain within p47 (Meyer
et al, 2002). It is plausible that ubiquitin serves as a regulatory
signal for the structural alteration and relocation of syntaxin 5
complexes. Furthermore, VCIP135 has been shown to bind to
the p97/p47/syntaxin 5 complex and dissociate it during p97-
catalysed ATP hydrolysis (Uchiyama et al, 2002).

An atomic detailed understanding of adaptor-p97 interac-
tions and the mechanisms by which these molecules modify
p97 function has yet to be characterised. A p97 monomer
comprises three domains, an N-terminal domain (N) fol-
lowed by two AAA domains, termed D1 and D2. Structural
studies using crystallography and electron microscopy have
shown that the D1 and D2 domains are responsible for the
formation of a hexamer, while domain N is located at the
perimeter of the hexameric ring and exhibits some degree of
flexibility (Rockel et al, 1999; Rouiller et al, 2000; Zhang et al,
2000; Beuron et al, 2003). p47 can exist as a trimer and, in the
presence of p97, it has been shown that one p47 trimer can
form a highly stable complex with one hexamer of p97
(Kondo et al, 1997). In contrast to this observation, a cryo-
electron microscopic (cryo-EM) study has suggested that, in
the presence of ATP, six p47 molecules bind to the perimeter
of the p97 hexamer ring, and that the six flexible p97 N
domains become locked into a more rigid conformation
(Rouiller et al, 2000).

In this study, we present high-resolution solution struc-
tures of the two remaining p47 domains. The UBA domain
spans residues 1-45, adopts a characteristic three-helix bun-
dle and forms a specific complex with ubiquitin. We also
define the complete interaction surfaces and present a struc-
tural model for the p47 UBA-ubiquitin complex. The central
domain spans residues 179-246 and it is present in all p47
sequences, the p47 homologue, shpl from Saccharomyces
cerevisiae (Zhang et al, 1995) and eyes closed gene (eyc)
from Drosophila melanogaster (Sang and Ready, 2002). It was
therefore recently named as the SEP domain, after shpl, eyc
and p47 (SMART accession number SM00553; Schultz et al,
2000). The p47 SEP domain adopts a novel fold with a
BBPoaf secondary structure arrangement, where 4 packs
parallel to B1. The SEP-UBX region of p47 shows a clear
tendency for specific self-association that could be responsi-
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ble for p47 trimerisation both in vivo and in vitro. In addition,
the p47 SEP-UBX construct forms a stable complex with the
p97 N domain and, at the same time, its self-association is
completely abolished. This is particularly intriguing as it may
have implications for the mechanism of p47-adapted p97
function.

Results and discussion

p47 is a 40.7kDa protein comprising 370 amino-acid resi-
dues. For NMR studies and based on solubility characteris-
tics, we dissected the protein into several constructs
(Figure 1). According to secondary structure prediction, p47
contains a small a-helical domain at its N-terminus that has
similarity to the UBA domain (Smart accession number
SMO00165; Schultz et al, 2000). Initial NMR analyses indicate
that residues 1-45 of the p47(1-174) construct contain three
helices, whereas line width, chemical shift and NOE data
indicate that residues 46-174 are completely unstructured.
The p47(171-370) fragment is composed of two predicted
domains, the most C-terminal of which is the UBX domain
(residues 286-370). The structure of this domain has been
previously reported and adopts a ubiquitin-like fold
(Buchberger et al, 2001; Yuan et al, 2001). Intriguingly, the
central SEP domain from p47 comprising residues 179-246
has little sequence homology with other proteins and no
known function.
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Solution structure of the p47 UBA domain

The family of NMR structures for p47 UBA domain is shown
in Figure 2A. The 10 final structures were selected from the
100 calculated based on agreement with the experimental
data and overall structural quality, with no NOE violations
greater than 0.5A and no torsion angle violations greater
than 5°. Structure calculation statistics and structural quality
evaluated using the program PROCHECK_NMR (Laskowski
et al, 1996) are summarised in Table I. The p47 UBA domain
adopts the characteristic UBA fold that comprises a compact

p47 full length
p47 (1-174)
p4a7 (171-370)
pa7 (171-270)
p47 (171-248)

PpAT (286-370)

Figure 1 Schematic representation of the domain structure of full-
length rat p47 and fragments used in this study.
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Figure 2 Solution structures of p47 UBA domain. (A) C, traces representing the superimposition of the 10 refined p47 UBA domain structures.
(B) Ribbon representation of p47 UBA domain for the orientation displayed in (A). (C) 'H- 15N HSQC spectrum of the p47(1-174) fragment with
UBA domain and unstructured region assignments. (D) Sequence alignment and topology for p47 UBA domain. The approximate location of
secondary structure elements is indicated; helices are delineated as tubes. Principal residues at the UBA-ubiquitin interface are shaded red and

conserved hydrophobic residues are highlighted in yellow.
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p47 UBA domain p47 SEP domain

Number of experimental restraints (all)
NOE-derived
Intraresidue
Sequential
Medium range (|i—j|<4)
Long range (|i—j|>4)
Hydrogen bonds
Talos (¢/ )

RMSD from experimental restraints
Distance (A)
Dihedral angle (deg)

RMSD from idealized covalent geometry
Bonds (A)
Angles (deg)

Energies (kcal/mol)
Enok
Ebond
Eangle

Evdw

Coordinate RMSD (A)
All backbone atoms
All heavy atoms

Ramachandran plot®
Residues in most favoured regions (%)
Residues in additionally allowed regions (%)
Residues in generously allowed regions (%)
Residues in disallowed regions (%)

1011 1154
290 521
231 240
201 77
187 200
44 40
58 76

0.044 +0.0024
0.90+0.1526

0.046+0.0018
0.6324+0.159

0.0049 +0.0003 0.0044 +0.00011

0.60+0.022 0.543+0.016
59.3+6.7 33.845.2
9.0+2.2 5.86+1.3
59.8+4.5 77.1+3.8
42.5+4.1 71.54+4.6
Residues 3-42 Residues 11-65
0.17 0.566
0.58 1.196
88.5 71.2
8.5 24.2
2.9 4.3
0.0 0.2

Structural quality was evaluated using PROCHECK_NMR (Laskowski et al, 1996).

three-helix bundle (see Figure 2B). The closest structure to
p47 UBA as searched in the DALI structure database (Holm
and Sander, 1995) is the crystal structure of the UBA domain
from the elongation factor Tu (PDB code lefu; Kawashima
et al, 1996), with a z score of 5.1 and an RMSD of 1.7 A over
41 equivalent Co atoms.

The UBA domain is a common sequence motif that
occurs 555 times in 457 proteins (Schultz et al, 2000), and
is found in many proteins of the ubiquitination pathway,
UV excision repair, cell-signalling pathways and cell-cycle
control (Hofmann and Bucher, 1996). Specific examples of
UBA-containing proteins include p62, the phosphotyrosine-
independent ligand of the SH2 domain of p56(Ick)
(Vadlamudi et al, 1996), the DNA repair protein HHR23A
(the human homologue of yeast Rad23A) (Withers-Ward et al,
2000) and the protein nuclear export factor 1 (Tap/NXF1)
(Grant et al, 2003). It has been well documented that UBA
domains are able to bind to ubiquitin or multi-ubiquitin
chains (Bertolaet et al, 2001b; Chen et al, 2001; Wilkinson
et al, 2001; Raasi and Pickart, 2003). The UBA domain from
p47 binds specifically to mono-ubiquitin and prevents further
extension of the ubiquitin chain (Meyer et al, 2002). A
multiple sequence alignment of selected UBA domains is
illustrated in Figure 2D. It is striking that a number of highly
conserved hydrophobic residues form a hydrophobic surface
patch that has been predicted to be a common binding site,
possibly for ubiquitin (Mueller and Feigon, 2002; Grant et al,
2003), but a detailed atomic picture of this interaction has yet
to be reported.

©2004 European Molecular Biology Organization

Structural studies of the p47 UBA-ubiquitin complex
Meyer et al (2002) have shown that the UBA domain from p47
is able to bind mono-ubiquitin preferentially and inhibit poly-
ubiquitination. Since the high-resolution structure of a UBA-
ubiquitin complex has yet to be reported, we performed NMR
titration experiments in order to probe this. Figure 3A shows
the sequence dependence of combined chemical shift devia-
tions for the backbone °N and 'Hy resonances of °N-p47
UBA and '*N-ubiquitin in the presence of ubiquitin and p47
UBA, respectively. A number of clustered amide resonances
move or broaden upon addition of the binding partner,
signifying a likely contact, while the majority of the spectrum
remains unchanged. The ubiquitin-binding surface of p47 lies
solely in the UBA domain, as no resonance within the
unstructured linker is perturbed. Estimation of dissociation
constant based on the tracking of peak movements is con-
sistent with the literature studies of UBA-ubiquitin interac-
tions (Kp>10uM) (Bertolaet et al, 2001).

The chemical shift perturbation studies delineated clear
interaction surfaces in the p47 UBA-ubiquitin complex
(shown in Figure 3), making this highly suitable for structure
calculation using the HADDOCK approach (Dominguez et al,
2003). The family of final structures had the lowest inter-
molecular energy (—420.56 kcal/mol) and the highest buried
surface area (1265 A?). The average pairwise RMSDs for this
cluster is 1.04+0.2 A for the backbone and 1.4+0.3 A for all
heavy atoms (Figure 4). Analysis of the p47 UBA-ubiquitin
interface reveals that o1, a3 and loop 1 within p47 UBA form
the interface, with o3, being the principal contact face. In a3
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Figure 3 Identification of the mutual interaction surfaces for p47 UBA and ubiquitin. (A) Sequence dependence of the combined chemical shift
deviations (A8) for the backbone '°N and 'Hy resonances of *N-ubiquitin in the presence of p47 UBA. (B) Sequence dependence of the
combined chemical shift deviations (A8) for the backbone >N and 'Hy resonances of 15N—p47 UBA in the presence of ubiquitin. (C) Ribbon
representation of ubiquitin, with residues experiencing greater than average combined 'H/'*N chemical shift perturbations coloured red. (D)
Ribbon representation of p47 UBA, with residues experiencing greater than average combined 'H/'°N chemical shift perturbations coloured

red.

hydrophobic side chains of L34, L38 and Y42 make numerous
contacts with several ubiquitin side chains, including those of
L8, R42, 144 G47, H68 and V70. Furthermore, mutation of the
adjacent F41 in p47 eliminates ubiquitin binding (Meyer et al,
2002). The primary side chain from the helix a1/loop 1 region
is V15, which interacts with a surface hydrophobic region
delineated by L8, H68, 144 and V70 in ubiquitin.

One of the most striking observations is that similar
regions within ubiquitin and ubiquitin-like domains are im-
plicated in the interaction within several related complexes,
including CUE-ubiquitin (Kang et al, 2003; Prag et al, 2003;
Shih et al, 2003) and intramolecular interactions within the
multi-ubiquitin chains (Cook et al, 1992, 1994; Cummings
et al, 1995; Beal et al, 1998; Phillips et al, 2001; Varadan et al,
2002). The CUE domain is a small protein that has a role in
mono- and poly-ubiquitin recognition, as well as facilitating
intramolecular mono-ubiquitination. The CUE domain forms
a three-helix bundle that, despite no clear sequence homo-
logy, is reminiscent of the classic UBA fold (Figure 4C). The
CUE domain binds ubiquitin via two principal motifs within
the N- and C-terminal helices. These highly conserved, inter-
facial sequence motifs, namely the N-terminal MFP motif and
the C-terminal di-leucine, could also be identified within
some members of the UBA family, corresponding to MGF/Y
and di-leucine (Kang et al, 2003; Prag et al, 2003; Shih et al,

VOL 23 | NO 7 | 2004

2003). These residues lie at the heart of the CUE-ubiquitin
interface and were postulated also to be involved in UBA-
ubiquitin interactions. Although p47 UBA does not possess
this precise family signature, VTGA replaces MGF/Y and the
leucine repeat is exchanged for FY; our structural model for
the p47 UBA-ubiquitin complex places these residues at the
critical interface in an analogous fashion to the CUE-ubiqui-
tin interaction. The average p47 UBA-ubiquitin structure
superimposes within a backbone RMSD of 2.4 A over 100
equivalent residues from the yeast CUE2-1 domain-ubiquitin
complex (Figure 4C) (Kang et al, 2003). Furthermore, our
model concurs with mutagenesis data, in which modification
of the glycine in loop 1 and second leucine in di-leucine
within UBA domains reduces ubiquitin binding (Bertolaet
et al, 2001; Wilkinson et al, 2001). Our comparison of the
CUE-ubiquitin and p47 UBA-ubiquitin complexes validates
the proposal that UBA and CUE domains share a similar
mode of ubiquitin recognition (Kang et al, 2003; Prag et al,
2003; Shih et al, 2003).

Also noteworthy is the similarity with the ubiquitin inter-
face in K48-linked di-ubiquitin (Cook et al, 1992, 1994;
Cummings et al, 1995; Beal et al, 1998; Phillips et al, 2001;
Varadan et al, 2002). In the structure of K48-linked di-
ubiquitin (Figure 4D), several hydrophobic (L8, 144 and
V70) and basic residues (R42 and R72) are positioned at

©2004 European Molecular Biology Organization



Structure and interactions of p47
X Yuan et al

Figure 4 Comparison of p47 UBA-ubiquitin, CUE-ubiquitin and di-ubiquitin structures. (A) C, traces representing the superimposition of the
10 refined p47 UBA-ubiquitin complex structures using the HADDOCK approach. p47 UBA is shown in gold and ubiquitin in green. (B) Ribbon
representation of the p47 UBA-ubiquitin complex. (C) Ribbon representation of the structure of the yeast CUE2-1 domain-ubiquitin complex in
the same orientation as in (B). The CUE domain is shown in purple (Kang et al, 2003; Shih et al, 2003). (D) Ribbon representation of the
structure of Lys48-linked di-ubiquitin in the same orientation as in (B) (Cook et al, 1992, 1994; Cummings et al, 1995; Beal et al, 1998; Phillips

et al, 2001; Varadan et al, 2002).

the interface in both crystal and solution forms. It can be seen
that the nature of this interface overlaps with that of p47
UBA-ubiquitin, which provides a possible explanation for the
inhibitory effect of p47 UBA in poly-ubiquitination of mono-
ubiquitinated substrates (Meyer et al, 2002). In this scenario,
p47 UBA could compete for this surface and block extension
of the ubiquitin chain (Figure 4).

Solution structure of the p47 SEP domain

p47 SEP domain spans residues 179-246 (SMART accession
number SM00553; Schultz et al, 2000) and its structure,
presented here, is the first to be reported for this sequence
family. The sequence alignment for the SEP domain family is
shown in Figure 5D. In addition to p47 homologues and
sequences of unknown function, a notable member of this
family includes undulin 2 (Just et al, 1991). Undulin 2 is an
extracellular matrix glycoprotein that comprises two fibro-
nectin type III domains and a potential SEP domain at its
C-terminus.

For the SEP domain, a total of 1038 structurally significant
NOE-derived interproton distance constraints, 40 distance
restraints for backbone hydrogen bonds and 76 ¢/¢ dihedral
angle restraints were used for the structure determination.
The 10 lowest energy structures were chosen from a total
of 100 calculated, based on agreement with experimental
data and structural quality. In the final family of structures,
shown in Figure 5A, no NOE violation greater than 0.4 A
and no torsion angle violation greater than 5° were allowed.

©2004 European Molecular Biology Organization

The statistics for the structure determination are summarised
in Table I. The secondary structure arrangement of the p47
SEP domain is BBPaap, where strand 4 pairs parallel to 1
(Figure 5B). The longer helix ol packs against the four-
stranded B-sheet, where as the shorter helix o2 is located at
one edge of the globular structure formed by 1 and the four-
stranded B sheet. A number of highly conserved hydrophobic
residues are present in the SEP domain (see the sequence
alignment in Figure 5D), which are predominantly buried and
form the hydrophobic core. A search in the DALI database
(Holm and Sander, 1995) revealed no similar structure to the
p47 SEP domain, suggesting a novel fold.

Self-association of p47 and interaction with p97 N
Initial NMR structural studies on p47 were carried out with
the p47(171-370) construct that contains both SEP and UBX
domains. UBX assignments were already completed in our
earlier report (Yuan et al, 2001) and it was therefore straight-
forward to re-assign all the UBX signals in the 'H-'*N HSQC
spectrum of p47(171-370). There are no changes observed in
the UBX resonances when present in the longer fragment,
implying that no significant interaction exists between the
two domains. In order to quantify the relaxation properties
of p47(171-370), *°N relaxation data sets (T;, T, and hetero-
nuclear 'H-'°N NOE) were measured and analysed using the
model-free approach (Lipari and Szabo, 1982a, b); these are
shown in Figure 6.
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Figure 5 Solution structures of p47 SEP domain. (A) C, traces representing the superimposition of the 10 refined p47 SEP domain structures.
(B) Ribbon representation of the structure of p47 SEP domain for the orientation displayed in (A). (C) "H-'°N HSQC spectrum of the p47(171-
270) fragment with SEP domain assignments indicated. (D) Sequence alignment and topology for p47 SEP domain. The approximate location of
secondary structure elements is indicated; helices are delineated as tubes and strands as arrows. Numbering is consistent with full-length rat

p47. Conserved hydrophobic residues are highlighted in yellow.

Although there is chemical shift evidence (BRMB acces-
sion number 5874) for helical propensity between residues
276 and 289, the T;, T, and NOE values measured for
resolved resonances indicate that parts of the linker region
exhibit flexibility in solution. Surprisingly, the small SEP
domain (67 residues—~7.5kDa) has very high overall tum-
bling time, 7, =11.4ns, which is appreciably larger than
expected for an independently tumbling 7.5kDa domain
(tm~4-61ns). One explanation for this would be the multi-
merisation or self-association of the SEP domain or proximal
regions within p47(171-370). Since NOE contacts between
SEP and UBX domains are not observed in the free p47(171-
370) construct, a direct interaction between SEP and UBX is
unlikely. The overall tumbling time for the UBX is also
somewhat longer than expected for an independent 10 kDa
domain (9.6 ns compared to 5-7 ns). This systematic increase
could either be due to the UBX domain being tethered to a
severely self-associated SEP domain or a second self-associa-
tion determinant within UBX.

VOL 23 | NO 7 | 2004

In our previous report, we identified the p97 N-binding site
within the p47 UBX domain, which comprises part of the five-
stranded B-sheet of the ubiquitin-like fold. Furthermore,
previous studies have identified a second p97-binding site
within either the SEP domain or the SEP-UBX linker
(Uchiyama et al, 2002). Several striking observations are
observed in the relaxation data when the p97 N titration is
performed with the longer p47(171-370) fragment. First,
the overall tumbling of UBX slows dramatically from 9.6 to
20.6 ns upon p97 N binding, which is highly consistent with
the correlation time expected for an independent 35kDa
UBX-p97 N complex (Yuan et al, 2001). Quite the reverse is
true for the SEP domain since the relaxation parameters
remarkably transform to values consistent with a single,
independently tumbling 7.5 kDa moiety. The overall correla-
tion time of the SEP domain drops to 6.4ns, from 11.4ns,
indicating that the observed self-association is abolished in
the presence of p97 N (Figure 6). Finally, p97 N binding
induces severe broadening of resonances within the linker

©2004 European Molecular Biology Organization
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Figure 6 Sequence dependence of the 5N-relaxation data. (A) Sequence dependence of T;, T, and NOE values for free p47(171-370). (B)
Sequence dependence of T, T, and NOE values for p47(171-370) in complex with p97 N. The average T; and T, values for each domain in free
p47(171-370) are also indicated as dotted lines. (C) Chemical shift mapping for the p47(171-370) fragment. Combined chemical shift
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the interface appear in the °

between UBX and SEP, indicating that it exhibits conforma-
tional exchange on an intermediate timescale possibly by
forming a direct interaction with p97 N, consistent with
recent observations of a second p97-binding site (Uchiyama
et al, 2002).

The interaction of p47(171-370) with p97 N was further
explored by comparing the backbone amide chemical shifts
in free p47(171-370) and p97 N-bound p47(171-370) (Figure
6C). A 'H-'N HSQC spectrum was recorded for each system
under identical experimental conditions. Chemical shift per-
turbations within the UBX domain are primarily the result of
the well-characterised interaction with p97 N (Yuan et al,
2001), but there are also significant chemical shift differences
observed within the SEP domain. Most notably, residues
N206, Q208, F209, A220, E221, R224, A226, H227, G228,
G229, Q230, L233 and D237 show significant chemical shift
changes upon p97 N-UBX binding (Figure 6C). These resi-
dues form part of a region formed by helix a1, a2 and edge of
4, but all lie on one face of the molecule. In order to assess
whether a direct interaction existed between the SEP domain
and p97 N, a cross-saturation experiment was performed
with deuterated p47(171-370) in the presence of unlabelled
p97 N. Selective irradiation of the aliphatic region in p97 N
while observing the magnetisation transfer to the amides of
*H-p47(171-370) reveals unambiguously the interaction in-
terface (Lane et al, 2001). As expected, the difference spec-
trum reveals amides from the UBX domain (Figure 6D),
which concur with our published binding-site identification
(Yuan et al, 2001). Additional resonances that are not attri-
butable to the UBX or SEP domains are also observed and
point towards an interaction of p97 N with the SEP-UBX
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N-'H HSQC spectra, and are predominantly observed in the UBX domain.

linker. The complete absence of SEP resonances in this
spectrum indicates that direct interaction between p47 SEP
and p97 N is unlikely and the chemical shift differences
observed in Figure 6C are expected to be a result of dissocia-
tion of the fragment to monodispersed species or the proxi-
mity of a p97 N/SEP-UBX linker interaction.

The self-association properties of the p47(171-370) frag-
ment were further investigated by performing a series of
crosslinking experiments with disuccinimidyl suberate
(DSS). Figure 7A shows the SDS-PAGE of the crosslinked
reactions for full-length p47 and the various fragments shown
in Figure 1. In line with our NMR data, the fragment contain-
ing the UBA domain does not form significant amounts of
crosslinked product, suggesting that there is no tendency to
self-associate. The fragment containing both SEP and UBX
domains shows a similar profile to full-length p47 in that
populations of crosslinked dimers and trimers are detected,
signifying that this fragment has a significant propensity to
self-associate. This is in agreement with NMR relaxation data
and early reports that full-length p47 can exist as a trimer
(Kondo et al, 1997). In order to provide further evidence of
a specific interaction within self-associated p47 species, we
quantified their molecular weight by nano-electrospray mass
spectrometry (Nettleton et al, 1998). Figure 7B clearly in-
dicates the presence of multimeric species of p47(171-370)
up to tetramer. The SEP-UBX fragment was then dissected
into p47(171-285) and p47(286-370) constructs encompass-
ing the SEP and UBX domains, respectively. Crosslinked
products could also be identified in both p47(171-285) and
p47(286-370) fragments, indicating the presence of two
self-association determinants. Two-site contact between p47
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Figure 7 Self-association properties of p47. (A) SDS-PAGE of crosslinked experiments for full-length rat p47 containing UBA, SEP and UBX
domains, p47(1-170) containing the UBA domain, p47(171-370) containing the SEP and UBX domains, p47(171-285) containing SEP domain
and p47(286-370) containing the UBX domain. (B) Electrospray mass spectrum of p47(171-370). Peaks corresponding in mass to monomer

(M), dimer (D), trimer (Tr) and tetramer (T) can be observed.

molecules provides an explanation for the observation of
dimers, trimers and tetramers in the mass spectrum of
p47(171-370) (Figures 7A and B). Analysis of NMR relaxation
data for the p47(171-270) fragment gives an overall correla-
tion time of ~11ns for the SEP domain, which indicates
self-associating properties identical to the free SEP-UBX
construct. Interestingly, a monomeric status can be generated
by removal of the 24-amino-acid residues C-terminal to the
SEP domain, which implicates this region of the SEP-UBX
linker in self-association. In the context of p47(171-370), the
removal of oligomerisation upon p97 N binding can be
explained by direct interactions with both the SEP-UBX
linker and UBX domain, thereby occluding the self-associa-
tion interfaces.

Conclusions

p47 contains three structured domains (UBA, SEP and UBX)
and displays a high degree of flexibility within the linker
regions (residues 46-178 and 247-281). The linker between
UBA and SEP (residues 46-178) is of great interest since at
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least one important functional site has been identified in this
region. Specifically, the phosphorylation of Ser140 by Cdc2 at
mitosis is essential for Golgi disassembly, since the phos-
phorylated p47 does not bind to Golgi membranes; thus, the
p97-mediated Golgi membrane fusion is inhibited (Uchiyama
et al, 2003). This in turn implies that the unstructured region
around Ser140 is likely to be involved in p47 recognition of
the membrane surface receptor complex. It is also plausible
that this region adopts a specific structure upon binding to
syntaxin 5 and that phosphorylation of Ser140 modulates this
interaction by either conformational or electrostatic changes.

The UBA domain from p47 adopts a classic UBA fold and
forms a specific complex with ubiquitin. A structural model
of the p47 UBA-ubiquitin complex places two critical motifs
(TVGA and FY) at the interface in an analogous fashion to the
CUE-ubiquitin interaction and verifies that UBA and CUE
domains share similar modes of ubiquitin recognition (Kang
et al, 2003; Prag et al, 2003; Shih et al, 2003). The inhibitory
effect of p47 UBA on substrate poly-ubiquitination can be
explained by straightforward occlusion of the intramolecular
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ubiquitin-ubiqutin interface and restriction of the access to
K48.

The unstructured region between the SEP and UBX domain
is particularly fascinating. It is highly flexible in free p47 but
appears to become more restricted upon p97 N binding,
possibly by adopting a defined structure in association with
p97 N. A second p97 N-binding site in addition to the UBX
domain is consistent with data showing that a construct
encompassing the SEP domain and part of the linker interacts
with p97 (Uchiyama et al, 2002). In the context of the full-
length AAA ATPase p97, it is plausible that structuring of this
linker upon binding p97 and subsequent removal of p47 self-
association are brought about by changes in the p97 N
domain accessibility therefore revealing new interactional
surfaces. Cryo-EM studies have revealed that the flexibility
of the p97 N domains is modulated upon ATP hydrolysis
(Rouiller et al, 2000; Beuron et al, 2003). The more rigid state
of the p97 N domain may hinder a complete multipoint p47-
p97 N interaction, whereas release of p97 N domains to a
flexible state could enable the full interaction. This could
unveil potential interaction surfaces within p47, which could
be available for association with other p97 domains and
cofactors and perhaps amplify the mechanical force exerted
on the substrate.

Materials and methods

Protein preparation

p47 has been dissected into several constructs comprising amino
acids 1-174, 171-370, 171-270 and 286-370. p47(1-174), p47(171-
370), p47(171-270) and p47(286-370) constructs were cloned and
expressed as a recombinant protein within Escherichia coli. The
expressed fragments contain an N-terminal hexahistidine tag
(MRGSHHHHHHGS) for purification and were readily concentrated
to mM concentrations. For NMR '°N, 3C double-labelled samples of
p47(1-174), p47(171-370) and p47(171-270) were produced in
minimal media, containing 0.07% '"NH,CI and 0.2% '*C-glucose,
supplemented with 50 pug/ml ampicillin. Protein expression was
induced by the addition of 1 mM isopropyl-B-D-thiogalactopyroside.
Clarified cell lysate was purified essentially to homogeneity in a
single step on Ni®"-chelating HiTrap Column (Pharmacia).
p47(171-246) was prepared by limited proteolysis of the p47(171-
270) fragment. Purified proteins was dialysed into 20 mM sodium
acetate buffer at pH 5.3 and concentrated to approximately 0.5 mM
for NMR.

NMR spectroscopy

The majority of NMR spectra were recorded at 298 K on a 500 MHz
four-channel Bruker DRX500 spectrometer equipped with a z-
shielded %radient triple resonance cryoprobe. Sequence-specific
backbone 'HN, °N, *Co and '*Cp were determined using standard
triple resonance methods (Grzesiek and Bax, 1992a,b; Kay et al,
1994; Muhandiram and Kay, 1994). Secondary structure and side-
chain assignments were obtained from HCCH-TOCSY experiments
(Bax et al, 1990). 3D 'H-'°N/'*C NOESY-HSQC (mixing time
100 ms) spectra provided distance restraints used in the final
structure calculations. A further 3D 'H-'3C NOESY-HSQC spectrum
(mixing time 80ms) was recorded at 800 MHz in order to resolve
overlap. Structural restraints for the SEP domain were acquired
from NMR data recorded on the p47(171-246) fragment. All spectra
were processed with NMRPipe (Delaglio et al, 1995) and analysed
with NMRView (Johnson and Blevins, 1994). Amide protons
involved in hydrogen bonds were identified by the presence of
NH resonances in HSQC spectra recorded 12 h after dissolving in
D,0. The hydrogen bond acceptors were identified according to
distinctive neighbouring NOEs. Backbone dihedral angle restraints
(p and ¢ angles) were predicted using the program TALOS
(Cornilescu et al, 1999).
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NMR chemical shift mapping and cross-saturation
experiments

For NMR mapping experiments, '°N-labelled p47(1-174) containing
the UBA domain was prepared in 20 mM sodium acetate buffer at
pH 5.3 at approximately 30uM in 0.5ml. Unlabelled ubiquitin
(Sigma Inc.) in the same buffer was introduced in four steps, at the
molar ratios (ubiquitin:lsN—p47(1—174)) of0,0.5,1.0and 2.7:1, and
15N-'H HSQC spectra were recorded at each stage under identical
experimental conditions. The experiment was repeated with '°N-
labelled ubiquitin (Silantes Gbm) and unlabelled p47(1-174) at the
molar ratios (p47(1-174):'*N-ubiquitin) of 0, 0.5, 1.0 and 2.7:1. A
suitable cutoff value of the average weighted chemical shift
perturbation was defined as the minimum value indicating
significant conformational change (Wishart et al, 1991; Williamson
et al, 1997). For the cross-saturation experiment on perdeuterated
15N-p47(171-370) in the presence of p97 N, "*N-'H correlation
spectra were performed with ~1s pre-irradiation over a selective
frequency band (Lane et al, 2001). Two experiments were
performed with adiabatic pulses centred outside and inside the
p97 N aliphatic chemical shift range, respectively. The resulting
difference spectrum reveals residues within '*N-p47(171-370) at the
p97 N interface.

"®N relaxation measurements

15N Ty, '°N T, and 'H-"°N heteronuclear NOE data were measured
using methods described elsewhere (Kay et al, 1989; Farrow et al,
1994). For free p47(171-370), relaxation delays of 50, 250, 400, 650,
950 and 1400 ms were employed for T; measurements, and delays
of 16.6, 33.2, 49.8, 66.4, 83.0, 99.6, 149.4 and 199.2 ms for T,. For
p47(171-370) in complex with p97 N, relaxation delays of 50, 150,
300, 500, 750, 1100 and 1500 ms were employed for T, measure-
ments, and delays of 16.6, 33.2, 49.8, 66.4, 83.0, 99.6 and 149.4ms
for T,. A single repeat was performed for two delays in each
experiment and these were used in evaluating uncertainties in peak
intensity. Overlapped resonances were not included in the analysis.

Structure calculation for p47 UBA and SEP domains
Structure calculations were started from extended structures and
using a hybrid algorithm including torsion angle dynamics (TAD)
and Cartesian dynamics executed within the program CNS/Xplor
(Brunger, 1993; Brunger et al, 1998). All parameters were scaled
using default CNS values. In all, 100 structures were calculated and
were ranked in overall energy terms; the best 10% were selected as
representative and are presented in Figures 2 and 5 for p47 UBA and
SEP, respectively. No distance violation greater than 0.4 A and no
dihedral violation greater than 5° were tolerated in the final family
of structures. The structural coordinates of p47 UBA and SEP have
been deposited in the PDB under codes IV92 and IVAZ.

Structure calculation for p47 UBA-ubiquitin complex

The chemical shift perturbation studies delineated clear interaction
surface areas in the p47 UBA-ubiquitin complex, making this highly
suitable for structure calculation using the HADDOCK approach
(Dominguez et al, 2003). For the calculation, the crystal structure of
human ubiquitin (Vijaykumar et al, 1985, 1987) and the lowest
energy NMR structure from the family of p47 UBA structures were
used. In all, 11 amino-acid residues in p47 UBA and 12 in ubiquitin
were identified to have weighted chemical shift changes signifi-
cantly greater than the average; 0.07 ppm in ubiquitin and 0.09 ppm
in p47 UBA were chosen as suitable cutoff values. After filtering for
a relative solvent accessibility greater than 50%, as calculated using
the program Naccess (Hubbard and Thornton, 1993), eight residues
in p47 UBA (Q6, V15, G17, Q35, A39, S40, Y42 and D44) and eight
for ubiquitin (K6, K11, A46, K48, Q49, H68, R72 and R74) were
identified as active residues. Residues juxtaposed to these, which
have a relative solvent accessibility greater than 50%, were termed
passive residues. These included 15 further residues in p47
UBA (E3, E4, R5, D7, R10, Ell1, Al4, E20, D21, R22, D33, 136,
F41, E43 and G45) and 10 in ubiquitin (L8, T9, D39, G47, ES1, L67,
L69, V70, L73 and G75). An ambiguous distance restraint of
3.0A was invoked between all active residues in one partner
molecule to any atom within the active and passive residues of
the other protein partner. The interfacial residues that were allowed
to move during the simulated annealing and water refinement
were F12-D21 and G31-E43 for p47 UBA and F44-D52 and S65-G76
for ubiquitin. Residues H68-G76 in ubiquitin were allowed full
flexibility during the whole simulated annealing process, as this
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C-terminal region is flexible in monomeric solution structures
(Cornilescu et al, 1998). In all, 1000 initially complex structures
were generated by rigid body energy minimisation, and the best
200 by total energy were selected for torsion angle dynamics
and subsequent Cartesian dynamics in an explicit water solvent.
Default scaling for energy terms is as described previously
(Dominguez et al, 2003).

Crosslinking experiments on p47 fragments

His-tagged p47 was prepared as described previously (Kondo et al,
1997). To obtain His-tagged p47 fragments, the corresponding
cDNAs with stop codons were subcloned into pQE30 using BamHI
and Kpnl sites. The fragments were expressed in E. coli and purified
with Ni beads, followed by further purification with gel filtration.
The protein sample (1 pg) was incubated together with 10 mM DSS
in 20l of buffer (20mM HEPES, 0.15M KCI, 1mM DTT, 5%
glycerol, pH 7.4). After 30 min incubation at room temperature, 1 pl
of 1 M Tris (pH 7.4) was added to quench excess DSS. The resulting
samples were fractionated by SDS-PAGE. Blots were probed with
anti-His antibodies.
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