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Biological context

In eukaryotic cells, proteins are degraded via two main

pathways; One is the ubiquitin-proteasome system that

degrades short-lived proteins, and the other is autophagy

that degrades long-lived proteins and damaged organelles

(Noda et al. 2009). The p62, also called ZIP (PKC-f-

interacting protein) or sequestosome 1, plays a crucial role

in these protein degradation pathways (Sumimoto et al.

2007). In autophagy, polyubiquitinated aggregated proteins

and damaged organelles are enclosed by the isolation

membrane, eventually enwrapped by the autophagosome.

The autophagosome is fused with the vacuole/lysosome

and its inner content is delivered and then degraded. The

p62, initially identified as a protein that binds to the SH2

domain of the tyrosine kinase Lck, functions as a receptor

protein for aberrant proteins. It contains a PB1 domain at

its N terminus, followed by a ZZ-type zinc-finger motif, a

LC3 interacting region, and a UBA domain at its C-ter-

minus (Geetha and Wooten 2002). The p62 interacts with

ubiquitin through the UBA domain, and self-assembles

through the PB1 domain to form large protein aggregates

(Bjørkøy et al. 2005). The p62 also binds the autophagy

adaptor LC3 through the WXXL motif in the LC3 inter-

acting region (Noda et al. 2008). Defects in autophagy

cause accumulation of protein aggregates that contain

ubiquitin and p62, leading to severe liver damage such as

steatohepatitis and hepatocellular carcinomas, and neuro-

degenerative diseases such as Parkinson’s disease, Alz-

heimer disease, and Huntington’s disease (Zatloukal et al.

2002). A recent study indicated that the oligomerization

through the PB1 domain was important not only in the

assembly of the targets, but also in the interaction with LC3

(Bjørkøy et al. 2005). In the ubiqutin-proteasome system,

p62 acts as a shuttling factor that transports ubiquitinated

proteins to the proteasome, by interaction through the PB1

domain with the proteasome subunits, S5a and Rpt1 (Sei-

benhener et al. 2004; Geetha et al. 2008).

The p62 also works as a key factor in cell signal

transduction. In the NF-jB signaling pathway, p62 con-

trols osteoclastogenesis, T-cell differentiation, and tumor

progression, via the PB1–PB1 interaction with PKCf
(Geetha and Wooten 2002). Further, p62 controls adipo-

genesis and obesity via the interaction with ERK (Moscat

et al. 2006), and apoptosis via ubiquitinated Caspase 8 (Jin

et al. 2009).

The p62 PB1 domain plays a variety of physiological

roles, both through the PB1–PB1 interaction, and through

‘‘non-canonical’’ PB1 mediated interactions with proteins

lacking the PB1 domain, such as S5a, Rpt1, ERK, and

LCK. Thus, p62 PB1 can be expected to have characteristic

features not common to other PB1 domains whose struc-

tures have been solved.

The PB1 domain is classified into three types, type I,

type II, and type I/II (Hirano et al. 2004). Type I contains a

motif of 28 amino acid residues with highly conserved

acidic and hydrophobic residues named the OPCA motif.

Type II contains a conserved lysine residue on the side

opposite to the OPCA motif. Type I/II contains the OPCA

motif and the conserved lysine residue, and thus can self-

interact in a front-to-back topology. The p62 PB1 contains

both the OPCA motif and the conserved lysine residue and
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is classified into type I/II. Using both binding motifs p62

PB1 forms a homo-oligomer which makes purification and

NMR analysis difficult (Noda et al. 2003). Therefore, we

introduced mutations into the OPCA motif of p62 PB1, to

prevent the self-assembly and determined the solution

structure of this ‘monomerized’ p62 PB1 domain.

Methods and results

Mutagenesis of the p62 PB1 domain

To avoid aggregation of p62 PB1, we first designed site-

directed mutants and validated these in terms of solubility

and oligomeric state. Based on the amino acid sequence

alignment, p62 PB1 has both an OPCA motif and a con-

served lysine residue (Fig. 2d). We introduced site-direc-

ted mutagenesis into the highly conserved residues on the

OPCA motif and prepared two mutants: a D67A single

mutant and a D67A/D69R double mutant. Using a E. coli

expression system, both the mutants and the wild type p62

PB1 domain were expressed and purified, and their olig-

omeric state was validated using a Superdex 75 10/300 GL

gel filtration column (GE Healthcare Bio-Sciences). The

molecular mass was estimated by comparing with the

elution profile of standards from the Gel Filtration Low

Molecular Weight Calibration Kit (GE Healthcare Bio-

Sciences) (Fig. 1a). The elution volume of the wild type

and the D67A mutant was 7.24 ml (void volume) and

11.77 ml (25 kDa), respectively, indicating that these

constructs exist as oligomers. On the other hand, the

D67A/D69R mutant is largely monomeric: the D67A/

D69R mutant was eluted at 12.67 ml (18 kDa), which is

roughly consistent with the molecular mass calculated by

the amino acid sequence (11.3 kDa). To confirm the

monomeric state of the D67A/D69R mutant, the sedi-

mentation velocity analytical ultracentrifugation experi-

ment was applied using a Beckman Optima XL-I analytical

ultracentrifuge equipped with an An-60 Ti rotor. Succes-

sive interference scans were recorded at 30 s intervals at

40,000 rpm (Fig. 1b) and the data was analyzed using

SEDFIT v11.71 (Schuck 2000). The p62 PB1 D67A/D69R

exhibited a peak at 1.33 s (11.2 kDa), which closely

matches the theoretical value (11.3 kDa), indicating that

the D67A/D69R mutant is present as a monomer in

solution.

It should be noted that when the D67A/D69R double

mutant was concentrated up to 1 mM, it showed a well-

dispersed 1H–15N HSQC spectrum, indicating that the

D67A/D69R mutant is suitable for solution NMR experi-

ments (Fig. 1c), while the wild type and the D67A single

mutant could not be concentrated above 70 lM due to

aggregation.

Sample preparation and NMR spectroscopy

The D67A/D69R mutant of rat p62 PB1 (3–100) was

subcloned, under a GST tag and HRV3C protease cleavage

site, into a pGSPS vector derived from pET-21 plasmid

(Novagen). The isotopically 13C- and 15N-labeled protein

was expressed by the E. coli strain BL21 (DE3) grown in

M9 minimal medium containing 15NH4Cl (1 g/l) and
13C-glucose (2 g/l) as the sole nitrogen and carbon sources.

The Cells were cultured to A600 of 0.8 at 37�C and protein

expression was induced with isopropyl b-D-1-thiogalacto-

pyranoside to a final concentration of 0.5 mM, after which

the cells were cultured for 16 h at 25�C. The GST-fused

p62 PB1 D67A/D69R was purified using a glutathione-

Sepharose 4B column (GE Healthcare Bio-Sciences), and

GST was excised from p62 PB1 D67A/D69R with HRV3C

protease. The p62 PB1 D67A/D69R was further purified

using a Superdex 75 gel filtration column (GE Healthcare

Bio-Sciences). Finally, the p62 BB1 D67A/D69R was

concentrated to 1 mM and applied to the NMR experi-

ments. All the NMR measurements were carried out at

25�C and the sample was prepared in 50 mM MES buffer

(pH 6.5) with 50 mM NaCl and 10 mM DTT.

Two- and three-dimensional NMR experiments were

performed on Varian UNITY inova spectrometers oper-

ating at 800 and 600 MHz. The spectra were processed

using the NMRPipe program (Delaglio et al. 1995) and

data analysis was performed with the help of the Olivia

program developed in our laboratory (Yokochi et al.

http://fermi.pharm.hokudai.ac.jp/olivia/). The 1H, 13C, and
15N resonance assignments were carried out using the

following set of spectra: 1H–15N HSQC, 1H–13C HSQC,

HN(CO)CA, HNCA, CBCA(CO)NH, HNCACB, HNCO,

HBHA(CO)NH, HN(CA)HA, HC(C)H-TOCSY, (H)CCH-

TOCSY, HbCbCgCdHd, and HbCbCgCdCeHe. Figure 1c

shows the 1H–15N HSQC spectrum of p62 PB1 D67A/

D69R. All of the backbone amide resonances were

assigned except for His1, Leu10, Lys13, Arg21, Phe23,

Glu68, Ser76, and Lys89 and nearly all the side-chain

resonances could be assigned. The 1H, 13C, and 15N

chemical shifts were referenced to DSS according to

IUPAC recommendations. Interproton distance restraints

for structural calculations were obtained from 13C-edited

NOESY-HSQC and 15N-edited NOESY-HSQC spectra

with a 100 ms mixing time. The structure was calculated

using the CYANA 2.1 software package (Herrmann et al.

2002). As the input for the final calculation of the three-

dimensional structure of p62 PB1 D67A/D69R, a total of

2,082 distance restraints and 122 TALOS-based //w
torsion angle restraints were used (Table 1). At each

stage, 100 structures were calculated using 30,000 steps

of simulated annealing, and a final ensemble of 20

structures was selected based on CYANA target function
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values. The atomic coordinates and resonance assign-

ments have been deposited in the Protein Data Bank

(PDB code: 2KKC) and BMRB (BMRB code: 16361),

respectively.

The structure of p62 PB1 D67A/D69R

An overlay of the 20 structures with the lowest CYANA

energy is shown in Fig. 2a. These structures have an

Fig. 1 a The results of analytical size exclusion chromatography of

p62 PB1 and its mutants. The p62 PB1 constructs are shown as

squares and molecular weight standards are shown as circles. The

calibration curve was constructed from the elution volumes of bovine

serum albumin (67 kDa, point 1), ovalbumin (43 kDa, point 2),

chymotrypsinogen (25 kDa, point 3), and ribonuclease A (13.7 kDa,

point 4). b Sedimentation velocity at the analytical ultracentrifugation

of the p62 PB1 D67A/D69R mutant. Successive sedimentation scans

were at 30 s intervals (upper panel) and the continuous sedimentation

coefficient distribution c(s) (lower panel). c The 1H–15N HSQC

spectrum of p62 PB1 D67A/D69R at 600 MHz and 25�C. The

assignments of the backbone amide groups are labeled
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average backbone rmsd of 0.29 Å for the structured region

(4–11, 18–25, 41–100) and they present no distance vio-

lations of more than 0.3 Å or angle violations larger than

2� (Table 1). The ribbon model of the lowest energy

structure of p62 PB1 D67A/D69R is shown in Fig. 2b. The

p62 PB1 D67A/D69R contains two a-helices (a1: Pro41-

Leu52 and a2: Asp78-Tyr87) and a mixed b-sheet com-

posed of five b-strands (b1: Ser3-Leu11, b2: Arg18-Cys26,

b3: Phe61-Ala67, b4: Gly70-Ala74, b5: Ile92-Glu99). The

OPCA motif of p62 (Gly60-Tyr87) has a bba fold and the

mutated residues (Ala67 and Arg69) are located on the

b-hairpin between b3 and b4, both pointing to the surface of

the protein. The conserved lysine residue (Lys7) is located

on the middle of b1 and exposed on the protein surface.

The structure of p62 PB1 D67A/D69R was compared

with those of other PB1s deposited in the Protein Data

Bank using the Dali search engine (Holm and Sander

1995). The most similar structure was NBR1 (PDB code

2BFK, Z score 11.3), followed by Par6 (PDB code 1WMH,

Z score 10.2), p67phox (PDB code 2OEY, Z score 10.0),

MEK5 (PDB code 2NPT, Z score 10.0), PKCi (PDB code

1WMH, Z score 9.9), p40phox (z PDB code 1OEY, Z score

9.9), MEKK2 (PDB code 2NPT, Z score 9.7), MEKK3

(PDB code 2O2V, Z score 9.5), Cdc24p (PDB code 1Q1O,

Z score 9.2), and Bem1p (PDB code 1IP9, Z score 6.5). The

amino acid sequences of these PB1 domains were aligned

based on the structural information (Fig. 2d). The two loop

regions of p62 PB1 D67A/D69R between b1 and b2, and

between b2 and a1, which are less conserved among the

PB1s, have low structural convergence as shown in Fig. 2a.

We measured the steady-state 1H–15N NOEs at 25�C with a

3.0 s relaxation delay, using a 600 MHz NMR

spectrometer (Fig. 2c). The 1H–15N heteronuclear NOEs

were determined from the ratio of the peak intensities with

and without the irradiation of the amide protons (Ion/Ioff).

The NOE values for the two loop regions were lower than

those for the structural core, consistent with the structural

convergence.

Discussion and conclusions

Based on the solution structure of p62 PB1 D67A/D69R,

the p62 PB1 domain was classified as a type I/II PB1 which

can form a homo-oligomer in a front-to-back manner using

the OPCA motif and the conserved lysine residue.

Although the aPKC PB1 domain is classified as a type I/II,

aPKC PB1 does not self-oligomerize and the structure was

solved by NMR without mutation, representing the distinct

surface properties between p62 PB1 and aPKC PB1 (Hir-

ano et al. 2004). To elucidate the differences in the inter-

action mode, we compared the electrostatic surface

potential of p62 PB1 (Type I/II) to that of PKCi PB1 (Type

I/II) and Par6 PB1 (Type II) (Fig. 3). The electrostatic

surface potential of p62 PB1 was exhibited based on the

‘wild type model’ in which the mutated residues (D67A/

D69R) were replaced with the original residues to represent

the electrostatic surface potential of native p62 PB1. The

acidic residues on the OPCA motif of p62 form two acidic

clusters, A1 and A2: Asp67, Glu68, Asp69, and Asp71

form the A1, and Glu79 and Glu 80 form the A2 (Fig. 3a).

Among these two clusters, Asp67, Asp69, Asp71, and

Glu80 are highly conserved between the type I and type I/II

PB1 domains (Fig. 2d). The two acidic clusters, A1 and

A2, were common to the type I and type I/II PB1domains

(Fig. 3a, c) (Hirano et al. 2005). The opposite side of p62

PB1 shows a highly basic surface composed of two basic

regions, B1 and B20: Lys7, Arg22, and Arg94 form B1, and

Arg21 forms B20 (Fig. 3b). The Arg21 and Arg22, the two

neighboring basic residues on b2, direct side chains to

opposite directions, forming two distinct basic regions, B20

and B1. The Lys7, that plays a central role in the formation

of the B1 basic patch, is highly conserved between type I/II

and type II, but conservation of the Arg 21, that forms the

B20 patch, is not so high (Fig. 2d). Based on the amino acid

sequence alignment, Bem1p and p67phox PB1 have no basic

residue corresponding to Arg21 of p62, but instead,

respectively, have Lys382 and Arg510, located at the

C-terminus of a1. These residues provide a basic patch, B2,

at the structurally similar position to B20 (Wilson et al.

2003; Ogura et al. 2009).

The p62 PB1 has the acidic and basic surfaces highly

compartmentalized on either side of the protein, indicating

that electrostatic interaction plays an important role in the

homo-oligomerization. This electrostatic potential

Table 1 Structural statistics for the 20 structures of ZIP PB1

NOE distance restraints 2,082

Short range (intraresidue and sequential) 1,073

Medium range (2 B |i - j| B 4) 324

Long range (|i - j| [ 4) 685

Dihedral angle restraints (/ and w) 122

Restraint violations

Distance restraints violated by [0.3 Å 0

Torsion angle restraints violated by [2� 0

Structural coordinates rmsda

Backbone atoms (Å) 0.29

All heavy atoms (Å) 0.86

Ramachandran plot (%)

Most-favored regions 82.2

Additionally allowed regions 17.7

Generously allowed regions 0.1

Disallowed regions 0.0

a Analysis applied [for] to the residues except the protease cleavage

site (1–3) and flexible loops (12–17, 26–40)
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compartmentalization is characteristic to p62 PB1 (Fig. 3a, b)

and different from the case in PKCi PB1. The OPCA motif

of PKCi also forms a highly acidic surface (Fig. 3c), while

the basic surface is limited to the smaller region, due to the

presence of the acidic residues on the a1 and the absence of

the B20 basic region (Fig. 3d), thus explaining why PKCi
PB1 does not self-assemble. To verify the interaction

surface of p62 PB1, we tried to measure the NMR spectra of

the wild type and the D67A single mutant of p62 PB1.

Although the wild type p62 PB1 was highly oligomeric

even at a lower protein concentration (20 uM), the D67A

mutant was less oligomeric and thus we can obtain the

subset of 1H–15N HSQC signals of the D67A mutant only at

lower protein concentration (30 uM) with higher ionic

Fig. 2 a Overlay of the ensemble of 20 final energy-minimized

CYANA structures in stereo with the heavy atoms superimposed. The

side chains in the structured region (4–11, 18–25, 41–100) are shown

in green. b Ribbon representation of the lowest energy structure. The

structure is drawn using the MOLMOL (Koradi et al. 1996) and

PyMOL programs. c The 1H–15N steady-state NOE values of p62

PB1 D67A/D69R, plotted as a function of residue number. d
Structure-based sequential alignment of the PB1 domain. The

conserved hydrophobic residues, acidic residues, and basic residues

are highlighted in orange, red, and blue, respectively. The two

conserved acidic regions, A1 and A2 (red), are boxed, as are the two

conserved basic regions, B1 and B2/B20(blue)
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strength (250 mM NaCl) (data not shown). The observed

signals were derived from the region other than the A1–A2

acidic region and the B1–B20 basic region, indicating the

signals from these two regions disappeared presumably due

to exchange broadening. These observations are consistent

with the expected homo-oligomerization mode of p62 PB1.

The basic surface of p62 (Fig. 3b) resembles that of Par6

PB1 (type II) (Fig. 3f) rather than that of PKCi PB1 (type I/II)

(Fig. 3d). The Par6 PB1 binds to PKCi PB1 and the structure

of this complex has been solved (Hirano et al. 2005). In this

structure, the A1 and A2 of PKCi (Fig. 3e) interact with the

B1 and B20 of Par6 (Fig. 3f), respectively. It is to be noted

that in the NF-jB signaling pathway, p62 PB1 interacts

with aPKC PB1 (Geetha and Wooten 2002; Sumimoto et al.

2007). As the basic surfaces of the Par6 and p62 resemble

each other, it may be speculated that p62 PB1 can bind to

aPKC in a similar manner to the PKCi-Par6 interaction.

The p62 plays important roles in the ubiquitin-protea-

some system, autophagy, and NF-jB signaling pathway,

through the PB1–PB1 interaction with its own PB1, Par6

PB1, aPKC PB1, MEK5 PB1, Nbr1 PB1, as well as the non

canonical PB1–PB1 interaction with the S5a and Rpt1

subunits of the proteasomes, ERK and LCK. The p62 is also

involved in several diseases such as liver damage, neuro-

degenerative disease, obesity, and cancer. Further structural

and biological study will be required for a complete eluci-

dation of the p62-mediated signaling mechanism.
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