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ABSTRACT: Ubiquitin (Ub) modifications are transduced by receptor proteins that use Ub-
binding domains (UBDs) to recognize distinct interaction faces on the Ub surface. We report
the nuclear magnetic resonance (NMR) solution structures of the A20-like zinc finger (A20 Znf)
UBD of the Ub receptor ZNF216, and its complex with Ub, and show that the binding surface
on Ub centered on AspS8 leaves the canonical hydrophobic Ile44 patch free to participate in
additional interactions. We have modeled ternary complexes of the different families of UBDs
and show that while many are expected to bind competitively to the same Ile44 surface or show
steric incompatibility, other combinations (in particular, those involving the A20 Znf domain)
are consistent with a single Ub moiety simultaneously participating in multiple interactions with
different UBDs. We subsequently demonstrate by NMR that the A20 Znf domain of ZNF216
and the UBA domain of the p62 protein (an Ile44-binding UBD), which function in the same
biological pathways, are able to form such a Ub-mediated ternary complex through independent
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interactions with a single Ub. This work supports an emerging concept of Ub acting as a scaffold to mediate multiprotein

complex assembly.

Rc:versible post-translational modification (PTM) of pro-
eins is a fundamental mechanism by which cells respond
to external and internal stimuli to control intracellular signaling
events. Two principal PTMs are phosphorylation and
ubiquitination,”” both of which may facilitate conformational
changes leading to allosteric regulation or modified interaction
surfaces for specific recognition.”® Ubiquitin (Ub) is a
particularly versatile protein modifier because of its ability to
be assembled into polymeric chains that have different lengths
and conformational properties, as a result of the use of different
isopeptide linkages. While ubiquitination has the potential to
alter the chemical properties of the modified protein, its effects
are more commonly mediated via interaction with receptors
containing a host of different Ub-binding domains (UBDs)
with different bindin§ specificities, of which there are more than
20 known families."™ The majority of UBDs interact with Ub
using a hydrophobic patch on its f-sheet surface with a binding
locus defined by Ile44. However, it is increasingly apparent that
Ub has multiple potential binding surfaces, and recently, UBDs
that bind to noncanonical sites, including the C-terminal di-Gly,
a polar surface centered on Asp38,”* and a hydrophobic patch
centered on Leu8 rather than Ile44, have been identified.®
The existence of multiple potential binding surfaces on Ub,”
as well as the large number of different UBDs used by Ub
receptors, suggests the possibility of simultaneous colocaliza-
tion of two or more UBDs from different (or even the same)
receptors within the same signaling pathway, adding further
potential complexity and specificity to the recognition of
PTMs. The advantages are yet to be fully explored but could
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include regulation of deubiquitinase activity and the ability to
shuttle ubiquitinated substrates along specific pathways such as
trafficking between intracellular receptors or delivery to the
proteasome or lysosome."*® Two rigidly linked UBDs (an
inverted UIM and A20 Znf domain) within a single molecule of
nucleotide exchange factor Rabex-5 have been shown to engage
different Ub molecules in close proximity to facilitate direct Ub
recruitment and covalent ubiquitination, linked to intrinsic
Rabex-5 Ub ligase activity.”'® In addition, in the complex
between the AMSH zinc metalloprotease and Lys63-linked
diUb, AMSH forms critical functional contacts simultaneously
with both the Ile44 binding face and an Ile36-centered patch on
a distal Ub in regulating specific cleavage of Lys63-linked
polyubiquitin chains.""

An increased level of breakdown of proteins in skeletal
muscle, which occurs during muscle atrophy, is characteristic of
several clinical conditions, including hyperthyroidism, sepsis,
cancer cachexia, and AIDS. Genes that are upregulated during
and directly mediate muscle atrophy are termed “atrogenes”
and encode several components of the Ub proteasome system
(UPS), including the E3 ubiquitin ligases MAFbx/Atrogin-1
and MuRF-1, both of which have been extensively studied.>~"*
In addition, the comparatively less well characterized Ub
receptor ZNF216 (also known as ZFANDS), a protein that
contains both A20- and AN1-type zinc fingers, has also been

Received: July 22, 2011
Revised: ~ September 15, 2011
Published: September 16, 2011

dx.doi.org/10.1021/bi201137e|Biochemistry 2011, 50, 9076—9087


pubs.acs.org/biochemistry

Biochemistry

identified as an atrogene.'"> Although there are sequence
homologies among the A20 Znf domains of ZNF216, the E3
Ub-ligase Rabex-5, and the dual-function E3/deubiquitinating
enzyme A20, ZNF216 does not appear to be catalytically active
with respect to Ub conjugation and deconjugation.'> The
precise function of the ZNF216 protein with respect to muscle
atrophy is unclear, although it appears to play a critical role as a
shuttle factor delivering ubiquitinated proteins to the 26S
proteasome and in other cell types has been shown to act as a
regulator of NE-kB activity.'>">'¢ Indeed, the pathways that
control NF-kB activation are regulated at multiple points by
ubiquitination events, and many of the proteins linked to NF-
kB regulation contain UBDs.'” Several other Ub receptor
proteins have been proposed to share the proteasome shuttle
function with ZNF216, binding both ubiquitinated proteins and
the proteasome, including p62/SQSTM1, which contains a C-
terminal Ub-associated (UBA) domain that binds to the
canonical Ile44-centered surface. Notably, p62 also shares
several common interaction partners linked to NF-xB
regulation with ZNF216, including TRAF6 and RIP,lé’lg_20
indicating that these proteins may function within the same
complex.

We describe the NMR structure of the A20 Znf UBD from
ZNF216 and its high-affinity complex with Ub that uses a polar
binding patch centered on AspS8 rather than the classical f-
sheet Ile44 hydrophobic surface recognized by many other
UBDs. Moreover, we show that the A20 Znf domain of
ZNF216 and the UBA domain of p62 are capable of
independent binding interactions in forming a ternary complex
with a single Ub. We evaluate in silico other UBD pairings that
could bind simultaneously to Ub, highlighting the possibility of
Ub behaving as a “hub” for the recruitment and colocalization
of Ub receptors for the regulation of diverse intracellular
molecular signaling events.

B MATERIALS AND METHODS

Protein Expression and Purification. The full-length
ZNF216 expression vector was generated by polymerase chain
reaction (PCR) amplification from rat skeletal muscle cDNA,
including a BamHI site in the 5" PCR primer and a Xhol site in
the 3’ primer, and ligation into the pGEX-4T-1 plasmid (GE
Healthcare); this permits expression of ZNF216 as a GST
fusion. A premature stop codon was incorporated after ZNF216
residue 60 using QuikChange site-directed mutagenesis
(Stratagene) to generate the A20 Znf construct. The ZNF216
Cys30Ala and Cys33Ala double mutant was also generated by
site-directed mutagenesis. All constructs were verified by DNA
sequencing. Both full-length ZNF216 and the A20 Znf domain
were expressed in Escherichia coli strain C41(DE3) in Luria
broth (Sigma). "*N-labeled and "*C- and '*N-labeled proteins
were expressed in M9 medium supplemented with 30 yM
ZnCl, containing "*NH,CI (1 g/L) and ["*C]glucose (2 g/L).
Yields of labeled protein were typically 3—4 mg/L compared
with 4—6 mg/L for unlabeled protein produced from rich LB
growth medium.

Overexpression was induced at an ODgy, of 0.6 with 0.35
mM IPTG, and cells were grown at 20 °C for 18—20 h before
being harvested and frozen at —80 °C. Cells containing
unlabeled or isotopicaly labeled protein were resuspended in 10
mM Tris-HCI (pH 7.4), 150 mM NaCl, 50 yM ZnCl,, 2 mM
DTT, and 0.1% Triton X-100 in the presence of DNasel at 0.2
mg/mL (Sigma) and Complete EDTA free protease inhibitor
(Roche) and subjected to one 20 min freeze—thaw cycle at —80
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°C before being lysed by sonication and centrifugation to
isolate the soluble component. GST—ZNF216 and GST—A20
Znf fusion proteins were purified using 1 mL of glutathione
Sepharose 4B (GE Healthcare) in a gravity flow column
followed by an on column cleavage using 5 units of thrombin in
1 mL of 20 mM Tris-HCI (pH 8.4), 200 mM NaCl, 2.5 mM
CaCl,, and 50 uM ZnCl, for 16 h at 4 °C. Cleaved ZNF216
was diluted 4-fold before being loaded onto a HiTrap Q HP
anionic exchange column (GE Healthcare) in 10 mM Tris-HCI
(pH 7), 2 mM DTT, and 50 mM ZnCl and eluted using 250—
450 mM NaCl. The pure protein was concentrated or buffer
exchanged where appropriate using a spin concentrator and the
protein concentration determined using the absorbance at 280
nm using a NanoDrop ND-100 spectrophotometer.

Cleaved A20 Znf protein was purified using a HiPrep
Sephacryl S-100 gel filtration column (GE Healthcare) in 10
mM Tris-HCl, 150 mM NaCl, 2 mM DTT, and 50 uM ZnCl,
followed by desalting using a 5 X S mL HiTrap desalting
column (GE Healthcare) and freeze-dried. The purity and
quality of all proteins were assessed using electrospray
ionization mass spectrometry (ESI-MS) and shown to be
>99% pure and of the expected mass. The expression and
purification of the p62 UBA domain (residues 387—436) and
Ub, both unlabeled and fully labeled with *C and '*N, have
been described previously.'®*'

The Ub Lys48Cys mutant was generated by site-directed
PCR using the QuikChange protocol (Stratagene). The
paramagnetic spin-label S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-
pyrrol-3-yl)methyl methanesulfonothioate (MTSL) (Toronto
Research Chemicals Inc.) was coupled to the single
incorporated cysteine as described previously.”> More than
95% coupling was confirmed by ESI-MS. Paramagnetic MTSL
was reduced over a period of 12 h with a 5-fold molar excess of
buffered sodium ascorbate.

Biochemical Binding Studies. Thrombin-cleaved
ZNF216 (wild type and mutant) was immobilized using
cyanogen bromide-activated Sepharose 4B (GE Healthcare)
(~250 pg of protein on SO uL of beads) and used to capture
ubiquitinated proteins from U20S cells from 3 X 75 cm? tissue
culture flasks at confluency. Cells were sonicated in 8 mL of 50
mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.5% NP-40, S mM
NEM, 0.1% mammalian protease inhibitor cocktail (Sigma),
and 20 uM MG132 (ENZO). After centrifugation, DTT was
added to a final concentration of 10 mM, and proteins were
bound to immobilized ZNF216 (6 mg of total protein per S0
uL of ZNF216 beads) overnight at 4 °C with mixing. Unbound
proteins were removed by being washed with 50 mM Tris-HCl
(pH 7.5), 150 mM NaCl, 0.5% NP-40, and 1 mM DTT. Bound
proteins were eluted from the beads with gel loading buffer and
detected by western blotting with p62 [mouse monoclonal anti-
p62 Ick ligand (BD Biosciences)] or Ub [rabbit anti-Ub (in
house)] antibodies. “Looad” represents 1.25% of the cell lysate
loaded onto the beads, and 50% of the total ZNF216-bound
proteins was analyzed on each blot. For membrane-based
binding assays, purified Ub with the indicated mutations
(ENZO) was spotted onto nitrocellulose that after blocking
was incubated with bacterial lysates containing GST—ZNF216
proteins (equivalent to 1 mL of overexpression culture per
membrane), for 2 h at 4 °C. Bound GST—ZNF216 protein was
detected by western blotting (anti-GST) (Bethyl) and Ub by
anti-Ub (in house).

Cell Transfection, Indirect Inmunofluorescence Stain-
ing, and Confocal Microscopy. Human U20S (osteosarco-
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ma-derived) cells were transfected with LT1 (GeneFlow)
according to the manufacturer’s instructions, using 0.5 ug of
total plasmid DNA per well in 12-well plates. All wells were
transfected with 125 ng each of untagged wt-p62, FLAG-
TRAF6, and His-Tyg-Ub (All pcDNA3.1). Wells were
additionally transfected with 125 ng of pcDNA3.1 empty
vector, Xpress-wt-ZNF216, or Xpress-mut-ZNF216. Cells were
washed with sterile phosphate-buffered saline (PBS) 24 h post-
transfection and fixed in 4% (w/v) paraformaldehyde for 10
min. Cells were washed with PBS (3 X S5 min) prior to
permeabilization with 0.1% (v/v) Triton X-100 in PBS for 15
min. Cells were then blocked [0.5% (w/v) fish skin gelatin,
0.2% (w/v) BSA in PBS] for 30 min. Coverslips were washed in
PBS and then incubated in 1:1000 mouse monoclonal anti-
Xpress (Invitrogen) or 1:1000 rabbit polyclonal anti-p62
(ENZO) in PBS for 1 h. Cells were washed with PBS and
then incubated with Alexafluor 488 anti-mouse IgG and
Alexafluor 568 goat anti-rabbit IgG (Invitrogen), both at a
1:1000 dilution in PBS, for 1 h. After being washed with PBS,
cells were incubated in a 1:20000 dilution of Hoescht 33258 for
S min before a final 2 X § min wash in PBS. Coverslips were
mounted on slides and imaged with a Leica TCS SP2 laser
scanning confocal microscope.

Sequence Alignment and Bioinformatics. The sequen-
ces of A20 Znf domains were selected using the UniProt search
tool. Sequence alignment was performed on the full-length
proteins and on the A20 Znf sequences alone in ClustalX
2.0.11.>*** The sequence for the ZNF216 protein was
subjected to analysis using SMART, PROSCAN, and ELM to
search for potential domains or functional motifs and the
DisProt server (http://www.disprot.org) used to identify
intrinsically disordered regions.”**¢

NMR Spectroscopy. NMR data were collected at 600
MH?z on a Bruker Avance spectrometer fitted with a TXI triple-
resonance probe with a z-axis gradient using standard pulse
sequences. The NMR assignment of the unbound A20 Znf
domain was achieved using 1 mM unlabeled and '“N-labeled
protein and 0.7 mM "*C- and "*N-labeled protein samples in S
mM Tris-HCI (pH 7), SO mM NaCl, 2 mM tris(2-
carboxyethyl)phosphine (TCEP), S0 uM ZnCl,, 10% D,O,
and 0.04% sodium azide at 298 K. Assignment was achieved
using the standard methodology using "H—'H NOESY (mixing
times of 100, 150, and 250 ms), 'H—'H TOCSY, "N HSQC,
3C HSQC, HNCO, HN(CA)CO, CBCANH, CBCA(CO)-
NH, HCCH-TOCSY, *C HSQC-NOESY (mixing time of 150
ms), N HSQC-TOCSY, and N HSQC-NOESY (mixing
time of 150 ms). Spectra were processed using Topspin version
2.1 (Bruker), and assignments were made in CCPNMR.*’

Backbone 'Dyy residual dipolar couplings were obtained
from the difference in 'J scalar couplings measured from
"H—'SN IPAP-HSQC spectra for both free and Ub-bound '*N-
labeled A20 Znf and A20 Znf bound *N-labeled Ub.*® The
solutions were soaked into predried 6 mm S and 7%
polyacrylamide gels, which were then compressed into a §
mm NMR tube (Worldwide Glass Resource Ltd., Cambridge,
UXK.).”” 'TH-"N heteronuclear NOEs were recorded on a 1
mM [*NJA20 Znf domain sample in the absence of Ub, in the
presence of 2 mM Ub, and in the presence of 2 mM Ub and 4
mM p62-UBA.30 BC/BN half-filtered experiments were
conducted with 1 mM [“C—'"*N]Ub mixed with 1.5 mM
unlabeled A20 Znf domain following the method of Otting et
al. with 416 scans and a mixing time of 250 ms.>"
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Paramagnetic relaxation enhancement N HSQC spectra
were recorded with a S s relaxation delay on both paramagnetic
and diamagnetic complexes of 1 mM ['*N]A20 Znf with 2 mM
Ub-K48C-MTSL. Paramagnetic relaxation enhancement (PRE)
and distance restraints were calculated as described in previous
studies.”>>>??

NMR Binding Studies. Unlabeled protein was added in a
stepwise manner to a 1 mM sample of '*N-labeled partner
protein up to a 4:1 ratio. Data were collected on both '*N-
labeled Ub and *N-labeled A20 Znf at 298 K, and changes in
chemical shifts and cross-peak intensities were monitored by
acquisition of 'H—""N HSQC spectra. For studying the
formation of a ternary complex on Ub, a 1 mM [“N]Ub
sample was first saturated with 2 mM A20 Znf before the
stepwise addition of up to 4 mM p62 UBA at 298 K. Changes
in chemical shifts and cross-peak intensities were monitored by
acquisition of HSQC spectra. This was repeated using
["N]A20 Znf and also [“N]p62 UBA saturated with Ub
before addition of the second binding partner. Chemical shift
perturbations (CSPs) were calculated as AS nsqC = [(AS)* +
(A6 /5)*]"2, where Ay and Ady are the observed shifts in
the 'H and "N dimensions of the HSQC spectrum,
respectively.

A20 Znf Domain Structure Calculations. The structure
was determined on the basis of 446 NOE distance restraints
derived from the 'H-—'H NOESY, 'H-*C HSQC-NOESY,
and 'H-""N HSQC-NOESY spectra and 177 dihedral
restraints predicted from NMR chemical shifts using
PREDITOR.** The NOEs were classified on the basis of
their intensity into strong (1.8—2.8 A), medium (1.8—4 A),
weak (1.8—5 A), and very weak (1.8—6 A) classes. In addition,
30 backbone 'Dy; RDC parameters were used as restraints
using the ISAC method and visualized using MODULE.*>*® An
initial 200 structures were produced using the standard three-
step XPLOR-NIH 2.14 protocol.37 In the first stage, high-
temperature Cartesian dynamics was performed at 1000 K with
a time step of 0.005 ps, for 20000 steps, using the Verlet
integrator. During the second cooling phase of the protocol, the
temperature was reduced from 1000 to 100 K in steps of 50 K,
with a time step of 5 fs, over 40000 steps during which the
relative weighting of nonbonded energy terms was increased
from 10% of their default values to their force field default.*®>’
These initial structures were then refined with another 10000
cooling steps. The 20 lowest-energy structures were selected on
the basis of small NOE and dihedral angle violations of less
than +0.2 A and +5°, respectively. All structures were analyzed
statistically using the protein structure validation software suite
(see Table 1)* and displayed using MOLMOL.*" A compact
core structure is evident for residues 12—42; however, much
poorer structural definition is evident within the N- and C-
termini. Heteronuclear “N('H) NOEs, a good indicator of
local dynamics, show an average NOE value of 0.65 for residues
12—42 that decreases rapidly at the N- and C-termini,
becoming large and negative. In addition, measured chemical
shift indices, the low number of restraints per residue, and RDC
values that average close to zero are consistent with the intrinsic
flexibility and disorder in the N- and C-termini.

The structure was refined for the A20 Znf domain in the
bound state using 345 NOE distance restraints from 'H—"*N
HSQC-NOESY and "*C and "N half-filtered NOESY experi-
ments, 30 'Dyy RDC restraints, and 161 dihedral angle
restraints predicted from backbone chemical shifts. The
XPLOR-NIH protocol was again used but with the unbound
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Table 1. NMR and Refinement Statistics for the A20 Znf
Domain of ZNF216
NMR distance and dihedral constraints
total no. NOE distance restraints 446
intraresidue 54
inter-residue 392
sequential (li — jl = 1) 152
medium-range (li — jl < 4) 108
long-range (li —jl > S) 132
hydrogen bond 0
total no. of dihedral angle restraints 177
P 57
74 48
total no. of RDC restraints 30
structure statistics
violations (mean and standard deviation)
distance constraints (A) 0.02
dihedral angle constraints (deg) 0.46
maximal dihedral angle violation (deg) 4.6
maximal distance constraint violation 0.2
&)
deviations from idealized geometry
bond lengths (A) 0.011
bond angles (deg) 1.4
impropers (deg) 041
average pairwise rmsd” (A)
heavy 0.9
backbone 0.3
structure quality factors
Procheck G factor (¢) and y only) —-0.15
Procheck G factor (all dihedral angles) —0.13
Verify3D 0.24
MolProbity clash score 3.11
Ramachandran statistics” (Procheck/MolProbity)
favored (%) 81.7/88.7
additionally allowed (%) 18.3/10.9
generously allowed (%) 0/NA
disallowed (%) 0/0.3

“Pairwise rmsd and Ramachandran statistics were calculated among 20
refined structures for the ordered region of the structure defined by
residues 12—42, with a total of 18 restraints per residue.

A20 structure as the starting point. The 10 lowest-energy A20
Znf domain structures were selected (pairwise backbone rmsd
of 0.6 A and rmsd of 0.7 A for the unbound ensemble of
structures). Generation of the structure of the complex was
performed with structures calculated for both the free and
bound A20 Znf with little difference in the final structures. A
combination of CSP mapping (including mutation-induced
effects), NOE and PRE restraints, and RDC restraints was used
to generate a family of structures with a chemical shift refined**
yeast Ub homology model to form a binary complex with the
A20 Znf domain using HADDOCK.® The disordered N- and
C-terminal “tail” of the A20 Znf domain and the C-terminal tail
of Ub were removed as part of the docking protocol.*> The
electrostatic energy terms were disabled during the flexible
docking protocol but included the “ZN ion” patch. Initial
modeling identified close contacts between Asp58 of Ub and
Ser31 of A20 Znf, as also observed for the Rabex-S structure,
and consistent with CSPs for the NH group of Ser31 of ~1.5
ppm. In light of the experimental data, hydrogen bonding
restraints were used in the HADDOCK refinement. A total of
500 structures were generated from the rigid body docking
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protocol; SO of those were selected for further “semiflexible”
and “fully flexible” docking refinement. Forty of the S0
structures showed no distance violations and violated less
than 10% of the intervector projection angle restraints. The 40
structures clustered into the same HADDOCK-defined cluster
with a 1.5 A cutoff value. Finally, 10 of the 40 structures with
the lowest HADDOCK energies were selected to represent the
structural ensemble giving a HADDOCK energy of —35 + 1.5
kcal/mol and a pairwise rmsd of 0.5 A across all residues. The
ensemble was analyzed statistically as described above using the
protein structure validation software suite (see Table 2).*
Hydrophobic surface area measurements were performed using
Naccess (version 2.1.1).**

Table 2. NMR and Refinement Statistics for the Complex of
the A20 Znf Domain with Ubiquitin

NMR distance and dihedral constraints

total no. of intermolecular restraints 40
total no. of NOEs 4
total no. of PREs” 29
total no. of CSPs 4
hydrogen bond 3
total no. of dihedral angle restraints 0
total no. of RDC restraints” 102
structure statistics
violations
distance constraints (A) 0.04
maximal distance constraint violation (A) 0.5
dihedral angle constraints (deg) NA
maximal dihedral angle violation (deg) NA
deviations from idealized geometry
bond lengths (A) 0.011
bond angles (deg) 1.5
impropers (deg) 0.4
average pairwise rmsd® (A)
heavy 0.5
backbone 0.5
structure quality factors
Procheck G factor (¢ and y only) —0.17
Procheck G factor (all dihedral angles) —-0.13
Verify3D 041
MolProbity clash score 13.66
Ramachandran statistics? (Procheck/MolProbity)
favored (%) 88.7/94.3
additionally allowed (%) 11.3/5.7
generously allowed (%) 0/NA
disallowed (%) 0/1.3

“PRE, paramagnetic relaxation enhancement. PRDC restraints
included 30 for the A20 domain and 72 for ubiquitin. “The pairwise
rmsd was calculated among the 10 lowest-energy structures. “Ordered
region of the structure define by residues 12—42.

Structural Modeling. The ternary complexes shown in
Figures 3 and 4 were generated by manual docking of UBDs
based on the coordinates of binary complexes deposited in the
Protein Data Bank (PDB). Each structure was overlaid using
Ub residues 2—72 in MOLMOL,*" and the resulting ternary
complex was analyzed for the presence of van der Waals clashes
without any further structural refinement or use of additional
experimental restraints, or allowing for any backbone or side
chain flexibility. The structures were rated from “highly likely”
to “highly unlikely” to form a ternary complex. In the former,
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Figure 1. Ensemble of NMR structures of the A20 Znf domain of ZNF216 (residues 14—44) showing the four-Cys cluster bound to Zn?* in two
orientations (a and b). (c) Overlaid "H—""N HSQC spectra (pH 7.0 at 298 K) of the free and bound states of the A20 Znf domain illustrating the
highly perturbed cross-peaks for residues Ser31 and Val32. (d) Histogram of the weighted CSP data from panel b with Ser31 off-scale with a CSP of
1.7 ppm. van der Waals surface (e) and ribbon (f) representations of the A20 Znf domain with residues color-coded according to the magnitude of

CSPs on binding Ub (red for the largest).

no steric clashes were identified and the two UBDs were not in
close proximity to each other. In the case of likely interactions,
there were similarly no steric clashes evident, but flexible loops
were placed in close proximity, suggesting that contacts were
possible as a consequence of local protein dynamics. In the case
of unlikely interactions, direct contacts that could only in part
be relieved through conformational changes within flexible
loops were observed, or more severely (highly unlikely), where
major van der Waals violations that could not be readily
relieved without major structural reorganization were identified.
The PDB coordinates used for the various UBD—-Ub
complexes are as follows: 2C7N for A20 Znf, 2C7N for
MIU, 1QOW for UIM, 1WRI1 and 2DEN for UBA, 10TR for
CUE, 1Q5W for NZF, 1S1Q for UEV, 2Z59 for PRU, 2G4 for
Znf UBP/PAZ or DUB, 2KJH for UBCHS8-E3, 2DXS for
GLUE, 2K8B for PFUC, no entry for UBZ (taken from the
model shown in ref 45), 1YD8 for GAT, 2KHW for UBM,
2JT4 for SH3, 2D3G for DUIM, 2FUH for UBCHS-E2, 3LDZ
for VHS, and 2ZNV for MPN/JAB1-DUB. The MPN complex
includes diUb, and this comparison uses the proximal Ub for
only modeling.

ITC and ESI-Mass Spectrometry. Isothermal titration
calorimetry (ITC) was performed on a MicroCal VP-ITC
instrument. All ITC experiments were conducted in 10 mM
Tris-HCI buffer (pH 7.0) 150 mM NaCl, and 50 M ZnCl,;
0.2—0.4 mM Ub was injected sequentially (S pL) into the ITC
cell (volume of 1.424 mL) containing 15—35 yM A20 Znf at
298 K. For dilution experiments, 0.2—0.5 mM A20 Znf was
injected sequentially (S uL) into the ITC cell (volume of 1.424
mL) containing only buffer (1). To investigate formation of the
ternary complex, 0.3 mM A20 Znf was injected sequentially (5
uL) into the ITC cell (volume of 1.424 mL) containing 20 4M
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Ub or 20 uM Ub in the presence of 0.4 mM UBA at 298 K.
Data were corrected using appropriate buffer and protein
blanks and analyzed using MicroCal Origin to determine Kj
and AH.

ESI-MS was performed on a Waters SYNAPT electrospray
ionization, high-definition mass spectrometry (HDMS) system
with a Triwave ion mobility (IM) separation cell and a
quadrapole time-of-flight (QTOF) mass analyzer. Samples were
injected using a mechanically driven injector and a 100 uL
Hamilton syringe at a rate of 5 L/min. Instrument control and
analysis were performed in Masslynx (Waters). The total
protein concentration in the range of 1—9 yM in a buffer of 25
mM ammonium acetate (pH 7) was used for all experiments.
The apparent concentrations of free protein ([P]), protein-li-
gand complex ([PL]), and free ligand ([L]) were calculated
from the concentrations of total protein and ligand used, and
the signal intensities. It was assumed that P and PL gave the
same, linear, detector response. Plots of [PL]/[P] versus [L]
were used to determine Ky values.*® Solvent-exposed surface
areas were estimated from the average charge states of proteins
in the native ESI-MS spectrum using the approach of Kaltashov
and Mohimen.*’

B RESULTS

NMR Structural Analysis of the A20 Znf Domain of
ZNF216. Sequence analysis of the 213-residue ZNF216
protein (rat sequence) identified an A20 Znf Ub-binding zinc
finger module within the 60 N-terminal residues (Figure 1 of
the Supporting Information). The structure of the A20 Znf
domain was determined using multidimensional NMR methods
at 600 MHz on a 1 mM sample of *C- and "*N-labeled protein.
NOE distance restraints, torsion angle restraints, and residual

dx.doi.org/10.1021/bi201137e|Biochemistry 2011, 50, 9076—9087
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dipolar coupling (RDC) data were used to refine a family of
structures using the XPLOR-NIH protocol (see Materials and
Methods and Table 1).*® A highly structured region is evident
spanning residues Met12—Asn42, giving a low backbone rmsd
of 0.3 A (Figure 1ab). A single helix extends from Cys30 to
Asn42, which, although considerably shorter than that seen for
Rabex-5,”'° is around 1.5 turns longer than other A20 Znf
domain structures. Cys14 and Cys18 form a zinc knuckle with
Cys30 and Cys33 located at the N-terminus of the helix
completing the four-coordinate zinc cluster (Figure 1a). An 11-
residue loop connects the second and third Cys residues to give
a so-called treble clef zinc finger motif. The loop forms a region
of stable nonregular secondary structure stabilized by a number
of hydrogen bonds involving residues Metl2, Cysl4, Serl$,
Glyl7, Phe20, Gly22, Asn23, Gly28, and Met29. The overall
fold of the A20 Znf domain from ZNF216 is further stabilized
by contacts of both the loop and the zinc knuckle with the helix
via CH—7 interactions between Hf and yMe of Thr26 in the
loop and the aromatic ring of Tyr34 in the helix. The burial of
Met29 against the helix and other side chains of the knuckle
adds to the compact fold (Figure 2 of the Supporting
Information). Alignment of the treble clef motif with other
published structures (Figure 2 of the Supporting Information)
shows considerable structural conservation, particularly with
that of Rabex-S (backbone rmsd around the treble clef of <0.8
A). The ensemble of NMR structures suggests poor structural
definition within the N- and C-termini, consistent with
pronounced flexibility outside of the core structured region
(residues 12—42).

Binding of the A20 Znf Domain of ZNF216 to Ub. The
interaction of the A20 Znf domain of ZNF216 at 298 K
involves a high-affinity 1:1 binding interaction with Ub [Ky =
12 + 1.7 yM by ITC (Figure 3 of the Supporting
Information)]. We mapped the two complementary binding
surfaces in detail using chemical shift perturbation (CSP)
methods, utilizing the sensitivity to intermolecular interactions
of the 'H and N shifts in 'H—""N HSQC spectra. The
addition of Ub to a 1 mM sample of the ["*NJA20 Znf domain
resulted in both intermediate and slow exchange effects on line
shapes. However, at molar ratios close to 1:1, and above,
resonances sharpened considerably (Figure 1c). We were
readily able to assign the spectra of both Ub and the A20 Znf
domain in the fully bound state using different labeled proteins.

In the case of the A20 Znf domain, particularly large CSPs of
1.7 and 0.7 ppm were seen for residues Ser31l and Val32,
respectively (Figure 1d), with additional significant effects
(>0.2) for residues Leul3, Phe20, Tyr21, Asn23, Arg2S5, Cys33,
and Lys3S that cluster to form a discrete binding patch
involving both polar residues at the base of the helix and
hydrophobic/aromatic residues from the loops of the zinc
knuckle (Figure le,f). Analysis of the ['""N]Ub titration data
revealed significant CSPs for residues Ile23, Asp24, and Lys48—
Ser6S (Figure 2a). A cluster of highly perturbed residues (CSP
> 0.35) were seen in and around the loop between f-strands 4
and §, including Thr55, Asp58, the side chain amino group of
Asn60, and Asp24 at the N-terminus of the main a-helix of Ub,
presenting a small contiguous interaction surface that is largely
polar in nature (Figure 2b). This contrasts with the
hydrophobic f-sheet surface (centered around Ilel3, Ile44,
and Val70) that participates in UBA and UIM binding
interactions (Figure 2c). The side chain of AspS8 sits in the
center of the proposed A20 Znf binding patch, consistent with
the AspS8Ala Ub mutation perturbing the interaction with
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Figure 2. (a) NMR CSP data for Ub in binary complexes with A20
Znf (red) and p62 UBA domain (blue) with specific Ub residues
highlighted (ThrSS off the scale at 1.23 ppm). (b) Surface and ribbon
representations of Ub showing residues perturbed by the A20 Znf
domain (largest effects in red). (c) Similar representations for Ub
showing CSP effects from the p62 UBA domain (largest effects in dark
blue).

GST—ZNF216 protein in membrane-based binding assays, but
with no effects of the Ile44Ala mutation (Figure 3a).

For the purposes of structural modeling, 29 distance
restraints were derived from paramagnetic relaxation enhance-
ment (PRE) experiments (Table 2) using the MTSL spin-label
covalently attached to the surface of Ub through the Lys48Cys
mutation.””*> Complete signal attenuation was seen for
residues Leul3, Cysl4, Phe20, and Tyr21 in the 'H-"*N
HSQC spectrum of the A20 Znf domain, with other
surrounding residues also showing significant (>85%) effects.
In addition, a number of unambiguous intermolecular NOEs
were identified in half-filtered NOESY experiments with a
complex of [*C/"N]Ub with unlabeled A20 Znf, and these
were combined with CSP and 'H—'°N residual dipolar
coupling (RDC) data to generate an ensemble of structures
(pairwise backbone rmsd of 0.5 A) using the molecular docking
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Figure 3. (a) Membrane-based binding assays demonstrating that the
AspS8Ala Ub mutation, but not the Ile44Ala mutation or C-terminal
Gly75/Gly76 (AGG) deletion, strongly perturbs the interaction with
GST-ZNF216 protein (the Cys30Ala/Cys33Ala mutant GST—
ZNF216 protein does not bind Ub). (b) Western blot confirming
that p62 co-binds with ubiquitinated proteins from U20S cells by
immobilized recombinant full-length ZNF216; the unfolded ZNF216
double mutant (Cys30Ala/Cys33Ala) was unable to capture
ubiquitinated proteins or p62.

program HADDOCK (see structure statistics in Table 2).43 We
further validated the structural model by substituting A20 Znf
domain surface residues for those found in Rabex-5 (F20Y and
V32K). Subsequent titration studies resulted in CSP effects
localized to ['*N]JUb that were consistent with the proposed
model. A low-energy structure of the complex is illustrated in
Figure 4a showing the magnitude of the PRE signal attenuation
on the A20 Znf domain. The structure is highly homologous to
the Ub complex of the Rabex-5 A20 Znf domain and that of the
second Ub (Ub2) interaction with the Znf4 A20 Ub editing
protein involved in regulating cytokine-induced NF-kB signal-
ing pathways (see overlaid structures in Figure 4b).* The Znf4
A20 complex is of particular note, showing the versatility of the
A20 domain in interacting with three separate Ub molecules
each via a unique A20 Znf interface, which together define the
linkage-specific binding site for Lys63-linked triUb.*” In the Ub
complex of the A20 Znf domain of ZNF216, the formation of
key hydrogen bonds between Asp58 of Ub and Ser31 of the
A20 Znf domain appears to be central to the interaction along
with the burial of Arg54 of Ub in the groove formed between
the base of the helix and the zinc knuckle, involving Val32 and
Phe20 of the A20 Znf domain (Figure 4 of the Supporting
Information). Additional hydrophobic and polar contacts are
made across the interface, resulting in the burial of ~700 + 90
A? of solvent accessible surface area for the A20 Znf domain.
Modeling Multiple UBD Interactions with Ub and
PolyUb Chains. ZNF216 functions in pathways related to
NF-kB signaling and proteasomal proteolysis,">'>'® both of
which are dependent on the regulation of assembly of the
polyUb chain on target substrates. Substrate modification with
Ub or Lys63-polyUb chains is generally associated with
nondegradative processes such as NF-xB signaling, whereas
non-Lys63-linked chains signal for proteosomal degradation.
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ZNF216

Figure 4. (a) Low-energy structure of the A20 Znf complex with Ub
generated using the HADDOCK docking procedure.** The chemical
structure of the MTSL spin-label is shown; its position covalently
attached to Cys48 of Ub is represented as a yellow sphere, and the
magnitude of the signal reduction in 'H—"*N HSQC spectra of the
complex is shaded on the A20 Znf domain, with red indicating severely
attenuated. Structures were drawn using MOLMOL.* (b) Overlaid
structures of the complexes of the A20 Znf domains of Rabex-S (PDB
entry 2FIF), Znf4 (PDB entry 30J3), and ZNF216 (PDB entry 2L00)
on a common Ub structure showing localization around residue D58
of Ub. The extended helix of the Rabex-5 A20 Znf domain has been
truncated.

All of these biological pathways involve A20 Znf domain
proteins (including ZNF216). We initially modeled various
published diUb structures to determine the accessibility of the
Asp58 Ub site for the A20 Znf domain of ZNF216 within these
polyUb chains. ESI-MS confirmed that both Lys48-linked and
Lys63-linked diUb are able to bind two A20 Znf domains
without discrimination between chain linkages, and with
affinities at each site comparable to that for binding to a single
Ub (Figure S of the Supporting Information). We also
investigated interactions of Lys63-Ub, with the A20 Znf
domain by ESI-MS and could readily identify doubly and triply
bound species.

The structure of the A20 Znf complex with Ub shows that
the classical p-sheet hydrophobic patch around Ile44,
recognized by many other UBDs, is largely unperturbed by
the A20 Znf domain interaction, suggesting the possibility of
Ub-mediated colocalization of other UBD-containing receptors
at different surface sites. We evaluated the possibility of these
UBD pairings by modeling representative members of 20 other
UBD families so far characterized using UBD—Ub structures
deposited in the PDB. Each structure was overlaid using Ub
residues 2—72 in MOLMOL,*" and pairwise interactions of
UBD with Ub were rated from highly likely to highly unlikely
to form a ternary complex on the basis of the presence or
absence of steric clashes between the two UBDs (Figure Sa). As
previously reported, the backbone rmsd for Ub across all 20
complexes was low (<0.6 A), indicating that UBD-specific
conformational preferences were not a significant additional
consideration.”*" As anticipated, the majority of UBD pairings
compete for the common Ile44-centered patch; however, ~30
pairs of UBD ternary interactions seem likely or highly likely. A
number of representative structures from the different
categories are highlighted in Figure Sb—d.

Interestingly, the compatibility of the pairs of interactions is
not solely determined by the specific interaction site, but also
by the mode of binding and the size of the UBD. The long a-
helix of the MIU domain, for example, which binds on an Ile44-
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Figure S. (a) Representation of the likelihood of pairwise interactions of all possible combinations of UBDs in putative ternary complexes with Ub.
Each ternary complex was judged to be highly likely, likely, unlikely, or highly unlikely on the basis of observed steric contacts in structural models
from PDB coordinates. A blank represents some ambiguity in the analysis. UBDs that are underlined do not bind through the canonical Ile44 site on
Ub. The analysis assumes that for UBD families with multiple members, all members bind in a similar mode. (b—d) Molecular models of the ternary
complexes of Ub with members of different UBD families. (b) NZF and PAZ are mutually compatible partners (highly likely). (c) Steric contacts
between the A20 Znf domain (Rabex-5) and UEV suggest that this is not a viable ternary complex (highly unlikely). (d) In the complex of Ub with
MIU and PAZ, steric contacts prevent simultaneous interactions (unlikely). Proposed steric contacts are shown with an arrow.

centered patch, causes steric clashes that appear to preclude the
colocation of the PAZ domain that binds to the distant flexible
C-terminal tail (Figure 5d).** Smaller Ile44 binders such as the
NZF domain appear to have no such clashes (Figure Sb). In
contrast, the large Ile44-binding UEV domain appears to be the
only UBD unlikely to be able to pair with the A20 Znf domain
despite using distinct binding patches (Figure Sc). The analysis
also shows where interactions are predicted to be competitive.
In a scenario where two UBDs have differing Ub binding
affinities but overlapping interaction surfaces, the analysis
identifies possible UBD pairs that could sequentially pass
ubiquitinated cargo in a processive manner between different
Ub receptors.

Evidence of Multiple Interactions of Ub with Different
UBDs. The A20 Znf domain was predicted to be highly likely
to form a ternary complex when a UBA domain is localized to
the Ile44 hydrophobic surface of Ub (Figure Sa). Notably,
ZNF216 and the UBA domain protein p62 share common
functions as shuttle factors delivering ubiquitinated proteins to
the 26S proteasome.'>** In addition, both proteins appear to
be multifunctional, and separate studies have previously linked
ZNF216 and p62 to the same biologically relevant TRAF6-
containing signaling complex in which TRAF6 is polyubiquiti-
nated in response to various stimuli.'®'® We have previously
studied in detail the Ub binding interaction of the p62 UBA
domain,'®*!

In addition to the existing evidence that ZNF216 and p62
function in the same biological pathway(s),'>'®'* we were
also able to show that the two proteins can indirectly interact in
a complex mediated via polyUb. We used immobilized
recombinant full-length ZNF216 to bind endogenous ubiquiti-
nated proteins from U20S cells. A ZNF216 double mutant
(Cys30Ala/Cys33Ala), defective in Ub binding,'> was used as a
control and was unable to capture ubiquitinated proteins
(Figure 3b). Western blotting confirmed that endogenous p62
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co-interacted with only wild-type ZNF216, indicating that a
Ub-mediated interaction between the two proteins is possible.
In support of this observation, we noted that in cells
cotransfected with ZNF216, p62, TRAF6, and ubiquitin, wild-
type ZNF216 was usually colocalized with p62-positive
inclusions that also invariably contained TRAF6/ubiquitin
(data not shown, consistent with refs 53 and 54) whereas
mutant ZNF216 did not colocalize with p62 (Figure 6).

Hoechst 33258 ZNF216

p62

merge

WT ZNF216

Mut ZNF216
(C30A/C33A)

Figure 6. Indirect immunofluorescence staining and confocal
microscopy images showing cells cotransfected with ZNF216, p62,
TRAF6, and ubiquitin. Wild-type (WT) ZNF216 is shown to
colocalize with p62-positive inclusions (merged images) that also
contain TRAF6/ubiquitin (data not shown, consistent with the results
of refs 53 and 54). Images for mutant ZNF216 did not show evidence
of colocalization with p62.

However, these results, together with the pull-down
experiments illustrated in Figure 3, do not allow us to
distinguish between binding of Ub receptors to different Ub
moieties in a polyUb chain and multiple-independent
interactions with the same Ub. Subsequently, we investigated
the interaction of Lys63-linked diUb and Ub, with the A20 Znf
and p62 UBA domains by ESI-MS. In vitro, the ability of the
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UBA domain to form a stable homodimer significantly
diminishes the effective concentration of the monomeric Ub-
binding UBA domain, which also binds Ub with a 4-fold lower
affinity (12 M) than the A20 Znf domain (42 uM). Despite
these affinity differences, we were able to detect a range of low-
abundance species in solution (Figure 6 of the Supporting
Information), including 1:2:2 and 1:3:1 Ub,-A20-UBA ternary
complexes and 1:1:1 and 1:2:1 diUb-A20-UBA ternary
complexes. Although only the latter unambiguously confirms
the simultaneous interaction of both the A20 Znf and UBA
domain with the same Ub motif, in combination it is clear that
multiple UBDs are readily accommodated on the same polyUb
chain.

The NMR CSP analysis of the binary complexes of [*N]Ub
with the A20 Znf domain and with the p62 UBA domain
suggests a degree of overlap between the two sites (Figure 2a),
which may reflect induced-fit contributions to the specificity of
binding UBDs to Ub,! demonstrating the need for further
experimental validation of ternary complex formation. ["*N]Ub
was used to monitor interactions of UBD at the two sites on a
single Ub (Figure 7). Titration of the A20 Znf domain with

Ub:A20 Ub:UBA Ub:A20:UBA
a) o c) € o
128 to 1
£ K ° 9
81247 7 1e .
F 1,5/D58 Q62 D58 Q62 D58 (62
o @ °—e
"78 76 74 78 76 74 78 76 74
1261 b) vio {9 vio |1 V70
£ o ¢ } }
g 113 113 x 113 » \
= ® e . ° ]
z 128 ® o ° o o‘/ %
= (-]
1294 ; 1
96 '93 '90 96 93 '90' 96 93 90
H (ppm) "H (ppm) H (ppm)

Figure 7. Portions of the "H—"*N HSQC spectra of Ub (pH 7.0 and
298 K) illustrating perturbations to specific residues on the different
surface binding patches of Ub (arrows indicate free - bound). In the
top panels (3, ¢, and e), the cross-peaks for AspS8 and GIn62 that form
part of the A20 Znf binding surface are highlighted, and in the bottom
panels (b, d, and f), residues Ile13 and Val70 within the UBA binding
site are highlighted. Titration of ['*N]Ub with A20 Znf perturbs AspS8
and GIn62 (a), but Ile13 and Val70 are unaffected (b). Formation of
the binary complex of p62 UBA with Ub leaves AspS8 and GIn62
unaffected (c), but large CSPs are evident for Ile13 and Val70 (d). In
the formation of the Ub ternary complex, both sets of resonances are
perturbed, demonstrating simultaneous binding of the two UBDs.

[N]UD resulted in characteristic perturbations to AspS8 and
GIn62 of Ub, but significantly no effects on Ile13 and Val70
(Figure 7ab). In contrast, formation of a binary complex
between [°N]Ub and the p62 UBA leads to perturbations to
the latter but not the former (Figure 7c,d). However, titration
of ["*NJUD with first the A20 Znf domain and then the p62
UBA domain to form the ternary complex resulted in
perturbations to both sets of signals (Figure 7e,f) and well-
defined surface binding patches on Ub that are well represented
by the sum of the individual effects from the binary complexes
of the two UBDs (Figure 8a). This was confirmed by ITC
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Figure 8. (a) Ub surface showing the area of potential overlap (green)
between UBD sites identified from the CSP data (Figure 2a). (b)
Model of the Ub-A20-UBA ternary complex generated from the
overlay of the experimentally determined binary complexes. Positions
of key Ub residues (D58 and V70) are highlighted.

studies at 298 K in which the A20 Znf domain was injected into
Ub in both the absence and presence of 400 uM p62 UBA. The
binding isotherms (Figure 3 of the Supporting Information)
were fit with a Ky of 11.5 + 1.5 uM (binary complex) or a K4 of
8.0 + 2.5 uM (ternary complex) with 1:1 Ub—A20 binding
stoichiometries (1.03 + 0.1). Within experimental error, the
binding affinity of the A20 Znf domain for Ub appears to be
independent of the occupation of the UBA binding site.
Moreover, HSQC spectra of ternary complexes using different
combinations of 'N-labeled UBDs showed no evidence of
surface contacts between the two domains, consistent with the
model of the complex shown in Figure 8b. Our analysis shows
that a single polyUb chain is readily decorated with different
UBDs and, indeed, does not preclude formation of the ternary
complex either through a single Ub or through interaction with
two different Ubs within the same chain.

B DISCUSSION

Ub modifications are transduced by receptor proteins that
recognize distinct interaction faces on the Ub surface. As is
already well established, there is evidence within the UBA
family of UBDs of isopeptide linkage recognition, permitting
discrimination between Lys48- and Lys63-polyUb chains and
signaling specificity.”>* Further, ternary complexes in which
multiple UBL/UBD proteins bind simultaneously to the same
polyUb chain have been described, resulting in altered binding
affinities through colocalization effects. Both human SSa and
Rad23A are involved in targeting polyubiquitinated substrates
to the proteasome and can simultaneously bind to a Ub, chain,
further facilitated by UIM and UBL interactions between the
two receptors.57 In the same context, the proteasome receptors
Rpnl3 and S5a have been shown to bind Lys48-diUb in
concert,”**” with the Pru domain of Rpn13 initially displacing
one of the UIMs of SSa that then competes for the other distal
subunit binding site on diUb, regulating proteasomal delivery as
well as deubiquitination. Formation of the ternary complex has
implicated yeast proteins Dsk2 and Rpnl0 in the mechanism
for “counting” Ub monomers in longer chains, using a
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combination of UIMs and UBAs with different affinities for
UBL motifs and for Ub to shift the equilibria toward different
bound states in a Ub chain length-dependent manner,*
providing a plausible mechanism for substrate release and
proteasomal docking.

The effects of the wide variation in UBD binding affinities for
Ub, coupled with the ability to assemble several partners on a
single polyUb chain, have been highlighted as having a
significant impact on mechanisms of Ub signaling and
processing of ubiquitinated substrates.” We have extended
this model to confirm that formation of the ternary complex is
not limited to binding to a single polyUb chain, but an
individual Ub moiety can simultaneously participate in multiple
interactions with different Ub receptors in a biologically
relevant context. The concept that multiple proteasome shuttle
factors, such as p62 and ZNF216, can interact with the same
ubiquitinated substrate, potentially affording greater specificity
and affinity in delivery to the proteasome, is an attractive one. It
also suggests additional mechanisms for mediating multiprotein
complex assembly, or by which ubiquitinated cargo could be
“handed off” from one Ub receptor protein to another.*®' The
proposed versatility in binding the A20 domain in concert with
other UBDs has recently been illustrated by formation of a
complex by UbcHSA, an E2 enzyme that cooperates in polyUb
chain assembly, in a Ub-mediated A20—UbcHSA interaction,
potentially downregulating UbcHSA activity with inhibition of
NF-«B signaling.*’ Alternatively, endocytic sorting may be a
good example of sequentially passing a ubiquitinated cargo in a
processive manner between different Ub receptors,®> where the
UEV domain protein (Vps23) and UIM protein (Vps27) are
proposed to hand off ubiquitinated cargo by competing for
common Ub-binding sites. The data in Figure Sa predict that
ternary complexes involving Ub receptors are likely to be
widespread in nature, as are such “hand-off” mechanisms or
multivalent interactions involving individual Ub moieties.®>

The binding of multiple UBDs to a single Ub molecule also
suggests the possibility of negative regulation where certain
combinations of different UBDs are not permitted. Relative
affinities at overlapping sites, resulting in the competitive
displacement of UBDs by tighter binding ligands, may be a
further consideration in signal transduction and regulation. In
the context of the endosomal trafficking complex required for
transport (ESCRT) of the multivesicular body pathway,
ubiquitinated cargo appears to be sorted and passed between
at least three Ub-binding receptors via three sequential steps
involving three UBDs (UIM, NZF, and UEV) with similar
affinities.®* A competitive displacement model is plausible,
given that none of the UBDs are predicted to form viable
ternary complexes because all have similar Ile44 Ub site
specificities (see Figure 5a).

UBDs are typically small binding motifs, often (although not
exclusively) found at the termini of larger receptors and
tethered through an unstructured flexible linker. The “hook and
line” architecture of these large protein receptors, including
ZNF216 and p62,%° may allow the UBD to function as a largely
independent binding domain with the intrinsic flexibility
facilitating the assembly of Ub-mediated ternary complexes
(Figure 8b).57% These conclusions demonstrate the possi-
bility of Ub behaving as a hub for the recruitment and
colocalization of receptors in multicomplex assemblies for
regulating diverse intracellular molecular signaling events.
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Six figures showing the amino acid sequence alignment for A20
Znf domains, structures of the A20 Znf and its ubiquitin
complex, and ITC and ESI-MS data for formation of binary and
ternary complexes between ubiquitin and the ZNF216 A20 Znf
domain and p62 UBA domain. This material is available free of
charge via the Internet at http://pubs.acs.org.
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Coordinates and structural details for the A20 Znf domain and
its binary complex with ubiquitin were deposited in the Protein
Data Bank as entries 2KZY and 2L00, respectively. The
corresponding NMR data were deposited at the BMRB as
entries 17023 and 17024.
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