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Rabex-5 is an exchange factor for Rab5, a master regulator of endosomal trafficking. Rabex-5 binds monoubiquitin, undergoes
covalent ubiquitination and contains an intrinsic ubiquitin ligase activity, all of which require an N-terminal A20 zinc finger
followed immediately by a helix. The structure of the N-terminal portion of Rabex-5 bound to ubiquitin at 2.5-Å resolution
shows that Rabex-5–ubiquitin interactions occur at two sites. The first site is a new type of ubiquitin-binding domain, an inverted
ubiquitin-interacting motif, which binds with B29-lM affinity to the canonical Ile44 hydrophobic patch on ubiquitin. The second
is a diaromatic patch on the A20 zinc finger, which binds with B22-lM affinity to a polar region centered on Asp58 of ubiquitin.
The A20 zinc-finger diaromatic patch mediates ubiquitin-ligase activity by directly recruiting a ubiquitin-loaded ubiquitin-
conjugating enzyme.

The Rab GTPases are central regulators of vesicular trafficking and
organelle identity in all eukaryotes1,2. The Rab family is the largest
branch of the Ras superfamily, comprising more than 60 members in
mammalian cells. As with other small GTPases, the localization and
activity of the Rab proteins is regulated by GTPase-activating proteins
(GAPs), guanine-nucleotide dissociation inhibitors (GDIs) and
guanine-nucleotide exchange factors (GEFs)3,4. Rab GEFs promote
the binding of GTP to Rab proteins, which in turn converts them to
their active signaling conformation and stabilizes their binding to
cellular membranes. The founding member of the Rab5 GEF family is
the yeast vacuolar sorting protein Vps9 (ref. 5). Vps9 is the yeast
ortholog of the human Rab5 GEF, Rabex-5. All Rab5 GEFs have in
common a catalytic unit comprising a helical bundle and a Vps9-
homology domain6. Most Rab5 GEFs do not function alone, but
rather as components of larger multiprotein complexes, as exemplified
by the Rabaptin-5–Rabex-5 complex7–10.

Covalent monoubiquitination of proteins is a major regulatory
signal in protein trafficking11. In this process, the C-terminal carboxy-
late of a single molecule of the highly conserved 76-residue protein
ubiquitin is covalently linked to a lysine residue in a substrate protein.
This reaction is carried out by a series of enzymes known as E1, E2 and
E3 (refs. 12–14). Monoubiquitination of many transmembrane cargo
proteins marks them for sorting into endosomal pathways15–17.
Monoubiquitin moieties on these proteins are recognized by specific
ubiquitin-binding domains in proteins of the trafficking machinery,
including ubiquitin-interacting motifs (UIMs), coupling of unfolded
protein response to endoplasmic reticulum–associated degradation

(CUE) domains, ubiquitin E2 variant (UEV) domains, and GGAs and
TOM (GAT) domains18. UIMs are B25-residue, single-helix motifs
that were discovered through sequence analysis of the polyubiquitin-
binding site in the proteasome subunit S5a19. UIMs bind monoubi-
quitin with 200–2,000 mM affinity (Kd)20. Many trafficking proteins
that contain UIMs and CUE domains are themselves monoubiquiti-
nated in a manner that depends on both a ubiquitin ligase and the
presence of the binding domain18. UIMs within epsin, eps15, eps15R
and Vps27 (refs. 21–24) both bind monoubiquitin and promote their
own monoubiquitination.

The yeast counterpart of Rabex-5, Vps9, contains a C-terminal CUE
domain and is another well-characterized example of the mono-
ubiquitination of a monoubiquitin-binding protein25–27. It has been
anticipated that Rabex-5 might also contain a C-terminal ubiquitin-
binding domain26, and a Rabex-5–ubiquitin interaction has been
noted27. However, the C-terminal segment of Rabex-5 does not
bind ubiquitin28. Rabex-5 interacts with ubiquitin, but does so
through an N-terminal motif consisting of a zinc finger followed
immediately by a 25-residue region predicted to form an a-helix28.

The Rabex-5 N-terminal zinc finger belongs to the A20 zinc finger
(A20 ZnF) family and has ubiquitin-ligase activity28. The defining
member of this family, A20, is a negative regulator of NF-kB signaling
that has both deubiquitinating (DUB)-enzyme and ubiquitin-ligase
activities. A20 catalyzes the removal of a Lys63-linked polyubiquitin
chain from the TNF receptor-1–binding protein RIP, followed by the
ligation of a Lys48-linked polyubiquitin chain to RIP29. The A20
protein contains seven A20 ZnF domains, and the fourth A20 ZnF is
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required for the ubiquitin-ligase activity. Ubiquitin ligases identified
previously fall into two classes. HECT-domain ligases form covalent
thiolesters with the ubiquitin C-terminal carboxylate and directly
transfer ubiquitin to the lysine residues of substrate proteins12–14.
RING ligases contain a zinc-binding RING finger that interacts with
substrate and with a ubiquitin-conjugating enzyme but does not form
a covalent bond with the ubiquitin moiety to be transferred12–14.
The A20 ZnF domain represents a third class of ubiquitin ligase29.
Whereas the structural mechanisms for ubiquitin transfer through
HECT-domain30 and RING-domain31 ubiquitin ligases are well-
studied, no structural information has been available for A20-domain
ubiquitin ligases.

To better understand the mechanisms of Rabex-5 ubiquitin recog-
nition and its A20 ZnF domain–based ubiquitin-ligase activity, we
determined the crystal structure of the complex between bovine
ubiquitin and the A20 ZnF and adjacent helix of bovine Rabex-5.
The structure, together with surface plasmon resonance (SPR) and
isothermal titration calorimetric (ITC) analyses, shows that both the
Rabex-5 A20 ZnF domain and the helix adjacent to it bind ubiquitin
with high affinity. This helix corresponds to an inverted UIM, hence
we refer to it as the IUIM throughout the remainder of this report. We
go on to map the determinants for the ubiquitin-ligase activity to a
hydrophobic patch on the surface of the A20 ZnF, providing a
structural template for understanding the A20 ZnF class of ubiquitin
ligases for the first time.

RESULTS
Structure of the Rabex-5 A20 ZnF and IUIM domains
The structure of Rabex-5 residues 9–73, comprising the A20 ZnF and
IUIM domains (Fig. 1a), was determined in complex with ubiquitin at
2.8 Å in a P61 lattice containing one complex per asymmetric unit and
at 2.5 Å in a C2 lattice containing three complexes per asymmetric
unit. The structure was determined in P61 by molecular replacement,
using ubiquitin as the search model. Density modification was used to
determine the structure of the A20 ZnF–IUIM portion of the complex
(Supplementary Fig. 1 online). The structure of the complex in the
P61 lattice was redetermined de novo by SAD using the native zinc ion,
yielding a map consistent with the molecular-replacement solution.

The C2 structure was determined by molecular replacement with the
P61 structure. Together, the two crystal forms present images of four
copies of the complex.

The structure reveals that the A20 ZnF and IUIM domains are fused
into a single, relatively rigid unit (Fig. 1b,c). Residues 36–47 of the
A20 ZnF, together with the entire IUIM, form a single contiguous
helix. The nonhelical N-terminal part of the A20 ZnF contains three of
the zinc ligands: Cys19, Cys23 and Cys35. The fourth zinc ligand,
Cys38, is in the first turn of the helix (Fig. 1d). The zinc rigidly
connects the nonhelical N-terminal part of the A20 ZnF with the helix.
Trp31 of the nonhelical part of the A20 ZnF stacks against Trp39 of the
helix, further stabilizing the orientation of the helix relative to the A20
ZnF (Fig. 1e).

The A20 ZnF has a notable hydrophobic patch on its surface,
centered on a pair of hyperexposed residues, Tyr25 and Tyr26
(Fig. 1e). Leu17, Leu18, Trp31, Trp39 and Tyr43 are contiguous
with the tyrosine pair, forming a 25-Å-long hydrophobic strip. The
surface of the C-terminal portion of the IUIM helix presents a second
hydrophobic strip, consisting of the exposed residues Ile51, Trp55,
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Figure 2 Ubiquitin recognition by Rabex-5. (a) Ubiquitin (beige ribbon and

stick model) bound to Rabex-5 IUIM (green surface model). (b) Rabex-5

IUIM (green ribbon and sticks) bound to ubiquitin (orange surface).
(c) Ubiquitin (blue ribbon and sticks) bound to Rabex-5 A20 ZnF domain

(magenta surface). (d) Rabex-5 A20 ZnF domain (magenta ribbon and

sticks) bound to ubiquitin (blue surface). (e) Ubiquitin binds Rabex-5

through two different nonoverlapping surfaces on ubiquitin. Orange,

surfaces contacting the IUIM; blue, surfaces contacting the A20 ZnF.

Figure 1 Structure of the Rabex-5 A20 ZnF domain and IUIM. (a) The

domain structures of Rabex-5 and the construct used in this study. Magenta,

ZnF domain; green, IUIM; HB, helical bundle; Vps9, Vps9-homology

domain; CC, coiled coil; PR, proline-rich. (b) Rabex-5 (ribbon) contacts

ubiquitin (orange and blue surfaces) at two sites in the crystal lattice.

(c) Superposition of the four crystallographically independent molecules

of the A20 ZnF domain and IUIM. Green, P61 molecule; pink, magenta

and red, the three independent molecules in the asymmetric unit of the

C2 lattice. (d) The zinc-binding site in the A20 ZnF domain. Orange, sulfurs

of cysteine side chains; red sphere, zinc. (e) Ribbon and stick representation

showing exposed hydrophobic side chains. (f) Surface of the A20 ZnF

domain and IUIM colored by residue type: green, hydrophobic; red, acidic;

blue, basic; white, uncharged polar; yellow, cysteine.
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Leu57, Ala58, Leu61 and Phe69 (Fig. 1e,f). This IUIM hydrophobic
strip is flanked by the acidic residues Glu53, Asp54, Glu56, Glu59,
Glu64, Glu65, Glu66 and Glu67.

Structure of the Rabex-5–ubiquitin complex
Ubiquitin and the Rabex-59–73 fragment are present at 1:1 stoichio-
metry in both lattices. The complex is packed so that the two
molecules interact at two distinct interfaces in both lattices. In the
first interface, ubiquitin binds Rabex-5 through the Rabex-5 IUIM.
Ubiquitin binds through its surface hydrophobic patch centered on
Ile44, Leu8 and Val70 (Fig. 2a). The ubiquitin-binding site in the
IUIM is centered on Ile57 and Ala58, and it includes all of the
hydrophobic strip on the IUIM (Fig. 2b). There are hydrogen
bonds between the side chain of Rabex-5 Arg47 and the main chain
carbonyl of ubiquitin Lys63, and between the side chain of Rabex-5
Asp54 and the main chain amides of ubiquitin Ala46 and Gly47,
and there is a salt bridge between Rabex-5 Glu65 and ubiquitin
Arg42 (Supplementary Fig. 1). Two potential sites of ubiquitin-
chain extension, Lys48 and Lys63, are near the interface (7–9 Å
from the lysine Nz to the nearest Rabex-5 atom; Fig. 2a). Both lysines
are solvent accessible in the complex. The shape-complementarity
score32 is 0.76, highly complementary. The complex buries 780 Å2 and
710 Å2 of the solvent-accessible surface areas on Rabex-5 and
ubiquitin, respectively.

The A20 ZnF of Rabex-5 forms a second interface with a molecule
of ubiquitin that is distinct from the one bound to the IUIM
(Fig. 2c–e). At closest approach, these two ubiquitin molecules are
20 Å apart. Tyr25 and Tyr26 of the A20 ZnF hydrophobic patch are the
main locus of the interaction. A20 ZnF Asn28, Trp31, Ser36 and Lys37
also interact (Fig. 2d). The interaction site on ubiquitin consists of the
polar residues Arg54, Thr55, Ser57, Asp58, Tyr59 and Asn60 (Fig. 2c).
Aliphatic and aromatic carbon atoms on these side chains interact
with the di-tyrosine motif on the A20 ZnF domain. Rabex-5 Ser36
forms two hydrogen bonds with ubiquitin Asp58 (Supplementary
Fig. 1). The shape-complementarity score is 0.74, nearly identical to
the high score obtained for the ubiquitin-IUIM interaction. Roughly
420 Å2 of solvent-accessible surface area is buried on each molecule.

Rabex-5 contains an inverted UIM
The IUIM of Rabex-5 binds the Ile44 patch on ubiquitin in a manner
akin to the Vps27 UIM-1 (ref. 33). The Rabex-5 and Vps27 UIM-1
(PDB entry 1Q0W) complexes were superimposed via the ubiquitin
molecules (Fig. 3a). Vps27 residues 257–275 are helical and in contact

with the same surface on ubiquitin as are Rabex-5 residues 49–67. The
conserved central Ala266 of the Vps27 UIM-1 corresponds to the
central Ala58 of the Rabex-5 IUIM (Fig. 3b). There is a one-to-one
correspondence between ubiquitin-interacting residues in the
C-terminal two-thirds of the Rabex-5 IUIM and the N-terminal
two-thirds of the Vps27 UIM-1. The relationship breaks down only
for the N-terminal five residues of Rabex-5. Asp54 of Rabex-5 makes
interactions with the main chains of ubiquitin residues 46 and 47
much like those reported for its counterpart in Vps27, the conserved
Ser270 (ref. 33). For this reason, we designated the Rabex-5 ubiquitin-
binding helix an ‘inverted ubiquitin-interacting motif ’ (IUIM).

A template for the A20 ZnF family
The A20 ZnF is a compact unit built around two pairs of cysteine
residues and a single zinc ion. The coordination of the zinc by four
cysteines (Fig. 1d) and the helical conformation of the last cysteine fit
the pattern of the classic CCCC finger34. This class of zinc finger is
found in the GATA, LIM and PHD domain–containing DNA-binding
proteins, the C1 and FYVE domain–containing peripheral membrane
proteins and the first zinc site in the RING-domain ubiquitin ligases34.
The key Tyr-Tyr pair corresponds to phenylalanine or tyrosine in the
sequences of other A20 ZnF domains (Fig. 4a) and is surrounded by
other conserved residues (Fig. 4b). The A20 ZnF was overlaid on the
Cbl RING structure on the basis of the similarity between the A20 zinc
site and the first zinc site in the RING domain (data not shown).
The UbcH7-binding site on the Cbl RING domain31 overlays a
nonconserved polar surface on A20 distal to the Tyr-Tyr patch. This
is consistent with the classification of the A20 ZnF ubiquitin ligases as
a separate group from the RING ubiquitin ligases. Another zinc finger
domain, the NZF domain, also binds ubiquitin. The NZF domain
contains no a-helix and binds ubiquitin through its Ile44 patch35, and
it thus has little in common with the A20 zinc finger.

Mutational analysis of ubiquitin-binding sites
To evaluate the contribution of the A20 ZnF and IUIM regions
to ubiquitin binding, residues in these regions were mutagenized
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Figure 3 Conservation of IUIMs and their relationship to UIMs. (a) Super-

position of Rabex-5 IUIM (green) and Vps27 UIM (red; PDB entry 1Q0W) on
the basis of overlaid ubiquitin molecules (orange and beige). (b) Sequence

of bovine Rabex-5 (bRabex-5) IUIM aligned with secondary structure

elements of the UIMs of yeast Vps27 (yVps27), human hepatocyte growth

factor receptor substrate (hHrs, the human Vps27 ortholog) and human

proteasome subunit S5a (hS5a). The latter three sequences are written

from C terminus to N terminus. Residues contacting ubiquitin are marked

with green (IUIM) and red (Vps27 UIM-1) triangles, respectively.
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Figure 4 Conservation of A20 ZnF domains. (a) Structure-based sequence

alignment of A20 zinc fingers. b, bovine; h, human; m, murine; AWP1,

associated with PRK1; black triangles at bottom, conserved cysteine
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individually and in combination. ITC was used to determine the
effects on binding to ubiquitin in free solution (Fig. 5a). SPR was used
to determine the effect on binding to ubiquitin immobilized on a
planar surface (Fig. 5b). Wild-type Rabex-59–73 binds ubiquitin in
solution with an apparent Kd of 12 mM when the ITC data are fit
assuming there is only one type of binding site. These data fits had
high residuals, suggesting that the single-site model was inappropriate.
It was not possible to obtain substantial improvement by fitting the
ITC data to a two-site model, so we pursued a mutational approach
instead. The mutations L57D and A58D in the IUIM reduced affinity
to Kd ¼ 22 and 21 mM, respectively. The mutation Y26A reduced
affinity to Kd ¼ 29 mM. The double mutation Y25A A58D completely
abolished binding at achievable concentrations. From these results, we
infer that the most deleterious point mutations in each site are capable
of completely abrogating binding to that site. We infer that the A20
site has a Kd of B21 mM and the IUIM site has a Kd of B29 mM in
free solution.

Wild-type Rabex-59–73 binds immobilized ubiquitin with apparent
Kds of 1.3 mM and 37 mM when the SPR data are fit with a two-site
model (Fig. 5c and Table 1). Glutathione S-transferase (GST)-ubi-
quitin was immobilized on the sensor chip. As GST is a dimer, two
ubiquitin molecules are presented to the Rabex-5 molecule on average.
The higher apparent affinity of wild-type Rabex-59–73 for dimeric
immobilized ubiquitin compared to that for ubiquitin in solution
suggests that avidity has a role in the former case. The most
deleterious mutation in the A20 ZnF domain, Y25A, resulted in
Kd ¼ 29 mM, and that in the IUIM, A58D, resulted in Kd ¼ 22 mM.
The mutant Y25A A58D had no detectable binding. The SPR data
suggest that the A20 ZnF and IUIM sites have Kd values of B22 and
29 mM, respectively. The agreement between the ITC and SPR results
for the two sites is excellent, given the differences in the presentation
of the molecules in the two experiments.

To determine which interfaces of ubiquitin are involved in function,
the ubiquitin mutants I44D and D58A were generated and the binding
of these mutants to wild-type and mutant Rabex-5 constructs was
assessed. The I44D mutation was made to disrupt the canonical
hydrophobic patch on the surface of ubiquitin that interacts with
the IUIM. The ubiquitin D58A mutation was designed to disrupt the
two hydrogen bonds between ubiquitin Asp58 and the Rabex-5 Ser36
side chain and main chain. Ubiquitin I44D binds wild-type Rabex-5
and its IUIM mutant A58D with very similar affinities (Kd ¼ 20–
23 mM; Fig. 5d and Table 1). This is consistent with the expectation
that either mutation should completely abrogate the Rabex-5
IUIM–ubiquitin Ile44 patch interaction, yet have no effect on the
A20 ZnF–ubiquitin Asp58 patch interaction. Ubiquitin I44D binds
with sharply reduced affinity to Rabex-5 A20 ZnF-domain mutant
Y25A and not at all to Y25A Y26A. This confirms that the residual
interaction of I44D with Rabex-5 requires an intact binding site in
the A20 ZnF domain. Ubiquitin D58A binds wild-type Rabex-5
and its A20 ZnF-domain mutant Y25A with very similar affinities
(Kd ¼ 26–28 mM; Fig. 5e and Table 1), consistent with the structural
finding that these two regions directly interact. In contrast, mutating
the Rabex-5 IUIM (A58D) almost completely blocks binding. Thus,
the residual Rabex-5 binding of the D58A mutant occurs entirely
through the IUIM. These results show that both of the ubiquitin–
Rabex-5 interfaces seen in the crystal structure are functional.

Mechanism for ubiquitin-ligase activity
To probe the mechanism for ubiquitin-ligase activity by Rabex-5, we
tested the ability of Rabex-59–73 and its A20 ZnF-domain mutant Y25A
Y26A to recruit ubiquitin-conjugating enzymes (Ubcs; Fig. 6a). Both
ubiquitin-loaded and non–ubiquitin-loaded human UbcH5C and
Mus musculus Ubc7 (also called Ube2g2) were tested. To assess specifi-
city, Rabex-5 was compared to the Ube2g2-binding protein, gp78
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Figure 5 The ubiquitin–Rabex-5 interaction in vitro. (a) ITC analysis of the binding of ubiquitin to the Rabex-59–73 constructs in vitro. Inset, raw heat change

elicited by successive injections of ubiquitin into a solution of wild-type (WT) Rabex-59–73. Main chart, the normalized integration data as a function of the
molar ratio of ubiquitin to the various Rabex-59–73 constructs. Results shown are typical of four independent experiments carried out with the wild-type con-

struct and two independent experiments carried out with each individual mutant. (b) SPR sensorgrams for selected Rabex-59–73 mutants with immobilized

wild-type GST-ubiquitin. (c–e) Histograms showing relative affinities of Rabex-59–73 mutants for wild-type (c), I44D (d) and D58A (e) GST-ubiquitin. Error

bars show s.d. Ka values were obtained by taking the inverse of Kd values from Table 1 and normalized by setting Ka for wild-type Rabex-59–73 to 100.

A two-site model was used to fit the data for wild-type GST-ubiquitin (c) and a one-site model was used for I44D (d) and D58A (e). Values greater than

100 in panels c–e probably reflect the limitations of the simple one- and two-site models used to fit the data rather than real increases in affinity.
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(ref. 36) and the UbcH5C-binding E3, RNF25 (ref. 37). Ubiquitin-
loaded UbcH5C binds wild-type Rabex-59–73, but not the A20 ZnF
domain Y25A Y26A mutant or gp78 (Fig. 6a). Non–ubiquitin-loaded
UbcH5C does not bind Rabex-59–73. Ube2g2 binds gp78 with roughly
equal affinities in both its ubiquitin-loaded and non–ubiquitin-loaded
states (Fig. 6a). Thus, Rabex-5 specifically recruits at least one Ubc,

UbcH5C, in a manner that depends on the
interaction between ubiquitin and the A20
ZnF domain. The presence of ubiquitin
alone is insufficient, at least at concentrations
tested, as ubiquitin-loaded Ubc2g2 is not
recruited. The ubiquitin-ligase activity with
respect to GST–Rabex-59–73 was also tested.
The A20 ZnF-domain tyrosine mutations that
we tested blocked catalytic activity, consistent
with the requirement for Ubc binding
(Fig. 6b). The IUIM mutation A58D did
not block activity, but rather enhanced
activity several-fold.

DISCUSSION
The structure of the Rabex-5 IUIM is a
striking illustration of convergent evolution.
The GATA-like CCCC zinc fingers, of which
the A20 ZnF is a subtype, all contain a
C-terminal a-helix. The extension of this
helix for Rabex-5 seems a likely mechanism
for the origin of the IUIM. It is remarkable
that the use of particular amino acid side
chains to interact with particular ubiquitin
residues is so well preserved. Key Rabex-5
IUIM alanine and leucine residues have ala-
nine and leucine or isoleucine counterparts in
conventional UIMs that make nearly identical
interactions. The cluster of acidic residues at
the C terminus of the IUIM is matched by a
similar cluster at the N terminus of the UIM.

The conserved serine of the conventional UIM is replaced by
an aspartate in the IUIM, in one of the few differences. However,
the serine and the aspartate both interact with the same main
chain NH groups on ubiquitin. It is equally notable that the
orientation of the helix with respect to the ubiquitin surface,
apart from its opposite N-to-C direction, is so similar. This suggests

Table 1 Binding affinities of Rabex-59–73 for ubiquitin

SPRa ITCb

Rabex-59–73

GST-ubiquitin WT

Kd1 (mM) Kd2 (mM)

GST-ubiquitin I44D

Kd(app)c (mM)

GST-ubiquitin D58A

Kd(app)c (mM)

Ubiquitin WT

Kd(app)c (mM)

WT 1.3 ± 0.2 37 ± 6.7 23 ± 0.8 28 ± 3.3 12 ± 1

L18D 1.4 ± 0.1 52 ± 8.1 49 ± 1.3 17 ± 3.3

Y25A 29 ± 4.8 NAd NDe 26 ± 2.8

Y25P 26 ± 3.1 NAd NDe 24 ± 4.7

Y26A 30 ± 1.5 NAd NDe 20 ± 11 29 ± 1

Y26P 24 ± 1.4 NAd NDe 21 ± 1.9

P29D 1.8 ± 0.1 66 ± 9.3 42 ± 2.8 30 ± 2.8

Y43A 1.6 ± 0.1 56 ± 10 8.8 ± 0.3 27 ± 2.8 14

R47A 1.8 ± 0.05 42 ± 2.5 7 ± 0.4 21 ± 8.9

I51D 7.1 ± 1.5 79 ± 12 35 ± 1.2 NDe

D54A 4.3 ± 0.6 25 ± 5.8 11 ± 6.4 83 ± 8.9 19 ± 1

L57D 15 ± 0.3 NAd 14 ± 0.4 NDd 22 ± 3

A58D 22 ± 0.4 NAd 20 ± 0.4 NDd 21 ± 1

L61D 4.4 ± 0.5 43 ± 9.1 8.1 ± 0.3 NDd 15

E65A 2.1 ± 0.1 50 ± 12 7.7 ± 0.2 53 ± 1.3 29 ± 1

Y25A Y26A 36 ± 3 NAd NDe 42 ± 5.3

Y25A L57D NDe NDe NDe NDe

Y25A A58D NDe NDe NDe NDe NDe

Y26A L57D NDe NDe NDe NDe

aFor SPR experiments, wild-type (WT) and mutant human GST-ubiquitin were immobilized on a CM5 chip. WT and mutant
Rabex-59–73 were in the mobile phase. Means and standard deviations from three independent experiments are shown. bFor ITC
experiments, bovine ubiquitin was titrated to WT and mutant Rabex-59–73. Shown are means and standard deviations from four
independent experiments for wild-type protein and two independent experiments for mutants, except for Y43A and L61D, which
were each measured once. cApparent dissociation constant calculated from fitting the data to a one-site model. dNA, binding
seems to most appropriately fit a single-site model, so no Kd2 was determined. eND, either binding was not detectable or the
Kd was not determined because binding was too weak to obtain reliable quantification.
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Figure 6 Ubc recruitment and ubiquitin-ligase activity of Rabex-5 and its mutants. (a) Detection of 35S-labeled Ubcs shows that ubiquitin-loaded UbcH5C

selectively binds Rabex-5 with an intact A20 ZnF domain, but not the Y25A Y26A Rabex-5 mutant. Ube2g2 binds the Ubc-binding domain of gp78

independently of its ubiquitin loading and does not bind Rabex-5. (b) Wild-type Rabex-5 has ubiquitin-ligase activity, as indicated by detection of Flag-

ubiquitin. Tyrosine mutations in the A20 ZnF domain block this activity, whereas the A58D IUIM mutation enhances activity. Arrow marks the position

corresponding to the molecular weight of unmodified GST–Rabex-59–73.
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that there may be very few ways for a single a-helix to bind ubiquitin
with substantial affinity.

Most monoubiquitin-binding domains bind free ubiquitin with Kd

values ranging from 100–500 mM18. By the standards of monoubi-
quitin-binding domains, the Rabex-5 IUIM is an unusually strong
binder with its apparent Kd of B29 mM. The Rabex-5 IUIM joins the
Vps9 CUE domain25,38 as a ‘champion’ monoubiquitin binder. It is
probably no coincidence that two of the most potent monoubiquitin-
binding proteins described are orthologs. What is more noteworthy is
that Rabex-5 and Vps9, despite their similar catalytic domains and
biological functions, have evolved completely different high-affinity
ubiquitin-binding domains located in completely different parts of
their sequences. How does the Rabex-5 IUIM achieve such high-
affinity binding as compared to conventional UIMs and most other
ubiquitin-binding domains? The surface area buried in the ubiquitin-
IUIM interface, over 700 Å2 for each protein, is comparable to that
buried in the high-affinity Vps9 CUE–ubiquitin interface and larger
than that of most other ubiquitin-domain interfaces. Compared to the
UIM, the IUIM interacts with one additional turn of helix that forms
hydrogen bonds with the Lys63 region of ubiquitin. These interactions
could contribute 2 kcal mol–1 and account for the B10-fold gain in
affinity compared to the Vps27 UIM-1.

Monoubiquitin-binding domains in many proteins, including eps15,
epsin, Vps27, Vps9 and Rabex-5, are required for the covalent mono-
ubiquitination of these proteins. The mechanism by which monoubi-
quitin-binding domains promote ubiquitination is unknown, although
several models have been proposed18. In one model21, the UIM directly
recruits a covalent HECT-domain ubiquitin ligase–ubiquitin thiolester
adduct via the ubiquitin moiety. In other models, the ubiquitin-
binding domain interacts with other ubiquitinated factors important
to the reaction and recruits and/or allosterically activates these factors.

The Rabex-5 A20 ZnF and IUIM system sheds new light on this
question as the first example of a crystal structure in which a
monoubiquitin-binding domain, a ubiquitin ligase and ubiquitin are
present. The A20 ZnF-domain ubiquitin ligase presumably functions
like RING-finger ubiquitin ligase as an adaptor and activator of the
ubiquitin-conjugating enzyme. Thus, we can ask whether it is plau-
sible for the IUIM and the A20 ZnF to cooperate in recruiting a
ubiquitin-thiolester adduct of a Ubc. In this scenario, the IUIM would
bind the ubiquitin moiety, whereas the A20 ZnF domain would bind
the Ubc. The structure shows that the C terminus (with the last three
residues 74–76 modeled) of the ubiquitin bound to the IUIM is 50 Å
away from the Ubc-binding site on the A20 ZnF domain. In the
structure of the Cbl–UbcH7 complex31, there is only 15 Å between the
active site Cys86 of UbcH7 and the closest point on the RING domain,
and the farthest point of the UbcH7 surface from Cys86 is only 27 Å
away. The solution of the Rabex-5 A20 ZnF–IUIM domains in four
crystallographically independent states represents the modest range of
flexibility between the two domains, and the range of movement is
insufficient to bring the IUIM ubiquitin-binding site into proximity
with the putative Ubc-binding site. This is consistent with the
observation that the A58D IUIM mutation does not impair the
in vitro ubiquitin-ligase activity of the isolated Rabex-51–76 or
Rabex-59–73 fragment28 (Fig. 6b). Therefore, simple distance con-
straints seem to rule out a model for the IUIM of Rabex-5 entailing
direct recruitment of a Ubc monoubiquitin thiolester.

This study has shed considerable light on the little-characterized
mechanism of the A20 ZnF-domain ubiquitin ligase. We have found
that the A20 ZnF domain binds strongly to a novel region, the Asp58
patch, on the surface of ubiquitin. It has long been anticipated that
regions of the ubiquitin surface other than Ile44 would have important

roles in ubiquitin function. This is the first description of a ubiquitin-
binding domain that does not interact with the Ile44 region. The A20
ZnF domain uses the interaction between its diaromatic patch and the
Asp58 patch on ubiquitin to recruit a ubiquitin-loaded Ubc. The
diaromatic patch is conserved in most A20 ZnF domains, including
ZnF-4 of A20 itself, which has been implicated in the ligase activity of
that protein. There is a strong preference for some Ubcs over others,
so the recruitment is not a function of ubiquitin binding alone. The
ubiquitin–A20 ZnF complex exposes considerable hydrophobic sur-
face area to solution, including one side each of the side chains of the
diaromatic patch. A model of a possible A20 ZnF–ubiquitin–E2
complex was generated by overlaying the SUMO molecule in the
Ubc9–SUMO–RanGAP1–Nup358 complex39 onto the A20 ZnF
domain–bound ubiquitin molecule (Supplementary Fig. 2 online).
The Ubc in this model is 20 Å away from the closest point of contact
with the A20 ZnF domain. However, the exposed faces of Tyr25
and Tyr26 are the closest point to the docked Ubc, and there is no
apparent obstacle to a rotation of the Ubc to directly contact the A20
ZnF domain.

In summary, this study has revealed for the first time the structures
of two motifs involved in ubiquitination and monoubiquitin recogni-
tion: the A20 ZnF ubiquitin ligase and the IUIM. The juxtaposition of
these two domains in space explains how they carry out their
individual functions autonomously at the level of the isolated
domains. The A20 ZnF and IUIM, although rigidly linked, are too
far apart to directly cooperate in the transfer of a single monoubiqui-
tin moiety. The mechanism by which monoubiquitin-binding
domains promote the monoubiquitination of proteins that contain
them remains a major question in the field. We have moved one step
closer to answering this question by ruling out one of the major
potential mechanisms, direct recruitment of a Ubc ubiquitin thioles-
ter, in the case of the Rabex-5 IUIM. By contrast, we have shown that
the A20 ZnF domain immediately adjacent to the IUIM functions by
just such a direct-recruitment mechanism. Conservation of the A20
ZnF sequence in other proteins suggests that A20 and other related
proteins will function by a similar mechanism.

METHODS
Cloning and sample preparation. DNA coding bovine Rabex-5 residues 9–73

was subcloned into parallel GST2 vector40. Site-directed mutants were gener-

ated using the QuikChange mutagenesis kit (Stratagene). All constructs were

verified by DNA sequencing. Rabex-59–73 was overexpressed as an N-terminal

GST fusion protein in Escherichia coli BL21(DE3). ZnCl2 was added to terrific

broth media to 0.1 mM. Cells were induced with 0.5 mM IPTG and grown at

20 1C overnight. Harvested cells were lysed in 50 mM Tris-HCl (pH 7.4) and

150 mM NaCl and the supernatant was applied to a glutathione-Sepharose

column (Amersham). TEV protease was used to cleave GST and was removed

by passing it through TALON resin (BD Bioscience). Protein was concentrated

and applied to a Superdex 200 column (Amersham) in 50 mM Tris-HCl

(pH 7.4), 150 mM NaCl and 5 mM dithiothreitol. Bovine ubiquitin (Sigma)

was added to the purified Rabex-59–73. The complex was purified on a

Superdex 200 column and concentrated using a VivaSpin concentrator (Viva

Science). All mutants were purified as just described for the wild-type protein,

except that no dithiothreitol was used. DNA encoding human ubiquitin was

amplified by PCR and cloned into the parallel GST2 vector. Recombinant GST

and GST-ubiquitin for SPR studies were produced from BL21(DE3) cells and

purified using glutathione-Sepharose affinity columns followed by Superdex

S200 (GE Health Sciences) gel-filtration chromatography. GST and

GST-ubiquitin samples were dialyzed against HBS-P buffer (10 mM HEPES

(pH 7.4), 150 mM NaCl and 0.05% (v/v) surfactant P20).

Crystallization, data collection and structure determination. Crystals of the

complex were grown in hanging drops at 22 1C. The reservoir contained 0.1 M
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sodium citrate (pH 5.6), 20%–25% (w/v) PEG 4000

and 0.2 M lithium sulfate. Diffraction-quality crys-

tals were obtained by streak seeding and were flash-

frozen under liquid nitrogen. Data were collected

using a Riguaku rotating anode home source and

an R-AxisIV detector, and were processed with

HKL2000 (HKL Research). An initial molecular-

replacement solution was obtained using ubiquitin

as a search model with MOLREP41 in space group

P61. Solvent-flattening by the prime-and-switch

algorithm in RESOLVE42 yielded a map (figure of

merit ¼ 0.58) that allowed us to locate the missing

Rabex-59–73. SAD at the zinc edge, l ¼ 1.28 Å, was

used to redetermine the structure of the complex

and yielded a phase set with figures of merit equal

to 0.36 (SOLVE43) and 0.68 (RESOLVE43). The

structure in space group C2 was determined by

molecular replacement using the P61 model. Man-

ual model building and refinement were done using

O44 and CNS45. For final refinement, we used

REFMAC5 (ref. 46) with TLS parameters47 incor-

porated (Table 2). There are no residues in dis-

allowed regions of the Ramachandran plot.

Structural figures were generated using PyMOL

(http://pymol.sourceforge.net).

Surface plasmon resonance. The binding of wild-

type and mutant Rabex-5 proteins to ubiquitin was

measured with a Biacore T100 system at 251 C with

a flow rate of 20 ml min–1. GST, GST-ubiquitin and

GST-I44D and GST-D58A ubiquitin mutants

(10,000 response units of each) were immobilized

on a CM5 surface via covalent linkage to the N

terminus of GST. A CM5 chip was activated using

1:1 N-hydroxysuccinimide (NHS)/1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) at a

flow rate of 5 ml min–1 for 20 min. GST (10 mM)

and GST-ubiquitin (10 mM) in 10 mM acetate buffer (pH 5.5) were passed

over separate flow cells at 5 ml min–1 for 40 min, and this was followed by a

blocking step using ethanolamine (1 M, pH 8.5) at 5 ml min–1 for 20 min. All

binding experiments were performed in HBS-P. Binding of wild-type and

mutant Rabex-5 proteins to ubiquitin was measured simultaneously by passing

Rabex-5 over flow cells coupled to GST, GST-ubiquitin and GST–ubiquitin

mutants, with association and dissociation times of 100 s and 300 s, respec-

tively. Between subsequent injections of Rabex-5 proteins, surfaces were

regenerated with an injection of HBS-P supplemented with 500 mM NaCl

for 15 s at 100 ml min–1.

We initially tried to fit our data assuming a 1:1 binding stoichiometry for a

Rabex-5–ubiquitin complex. However, poor fitting statistics and subsequent

mutational data led us to define two independent binding sites on Rabex-5 for

ubiquitin, as follows:

R + U ! RU

RU + U ! RU2

where R is Rabex-5 and U is ubiquitin. Corresponding data were fit to the

following equation:

Req ¼Rmax1½Rabex�=ð½Rabex�+Kd1Þ
+Rmax 2½Rabex�=ð½Rabex�+Kd2Þ+ RI

where [Rabex] is the protein concentration of the flowing analyte, Kd1 and

Kd2 are the dissociation constants for sites 1 and 2, respectively, Rmax1 and

Rmax2 are the relative maximal change in response levels for sites 1 and 2,

respectively, and RI is the residual or background signal. Fitting was performed

using the BiaEvalution software (Biacore) with globally floating Kd, Rmax and

RI values.

Isothermal titration calorimetry. Rabex-59–73 (10–30 mM, placed in the

sample cell) and bovine ubiquitin (0.3–0.75 mM, injectant) were dissolved in

50 mM Tris-HCl (pH 7.4) and 150 mM NaCl. Titrations (42 injections of 5 ml

ubiquitin each) were performed at 30 1C using a VP-ITC Microcalorimeter

(MicroCal), and data were analyzed using Origin software (Origin Lab).

Interaction with ubiquitin-conjugating enzymes. UbcH5C was expressed

using the plasmid pET15-UbcH5C48. DNA encoding Ube2g2 was subcloned

into the NcoI and BamHI sites of pET15. Human gp78 encodes a specific

Ube2g2-binding site between residues 574 and 643. A fragment encoding gp78

residues 574–643 was described previously49, as was the GST-RNF2586–363

construct37. 35S-labeled UbcH5C and Ube2g2 were translated in vitro using the

S30 T7 bacteria lysate system (Promega). For ubiquitin thiolester formation,

reactions contained 12 ml Ubc translation mix, 100 nM murine E1 and 10 mg

ubiquitin in 80 ml reaction buffer (20 mM Tris (pH 7.5), 100 mM NaCl, 4 mM

ATP, 2 mM MgCl2). The reactions were carried out at 30 1C for 10 min. To

produce free Ubc, the same reaction conditions were used except that E1 was

omitted. An aliquot containing 2 mg of GST fusion protein immobilized on

glutathione-Sepharose 4B (Amersham) was incubated with 20 ml thiolester

reaction mix in 100 ml of binding buffer (PBS containing 0.2% (v/v) Triton

X-100 and 0.2 mM ZnCl2) for 2 h at 4 1C with constant mixing. Equal

loading of all samples was confirmed by SDS-PAGE and Coomassie blue

staining (data not shown). The immobilized proteins were collected by

centrifugation and washed three times with 100 bed volumes of binding

buffer. The mixture was quenched in SDS sample buffer (with or without

DTT), separated by SDS-PAGE and processed for visualization on a Storm

PhosphorImager (Amersham).

In vitro ubiquitination assays. Reaction mixtures contained 2 mg GST fusion

proteins immobilized on glutathione-Sepharose 4B (Amersham), 100 nM

Table 2 Crystallographic data collection, phasing and refinement statistics

Crystal Aa Crystal Ba Crystal Ca

Data collection

Space group P61 P61 C2

Cell dimensions

a, b, c (Å) 81.70, 81.70, 55.03 81.97, 81.97, 54.44 192.92, 44.22, 69.17

a, b, g (1) 90, 90, 120 90, 90, 120 90, 108.98, 90

Peak

Wavelength (Å) 1.2820

Resolution (Å) 2.95 (3.06–2.95)b 2.8 (2.9–2.8)b 2.5 (2.59–2.5)b

Rsym 0.109 (0.423) 0.073 (0.431) 0.067 (0.439)

I / sI 27.6 (8.4) 33.8 (3.8) 24.2 (3.3)

Completeness (%) 99.8 (100.0) 95.7 (77.1) 98.8 (95.6)

Redundancy 11.1 (11.2) 11.3 (8.6) 6.4 (5.5)

Refinement

Resolution (Å) 2.8 2.5

No. reflections 5,005 19,257

Rwork / Rfree
c 0.212 / 0.268 0.228 / 0.263

No. atoms

Protein 1,087 3,204

Ligand/ion 1 8

Water 2 19

B-factors

Protein 59.5 48.2

Ligand/ion 83.7 89.0

Water 37.9 32.0

R.m.s. deviation

Bond lengths (Å) 0.007 0.007

Bond angles (1) 1.0 1.0

aOne crystal was used for each dataset. bThe values in parentheses relate to highest-resolution shells. cRfree is calculated for a
randomly chosen 10% (Crystal B) or 5% (Crystal C) of reflections; the R factor is calculated for the remaining 90% (Crystal B) or
95% (Crystal C) of reflections.
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recombinant murine E1 (expressed in Sf9 cells), 40 nM recombinant UbcH5C

(expressed in E. coli), 2 mM Flag-ubiquitin and 0.5–1 mM ubiquitin aldehyde in

a final volume of 50 ml reaction buffer (20 mM Tris (pH 7.5), 100 mM NaCl,

4 mM ATP and 2 mM MgCl2). Reactions were incubated at 30 1C for 90 min

with agitation, washed three times with 20 bed volumes of wash buffer (20 mM

Tris (pH 7.5), 100 mM NaCl, 1 mM DTT) and quenched with SDS sample

buffer. Samples were subjected to SDS-PAGE and immunoblotted with an

antibody to Flag. The recombinant Ubcs were prepared as described in ref. 49.

Accession codes. Protein Data Bank: Coordinates have been deposited with

accession codes 2FID (P61) and 2FIF (C2).

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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