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Abstract

RING E3 ligases catalyze the transfer of ubiquitin (Ub) from E2 ubiquitin-conjugating enzyme
thioesterified with Ub (E2~UD) to substrate. For RING E3 dimers, the RING domain of one
subunit and tail of the second cooperate to prime Ub, but how this is accomplished by monomeric
RING E3s in the absence of a tail-like component is unknown. Here, we present a crystal structure
of a monomeric RING E3, Tyr363-phosphorylated human CBL-B, bound to a stabilized Ub-
linked E2, revealing a similar mechanism in activating E2~Ub. Both pTyr363 and the pTyr363-
induced element interact directly with Ub’s lle36 surface, improving the catalytic efficiency of Ub
transfer by ~200-fold. Hence, interactions outside the canonical RING domain are crucial for
optimizing Ub transfer in both monomeric and dimeric RING E3s. We propose that an additional
non-RING Ub-priming element may be a common RING E3 feature.
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Posttranslational modification by Ub regulates protein functions by altering their stability,
activity, localization and protein-protein interaction network and is therefore essential for
diverse biological processes. Ub conjugation requires the consecutive actions of three
classes of enzymes: Ub activating enzyme (E1), E2 and E3 (Ref. 1). Initially, an E1 activates
and transfers Ub to an E2, where a covalent thioester is formed between E2’s catalytic
cysteine and the C-terminal glycine on the tail of Ub. Subsequently, an E3 recruits substrate
and E2~Ub to catalyze the formation of an isopeptide bond between the C-terminal glycine
of Ub and an amino group of a lysine side chain on a protein substrate. E3s confer
specificity to ubiquitination by promoting Ub transfer to select substrates; defects in E3
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function are associated with many major disease pathologies including cancer,
neurodegenerative disorders and metabolic disease?-3.

Over 600 E3s have been identified in mammals and most belong to the RING family of E3
ligases (reviewed in 4°). RING E3s act as scaffolds, simultaneously recruiting both substrate
and E2~Ub via different domains to promote Ub transfer in the absence of a covalent E3-Ub
intermediate. The RING finger domain is essential for the recruitment of E2~Ub and
comprises a defined motif of cysteine and histidine residues that bind two zinc ions in a
“cross-brace” arrangement. Several types of RING E3s are recognized, depending on the
oligomeric state required for function. Regardless of type, the RING-E2 interface is always
distal to the E2 active site in RING E3-E2 complex structures®9 and biochemical and recent
structural studies suggest all types promote Ub transfer through an allosteric mechanism
where multiple interactions between the E3, E2 and Ub lock the conformation of the tail of
Ub, thereby activating the thioester bond for nucleophilic attack19-13, E2-mediated
interactions with the 1le44 surface of Ub are an essential component of this mechanism14:15,
and for dimeric RING E3s, recent structural studies of RING-E2-Ub complexes have
shown that E3-mediated interactions with the 11e36 surface of Ub are also crucial?13, These
I1e36 surface interactions are facilitated by a cross-dimer arrangement where one subunit of
the RING dimer binds E2 and Ub’s 1le36 surface and the tail of the second subunit also
binds this Ub surface. Both RING- and dimer tail-mediated interactions with Ub are
required for optimal Ub transfer. In monomeric RING E3s, the RING domain can mediate
interactions with the 1le36 surface of Ub, but whether this is sufficient for optimal Ub
transfer or requires an additional Ub-interacting structural component like the tail in RING
E3 dimers is unclear.

The monomeric family of CBL RING E3 ligases (c-CBL, CBL-B, and CBL-C) attenuate
non-receptor and receptor tyrosine kinase (RTK) signaling by ubiquitinating and thereby
directing these kinases for degradation via the endocytic or proteasomal pathway (reviewed
in 16). Members of the CBL family share a highly conserved N-terminus comprised of a
tyrosine kinase-binding domain (TKBD), a linker helix region (LHR) and a RING domain
(~435 amino acids). The C-terminus is more variable, comprising a proline-rich region
followed by an extension. The TKBD contains a phosphotyrosine recognition motif that
functions as a substrate-binding site, where phosphorylated RTKs and non-RTKs like
epidermal growth factor receptor (EGFR) and ZAP-70, respectively, are recruited for
ubiquitination!’-19, Phosphorylation of a strictly conserved Tyr within the LHR (Tyr363 in
CBL-B, Tyr371 in c-CBL and Tyr341 in CBL-C) enhances ligase activity and is required for
CBL-mediated ubiquitination of RTKs17:20:21 To investigate how monomeric RING E3s
promote Ub transfer, we used CBL as a model system and determined the structure of a
fragment of pTyr363-CBL-B encompassing the TKBD, LHR and RING domain (residues
36-427, hereby referred to as CBL-B, Fig. 1a) bound to a ZAP-70 substrate peptide and the
E2 UbcH5B linked to Ub via an isopeptide bond (UbcH5B-Ub). E3 binding promotes
numerous Ub contacts required to lock the position of Ub’s tail for transfer and activate the
E2~Ub thioester. The RING-Ub and E2-Ub interactions are almost identical to those
observed in the dimeric RING E3-E2-Ub complexes. Notably, pTyr363 directly contacts
Ub’s Ile36 surface in a manner similar to the tail of the RING dimers. Although previous
studies have shown that phosphorylation of this LHR Tyr activates the ligase by inducing
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conformational changes that eliminate autoinhibition and bridge the gap between the RING
domain and substrate-binding site?2:23, this structure and accompanying biochemical and
NMR data demonstrate that the phosphorylation-induced structural element is also required
for positioning Ub for catalysis. We propose that monomeric RING E3s require an
additional non-RING component to mediate Ub interactions for optimal activity. This is the
first structure-based elucidation of the mechanism of monomeric RING-mediated Ub
transfer.

Structure of pCBL-B—E2-Ub—-ZAP-70 peptide complex

We made several protein modifications to generate suitable UbcH5B-Ub and pTyr363-
CBL-B for structural and biochemical studies. We mutated UbcH5B’s Cys85 to lysine to
form an isopeptide bond with the terminal glycine of Ub and Ser22 to arginine to prevent
backside binding with Ub1224, In CBL-B, both Tyr360 and Tyr363 (the phosphorylation
activation site) are located on the linker helix and accessible for modification, so we mutated
Tyr360 to Phe to generate homogeneously Tyr363-phosphorylated CBL-B (hereby referred
to as pCBL-B). Neither the activity nor the structure is affected when the equivalent site is
mutated (Y368F) in Tyr371-phosphorylated c-CBL22, and, when compared to the previously
elucidated solution-based structure of the LHR and RING domain of wild type pTyr363-
CBL-B23, no considerable differences are evident in the corresponding region of our pCBL-
B structure (r.m.s. deviation 1.52 A for Ca atoms of residues 353-426).

To investigate the mechanism of monomeric RING E3-mediated Ub transfer, we determined
the structure of pCBL-B bound to UbcH5B-Ub and a ZAP-70 substrate peptide (Fig. 1 and
Table 1). The peptide comprises the amino acid sequence from ZAP-70 (residues 286-297)
recognized by the phosphotyrosine-binding motif of CBL-B and c-CBL but contains no
lysines and thus cannot function as a substrate. The heterotrimeric protein-peptide complex
crystallized in space group P12,1 and there are four copies in the asymmetric unit (r.m.s.
deviation ranging from 0.41-0.57 A for Ca, atoms); our analysis focuses on the subunit
comprising chains E-H, which had the best quality of density at the Ub—RING interface. The
structures of the individual protein domains are similar to the models used for molecular
replacement (See Methods) and the substrate peptide-binding mode is comparable to other
CBL TKBD-peptide complexes25:26,

pCBL-B adopts an active configuration where pTyr363 directly contacts the RING domain,
thereby placing the linker helix adjacent to the RING domain and extending the E2-binding
surface as observed previouslyZ® (Fig. 1b). The RING domain contacts the substrate-binding
face of the TKBD and orients the UbcH5B-Ub linkage toward the substrate-binding site.
This pCBL-B-E2-ZAP-70 peptide conformation is nearly identical to the one observed in
the complex structure of Tyr371-phosphorylated c-CBL bound to UbcH5B and ZAP-70
peptide?? (r.m.s. deviation 1.43 A for Ca atoms of pTyr371-c-CBL-UbcH5B-ZAP-70
peptide, Supplementary Fig. 1a—c). Despite the presence of Ub in the pCBL-B complex, the
UbcH5B-RING interactions are comparable in the two phosphorylated CBL complexes and
resemble other E2-RING interfaces®’.
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pTyr363 directly contacts Ub

pCBL-B’s pTyr363 directly interacts with Ub’s Ile36 surface (Fig. 1¢ and Supplementary
Fig. 1d). The side chain of Ub’s Thr9 forms a hydrogen bond with the phosphate moiety
from pCBL-B’s pTyr363, and Ub’s Lys11 forms hydrophobic interactions with pCBL-B’s
Leu362, pTyr363 and Met366. Like the deubiquitinating enzyme DUBA, the single
phosphate appears to precisely position Ub for catalysis?’. To investigate whether this
pTyr363-Ub interaction affects enzymatic activity, we compared Ub transfer mediated by
unphosphorylated and phosphorylated CBL-B. Phosphorylation of CBL’s linker helix
contributes to enzyme activity enhancement by abolishing RING-TKBD-mediated
autoinhibition and positioning the RING domain adjacent to the substrate-binding site on the
TKBD?22:23; to eliminate these contributions so that the effect of pTyr363 on E2~Ub transfer
could be assessed, we used a fragment of CBL-B comprising only the LHR and RING
domain (CBL-B|RrR, residues 346-427). This fragment lacks the TKBD and therefore
cannot adopt an autoinhibited conformation but is defective in both auto- and substrate-
ubiquitination assays; hence, we investigated Ub transfer using single turnover lysine
discharge assays. Notably, pCBL-B| rg promoted discharge more quickly than the
corresponding unphosphorylated fragment (Fig. 2a).

Furthermore, to determine whether pTyr363 contacts Ub in solution, we performed 31p-
NMR on pCBL-B rg With several UbcH5B-Ub variants under saturating conditions. Given
that there is only one phosphate group in pCBL-B rR, the chemical shift observed
corresponds to the phosphate environment of pTyr363. Addition of UbcH5B alone induced a
small chemical shift in pTyr363 (A0.02 p.p.m.). This shift substantially increased (A0.58
p.p.m.) when Ub was linked to UbcH5B (Fig. 2b—d). Furthermore, when Ub’s Thr9 or
Lys11 were mutated to alanine, the effects of adding UbcH5B-Ub diminished, more so for
Ub T9A than K11A (Fig. 2e-f). These data are consistent with our structural observations.

pTyr363-induced structural element is required for activity

Ub appears poised for transfer in the complex. In addition to the Ub-linker helix
interactions, extensive contacts between Ub’s 11e36 surface and pCBL-B’s RING domain,
Ub’s lle44 surface and UbcH5B’s a3, and Ub’s tail and UbcH5B’s a2 along with residues
112-117 (Supplementary Fig. 2a—c) bury ~55% of Ub’s accessible surface area. These Ub
interactions are nearly identical to those observed in the UbcH5-Ub complexes with the
dimeric RING E3s BIRC7 and RNF4 (Refs. 12,13); superposition of the RING-E2-Ub
portion of the pCBL-B complex onto the BIRC7 and RNF4 complexes reveals r.m.s
deviations of 0.87 A and 0.77 A, respectively, for Ca atoms (Supplementary Fig. 2d). For
the dimeric RING E3s, multiple interactions between the RING, E2 and Ub lock the tail of
Ub into a conformation where the thioester is optimally oriented for nucleophilic attack?;
activating the thioester not only requires these Ub—E2 and Ub—RING interactions but also
depends on Ub interactions with the tail of the second dimer12:13.28.29 Remarkably, the
phosphorylated linker helix in pCBL-B seemingly replaces the dimer tail in BIRC7 and
RNF4 - both structural elements contact the 11e36 surface of Ub though the interaction is
predominantly mediated by an aromatic residue in the dimer and the phosphate moiety in
pCBL-B (Fig. 1c,d).
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The parallels between pCBL-B and these two dimeric RING E3s suggest they use similar
mechanisms to promote Ub transfer. To investigate pCBL-B’s mechanism, we mutated key
residues in the Ub—UbcH5B and Ub—pCBL-B interfaces and tested them in single-turnover
lysine discharge assays. All of these mutants were defective in Ub transfer, including those
in the pTyr363-linker helix-Ub interface, thus the observed Ub interactions are crucial for
Ub transfer (Supplementary Fig. 2e—g). For the dimeric RING E3s, mutations within any of
the Ub—E2 or Ub-E3 interfaces increase K, and decrease k., in steady-state analyses
because stabilization of Ub is a key requirement for optimizing the conformation of the
E2~Ub thioester bond for transfer!3. We postulate that if the dimer tail and pTyr363-linker
helix have similar functions, then removing the phosphate, perturbing the phosphate-binding
site, or disrupting the pTyr363-Ub interface will likewise affect both Ky, and k.. We tested
these three hypotheses using CBL-B| rr, pPCBL-B| grr K381A and Ub T9A, respectively, in
di-Ub formation assays and found that, indeed, all three variants detrimentally affected K,
and k.5t when compared to the reaction with pCBL-B| rg and wild type Ub (Fig. 3 and
Supplementary Fig. 3). Together, our structural and biochemical data demonstrate that the
monomeric RING E3 pCBL-B uses an Ub-tail locking mechanism to promote Ub transfer
like the RING E3 dimers BIRC7 and RNF4.

Discussion

Our present work provides the first structural evidence elucidating the mechanism of Ub
transfer by a monomeric RING E3. Like other RING and U-box E3s, CBL-B uses an
allosteric mechanism where E3-E2, E3-Ub and E2-Ub interactions restrain Ub into a
closed, “folded-back” conformation and position Ub’s tail for transfer10-15, Here, we show
that CBL-B positions Ub’s C-terminal tail along UbcH5B’s active site cleft in the same
manner as the dimeric RING E3s BIRC7 and RNF4 (Refs. 12,13) and mirrors SUMO’s C-
terminal tail as observed in the complex structure of the non-RING E3, RanBP2, bound to
Ubc9 and SUMO-modified substrate30. UbcH5B’s a2 residues and the loop encompassing
residues 112-117 cooperate to lock Ub’s tail into a conformation that activates the E2~Ub
thioester; UbcH5B’s Asn77 stabilizes Ub’s Gly76 carbonyl oxygen via a hydrogen bond and
UbcH5B’s Asp117 is poised to activate the incoming lysine as described previously12:31
(Supplementary Fig. 2b).

It is noteworthy that stabilization of the globular Ub body is a critical component for optimal
positioning of Ub’s tail and hence Ub transfer2:13, This is mediated by direct interactions
between the E3 and Ub’s Ile36 surface and between Ub’s lle44 surface and UbcH5B’s a3.
CBL-B adopts a strategy similar to the dimeric RING E3s BIRC7 and RNF4 in stabilizing
the 11e36 surface of Ub. Two E3 components mediate these stabilizing interactions, the
RING itself and an additional structural element outside the canonical RING domain (Fig.
1c,d and Fig. 4a,b). In the RING E3 dimers, the tail acts as this additional Ub-binding
component, and in CBL-B, phosphorylation of Tyr363 generates a structural element
adjacent to the RING domain that functionally mimics the dimer tail and enhances catalytic
efficiency by ~200-fold (Fig. 3). We postulate that optimal enzymatic activity is essential in
cells, where ubiquitination is highly dynamic and requires efficiency. Indeed, mutations that
disrupt the linker helix pTyr-binding interface in c-CBL reduce catalytic efficiency and
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compromise EGFR ubiquitination in cells?2. Likewise, dimeric RING E3 tail mutations also
hamper substrate ubiquitination in cells832:33,

Interestingly, a similar allosteric Ub-priming mechanism is used to promote transfer in
SUMO E3 ligases30:34, For the SUMO RING E3 Siz1, modeling and biochemical assays
suggest an acidic patch on an a-helix outside of the RING domain directly contacts the
conserved basic patch on the backside of SUMO to position E2~SUMO for transfer34
(Supplementary Fig. 4). Notably, this basic patch on SUMO does not correspond to Ub’s
11e36 surface. Likewise, in the SUMO E3 RanBP2, SUMO is positioned for transfer by
contacts with the E2-binding domain and an N-terminal extension that forms an anti-parallel
B sheet with the adjacent SUMO surface, which is not the Ub 1136 surface equivalent3?
(Supplementary Fig. 4). Thus, additional Ub surfaces aside from 1136 may be used to
stabilize E3-mediated Ub transfer.

Our findings raise the question of whether other monomeric RING E3s require an additional
Ub-binding element to stabilize Ub for transfer (Fig. 4). In all three RING E3-UbcH5-Ub
complexes, the bulk of the RING-mediated Ub 11e36 surface interactions involve four highly
conserved residues on the C-terminal Zn2*-binding loop of the RING domain (Fig. 1c—).
This Ub-binding RING quadrad is shared by several dimeric and monomeric RING E3s
(Fig. 1e). Given that this Ub-binding quadrad alone is not sufficient for optimal activity in
CBL-B but depends upon a second non-RING Ub-binding element, it seems likely that other
monomeric E3s harboring this RING motif will likewise require an additional Ub-binding
component to stabilize Ub for transfer. Unfortunately, no such elements are readily
identifiable in other monomeric RING E3s publicly available in the Protein Data Bank.
Notably, in most cases, only the canonical RING domain of the E3 ligase has been
structurally elucidated.

Several monomeric RING and U-box E3s do not share this Ub-binding RING quadrad (Fig.
1e). Two examples include RBX1, a RING finger protein from a multi-subunit Cullin-RING
ligase (CRL) and the U-box E4B. The structures of full length Ufd2p (a yeast homolog of
E4B)3 and RBX1 in both unmodified and NEDD8-modified CRL complexes36-38 do not
reveal any obvious additional Ub-binding surface outside the canonical RING or U-box
domain similar to pCBL-B’s phosphorylated linker helix or the dimeric RING E3 tail.
Despite this, RBX1 binds CDC34~Ub with ~50-fold higher affinity than unconjugated
CDC34 (Ref. 39), and, in the case of E4B, weak U-box—Ub contacts are sufficient to drive
E2~Ub toward a catalytically active closed conformation!!. Variations in the Ub—E3 binding
interface may preclude the necessity for additional Ub-binding components in these E3s.
Alternatively, full-length protein may undergo conformational changes or require post-
translational modifications to expose such an element. Likewise, another binding partner
might assume this role. It is clear that further studies are required to investigate how other
monomeric RING and U-box E3s optimize Ub for catalysis. Identification of additional Ub-
binding elements, if present, may open new avenues for therapeutic targeting of RING or U-
box E3s.
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Online Methods

Protein preparation

CBL-B variants were cloned into pGEX4T1 (GE Healthcare) which contains an N-terminal
glutathione S-transferase (GST) tag followed by a TEV protease or thrombin cleavage site.
Proteins were expressed in E. coli BL21 (DE3) Gold or BL21 (DE3) RIL (Stratgene). For
crystallization, pCBL-B was generated and purified using the same protocol as described for
¢c-CBL22, For lysine discharge and di-Ub kinetics assays, CBL-B| rg and pCBL-B| rr
variants were expressed and purified as described for crystallization except cleavage was
performed on glutathione sepharose beads and the pass-back step omitted. For lysine
discharge and di-Ub kinetic assays, mouse Ubal, UbcH5B and [32P]Ub were prepared as
described previously!3. His-tag Ub lacking Gly75 and Gly76 (His-Ub AGG) was expressed
in pRSF_1b vector and purified by Ni-NTA affinity and size exclusion chromatography.
Protein concentrations were determined by Bio-RAD protein assay using BSA as a standard
and Ub concentration was determined as described previously#C. Proteins were stored in 25
mM Tris-HCI (pH 7.6), 0.15 M NaCl and 1 mM DTT or 25 mM HEPES (pH 7.0), 0.15 M
NaCl and 1 mM DTT at —-80 °C. ZAP-70 phosphotyrosine peptide (sequence
TLNSDG(p)YTPEPA) was purchased from Alta Bioscience.

Generation of UbcH5B-UDb for crystallization and NMR

Ub variants with a C-terminal Gly-Gly motif were cloned into a modified pGEX4T1 vector,
containing an N-terminal His-GST-tag followed by a TEV cleavage site and a Gly-Gly-Ser
linker. His-GST-Ub variants were purified by glutathione affinity chromatography and
dialyzed into 25 mM Tris-HCI (pH 8.0) and 0.15 M NaCl. Untagged Arabidopsis thaliana
Ubal was expressed and purified as described previously!3. Untagged UbcH5B S22R C85K
was expressed from pRSF_1b and purified by SP-sepharose chromatography and dialyzed
into 25 mM Tris-HCI (pH 8.0) and 0.15 M NaCl. Isopeptide-linked UbcH5B-Ub variants
were formed by mixing Ubal, UbcH5B S22R C85K, and His-GST-Ub variants in 50 mM
Tris-HCI1 9.0, 0.2 M NaCl, 10 mM MgCl, and 10 mM ATP at 30°C for 1 d. These UbcH5B—-
His-GST-Ub variants were purified by Ni-NTA affinity chromatography and His-GST tag
was removed by TEV protease. Then, untagged UbcH5B-Ub variants were purified by
cation exchange and SD75 1660 gel filtration chromatography and stored in 25 mM HEPES,
pH 7.5, 0.2 M NaCl and 1 mM DTT at -80 °C.

Crystallization

Crystals were obtained by mixing the protein with an equal volume of reservoir solution and
were grown by hanging-drop vapor diffusion at 4 °C. pCBL-B (3.5 mg mI~1) was mixed
with UbcH5B-Ub (20 mg mlI~1) and ZAP-70 peptide (10 mM) at a 1:1:1 molar ratio, and
crystals were grown in conditions containing 0.1 M bicine, pH 9.0, 8-11% (w/v) PEG 3350
and 0.1 M sodium formate. The crystals were flash frozen in 0.1 M bicine, pH 9.0, 13%
(w/v) PEG 3350 and 0.1 M sodium formate and 30% (v/v) ethylene glycol. Data were
collected at beamlines 104 and 124 at DLS.
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Structural determination

The data were integrated with automated XDS*! and scaled using the CCP4 program
suite?2. pCBL-B-UbcH5B-Ub-ZAP70 peptide complex crystals belong to space group
P12,1 with four molecules in the asymmetric unit. Initial phases were obtained by molecular
replacement with PHASER“3 using CBL-B TKBD from PDB 3PFV, a model of
phosphorylated CBL-B LHR-RING bound to UbcH5B generated from PDBs 2LDR and
4A49, and Ub from PDB 4AUQ as the search models. The r.m.s. deviations for Ca atoms
between the molecular replacement models and the four copies in the final model ranged
from 0.55-0.59 A, 1.20-1.22 A, and 0.41-0.46 A for the TKBD, pCBL-B LHR-RING-
UbcH5B, and Ub, respectively. All models were built in COOT#4 and refined using
PHENIX*®,

The complex structure (Chains A-P) was refined at a resolution of 2.21 A and the final
model contained four copies of pCBL-B (Chains A, E, M residues 38—-427 and Chain |
residues 41-426), ZAP-70 peptide (Chains B and N residues 4-12 and Chains F and J
residues 5-12), UbcH5B (Chains C, G, K and O residues 2-147) and Ub (Chains D, H, L
and P residues 1-76). Atoms from residue side chains with poor electron density were
omitted. Details of the refinement statistics are shown in Table 1. All figure models were
generated using PYMOL (Schrédinger).

Single-turnover lysine discharge assays

UbcH5B variants (7 uM) were charged with mouse Ubal (0.4 uM) and Ub variants (40 uM)
for 15 min at 23 °C as described previously13, Charging was stopped by incubating the
reaction with 0.25 U apyrase (Sigma) and 30 mM EDTA for 5 min at 23 °C. The lysine
discharge reactions were then initiated by the addition of a mixture of CBL-B| grg or pCBL-
B Rrr (120 nM) and L-lysine (150 mM). The final E3 and L-lysine concentrations are in
parenthesis and the final UbcH5B~UDb variant concentrations were ~1.8 uM for all reactions.
Reactions were quenched with 4x SDS loading buffer at the indicated time, resolved by
SDS-PAGE and stained with InstantBlue (Expedeon).

Di-Ub formation assay

Concentrations of UbcH5B specified in Fig. 3 were charged independently with mouse
Ubal (1.8 pM) and [32P]Ub variants (70 uM) for 15 min at 23 °C in a buffer containing 50
mM HEPES (pH 7.5), 50 mM NaCl, 5 mM MgCl,, 5 mM ATP, 1 mM DTT, 0.3 U ml~1
inorganic pyrophosphatase, 0.3 U ml~1 creatine kinase and 5 mM creatine phosphate.
UbcH5B~[32P]Ub variants were then added to a reaction containing a mixture of His-Ub
AGG (1 mM) and CBL-B grg or pCBL-B| grg Vvariants in 50 mM HEPES (pH 7.5), 50 mM
NaCl. Final E3 concentrations are indicated in Supplementary Fig. 3. After 2 min, reactions
were quenched with 2X SDS loading buffer containing 500 mM DTT, resolved by SDS-
PAGE, dried and exposed to a phosphorimager. Under these conditions, UbcH5B~[32P]Ub
variants are continuously regenerated by E1 and less than 0.2% of His-Ub AGG is modified
by [32P]Ub at the highest UbcH5B concentration, thus representing an initial rate of
reaction. In addition there was no observable autoubiquitination of CBL-B| grg or pCBL-

B rr Vvariants. Di-Ub bands were quantified using ImageQuant (GE Healthcare). Control
reactions lacking E3 for each UbcH5B~[32P]Ub variant concentration were performed for
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background subtraction during quantification. All reported kinetic parameters were
determined by fitting at least three independent datasets to the Michaelis-Menten equation
using SigmaPlot 8.0 (Systat Software Inc.).

NMR spectroscopy

Data were recorded at 25 °C on a Varian 400-MR spectrometer using a 5-mm OneNMR
probe operating at 161.86 MHz for phosphorus-31. All protein samples were dialyzed into
buffer containing 25 mM HEPES (pH 7.0), 0.15 M NaCl and 10% D,0. 10 pM deuterated
phosphoric acid was added as an internal reference to normalize the chemical shifts from
different spectra. 31P spectra were recorded for pCBL-B| gg (150 M) alone and together
with UbcH5B or UbcH5B-Ub variants (150 pM) in an equimolar ratio. Due to peak
broadening in the pCBL-B| rr—UbcH5B-Ub complex spectra, higher protein mixture
concentrations (225 uM for pCBL-B| gr and 300 uM for UbcH5B-Ub) were used to
enhance the signal.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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a
38 345 372 427
b

UbcH5B UbcH5B-Ub linkage UbcH5B

CBL-B* 371 QLCKICAE----NDKDV---KIEPC---GHLM-CTSCLTAWQESDGQGCPFCRCEIKGTEPIIVDPFD 427
RNF4 134 VSCPICMDGYSEIVQNGRLIVSTEC---GHVF-CSQCLRDSLKNAN-TCPTCRKKINHKRYHPIYI 194
BIRC7 250 RTCKVCLD----RAVSI---VFVPC---GHLV-CAECAPG-LQ----LCPICRAPVRSRVRTFLS 298
MDM2 436 EPCVICQG----RPKNG----CIVHGKTGHLMACFTCAKK-LKKRNKPCPVCRQPIQMIVLTYFP 491
RNF2 49 LMCPICLD----MLKN--TMTTKEC-~-~LHRF-CADCIITALRSGNKECPTCRKKLVSKRS-LRPDP 104
IDOL 385 MLCMVCCE----EEINS---TFCPC---GHTVCCESCAAQ-LQ----SCPVCRSRVEHVQHVYLPTHT 437

RNF168* 14 CQCGICME----ILVE---PVTLPC---NHTL-CKPCFQSTVEKASLCCPFCRRRVSS 60
EL5* 132 VECAVCLA---ELEDGEEARFLPRC---GHGF-HAECVDMWLGSHS-TCPLCRLTVVV 181
RBX1* 51 DLCIECQANQASATSEECTVAWGVC---NHAF-HFHCISRWLKTRQV-CPLDNREWEFQKYGH 108
E4B* 1107 LMDTLMTD----PVR------- LPS---GTIM-DRSIILRHLLNSPT-DPFNRQTLTESMLEPVP 1155

Figure 1.

St?ucture of pCBL-B-UbcH5B-Ub-ZAP-70 peptide. (a) Diagram of the crystallized CBL-B
fragment: TKBD in gray, LHR in yellow and RING domain in orange. Residues
encompassing each domain are indicated. (b) Cartoon representation of the complex. Left
and right panels are related by 120° rotation about the y-axis. pCBL-B domains are colored
asin a. Ub is colored green; UbcH5B, light blue; ZAP-70 peptide, pink; pTyr363 side chain
is shown in stick and phosphorus is colored in cyan. Zn2* atoms are depicted as purple
spheres. (c) Detailed interactions between Ub’s 11e36 surface and pCBL-B. (d) Close-up
view of Ub 11e36 surface—-BIRC7 dimer interactions (PDB 4AUQ13). One subunit of the
BIRC7 RING dimer, RING,, is in the same orientation as the pCBL-B RING domain in ¢
and colored orange. The second subunit of the RING dimer, RINGg, is colored yellow and
Ub and UbcH5B are colored as in b. (e) ClustalW sequence alignment of RING and U-box
domains. The four highly conserved Ub-binding residues (H(®/T)CR) on the C-terminal
Zn2*-binding loop are colored in orange. ® indicates hydrophobic residue. Asterisks indicate
monomeric RING or U-box E3s.
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Figure 2.
Validation of pTyr363-Ub interactions. (a) Non-reduced pulse-chase lysine discharge

reactions showing the disappearance of UbcH5B~Ub in the presence of CBL-B| rr OF
pCBL-B rg over time. (b-f) 31P-NMR chemical shift perturbation data for pCBL-B| gg (b)
alone, (c) with UbcH5B, (d) with UbcH5B-Ub, (e) with UbcH5B-Ub T9A, and (f) with
UbcH5B-Ub K11A.
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Figure 3.

Ef?‘ect of pTyr363 on the kinetics of Ub transfer. (a) Kinetics of diUb formation catalyzed
by CBL-B| rr. The rate of diUb formation was plotted against UbcH5B concentration for
wild type [32P]Ub. (b) As in a but performed with pCBL-B| gg. (€) As in b but with [32P]Ub
T9A (d) As in b but with pCBL-B| rr K381A. Kinetic parameters were determined from
three independent datasets (n = 3). Error bars, s.d.
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RING_B

CBL-B RNF4, BIRC7 Monomeric RING E3

Figure 4.

Regquirements for optimal Ub transfer by RING E3s. (a-c) An additional component outside
the canonical RING domain is required for stabilizing Ub by the monomeric RING E3,
CBL-B (a), and the dimeric RING E3s, RNF4 and BIRC7 (b). Whether other monomeric
RING E3s harbor an additional Ub-binding component requires further investigation (c).
RING domain is in orange, Ub is in green with 11e36 surface indicated, E2 is in light blue,
additional Ub-binding component is in yellow and phosphorylated tyrosine is in red.
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Table 1

Data collection and refinement statistics

pCBL-B-UbcH5B-Ub-ZAP-70 peptide

Data collection
Space group
Cell dimensions
a, b, c(A)
apf°)
Resolution (A)

Rmerge
1ol
Completeness (%)
Redundancy
Refinement
Resolution (A)
No. reflections
Ruwork/Réree
No. atoms
Protein
Ligand/ion
Water
B factors
Protein
Ligand/ion
Water
r.m.s. deviations
Bond lengths (A)
Bond angles (°)

P12,1

95.0, 131.8, 122.0
90.0, 91.9, 90.0

30.54-2.21(2.27-2.21)%
0.058(0.688)

14.2(2.1)

99.6(99.9)

3.4(3.5)

30.5-2.21
149230
0.175/0.211

19758
12
776

48.1
44.1
41.0

0.004
0.811

aValues in parentheses are for highest-resolution shell.
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