
The SOCS Box Domain of SOCS3: Structure and Interaction with
the ElonginBC-Cullin5 Ubiquitin Ligase

Jeffrey J. Babon1,*, Jennifer K. Sabo1, Alfreda Soetopo1, Shenggen Yao1, Michael F.
Bailey2, Jian-Guo Zhang1, Nicos A. Nicola1, and Raymond S. Norton1

1Walter and Eliza Hall Institute of Medical Research, 1G Royal Parade, Parkville, Victoria 3050,
Australia
2Department of Biochemistry and Molecular Biology, Bio21 Institute, University of Melbourne,
Parkville, Victoria 3010, Australia

Abstract
Suppressor of cytokine signalling 3 (SOCS3) is responsible for regulating the cellular response to
a variety of cytokines, including interleukin 6 and leukaemia inhibitory factor. Identification of the
SOCS box domain led to the hypothesis that SOCS3 can associate with functional E3 ubiquitin
ligases and thereby induce the degradation of bound signalling proteins. This model relies upon an
interaction between the SOCS box, elonginBC and a cullin protein that forms the E3 ligase
scaffold. We have investigated this interaction in vitro using purified components and show that
SOCS3 binds to elonginBC and cullin5 with high affinity. The SOCS3–elonginBC interaction was
further characterised by determining the solution structure of the SOCS box–elonginBC ternary
complex and by deletion and alanine scanning mutagenesis of the SOCS box. These studies
revealed that conformational flexibility is a key feature of the SOCS–elonginBC interaction. In
particular, the SOCS box is disordered in isolation and only becomes structured upon elonginBC
association. The interaction depends upon the first 12 residues of the SOCS box domain and
particularly on a deeply buried, conserved leucine. The SOCS box, when bound to elonginBC,
binds tightly to cullin5 with 100 nM affinity. Domains upstream of the SOCS box are not required
for elonginBC or cullin5 association, indicating that the SOCS box acts as an independent binding
domain capable of recruiting elonginBC and cullin5 to promote E3 ligase formation.
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Introduction
The SOCS (suppressors of cytokine signalling) proteins were first identified based on their
ability to suppress cytokine signalling through the Janus kinase/signal transduction and
activator of transcription (JAK/STAT) pathway.1 Cytokines bind to their cell surface
receptors and induce receptor dimerisation, which allows trans-phosphorylation of receptor-
associated JAKs. This leads to tyrosine phosphorylation of the intracellular receptor
subunits, which are then bound by members of the STAT family. STAT phosphorylation
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ensues, followed by dimerisation and translocation into the nucleus.2 The eight SOCS
proteins, SOCS1–7 and cytokine-inducible SH2-containing protein (CIS), are able to inhibit
this pathway. SOCS3 is known to inhibit signalling induced by a variety of cytokines
including interleukin 6, granulocyte colony-stimulating factor (G-CSF), leptin and LIF.3,4

SOCS3 knockout mice die in utero as a result of placental defects.5 Conditional knockout
studies have shown that a lack of SOCS3 can induce a variety of metabolic and
inflammatory disorders. For example, mice with haematopoietic deletion of SOCS3 are
overresponsive to G-CSF stimulation.4 Lack of SOCS3 in neural cells leads to enhanced
leptin signaling and a severe loss in body weight, while SOCS3-deficient adipocytes are
protected against tumor necrosis factor α-induced insulin resistance.6 Intracellular delivery
of SOCS3 in mice can reduce the production of inflammatory cytokines in response to
bacterial toxins and attenuate liver apoptosis and hemorrhagic necrosis.7

Each SOCS protein consists of an N-terminal domain, a central SH2 domain and a C-
terminal SOCS box. The N-terminal and SH2 domains are responsible for direct or
competitive inhibition of signalling proteins by interaction with the JAKs or the receptors
themselves.8–13 The SOCS box mediates signalling suppression by a different mechanism; it
is believed to promote the degradation of bound signalling intermediates via an interaction
with cellular ubiquitination machinery.14–19 The SOCS box is a small, 40- to 60-residue
domain with significant sequence and structural homology to the α domain of the von
Hippel–Lindau (VHL) protein and, to a lesser extent, the F-box from Skp2.18 Mutational
analysis has shown that the SOCS box contains two distinct interaction motifs. The N-
terminal half of the SOCS box is responsible for elonginBC binding, whilst the C-terminal
portion encodes specificity for binding a cullin protein20. Cullin proteins act as the scaffold
for a large family of E3 ubiquitin ligases that catalyse the ubiquitination of protein
substrates.21 They are large (~100 kDa) proteins consisting of two domains; the N-terminal
domain binds via adaptor proteins to the protein that is to be ubiquitinated, while the C-
terminal domain binds to a RING finger protein such as Rbx2 to create a docking site for the
ubiquitin-conjugating enzyme, E2. A comparison to the more well studied SCF (Skp–cullin–
F-box) family of ubiquitin ligases suggests that in ECS (elongin-cullin-SOCS) ligases,
substrate specificity will be defined by interaction domains upstream of the SOCS box. As
SOCS3 can interact with JAK and the gp130 receptor, it is assumed that these proteins will
be polyubiquitinated following SOCS3 association and then degraded by the proteasome.

The in vivo role of the SOCS box in cytokine regulation has been investigated by studies
involving SOCS3 SOCS box null mice. These mice did not develop inflammatory disease
but were hyperresponsive to G-CSF, and interleukin 6, at a level intermediate between that
of wild-type and conditional SOCS null animals.22 Similar studies involving knockout of the
SOCS1 SOCS box show a similar phenomenon; in this case, the mice were hyperresponsive
to interferon γ, again to a level intermediate between that of wild-type and SOCS1 null
knockout animals.15 Together, these studies suggest that the presence of the SOCS box, at
least for SOCS1 and SOCS3, is required for signalling inhibition. Although the structure of
the extended SH2 domain of SOCS3 was solved recently by NMR23 and X-ray
crystallography,24 to date there is no detailed information regarding the SOCS3 SOCS box
structure and its interactions.

It is known that SOCS3 can bind elonginBC and cullin5 in vivo20; however, there has been
no structural or biophysical analysis of this interaction. In this article, we dissect this
interaction in vitro, using mutagenesis, structural studies and affinity measurements with
purified components. These studies show that conformational malleability is a key feature of
the interaction. Analysis of the SOCS3 SOCS box by mutagenesis indicates that the
elonginBC binding epitope is confined to the 12 N-terminal residues. Elucidation of the
solution structure of the SOCS box–elonginB–elonginC ternary complex shows the SOCS
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box epitope to be a single α-helix preceded by three residues. Interestingly, this epitope was
largely tolerant of mutation apart from a strictly conserved leucine residue that inserts
deeply into a hydrophobic pocket on the surface of elonginC. Our results show that the
SOCS box acts as an independent domain that recruits elonginBC and cullin5.

Results
ElonginBC expressed in isolation undergoes conformational exchange and does not
interact with SOCS3

ElonginB and elonginC were co-expressed in Escherichia coli and formed a stable complex.
However, this complex did not bind recombinant SOCS3 protein, as shown by isothermal
titration calorimetry (ITC), glutathione S-transferase (GST) pull-down assay and NMR. The
elonginBC complex behaved aberrantly by gel filtration, eluting at an apparent molecular
mass of ca 45 kDa, which would be consistent with that of a 2:2 dimer (Fig. S1).
Nevertheless, sedimentation velocity and equilibrium ultracentrifugation studies showed
conclusively that elonginBC exists as a 1:1 heterodimer, even at concentrations of >1 mg/
mL, and did not associate to higher oligomers (Fig. 1a–e). The 15N-heteronuclear single
quantum coherence (HSQC) NMR spectrum of elonginBC showed that the complex was at
least partially folded but contained broad linewidths and variable peak intensities, which
suggests the protein was undergoing conformational exchange (Fig. 1f). This is similar to
previous studies involving yeast elonginC, which had shown that trifluoroethanol was
required to stabilise the tertiary structure of the protein and that in the absence of bound
VHL peptide (an SOCS box homologue) there was widespread chemical/conformational
exchange.25 Thus, elonginBC, when expressed in isolation, does not interact with the SOCS
box and is in a state exhibiting conformational exchange by NMR and runs aberrantly on a
gel-filtration column, due to either shape and/or dynamic effects.

SOCS3ΔPEST forms a ternary complex with elonginBC when co-expressed, which binds
cullin5

As SOCS3 and elonginBC did not interact when expressed in isolation, co-expression of the
three species was tested. Although wild-type SOCS3 is poorly soluble and forms inclusion
bodies, SOCS3ΔPEST, which lacks the PEST motif (residues 129–163) is significantly more
soluble, and co-expression with elonginBC was found to yield a stable ternary complex.
Likewise, co-expression of just the SOCS box domain with elonginBC produced a stable
ternary complex. Both of these ternary complexes (termed SOCS3–elonginBC and SOCS
box–elonginBC) were stable, as assessed by size-exclusion chromatography, even at
concentrations of ~10 µM, suggesting that the interaction was of high affinity, and they
eluted at the expected apparent molecular weight for a 1:1:1 complex. The conformational
exchange seen in the elonginBC NMR spectrum was also absent in the ternary complexes
(Fig. 2a). Quantification of the SOCS3–elonginBC affinity cannot be achieved using
titration methods, as isolated elonginBC does not bind SOCS3 as detailed in the previous
section. However, such methods can be used to probe the expected biological activity of
such a complex, which is to bind cullin5, the E3 ligase scaffold. Therefore, using purified
recombinant cullin5 and ITC, we examined whether our material was active in this regard.
The N-terminal domain of cullin5, which contains the expected binding site for SOCS3–
elonginBC, was expressed in E. coli as a GST fusion protein and used for this purpose. Both
full-length SOCS3–elonginBC and SOCS3 box–elonginBC ternary complexes bound
cullin5 with high affinity (90±10 and 105±10 nM, respectively; Fig. 2b). In addition, both
these ternary complexes bound cullin5 with the same enthalpy (−4.1±0.2 and −3.7± 0.5 kcal/
mol, respectively; duplicate experiments in each case). The identical affinities and enthalpies
of the isolated domain and the full-length protein show that the SOCS box, when bound to
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elonginBC, acts as an independent cullin5 binding domain that does not require the
upstream SH2 and N-terminal domains in order to be active.

Defining the minimal elonginBC binding epitope on the SOCS box
In order to determine the minimal elonginBC binding epitope on the SOCS box, deletion
analyses were performed. Constructs of full-length and shorter fragments of the SOCS box
were produced as GST fusion proteins and tested for association with elonginBC by
coexpression and GST pull-down methodology. As shown in Fig. 3, the first 12 residues of
the SOCS3 SOCS box were necessary and sufficient for elonginBC binding. Therefore, the
minimal high-affinity binding epitope for elonginBC on SOCS3 is VATLQHLCRKTV 197,
corresponding to residues 1–12 of the SOCS box domain.

The SOCS box is unstructured in isolation but becomes structured upon elonginBC
association

Having established that the SOCS box in isolation binds elonginBC and cullin5, we
undertook structural studies on the isolated domain. A 42-residue 15N-labelled recombinant
SOCS box peptide was produced; the 1H–15N HSQC spectrum of this isolated peptide is
characteristic of that of an unstructured protein (Fig. 4a). Extensive analysis of 1H–1H total
correlated spectroscopy (TOCSY) and nuclear Overhauser enhancement spectroscopy
(NOESY) experiments of unlabelled SOCS box domain also suggested that the peptide was
completely unstructured in solution (data not shown). The labelled peptide was used to
displace the SOCS box domain in an unlabelled SOCS box–elonginBC ternary complex in
order to form a partially labelled complex. Subsequent HSQC analysis of this (15N-SOCS
box–14N-elonginBC) complex demonstrated extensive SOCS box peak dispersion after
elonginBC association (Fig. 4b). In particular, there was a highly downfield shifted amide
resonance (11.3 ppm) arising from Leu4 of the SOCS box. The number of peaks was higher
than expected and there was some variability in intensity and linewidth, suggesting that part
of the SOCS domain was still undergoing conformational exchange in solution. An analysis
of uniformly 15N or 15N/13C labelled SOCS box–elonginBC supported this hypothesis. The
spectrum was well resolved and the resonances of elonginB and elonginC (88% and 90% of
backbone, respectively) were readily assigned, but only the first 15 residues of the SOCS
box could be assigned contiguously, including the highly downfield shifted Leu4 (Fig. 4c).
The C-terminal half of the SOCS box could not be assigned completely because of overlap
and peak broadening. This suggests that it may be sampling a range of conformations in
solution.

To determine whether this conformational exchange was a consequence of the fact that the
isolated SOCS3 box rather than full-length SOCS3 was used in these studies, HSQC spectra
of full-length SOCS3 in complex with elonginBC were examined. The spectrum of SOCS3/
elonginBC was an almost perfect sum of the HSQC spectrum of the SOCS box–elonginBC
complex and that of SOCS322–185 (which lacks the SOCS box; Fig. S2). Although
resonances of the SOCS3–elonginBC complex were not assigned because of its size (45
kDa), resonances from the SOCS box that were well resolved in the spectrum (Thr3, Leu4,
Gln5, Cys8, Gly14, Gly27 and Leu40) overlaid perfectly between complexes of full-length
SOCS3 and the SOCS box alone (Fig. S2). The only exceptions were Val1 and Ala2, which
were shifted in the full-length protein as the sequence immediately preceding them had
changed. Two residues from the distal half of the SOCS3 box, Gly27 and Leu40, which
could be assigned but were unstructured in the SOCS box–elonginBC complex (based on the
absence of NOEs to non-adjacent residues), had identical chemical shifts in the full-length
SOCS3–elonginBC complex, indicating that they were similarly unstructured in the complex
with full-length protein. These data imply that the C-terminal half of the SOCS box
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undergoes significant conformational exchange in the absence of bound cullin5 whether as
an isolated domain or as part of full-length SOCS3.

Tertiary structure of the SOCS3 SOCS box bound to elonginBC
Using NMR, we determined the structure of the SOCS box–elonginBC ternary complex
(Fig. 5 and Fig. S3). The C-terminal half of the SOCS box domain was excluded from the
structure calculations due to incomplete resonance assignments (see above). Resonances that
could be assigned in this region showed α-helical chemical shifts but were significantly
broadened and displayed NOEs only to adjacent residues. In contrast, the N-terminal half of
the SOCS box, which contains the elonginBC-binding motif (the BC box, residues 1–12)
was completely assigned and well structured. As only the first 12 residues of the SOCS box
(referred to as the BC box) are required for elonginBC binding (Fig. 5), the assignment of
residues 1–12 was sufficient to analyse the SOCS–elonginBC interaction.

This region, the SOCS3 elonginBC binding motif (termed the BC box), which is completely
unstructured as an isolated peptide and only adopts structure upon binding, exists as a nine-
residue α-helix with a three-residue N-terminal extension. This 12-residue motif presents an
almost completely hydrophobic face to elonginC, with Val1, Leu4, Leu7, Cys8 and Val12
being the most deeply buried at the interface. In particular, Leu4 occupies a very deep
hydrophobic pocket on the surface of elonginC (Fig. 5b). The backbone amide 1H resonance
of Leu4 is shifted significantly down-field, to 11.3 ppm, only when bound to elonginBC, as
it is then located very close to Tyr76 of elonginC, resulting in a ring-current-induced
downfield shift. It therefore acts as a highly distinctive marker of binding.

The structure of the elonginBC subunits of the complex is very similar to previously
described structures of elonginBC in complex with VHL,26 SOCS2 and SOCS427; the Cα

RMSD was 1.5 Å over 158 residues compared to the SOCS2–elonginBC structure, with
major differences seen only in loops and poorly structured regions. In elonginB, the 23 most
C-terminal residues were unstructured and there is a 12-residue unstructured loop in the
elonginC subunit (Leu46-Thr57). This is consistent with the same regions in the SOCS2–
elonginBC structure,27 where lack of electron density or higher than average B-factors were
observed. A stretch of residues in elonginC that could not be completely assigned because of
peak broadening (Ser87-Phe93) had significantly higher than average B-factors in the
SOCS2–elonginBC crystal structure. This suggests that the loop is mobile and that in full-
length SOCS3, where the SH2 domain immediately precedes Val1 of the SOCS box, it
could move to accommodate the presence of the rest of SOCS3.

Alanine scanning mutagenesis of the elonginBC binding epitope of SOCS3
Having determined the structure of the SOCS3 BC box in complex with elonginBC, we
wished to define the residues that were critical for binding. Therefore, the BC box was
further investigated by alanine scanning mutagenesis. As shown in Fig. 6, there were several
residues whose mutation to alanine clearly interfered with binding: Val1, Thr3, Leu4, Leu7,
Cys8, Arg9 and Val12. Interestingly, only mutation of Leu4 to alanine completely disrupted
the interaction; other mutations led to reduced affinity but did not entirely abrogate the
association. The alanine scanning results are consistent with our structure of the complex
and also with sequence conservation across the family. Of the seven key residues identified,
five (Val1, Leu4, Leu7, Cys8, and Val12) contain side chains that interact with elonginC,
most lying on one face of the α-helix. The only key residues that did not have side chains in
direct contact with elonginC were Thr3 and Arg9. Thr3 is almost always Ser or Thr across
the SOCS-box-containing family and analysis of the available structures shows that the side-
chain oxygen makes a hydrogen bond with the backbone amide of His6, reminiscent of a
helical N-cap. The reason for the importance of Arg9 is unclear.
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ElonginBC binding to full-length SOCS3 does not affect the SH2–pY interaction
In the structures of both SOCS2/BC and SOCS4/BC, the SOCS box interacted with the SH2
domain. This led to the hypothesis that there may be “crosstalk” between the two domains,
suggesting a general mechanism of SOCS activity in which the SH2 and SOCS box domains
engage in cross-talk such that elonginBC binding can disrupt (or enhance) phos-photyrosine
binding or vice versa. This may be especially relevant for CIS, where the presence of the
SOCS box, and more specifically the C-terminal tyrosines, is necessary for receptor
binding.28 In order to determine whether this is the case for SOCS3, we performed ITC
experiments to measure the affinity of SOCS3 alone and SOCS3–elonginBC for a tyrosine-
phosphorylated fragment of the gp130 receptor. SOCS3–elonginBC bound the
phosphopeptide with a Kd of 50 nM (Fig. 7a), identical within experimental error to the
affinity of SOCS3 alone (Fig. 7b). Gel filtration showed that phosphotyrosine binding did
not result in dissociation of elonginBC. Thus, phosphotyrosine peptide binding by the SH2
domain of SOCS3 does not seem to be affected by the presence of elonginBC and vice
versa.

Discussion
In-depth structural analysis of yeast elonginC had previously shown that in the absence of
ligand, there was widespread conformational exchange.25,29 Our data show that this is also
true for mammalian elongin BC. ElonginC is a member of the BTB-domain-containing
family of proteins. BTB domains are exclusively protein–protein interaction domains that
promote self- or hetero-association. ElonginC is distinct from the rest of this family in not
containing an additional C-terminal α-helix. In other BTB-containing proteins, such as Skp
and the Shaker channel, this α-helix occupies a position similar to that of the BC-box from
the SOCS proteins with a similarly placed leucine. Thus, it is really the BC box–elonginC
complex that adopts a BTB structure, whereas elonginC alone is missing a secondary
structural element present in all other family members. The lack of this helix exposes a large
hydrophobic surface on elonginC and may explain its inability to form a stable structure in
the absence of bound ligand. Conformational exchange is also a feature of the SOCS box
domain. Although the SOCS2/BC and SOCS4/BC27,30 crystal structures show that the
SOCS box is well ordered when bound to elonginBC, we note there has been no structure of
an SOCS box determined in the absence of elonginBC. Our NMR data show clearly that the
isolated SOCS3 SOCS box peptide is disordered in solution and probably has similar
disorder when part of the full-length protein (Fig. S4), but nevertheless binds tightly to
elonginBC and becomes partially structured. Thus, we conclude that structural plasticity is a
hallmark of the SOCS–elonginBC interaction. Advantages that have been proposed for
unstructured or partially structured binding domains include that they create larger
intermolecular interfaces,31 which can increase the speed of interaction with potential
binding partners even in the absence of tight binding, and provide flexibility in binding
diverse ligands32,33; which of these is most important for the disordered SOCS box remains
to be determined. The structural disorder seen in the SOCS3 SOCS box may also enable it to
be more easily phosphorylated, a required event for Nck and Crk-L association.34

A sequence comparison of the SOCS box, elonginA and the VHL α-domain had localised
the elonginBC binding epitope to the N-terminal half of the SOCS box, while mutagenesis
experiments had shown that the specificity for cullin5 was driven by the C-terminal region,
in particular the LPXP motif.20 However, prior to this study, there had been no systematic
analyses of the elonginBC binding motif by mutagenesis. Our structural and mutational
analyses define the elonginBC binding epitope of the SOCS box as the first 12 residues of
this domain. The first two residues had not previously been implicated as necessary for
elonginBC binding20 but our results show that Val1 in particular could not be deleted or
mutated to alanine without some loss of affinity for elonginBC. The interaction surface on
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elonginC for Val1 is identical to that seen for Ala1 and Pro1 in the SOCS2 and SOCS4
elonginBC complex structures, occupying one end of a continuous binding groove on
elonginC that is markedly hydrophobic. As SOCS2 and CIS contain alanine at this position,
we predict that they would bind elonginBC with lower affinity than do the rest of the family,
which have a bulkier hydrophobic residue at this position. This remains to be determined as
there are no quantitative affinity data in the literature regarding elonginBC binding. The
most interesting feature of the alanine scanning mutagenesis results was the tolerance for
mutation shown by the elonginBC binding motif. Only leucine 4 was absolutely required to
maintain the SOCS3–elonginBC interaction. This leucine is the only conserved residue
across all human SOCS proteins; indeed it is the only residue absolutely conserved across
the wider SOCS-box-containing protein family.18 The elonginBC binding motif in SOCS3 is
a simple one, a short amphipathic helix with an N-terminal extension, and the tolerance for
mutation within this motif suggests there may be wider range of elonginBC binding proteins
in the proteome than currently thought. Recent work by Mahrour et al.35 found that the
spacing between the elonginBC and the cullin binding motifs can be highly variable and
together with our results this suggests that there may be a number of hitherto unknown
proteins that will interact with the elonginBC–cullin E3 ubiquitin ligases. Identification of
leucine 4 as the key residue in the elonginBC binding motif should help in bioinformatics
approaches to identify such proteins.

The cellular response to cytokine stimulation is temporally regulated with exquisite
precision. The SOCS proteins play a key role in this regulation via mechanisms involving
two protein domains, the SH2 domain/kinase inhibitory region and the SOCS box. The SH2
domain/kinase inhibitory region has the ability to inhibit the signalling cascade
independently by either blocking STAT docking or directly inhibiting JAK kinase activity. It
also confers substrate specificity. The SOCS box, acting as a general degradation signal, can
take advantage of this specificity to target individual signalling intermediates for
ubiquitination, achieved by interacting with subunits of an E3 ubiquitin ligase. Kamura et al.
showed that the SOCS box of SOCS3 directs interaction specifically to elonginBC and
cullin5.20 We wished to understand structurally how the proteins associate, determine the
affinity of the interaction and show that it is direct and not mediated by other proteins—data
that can only be obtained using in vitro studies with purified components. Taken together
our data imply that the SOCS box domain acts as an independent binding unit as the isolated
domain binds elonginBC and cullin5 with high affinity, binds cullin5 with identical affinity
and enthalpy as when it is part of the full-length protein, and does not affect (and is not
affected by) the presence of bound ligand on the upstream SH2 domain. We therefore
conclude that it acts independently of the upstream SH2 and N-terminal domains.

The data presented here provide a basis for the development of SOCS box mimetics that
could function to inhibit the activity of SOCS proteins in vivo. Inhibiting SOCS3 might be
used clinically, for example, to prolong the action of G-CSF in the treatment of
chemotherapy-induced neutropenia and the mobilisation of haematopoietic stem cells into
the peripheral blood.36,37 Moreover, SOCS3 also acts as a critical inhibitor of insulin
signalling. Thus, SOCS3 inhibitors might potentiate insulin signalling and could be used to
treat insulin resistance and type 2 diabetes. An elonginC blocking compound would interfere
with the ability of all SOCS proteins to form functional E3 ligases, and engineering
specificity to block a single SOCS protein based on the SOCS box may therefore not be
feasible. Nonetheless, an elonginBC binding compound would have wider potential than in
cytokine signalling alone. For example, elonginC is known to be overexpressed in prostate
cancer.38 In addition, it has been shown that the HIV protein Vif hijacks the elonginBC–
cullin5 system in infected cells to effect the degradation of the antiviral cytidine deaminase
APOBEC3G.39–42 Thus, an elonginC binding compound may be relevant in terms of anti-
HIV therapy. Our NMR assignment of elonginBC, in complex with the SOCS box, now
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enables the use of “SAR by NMR”43 to screen for small-molecule inhibitors of elonginC
binding and the better understanding of the structural aspects of this interaction will aid
design of therapeutic agents to inhibit this association.

Materials and Methods
Cloning and expression

DNA encoding full-length murine SOCS3 or the SOCS3 SOCS box were cloned as GST
fusion proteins in pGEX-4T (ElonginB) modified to contain an internal ribosome entry site
preceding the elonginB. Both proteins cloned in this vector contain five vector-encoded
residues after the thrombin cleavage site, SMARQ. These were co-transformed with
pBB75(mouseElonginC17–112) into BL21(DE3) cells to produce the ternary SOCS–
elonginB–elonginC complex. Cells were grown in the presence of ampicillin and
kanamycin. Cells were harvested 8 h after IPTG induction by centrifugation at 6200g at 4 °C
for 30 min. For 15N and 13C labelling, cells were grown to an OD600 of 0.6 in Neidhardt’s
medium44 containing 1 g/L NH4Cl and/or 2 g/L 13C glucose as the sole nitrogen and carbon
sources, respectively. SOCS3 lacking the PEST motif45 in complex with elonginBC was
produced in the same manner using the same vector. ElonginBC alone was produced using
pGEX-4T(elonginB) with elonginC (full-length or 17–112) cloned into site 1. The N-
terminal domain of murine cullin5 (Met1-Leu385), was expressed as a GST fusion in
pGEX-4T. The protein was expressed at room temperature with two point mutations
introduced to allow for soluble expression: V341R and L345D.46 Cells were resuspended in
phosphate-buffered saline and lysed by french press. The lysates were centrifuged at
20,000g and purified using glutathione–Sepharose chromatography. Thrombin cleavage was
used to remove the GST followed by size-exclusion chromatography on a Superdex 75 or
Superdex 200 16/60 column (GE Healthcare).

Analytical ultracentrifugation
Analytical ultracentrifugation experiments were carried out in an Optima XL-A analytical
ultracentrifuge (Beckman-Coulter) equipped with an An-Ti60 rotor and doublesector 12-mm
path-length cells containing quartz windows and charcoal-filled Epon centerpieces. Elongin
BC mixtures were prepared at a concentration of 0.92 mg/mL in 20 mM Tris–HCl, pH
8.0,150 mM NaCl and 1 mM tris (2-carboxyethyl)phosphine. For sedimentation velocity
measurements, samples of 400 µL were centrifuged at 20 °C for 10 h at 40,000 rpm. Radial
absorbance scans were acquired at 236 nm at 6-min intervals over the range 5.3–7.3 cm
using a radial resolution of 0.005 cm. Data were analysed using the continuous mass
distribution model resident in the program SEDFIT. The analysis was performed using
maximum entropy regularization. A confidence level (F ratio) of 0.95 was used with 200
molar mass increments. Time-independent and radial-independent noise were fitted and the
position of the sample meniscus was fixed. For sedimentation equilibrium experiments,
samples of 100 µL were centrifuged at 20 °C for 24 h at 20,000 rpm. Once the sample had
reached equilibrium, radial absorbance scans were acquired at 273 nm over the range 6.8–
7.3 cm using a radial resolution of 0.001 cm and 10 averages. The rotor speed was then
increased to 35,000 rpm. Dual-speed sedimentation equilibrium data were globally analysed
using the species analysis model resident in the program SEDPHAT.47 Data were analysed
in terms of a single ideal species. For both sedimentation velocity and equilibrium
experiments, data were analysed in terms of the buoyant rather than the physical molar
mass, the reason being that the former allows the size and hence composition of the complex
to be deduced without a priori knowledge of the stoichiometry. The requisite parameters for
the conversion of buoyant molar mass to physical molar mass were computed using the
program SEDNTERP.48
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Alanine scanning, deletion mutagenesis and GST pull-down experiments
Alanine and deletion mutants of the SOCS3 SOCS box were constructed by ligation of
overlapping oligonucleotides and cloned into pGEX-4TelonginB by standard ligation
procedures. Following co-expression with pBB75elonginC, the cells were lysed and GST–
Sepharose was used to pull down any proteins in the lysate associated with the GST–SOCS
box fragment. Binding of ternary SOCS–elonginBC complexes to cullin5 was assayed by
passing 10 mL of 0.1 mg/mL complex over 0.1 mg GST–cullin bound to 0.1 mL
glutathione–Sepharose beads. The beads were washed with 50 column volumes of
phosphate-buffered saline and then dissolved in SDS containing protein gel loading buffer
and the results visualised by SDS-PAGE followed by Coomassie staining.

Isothermal titration calorimetry
Isothermal calorimetric titrations were performed with a Microcal omega VP-ITC (MicroCal
Inc., Northampton, MA). SOCS3ΔPEST was dialysed against buffer (Tris-buffered saline, 5
mM 2-mercaptoethanol, pH 8.0) and the dialysis buffer was used to dissolve the tyrosine-
phosphorylated gp130 peptide. Experiments were performed at 298 K. Solutions of 10 to 20
µM SOCS3 in the cell were titrated by injection of a total of 290 µL of 80–160 µM of gp130
peptide. The heat of dilution of the phosphopeptide into buffer was subtracted from the raw
data of the binding experiment. The data were analysed using the evaluation software,
Microcal Origin version 5.0. The binding curve fitted a single-site binding mode and Kd
values were determined from experiments repeated twice.

NMR spectroscopy
Spectra were recorded at 310 K on Bruker Avance 500 (with cryoprobe), DRX-600 and
Avance 800 spectrometers. Spectra were processed using XWINNMR or TOPSPIN (Bruker
AG, Karlsruhe, Germany) and analysed using XEASY (version 1.3.13). Spectra were
referenced to the water signal at 4.657 ppm (310 K). Sequence-specific resonance
assignments for the backbone were accomplished using HNCA, HN(CO) CA,
CBCA(CO)NH, HN(CA)CO and HNCO experiments, and side-chain assignments using
NOESY–HSQC and HCCH–TOCSY. For structure calculations, distance restraints were
obtained from 1H–15N and 1H–13C edited NOESY–HSQC experiments. Cα, Cβ, Hα, C′ and
N chemical shifts were used in the program TALOS49 to obtain backbone psi/phi angles.
The assignments have been deposited with the Biological Magnetic Resonance Bank
(accession no. 15606).

Structure calculations
The solution structure of the mouse SOCS3 SOCS box in complex with elonginBC was
calculated using a combined torsion angle and Cartesian coordinate dynamics protocol
executed in X-PLOR-NIH. Structures were calculated from random starting coordinates
using 1542 NOE distance restraints, including 242 medium-range (residue i to residue i+j,
where 1 <j<4) and 307 long-range (residue i to residue i+j, where j>4) connectivities, 112
intermolecular restraints and 227 dihedral angle restraints, obtained using TALOS,
composed of 113 φ and 114 ψ angles. The structures were displayed and analysed using
PyMol,50 MolMol51 and PROCHECK-NMR.52 The final family comprised the 20 structures
of lowest total energy (Table 1).

Protein Data Bank accession code
The coordinates have been deposited with the RCSB Protein Data Bank (accession code
2JZ3).
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Glossary

ITC isothermal titration calorimetry

JAK Janus kinase

SOCS suppressor of cytokine signalling

STAT signal transduction and activator of transcription

CIS cytokine-inducible SH2-containing protein

VHL von Hippel–Lindau

G-CSF granulocyte colony-stimulating factor

GST glutathione S-transferase

HSQC heteronuclear single quantum coherence

TOCSY total correlated spectroscopy

NOESY nuclear Overhauser enhancement spectroscopy
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Fig. 1.
NMR and analytical ultracentrifugation analysis of elonginBC. (a) Radial profiles of 0.92
mg/mL elonginBC monitored at 236 nm during centrifugation at 40,000 rpm (○). The
sedimentation velocity data were analyzed in terms of a continuous buoyant molar mass
distribution (−) using the continuous mass distribution model [c(M)] resident in the program
SEDFIT. Ninety scans were used in the analysis; however, for clarity, only every seventh is
presented. (b) Plot of residuals for the analysis of the experimental data in (a). (c) c(M)
distribution describing the experimental data in (b). The distribution exhibits a single, well-
defined maximum corresponding to a buoyant (reduced) molar mass of 6.5 kDa. This
corresponds to a physical mass of 24.5 kDa under the conditions used. The predicted mass
of a 1:1 complex is 25.6 kDa. (d) Radial profiles of 0.92 mg/mL elonginBC monitored at
273 nm after centrifugation for 24 h at 20,000 and at 35,000 rpm. The sedimentation
equilibrium data were globally analyzed in terms of a single ideal solute (−) using the
species analysis model resident in the program SEDPHAT. The buoyant molar mass
recovered from the analysis was 6.7 kDa. This corresponds to a physical mass of 25.1 kDa
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under the conditions used. (e) Plot of residuals for the analysis of the experimental data in
(d). (f) 1H–15N HSQC analysis of elonginBC. Recombinant elonginBC, 0.25 mM in 20 mM
potassium phosphate, 2.5 mM DTT, pH 6.7, was recorded at 310 K on a Bruker Avance 500
spectrometer. Note the concentration of broad overlapped peaks in the centre of the
spectrum indicating conformational exchange.
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Fig. 2.
SOCS3 and elonginBC forms a stable ternary complex that binds tightly to cullin5. Overlay
of the 15N HSQC spectrum of elonginBC alone shown in red with that of elonginBC (15N
labelled) in complex with the SOCS3 box (unlabelled) shown in black. The broad peaks in
the centre of the elonginBC-alone spectrum are shifted and well resolved in the ternary
complex, indicating little, if any, conformational exchange once the SOCS box is bound. (b)
ITC analysis of the SOCS3 SOCS box–elonginBC–cullin5 interaction. GST–cullin5 (80 µM,
NTD) was titrated into 10 µM elonginBC, SOCS3box/elonginBC or SOCS3/elonginBC in
30×10-µL injections using a VP-ITC unit (Microcal). Both protein and peptide were
prepared in 20 mM potassium phosphate and 100 mM NaCl supplemented with 2 mM 2-
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mercaptoethanol. Only the SOCS3box–elonginBC and SOCS3–elonginBC ternary
complexes bound to cullin5 with measurable affinity. These titration curves fitted well to a
single-site model with a Kd of 105±10 nM, ΔH −3700±500 cal/mol, N=0.96 and Kd of
90±10 nM, ΔH −4100±200 cal/mol, N=1.05, respectively (average of duplicate
experiments).
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Fig. 3.
Determination of the minimal elonginBC binding epitope on the SOCS3 SOCS box. The
SOCS box fragments were produced as GST fusions to aid stability during expression and
co-expressed with elonginBC. Glutathione Sepharose was used to pull down GST-labelled
proteins present in the cell lysate (upper left panel). As shown, a fragment comprising
residues 1–12 was the smallest segment of the SOCS box capable of co-purifying with
elonginBC with similar affinity to the entire SOCS box (1–40). The successful co-
expression of elonginBC in all cultures was shown by Western blot (upper right panel) and a
schematic view of the mutants used and the results are also shown (bottom panel).
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Fig. 4.
The SOCS boxis unstructured inisolation and becomes partially structured upon elonginBC
association. 1H–15N HSQC spectra of the SOCS box, in isolation and bound to elonginBC.
(a) Recombinant 15N-labelled SOCS3 SOCS box was prepared by thrombin digestion of a
GST–SOCS box fusion protein. 15N HSQC spectrum of 0.1 mM protein in 20 mM
potassium phosphate and 2.5 mM DTT, pH 6.7, was recorded at 310 K and 500 MHz. (b)
The sample from (a) was mixed with a threefold excess of unlabelled SOCS box–elonginBC
ternary complex and HSQC analysis was performed as before. The 15N-labelled SOCS box
was able to compete with the unlabelled domain in the ternary complex and thus bind
elonginBC. The downfield amide peak at 11.3 ppm arises from Leu4 of the SOCS box
(arrow). The range of peak intensities seen is a further indication of conformational
exchange. (c) Backbone amide assignment of the SOCS box–elonginBC ternary complex.
HSQC analysis of a fully 15N labelled ternary complex was performed using conditions
identical to that of (a) and (b). SOCS box assignments are shown in black, elonginC
assignments in green and elonginB assignments in red. Some assignments are omitted for
clarity.
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Fig. 5.
Tertiary structure of an SOCS3 SOCS box–elonginBC complex. (a) Ribbon diagram of the
SOCS3 SOCS box (red) in complex with elonginC (blue) and elonginB (green). The
interaction of the SOCS box occurs exclusively with elonginC and is mediated mostly by
hydrophobic interactions. ElonginBC forms a tightly associated complex with the core of the
association being a continuous β-sheet formed by residues from both proteins. A number of
side-chain hydrophobic interactions further stabilise the complex. (b) Close view of the
SOCS box elonginC interface with hydrophobic side chains from the SOCS box (red)
labelled. The hydrophobic residues from elonginC (blue) that form the interface are shown
in grey stick representation. (c) Ribbon diagram of the SOCS3 SOCS box in complex with
elonginBC [same color scheme as in (a)] shown overlaid on the SOCS2/elonginBC structure
(cyan).
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Fig. 6.
Key residues required for elonginBC binding. An Ala scan of the SOCS3 SOCS box to
determine residues required for elonginBC binding was performed. Co-expression of 12
SOCS box domain constructs, each containing a single Ala mutation, with elonginBC was
performed in E. coli, and glutathione Sepharose was used to pull down GST-labelled
proteins present in the cell lysate. (a) The following mutations completely interfered with
elonginBC binding: Val1, Thr3, Leu4, Leu7, Cys8, Arg9 and Val12. Of these, only the L4A
mutation completely abolished binding. (c) Residues identified by Ala scan are highlighted
on a surface representation of elonginBC where hydrophobic residues on the surface of
elonginC are shown in yellow. The BC box of SOCS3 (red) is shown in cartoon
representation with important side chains displayed in “stick” representation. ElonginC is
shown in blue and elonginB in green.
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Fig. 7.
Isothermal titration analyses of the SOCS3–gp130 interaction in the presence and absence of
elonginBC. ITC analyses show that a ternary SOCS–elonginBC complex is able to bind a
tyrosine-phosphorylated peptide from the gp130 receptor with similar affinity to SOCS3
alone. Phosphopeptide (160 µM) was titrated into 20 µM SOCS3/elonginBC (left) or 20 µM
SOCS3 (right) in 30×10-µL injections using a VP-ITC unit (Microcal). Both protein and
peptide were prepared in Tris-buffered saline supplemented with 2 mM 2-mercaptoethanol.
The titration curves fitted well to a single-site model with a Kd of 50±4 nM, ΔH −5030±30
kcal/mol, N 1.03 (SOCS3/BC) and Kd of 52±7 nM, ΔH −4200±30 kcal/mol, N 1.26.
SOCS3, both as an isolated protein and in complex with elonginBC, lacked the PEST motif.
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Table 1

Summary of experimental restraints and structural statistics for murine SOCS3 SOCS box in complex with
elonginBC

No. of distance restraints 1542

  Intraresidue (i=j) 436

  Sequential (|i−j|=1) 445

  Medium range (1<|i−j|<4) 242

  Long range (|i−j|>4) 307

  Intermolecular 112

Total dihedral angle restraints 227

  ϕ angles 113

  ψ angles 114

Violations

  NOE violations >0.4 Å 2

  Dihedral violations >5° 2

Deviations from ideal geometrya

  Bonds (Å) 0.002549±0.00003

  Angles (deg) 0.583±0.003

  Impropers (deg) 0.409±0.003

Average RMSD to mean atomic coordinates (Å) Ordered regionsb Total

Backbone (N, Cα, C′) 1.13

All heavy atoms 1.68

Ramachandran plotc

  Most favored (%) 80 73.9

  Additionally allowed (%) 13.5 17.7

  Generously allowed (%) 4.7 6.1

  Disallowed (%) 1.7 2.2

a
The values for the bonds, angles, and impropers show the deviations from ideal values based on perfect stereochemistry.

b
Ordered regions were considered as 1–15 (SOCS box), 1–82 (eloB), 17–44 and 59–112 (eloC).

c
As determined by the program PROCHECK-NMR for all residues except Gly and Pro.
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