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Abstract

SOCS3 (Suppressor of Cytokine Signaling 3) inhibits the intracellular signaling cascade initiated

by exposure of cells to cytokines. SOCS3 regulates signaling via two distinct mechanisms:

directly inhibiting the catalytic activity of Janus Kinases (JAKs) that initiate the intracellular

signaling cascade and catalysing the ubiquitination of signaling components by recruiting

components of an E3 ubiquitin ligase complex. Here we investigate the latter mode-of-action

biochemically by reconstructing a SOCS3-based E3 ubiquitin ligase complex in vitro using fully

purified, recombinant components and examining its ability to promote the ubiquitination of

molecules involved in the cytokine signaling cascade. We show that SOCS3 is an active substrate

recruitment module for a Cullin5-based E3 ligase and have defined the core protein components

required for ubiquitination. SOCS3-induced poly-ubiquitination was rapid and could proceed

through a number of different ubiquitin lysines. SOCS3 catalysed the ubiquitination of both the

IL-6 receptor common chain (gp130) and JAK2.
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INTRODUCTION

Cytokine signaling must be tightly controlled in order to prevent excessive proliferation

which could lead to inflammation and tumorigenesis. The major regulator of interleukin-6

(IL-6) family cytokines, as well as granulocyte colony stimulating factor (G-CSF) and

leptin, is SOCS3 (Suppressor of Cytokine Signaling 3). SOCS3 forms the effector molecule

of a negative feedback loop; it is expressed in response to cytokine stimulation and then
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feeds back to inhibit the cytokine-induced signaling cascade, allowing the cell to return to its

basal state1; 2; 3.

The primary mechanism of SOCS3 action is via direct inhibition of the catalytic activity of

JAKs (Janus Kinases)4; 5; 6. JAKs are bound to the cytoplasmic domains of cytokine

receptors and initiate the intracellular component of the signaling cascade by

phosphorylating the STAT (Signal Transducers and Activators of Transcription) family of

transcription factors. SOCS3 is able to block JAK phosphorylation of STAT and thereby

inhibit further signaling7; 8. However, SOCS3 is believed to act via a second mode-of-action

in addition to direct JAK inhibition. This second mechanism is its ability to recruit an E3

ubiquitin ligase complex and thereby inducing the ubiquitination and subsequent

degradation of signaling components9. This relies upon a conserved domain at the SOCS3

C-terminus termed the SOCS Box2. The SOCS Box is present in all eight SOCS family

members (SOCS1-7 and CIS, Cytokine Inducible SH2 domain containing protein) and is a

small (~40 amino acid) domain found in approximately 50 human proteins. Its function is to

recruit elongins B and C2; 9; 10; 11 and Cullin510; 11. Cullin5 is the scaffold protein for a

large class of E3 ubiquitin ligases, enzymes that directly catalyse the covalent addition of

ubiquitin to lysines on target proteins12; 13.

Ubiquitination is catalyzed by an enzymatic cascade. This consists of activating (E1),

conjugating (E2) and ligating (E3) enzymes13. The Cullin-Ring-Ligase (CRL) family of

ubiquitin ligases 14 are the largest class of E3 ligases and consist of multiple subunits all

built around a Cullin scaffold12. The C-terminal domain of this scaffold binds activated

ubiquitin whilst the N-terminal domain binds substrate14 thus allowing ubiquitin to be

transferred to a substrate lysine. An intriguing aspect of Cullin-based ligases is that they

themselves are post-translationally modified by a ubiquitin-like protein, Nedd815.

Neddylation occurs on a conserved lysine near the E2-ubiquitin docking site and enhances

the ubiquitin ligase efficiency by inducing a substantial conformational change in the Cullin

scaffold such that the E2 is released from the core of the complex, allowing it more efficient

access to the substrate lysine side chain16.

The purpose of the E3 ligase is to bring together the activated ubiquitin and the substrate

that is to be ubiquitinated. Both of these binding events are co-ordinated by Cullin5 but

mediated by further sub-units. For example, the interaction between Cullin5 and activated

ubiquitin is mediated by a RING domain protein, Rbx217; 18, whilst the interaction with

substrate is mediated by a diverse array of substrate-recruiting proteins that contain SOCS

box domains, including SOCS3. Whilst E3 ligase activity has been demonstrated for a

number of SOCS box-containing proteins17, of the eight members of the SOCS family, only

for SOCS1, which promotes the degradation of the TEL-JAK oncoprotein18, vav19, IRS-1

and IRS-220 has E3 ligase activity been directly demonstrated.

Apart from SOCS1, SOCS3 is the most potent inhibitor of cytokine signaling. SOCS3

regulates the response to IL-621, granulocyte colony stimulating factor22, leukemia

inhibitory factor23 and leptin24 and binds to both the cytoplasmic domains of the receptors

for those cytokines as well as to the receptor-bound JAKs. However, SOCS3 can inhibit

cytokine signaling through ubiquitin-independent mechanisms7,8 and therefore it is
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unknown whether a SOCS3-based E3 ligase will promote ubiquitination of JAK or cytokine

receptors or other, as yet unidentified, molecules.

In this study we have reconstructed a full E1–E2-E3 cascade in vitro using purified

components in order to study the mechanism of SOCS3/Cullin5-based ubiquitination and

determine substrates for SOCS3-mediated ubiquitination. We find that SOCS3/Cullin5 is

active in the presence of either Rbx1 or Rbx2 and these can recruit any one of the closely

related E2 enzymes: UbcH5a, UbcH5b or UbcH5c. Cullin5 itself is efficiently mono-

ubiquitinated on K724, the site of neddylation in vivo. Whilst K724 ubiquitination may

mimic neddylation, it is not required for E3 ligase function. A Cullin5/SOCS3 E3 ligase

promotes both JAK2 and receptor poly-ubiquitination. However the rate of and extent of

poly-ubiquitination of gp130 (the IL-6 family shared receptor) suggests that it is the

preferred substrate rather than JAK.

EXPERIMENTAL PROCEDURES

Cloning and expression of the SOCS/elonginBC/cullin5/Rbx2 E3 ligase complex

Murine SOCS3/elonginsBC complex was cloned and expressed as previously described 10.

Mouse Cullin5 was co-expressed as two domains, the N-terminal domain (1–384) and C-

terminal domain (385–780) analagous to that described previously for Cullin114. The C-

terminal domain of Cullin5 was cloned into the second multi-cloning site (MCS) of

pACYC-DUET (Novagen) whilst mouse Rbx2 was cloned into the first MCS resulting in a

HIS6 tag at its N-terminus. The N-terminal domain of Cullin5 was cloned as a GST-fusion

protein into pGEX-4T1 and the two vectors were co-expressed in BL21(DE3) cells to yield

a ternary GST-Cul5(NTD)/HIS6-Rbx2/Cul(CTD) complex. Expression was performed in

LB broth at 18°C overnight following induction using 1mM IPTG when the O.D.600 was

0.7. The cells were harvested by centrifugation and then lysed using lysozyme and

sonication. The complex was bound to Ni-NTA resin to capture Rbx2 and any excess

Cullin5 removed by extensive washing. SDS-PAGE analysis of the Cul5/Rbx2 complex was

used to verify the presence of both proteins. A ten-fold excess of SOCS3/elonginBC ternary

complex was passed over the column to form the 5-protein E3 ligase complex. The complex

was eluted in buffer containing 250mM imidazole and the eluate bound to Glutathione

Sepharose (GE Healthcare) and washed thoroughly in PBS. The complex was then eluted

from the resin by thrombin proteolysis of the GST fusion tag and purified by size exclusion

chromatography using a Superdex 200 16/60 column (GE Healthcare). Finally the purified

E3 ligase was concentrated to 2 mg/mL.

Cloning and expression of substrates: JAK2, gp130

The JH1 domain of JAK2, residues 836–1132 (Genbank: protein, AAH54807; cDNA,

BC054807) fused to GST, was cloned into pFastBac HTb (Life Technologies), and the

resulting bacmid was used to transfect Sf21 cells. High-titer baculovirus was used to infect

1–5 litres of Sf21 cells grown to a density of 2 × 106 ml−1. Cells were collected 72 h after

infection and snap frozen. Cells were lysed by sonication and GST-JAK2 purified using

glutathione sepharose (GE Healthcare) using standard procedures.
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The cytoplasmic domain of the mouse IL-6 receptor (gp130 chain, residues 641–917) fused

to GST was cloned into pGEX-4T. Expression was performed at 18°C for 6 hours in LB

broth following induction with 1mM IPTG at a cell density of O.D600 = 1.0. The cells were

harvested by centrifugation and lysed using lysozyme and sonication. The protein was

bound to Glutathione Sepharose (GE Healthcare) and washed with 50 column volumes of

PBS containing 2mM DTT. gp130 was eluted from the resin by thrombin proteolysis of the

GST fusion tag, purified by size exclusion chromatography using a Superdex 200 26/60

column (GE Healthcare) and concentrated to 1 mg/mL. Two shorter fragments of gp130cyt

(gp130cytNTD, residues 641–813 and gp130cytCTD, residues 720–917) were cloned and

purified under identical conditions.

Cloning and expression of murine UbcH5a

Murine UbcH5a (E2) was expressed as a GST-fusion protein by cloning into pGEX-4T and

expressed in BL21(DE3) cells at 37°C for two hours post IPTG induction. Following cell

lysis, the protein was purified using Gluathione Sepharose and eluted by thrombin digestion.

Size exclusion chromatography using a Superdex 75 16/60 column run in Tris-buffered

saline pH7.5 was performed as the final step in purification.

Ubiquitin cascade components

Human E1 (His6 tagged), methylated-ubiquitin and a panel of human E2 enzymes (His6

tagged) were purchased from Biomol International. Bovine ubiquitin was purchased from

Sigma-Aldrich.

Ubiquitination Assays

Ubiquitination assays were performed in 20 μl of 20mM Tris-HCl, 50mM NaCl, 5mM

MgCl2, 2.5mM ATP, 0.1mM DTT. Reactions were stopped by the addition of 2x SDS

PAGE loading buffer and heating at 95°C for 5 minutes. Typically reactions contained 0.1

μM E1, 2.5 μM E2, 2.5 μM E3, 50 μM ubiquitin and 5 μM substrate and were incubated for

30 minutes or as indicated. Reaction products were then detected by SDS-PAGE and

Coomassie staining. Tryptic digestion followed by MS/MS analysis was used to identify

protein species excised from SDS-polyacrylamide gels and was performed by the Joint

Proteomics Service Facility (Parkville, Australia).

RESULTS

In vitro reconstitution of a SOCS3-based E3 ligase

In order to investigate SOCS3-mediated ubiquitination we developed an in vitro

ubiquitination assay consisting of fully purified, recombinant components. In particular we

wished to construct a system that would allow direct visualisation of results (rather than

visualisation by western blot) so that the ubiquitination state and stoichiometry of each

component could be readily tracked. All subunits of the E3 ligase were expressed in E. coli

using standard protocols. Cullin5, co-expressed with Rbx1 or Rbx2, was produced as two

separate domains as first demonstrated for Cullin1 by Zheng, Schulman and colleagues 14;

these associate with each other and with Rbx2, during expression and could be isolated as a

ternary (Cul5(NTD):Cul5(CTD):Rbx2) complex (Figure 1A, lane 1). SOCS3/elonginsBC
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were also co-expressed and purified as a ternary complex as previously described (Figure

1A, lane 2). The SOCS3 construct lacked the first 21 residues and had the PEST motif

replaced by a short Gly-Serx4 linker 25; 26 as these modifications enhance solubility but are

not required for function. The two purified ternary complexes were then mixed and the

correct stoichiometry of the full E3 ligase ensured by a combination of affinity tags and a

final gel filtration step (Figure 1A, lane 3). This E3 complex could be prepared in large

amounts and was highly soluble. All components were verified by mass-spectrometry.

Recombinant human E1, E2 (UbcH5a) and purified bovine ubiquitin were then added to

complete the ubiquitination assay system (Figure 1A, lanes 4,5).

A Cullin5/Rbx2/SOCS3 based E3 ligase catalyses Jak2 (JH1) polyubiquitination

SOCS3 is known to bind directly to both JAKs and cytokine receptors7,8. We initially chose

to investigate whether JAKs, rather than cytokine receptors, are substrates for ubiquitination

as the SOCS:JAK interaction is not dependent upon post-translational modification.

Although we were unable to produce full length JAK2, the kinase domain alone was

expressed and purified as a GST fusion protein as previously described 27. As shown in

Figure 1B, when added to our in vitro ubiquitination system, GST-JAK2 was rapidly

ubiquitinated whereas GST alone was not. Ubiquitination was confirmed by excising the

higher molecular weight products from the gel, digesting them using trypsin and performing

mass-spectrometry. MS analyses detected multiple peptides from JAK and ubiquitin (>70%

and >80% coverage respectively). Ubiquitination was E1-, E2-, E3- and ATP-dependent

(Figure 1C). In addition, mutation of the kinase inhibitory region of SOCS3 (known to be

involved in JAK binding8; 28) disrupted its ability to ubiquitinate JAK2 (Figure 1D). As

highlighted by asterisks in Figure 1B, C Cullin5, the scaffold of the E3 complex, was also

ubiquitinated in this system and this was investigated further.

The Cullin5 C-terminal domain is ubiquitinated at K724, the Nedd8-attachment site but this
does not affect substrate ubiquitination

As seen in Figure 1, in addition to JAK, another component of the reaction was consistently

being polyubiquitinated in these assays. The protein bands were cut out of the SDS-PAGE

gel and identified by tryptic digest MS/MS analysis as Cullin5. Tryptic digestion results in a

gly-gly dipeptide remaining covalently bound to a lysine side chain if it had been

ubiquitinated, resulting in an increased mass for that residue of 95 and this analysis

identified the modified residue as K724 in the Cullin5 C-terminal domain (Figures 2A, B).

All Cullin proteins are Neddylated in vivo at a conserved lysine in their C-terminal domain.

In Cullin5, this conserved lysine is K724, therefore in vitro, Cullin5 was being ubiquitinated

at its Neddylation site. No other ubiquitination site could be detected by mass-spectrometry;

however experiments using lysine-methylated ubiquitin (which prevents polyubiquitination)

showed there were at least four other sites of ubiquitination. (Figure 2C, asterisked). As

K724 was the only lysine to be identified by mass-spectrometry, it seemed likely that it is

the dominant site of ubiquitination. In order to investigate this further, a Cullin5 mutant

(K724R) E3 ligase was constructed. Figure 2D shows that ubiquitination of Cullin5K724R

was heavily delayed compared to wild-type. Mutating a further two nearby lysines

(Cul5K724,727,728R) resulted in a further reduction in Cullin5 ubiquitination such that it was

barely detectable (Figure 2E, lanes 1–6).
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Previous studies on Cullin1 have speculated that ubiquitination of K720 (the equivalent of

K724 in Cullin5) may mimic neddylation of this lysine that occurs in vivo and accelerate the

ubiquitination of substrates16. However mutating K724 to arginine, thereby blocking the

ubiquitination of this residue, neither inhibited nor enhanced substrate ubiquitination in our

system. In order to examine this more carefully, the E3 ligase was pre-incubated with

ubiquitin, E1 and E2 before the addition of substrate and substrate ubiquitination was

compared to that of reactions performed under identical conditions but without pre-

ubiquitination (Figure 2F). Once again, there was no difference in the rate of substrate

ubiquitination suggesting that ubiquitination of K724 has no effect on Cullin5 function in

this system in vitro

JAK2 is polyubiquitinated on multiple lysines through multiple ubiquitin linkages

The ladder of ubiquitinated JAK produced in these experiments could result from a single

poly-ubiquitinated lysine, multiple mono-ubiquitinated lysines or multiple polyubiquitinated

lysines. In order to determine which of these were present, ubiquitin that was lysine-

methylated was used, precluding poly-ubiquitination. Based on the number of bands in the

ubiquitination ladder we consistently observed at least six sites of ubiquitination on GST-

JAK2JH1 (Figure 3A). However ubiquitination experiments using methylated ubiquitin did

not show the very high molecular weight products (>100 kDa) seen when using wild type

ubiquitin. This suggests that JAK2 is polyubiquitinated.

In order to determine whether polyubiquitination was of a particular topology, mutant

ubiquitins which only contained a single lysine (K11 only, K48 only and K63 only) were

tested in this system. These contain K>R mutations at all other lysine positions. As shown in

Figure 3B, polyubiquitination, as evidenced by the smear >100 kDa, occurred using either

K11 only, K48 only, K63 only or WT ubiquitin. There was no obvious difference in reaction

rate using these three ubiquitin mutants. Again, although polyubiquitination was clearly

occurring using these single lysine ubiquitins the very high molecular weight ubiquitinated

products that do not migrate into the gel were less prevalent. These species are presumably

due to the formation of branched ubiquitin chains, which cannot form when ubiquitin

contains only one lysine, as noted previously 29.

UbcH5a,b,c are active E2 components of the SOCS3/Cullin5/Rbx2 E3 ligase

The human genome encodes >50 ubiquitin conjugating enzymes (E2s). In order to determine

whether any E2 enzyme, apart from UbcH5a was active in a SOCS/Cullin5/Rbx2 system we

tested eleven different E2 enzymes in our Cullin5-based ubiquitination assay. As shown in

Figure 3C, UbcH5a, UbcH5b and UbcH5c were most active in catalysing ubiquitination of

JAK2. Of the other E2s, only UbcH3 was active in catalysing JAK ubiquitination; however

the rate of ubiquitination was significantly lower using this enzyme. Interestingly, we

consistently observed a qualitative difference in the pattern of ubiquitination catalysed by

UbcH3 (compared to UbcH5), in that the number of ubiquitins added seemed to be more

tightly regulated; there was very little mono-ubiquitination and very little high molecular

weight ubiquitination products observed.
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Both Rbx1 and Rbx2 are active components of a Cullin5 E3 ligase

Although Rbx2 appears to be the preferential RING protein associated with Cullin5 in vivo,

Rbx1 can bind Cullin5 and was active in a Cul5/Cul1 hybrid E3 ligase 16. We wished to

examine whether there were any consequences to using Rbx2 as the E2 recruitment module,

rather than Rbx1. A Cullin5/Rbx1 E3 ligase was therefore cloned, expressed and purified.

As shown in Figure 3D, both Rbx1 and Rbx2 catalysed substrate ubiquitination in a Cullin5

based assay. Over multiple experiments there was no discernible difference in ubiquitination

rate comparing Rbx1 with Rbx2. The same ubiquitin E2 enzymes were active in Cul5/Rbx1

and Cul5/Rbx2 complexes (data not shown). The only difference between Rbx1- and Rbx2-

based E3 ligases was that predominantly mono-ubiquitinated Cullin5 accumulated in the

presence of Rbx2, whereas when Rbx1 was the associated RING protein, Cullin5 tended to

progress through to a polyubiquitinated state (Figure 3E).

Cullin5/Rbx2/SOCS3 E3 ligase catalyses efficient gp130 polyubiquitination in a
phosphorylation-dependent manner

The SH2 domain of SOCS3 is known to bind to phosphotyrosine motifs in the intracellular

domains of several cytokine receptors. The most well-characterised binding site is pY757 on

the IL-6 receptor β-chain (gp130). In vivo Y757 is phosphorylated by JAK1 or JAK2.

Therefore, in order to determine whether a SOCS3/Cullin5 based E3 ligase can catalyse the

ubiquitination of cytokine receptors, we expressed and purified the cytoplasmic domain of

gp130. This was incubated with catalytic amounts of recombinant JAK2 kinase domain to

promote its tyrosine-phosphorylation and then tested as a substrate in our ubiquitination

assay. As shown in Figure 4A, gp130 was very efficiently ubqiuitinated using this assay but

only if it was phosphorylated. By radiolabelling gp130 using γ-32P-ATP, its ubiquitination

could be clearly distinguished from that of any other reaction component (Figure 4B). The

cytoplasmic domain of gp130 contains 14 lysine residues, eleven of these are upstream of

the SOCS3 binding site (pY757) and three are downstream. We generated two deletion

constructs of gp130cyt. The first fragment, termed gp130cyt(NTD), consisted of residues

641–813. This contains 10 lysines, all upstream of the SOCS3 binding site. The second

fragment, termed gp130cyt(CTD), consisted of residues 720–917 and contains four lysines,

all downstream of the SOCS3 binding site (Figure 4C). Both of these were rapidly

polyubiquitinated in our assay system, indicating that there is little, if any, topological

constraint upon ubiquitination of gp130 (Figure 4D).

DISCUSSION

SOCS3 is a potent suppressor of signaling by IL-6 family cytokines, G-CSF and leptin. The

main mechanism by which SOCS3 regulates these cytokines is via its ability to directly

inhibit JAK1, JAK2 and TYK2, the kinases that initiate the intracellular part of the signaling

cascade. However, genetic deletion of the SOCS3 SOCS box domain has shown that the

SOCS box also contributes to control of cytokine signaling in vivo30. Bone marrow from

SOCS box-deleted mice had an increased number of colony forming cells responsive to IL-6

and G-CSF and the mice were hyper-responsive to externally administered G-CSF30.

Clearly then, the action of the SOCS box is important for correct functioning of SOCS3 in

vivo. Presumably, the requirement for the SOCS box is due its ability to recruit components
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of an E3 ubiquitin ligase, even though biochemical studies have shown that the SOCS3

SOCS box, like that of SOCS1, interacts with the core E3 scaffold, Cullin5, with low

affinity11.

Whilst the kinase inhibitory activity of SOCS3 has been well studied biochemically, its

ability to function as an E3 ligase has not. In part, this is due to the difficulty of studying

ubiquitination in defined in vitro systems. SOCS3, like all SOCS box-containing proteins,

interacts with Cullin531 and to date a Cullin5-based ubiquitination system has not been

published. We were able to construct an in vitro ubiquitination assay system consisting of

fully purified, recombinant proteins and used this to determine whether SOCS3 could

function as an efficient E3 ligase. In addition, we used our in vitro ubiquitination assay to

address questions regarding the mechanism of ubiquitination, including which E2 and RING

domain-containing proteins were active, whether the E3 ligase catalysed mono- or poly-

ubiquitination and (if the latter) by which lysine linkage. Whilst such defined systems are

inevitably limited by the fact that they are ex vivo, they are invaluable in answering

questions regarding mechanism, and in their ability to identify the essential components of

molecular machines such as the E2–E3 ubiquitin transfer complex investigated here.

Using our assay we showed that SOCS3 formed an active Substrate Recruitment Module

(SRM) for a Cullin5-based E3 ligase. SOCS3 formed a stable 1:1:1:1:1,

SOCS3:elonginB:elonginC:Cullin5:Rbx E3 ligase complex that could be isolated as a single

species via gel filtration. We tested two individual E3 ligase complexes, the first contained

Rbx1 as the RING domain-containing subunit and the second contained Rbx2. Both of these

were shown to be active. There are approximately fifty E2 enzymes encoded in the human

genome32; 33. We tested a panel of 13 of these and discovered four that were active. Three of

these E2 enzymes, the related UbcH5a, UbcH5b and UbcH5c, gave the most robust

ubiquitination (with both Rbx1 and Rbx2), as seen previously for a number of different E3

ligase systems34; 35. Two known SOCS3-binding targets, JAK2 and gp130, were each good

substrates for ubiquitination. Ubiquitination relied upon a robust SOCS3-substrate

interaction, as mutating the JAK2-binding site in SOCS3, or using unphosphorylated gp130

(which does not bind to the SOCS3 SH2 domain36), resulted in complete loss of

ubiquitination.

The type of ubiquitination catalysed by this system was manifold. We observed K11, K48

and K63-linked polyubiquitin chains. K48- and K11- mediated poly-ubiquitination is

generally thought to lead to proteasome-mediated degradation of the target protein whilst

K63-mediated ubiquitination is more commonly involved in intracellular trafficking13. In

vivo the type of poly-ubiquitination will depend in part upon which E2 enzyme is most

active / available. Whilst the UbcH5 family were most active in our assays it may be that

others, for example UbcH3 will be more relevant in certain cell-types. UbcH3 (cdc34 in

yeast) is highly evolutionarily conserved, whereas UbcH5 is not34. Whilst ubiquitination of

JAK2 using UbcH3 occurred at a much slower rate compared to UbcH5, there was a

qualitative difference in the pattern of ubiquitination:. There was relatively little mono- or

di-ubiquitinated species visible when UbcH3 was included in the reaction; instead there was

a slow accumulation of higher-order ubiquitin chains. It is thought that a chain-length of >4

is required for proteasome recognition and that, given the preponderance of de-ubiquitinases
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in the cell, this may have to occur within the lifetime of the E3-substrate complex

association34. Therefore, in vivo UbcH3 may be more efficient at producing the level of

poly-ubiquitination required for proteasomal degradation compared to UbcH5 which,

although it gave a faster rate of poly-ubiquitination, tended to progress through mono- di-

and tri- ubiquitinated species.

We observed that the E3 scaffold protein, Cullin5, was itself ubiquitinated in our system. In

particular, Cullin5 was ubiquitinated at K724. In vivo, this lysine is modified by Nedd8.

Ubiquitination of this site in other Cullins has been observed in numerous studies16. It has

even been suggested that ubiquitination of this lysine (by mimicking the neddylation that

occurs in vivo) may be necessary in order for the E3 to be fully active16. Neddylation

unhinges the Rbx protein from the core of the E3 complex, allowing it the conformational

flexibility to position the E2 at the target lysine16. However we observed no change at all in

the rate of substrate ubiquitination when this lysine (or two other nearby lysines) were

mutated to arginine, suggesting that neddylation may not be required for Cullin5 activity in

this system.

There were qualitative and quantitative differences in the ubiquitination of JAK2 compared

to gp130. Ubiquitination of gp130 was more rapid than JAK2. In addition, gp130 was more

highly poly-ubiquitinated. Poly-ubiquitination of gp130 occurred through the accumulation

of higher-order ubiquitin chains whereas poly-ubiquitination of JAK2 occurred via mono-

and di-ubiqutinated species. This is likely due to the highly flexible nature of the gp130

structure. Unlike the extracellular domain, the cytoplasmic domain of gp130 is disordered

and therefore there will be relatively few spatial restraints in accessing the E2 active site for

linking the first, and subsequent, ubiquitin moieties. Models of SOCS-based E3 ligases

suggest that there is > 80 Å between the substrate binding site and the reactive cysteine of

the E2 enzyme when it is docked onto the SOCS-elonginBC-Cullin5-Rbx2 scaffold31; 37; 38.

The cytoplasmic domain of gp130 is 276 residues in length and, given that it is unstructured,

would be predicted to easily span this distance. In fact we observed ubiquitnation of lysines

both N- and C-terminal to the SOCS3-binding site (which is located roughly centrally)

indicated a high level of flexibility. As the major targets of other SOCS family members are

other cytokine receptors, all of which are predicted to contain unstructured cytoplasmic

domains, this may be a common theme. It is tempting to conclude that gp130 is a preferred

substrate for SOCS3-induced ubiquitination compared to JAK2. However, we must note that

we could only test the kinase domain of JAK2 (rather than the full length protein). The full

length protein may span the gap between E2 and SOCS3 more effectively, allowing more

efficient ubiquitination. To date, successful purification of full-length JAKs in quantities

required for these assays has not been reported and as such we cannot test this hypothesis.

Nevertheless, given the conservation within the SOCS family of specifically targeting

cytokine receptors and given the robust ubiquitination of gp130 seen in our assays, we

speculate that gp130 (along with potentially the G-CSF and Leptin receptors) is a true target

of SOCS3-based ubiquitination.

Given that SOCS3 is a potent inhibitor of cytokine signaling, purely by virtue of its ability to

inhibit JAK1, JAK2 and TYK2, why is its ability to induce ubiquitination required? One

possible answer is that upon JAK or receptor degradation, signaling can only be re-initiated
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following synthesis of new JAK and receptor chains, which must then be trafficked to the

cell membrane. This type of inhibition is presumably more long-lasting than simple kinase

inhibition (whose duration is limited by the off-rate of SOCS3 from the JAK:Receptor

complex) and may be required to reset the cell back to its basal, unstimulated, state

following cytokine exposure.

In summary, we have produced a fully functional, purified recombinant Cullin5-based E3

ligase and shown that the SOCS box-containing protein SOCS3 can recruit its binding

partners JAK2 and phospho-gp130 for ubiquitination. The SOCS box, which binds to the

ElonginB/ElonginC/Cullin5 complex, is present in all eight SOCS family proteins as well as

a wide variety of other molecules. We believe that our defined assay system will be of great

use in determining and verifying other Cullin5 substrates. This includes substrates recruited

by the other seven SOCS family members as well as those recruited by the wider class of

SOCS box containing proteins, including viral proteins such as HIV Vif (Viral Infectivity

Factor) which co-opts Cullin5 to induce degradation of the host anti-viral cytidine

deaminase APOBEC3G39.
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KIR kinase inhibitory region
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SOCS suppressor of cytokine signaling
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Figure 1. A SOCS3/Cullin5 based E3 ligase catalyses JAK2JH1 ubiquitination
(A) SDS-PAGE analysis of in vitro ubiquitination system components. Cullin5-Rbx2 and

SOCS3-elonginBC are produced separately as ternary complexes (lanes 1,2) and then mixed

and further purified to achieve the final E3 ubiquitin ligase. Cullin5 is produced as two

domains (NTD and CTD) and these associate non-covalently to form the functional scaffold.

Recombinant E2 (UbcH5a) and purified bovine ubiquitin are shown in lanes 4,5

respectively. # marks indicate impurities (B) GST-JAK2 (JH1 domain) is a substrate for

polyubiquitination but GST alone is not. SOCS3 based E3 ligase (2.5uM) was incubated

with ubiquitin (50uM), human E1 (100nM), purified recombinant E2 (UbcH5a, 2.5uM) and

either GST-JAK2 (JH1 domain, 5uM, lanes 1–4) or GST alone (lanes 5–8) in the presence

of 2.5mM Mg/ATP at 37°C for 0, 5, 30, 60 minutes. Note that the cullin C-terminal domain

was polyubiquitinated in each case (asterisks). (C) GST-JAK polyubiquitination was

dependent upon the presence of E1, E2, ATP, ubiquitin and the KIR/SH2 domain of SOCS3.

Each reaction component was absent as indicated above the gel. -SH2 indicates that the SH2

domain of SOCS3 was deleted resulting in a SOCS box only:elonginBC ternary complex.

(D) Mutating the JAK binding site (F25A) in SOCS3 abrogates its ability to promote JAK

ubiquitination The reactions were incubated for 0, 10, 20 and 60 minutes (left to right in

each case). All results are visualised by Coomassie staining following SDS-PAGE. (E).
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Schematic diagram illustrating the components of the Cullin5 in vitro ubiquitination system.

A model of the E3 ubiquitin ligase is shown on the right, adapted from PDB 4JGH.
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Figure 2. Cullin is modified by ubiquitin on K724
(A) Ubiquitination reactions were performed in the absence of JAK2 to highlight Cullin5

ubiquitination.. The reactions were incubated for 0, 5, 10, 30, 60 and 120 minutes (left to

right, upper panel). (B) Tryptic digest MS/MS analyses was used to identify ubiquitinated

lysines on Cullin5 from the monoubiquitinated Cullin5 band shown in the left panel. (C) The

use of methylated ubiquitin shows that Cullin5 is ubiquitinated on multiple lysines

(asterisks). The reactions were incubated for 0, 5, 10, 30 minutes (left to right in each case).

(D) Cullin K724R is self-ubiquitinated less efficiently than wild-type Cullin5 and is

observable only after an extended incubation (60 minutes compared to 10 minutes,

asterisks). The reactions were incubated for 0, 2, 5, 10, 30 and 60 minutes (left to right in

each case). This mutant E3 ligase (right) was able to ubiquitinate JAK substrate as

efficiently as wild-type. (E) Mutation of lysines 724, 727 and 728 to arginine abrogates

Cullin auto-ubiquitination but has no effect on substrate ubiquitination. (F) Cullin

ubiquitination does not impair E3 ligase function in vitro. The Cullin5 E3 ligase was auto-

ubiquitinated prior to the addition of substrate (left) or incubated with buffer as a control

(right). After 30 minutes, substrate (JAK2) and excess ubiquitin (50 μM final concentration)

were added and substrate ubiquitination examined after the indicated times. Pre-incubation

of the E3 ligase in this fashion resulted in at least 50% of the Cullin5 CTD becoming

ubiquitinated (compare the intensity of the two asterisked bands, the lower band is

unmodified Cul5(CTD) whilst the upper band is mono-ubiquitinated Cul5(CTD)))before the

addition of substrate however no subsequent decrease in the rate of substrate ubiquitination

was observed (compare the JAK-Ubn bands in lanes 2–5 with lanes 7–10). All results are
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visualised by Coomassie staining following SDS-PAGE. The ubiquitinated reaction

products indicated using larger font are those referred to in the main text.
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Figure 3. Rbx1 and Rbx2 are active components of a SOCS3/Cullin5 based E3 ligase which
catalyses poly-ubiquitination of multiple lysines in the presence of UbcH5a, UbcH5b or UbcH5c
(A) Ubiquitination reactions were performed as described in Figure 1 using either

methylated (left) or wild-type (right) ubiquitin. The use of methylated ubiquitin indicates

there are at least six individual lysines on GST-JAK2 (JH1) that are ubiquitinated in this

system (asterisks). The reactions were incubated for 0, 10, 30, 60 and 120 minutes (left to

right in each case). (B) Polyubiquitination of JAK was observed when ubiquitin with only a

single lysine (K11, K48 or K63) was used. (C) A panel of different E2 enzymes were tested

for the ability to promote JAK2 ubiquitination. Each E2 enzyme was added to a standard

ubiquitination assay (see Figure 1) at a concentration of 2.5 μM and the reaction performed

for 30 minutes at 37°C. Only UbcH5a, UbcH5b and UbcH5c were able to promote JAK

ubiquitination. The results were visualised by Coomassie staining following SDS-PAGE.

(D) Rbx1 and Rbx2 were both active RING finger components of a Cullin5/SOCS3 based

E3 ligase. Experiments were performed under identical conditions to those in (A). (E) In the

presence of Rbx2, mono-ubiquitinated Cullin5 accumulates to a greater extent than seen in

the presence of Rbx1 (indicated by the black label to the right of the gel). Experimental

conditions were the same as (D) only JAK was omitted. All results are visualised by

Coomassie staining following SDS-PAGE. The ubiquitinated reaction products indicated

using larger font at the right of each gel are those referred to in the main text.
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Figure 4. Cullin5/Rbx2/SOCS3 based E3 ligase catalyses efficient gp130 polyubiquitination in a
phosphorylation-dependent manner
(A) SOCS3 catalyses the ubiquitination of the gp130 cytoplasmic domain (gp130cyt) when it

is phosphorylated (left panel) but not in the absence of phosphorylation (center panel).

Phosphorylation was achieved by including 500 nM JAK2JH1 in the reaction. Note that

whereas ubiquitination of JAK proceeds through a series of mostly mono- di- and tri-

ubiquitinated intermediates (right panel), ubiquitination of gp130 is qualitatively different in

that the intermediates are all highly poly-ubiquitinated. (B) Pre-phosphorylation of gp130

shows that its SOCS3/Cullin5-catalysed ubiquitination is highly efficient and proceeds

through poly-ubiquitinated intermediates. Results are visualized by Coomassie staining

(upper) and autoradiography (lower). (C) Schematic showing the gp130 cytoplasmic domain

and the two truncation mutants tested here. (D) Lysines both N- and C-terminal to the

SOCS3 binding site on gp130 are ubiquitinated. The ubiquitinated reaction products referred

to in the main text are indicated using larger font in each panel.
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