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Ubiquitin ligases are critical components of the ubiquiti-

nation process that determine substrate specificity and, in

collaboration with E2 ubiquitin-conjugating enzymes,

regulate the nature of polyubiquitin chains assembled on

their substrates. Cellular inhibitor of apoptosis (c-IAP1

and c-IAP2) proteins are recruited to TNFR1-associated

signalling complexes where they regulate receptor-stimu-

lated NF-jB activation through their RING domain ubiqui-

tin ligase activity. Using a directed yeast two-hybrid

screen, we found several novel and previously identified

E2 partners of IAP RING domains. Among these, the

UbcH5 family of E2 enzymes are critical regulators of the

stability of c-IAP1 protein following destabilizing stimuli

such as TWEAK or CD40 signalling or IAP antagonists.

We demonstrate that c-IAP1 and UbcH5 family promote

K11-linked polyubiquitination of receptor-interacting

protein 1 (RIP1) in vitro and in vivo. We further show

that TNFa-stimulated NF-jB activation involves endogen-

ous K11-linked ubiquitination of RIP1 within the TNFR1

signalling complex that is c-IAP1 and UbcH5 depen-

dent. Lastly, NF-jB essential modifier efficiently binds

K11-linked ubiquitin chains, suggesting that this ubiquitin

linkage may have a signalling role in the activation of

proliferative cellular pathways.
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Introduction

The regulated modification and degradation of cellular pro-

teins by the ubiquitin-proteasome system are critical for

modulation of many vital cellular processes in both normal

and tumour cells (Hershko and Ciechanover, 1998).

Ubiquitin, a protein whose C-terminus can be covalently

linked to a lysine residue on a substrate, is instrumental in

a number of cellular pathways including proinflammatory

signalling, DNA damage response, and apoptosis (Hershko

and Ciechanover, 1998). Ubiquitination occurs via a multi-

step reaction involving an E1 ubiquitin-activating enzyme, an

E2 ubiquitin-conjugating enzyme, and an E3 ubiquitin ligase

(Schulman and Harper, 2009). RING domain-containing

ubiquitin ligases bind to both the E2 and to the substrate

proteins, and mediate transfer of the ubiquitin molecule from

the E2 onto a lysine residue of the substrate protein (Deshaies

and Joazeiro, 2009). In cells, a single ubiquitin molecule can

be covalently attached to the substrate, termed monoubiqui-

tination, or a substrate may be modified by polyubiquitin

chains, involving additional ubiquitin–ubiquitin linkages

(Pickart and Fushman, 2004). Seven lysine residues in each

ubiquitin molecule present an opportunity for the assembly

of diverse polyubiquitin chains, with varying cellular func-

tions (Ikeda and Dikic, 2008; Komander, 2009). While K63-

linked chains are mostly implicated in proinflammatory

signalling, K48-linked polyubiquitin chains predominantly

target proteins for proteasomal degradation (Hershko and

Ciechanover, 1998; Glickman and Ciechanover, 2002;

Komander, 2009). K11-linked chains have been less studied

than K48 or K63 linkages, but they seem to serve as a

degradation signal for APC/C substrates in the regulation of

cell division (Kirkpatrick et al, 2006; Jin et al, 2008).

Inhibitor of apoptosis (IAP) proteins are critical regulators

of cellular survival capable of blocking apoptosis, modulating

signal transduction, and affecting cellular proliferation

(Salvesen and Duckett, 2002). In addition to their signature

baculovirus IAP repeat (BIR) domains, several IAP proteins

contain E3 ligase RING and ubiquitin-binding UBA domains

(Vaux and Silke, 2005; Gyrd-Hansen et al, 2008; Blankenship

et al, 2009). RING domain-containing cellular IAP1 and IAP2

(c-IAP1 and c-IAP2), XIAP and ML-IAP function as ubiquitin

ligases that promote ubiquitination of themselves and several

of their binding partners (Vaux and Silke, 2005). Cellular IAP

proteins interact directly with tumour necrosis factor recep-

tor-associated factor 2 (TRAF2), and via TRAF2, are recruited

to TNF receptor-associated complexes, where they regulate

apoptotic and NF-kB signalling (Rothe et al, 1995; Wang et al,

1998; Varfolomeev and Vucic, 2008). c-IAP1 and c-IAP2 are

positive regulators of the TNFa-induced canonical NF-kB

pathway, as they are required for receptor-interacting protein 1

(RIP1) ubiquitination and NF-kB activation (Bertrand et al,

2008; Mahoney et al, 2008; Varfolomeev et al, 2008). In the

non-canonical NF-kB pathway, c-IAP proteins are negative

regulators that ubiquitinate NF-kB inducing kinase (NIK),

causing its proteasomal degradation and inhibition of signal-

ling (Varfolomeev et al, 2007). RIP1 is an important link in

TNFa-stimulated canonical NF-kB activation. Polyubiquitin

chains assembled on RIP1 serve as a docking platform for the

recruitment of the distal inhibitor of kB kinase (IKK) signal-

ling complex, specifically the IKK subunit IKKg, also known
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as NF-kB essential modifier (NEMO) (Kovalenko and

Wallach, 2006; Li et al, 2006; Scheidereit, 2006). NEMO has

been reported to have a high affinity for ubiquitin chains,

particularly K63-linked polyubiquitin, as opposed to mono-

ubiquitin (Ea et al, 2006; Wu et al, 2006). However, recent

studies have shown that K63-linked ubiquitin chains might

not be absolutely essential for TNFa-stimulated NF-kB

activation, and that NEMO also possesses high affinity

for other ubiquitin chains (Lo et al, 2009; Rahighi et al,

2009; Xu et al, 2009).

There are over 30 human E2 ubiquitin-conjugating enzy-

mes and possibly hundreds of E3 ubiquitin ligases. Thus,

one can appreciate the degree of substrate specificity and

ubiquitin chain variability that is potentially imparted by

E2–E3 pairs. A previous study that interrogated E2–E3 inter-

actions by a yeast two-hybrid strategy yielded insight into

how specific ubiquitin modifications are generated by indivi-

dual E2–E3 interactions (Christensen et al, 2007). Here, we

describe a directed yeast two-hybrid screen that identified

both novel and previously known E2 partners of IAP RING

domains. Our results show that E2 enzymes of the UbcH5

family are critical functional partners for the E3 ligase activity

of c-IAP proteins. Downregulation of UbcH5a/b/c levels

restored c-IAP1 protein levels following destabilizing stimuli

such as IAP antagonists or TWEAK or CD40 signalling, and

prevented degradation of the c-IAP substrate NIK. In addi-

tion, we demonstrate that c-IAP1 and UbcH5 family promote

K11-linked polyubiquitination of RIP1. Using ubiquitin link-

age-specific antibodies, we show that TNFa-stimulated NF-kB

activation involves K11-linked ubiquitination of RIP1 within

the TNFR1 signalling complex, which is dependent on c-IAP1

and UbcH5. Finally, we provide evidence that the adaptor

protein NEMO can bind K11 ubiquitin chains, indicating that

this ubiquitin linkage may have a non-degradative signalling

role in the activation of proliferative cellular pathways.

Results

Identification of interactions between IAP RING

domains and E2 ubiquitin-conjugating enzymes

IAP proteins c-IAP1, c-IAP2, ML-IAP, and XIAP are RING

domain-containing ubiquitin ligases that promote assembly

of polyubiquitin chains both on themselves and on several

signalling molecules (Vaux and Silke, 2005; Varfolomeev and

Vucic, 2008). To further elucidate the mechanism of ubiquiti-

nation mediated by IAP proteins, we examined interactions

between IAP RING domains and E2 ubiquitin-conjugating

enzymes in a series of directed yeast two-hybrid screens. We

used individual c-IAP1, c-IAP2, ML-IAP, and XIAP RING

domain constructs as baits against a library of 30 human E2

prey constructs. In total, 120 interactions were tested

(Supplementary Figure S1). Positive and negative controls,

including interactions of a BRCA1 RING–BARD1 RING fusion

and UbcH5b/c, were assayed to validate the screen

(Christensen et al, 2007) (Supplementary Figure S2). A num-

ber of E2 partners were shared amongst the IAP RING domains

tested, while other E2 interactions were specific to particular

IAP RING domains (Figure 1A; Supplementary Figure S1).

The three isoforms of the UbcH5 family of E2 enzymes

(UbcH5a, UbcH5b, and UbcH5c) were found to interact with

all IAP RING domains tested, consistent with published

in vitro binding and ubiquitination assay studies (Figure 1A)

(Yang and Du, 2004; Mace et al, 2008; Varfolomeev et al,

2008). The RING domain of c-IAP1 specifically interacted with

tsg101, Ube2s, and Rad6b, while Ube2Q2 interacted with the

RING domains of c-IAP1 and c-IAP2, but not with those of ML-

IAP or XIAP (Figure 1A). On the other hand, ML-IAP and XIAP

RING domains interacted with UbcH6, again consistent with

published in vitro ubiquitination assay results (Yang and Du,

2004). Although UbcH13 has been reported to function as an

E2 in combination with c-IAP in in vitro ubiquitination assays

(Bertrand et al, 2008), interactions were not observed between

UbcH13 and any of the IAP RING family members tested

(Supplementary Figure S1). This finding is consistent with

our previously published in vitro ubiquitination assay data

(Varfolomeev et al, 2008). To further verify this result, the

UbcH13 construct was functionally validated in yeast two-

hybrid assays with TRAF2 and TRAF6 RING domains.

As previously reported (Yin et al, 2009a, b), TRAF6 RING

domain bound UbcH13, while no interaction was observed

between TRAF2 RING and UbcH13 (Supplementary Figure S2).

In order to further validate the IAP RING domain interac-

tions with the UbcH5 family, we made mutations in the IAP

RING bait constructs that are predicted to disrupt the RING

domain’s E2-binding surface or to prevent dimerization

(Figure 1B and C) (Mace et al, 2008). In agreement with

the reported structural studies, we found that the c-IAP2

V559A E2-binding surface mutant lost the ability to interact

with UbcH5b. However, it retained the ability to dimerize, as

assayed by interaction with a wild-type c-IAP2 RING prey

construct (Figure 1B). On the other hand, the c-IAP2 F602A

dimerization mutant failed to interact with UbcH5b and was

unable to dimerize with the wild-type c-IAP2 RING domain.

The c-IAP1, ML-IAP, and XIAP E2-binding surface mutations

also abrogated interactions with UbcH5b, and, except in the

case of XIAP RING I452A, had no effect on RING domain

dimerization. Predicted dimerization mutations in c-IAP1,

ML-IAP, and XIAP RING domains prevented their interaction

with the corresponding wild-type IAP RING domain con-

structs. The ML-IAP RING F296A dimerization mutant did

not interact with UbcH5b, but the c-IAP1 and XIAP dimeri-

zation mutants supported interactions with UbcH5b

(Figure 1B). Additionally, mutations of the predicted E2

binding and RING domain dimerization residues in c-IAP1

and ML-IAP RING domains prevented their interactions with

several other E2 enzymes identified as potential IAP-interact-

ing partners from the initial yeast two-hybrid screen

(Supplementary Figure S3A and B). We also tested the

Ubc9 interactions in an analogous manner and concluded

that the observed Ubc9 interactions (Figure 1A) were most

likely non-specific, as none of the mutations tested affected

interaction with Ubc9 (Supplementary Figure S3C). In sum,

our directed yeast two-hybrid screens confirmed several

known interactions and also identified a number of novel

interactions, between the IAP RING domains and E2 en-

zymes, thereby providing a more thorough understanding

of IAP-mediated ubiquitination.

Ube2S promotes ubiquitin chain extension

in combination with c-IAP1 and UbcH5a

Having identified Ube2S as a binding partner of the c-IAP1

RING domain in a directed yeast two-hybrid screen,

we wanted to investigate whether this E2 enzyme can

work with the E3 ligase c-IAP1 to promote ubiquitin chain
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formation. Initial attempts using a standard ubiquitination

protocol with Ube2S and c-IAP1, together with an E1 enzyme

and an energy source, did not yield any ubiquitin chains at

several different temperatures (17–371C) and reaction times

(30 min to 2 h) (Figure 2A and B). At the same time, UbcH5a

in combination with c-IAP1 efficiently formed polyubiquitin

chains. This validates the other components of the reaction,

including the recombinant c-IAP1 protein (Figure 2A and B).

Recent reports on the enzymatic activity of Ube2S indicate

that this E2 enzyme can extend the ubiquitin chains initiated

by other E2 enzymes, such as UbcH10 (Garnett et al, 2009;

Williamson et al, 2009). Thus, we modified the reactions to

include a 5-min preincubation of c-IAP1 with 5% of the

UbcH5a concentration used in UbcH5a control reactions as

a first step, which did not promote significant c-IAP1 auto-

ubiquitination. Following that first step, the E2 enzymes

UbcH5a or Ube2S were added, and these second-step reac-

tions were allowed to proceed for another 35 min. This

experimental design revealed ubiquitination activity and

demonstrated the ability of Ube2S to promote ubiquitin

chain assembly in conjunction with UbcH5a (Figure 2).

Ubiquitination reactions were quantified using the ubiqui-

tin-AQUA method (Kirkpatrick et al, 2006; Blankenship et al,

2009). Equivalent gel regions from each sample were excised

from the Coomassie blue-stained SDS–PAGE gel, beginning

above the unmodified c-IAP1 bands (Figure 2A). Quantifi-

cation of the ubiquitin reactions confirmed the results

obtained using an anti-ubiquitin antibody in western blotting,

and demonstrated the ability of Ube2S to promote ubiquitin

chain assembly (Figure 2C; Supplementary Figure S4). Thus,

Ube2S can act as a functional partner of c-IAP1 to promote

the assembly of polyubiquitin chains in combination with

another E2 enzyme, namely UbcH5a.

The UbcH5 family of E2 enzymes regulates the stability

of c-IAP1 and the c-IAP substrate NIK

We next focussed on the c-IAP1 E2 interactions, both those

shared amongst IAP family members and those specific to

c-IAP1, to investigate their physiological impact on the

stability of c-IAP1 protein and its substrates in human cancer

B

A

C

c-IAP1 RING c-IAP2 RING ML-IAP RING PXIA  RING

tsg101 + – – –

Rad6B + – – –

UbcH5a + + + +

UbcH5b + + + +

UbcH5c + + + +

UbcH6 – – + +

Ubc9 – + + +

Ube2Q2 + + – –

Ube2S + – – –

Ube2W – – – +
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UbcH5b PWT IA  RING*
c-IAP1 RING + +
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c-IAP1 RING F616A + –

c-IAP2 RING + +

c-IAP2 RING V559A – +

c-IAP2 RING F602A – –
ML-IAP RING + +

ML-IAP RING V254A – +
ML-IAP RING F296A – –

XIAP RING + +

XIAP RING I452A – –

XIAP RING F495A + –

Prey
Bait

*   *
c-IAP1 RING 565 LQEERTCKVCMDKEVSVVFIPCGHLVVCQECAPSLRKCPICRGIIKGTVRTFLS 618
c-IAP2 RING 551 LQEERTCKVCMDKEVSIVFIPCGHLVVCKDCAPSLRKCPICRSTIKGTVRTFLS 604
ML-IAP RING 246 LQEERTCKVCLDRAVSIVFVPCGHLV-CAECAPGLQLCPICRAPVRSRVRTFLS 298
XIAP RING   444 LQEEKLCKICMDRNIAIVFVPCGHLVTCKQCAEAVDKCPMCYTVITFKQKIFMS 497

Figure 1 IAP RING domain constructs interact with E2 ubiquitin-conjugating enzymes by yeast two-hybrid analysis. (A) Summary of positive
interactions for each IAP RING domain DNA-binding fusion bait construct (c-IAP1 RING, c-IAP2 RING, ML-IAP RING, XIAP RING) with
E2 activation domain fusion prey constructs. Interactions were scored according to growth on selective medium; þ indicates growth present;
� indicates growth absent. (B) Summary of interactions for UbcH5b and wild-type IAP RING domain prey constructs with wild-type IAP RING,
IAP RING E2-binding surface mutants (c-IAP1 RING V573A, c-IAP2 RING V559A, ML-IAP RING V254A, XIAP RING I452A), and IAP RING
dimerization mutants (c-IAP1 RING F616A, c-IAP2 RING F602A, ML-IAP RING F296A, XIAP RING 495A) bait constructs. WT IAP RING*
denotes that the respective wild-type IAP RING prey constructs were tested for each set of interactions (for instance, wild-type c-IAP1 RING
prey and c-IAP1 RING F616A bait). (C) Sequence alignment of IAP RING domains, bold black type indicates amino acid residues with
conserved identities, bold grey type indicates amino acid residues with conserved side chain properties, and asterisks mark the locations of
E2-binding surface and dimerization residues mutated in the IAP RING bait constructs.
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cells. To this end, we transiently transfected HKB11 cells

stably expressing the human CD40 receptor (HKB11-CD40)

with siRNAs targeting the c-IAP1-interacting E2 enzymes.

Treatment of HKB11 cells with anti-CD40 antibody resulted

in a decrease in c-IAP1 protein levels, as seen in control

siRNA-transfected cells (Figure 3A). Knockdown of the

UbcH5 family of E2 enzymes stabilized c-IAP1 protein levels

following CD40 stimulation (Figure 3A, top left panel), while

no changes in c-IAP1 protein levels were observed with

siRNA knockdowns of Ube2S, tsg101, Ube2Q2, or Rad 6B

(Figure 3A; Supplementary Table I). The stability of XIAP was

not affected by CD40 treatment while c-IAP2 or ML-IAP

expression could not be detected in these cells (Supplemen-

tary Figure S5A). The IAP antagonist MV1 stimulates the E3

ligase activity and autoubiquitination of c-IAP1 (Varfolomeev

et al, 2007). However, c-IAP1 protein levels were stabilized in

cells transfected with UbcH5 siRNA following MV1 treatment

(Supplementary Figure S5B). We also analysed the role of

UbcH5 proteins in signalling by the TNF superfamily ligand,

TWEAK. Downregulation of UbcH5 family expression,

but not Ube2S expression, stabilized c-IAP1 protein levels

following TWEAK treatment (Figure 3B). In addition, UbcH5

knockdown significantly blunted stimulation of gene expres-

sion by TWEAK and TNFa (Figure 3C; Supplementary Figure

S6), suggesting that the UbcH5 family of E2 enzymes has an

important role in these TNF ligands-mediated signalling

pathways.

NIK is a substrate of the E3 ligases c-IAP1 and c-IAP2 in the

non-canonical NF-kB signalling pathway (Varfolomeev et al,

2007; Vince et al, 2007). In order to examine which E2

enzyme acts in concert with the c-IAP proteins to regulate

NIK stability we co-expressed myc-NIK and FLAG-c-IAP1,

FLAG-c-IAP2, or FLAG-vector in 293T cells, in combination

with transfections of siRNA targeting the c-IAP1-interacting

E2 enzymes. NIK protein levels decreased drastically upon

co-expression with either c-IAP1 or c-IAP2, as shown pre-

viously (Varfolomeev et al, 2007). However, siRNA knock-

down of the UbcH5 family greatly increased NIK protein

levels in cells overexpressing c-IAP1 or c-IAP2 (Figure 3D,

left panel). NIK protein levels were largely unchanged when

any of the other c-IAP1-interacting E2 enzymes were silenced

via siRNA (Figure 3D; Supplementary Table II). In addition,

E2 binding and RING dimerization mutants of c-IAP1 were

unable to promote NIK degradation, while the co-expression

of siRNA-resistant UbcH5b construct reversed the effect of

UbcH5 knockdown on NIK stability (Supplementary Figure

S7A and B). Collectively, these results suggest that the UbcH5

family of E2 enzymes regulates the stability of both c-IAP1

protein and its substrates in response to cellular signalling.

c-IAP1 promotes K11 polyubiquitin linkage formation

on RIP1

Another important substrate of the c-IAP proteins is the Ser/

Thr kinase RIP1, a critical mediator of TNFa-stimulated

canonical NF-kB signalling (Varfolomeev and Vucic, 2008).

Cellular IAP proteins can promote K48- and K63-linked poly-

ubiquitination of RIP1 (Bertrand et al, 2008; Varfolomeev

et al, 2008), but whether RIP1 can be modified by other

ubiquitin linkages is not clear. Given that c-IAP1 autoubiqui-

tination generates significant levels of K11 linkages in vitro

(Blankenship et al, 2009) and that the c-IAP1 RING domain

interacts with the K11 linkage-promoting E2 enzymes UbcH5

and Ube2s, we examined whether c-IAP1 can promote addi-

tion of K11 linkages to RIP1. First, we demonstrated that

c-IAP1 is capable of mediating K11-linked polyubiquitination

on itself and RIP1. Transfection of 293T cells with c-IAP1,

RIP1 and wild-type or K11-, K48-, or K63-only ubiquitin

mutants, followed by lysis under denaturing conditions and

immunoprecipitation showed that c-IAP1 and RIP1 can carry

K11 linkages in vivo (Figure 4A). On the other hand, the E2

binding and RING dimerization mutants of c-IAP1 failed to

promote RIP1 ubiquitination in 293T cells or c-IAP1-deficient

MEF cells (Supplementary Figure S8A and B). Reconstituted

ubiquitination reactions with recombinant proteins demon-

strated the K11-linked polyubiquitination of c-IAP1 and RIP1

in vitro in combination with UbcH5 a, b, or c variants and

with K11R, K48R, or K63R ubiquitin proteins as well as with

Ube2S in a two-step reaction (Figure 4B; Supplementary

Figure S8C–E). The closely related c-IAP2 protein was also

capable of mediating K11-linked polyubiquitination of itself

and of RIP1 (Supplementary Figure S9).

Next, we further explored whether c-IAP1 could promote

K11-linked RIP1 ubiquitination using quantitative mass

spectrometry. To accomplish this, in vitro reconstituted
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ubiquitination reactions including c-IAP1, RIP1, and UbcH5a

were denatured in 6 M urea, followed by immunoprecipita-

tion with anti-RIP1 antibody from diluted protein samples.

Western blot analysis of this reaction mixture showed that the

absence of urea allowed detection of c-IAP1 in the immuno-

precipitated protein complex, while the presence of the

denaturing agent eliminated c-IAP1 from the precipitates

(Figure 4C; Supplementary Figure S10A). At the same time,

elimination of c-IAP1 from the immunoprecipitates did not

affect RIP1-conjugated ubiquitination, as shown by western

blotting with an anti-ubiquitin antibody (Supplementary

Figure S10A). Using this experimental design we analysed

equivalent gel regions from samples that did, or did not,

contain ubiquitinated RIP1 (Figure 4C). Mass spectrometry

analysis revealed the presence of RIP1, and absence of c-IAP1

proteins, in the RIP1-containing sample (Figure 4C;

Supplementary Figure S10B). Subsequent analyses of the

ubiquitination reactions using the ubiquitin-AQUA method

demonstrated the presence of ubiquitin and, importantly,

K11-linked ubiquitin chains in the RIP1-containing sample

(Figure 4C, top and bottom panels). Therefore, our in vivo

and in vitro studies establish clearly that c-IAP1 can promote

K11-linked polyubiquitination of RIP1.

TNF signalling stimulates c-IAP1 and UbcH5-dependent

K11-linked polyubiquitination of RIP1

During TNFa signalling, RIP1 is recruited to the TNFR1

complex and subject to polyubiquitination by c-IAP1
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Figure 3 siRNA knockdown of the UbcH5 family increases the stability of c-IAP1 and the c-IAP1 substrate NIK. (A) siRNA-mediated
knockdown of the UbcH5 family of E2 enzymes increases c-IAP1 protein levels following CD40 treatment. HKB11-CD40 cells were transfected
with control siRNA, or siRNA targeting the UbcH5 family (UbcH5a, UbcH5b, UbcH5c isoforms), Ube2S, tsg101, Ube2Q2, or Rad6B for 48 h.
Anti-CD40 antibody was cross-linked with secondary antibody for 10 min, and then added to cells at a concentration of 0.5 mg/ml for 0, 5, or
30 min. Lysates were collected and subjected to western blot analysis using antibodies for detection of c-IAP1, UbcH5 (the antibody recognizes
all three isoforms), tsg101, and actin, as a loading control. In parallel, RNA samples were collected and purified to monitor the efficiency of
Ube2Q2 and Rad6B siRNA-knockdown by quantative RT–PCR analysis (Supplementary Table I). (B) siRNA-mediated knockdown of the UbcH5
family of E2 enzymes increases c-IAP1 protein levels following TWEAK treatment. HT1080 cells were transfected with control siRNA, or siRNA
targeting the UbcH5 family (UbcH5a, UbcH5b, UbcH5c isoforms), or Ube2S for 48 h and then treated with TWEAK (100 ng/ml) for indicated
time points. Lysates were collected and subjected to western blot analysis using antibodies for detection of c-IAP1, UbcH5 (the antibody
recognizes all three isoforms), Ube2S, and actin, as a loading control. (C) Knockdown of UbcH5 family inhibits gene induction by TWEAK.
HT1080 cells were treated with TWEAK for 4 h (or 7 h for RelB), and RNA samples from treated and untreated cells were analysed by
quantitative real-time PCR analysis. All values were normalized to an RPL19 RNA internal control. Columns represent mean from triplicate
experiments and bars represent s.d. (D) siRNA-mediated knockdown of the UbcH5 family of E2 enzymes increases NIK protein stability in the
presence of the c-IAP proteins. HEK293T cells were transfected with control siRNA, or siRNA targeting the UbcH5 family, Ube2S, tsg101,
Ube2Q2, or Rad6B. At 24 h later, cells were transfected with myc-NIK1 plus FLAG-c-IAP1, FLAG-c-IAP2, or FLAG-vector. The following
day, lysates were collected and analysed by western blot, and RNA was prepared for quantitative RT–PCR analysis (Supplementary Table II) as
in panel (A).
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(Bertrand et al, 2008; Varfolomeev et al, 2008). To date,

TNFR1-bound RIP1 has been demonstrated to be modified

by both K48- and K63-linked polyubiquitin chains (Newton

et al, 2008). Given that we detected a significant amount of

K11-linked polyubiquitin chains on RIP1 generated by in vitro

ubiquitination assays (Figure 4B and C), we hypothesized
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polyubiquitination in 293Tcells. HEK293Tcells were transfected with myc-RIP1, HA-tagged ubiquitin constructs (WT, K11-, K48-, or K63-only),
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45 min in a ubiquitination reaction in the absence or the presence of recombinant c-IAP1, UbcH5a, and wild-type or K11-only ubiquitin
proteins. RIP1 and c-IAP1 modifications were determined with anti-RIP1 and anti-c-IAP1 antibodies. (C) Determination of c-IAP1-mediated
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chromatograms (y axis) has been zoomed 2X relative to corresponding heavy peptides. Quantification of the amount of c-IAP1, RIP1 protein,
total ubiquitin, and K11-linked ubiquitin for each corresponding gel region for each sample is shown on the bottom.
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that TNFa-induced ubiquitination of RIP1 may also include

K11-linked polyubiquitin chains. To explore this possibility,

HT29 cells were treated with TNFa, and the denatured

cellular lysates were immunoprecipitated with the recently

described K11-, K48-, or K63-linkage-specific anti-ubiquitin

antibodies (Supplementary Figure S11A) (Newton et al, 2008;

Matsumoto et al, 2010). Western blotting with anti-RIP1

antibody showed a significant amount of RIP1 in the

K11- and K63-immunoprecipitated material (Supplementary

Figure S11A). To further investigate if RIP1 is modified by

K11-linked ubiquitin chains within the TNFR1 complex, HeLa

S3 cells were treated with TNFa, and TNFR1-associated

proteins were immunoprecipitated with anti-TNFR1 antibo-

dies. Next, the receptor complexes were disassociated under

denaturing conditions, and secondary immunoprecipitations

using K11-, K48-, or K63-linkage-specific anti-ubiquitin anti-

bodies were performed, followed by western blot analysis

to detect ubiquitinated RIP1. Immunoprecipitation with the

K11-linkage-specific anti-ubiquitin antibody revealed that a

significant amount of TNFR1-bound RIP1 was modified by

K11-linked polyubiquitin chains following TNFa stimulation,

similar to the amount of TNFR1-bound RIP1 that was immuno-

precipitated with the K63-linkage-specific anti-ubiquitin

antibody (Figure 5A). RIP1 K11-linked polyubiquitination

peaked at early time points following TNFa stimulation,

and decreased with longer treatments (Figure 5B). As K11-

linked polyubiquitination has been reported in conjunction

with protein degradation, we explored whether TNFa-stimu-

lated K11-linked polyubiquitination affects the stability of

RIP1 (Supplementary Figure S11B and C). Pretreatment of

cells with the proteasome inhibitor MG132 did not affect the

RIP1 levels in cellular lysates or in K11 linkage-associated

immunoprecipitates from TNFa-stimulated cells (Supple-

mentary Figure S11B). However, pretreatment with MG132

increased the levels of TNFR1-associated K11-ubiquitinated

RIP1, suggesting that a portion of the K11 linkage-modified

RIP1 might be degraded (Supplementary Figure S11C).

We have previously shown that TNFa-stimulated

RIP1 polyubiquitination is mediated by c-IAP proteins

(Varfolomeev et al, 2008), and therefore RIP1 K11-linked

polyubiquitination may also depend on c-IAP1 and c-IAP2.

In order to deplete c-IAP proteins prior to stimulating with

TNFa, HeLa S3 cells were treated for 16 h with the IAP

antagonist BV6, resulting in a marked reduction in c-IAP1

protein levels (Figure 5C, left panel). Loss of c-IAP1 substan-

tially reduced K11-, K48-, and K63-linked polyubiquitination

of RIP1 (Figure 5C, right panel). Along with the mass spectro-

metry data, these results indicate that c-IAP1 can act as an E3

ligase to promote TNFa-induced K11-linked polyubiquitina-

tion of RIP1 in the TNFR1 complex. Furthermore, siRNA-

mediated knockdown of the UbcH5 family of E2 enzymes, but

not of UbcH13 or Ube2S, decreased the amount of K11-linked

polyubiquitinated RIP1 immunoprecipitated under denatur-

ing conditions from HeLa S3 cells (Figure 5D). Taken

together, these data suggest that the UbcH5 family of

E2 enzymes acts with the E3 ligase c-IAP1 to facilitate

K11-linked polyubiquitination of RIP1 in TNFa signalling.

NEMO binds K11-linked ubiquitin chains

TNFa-induced activation of canonical NF-kB signalling

requires the ubiquitin-binding protein NEMO as a critical

link in the activation of the IKK kinase complex and the

subsequent phosphorylation and degradation of IkB. As

binding of NEMO to polyubiquitin chains assembled on

RIP1 is crucial for its engagement in the TNFR1 complex,

we investigated if NEMO could bind K11-linked ubiquitin

chains. To that end, we developed a binding assay based on

biolayer interferometry. N-terminal His6-Avi-tagged con-

structs containing the ubiquitin-binding domain of NEMO

(NEMOUBD) and the ubiquitin-binding region c-IAP1, which

includes its UBA domain (c-IAP1BIR3-RING), were expressed in

Escherichia coli cells with biotin ligase to generate site-

specifically biotinylated protein stocks. We then loaded bio-

tinylated NEMOUBD or c-IAP1BIR3-RING onto streptavidin bio-

sensors and transferred the sensor tips into ubiquitin dimer

stocks of various concentrations and linkage types or ubiqui-

tin monomer. For all cases, we observed direct binding that

rapidly reached saturation (Figure 6A) and, as such, we

performed equilibrium-binding analysis to quantify the inter-

actions (Figure 6B). The determined Kd values are summar-

ized in Figure 6C.

As previously reported, NEMOUBD displayed preferential

binding to linear ubiquitin dimer (Kd¼ 1.1±0.2 mM) over the

other chain linkages while showing no significant binding to

monomeric ubiquitin (Kd490 mM) (Lo et al, 2009; Rahighi

et al, 2009). We observed substantial binding of NEMOUBD to

K11-, K48-, and K63-linked ubiquitin dimers, with similar

affinities for these dimer linkages. Furthermore, association

of NEMO with K11- and K63-linked polyubiquitin chains in

vivo and in a TNF stimulus-dependent manner was also

observed (Figure 6D; Supplementary Figure S12). As a com-

parison, we tested the c-IAP1BIR3-RING construct and found

that it bound to all ubiquitin chains with approximately

equivalent affinity (KdB1–3 mM). Binding of c-IAP1BIR3-RING

to ubiquitin monomer (Kd¼ 18.5±4.9 mM), as well as K48-

and K63-linked ubiquitin chains, was similar to that observed

in earlier studies that used the c-IAP1 UBA domain only

(Blankenship et al, 2009). In conclusion, these results indi-

cate strongly that K11-linked ubiquitin chains can serve as a

molecular signal for recruitment of NEMO and participate in

TNF signalling.

Discussion

The assembly of polyubiquitin chains is a carefully orche-

strated process, during which ubiquitin ligases and ubiquitin-

conjugating enzymes cooperatively modify their substrates

with diverse ubiquitin linkages (Ikeda and Dikic, 2008).

While ubiquitin ligases determine the substrate specificity,

E2 ubiquitin-conjugating enzymes provide the capacity for

building various ubiquitin linkages. To identify E2-binding

partners of IAP RING domains, we used a directed yeast two-

hybrid assay. This approach confirmed several known inter-

actions and also identified a number of novel IAP RING

domain-binding E2 enzymes. In line with previously reported

structural and functional studies, the UbcH5 family of

E2 enzymes bound the RING domains of c-IAP1, c-IAP2,

ML-IAP, and XIAP. Mutations in the predicted E2-binding

surface of the IAP RING domains, based on the published

crystal structure of UbcH5b and c-IAP2 RING domain homo-

dimer (Mace et al, 2008), abolished the UbcH5b interactions

for all IAP RING constructs tested. For the most part, the E2-

binding surface mutations did not interfere with IAP RING

domain dimerization, and thus are unlikely to have affected
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the overall protein structure. The functional relevance of

these interactions was examined by knockdown of E2 en-

zymes that interacted with c-IAP1. In these experiments, loss

of the UbcH5 family showed a significant impact on c-IAP1

stability, as well on the stability and ubiquitination status of

c-IAP1 substrates NIK and RIP1. Knockdown of the other

IAP RING domain-binding E2 enzymes identified in the yeast

two-hybrid screen did not impact the stability of c-IAP1,

or of its substrates.

However, it is possible that c-IAP proteins have important

roles in other, yet unidentified, biological processes and that

interactions with ubiquitin-conjugating enzymes identified

herein may have substantial physiological importance. One

such example is Ube2S, an E2 enzyme with a critical role in
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Figure 5 TNF signalling stimulates K11-linked polyubiquitination of RIP1 by c-IAP1 and UbcH5. (A) TNFR1-bound RIP1 undergoes K11-linked
polyubiquitination in response to TNFa. HeLa S3 cells were pretreated with 20mM MG132 for 10 min, and then incubated with or without
100 ng/ml TNFa for 5 min. Lysates were collected and subjected to serial immunoprecipitations, first using anti-TNFR1 antibodies, and then
after eluting under denaturing (6 M urea) conditions secondary immunoprecipitations were performed using linkage-specific anti-ubiquitin
antibodies (anti-K11, anti-K48, anti-K63). Input lysates, left panel, were analysed by western blot with anti-RIP1, anti-IkBa, and anti-c-IAP1
antibodies. Serially immunoprecipitated material, right panel, was detected using anti-RIP1 antibody. (B) Time course of K11-linked
polyubiquitination of RIP1 following TNFa stimulation. HeLa S3 cells were treated as in panel (A), except additional 20 and 45 min
time points were included. Serial immunoprecipitations and western blot analysis were performed as in (A), using the indicated antibodies.
(C) K11-linked polyubiquitination of RIP1 is dependent on c-IAP1. HeLa S3 cells were pretreated with or without 3mM IAP antagonist (BV6) for
15 h, followed by treatment with 20 mM MG132 for 10 min, and then incubation with or without 100 ng/ml TNFa for 5 min. Serial
immunoprecipitations and western blot analysis were performed as in (A), using the indicated antibodies. (D) K11-linked polyubiquitination
of RIP1 involves the UbcH5 family of E2 enzymes. HeLa S3 cells were transfected with control siRNA, or siRNA targeting the UbcH5 family,
Ube2S, or UbcH13. At 48 h later, cells were pretreated with 20mM MG132 for 10 min, and then incubated with or without 100 ng/ml TNFa for
5 min. Lysates were prepared in lysis buffer containing 6 M urea, diluted and immunoprecipitated using the anti-K11-linkage-specific antibody.
siRNA knockdown efficiency was analysed by western blot analysis of input lysates, right panel, using the following antibodies: anti-RIP1,
anti-UbcH5, anti-UbcH13, anti-Ube2S, and anti-actin, as a loading control. Ubiquitinated endogenous RIP1, right panel, was detected in the
immunoprecipitated material using an anti-RIP1 antibody.
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cell-cycle regulation and a preference for building K11-linked

polyubiquitin chains. Ube2S generally cannot assemble

ubiquitin chains on a substrate by itself, but it can serve as

an extending enzyme after another E2 has initiated ubiquitin

chain formation (Garnett et al, 2009; Williamson et al, 2009).

In our reconstituted ubiquitination assay, Ube2S promoted

c-IAP1 ubiquitination, suggesting that the c-IAP ubiquitin

ligases might rely on initiating and extending E2 enzymes

for fine-tuning the assembly of complex polyubiquitin chains.

In addition, some E2 enzymes, like RAD6B and UBE2Q2,

have close homologous that could provide functional redun-

dancy in cellular assays (Michelle et al, 2009).

Polyubiquitin chains that are formed through different

lysine residue linkages adopt distinct structural conforma-

tions, thus allowing these posttranslational modifications to

regulate a diverse array of cellular processes (Newton et al,

2008; Komander, 2009; Bremm et al, 2010; Matsumoto et al,

2010; Virdee et al, 2010). For example, K63-linked polyubi-

quitin chains were believed to be instrumental for the recruit-

ment of NEMO and for NF-kB activation by TNFa. However,

recent reports have shown that c-IAP proteins can promote

both K48- and K63-linked ubiquitination of RIP1, and that

K63-linked ubiquitin chains are not essential for TNF signal-

ling (Bertrand et al, 2008; Varfolomeev et al, 2008; Xu et al,

2009). In addition, NEMO displays even higher affinity for

the newly discovered linear ubiquitin chains (Lo et al, 2009;

Rahighi et al, 2009). Thus, the plasticity of the TNFR1-

associated signalling complex permits a signalling role for a

multitude of ubiquitin chain linkages. In this study, we

demonstrate for the first time that K11-linked polyubiquitin

chains may have a function in TNF signalling. Previously,

K11-linked ubiquitin chains were characterized as degrada-

tive signals in cell-cycle regulation (Kirkpatrick et al, 2006;

Jin et al, 2008; Garnett et al, 2009; Williamson et al, 2009).
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Figure 6 NEMO binds K11-linked ubiquitin chains. Ub binding measured by biolayer interferometry (A–D). (A) Direct binding of biotinylated
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It is still possible that K11-linked ubiquitin chains might

contribute to RIP1 degradation. However, their presence

in the TNFR1 complex and the ability of NEMO to bind

K11-, K48-, and K63-linked ubiquitin chains with comparable

affinities suggests that K11-linked ubiquitin chains should

also have a signalling role.

As ubiquitination is such an integral component of TNF

signalling, many proteins have been (somewhat arbitrarily)

ascribed more, or less, prominent roles in this process. Our

study provides evidence that the c-IAP proteins and the

UbcH5 family of E2 enzymes have a crucial role in RIP1

ubiquitination in the context of TNF signalling while UbcH13

does not. Using linkage-specific anti-ubiquitin antibodies we

demonstrate that c-IAP1 is critical for the assembly of all

tested ubiquitin linkages on RIP1 in the TNFR1 complex,

which is in agreement with the seminal role of c-IAP proteins

in TNFR1-mediated signalling (Bertrand et al, 2008; Mahoney

et al, 2008; Varfolomeev and Vucic, 2008; Varfolomeev

et al, 2008). As small-molecule antagonists of IAP proteins

advance in clinical trials for the treatment of cancer (Fulda,

2007), it will be increasingly important to establish the role of

IAP proteins in various signalling pathways that regulate

cellular proliferation and homeostasis.

Materials and methods

Directed yeast two-hybrid screens
The construction of IAP RING domain-containing bait plasmids is
described in the supporting Supplementary data. The E2 library
constructs, in the pACT2 prey vector, were kindly provided by
Rachel Klevit. The yeast strain AH109 (Clontech) was co-trans-
formed with respective bait and prey plasmids and positive
transformants were selected on minimal SD–Leu–Trp medium
(Clontech). Two single colonies for each bait and prey co-
transformation were suspended in 100 ml of phosphate-buffered
saline and then replica plated onto non-selective (SD–Leu–Trp) or
selective medium (SD–His–Leu–Trp, plus 0, 2.5, 5, 10, or 20 mM
3-amino-1,2,4-triazole (3AT; Sigma). Yeast were incubated for
1 week at 301C.

Cell lines, reagents, and transfections
HEK293T, HeLa S3, HT1080, and HT29 cells were obtained from
American Type Culture Collection and maintained in 50:50 RPMI
1640/DMEM medium supplemented with 10% fetal bovine serum
(FBS), penicillin and streptomycin. HKB11 cells (from ATCC, an
epithelial somatic cell hybrid of kidney and B cells) were transfected
with a pIRES-hyg2 (Clontech) plasmid containing the human CD40
receptor, and then the HBK11-CD40 stable cell line was selected
with hygromycin. The HBK11-CD40 cell line was maintained in
50:50 RPMI 1640/DMEM medium supplemented with 10% FBS,
penicillin, streptomycin, and hygromycin. Human recombinant
soluble TNFa, TWEAK, and anti-HER2 antibody (Herceptin) were
obtained from Genentech, Inc. Agonistic anti-CD40 antibody was
purchased from R&D Systems, and cross-linked with a secondary
antibody from Jackson Immunolabs. MG132 was purchased from
American Peptide Company. Antibodies against actin (Sigma), Myc
(Upstate), Flag (Sigma), HA (Roche), ubiquitin (P4D1, Cell
Signaling), RIP1 (BD Biosciences), c-IAP1 (R&D Systems), c-IAP2
(AbCam), XIAP (Cell Signaling), IkBa (Cell Signaling), UbcH5
(Boston Biochem), UbcH13 (ZYMED/Invitrogen), NEMO (R&D),
and tsg101 (Genetex) were purchased, and ML-IAP antibody was
described previously (Dynek et al, 2008). K48- and K63-linkage-
specific anti-ubiquitin antibodies were described previously
(Newton et al, 2008), and a K11-linkage-specific anti-ubiquitin
antibody was generated in house (Matsumoto et al, 2010). An
ultimate ORF clone encoding the full-length Ube2S was purchased
from Invitrogen and subcloned into a 6�His N-terminal Unizyme
tagged vector, pST239, expressed in E. coli (host cells: 58F3, grown
at 301C in complete C.R.A.P. media overnight), and purified under
native conditions over an NiNTA column, followed by purification

over a S-75 gel filtration column. Recombinant full-length Ube2S
was used as an antigen for injection, and a polyclonal rabbit
antibody was generated and purified by Yenzym antibody, LLC.
FLAG-c-IAP1, Myc-RIP1, and ubiquitin mutant constructs were
described previously (Varfolomeev et al, 2006; Newton et al,
2008). c-IAP1 F616A and V573A/D576A, as well as UbcH5b siRNA-
resistance mutations were introduced using QuikChange site-
directed mutagenesis kit (Stratagene). HEK293T transient transfec-
tions were done using Geneporter 2 reagent (Genlantis). HeLa S3
and HT1080 cells were transfected with siRNA oligonucleotides
using Lipofectamine RNAiMAX (Invitrogen); siRNA sequences are
included in the supporting Supplementary data.

Western blot analysis and immunoprecipitation
Western blot analyses were performed as described previously
(Vucic et al, 2002). For immunoprecipitation of FLAG-c-IAP1 and
myc-RIP1, cells were lysed in NP40 lysis buffer (1% NP40, 150 mM
NaCl, 50 mM Tris (pH 7.5), 1 mM DTT, and protease inhibitor
cocktail (Roche)), precleared with protein A/G agarose (Pierce)
and incubated with anti-FLAG (Sigma) or anti-myc (Clontech), and
immunoprecipitations carried out as described previously (Vucic
et al, 2002). Immunoprecipitation of receptor-bound RIP1 was
done as described previously (Newton et al, 2008), except using
monoclonal anti-TNFR1 antibodies from R&D Systems for the
primary immunoprecipitation, and K11-linkage-specific anti-ubiqui-
tin antibody for the secondary immunoprecipitation.

Ubiquitination assays and mass spectometry analysis
Ubiquitination reactions with c-IAP1 and RIP1 were performed
using reaction components and full-length recombinant c-IAP1 and
RIP1 proteins, as described previously (Varfolomeev et al, 2007,
2008; Blankenship et al, 2009). Recombinant c-IAP2 protein was
purchased from R&D; UbcH5 a, b, and c as well as wild type and
mutant versions of ubiquitin were purchased from Boston Biochem.
Following ubiquitination reactions, samples were incubated in 6 M
urea at room temperature for 30 min with rocking, diluted 15 times
and immunoprecipitated using anti-RIP1 antibodies. Ubiquitination
reactions were analysed by the Ubiquitin-AQUA method using LTQ-
OrbiTrap as described in Supplementary data.

Reconstituted c-IAP1 auto-ubiquitination assays were performed
as described previously (Varfolomeev et al, 2007; Blankenship et al,
2009) using 2 mg E2 (UbcH5a or Ube2S) and 2mg of c-IAP1 with the
following modifications: reactions were first incubated at 211C for
5 min with or without 0.1mg of UbcH5a (first step), followed by the
addition of the indicated E2 enzymes and subsequent incubation for
an additional 35 min at 371C (second step). The reactions were
stopped by adding 4� LDS loading buffer, boiled at 901C for 10 min
and resolved on SDS–PAGE. Ubiquitination reactions were analysed
by the Ubiquitin-AQUA method with multiple reaction monitoring
on a QTrap4000 (Applied Biosystems) mass spectrometer as
described previously (Kirkpatrick et al, 2006; Blankenship et al,
2009). The area of each analyte and internal standard peak was
used to determine the abundance of each peptide in the sample.
Total ubiquitin abundance was determined as the average of values
quantified from the K11, K33, K48, and K63 loci.

Ubiquitin-binding assays
Binding to ubiquitin monomer and ubiquitin dimers of varying
linkages was measured by biolayer interferometry on an
Octet RED384 instrument (ForteBio, Inc.). Biotinylated NEMOUBD or
c-IAP1BIR3-RING stocks were captured onto streptavidin SA biosen-
sors at 20–40mg/ml and washed to remove any unbound material
before conducting association and dissociation measurements with
discrete ubiquitin analytes in GF Buffer (composition in the
Supplementary data) supplemented with 0.1 mg/ml BSA and 0.02%
Tween-20. The interactions monitored displayed rapid saturation
behaviour and thus were ideally evaluated by equilibrium-binding
analysis in which saturation response (nm) was plotted as a
function of ubiquitin analyte concentration. The data were fit to a
simple 1:1 binding equation using Kaleidagraph version 3.6
(Synergy Software):

R ¼ ðRmaxÞ�ð½A�T=ðKd þ ½A�TÞÞ;

where R is the response value, Rmax is the maximal response, [A]T is
the total ubiquitin analyte concentration, and Kd is the equilibrium
dissociation constant. Binding assays were performed in triplicate
and the average Kd values were reported with standard deviations.
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Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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