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Cullin 4 (Cul4)-based ubiquitin ligases emerged as critical

regulators of DNA replication and repair. Over 50 Cul4-

specific adaptors (DNA damage-binding 1 (Ddb1)–Cul4-

associated factors; DCAFs) have been identified and are

thought to assemble functionally distinct Cul4 complexes.

Using a live-cell imaging-based RNAi screen, we analysed

the function of DCAFs and Cul4-linked proteins, and

identified specific subsets required for progression

through G1 and S phase. We discovered C6orf167/

Mms22-like protein (Mms22L) as a putative human ortho-

logue of budding yeast Mms22, which, together with

cullin Rtt101, regulates genome stability by promoting

DNA replication through natural pause sites and damaged

templates. Loss of Mms22L function in human cells results

in S phase-dependent genomic instability characterised by

spontaneous double-strand breaks and DNA damage

checkpoint activation. Unlike yeast Mms22, human

Mms22L does not stably bind to Cul4, but is degraded in

a Cul4-dependent manner and upon replication stress.

Mms22L physically and functionally interacts with the

scaffold-like protein Nfkbil2 that co-purifies with histones,

several chromatin remodelling and DNA replication/repair

factors. Together, our results strongly suggest that the

Mms22L–Nfkbil2 complex contributes to genome stability

by regulating the chromatin state at stalled replication forks.
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Introduction

Accurate and complete DNA duplication is fundamental to

the maintenance of genomic integrity and is ensured by

the cooperation of cell cycle checkpoints and DNA repair

pathways. However, progressing replication forks encounter

many obstacles, including tightly packed histone-associated

heterochromatic regions, a myriad of non-nucleosomal

protein impediments such as sites of active transcription,

telomeres and centromeres, and damaged templates

(Tourriere and Pasero, 2007). Dedicated mechanisms are

required to slow down and modify active replication forks

at these sites and require checkpoint-dependent stabilisation

of the replisome. Occasionally, however, replication forks

collapse and must be rescued by the firing of late origins or

by specialised restart/repair processes that prevent the for-

mation of double-strand breaks (DSBs), illegitimate recombi-

nation and gross chromosomal rearrangements. Although

these mechanisms are of crucial importance to maintain

genome integrity, little is known about the components and

regulatory signals.

The phosphatidylinositol 3 kinase-related protein kinases

(PIKKs), ATM, ATR and DNA-dependent protein kinase

(DNA-PK), emerged as key factors in several DNA damage

response pathways. ATM and DNA-PK are activated primarily

by the presence of DSBs, whereas stalled replication forks

and the presence of replication protein A (RPA)-coated

ssDNA stimulate ATR (Shiloh, 2003; Cimprich and Cortez,

2008). ATM and ATR and their major effector kinases Chk2

and Chk1 slow down or arrest cell cycle progression to allow

time for efficient repair. In addition, PIKKs orchestrate DNA

damage repair in a manner not only specific for the type

of damage but also for the cell cycle stage at which the lesion

occurs. DSBs, one of the most toxic DNA lesions, are repaired

by two major mechanisms—non-homologous end joining

(NHEJ) and homologous recombination (HR). NHEJ leads

to ligation of two DNA ends without sequence homology

and is predominantly used to repair breaks occurring during

G1 or in specialised cases during S phase. In contrast, HR

occurs preferentially in S and G2 and takes advantage of

the presence of the sister chromatid, which is used as a

template for error-free homology-driven repair (Branzei and

Foiani, 2008).

In addition to phosphorylation, DNA replication and repair

pathways are regulated at multiple levels by ubiquitylation of

key components, in particular by cullin 4 (Cul4)-RING E3

ubiquitin ligases (CRL4) (Lee and Zhou, 2007). All cullins

interact via their C-terminal region with the RING finger

protein Rbx1/Hrt1, which in turn recruits an E2 ubiquitin-

conjugating enzyme. The N-terminal domain of cullins is

specific for each subfamily, and interacts with distinct classes

of substrate-specific adaptors (Pintard et al, 2004). The

human genome encodes two Cul4-paralogues, Cul4A and
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Cul4B, both of which bind via their N-terminal regions

to the DNA damage-binding 1 (Ddb1) protein. In turn,

Ddb1 interacts with the various substrate-specific adaptor

subunits, which belong to a large group of WD40 repeat

(WDR)-containing proteins (Ddb1–Cul4-associated factors;

DCAFs). However, the critical substrates and specific

DCAFs involved in DNA replication and repair processes

remain poorly understood.

CRL4Cdt2 regulates several S phase-related processes by

using the replicative polymerase sliding clamp PCNA as a

cofactor to target the replication-licensing factor Cdt1 (Kim

and Kipreos, 2007), the cyclin-dependent kinase (CDK)

inhibitor p21 (Abbas et al, 2008) and the TLS polymerase

eta PolZ (Kim and Michael, 2008). Moreover, Cul4 complexes

control two nucleotide excision repair (NER) pathways. For

example, CRL4Ddb2 is recruited to UV-induced DNA lesions,

where it mediates ubiquitylation of the repair protein XPC

(Sugasawa et al, 2005), while the CRL4CSA complex targets

CSB for degradation to remove stalled RNA polymerase II

from damaged templates (Sugasawa et al, 2005; Fousteri et al,

2006). CRL4 complexes also support efficient DNA repair

by altering nucleosome stability around the damaged site.

For example, Cul4 ubiquitylates histone H2A, H3 and H4 near

UV lesions, thereby causing histone eviction to expose the

damaged DNA to repair proteins (Kapetanaki et al, 2006;

Wang et al, 2006).

Progression of DNA replication in Cul4-depleted cells is

perturbed and accompanied by strong upregulation of the

phosphorylated histone H2A variant H2AX (gH2AX), indicat-

ing the occurrence of spontaneous DSBs during the S phase

(Olma et al, 2009). This is reminiscent of the function of

Rtt101, the putative Cul4 orthologue in budding yeast,

which, in complex with Mms1 and Mms22, has a crucial

role in DNA replication through natural pause sites and

damaged templates (Luke et al, 2006). Indeed, detailed

studies revealed that rtt101D cells are genetically unstable

because they are unable to promote HR at stalled replication

forks during S phase (Duro et al, 2008). Mms22 binds to the

N-terminal region of Rtt101 via Mms1, which shares signifi-

cant similarities to human Ddb1, suggesting that Mms22 is a

substrate-specific adaptor for the Rtt101-based ubiquitin

ligase (Zaidi et al, 2008). Finally, genetic and biochemical

experiments suggest that the Rtt101Mms22 E3 ligase functions

downstream of Rtt109, a histone acetyltransferase required

for H3-K56 acetylation, which marks newly replicated DNA

and is required for genome stability maintenance in yeast and

mammalian cells (Collins et al, 2007; Roberts et al, 2008).

These studies suggest that a conserved Rtt101/Cul4-

dependent pathway may be involved in replicating through

chromosomal slow zones and promotes restart of stalled

replication forks.

In this study, we used automated live-cell microscopy and

computational image analysis to quantify interphase timing

in an RNAi screen, targeting all known and bioinformatically

predicted substrate adaptors of Cul4. We identified several

Cul4-associated proteins specifically regulating the duration

of the G1, S and G2 phases of the cell cycle, and C6orf167/

Mms22-like protein (Mms22L), a putative human homologue

of yeast Mms22. Biochemical and cell biological analysis

suggests that Mms22L, in complex with Nfkbil2, is required

to ensure genome stability during DNA replication in

mammalian cells.

Results

RNAi-based screening for Cul4-linked genes involved

in cell cycle progression

To investigate the functional importance of the different Cul4

substrate adaptors for DNA replication and genome integrity,

we developed an automated RNAi-based screening protocol

allowing quantification of replication and mitosis timing. We

used a HeLa cell line stably expressing mCherry-tagged

histone H2B as a chromatin marker to discriminate the

mitotic stages, and EGFP-tagged PCNA to visualise the

characteristic morphological changes of DNA replication

foci during the S phase (Figure 1A). Automated time-lapse

imaging data were annotated using the CellCognition com-

putational framework (Held et al, 2010) to classify 11 different

cell cycle stages by supervised machine learning (G1,

early, mid and late S, and G2 phase based on EGFP-PCNA,

and six mitotic stages based on H2B-mCherry; Figure 1A

and B), which allowed to measure the duration of each

single cell cycle stage. To validate the sensitivity and perfor-

mance of this assay, we analysed the phenotype of HeLa cells

that were RNAi-depleted for the known cell cycle regulators

Skp2, Ddb1 and Rad51 (Figure 1C). In agreement with pre-

vious publications, downregulation of each of these genes

resulted in the expected delays in G1, S and G2 phases,

respectively (Sonoda et al, 1998; Sutterluty et al, 1999;

Lovejoy et al, 2006).

To identify Cul4 adaptors involved in DNA replication, we

designed an siRNA library targeting 147 genes associated

with Cul4, including known and bioinformatically predicted

DCAFs and other Cul4-interacting proteins (Figure 2A and

Supplementary Table 1). Each gene was targeted by three to

six distinct siRNA oligos (Supplementary Table 1), using

reverse transfection in 96-well plates. Image acquisition

was started 25 h after RNAi and cells were imaged for 47 h

with a time resolution of approximately 6 min. Using the

CellCognition software, we measured the duration of the

respective cell cycle phases for at least 15 cells per siRNA,

and used the calculated medians to classify each of the

candidate genes. If more than half of all quantified siRNAs

showed a z-score above 5, relative to the negative controls,

we considered this gene as a potential hit. In all, 50 genes

showed a significant delay in G1 phase (Supplementary

Table 2), including 17 bona fide DCAFs characterised

by WD40 domains (Figure 2B). As an example, Figure 2C

and D illustrate the analysis of cells depleted of DCAF

Wdr51B, which extended G1 phase to approximately

15 h, compared with 7 h for RNAi controls. Four DCAFs

were not only necessary for timely G1 progression but

also exhibited significant delays in S phase. Among

them is the known DCAF, Wdr26, which slows down DNA

replication by approximately 20%, as visualised by persis-

tent PCNA foci (Supplementary Table 2, Figure 2E and F).

In addition, we identified seven genes including four

DCAFs specifically required for efficient progression through

S phase, without significantly affecting G1 and G2 length.

Taken together, this RNAi-based screen identified a subset

of known or predicted CRL4 adaptors required for timely

interphase progression, and suggested specific functions

of CRL4-based E3 ligases in G1, entry into S phase and

efficient progression through early and late stages of DNA

replication.
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C6orf167/Mms22L is required for maintenance

of genomic stability during S phase

Downregulation of only two genes, PolR2E and C6orf167,

caused a significant prolongation of G2 phase. The

pronounced G2 delay of C6orf167-depleted cells classified

with an average z-score of 20 and, in contrast to PolR2E,

was not accompanied by changes in G1 or S phase duration

(Figure 2G and H; Supplementary Table 3). Interestingly,

C6orf167 codes for a yet uncharacterised human protein

with low, but significant, similarity to yeast Mms22

(Supplementary Figure 1). Given the bioinformatic conserva-

tion and functional similarities in maintaining genome

stability during DNA replication, we named C6orf167

as Mms22L.

To test whether the prolonged G2 phase in Mms22L-

depleted cells results from activation of the DNA damage

checkpoint, we performed immunoblot analysis of extracts

derived from HeLa cells treated with siRNA specifically

targeting Mms22L, using phospho-specific antibodies against

activated checkpoint proteins. Indeed, we observed increased

phosphorylation of ATM on Ser 1981, Chk2 on Thr 68 and

Chk1 on Ser 345 upon depletion of Mms22L (Figure 3A and

Supplementary Figure 2), which suggests activation of both

the ATM and ATR branches of the DNA damage checkpoint.

This was accompanied by hyperphosphorylation of several

PIKK substrates, including the histone H2A variant H2AX on

Ser 139 (gH2AX) and RPA2, markers of DNA damage and

replication stress, respectively (Anantha et al, 2007). Similar

results were also observed for U2OS cells (Supplementary

Figure 3; Supplementary data not shown), implying that the

defects are not solely explained by the transformed pheno-

type of HeLa cells. The G2 arrest may be a direct consequence

of DNA damage checkpoint activation, as the G2 phase

duration of Mms22L-depleted HeLa cells treated with the

ATM/ATR inhibitor caffeine was reduced from 8.8 to 4.7 h,

which is comparable to RNAi controls (Figure 3B). Taken

together, these results suggest that depletion of Mms22L

induces a strong delay in G2 because of activation of the

ATM/ATR-dependent checkpoint response pathway.

To corroborate these results, we used indirect immuno-

fluorescence microscopy using antibodies specific for gH2AX

to visualise DSBs. Indeed, the number of gH2AX foci strongly
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Figure 1 Automated high-content RNAi screening assay to measure the timing of different cell cycle phases. (A) HeLa cells stably expressing
the chromatin marker H2B-mCherry (red) and the replication factory marker EGFP-PCNA (green) were imaged for 47 h using an automated
wide-field epifluorescence microscope with a 10�dry objective. Single cells were detected by local adaptive thresholding and distinct cellular
morphologies were classified by supervised machine learning. Trajectories of single cells containing prometaphase stages were extracted and
classification was improved with a hidden Markov model (HMM)-based method (Held et al, 2010). This yielded accurate annotations of all
indicated cell cycle phases (lower panels) and apoptosis (not shown). (B) Overview of all detected cell trajectories for an RNAi control in
the two channels sorted by occurrence in the movie and aligned at the prophase–prometaphase transition. (C) Cell trajectories detected in
time-lapse movies of cells RNAi-depleted of Skp2, Ddb1 and Rad51 (oligos 11, 7 and 6), aligned at the mitosis-G1, G1-early S phase and late
S phase–G2 transitions and sorted by G1, S and G2 phase length, respectively.
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increased upon RNAi depletion of Mms22L in HeLa (Figure

3C and D, and Supplementary Figure 2) and U2OS cells

(Supplementary Figure 3). Moreover, this signal colocalised

with foci formed by 53BP1 (Figure 3C), an important med-

iator of ATM signalling (Schultz et al, 2000; Wang et al,

2002), and RPA2 (Figure 3D), which marks extended ssDNA

regions (Binz et al, 2004). We also examined Mms22L-

depleted cells by flow cytometry (Figure 3E). As expected,

the cell cycle analysis showed dramatic accumulation of cells

in G2/M, and a concomitant reduction of cells in both G1 and

S phase. Staining with gH2AX-specific antibodies revealed

that DSBs gradually accumulate during S phase and partially

diminish during G2 (Figure 3E and F). In contrast, gH2AX

was only weakly increased during G1, suggesting that, in the

absence of Mms22L, accumulation of DSBs arising specifi-

cally during S phase triggers a checkpoint-dependent arrest in

G2 to allow sufficient time for repair before entering mitosis.

Consistent with a specific function during the S phase, DNA

combing experiments revealed that replication forks moved

significantly slower in U2OS cells depleted for Mms22L in

comparison with the RNAi control (Figure 3G and Supplemen-

tary Figure 4). Collectively, these phenotypes are reminiscent

of yeast cells lacking components of the Rtt101Mms22 E3

ligase, which regulates faithful DNA replication through

damaged templates or replication slow zones (Duro et al,

2008; Zaidi et al, 2008). Because rtt101D and mms22D cells

are strongly sensitive to genotoxic agents causing DNA

damage during S phase (Luke et al, 2006; Collins et al,

Figure 2 RNAi-based screen for Cul4-related genes involved in regulation of interphase in HeLa cells. (A, B) An RNAi library targeting Cul4-
associated genes was based on MS analysis of purified Cul4A complexes and yeast two-hybrid screens of Cul4A and Cul4B. This list was
complemented with published Cul4 interactors and detailed bioinformatic analysis of Cul4-related proteins. A total of 147 CRL4-related genes
were then analysed by RNAi depletion for interphase delays using the automated screening assay depicted in Figure 1. Bona fide DCAFs
showing specific delays at the indicated cell cycle phase are listed (B). The entire list including all analysed genes is provided in Supplementary
Table 2. (C–H) The duration of the indicated cell cycle phase was measured for at least 20 cells depleted of selected candidates, and the mean,
s.d. and the Student t-test P-value were calculated (C, E, G; oligos 2, 4, 5, 4, 7 and 8, respectively). Time-lapse microscopy images of a
representative cell depleted for the indicated Cul4-related proteins, progressing through G1 (D, oligo 2), S (F, oligo 5) and G2 (H, oligo 7)
phases.
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Figure 3 C6orf167/Mms22L is required to maintain genome integrity during the S phase. (A) Extracts from HeLa cells treated with control or
Mms22L (oligo 1) siRNAs for 72 h were immunoblotted with specific antibodies recognising the indicated markers. pRPA2 marks
phosphorylated forms of RPA2; tubulin was included as loading control. (B) Control and Mms22L-depleted (pooled oligos 1–3) HeLa cells
expressing EGFP-PCNA and H2B-mCherry were imaged for 2 days with a time resolution of 26 min. Cells were either treated (grey bars) or not
treated (white bars) with 1 mM caffeine to inhibit ATM/ATR. Where indicated, control cells were treated with 0.02mM CPT to induce
checkpoint activation (last column). G2 duration was determined from at least 25 cells for each condition based on the PCNA and H2B markers
as described in Figure 1. (C, D) Mms22L-depleted (oligo 1) HeLa cells accumulate nuclear gH2AX foci that colocalise with 53BP1 (C) and RPA2
(D), as visualised by immunofluorescence analysis with specific antibodies. DNA was stained with DAPI; the scale bar represents 20 mm.
(E, F) HeLa cells were treated with control and Mms22L (oligo 1) siRNAs for 72 h, and ethanol-fixed gH2AX-positive cells were quantified by
flow cytometry using specific antibodies. Propidium iodide (PI) was used to stain DNA. The average percentage of gH2AX-positive cells is
indicated in the gated area (E). S phase was divided into four subphases using FlowJo software, and the percentage of gH2AX-positive cells was
measured for each cell cycle phase (F). (G) Single-molecule analysis of DNA replication in Mms22L-depleted U2OS cells. Cells treated with
control or Mms22L (pooled oligos 1–3) siRNAs for 72 h were pulse-labelled for 20 min with BrdU. Fibres were stretched by DNA combing and
labelled DNA was visualised by specific antibodies against BrdU. The graph shows the distribution and median values of BrdU tract length.
Representative images of DNA fibres are shown in Supplementary Figure 4. (H) Mms22L downregulation causes CPT hypersensitivity. HeLa
cells treated with control siRNA or siRNAs downregulating Mms22L (pooled oligos 1–3) were exposed for 1 h to 1mM CPT, and the number of
surviving colonies was determined after 8–10 days. Cells depleted for the HR-component CtIP were included for positive control. Bars with s.d.
represent the percentage (%) of surviving colonies compared with untreated controls averaged from four independent experiments.
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2007; Zaidi et al, 2008), we next measured the clonogenic

survival of Mms22L-depleted HeLa cells exposed to topo-

isomerase I (TopoI) poison camptothecin (CPT). As

CPT-induced DSBs at replication forks are mainly repaired

by HR-mediated mechanisms, depletion of the HR-promoting

gene CtIP was included as a control (Sartori et al, 2007).

Mms22L was required to protect HeLa cells from CPT

treatment, although to a lesser extent than CtIP

(Figure 3H). Together, we conclude that Mms22L identifies

an evolutionarily conserved pathway required to repair DNA

damage during S phase, possibly by promoting replication-

associated HR.

Mms22L is degraded upon DNA damage induced during

S phase

To characterise the Mms22L protein, we raised polyclonal

antibodies against the N-terminal 325 amino acid fragment

of Mms22L. Immunoblot analysis detected a single band of

B130 kDa, which was strongly reduced upon depletion

of Mms22L by RNAi (Figure 3A). To examine cell cycle

expression of endogenous Mms22L, we synchronised HeLa

cells in early S phase using a double thymidine block/release

(DTB/R) protocol (Sumara et al, 2007). Mms22L was expressed

throughout S and G2 phase, but its levels were reduced upon

entering G1 (Figure 4A), indicating that Mms22L may be

regulated in a cell cycle-dependent manner.

To examine the subcellular localisation of Mms22L, we

first analysed the localisation of an HA-2xStrep (HSS)-tagged

version of Mms22L in transiently transfected HeLa cells. As

shown in Figure 4B, HSS-Mms22L was primarily nuclear, and

this localisation did not change during the cell cycle or after

treatment of cells with CPT (data not shown). Consistent with

these results, biochemical fractionation revealed that endo-

genous Mms22L was enriched in the chromatin fraction, but

was solubilised by DNA digestion and high-salt treatment

(Figure 4C). Together, these results suggest that a fraction of

Mms22L is associated with chromosomes to support genome

stability during S phase.

We observed that the levels of HSS-Mms22L strongly

increased in cells RNAi-depleted for Cul4A/B or Ddb1

(Figure 4D), suggesting that Mms22L is an unstable protein

that is degraded in a Cul4-dependent manner. Therefore, we

Figure 4 Mms22L levels are regulated throughout the cell cycle and upon DNA damage induced during S phase. (A) HeLa cells were
synchronised in early S phase using the DTB/R protocol and harvested at the indicated time points after release from the second thymidine
block (in hours). Nocodazole (Noc)- or HU-arrested cells were included as controls. Protein extracts were immunoblotted with antibodies
against Mms22L and cell cycle markers cyclin E (S phase), cyclin A (S/G2) and phospho-Ser10 H3 (mitosis). GAPDH controls for equal
loading. (B) The localisation of HSS-Mms22L was analysed after transient transfection by indirect immunofluorescence using anti-HA
antibodies. DAPI visualises DNA; scale bar: 20mm. (C) Mms22L is associated with chromatin. HeLa whole-cell extracts (WCE) were
fractionated into cytosol (C), nucleoplasm (N) and chromatin (Ch) (left panels). The chromatin fraction was subjected to DNA digestion
using micrococcal nuclease, incubated in buffer containing 100 or 300 mM KCl, and separated into soluble (SN) and pellet (P) fractions (right
panels). Samples were analysed by immunoblotting with antibodies against Mms22L, the nuclear marker histone H3 and cytoplasmic tubulin.
(D) HSS-Mms22L is stabilised in Cul4- and Ddb1-depleted cells. HeLa cells stably expressing HSS-Mms22L were RNAi-depleted of Mms22L
(oligo 2), Cul4A and Cul4B or Ddb1 for 24 h. Doxycycline was added for an additional 24 h to induce HSS-Mms22L expression, and protein
extracts were immunoblotted for the indicated proteins. (E, F) HeLa cells were synchronised by DTB/R and treated 2, 4 and 5.5 h after
release with 1mM CPT for 3 h. Mms22L levels were analysed by immunoblotting (E). HeLa cells synchronised in S phase (3 h after DTB/R) were
treated with either 1mM CPT, 0.05% (v/v) MMS, 2 mM HU, 20mM MG132 or 5 mM caffeine, and analysed by immunoblotting with the
indicated antibodies (F). Note that caffeine does not inhibit RPA2 phosphorylation induced by HU treatment, as demonstrated previously
(Cortez, 2003).
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tested the stability of endogenous Mms22L in asynchro-

nous and S phase-arrested HeLa cells by CHX chase and

found that Mms22L was stable under these conditions

(Supplementary Figure 5 and data not shown). However,

Mms22L levels were specifically reduced in S phase cells

exposed to CPT, and the half-life of Mms22L decreased to

B2 h (Figure 4E and Supplementary Figure 5). A similar

reduction was also observed after treating S phase cells

with the DNA-methylating agent methyl methanesulphonate

(MMS), but not hydroxyurea (HU), which stalls replication

forks without inducing DSBs (Figure 4F). Although we were

unable to detect ubiquitylated forms of Mms22L, its degrada-

tion was dependent on the activity of the ubiquitin-protea-

some system (UPS) and DNA damage checkpoint signalling,

as it was blocked by addition of the proteasome inhibitor

MG132 and caffeine, respectively (Figure 4F and Supple-

mentary Figure 5). Taken together, these results suggest

that Mms22L activity upon replication stress is regulated by

a Cul4- and ATM/ATR-dependent mechanism.

Mms22L stably interacts with Nfkbil2

Prompted by the homology to yeast Mms22, we first exam-

ined whether Mms22L may stably interact with Cul4 and its

linker Ddb1. However, we were unable to detect Cul4A or

Ddb1 in Mms22L immunoprecipitates, even when the cells

were treated with CPT to induce DNA damage (Figure 5A).

Similar results were also obtained by immunoprecipitating

endogenous Cul4A or FLAG-tagged Mms22L overexpressed in

HeLa or U2OS cells after transient transfection (Supplemen-

tary Figure 6). Thus, we conclude that, in contrast to yeast,

human Mms22L does not stably interact with Cul4

complexes.

To find Mms22L interaction partners, we created a HeLa

cell line stably expressing HSS-Mms22L from the tetra-

cycline (Dox)-inducible promoter, and purified associated

proteins by tandem-affinity purification (TAP) using strepta-

vidin, followed by anti-HA beads. Eluted proteins were sub-

jected to SDS–PAGE and visualised by silver staining

(Figure 5B). In addition to a strong band at the expected

molecular weight of HSS-Mms22L, we observed two specific

interactors, which we identified by mass spectrometry, as

Mms22L and Nfkbil2 (nuclear factor of kappa light polypep-

tide gene enhancer in B-cells inhibitor-like 2) (Ray et al,

1995). To confirm the Mms22L–Nfkbil2 interaction, we con-

structed an HSS-tagged version of Nfkbil2 under control of

the tetracycline-inducible promoter and stably integrated this

construct in HeLa cells. Indeed, TAP purifications demon-

strated that endogenous Mms22L was detected in induced but

not in non-induced control samples (Figure 5C), demonstrat-

ing that these proteins form a stable complex in vivo.

Bioinformatic analysis of the Nfkbil2 protein revealed

several well-defined protein–protein interaction domains in-

cluding TPR and ANK repeats, as well as an LRR domain

at its C-terminus (Figure 5D). Moreover, we detected a

Figure 5 Mms22L stably interacts with the scaffold-like protein Nfkbil2. (A) Cul4 and Ddb1 do not co-immunoprecipitate with Mms22L. HeLa
cells were treated (þ ) or not treated (�) with 1mM CPT for 1 h. Total extracts (input) were immunoprecipitated (IP) with unspecific control IgG
(IgG) or anti-Mms22L antibodies, and the presence of Cul4A and Ddb1 was analysed by immunoblotting. (B, C) HSS-Mms22L co-purifies with
endogenous Nfkbil2. HeLa cells stably expressing HSS-Mms22L (B) or HSS-Nfkbil2 (C) from a doxycycline-inducible promoter were treated for
24 h with (þ ) or without (�) doxycycline (Dox). The tagged proteins were TAP purified from extracts and associated proteins visualised
by silver staining after SDS–PAGE (B) or immunoblotting with the indicated antibodies (C). The indicated proteins in panel B were identified
by mass spectrometry. (D) Schematic representation of the domain architecture of Nfkbil2. The following domains were identified;
TPR—tetratricopeptide repeat domain, ANK—ankyrin repeat domain, UBL—ubiquitin-like fold, LRR—leucine-rich repeat domain.
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conserved stretch with an unique ubiquitin-like (UBL) fold

(Supplementary Figure 7). Together, these results demon-

strate that Mms22L associates with Nfkbil2, which may

function as a scaffolding unit to bridge to multiple protein

complexes.

Nfkbil2 is required to maintain genomic stability during

S phase

To investigate the functional importance of Nfkbil2, we RNAi-

depleted Nfkbil2 from HeLa cells and monitored activation of

the DNA damage checkpoint by immunoblot analysis using

phospho-specific antibodies against activated checkpoint

proteins. Similar to Mms22L, Nfkbil2 depletion resulted in

activation of ATM, Chk2 and Chk1, which was accompanied

by hyperphosphorylation of RPA2 and gH2AX (Figure 6A and

Supplementary Figure 8). Moreover, flow cytometry and indirect

immunofluorescence microscopy revealed a strong delay of

these cells at the G2/M boundary, which was accompanied

by an accumulation of gH2AX foci (Figure 6B, C and D). These

gH2AX foci stained positive for 53BP1 and RPA2 (Figure 6C

and D, Supplementary Figure 8), implying that cells require

Nfkbil2 function to prevent the formation of DSBs during

DNA replication. Interestingly, Mms22L levels were strongly

decreased in the absence of Nfkbil2 (Figure 6A), indicating

that binding of Nfkbil2 stabilises Mms22L in vivo. Taken

together, these data suggest that Mms22L and Nfkbil2 may

function together to maintain genome integrity during DNA

replication.

Nfkbil2 links Mms22L function to components involved

in DNA replication and repair

To better understand the function of the Mms22L–Nfkbil2

complex, we TAP-purified HSS-Nfkbil2 expressed from the

tetracycline-inducible promoter in HeLa cells treated with or

without CPT. In addition to Mms22L, silver-stained Nfkbil2

preparations separated by SDS–PAGE revealed multiple inter-

acting proteins (Figure 7A). Mass spectrometry analysis

identified several components involved in the regulation of

DNA repair and replication, including two subunits of the Ku

complex (Ku70/XRCC6 and Ku80/XRCC5), subunits of the

replicative helicase (MCM2, 4 and 6), the histone chaperones

Asf1A, Asf1B and FACT, as well as histones H1, H2A and H2B

(Figure 7B and Supplementary Table 4). Interestingly, some

proteins such as Asf1B and the subunits of the FACTcomplex

Spt16 and Ssrp1 were only detected in samples treated with

CPT. Immunoblotting with specific antibodies confirmed the

Figure 6 Nfkbil2 is functionally linked to Mms22L. (A) Extracts from HeLa cells treated with control or Nfkbil2 (oligo 2) siRNAs for 3 days
were analysed by immunoblotting with the indicated antibodies. pRPA2 marks phosphorylated forms of RPA2, while GAPDH controls for equal
loading. Nfkbil2 RNAi was confirmed by quantitative RT–PCR (Supplementary Figure 8). Note that Nfkbil2 downregulation leads to reduced
levels of Mms22L. The asterisk denotes a cross-reactive band. (B) HeLa cells were treated with control or Nfkbil2 (oligo 2) siRNAs for 3 days,
and the DNA content and accumulation of DSBs were quantified by flow cytometry after staining with propidium iodide and gH2AX antibodies.
The average percentage of gH2AX-positive cells is indicated in the gated area. This experiment was performed in parallel with the one
described in 3E, and therefore the same control sample is shown for comparison. (C, D) HeLa cells were treated with Nfkbil2 (oligo 2) or
control siRNAs for 3 days and immunostained with anti-gH2AX, 53BP1 (C) and RPA2 (D) antibodies. DNA was visualised with DAPI. Scale bar:
20mm.
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presence of Ku70 and Ku80 in HSS-Nfkbil2 purifications

(Figure 7C) and their abundance was not significantly altered

in the presence of CPT. In contrast, binding of Nfkbil2 to

Mcm2 and Asf1B was slightly increased under these condi-

tions (Figure 7C and D), indicating that some interactions

with Nfkbil2 may indeed be regulated by DNA replication

stress. Together, these findings suggest that Nfkbil2 and

Mms22L are stably associated core components of a larger

repair complex, which may be recruited to stalled replication

forks to prevent the formation of DSBs.

Discussion

While the mechanisms and underlying machinery required to

duplicate bulk genomic DNA are beginning to emerge, much

less is known about how cells replicate through damaged

templates or special chromosomal regions. In budding yeast,

the Cul4-related Rtt101Mms22 complex is required for replica-

tion restart after fork collapse and cells accumulate many

unreplicated gaps in the absence of this E3 ligase. By RNAi

screening and automated phenotypic analysis of live-cell

movies from HeLa cells expressing cell cycle markers H2B-

mCherry and EGFP-PCNA, we have identified several human

Cul4-associated proteins, which are required for faithful

progression through G1 and S phase. We also identified

and characterised two novel components, Mms22L and its

interaction partner Nfkbil2, which function in a conserved

pathway required to protect replication forks from collapse

during normal S phase.

Multiple Cul4-based complexes regulate progression

through G1 and S phase

Cul4 has been implicated in the regulation of cell cycle

progression and various DNA transactions and chromatin

remodelling (Higa and Zhang, 2007). More than 50 associated

DCAFs have been identified, which interact via Ddb1 and are

thought to serve as substrate-specific adaptors in Cul4-based

ligase complexes (Lee and Zhou, 2007). Several DCAFs have

previously been implicated in processes related to DNA

replication and repair. For example, Cdt2 regulates degrada-

tion of the licensing factor Cdt1, and thereby prevents DNA

re-replication (Jin et al, 2006). Cdt2 also triggers degradation

of the translesion polymerase PolZ upon DNA damage in

Caenorhabditis elegans (Kim and Michael, 2008). Using a

high-content RNAi-screening approach, we identified several

bona fide DCAFs and Cul4-associated proteins inducing sig-

nificant G1 delays. Among them, the two DCAFs EED and

Wdr5 regulate histone methylation and interact with endo-

genous Cul4B (Higa et al, 2006). Likewise, downregulation of

the putative oncoprotein WDSOF1 (Chin et al, 2007) and Tbl3

Figure 7 Nfkbil2 links Mms22L function to components involved in DNA replication and repair. TAP purifications from HeLa cells stably
expressing HSS-Nfkbil2 induced (þ ) or not induced (�) with doxycycline (Dox) were visualised by silver staining (A). The positions of
HSS-Nfkbil2 and endogenous Mms22L are indicated. Where indicated, cells were treated with 1 mM CPT for the last hour before harvesting
(þ CPT). Purified proteins were identified by mass spectrometry (B, and Supplementary Table 2), and confirmed by immunoblotting with
specific antibodies (C, D).

Identification of Cul4-linked genes involved in cell cycle progression
W Piwko et al

The EMBO Journal VOL 29 | NO 24 | 2010 &2010 European Molecular Biology Organization4218



associated with polycystic kidney disease (Weinstat-Saslow

et al, 1993) results in a strong G1 delay (Supplementary Table

2), but their precise functions remain to be explored. Two

genes required for G1 progression, Wdr12 and Pwp2, have

been linked to ribosome biogenesis (Dosil and Bustelo, 2004;

Rohrmoser et al, 2007). Wdr12 binds to the nucleolar proteins

Bop1 and Pes1, while Pwp2 associates with 35S pre-rRNA,

suggesting that the Cul4Wdr12 and Cul4Pwp2 complexes may

ubiquitylate substrates involved in rRNA processing.

Interestingly, only seven Cul4-linked genes including four

bona fide DCAFs exhibit a specific S phase delay with no

significant prolongation of G1 or G2. While the underlying

defects and molecular mechanisms remain to be investigated,

our results demonstrate that distinct Cul4-based E3 ligases

regulate multiple processes during G1 and S phase, and

provide an important step towards identifying biologically

relevant substrates. In addition to bona fide DCAFs, we also

examined the function of a large set of Cul4-interacting

proteins for cell cycle progression. Although it is not

clear how these binding partners affect Cul4 activity, our

phenotypic analysis may help to link them to specific

Cul4-dependent processes.

C6orf167/Mms22L is homologous to yeast Mms22, but

may not function as a substrate adaptor in a Cul4

complex

We found that C6orf167/Mms22L exhibits significant

sequence and functional similarities to yeast Mms22.

Although the overall sequence homology is low and mainly

confined to few stretches, evolutionary analysis revealed that

many eukaryotic species encode at least one Mms22L

(Supplementary Figure 1). In budding yeast, Mms22 supports

progression of replication through natural pause sites and

damaged DNA in a complex with Rtt101 and Mms1, homo-

logues of human Cul4 and Ddb1 proteins, respectively (Zaidi

et al, 2008). Yeast Mms22 also binds several replication fork-

associated proteins, including Ctf4 and Rtt107, suggesting

that it functions at stalled replication forks to promote fork

repair and restart functions (Mimura et al, 2010). On the basis

of interaction studies, we previously proposed that Mms22

might function as a substrate adaptor in the Rtt101/Cul4-

based complex, which recognises and ubiquitylates proteins

specifically at stalled replication forks. Interestingly, Mms22

is itself ubiquitylated and degraded in an Rtt101-dependent

manner (Ben-Aroya et al, 2010), suggesting that Mms22 may

also be a substrate of the Rtt101 complex. We were unable to

detect a stable interaction between Mms22L and Cul4/Ddb1

in HeLa cells, but Mms22L stability was dependent on the

presence of Cul4 and Ddb1. In addition, Mms22L was rapidly

degraded in S phase cells exposed to DNA-damaging agents

inducing DSBs such as CPT and MMS and this instability

required the activity of the ATM/ATR checkpoint kinases.

Although the function of this damage-induced degradation of

Mms22L during S phase is not clear at present, it is tempting

to speculate that it is linked to the Mms22L-mediated repair

process; for example, removing the repair complex from the

DNA template to resume DNA replication.

Mms22L stably interacts with Nfkbil2 to prevent

replication fork collapse during S phase

Several lines of evidence suggest that Mms22L and Nfkbil2

function together regulating the integrity of stalled replication

forks. First, Mms22L and Nfkbil2 form a stable complex and

Mms22L levels are strongly reduced in the absence of

Nfkbil2. Second, downregulation of either protein results in

specific replication defects leading to a pronounced G2 delay

caused by activation of the ATM/ATR checkpoint. Nfkbil2 has

previously been implicated in the regulation of NFkB signal-

ling based on its partial homology to inhibitors of NFkB

(IkBs) (Ray et al, 1995). However, our results strongly suggest

that the Mms22L–Nfkbil2 complex is involved in promoting

replication fork progression during S phase, most likely by

preventing replication fork collapse upon replication stress.

Indeed, Mms22L- or Nfkbil2-depleted cells accumulate spon-

taneous DSBs accompanied by extended ssDNA stretches that

may result from increased DNA end resection, a prerequisite

for HR-mediated repair. These defects are reminiscent of yeast

Mms22, which is required for HR-mediated repair upon

replisome stalling, but is not necessary for HR repair of

DSBs (Duro et al, 2008). Thus, we speculate that, analogous

to yeast Mms22, the Mms22L–Nfkbil2 complex may be

involved in the recognition and resolution of HR intermedi-

ates formed at replication forks stalled at sites that are

particularly difficult to replicate, such as replication slow

zones or fragile sites.

Interestingly, Nfkbil2 is characterised by the presence of

three well-defined protein–protein interaction domains

(seven tetratricopeptide repeats in the N-terminus, three

central ankyrin repeats and six C-terminal leucine-rich re-

peats), and a unique type of ubiquitin-like fold (Supplemen-

tary Figure 7). Although Nfkbil2 has no obvious homologues

in budding yeast, a similar UBL fold is present in Tof2, Net1

and possibly Esc2. All these proteins interact with the histone

deacetylase Sir2 and are thought to prevent excessive HR at

replication slow zones, in particular at telomeres and rDNA

loci (Cuperus and Shore, 2002; Huang et al, 2006; Mankouri

et al, 2009). Esc2 was recently reported to directly interact

with the Rtt101–Mms1 complex (Mimura et al, 2010),

suggesting an intriguing link to replication fork repair

mechanisms.

The Mms22L–Nfkbil2 complex may function as a

scaffold to assemble the replication fork repair

machinery

Consistent with its scaffold-like domain composition, Nfkbil2

interacts with histones H1, H2A and H2B, and with several

known chromatin remodelling and DNA replication/repair

factors. The association with a subset of these components

was slightly enhanced upon replication stress, indicating

regulated recruitment to stalled replication forks. Asf1A/B

and FACT are evolutionarily conserved histone deposition

complexes that alter chromatin composition and thereby

facilitate progression of DNA replication forks and enable

efficient DNA repair (Ransom et al, 2010). The FACT complex

promotes binding of DNA repair factors by replacing gH2AX

at damaged sites with the canonical H2A variant (Heo et al,

2008) and is antagonised by the poly ADP ribose polymerase,

PARP1, an enzyme modulating the choice between the NHEJ

and HR repair pathways at stalled forks (Saberi et al, 2007).

Thus, it is possible that the interaction of FACT with the

Mms22L–Nfkbil2 complex may influence which DNA repair

pathway is used at stalled forks. Consistent with this notion,

yeast Mms22 promotes sister chromatid exchange induced by

replisome stalling (Duro et al, 2008), possibly by regulating
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Rtt101-dependent ubiquitylation of the FACT subunit Spt16

(Han et al, 2010). Moreover, Rtt101 is recruited to chromatin

by a mechanism that requires the H3-K56 acetyltransferase

Rtt109 and the histone chaperone Asf1 (Collins et al, 2007;

Roberts et al, 2008). Human Asf1 has also been linked to

H3-K56 acetylation, and this pathway is involved in recovery

from replication stress (Yuan et al, 2009). Thus, it is tempting

to speculate that the Mms22L–Nfkbil2 complex, together

with FACT and Asf1, may influence repair pathways by

regulating the chromatin state at stalled replication forks.

Surprisingly, we found that Nfkbil2 associates with Ku70

and Ku80, two proteins involved in NHEJ repair. Ku hetero-

dimers bind with high affinity to DSBs and recruit DNA-PK

and Ligase4-XRCC4 to ligate the termini without or with

minimal homology. Although NHEJ operates preferentially

during G1, both NHEJ and HR pathways have been impli-

cated in repair of replication-dependent DNA damage in

human cells (Arnaudeau et al, 2001; Lundin et al, 2002).

Consistent with this notion, both Ku proteins are abundant

nuclear proteins (Downs and Jackson, 2004), and DNA-PK

is activated by DSBs occurring specifically during S phase

(Chen et al, 2005). Thus, the HR and NHEJ machineries

may cooperate in processing DSBs during S phase and the

Mms22L–Nfkbil2 complex may interact with the Ku hetero-

dimer to regulate specific types of repair at stalled forks.

Ku proteins might also work independently of the catalytic

components of NHEJ to cap DSB ends at collapsed forks

and thereby prevent their promiscuous resection. Further

studies are now required to demonstrate the functional

importance of the interaction of Ku proteins with the

Nfkbil2–Mms22L complex during replication stress.

Materials and methods

Cell culture
HeLa and U2OS cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS, PAA), 0.2 mM L-glutamine and standard antibiotics. Thymidine
block and release experiments (DTB/R) were performed as described
previously (Sumara et al, 2007). The FRT-TetR-HeLa cell line for
creating stable cell lines using the Flp-In System (Invitrogen)
was kindly provided by S Taylor (University of Manchester),
and maintained as described (Tighe et al, 2008). The HSS-tagged
Mms22L and Nfkbil2 cell lines were generated as described
(Glatter et al, 2009). HeLa cells stably co-expressing H2B-mCherry
and EGFP-PCNA were cultured in DMEM with 10% FBS containing
0.5 mg/ml G418 and 0.5mg/ml puromycin (Held et al, 2010). For
overexpression, DNA plasmid transfections were performed with
Lipofectamine 2000 (Invitrogen) or JetPEI (PolyPlus) following the
manufacturer’s instructions. For RNAi experiments, HeLa or U2OS
cells were transfected with 50 nM siRNAs using Lipofectamine
RNAiMAX (Invitrogen) for 48 or 72 h. Downregulation of the targets
was confirmed by immunoblotting with specific antibodies or
quantitative RT–PCR. The sequences of all siRNA oligos used in this
study are listed in Supplementary data.

For clonogenic survival assays, HeLa cells were split 2 days after
RNAi and seeded into six-well dishes in triplicate (500 cells/well).
After 24 h, 1mM CPT was added for 1 h, washed 3� with DMEM
and incubated for 8–10 days. Colonies were counted after staining
cells with 0.25% crystal violet in 80% methanol.

RNAi screening using automated live-cell microscopy
The siRNA oligos used in the screen are listed in Supplementary
Table 2. RNAi screening was performed as described (Schmitz et al,
2010), with minor adjustments. Briefly, siRNA duplexes (20 nM final
concentration) from Qiagen were reverse transfected with RNAiMAX
(Invitrogen) in 96-well microscopy plates (mClear, Greiner). After
21 h, cells were washed three times with full media containing

phenol red- and riboflavin-free DMEM (Invitrogen) and maintained
therein. Automated microscopy was started 25 h after RNAi and
continued for 47 h in an incubation chamber on a MD ImageXpress
Micro screening microscope equipped with a 10� 0.5 N.A. S Fluor
dry objective (Nikon), controlled by Metamorph. Image analysis was
performed using CellCognition software (Held et al, 2010). Briefly,
cell nuclei and mitotic chromosome masses were detected in the RFP
channel, and texture and shape features were calculated for each
of these objects in the RFP- and GFP channels. Examples for each
class were manually annotated for supervised classification, and the
trained classifier then applied for the whole data set. Cells were
tracked over time and mitotic events were detected on the basis
of the transition from pro- to prometaphase, pro- to metaphase
or prometaphase to metaphase. For analysing G1 and S phase,
trajectories of B19 h after mitosis were extracted; for G2 phase,
trajectories of around 17 h before mitosis were used. After hidden
Markov model-based error correction with a completely free
transition model, the duration of the individual cell cycle phases
for each cell was measured on the basis of the time between entry
into and exit from the specific phase. For scoring hits, the median
and the median average deviation for all negative controls were
measured and a z-score was calculated for each siRNA on the basis
of at least 15 independent measurements (Boutros et al, 2006).

Immunofluorescence microscopy, flow cytometry and DNA
combing
Cultured cells grown on coverslips were fixed either with 4%
paraformaldehyde (PFA, in PBS) for 10 min at room temperature
(anti-RPA2 staining) or with methanol for 20 min at �201C (anti-
53BP1 and anti-HA stainings). For anti-RPA2 staining, cells were
permeabilised for 5 min with 300 mM sucrose, 3 mM MgCl2, 1 mM
EDTA, 50 mM NaCl, 25 mM HEPES (pH 7.5), 0.5% Triton X-100
before PFA fixation. Samples were incubated for 1 h with antibodies
diluted in PBS containing 0.01% Triton X-100 and 5% FBS.
Secondary antibodies were labelled with Alexa fluor 488 or 568
(Invitrogen). Next, 1mg/ml DAPI was added to visualise DNA.
Samples were mounted using Immu-Mount (Thermo) and images
were captured on a Leica DM6000B epifluorescence microscope.

For flow cytometry, cells were stained for DNA and gH2AX
levels, as described previously (Olma et al, 2009). Samples were
analysed with a FACSCalibur flow cytometer (BD Biosciences) using
CellQuest and FlowJo software. DNA combing was performed as
described previously (Tuduri et al, 2009), with minor modifications
as described in Supplementary data.

Extract preparation and chromatin fractionation
Extracts from cultured cells were prepared in extraction buffer
(20 mM Tris–HCl (pH 7.5), 150 mM NaCl, 0.2% Nonidet P-40,
20 mM b-glycerophosphate, 10% glycerol, 1 mM NaF, 0.5 mM DTT
and complete protease inhibitor cocktail; Roche) by passing the cell
suspension through a 27G needle. For chromatin fractionation,
2�108 cells were suspended in 1 ml hypotonic buffer (10 mM Tris–
HCl (pH 7.5), 10 mM KCl, 1.5 mM MgCl2, 10 mM b-mercaptoethanol
and 0.2 mM PMSF) and disrupted by Dounce homogenisation.
Cytosol and nuclei were separated by centrifugation at 2000 g for
15 min at 41C. Nuclei were resuspended in 1 ml extraction buffer
(15 mM Tris–HCl (pH 7.5), 400 mM NaCl, 1 mM MgCl2, 10%
glycerol, 1 mM EDTA, 10 mM b-mercaptoethanol and 0.2 mM
PMSF). After incubating on ice for 30 min, the samples were
centrifuged at 20 000 g for 30 min at 41C and the supernatants were
used as nuclear fraction. The chromatin pellet was washed and
resuspended in digestion buffer (20 mM Tris–HCl (pH 7.5), 100 mM
KCl, 2 mM MgCl2, 1 mM CaCl2, 0.3 M sucrose, 0.1% Triton X-100
and complete protease inhibitor cocktail; Roche), and incubated for
1 h at 41C with 2 U/ml of micrococcal nuclease. The reaction was
terminated with 5 mM EGTA/EDTA, and the KCl concentration was
adjusted to 300 mM in one-half of the sample. After 1 h at 41C, the
samples were centrifuged for 10 min at 8000 g and the supernatant
used as solubilised chromatin fraction.

DNA and RNA manipulations, immunoblotting and
immunoprecipitation experiments
Standard protocols were used for DNA and RNA manipulations as
described in Supplementary data. For immunoblotting, proteins
were resolved by SDS–PAGE and transferred to PVDF immobilon-P
membrane (Millipore). Blocking and antibody incubations were
carried out in 5% low-fat milk (Migros) in TBS-T (150 mM NaCl,
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20 mM Tris (pH 8.0) and 0.1% Tween-20), and washings in TBS-T.
Blots were developed using Immun-StarTM HRP (Biorad). For
immunoprecipitation experiments, 1mg of affinity-purified antibo-
dies per 200mg extracts was incubated for 1 h at 41C and
precipitated using Affiprep protein A beads (Biorad) for 1 h at
41C. The beads were washed four times with extraction buffer,
bound proteins eluted with sample buffer at 951C and analysed by
immunoblotting. All antibodies used in this study are described in
Supplementary data.

TAP purifications and mass spectrometry analysis
TAP purifications were essentially carried out as described (Wyler
et al, 2010). Briefly, expression of the bait protein in HeLa cells was
induced by 1mg/ml doxycyclin 24 h before harvesting by scratching.
Cells were lysed using 27G needles in TAP buffer (10 mM Tris (pH
7.5), 100 mM KCl, 2 mM MgCl2, 0.5% NP40, 300 mM sucrose,
10 mM b-glycerophosphate, 0.2 mM Na3VO4, 1 mM ATP and
complete protease inhibitors; Roche) containing 0.5 mM DTT.
Extracts were cleared by centrifugation for 15 min at 5400 g and
incubated with pre-equilibrated StrepTactin beads (IBA, 50ml per
15 cm dish) for 30 min on an overhead shaker. Beads were washed
four times with TAP buffer and proteins eluted with 3� 300ml TAP
buffer containing 10 mM Biotin (Sigma). Eluates were incubated
with pre-equilibrated anti-HA beads (Sigma; 12.5ml beads per 15 cm
dish) for 1 h. For analysis on SDS–PAGE, beads were washed four
times with TAP buffer, once with TAP buffer without KCl and eluted

with Laemmli buffer without DTT. After elution, DTT was added
to 20 mM final concentration. Mass spectrometry analysis was
performed as described in Supplementary data.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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