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Abstract

The cell cycle is modulated by ubiquitin ligases, including CRL4, which facilitate degradation of 

the chromatin-bound substrates involved in DNA replication and chromosome segregation. One 

of the members of the CRL4 complex, RepID (DCAF14/PHIP), recognizes kinetochore-localizing 

BUB3, known as the CRL4 substrate, and recruits CRL4 to the chromatin/chromosome using 

the WD40 domain. Here, we show that the RepID WD40 domain provides different platforms 

to CRL4 and BUB3. Deletion of the H-box or exon 8 located in the RepID WD40 domain 

compromises the interaction between RepID and CRL4, whereas BUB3 interacts with the exon 1–

2 region. Moreover, deletion mutants of other exons in the WD40 domain lost chromatin binding 

affinity. Structure prediction revealed that the RepID WD40 domain has two beta-propeller 

folds, linked by loops, which are possibly crucial for chromatin binding. These findings provide 

mechanistic insights into the space occupancy of the RepID WD40 domain to form a complex 

with CRL4, BUB3, or chromatin.
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1. Introduction

The WD40 repeat-containing domain, one of the most abundant in the human genome, 

consists of approximately 40–60 amino acid motifs with a tryptophan and aspartic acid 

(WD) end [1]. Each WD40 repeat has a four-stranded antiparallel β-sheet with the protein 

folded into a β-propeller architecture [2–4]. The WD40 domain serves as a rigid scaffold for 

protein-protein interactions to coordinate downstream events, such as histone methylation 

and ubiquitination. Therefore, WD40 domain-containing proteins are involved in various 

cellular functions, including cell cycle control, apoptosis, transcriptional regulation, and 

chromatin dynamics.

Cullin-RING E3 ubiquitin ligase 4 (CRL4), a crucial mediator for ubiquitination of proteins 

required for DNA replication as well as cell cycle control, forms its structure through 

WD40 domain-dependent interactions [5–8]. CRL4 contains Cullin 4A/B (CUL4A/B) as 

molecular scaffolds, and DDB1 adaptor protein, E2-conjugating enzyme RBX, and DDB1-

CUL4-associated factors (DCAFs) as substrate receptors [7,8]. The DDB1 protein has 21 

WD40-like repeats that fold into a three-β propeller configuration (BPA, BPB, BPC) and 

forms a complex with the arc-shaped helical amino-terminal domain of CUL4A/B using 

BPB [9,10]. The BPA-BPC double propeller of DDB1 binds to the WD40 domain of 

DCAFs, leading to bridge formation between CUL4A/B and DCAFs [11–13].

The replication origin binding protein RepID (DCAF14; PHIP) is a member of the DCAF 

family. RepID facilitates interaction with DDB1 in part via the H-box located in the 

WD40 domain [14]. RepID is larger than other DCAFs and includes chromatin-recognition 

domains containing bromodomains and cryptic tudor domains [13,15,16]. Previous reports 

have shown that WD40-containing proteins are regarded as a new class of histone code 

readers that recognize methylated lysine and arginine residues [17,18]. Recently, we 

reported that RepID acts as a structural DCAF by recruiting the CRL4 complex to 

chromatin/chromosome during cell cycle progression [19,20]. Once CRL4 is recruited to 

the chromatin/chromosome by the structural DCAF, another DCAF is incorporated into 

the DCAF pocket within CRL4 instead of structural DCAF to catalyze its substrates. 

For example, RepID recruits CRL4 to kinetochore-localizing BUB3, which is the subunit 

of spindle assembly checkpoint (SAC) proteins and prevents premature chromosome 

segregation by inhibiting anaphase-promoting complex/cyclosome ubiquitin E3 ligase 

(APC/C), and then another DCAF RBBP7 localized on mitotic spindle rapidly incorporates 

into CRL4 complex to ubiquitinate BUB3 [19]. This “DCAF switch mechanism” explains 

loading of the CRL4 complex onto chromatin and dynamics of the CRL4 assembly based on 

WD40 domain-dependent interactions in space and time [21]. However, functional research 

on the RepID WD40 domain, including its structure, chromatin binding activity, and how 

CRL4 and its substrate BUB3 occupy the WD40 domain of the RepID at specific time 

points is unclear.

Here, we report that WD40 domain has nine blades showing three- or four-stranded 

antiparallel β-sheets in each blade folded into two β-propeller configuration, connected via 

a loop generated by the exon 3-containing region. Except for the H-box, loop, and blade 9 

portions, we observed that most parts of the WD40 domain are crucial for the chromatin 
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binding of RepID, which recruits CRL4 on chromatin. Moreover, we identified that RepID 

utilizes the H-box as well as the 9th blade to bind to CRL4. Reduced chromatin binding 

of RepID or failure of interaction between RepID and CRL4 by exon deletion leads to 

low amounts of chromatin-bound CRL4, resulting in resistance to the neddylation inhibitor 

pevonedistat. Compared to CRL4, BUB3 could bind with the 2nd and 3rd blades located 

in the first β-propeller of the RepID WD40 domain, showing that CRL4 and BUB3 may 

occupy different portions of the RepID WD40 domain. These observations provide insights 

into the functional dynamics of the CRL4-substrate based on RepID and the role of the 

RepID WD40 domain, which could act as a possible target for cancer therapy.

2. Materials and methods

2.1. Cell culture and chemicals

Human U2OS cells with or without RepID/RepID mutants were incubated in Dulbecco’s 

modified Eagle’s medium (Invitrogen, 10569-010) supplemented with 10% heat-inactivated 

fetal bovine serum in a 37 °C/5% CO2 humidified incubator. Original U2OS osteosarcoma 

cell lines were obtained from the American Type Culture Collection (ATCC; www.atcc.org). 

All cell lines tested negative for mycoplasmas (Lonza, LT07-418). MLN4924 (Pevonedistat) 

was purchased from Cayman Chemicals (Cat. 15217-1). Drugs were added to the medium at 

the indicated concentrations.

2.2. RepID-depleted cell lines

RepID knockout was done as described previously [16,20].

2.3. Constructs

The exon deletion mutants in the RepID WD40 domain were constructed using the Q5 site-

directed mutagenesis kit (New England Biolabs, Cat. E0554S) using pCMV-FLAG-tagged 

RepID full-length (FL) plasmid DNA as a template. The following primers were used: ΔH-

box, forward, 5′-GAGCGACTTGTTCCAACTGC-3′, reverse, 5′-GCT GGG TGG GCT 

ACC ATA-3’; ΔExon1, forward, 5′-GGA CAT GCT GAA ATA TC-3′, reverse, 5′-AAG 

AAT TCG TTT ATG CAT TTT C-3’; ΔExon2, forward, 5′-CTT CAG GGC CAT AGT 

GCA-3′, reverse, 5′-TCC TCT TAA GGT AGC TAA CAA C-3’; ΔExon3, forward, 5′-CCT 

GCA AAA TTT ACA GAG-3′, reverse, 5′-CTG AAG AAC AGC CAA AGG3’; ΔExon4, 

forward, 5′-TTG GAG TTT CAT ACT GAC AAA G-3′, reverse, 5′-AGG GCG CTC TGT 

AAA TTT TG-3’; ΔExon5, forward, 5′-TTG TTG GAT ATG GCT ACT C-3′, reverse, 

5′-CTC CAA TTC TGA TAT TTT CTC-3’; ΔExon6, forward, 5′-CTG ATG GGT CAT 

GAA GAT G-3′, reverse, 5′-TTT ATC TTC TAT TCC TTG AAG G-3’; ΔExon7, forward, 

5′-TAT TTC AAT ATG ATT GAA GGC-3′, reverse, 5′-CAT CAG GAC ATG AAT TAG 

TTG-3’; ΔExon8, forward, 5′-ATA GCA GAT CAG ATG TTC-3′, reverse, 5′-GCC TTC 

AAT CAT ATT GAA ATA AG-3’.

2.4. Chromatin fractionation, co-IP, and immunoblotting

Extraction of the chromatin-bound proteins, immunoprecipitation and immunoblotting was 

performed as described previously [19,20].
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2.5. Immunofluorescence analysis

Immunofluorescence was performed as described previously [19,20].

2.6. Clonogenic survival assay

Clonogenic survival assay was done as described previously [19,20].

2.7. Model building

FASTA sequences of the WD40 domain (1–551 amino acids) of RepID were entered into 

the website http://swissmodel.expasy.org. Built models were downloaded, and the highest 

identity score was chosen (ID: 6zqc.17.A). For the model, a cartoon representation of 

the structure was preferred with the DSSP secondary structure and NGL 3D viewer. 

The RaptorX server (http://raptorx.uchicago.edu/StructurePropertyPred/predict/) was used 

to build the secondary structure of the RepID WD40 domain. The model built by using 

RaptorX was then optimized by calculating the involvement of amino acid numbers in each 

exon based on 8-state secondary structures.

3. Results

3.1. WD40 domain of the RepID contributes to its chromatin binding

To examine the function of the RepID WD40 domain, we dissected the structure of RepID. 

It contains nine exons in the WD40 domain that involves the H-Box, which is crucial for 

binding to DDB1 in the CRL4 complex [14]. Other functional domains, including cryptic 

Tudor or bromodomains, are located next to the WD40 domain (Fig. 1A). We constructed 

mutants of the WD40 domain by deleting each exon. Next, we measured the levels of 

chromatin-bound RepID mutants in RepID-depleted U2OS cells in which we overexpressed 

these mutants. In wild-type cells, most of the endogenous RepID was detected in chromatin-

bound fractions, whereas overexpressed FL in RepID-deficient cells showed a somewhat 

high fraction of soluble nuclear fractions (approximately 17.2%) (Fig. 1B). Notably, some of 

the RepID mutants, including exon 1, 2, 4, 5, 6, or 7-deleted forms were detected even in 

cytosolic fractions (Fig. 1B and C), consistent with a lower chromatin-bound ratio (Fig. 1E). 

Exon 5 and 6-depleted mutants showed the lowest chromatin binding by increasing soluble 

nuclear fractions (Fig. 1D and E). Deletion of the H-box, exon 3, or exon 8 had no effect on 

chromatin binding affinity or cellular localization (Fig. 1B–E). These results were consistent 

with immunofluorescence analysis, in which FL and mutants deleting H-box, exon 3, or 

exon 8 were present in pre-extracted nuclei, whereas other mutants were lower due to the 

dissociation of RepID from chromatin (Fig. 1F and G). These observations suggest that the 

RepID WD40 domain contributes to chromatin binding.

3.2. RepID WD40 domain provides different binding platforms to CRL4 and its substrate

We investigated whether RepID mutations in the WD40 domain affect the CRL4 association 

on chromatin. As previously reported, the RepID WD40 domain interacts with the CRL4 

and recruits CRL4 to the chromatin [20]. Consistent with this notion, components of CRL4, 

including CUL4A, CUL4B, and DDB1, were detected in the chromatin fraction of cells 

with rescued FL of RepID but not in cells overexpressing exon 1, 2, 4, 5, 6, or 7-deletion 

Kim et al. Page 4

Biochem Biophys Res Commun. Author manuscript; available in PMC 2023 February 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://swissmodel.expasy.org/
http://raptorx.uchicago.edu/StructurePropertyPred/predict/


mutants, which show lower chromatin binding of RepID (Fig. 2A and B). Moreover, other 

mutants including H-box or exon 8-depletion showing similar chromatin-bound RepID 

ratios as FL also showed reduced chromatin-bound CRL4, except for the exon 3-deletion 

mutant (CUL4A: 11.046-fold, CUL4B: 6.087-fold, DDB1: 12.148-fold increase compared 

to average chromatin-bound CRL4 in other mutants). In contrast to the CRL4, the chromatin 

association of BUB3 was not affected by the RepID mutants (Fig. 2A and B).

We have previously shown that RepID associates with CRL4 and BUB3 using its WD40 

domain [19]. Here, we determined how these two proteins interact with the RepID WD40 

domain. We generated stable cell lines expressing FLAG-tagged RepID FL or the above 

mutants in a RepID KO background and immunoprecipitated chromatin proteins using 

FLAG-agarose beads. As expected, the interaction between CRL4 and RepID mutants was 

not evident in cells with mutations that cause dissociation of the RepID from chromatin due 

to the lower chromatin fraction of CRL4 (Fig. 2C). Exon 3-depleted RepID, which showed 

no significant differences for chromatin-bound RepID, interacted with CRL4, whereas the 

exon-8-deleted mutant of RepID could not interact with CRL4, consistent with the deletion 

of the H-box. In contrast to CRL4, the interaction between RepID and BUB3 was evident 

in most of the mutants, except for exon 1- and 2-deleted forms (Fig. 2C). These results 

show that CRL4 (H-Box, exon 8) and BUB3 (exons 1 and 2) occupy different regions of the 

WD40 domain when they bind to RepID, suggesting that the RepID WD40 domain provides 

different binding platforms to CRL4 and its substrate.

The addition of NEDD8 to CRL4, called neddylation, is essential for CRL4 activation, 

and we previously reported that reduced CRL4-chromatin binding in the RepID depletion 

decreases the sensitivity of cancer cells to MLN4924 (pevonedistat) [22,23]. Consistent with 

a previous report, cells that can recruit CRL4 on chromatin (WT, KO + FL, or KO + deleted 

exon 3) were sensitive to pevonedistat, whereas cells with faulty CRL4-chromatin loading 

showed resistance to CRL4 inhibition (Fig. 2D). This result suggests that the expression 

level of RepID might regulate the sensitivity of cancer cells to drugs targeting CRL4.

3.3. WD40 domain of the RepID consists of two β-propeller folds linked by loop

To determine the molecular characteristics of the RepID WD40 domain, we modeled the 

structure of its WD40 domain based on its sequence homology using the Swiss-Model 

algorithm. This domain was predicted to be two β-propeller folds (Fig. 3A). The first 

bpropeller labeled with RepID-BPA consists of four propeller blades composed of a four-

stranded antiparallel β-sheet, except for 4th blade (Exon 3) that contains a three-stranded 

antiparallel β-sheet with a loop (Fig. 3A and B). This loop positioning Asp301 to Gln323 

connects RepID-BPA to the second β-propeller labeled with RepID-BPB, which involves 

five propeller blades, and the 6th blade (Exon 5) and 9th blade (Exon 8) contain a three-

stranded β-sheet (Fig. 3A and B). Moreover, the proximity between blade 1 (H-box) at the 

N-terminal region and blade 9 (Exon 8) at the C-terminal region was consistent with our 

above observation, in which CRL4 interacts with the H-box and possibly exon 8 of the 

RepID WD40 domain.

WD40 repeats play a role in regulating protein-protein interactions [17]. Based on the 8-state 

secondary structure, all nine exons showed no 3-helix (G), 5-helix (I), or isolated β-bridge 
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(B); all had a similar ratio of the extended strand in β-ladder (E), and showed no significant 

differences in bend structure (S) (Fig. 3C, section E and S). RaptorX predicted the presence 

of α-helix in 3 amino acids of the H-box (19.0%) and 4 amino acids of exon 8 (10.0%) 

(Fig. 3C, section H). Exon 3, containing 46 amino acids had a low hydrogen-bonded turn 

(T) structure around 0.52-fold lower compared to the average of the hydrogen-bonded turn 

in other exons (Fig. 3C, section T). Consistent with the Swiss-Model prediction, exon 3 

region was predicted to have a high presence of the loop structure (26.0%; 12 amino acids), 

approximately 2.02-fold higher compared to the average of loops in the other exons (Fig. 

3C, section L). These results suggest that exon 3 links RepID-BPA and BPB and does not 

affect CRL4 and BUB3 binding or the chromatin binding ability of RepID.

4. Discussion

WD40 domain-containing proteins provide binding platforms for various proteins that 

control a several cellular processes. Here, we demonstrate that the WD40 domain of RepID 

forms two β-propeller folds connected by a loop formation, which are crucial for molecule 

assembly involving CRL4 and its substrate by providing different binding platforms as well 

as by maintaining the chromatin binding ability.

Our findings suggest that RepID binds chromatin via the WD40 domain. RepID 

can recognize methylated or acetylated histones via cryptic tudors or bromodomains, 

respectively. Even if our various mutants contain these functional domains, observation 

of highly reduced chromatin-bound RepID by deletion of segments within the WD40 

domain suggests that chromatin binding of the RepID may be determined by three 

functional domains: bromo-, cryptic tudor-, and WD40-domains. Consistent with these 

results, many WD40 proteins have been previously identified as histone code readers. 

WDR5, a component of the MLL subfamily known as histone H3K4 methyltransferases, 

is required for the conversion of histone H3K4 dimethylation to trimethylation [24–26]. 

LRWD1 uses its WD40 domain to recognize repressive marks, including H3K9me3, 

H3K27me3, and H4K20me3, with the ORC complex [27,28]. The histone code recognized 

might be different or not depending on RepID choice, and which code reader domain is 

used. Further studies are required to address the question of how RepID utilizes the three 

domains to interpret various histone codes that can be modified by cell cycle progression or 

cellular environmental changes.

Several DCAF proteins, including DCAF4–6, DCAF9, and DDB2, use the H-box located 

in the WD40 domain as a major fraction to bind with DDB1 [14]. However, the truncation 

mutant of DDB2, which lacks an H-box, still maintains its interaction with DDB1 [29], 

suggesting that DCAFs might interact with DDB1 through multiple interfaces besides the 

H-box. In concordance, we observed that RepID uses the H-box as well as the C-terminal 

region encoded in exon 8 within the WD40 domain to interact with DDB1. Our predicted 

structure of the RepID WD40 domain showing close proximity between the H-box and 

C-terminal region is in line with previous reports demonstrating a multi-surface interaction 

between the RepID WD40 domain and DDB1.
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Our results propose the following model for RepID’s various platforms in regulating its 

chromatin binding and assembly of different molecules including CRL4 and BUB3 in the 

WD40 domain (Fig. 4). First, two β-propeller folds acts as “molecular double clips” for 

chromatin binding. Depletion of most parts of the clips causes low chromatin binding of 

RepID, leading to decreased chromatin-bound CRL4. Loop formation, which connects each 

clip, has no effect on chromatin binding ability and the interaction with CRL4 or BUB3. 

The closely located N-terminal (H-box) and C-terminal (exon 8) regions provide binding 

sites for DDB1, whereas BUB3 binding occurs next to the H-box (exons 1 and 2). This 

model suggests how the WD40 interacting molecules, including chromatin or proteins, can 

overcome space occupancy without physical collisions.

Our previous studies proposed that targeting the WD40 domain might have significant 

clinical implications. Cancer cells that have low amounts of chromatin-bound CRL4 

mediated by depletion of structural DCAF show high sensitivity to inhibition of CRL1, 

which is a compensative ubiquitin E3 ligase instead of CRL4 [20]. Paclitaxel shows a 

synergistic effect in cells that have issues in mitosis, such as RepID-depleted cells with a 

metaphase-anaphase transition delay via failure of BUB3 degradation [19]. Further, reduced 

CRL4 loading onto chromatin leads to resistance to pevonedistat [20]. Therefore, we 

propose that identification of RepID WD40 domain-targeting drugs may be necessary for 

synergistic effects with other anti-cancer drugs in combination therapy. Our findings uncover 

important interactions of the versatile WD40 domain of RepID, laying the foundation for 

new strategies to target this domain in tumor treatment.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
RepID WD40 domain contributes to its chromatin binding. (A) RepID domains and WD40 

deletion mutants. WD40 domain consisting of 9 exons including H-box and deletion 

constructs of each exon is represented with amino acid composition. (B) Levels of RepID 

full-length (FL) or its deletion mutants from U2OS cells transfected with RepID fragments 

are indicated. W, whole cell lysates; S1, cytosolic fractions; S2, soluble nuclear fractions; 

S3, chromatin-bound fractions. Histone H3 and α-tubulin were used as loading controls and 

fraction markers. (C–E) Quantification of relative RepID signals in cytosolic (C), soluble 

nuclear (D), and chromatin-bound fractions (E) analyzed as shown in B after normalization 

with respect to histone H3 or α-tubulin signal intensities, followed by normalization with 

intensities in whole cell lysates in each cell lines. Error bars represent standard deviations 

from three independent experiments (*p value < 0.05, **p < 0.01, ***p < 0.001, n.s., 

not significant, Student’s t-test). (F) U2OS cells were pre-extracted and chromatin-bound 
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RepID using FLAG antibodies (green) and DNA content (DAPI; blue) were detected using 

immunofluorescence analysis. Scale bar indicates 10 μm. (G) Quantification of relative 

intensity of each RepID mutant and p-values were calculated using a two-tailed t-test (***p 
value < 0.001, n.s., not significant, n = 10). Significant changes are indicated as blue bars.
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Fig. 2. 
CRL4 and its substrate BUB3 occupy different sites of the RepID WD40 domain. (A) 

CRL4 and BUB3 levels in whole cell lysates and chromatin-bound fractions from U2OS 

cells transfected as indicated. (B) Quantification of chromatin-bound CUL4A, CUL4B, 

DDB1, and BUB3 levels. Error bars represent standard deviations from three independent 

experiments (*p value < 0.05, ***p < 0.001, n.s., not significant, Student’s t-test). Intensity 

of the exon 3-deletion mutant is indicated as blue bars and inside numbers represent 

fold change compared to average intensities of CRL4 and BUB3 in other mutants. (C) 

Immunoprecipitation assay using a FLAG antibody with chromatin-bound fractions was 

performed and co-precipitated CRL4 and BUB3 were analyzed via immunoblotting. (D) 

Colony-formation assay with U2OS cells transfected with various RepID mutants in 

untreated or MLN4924 (pevonedistat)-treated condition.
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Fig. 3. 
RepID WD40 domain consists of two β-propeller folds linked by a loop. (A) Molecular 

modeling of the RepID WD40 domain was performed using Swiss-Model (http://

swissmodel.expasy.org). The positions of N-terminal, C-terminal regions with two β-

propeller folds (BPA and BPB) involving 9 blades composed of a three- or four-stranded 

antiparallel β-sheet are indicated (left and middle panel). The loop region is indicated 

with amino acid positions (right panel). β-helix and β-sheets are represented as purple and 

green, respectively. (B) Amino acid positions of each β-sheet in the 9 blades located in 9 

exon-containing WD40 domains. Predicted loop and α-helix is indicated in red. (C) RaptorX 

server-based prediction (http://raptorx.uchicago.edu/StructurePropertyPred/predict/). Bar 

graph represents percentage of 8-state secondary structures (H, α-helix; G, 3helix; I, 5-helix; 

E, extended strand in β-ladder; B, isolated β-bridge; T, hydrogen bonded turn; S, bend; L, 

loop) in each exon. Numbers in exon 3 (red) represents fold change compared to average 

percentage of other mutants.
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Fig. 4. 
Schematic model. RepID WD40 domain consists of two β-propeller folds (RepID-BPA and 

BPB) and the loop structure positioned at exon 3 connects them. H-box locating N-terminal 

and exon 8 (blade 9) at the C-terminal region does not affect DNA/chromatin binding of 

the RepID but provides the platform for binding to BPA and BPC of DDB1 connected with 

CUL4 using BPB region. Two molecular clips of RepID (BPA and BPB) possibly recognize 

and interact with DNA/chromatin via exon 1–2 in BPA (blade 2–3) and exon 4–7 in BPB 

(blade 5–8). Therefore, the deleted form of BPA or BPB in RepID loses its DNA/chromatin 

binding ability, leading to compromised CRL4 recruitment. Exon 3 consists of blade 4, but 

also contains high amounts of loop structure which does not affect DNA/chromatin and 

CRL4 binding of RepID. BUB3 is located on chromatin in a RepID-independent manner 

and binds to exon 1 and 2 region in RepID-BPA.
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