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ABSTRACT

The WD40 domain exhibits a β-propeller architecture,
often comprising seven blades. The WD40 domain is one
of the most abundant domains and also among the top
interacting domains in eukaryotic genomes. In this
review, we will discuss the identification, definition and
architecture of the WD40 domains. WD40 domain pro-
teins are involved in a large variety of cellular processes,
in which WD40 domains function as a protein-protein or
protein-DNA interaction platform. WD40 domain med-
iates molecular recognition events mainly through the
smaller top surface, but also through the bottom surface
and sides. So far, no WD40 domain has been found to
display enzymatic activity. We will also discuss the
different binding modes exhibited by the large versatile
family of WD40 domain proteins. In the last part of this
review, we will discuss how post-translational modifica-
tions are recognized by WD40 domain proteins.
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IDENTIFICATION OF WD40 REPEAT AND WD40

β-PROPELLER DOMAIN

WD40 repeat was first identified in the Gβ subunit of the
heterotrimeric G proteins and the CDC4 protein as a repetitive
sequence motif of about 43 amino acids, which includes
highly conserved residues like the GH dipeptide and a
conserved aspartic acid residue 6 residing before the
signature WD dipeptide (Fong et al., 1986). The name of
WD40 was derived from the conserved WD dipeptide and the
length of approximately 40 amino acid residues in a single
repeat. The definition of this motif was further refined by Neer

et al. (Neer et al., 1994; Smith et al., 1999) as a 44–60 residue
sequence unit that typically contains the GH dipeptide 11–24
residues from its N-terminus and the WD40 dipeptide at the
C-terminus, following a sequence pattern as shown in Fig. 1A.
Each WD40 repeat comprises a four-stranded antiparallel β-
sheet (Fig. 1B). These conserved residues form a strong
hydrogen bond network and stabilize the WD40 repeat fold
(Fig. 1C) (Wu et al., 2010).

The WD40 repeats in a protein fold into a β-propeller
architecture (Fig. 1B and 1C). Since the first WD40 domain
structure was determined 15 years ago (Wall et al., 1995;
Lambright et al., 1996), tens of WD40 structures have been
determined so far. In the vast majority of cases, the three
strands of the last blade form a β-sheet with the outer strand
from the first blade, creating a “velcro’ closure to further
stabilize the β-propeller folding in addition to the extensive
hydrophobic interactions between the β-sheets (Fig. 1B and
1C). WD40 repeats are thought to arise from intragenic
duplication and recombination events (Andrade et al., 2001),
and diversify during evolution. It was therefore thought that
the sequences and structures of the repeats in the same
protein are more similar to each other than those from
different proteins. Accordingly, we chose four WD40 proteins
determined in our laboratory and compared them to the Gβ

protein, and found that this rule does not hold for WDR61 and
WDR92 (Fig. 1D). It seems that the WD40 proteins arose at
different evolution timescales. Those WD40 proteins with low
self-similarity arose at an early evolution stage, such as
WDR61 and WDR92, and proteins like WDR5 arise relatively
recently.

WD40 domain containing proteins are very abundant in
eukaryotic organisms, and are rarely present in prokaryotes,
although a few cases were reported in bacteria (Stirnimann
et al., 2010). This domain is among the top tenmost abundant
domains in eukaryotic genomes (Stirnimann et al., 2010). In
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Figure 1. Definition of WD40 repeat and WD40 domains. (A) HMM logo of WD40 repeat from the website http://pfam.sanger.ac.
uk/family?id =WD40#tabview = tab3 (Schuster-Böckler et al., 2004). The letter size represents the conservation level of each amino

acid in the WD40 repeat. The residues marked by stars are conserved hydrophobic residues involved in WD40 β-propeller
stabilization. (B) Structure of a canonical WD40 repeat protein. Each repeat consists of four β-strands. (C) WD40 domain is stabilized
mainly through hydrophobic interactions between the blades. (D) Structure comparison of the repeats in the same WD40 protein or

between different WD40 proteins. The PDB accession codes for WDR5, WDR39, WDR61, WDR92 and Gβ are 2H9M, 3FM0, 3OW8,
3I2N and 1GP2, respectively.
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the human genome, there exist 349 WD40 domain containing
proteins based on SMART database (Letunic et al., 2009),
and this number should be very conservative considering the
difficulties in identifying WD40 domains due to the low
sequence conservation. The WD40 domain proteins are
involved in a wide range of cellular functions, such as signal
transduction, vesicular trafficking, cytoskeletal assembly, cell
cycle control, apoptosis, chromatin dynamics and transcrip-
tion regulation. The malfunctions of some WD40 proteins
have been reported to be responsible for different diseases (Li
and Roberts, 2001). The common function of these WD40
domain proteins is to serve as a rigid scaffold for protein-
protein interaction, and to coordinate downstream events,
such as ubiquitination and histone methylation. WD40
domain was ranked as the top interacting domain in S.
cerevisae (Stirnimann et al., 2010). WD40 domains were also
among the top interacting domains based on the limited
human interaction data (Stirnimann et al., 2010).

ARCHITECTURE OF WD40 DOMAINS

A singleWD40 β-propeller can contain 4 to 8WD40 repeats in
principle (Paoli, 2001). So far, only 7- or 8-blade WD40 β-
propeller has been confirmed structurally (Fig. 2A and 2B).
Lower number of repeats of β-propeller has been confirmed in
other non-WD40 repeat proteins (Paoli, 2001). Interestingly,
on the basis of the geometry modeling, it was predicted that
the 7-fold β-propeller is the most ideal β-sheet geometry
(Murzin, 1992). Consistently, 7-fold β-propeller proteins
dominate in the solved WD40 structures and identified
WD40 proteins.

Sec13 is a WD40 β-propeller protein and functions as a
component of the COPII (Coat protein II) coat and the nuclear
pore complex (NPC). The WD40 domain in the Sec13 protein
contains only 6 WD40 repeats and it forms an open β-
propeller, needing to borrow one more WD40 repeat from its
complex partner ACE1 (ancestral coatomer element 1)
protein Sec31 or Sec16 to complete a closed β-propeller
fold in the COPII coat (Whittle and Schwartz, 2010) (Fig. 2C).
This phenomenon also exists in the nuclear pore complex. In
the subcomplexes of the Seh1 and Nup85 nucleoporin pair
and the Sec13-Nup145C nucleoporin pair, both Seh1 and
Sec13 form a 6-repeat β-propeller, and the β sheet at the N
terminus of Nup85 or Nup145C donate an insertion blade
respectively to Seh1 or Sec13, completing the β-propeller of
Seh1 and Sec13 (Brohawn et al., 2009).

In addition to single WD40 β-propeller, some proteins
contain multiple WD40 β-propellers in an array. For instance,
Aip1 contains two 7-blade WD40 β-propellers (Fig. 2D). Aip1
(Actin-interacting protein 1) is a WD40 domain containing
protein involved in enhancing actin filament disassembly in
the presence of actin-depolymerizing factor (ADF)/cofilin, and
also capping the barbed end of ADF/cofilin-bound actin
filament (Voegtli et al., 2003; Mohri et al., 2004). DDB1
contains three 7-blade WD40 β-propellers (Fig. 2E) (Li et al.,

2006), which is required for DNA repair (Wittschieben et al.,
2005). It also functions as a component of the DDB1-CUL4-
Roc1 E3 ubiquitin ligase complexes, which mediate the
ubiquitination and subsequent proteasomal degradation of its
target proteins (Chen et al., 2001; Higa et al., 2006; Li et al.,
2006).

The majority of the β-propeller domains have a “velcro’
closure, which contributes to fold stabilization. But, this
interlock mechanism is absent in some cases, such as Aip1
(Voegtli et al., 2003) and DDB1 (Voegtli et al., 2003). It means
that the β-propeller fold is mainly stabilized through the
intersheet hydrophobic interactions. So far, DDB1 structure
had been determined in three different crystal forms (Fig. 2F).
Superposition of these three structures reveals that the
individual WD40 β-propeller is very rigid, and even the first
WD40 domain without the Velcro closure is also very rigid
(Fig. 2F). That means that the “velcro’ closure is not essential
for the WD40 domain formation. Interestingly, the first two β-
propellers of DDB1 can be well superimposed, but the third β-
propeller of DDB1 exhibited a significant shift relative to the
first two β-propellers (Fig. 2F). It will be interesting to know if
there is any biological significance for this interdomain shift.

WD40 PROTEINS FUNCTION AS A

PROTEIN-PROTEIN INTERACTION ADAPTOR

IN MANY DIFFERENT CELLULAR PROCESSES

Based on the solved WD40 domain complex structures and
mutagenesis-coupled binding assays, we know that WD40
domain can interact with different partners using all sides of its
surface, such as the top side, the bottom side and the
circumference, which has been discussed in an excellent
review recently (Stirnimann et al., 2010). In the following, we
will discuss how WD40 domain recruits its substrates, and
ligand/partner in different modes.

WD40 proteins function as an interchangeable substrate
receptor to target different substrates selectively

SCF ubiquitin ligase is a multi-component complex consisting
of SKP1, CUL1, Rbx1 and an F-box containing protein
(Michel and Xiong, 1998). SCF ubiquitin ligase mediates the
ubiquitination of proteins involved in cell cycle progression,
signal transduction and transcription (Cardozo and Pagano,
2004). In the SCF complex, CUL1 serves as a rigid scaffold
that orientates the SKP1-F-box protein and Rbx1 subunits.
The functional specificity of the SCF complex depends on the
F-box protein as a substrate recognition component. In the
human genome, there are about 70 F-box containing
proteins, which function as an interchangeable substrate
receptor in the SCF ubiquitin ligase system to recruit different
substrates specifically for ubiquitination and degradation by
proteosome (Fig. 3A) (Jin et al., 2004). The F-box protein
usually contains two domains, i.e., the N-terminal F-box
domain and the C-terminal substrate binding domain, such as

Protein & Cell

204 © Higher Education Press and Springer-Verlag Berlin Heidelberg 2011

Chao Xu and Jinrong Min



Figure 2. Architecture of WD40 domain proteins shown in cartoon representation. (A) WDR5 (2H9M); (B) Sif2p (1R5M); (C)

Sec13 in complex with Sec31 (2PM6). The SEC13 is colored in green and Sec31 is colored in gray with the insertion repeat colored in
salmon; (D) Aip1 (1NR0). The two seven-bladed β-propellers are colored in blue and green, respectively; (E) DDB1 (3EI3). The three
seven-bladed β-propellers are colored in red, blue and green, respectively; (F) Superposition of DDB1 from three DDB1 structures.

The first two β-propellers of DDB1 can be well superimposed (colored in gray), but the third β-propeller exhibited significant shift. The
shifted β-propeller is colored in red (2HYE), green (3EI2) and blue (2B5L), respectively.
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WD40, and LRR (leucine-rich repeats, and others) (Jin et al.,
2004). They use the F-box domain to interact with SKP1 and
the other domain as the substrate receptor. Of the human 70
F-box proteins, about 20 of them contain the WD40 domain,
which usually targets phosphorylated targets, such as Cyclin
E (Hao et al., 2007), Catenin (Wu et al., 2003) and Sic1 (Nash
et al., 2001; Orlicky et al., 2003).

CUL4-DDB1-ROC1 complex is another E3 ubiquitin ligase
(Groisman et al., 2003; He et al., 2006; Higa et al., 2006). It
shares a conserved molecular architecture with other SCF
ubiquitin ligases (Fig. 3B) (Angers et al., 2006). About 50
single β-propeller WD40 proteins have been identified to
interact with the triple WD40 domain protein DDB1. These
single β-propeller WD40 proteins recruit different targets for
ubiquitination. For instance, the CUL4-DDB1 ubiquitin ligase
targets the replication-licensing factor CDT1 for ubiquitination
in response to UV irradiation (Hu et al., 2004). It also
ubiquitinates histone H2A, histone H3 and histone H4 at sites
of UV-induced DNA damage (Wang et al., 2006; Guerrero-
Santoro et al., 2008). The ubiquitination of histones facilitates
their removal from the nucleosome and promote subsequent
DNA repair. The CUL4-DDB1 complex can also interact with
some WD40 proteins involved in transcription repression and
chromatin modification, such as TLE1-3, WDR5, and EED.
WDR5 and EED are the core components of the MLL and
PRC2 histone methylation complexes that are essential for
histone H3 methylation and epigenetic control at K4 and K27,
respectively. Therefore, the CUL4A-DDB1 ubiquitin ligase
regulates histone methylation through ubiquitin-dependent
proteolysis (Higa et al., 2006), although the detailed
mechanism is still unclear. Structural analysis indicates that
DDB1 recruits some of the substrate receptors through a
conserved H-box (Bergametti et al., 2002; Li et al., 2010).

The same WD40 proteins recruit different substrates
in a similar mode

Clathrin is a major component of the polyhedral vesicle coat,
which is a “triskelion” -shaped molecule, composed of 3
heavy chains and 3 light chains, forms cage-like enclosures
and drives vesiculation of cellular membranes (Kirchhausen
and Harrison, 1981; Ungewickell and Branton, 1981). Two
different adapter protein complexes link the clathrin lattice
either to the plasma membrane or to the trans-Golgi network.

The N-terminal domain of clathrin is a WD40 β-propeller,
which directs incorporation of cargo into coated pits.
Comparison of the complex structures of clathrin with
peptides derived from two different cargo adaptors, β-arrestin
2 and the β-subunit of the AP-3 complex, shows a very similar
binding mode, i.e., a peptide-in-groove binding mode
(Fig. 3C) (ter Haar et al., 2000). Some other endocytosis
related proteins also have the similar “clathrin-box” motif, and
the authors predicted that they all likely bind the clathrin WD40
domain in the same binding mode (ter Haar et al., 2000).

WDR5 is a component of the MLL subfamily of histone
H3K4 methyltransferases. It was shown that WDR5 is
required for the di- to tri-methylation conversion of histone
H3K4 by presenting the histone H3K4 for further methylation
by the MLL complex (Wysocka et al., 2005; Ruthenburg et al.,
2006; Schuetz et al., 2006). Later on, it was found that a
conserved arginine containing motif, namely the “Win” motif
(WDR5 interaction motif) from the MLL is essential for the
assembly and enzymatic activity of the MLL1 core complex
(Patel et al., 2008). Superposition of WDR5 with these
arginine containing peptides, including H3K4 (Couture et al.,
2006; Han et al., 2006; Ruthenburg et al., 2006; Schuetz
et al., 2006), Win motif (Patel et al., 2008; Song and Kingston,
2008) and an N-terminal fragment fromWDR5 (Schuetz et al.,
2006) shows that WDR5 uses the same binding surface (top
surface) to bind these different peptides (Fig. 3D). The
conserved arginine residue in the peptide inserts into the
central channel of the β-propeller from the top surface and
forms a large number of interactions with WDR5 through a
network of hydrogen bonds and cation-π interactions and
contributes largely to the complex formation (Schuetz et al.,
2006).

The same WD40 proteins recruit different substrates
in distinct modes

On the other hand, some WD40 proteins bind their ligands in
distinct modes, such as the Gβ subunit of the heterotrimeric G
proteins (Fig. 3E) (Gaudet et al., 1996; Lambright et al., 1996;
Johnston et al., 2008) and the transcriptional repressor TLE
(Fig. 3F) (Jennings et al., 2006). Heterotrimeric G proteins
transmit information in various transmembrane signaling
systems and thereby regulate a variety of cellular functions.
Heterotrimeric G proteins are activated by G-protein-coupled
receptors (GPCRs), which catalyze the exchange of GTP for
GDP on Gα to initiate signal transmission. The comparison of
the complex structures of heterotrimeric G proteins (Lamb-
right et al., 1996) and Gβγ subunit with its regulator phosducin
(Gaudet et al., 1996) shows that Gβ protein binds Gα, Gγ, or
phosducin in different modes. Gβ binds Gα through two
separate interfaces, i.e., the “switch interface” at the top of the
WD40 domain of Gβ with an α-helix from Gα and the “N-
terminal interface” between the N-terminal α-helix of Gα and
the side of the WD40 domain of Gβ (Fig. 3E) (Lambright et al.,
1996). Gβ binds phosducin also through two separate
interfaces. The “switch interface” is almost conserved
between these two complexes, but the phosducin binds a
side “N-terminal interface” adjacent to the sixth and seventh
blades of Gβ, instead of the first and seventh blades for Gα

(Fig. 3E) (Gaudet et al., 1996). A critical role of the Gβγ dimer
in heterotrimeric G proteins is to facilitate the engagement
and activation of the Gα subunit by G-protein-coupled
receptors. Crystal structures of the Gβγ dimer in complex
with a GPCR peptide from the parathyroid hormone receptor-1
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Figure 3. WD40 domain proteins exhibit different binding modes. (A) The different F-box proteins in the SCF ubiquitin ligase

recruit different substrates through theWD40 domain; (B) The different DCAFWD40 proteins recognize different substrates for Cul4-
DDB1 ubiquitin ligase; (C) Clathrin (purple) in complex with two different peptides (blue β-arrestin 2/AP-3 1C9I and yellow 1C9L); (D)
WDR5 (blue) in complex with MLL (red, 3EMH) and unmodified H3K4 (yellow, 2H9M); (E) TLE1 (green) in complex with eh1 (red,

2CE8) and WRPW (yellow, 2CE9); (F) G protein beta (red)-gamma (blue) heterodimer in complex with alpha (cyan, PDB code:
1GP2) and phosducin (yellow, PDB code: 1A0R).
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(PTH1R) reveals that PTH1R contacts only Gβ residues on
the side in a distinct mode from phosducin or Gα (Johnston
et al., 2008).

TLE proteins are a family of transcriptional corepressors
that bind to a number of transcription factors and inhibit NF-
kappa-B-regulated gene expression. In addition, they inhibit
the transcriptional activation mediated by CTNNB1 and TCF
family members in Wnt signaling. TLE proteins bind these
transcriptional repressors by recognizing divergent short
peptides via different binding modes (Fig. 3F). The C-terminal
WRPW/Y motif (Hairy/Hes/Runx) binds the top surface of the
WD40 domain of TLE1 in an extended conformation, whereas
the internal EH1 motif binds the top surface of the WD40
domain of TLE1 as an α-helix (Fig. 3F) (Jennings et al.,
2006).

Utilization of insertion motifs of WD40 domains in ligand
binding

Bub3 is a protein involved in the regulation of the spindle
assembly checkpoint. Bub3 and its related proteins (such as
Mad3 and Bub1) from the spindle assembly checkpoint
system inhibit the action of the anaphase-promoting complex
(APC), preventing early anaphase entry and mitotic exit. This
serves as a mechanism for the fidelity of chromosomal
segregation (Lens et al., 2003). Both Bub1 and Mad3 bind
constitutively to Bub3 throughout the cell cycle, implying that
this interaction is important for the function of both proteins
(Hardwick et al., 2000). Crystal structures of Bub3 with a
conserved motif (GLEBS motif) from either Bub1 or Mad3
show that Bub3 uses the top surface of its WD40 domain to
recognize the GLEBS motif (Larsen et al., 2007) (Fig. 4A).
Interestingly, 2 insertion elements from the Bub3 WD40
domain are involved in binding the GLEBS motif (Larsen
et al., 2007). The extended long loop (DA loop) between the
D strand of blade 5 to the A strand of blade 6 becomes
ordered upon binding to the GLEBS motif. This DA loop forms
a three-stranded β-sheet with two strands from the Bub3 DA
loop and one strand from the GLEBS motif. Another intra-
blade loop in the blade 7 (BC loop) is also involved in GLEBS
motif binding through hydrophobic interactions (Fig. 4A).

RBBP4 and RBBP7 are a pair of WD40 domain containing
proteins with 92% of sequence identity, which often exist
together in different chromatin modifying complexes, such as
the Polycomb Repressor Complex 2, a histone H3K37
methyltransferase involved in Hox genes silencing, X-
inactivation, germline development, stem cell pluripotency
and differentiation, and cancer metastasis (Cao and Zhang,
2004); Sin3/HDAC complex, a corepressor complex involved
in a variety of cellular processes, including cell cycle
progression, genomic stability, embryonic development, and
homeostasis; the NuRD complex (the nucleosome remodel-
ing and histone deacetylase complex), a chromatin remodel-
ing and modification complex with a broad cellular and tissue

distribution, and harbors histone deacetylation and chromatin
remodeling ATPase activities in the same complex (Feng and
Zhang, 2003). Very interestingly, only RBBP7 is present in the
HAT complex with HAT1, the only known type B histone
acetyltransferase in charge of acetylating newly synthesized
histones during the process of chromatin assembly (Verreault
et al., 1996). RBBP7 in the HAT complex stimulates the
acetyltransferase activity of Hat1 (Verreault et al., 1998). On
the contrary, only RBBP4 is identified in the CAF1 complex, a
complex mediating chromatin assembly in DNA replication
and DNA repair. Hence, it seems that RBBP4 and RBBP7
may have different functions, although they have high
sequence and structure similarity. On the other hand, it is
also possible that RBBP4 and RBBP7 perform the same
function in these chromatin complexes; RBBP4 and RBBP7
are mutually exclusive in these complexes. That means that
in each individual complex, either RBBP4 or RBBP7 is
present and sufficient for the complex function.

It was first reported by Stillman’s lab that both RBBP4 and
RBBP7 bind directly to the first α-helix of histone H4, a region
that is not accessible when H4 is in chromatin (Verreault et al.,
1998). The crystal structures of RBBP4 and RBBP7 have
been determined recently, either alone or in complex with the
first helix of histone H4 or an N-terminal fragment from the
GATA-1 cofactor FOG-1 (Murzina et al., 2008; Song et al.,
2008; Lejon et al., 2011). The complex structures of RBBP7
with the histone H4 peptide show that the first α-helix of
histone H4 is bound in a groove formed between an N-
terminal α-helix and the extended CD loop in blade six
(Fig. 4B). Surprisingly, the first α-helix of histone H4 adopts a
different conformation in this complex than it does in either the
nucleosome or in the complex with ASF1 (English et al.,
2006), another histone chaperone. That implicates that the
first α-helix of histone H4 unfolds to interact with RBBP4 or
RBBP7 (Murzina et al., 2008).

The NuRD complex has been shown to associate with
some transcription factors, such as the GATA-1 cofactor
FOG-1. FOG-1-mediated recruitment of NuRD is essential for
cell lineage re-enforcement during haematopoiesis (Gao
et al., 2010). The crystal structure of the NuRD subunit
RBBP4 in complex with an N-terminal fragment from the
GATA-1 cofactor FOG-1 reveals that this FOG-1 peptides
bind to the top surface of the WD40 domain of RBBP4. This is
another example that the WD40 domain could utilize all sides
of its surface for partner interaction, especially in those
multiple component complexes.

Utilization of the inter-blade binding grooves of WD40
domain in ligand binding

The yeast polarity protein Sro7 is a WD40 domain containing
protein, whose primary role is in membrane fusion. Sro7
consists of two seven-bladed WD40 β-propellers followed by
a C-terminal 60-residue-long tail (Hattendorf et al., 2007). The
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C-terminal tail is bound to the bottom surface of the first WD40
propeller (Fig. 5A and 5B) and is thought to have an auto-
inhibitory effect on Sro7 binding to Sec9 (Hattendorf et al.,
2007). This C-terminal tail contains two short α-helixes, which
are wedged into two inter-blade binding grooves separately, i.
e., the first α-helix bound in the groove formed between the
third and fourth blades, and the second α-helix in the groove
formed between the second and third blades (Fig. 5A and
5B). In addition, the first blade of the second WD40 β-
propeller harbors an insertion motif, which contains an α-helix
bound in the groove formed between the first and second
blades. The three α-helixes all interact with the WD40
domains mainly through hydrophobic interactions. Both the
C-terminal tail and the insertion motif of Sro7 are involved in
stabilizing the WD40 fold and tying up the two WD40 domains
together (Hattendorf et al., 2007). Interestingly, neither of two
WD40 propellers in Sro7 has the “velcro” closure.

This bind mode is also observed in the PALB2-BRCA2
peptide complex (Oliver et al., 2009). PALB2 plays a critical
role in homologous recombination repair through its ability to
recruit BRCA2 and RAD51 to DNA breaks and serves as the
molecular scaffold in the formation of the PALB2-BRCA1-
BRCA2 complex (Sy et al., 2009). In the PALB2-BRCA2 (aa
21–39) peptide complex, the BRCA2 peptide forms a short α-
helix, which is bound in a pocket formed between the fourth
and fifth blades of the PALB2 WD40 β-propeller (Fig. 5C).
Similar to the Sro7 structure, the short α-helix interacts with
PALB2 mainly through extensive hydrophobic interactions
with PALB2 (Oliver et al., 2009) (Fig. 5D).

RECOGNITION OF POST-TRANSLATIONAL

MODIFICATION MARKS BY WD40 DOMAINS

SCF ubiquitin ligase targets substrates for uniquitination and
degradation, which are often modified by phosphorylation or
other post-translational modifications (called degron) (Ang
and Wade Harper, 2005). The modification of these target
substrates introduces high affinity binding to the SCF ubiquitin
ligase and facilitates the ubiquitination. The crystal structures
of Skp1-Cdc4-CPD (Orlicky et al., 2003), β-TrCP1-Skp1-β-
Catenin (Wu et al., 2003), and Fbw7-Skp1-Cyclin E (Hao
et al., 2007) complexes shed light on how the serine/threonine
phosphorylation constributes to their binding to the SCF
ligase. In the crystal structure of the Skp1-Fbw7 complex
bound to a Cyclin E peptide, the pT380 side chain inserts into
a shallow, positively charged pocket at the inner rim of the β-
propeller channel and interacts with residues from the third
and fourth blades (Fig. 6A) (Hao et al., 2007). The pT380
phosphate group makes a few hydrogen bonds with residues
from the top face of the Fbw7 near the central channel. The
pS384 side chain binds outside the central channel on top of
the second and third blades, which also interacts with the
residues from the top surface of the Fbw7WD40 domain via a
hydrogen bond network. These two phosphorylated residues
are the major contributors for the Cycle E peptide to bind to
the SCF substrate targeting subunit Fbw7 in this case.

The PRC2 complex (the polycomb repressive complex 2)
is a histone methyltransferase targeting H3K27 and H1K26
(Cao et al., 2002; Czermin et al., 2002; Müller et al., 2002;

Figure 4. Utilization of insertions and extentions of WD40 repeat domains in ligand binding. The WD40 protein is colored in

gray except the insertion or extension (A) Bub3 (green) in complex with Mad3 (salmon, 2I3T); (B) RBBP7 (blue) in complex with H4
(yellow, 3CFS) and RBBP4 (blue) in complex with Fog-1 (salmon, 2XU7).
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Cao and Zhang, 2004). The H3K27 methylation mark recruits
the PRC1 complex through its chromodomain protein Poly-
comb, which in turn maintains transcriptional silencing
through an unknown mechanism (Min et al., 2003; Wang
et al., 2004). In addition to Hox gene silencing, the Polycomb
Group complexes are also involved in X-inactivation, germ-
line development, stem cell pluripotency and differentiation,
and cancer metastasis (Cao and Zhang, 2004). Histone
lysine methylation plays an important role in chromatin
organization, transcriptional regulation and other nuclear
processes. It was recently shown that PRC2 maintains

histone methylation patterns during DNA replication in part
through its ability to bind to H3K27me3 (Hansen et al., 2008).
The structure of the WD40 domain of EED in complex with an
EZH2 N-terminal fragment revealed that the top surface of the
EED WD40 domain harbors an aromatic cage consisting of
Phe97, Tyr148, and Tyr365, a common feature for methylly-
sine binding proteins, such as chromodomain (Min et al.,
2003), MBT repeat domain (Min et al., 2007; Eryilmaz et al.,
2009; Guo et al., 2009), tudor domain (Adams-Cioaba and
Min, 2009; Adams-Cioaba et al., 2010), PHD domain (Adams-
Cioaba and Min, 2009) and the methylarginine binding tudor

Protein & Cell

Figure 5. Utilization of the inter-blade binding grooves of WD40 domain in ligand binding. (A) Crystal structure of yeast Sro7
protein. The C-terminal tail of Sro7 is colored in yellow, and the insertion motif from the second WD40 domain of Sro7 is colored in

salmon. (B) The first WD40 domain of Sro7 is displayed in a surface representation and the two α-helixes from the C-terminal tail of
Sro7 reside in two hydrophobic pockets formed between the second and third blades, and the third and fourth blades, respectively. (C)
Crystal structure of the C-terminal WD40 domain of PALB2 and the BRCA2 peptide (aa 21–39). The BRCA2 peptide is colored in

yellow. The short α-helix from the BRCA2 peptide is bound in a pocket formed between the fourth and fifth blades of the PALB2 WD40
β-propeller. (D) PALB2 is shown in a surface representation, and the BRCA2 peptide is colored in yellow.

210 © Higher Education Press and Springer-Verlag Berlin Heidelberg 2011

Chao Xu and Jinrong Min



domain (Shaw et al., 2007; Liu et al., 2010a; Liu et al., 2010b).
Recent crystal structures of EED with the histone H3K27me3
peptide reveal that the histone H3K27me3 peptide is bound to
EED through the trimethyllysine residue, which is accom-
modated by a four-aromatic residue cage (Fig. 6B) (Mar-
gueron et al., 2009; Xu et al., 2010). Very interestingly, the
extended aliphatic chain of the methyllysine lies against the
planar ring of W364, which is a unique methyllysine-binding
feature for EED (Xu et al., 2010). EED is also able to bind
other ARKS motif containing histone peptides, such as
H3K9me3 and H1K26me3 with similar binding affinities and
other trimethylated peptides with a lower affinity. On the basis
of our binding and structure studies, we concluded that the
trimethylated lysine is the major affinity contributor, and the
residue one and two residues preceding the methyllysine in a
peptide confer the binding specificity (Xu et al., 2010). More
importantly, the binding of different histone marks by EED
differentially regulates the activity and specificity of PRC2.
The H3K27me3 mark enhances the histone methyltransfer-
ase activity of PRC2, whereas the H1K26me3 mark inhibits
the PRC2 methyltransferase activity (Xu et al., 2010).
Furthermore, the H1K26me3 binding switches the specificity
of PRC2 from methylating H3K27 to EED (Xu et al., 2010).

Based on the bioinformatics analysis (Margueron et al.,
2009) and our structure-based sequence analysis (Xu et al.,
2010), EED seems to be the only methyllysine binder with an
aromatic cage. However, a recent report suggested that
WDR61 is a histone methyllysine binder (Chan et al., 2009).
Nevertheless, the crystal structure of WDR61 (PDB ID:3OW8)
shows that this WD40 does not harbor an aromatic cage.
Therefore, if WDR61 does bind, it will have a different binding
mechanism, which warrants further investigation in the future.
WDR5 has also been claimed to be a histone H3K4me2
binder (Wysocka et al., 2005), but the complex structures of
WDR5 and the histone H3K4 peptides show that the histone
peptide binds the top surface with the arginine H3R2 in
histone H3 inserted into the central channel from the top
surface of the WD40 β-propeller (Schuetz et al., 2006). This
H3R2 forms a large number of interactions with WDR5
through a network of hydrogen bonds and cation-π interac-
tions (Fig. 6C). The H3R2 contributes to most of the binding
affinity, which is confirmed by the mutant peptide binding
studies (Schuetz et al., 2006). Consistently, the H3R2
methylation severely diminishes histone H3 binding to
WDR5 (Couture et al., 2006). Therefore, EED is the only
known methyllysine binding WD40 protein (Margueron et al.,
2009; Xu et al., 2010).

CONCLUDING REMARKS

The WD40 domain is one of the most abundant domains in
eukaryotic genomes. It is also among the top interacting
domains in eukaryotic genomes. The WD40 domain proteins
function as an adaptor in many different protein complexes or
protein-DNA complexes in very diverse cellular processes.

Figure 6. Recognition of post-translational modification
marks by WD40 domains. (A) FBW7 (gray) in complex with
cyclin E degron (yellow). The residues involved in binding with
phosphorylated peptide are shown in cyan sticks. (B) WDR5

(gray) in complex with dimethylated-H3K4 (red). Residues
involved in interaction with H3R2 are shown in green sticks. (C)
EED (gray) in complex with trimethylated-H3K27 (yellow).

Residues involved in direct interaction with the peptide are
shown in blue sticks.
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Since the first WD40 domain structure was solved 15 years
ago (Wall et al., 1995; Lambright et al., 1996), significant
progress has been made to advance our understanding about
theWD40 domain itself and also how it functions. Considering
the rich interaction surfaces afforded by the WD40 domain
and its insertion and extension motifs, it is clear that there is
much more to be investigated about the WD40 domain
protein complexes in the future.
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