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Summary
E3 ubiquitin ligases catalyze the transfer of ubiquitin (Ub) from E2~Ub to a
substrate. Cullin RING E3 ubiquitin ligases (CRLs) are modular multi-subunit
complexes that associate with several substrate-receptor subunits. CRL ligase
activity is stimulated by the covalent attachment of the ubiquitin-like molecule
NEDD8 (neddylation) to the cullin subunit. The COP9 signalosome complex
reverses this activation process by the catalytic cleavage of NEDD8, leading to
the inactivation of the ligase. CAND1 is the substrate adaptor-receptor exchange
factor, which catalyzes the recruitment of new substrate receptors to the cullin
subunit to bind substrates.

The CRL4 (Cullin 4-DDB1-Rbx1) family of cullin-RING E3 ubiquitin ligases
employs ~20 different substrate receptors, referred to as DCAFs (DDB1 and
Cullin-4 Associated Factors). DCAF1 is a central member of the DCAF family,
and found to be dysregulated in different types cancers. The activity of CRL4DCAF1
is suppressed when DCAF1 is bound to Merlin, a tumor suppressor protein that
acts upstream of the Hippo pathway. CRL4DCAF1 recruits substrates implicated in
DNA repair, cell cycle progression, and cell fate regulation. Viruses also hijack
the CRL4 system by binding DCAF1, and drive the degradation of cellular
proteins that facilitate viral infections.

The regulatory mechanism underlying CRL4DCAF1 activity is currently poorly
understood. We have used biochemical and structural approaches to study
CRL4DCAF1 in vitro. The 8.2 Å cryo-EM map of CRL4DCAF1 finds the complex in a
tetrameric arrangement, where DCAF1 WD40 domain mediates the interaction
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with the cullin C-terminal domain (CTD) and Rbx1. This architecture renders the
RING domain of Rbx1, the catalytic subunit of the ligase, inaccessible to the E2.
Upon activation of CRL4DCAF1 by neddylation, the interaction between the cullin
CTD and DCAF1 is broken and the complex becomes dimeric and active. This
dimeric state is also induced when the viral proteins VPR-UNG2 are bound to
CRL4DCAF1, while the presence of Merlin is compatible with the tetrameric autoinhibited state of the ligase. Moreover, the tetrameric conformation of CRL4DCAF1
seems to protect the ligase from the spontaneous exchange of adaptor-receptor
modules in the absence of CAND1. These results suggest a novel mechanism
by which the activity of isolated CRL4DCAF1 ligase is regulated.
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1. Introduction
1.1 The Ubiquitination pathway
Ubiquitination is a post-translational modification in which one or multiple
ubiquitin molecules are covalently attached to target proteins. Depending on the
number of attached ubiquitin molecules and the branch of the ubiquitin chain, the
fate of ubiquitin-modified proteins is defined. Ubiquitin (Ub) is almost invariant
from yeast to men, and it has seven lysine residues that can be modified. Indeed,
all possible linkages on the ubiquitin lysines were detected in cells (Kim et al.,
2011; Xu et al., 2009), as well as modification on the Ub first methionine, which
produces linear ubiquitin chains (Rittinger and Ikeda, 2017). In the Ubiquitin
Proteasome System (UPS), proteins are modified by poly ubiquitin chains mainly
in the form of lysine-48 or lysine-11, which serve as the major signals for
proteasomal degradation (Finley, 2009). On the other hand, Ub-modified proteins
can signal for non-proteolytic processes, such as DNA repair, RNA splicing,
endocytosis and many others (Chen and Sun, 2009). These non-proteolytic
functions depend on the type of Ub mark on the modified proteins, such as monoubiquitination, poly-ubiquitination with different linkages (eg: lys-63), or nonlysine-based linear Ub chains (Komander and Rape, 2012).

1.2 Ubiquitin Activating Enzymes (E1s)
Ubiquitination of target proteins requires an enzymatic cascade with three
different activities. The E1 ubiquitin activating enzyme, the E2 ubiquitin
conjugating enzyme and the E3, the ubiquitin ligase. Humans have only two
ubiquitin E1s, UBE1 (also known as UBA1), and UBE1L2 (also known as UBA6).
The structure of the E1 enzyme reveals a multi-domain architecture. It consists
______________________________________________________________________
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of an adenylation domain that binds ATP and ubiquitin, a cysteine domain that
contains the catalytic cysteine residue, and the ubiquitin fold domain (UFD),
which is required for E2 recruitment (Lee and Schindelin, 2008). The E1 activates
ubiquitin on two steps. First, it uses ATP and magnesium to adenylate the glycine
residue at the C-terminal tail of Ub. Then the catalytic cysteine of E1 attacks the
adenylated glycine, leading to the release of AMP and the formation of E1-Ub
thioester bond (Haas and Rose, 1982).
Structural studies have shown that upon ubiquitin binding to E1, a large structural
rearrangement occurs (Olsen et al., 2010) (figure1). This rearrangement leads to
the exposure of negatively charged groove on the UFD domain in E1, which
becomes accessible for two very conserved positively charged lysine residues
located at the first a-helix of the E2. The E2 is then recruited to the UFD domain
of the E1, where the thioester bond is transferred to the catalytic cysteine on the
E2.
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Figure 1: Overall structure of Uba1-Ub complex (Lee and Schindelin, 2008): A. Cartoon
representation of Uba1-Ub complex. Ub is coloured in yellow and Uba1 six domains are coloured
as follows: IAD domain in cyan, AAD domain in purple, FCCH domain in green, SCCH domain
in blue with the catalytic cysteine in pink, and UFD domain in red, 4HB in pale cyan. B. and C.
are 90° rotations of the complex. D. Domain architecture of Uba1, APPBP1/UBA3 (NEDD8-E1),
Sae1/Sae2 (SUMO-E1) colored like Uba1 domains in the structure.

1.3 Ubiquitin conjugating Enzymes (E2s)
E2s (~ 40 in humans) determine the number of ubiquitin molecules and the type
of Ub-linkage assembled on target proteins. Active E2s are able to bind two
ubiquitin molecules at the same time, the incoming (acceptor) Ub, and the
conjugated (donor) Ub. However, it was recently shown that E2s also have a
backside domain, which has the ability to bind a third copy of ubiquitin that can
potentially stimulate the E2 Ub-transfer activity (Buetow et al., 2015).
The specificity of chain growth depends on the E2’s ability to bind the incoming
Ub in a specific orientation that exposes only one specific lysine, which attacks
the thioester bond of E2~Ub.
The core ubiquitin conjugating domain of the E2 is composed of four a-helices
and an antiparallel β-sheet formed by four β-strands. a-helix 1 is responsible for
E1 binding (figure2), which is followed by two loops, that in all characterized E2
so far, are responsible for E3 recognition. Variations in these two loops control
specificity to E3 ligases. The interactions between E2s and E3s are usually
transient and weak with a dissociation constant in the micromolar range (Ye and
Rape, 2009). E3 binding is required for the full activation of E2 and increases the
rate of Ub discharge (Das et al., 2009). Because E1 and E3 have overlapping
binding sites on E2, E2s are required to be fully discharged from E3 to be able
to repeat the cycle and bind E1.
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The active sites cysteine and asparagine are located in a loop between helices
2 and 3.
The decision on ubiquitin chain initiation or elongation is made by the E2s (i.e
the decision whether it’s the lysine residue on the substrate or the ubiquitin that
is going to be modified). It was shown that the transfer of the first ubiquitin by E2
to the lysine residue on a substrate is slower than the subsequent ubiquitins
attached on the preceding ubiquitin in the chain (Pierce et al., 2009).
The E2s that are involved in the ubiquitin chain elongation usually lack specificity
for the substrates lysine (for example UBE2D) (Kirkpatrick et al., 2006). On the
contrary, E2s that are responsible for chain initiation (for example UBE2T),
usually recognize residues close to the modified lysine (Alpi et al., 2008). E2s
that are only responsible for the elongation of a specific ubiquitin chain type
interact only with the substrate-attached ubiquitin, examples include UBE2S,
which has strong specificity for lys11-linked chains, UBE2K for lys-48 chains, and
UBE2N for lys-63 linked chains (Hofmann and Pickart, 1999; VanDemark et al.,
2001).
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Figure 2: E1-E2~Ub structure (Olsen and Lima, 2013): Cartoon representation of Uba1-Ubc4Ub-ATP.Mg complex. Components of the structure are labelled and coloured as follows: IAD
domain in purple, AAD domain in pink, FCCH domain in magenta, and UFD domain in red. Ub is
in yellow, Ubc4 is in green, and Magnesium ion is in cyan. The disulphide bridge linking E1 and
E2 cysteines is indicated by an arrow.

1.4 Ubiquitin ligases (E3s)
E3 ubiquitin ligases catalyze the final and most crucial step in the ubiquitination
process, which is the ultimate transfer of ubiquitin from E2 to substrates. At this
step, an isopeptide bond is formed between the amino group of a lysine residue
on the substrate and the carboxyl group of a glycine residue at the C-terminus of
Ub. This final step is critical because it mediates the specificity of the
ubiquitination process, as E3 ligases are responsible for recruitment of the target
substrates.
There are three major classes of E3 ligases, the RING (really interesting new
gene) type, the HECT (homologous to the E6AP carboxyl terminus) type, and
the recently discovered RING-IBR-RING E3 ligases (also known as RING-HECT
hybrid). Each of them will be reviewed below:

1.4.1 The HECT Ubiquitin ligases
In contrast to RING Ub ligases, the HECT type E3s do not catalyze a direct
transfer of Ub from E2 to substrates. Ub is first transferred from the E2 to the
catalytic cysteine in HECT E3 and subsequently transferred to substrates. There
are 28 HECT E3 ligases in humans, they are all characterized by the catalytic 40
kDa HECT domain. The HECT domain is composed of two lobes that are
connected by a flexible linker, the N-lobe and the C-lobe. The N-lobe binds the
Ub-charged E2s, and C-lobe contains the catalytic cysteine, to which the
ubiquitin is ligated before its final transfer to substrates (figure 3).
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HECT E3 ligases catalyze the ubiquitin transfer on two steps. The first step is the
trans-thioesterification reaction, in which the Ub is transferred from E2, to the
catalytic cysteine at the C-lobe of the HECT domain. The second step involves
the nucleophilic attack of the activated ubiquitin C-terminus by the lysine amino
group of target proteins (or ubiquitin in case of chain elongation) (Scheffner and
Kumar, 2014). HECT ligases recruit substrates via domains that exist Nterminally to the HECT domain (Scheffner and Kumar, 2014).
Our understanding of the catalytic mechanism of Ub transfer by HECT ligases
was greatly advanced by several structural studies (Kamadurai et al., 2013;
2009; Maspero et al., 2013). In a structure of HECT E3-E2~Ub (PDB 3JW0), the
E2~Ub thioester conjugate forms an open conformation, in which the position of
donor Ub is stabilized by the interaction with the C-lobe of the HECT domain
(figure 3a). The donor Ub is then transferred to the active cysteine on the C-lobe
by a trans-thioesterification reaction, as shown in the structure of HECT E3-Ub
(PDB 4BBN) (Kamadurai et al., 2009) (figure 3b). In a structure of HECT E3-Ub
in complex with a substrate (PDB 4LCD), the C-lobe-Ub conjugate is moving
approximately 130°, which brings the active site close to the substrate (figure 3c).
HECT E3s can also promote a substrate poly-ubiquitination reaction, however,
unlike RING ubiquitin ligases, the specificity of Ub chain type is determined by
the HECT domain, rather than E2s.
There are several regulatory mechanisms that control the HECT E3 ligase
activity, such as intramolecular domain interactions, changes in oligomeric
states, auto-ubiquitination, post-translational modification, and interaction with
other macromolecular regulators (Lorenz).
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Figure 3: Mechanisms of Ub transfer catalyzed by HECT E3 ligase (Zheng and Shabek,
2017): A. The pre-transthiolation state of HECT E3 in complex with E2~Ub (PDB: 3JW0). N-lobe
is in light green, C-lobe, which contains the active cysteine, is colored in green, E2 is in orange,
and donor ubiquitin in magenta. B. The post-transthiolation state of HECT E3 after being loaded
with Ub (PDB 4BBN) maintains a similar orientation as the pre-transthiolation state. C. HECT E3Ub in complex with substrate Sna3 (in orange) (PDB 4LCD) is shown in the thioester aminolysis
intermediate state.

1.4.2 The RING-IBR-RING (RBR) Ubiquitin ligases
This family of ligases contains 14 members, they all share the RBR module
(RING-IBR-RING), which is composed of three Zn2+-coordinating domains. Two
of them are RING domains (RING1 and RING2) and the third is an IBR (In
Between RING) domain. The RING1 domain, which shares a common fold as
canonical RINGs, binds the ubiquitin-loaded E2s (Duda et al., 2013). However,
the RING2 domain, which is structurally dissimilar to other RINGs, contains an
active cysteine, which forms a thioester bond with Ub (such as the one seen in
HECT) (Stieglitz et al., 2013). The third domain, the IBR, is structurally similar to
RING2 domain but it lacks the active cysteine (Trempe, 2013). IBRs and their
linkers are proposed to be involved in the Ub transfer process (Dove and Klevit,
2017; Lechtenberg et al., 2016), but the exact mechanism is not yet known.
Because they contain a RING domain, and at the same time form an E3-Ub
intermediate, they are considered as RING-HECT hybrids. The exact site for
binding of substrates on RBR are not yet defined.
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Structural studies on RBRs (eg: HHARI, Parkin, and HOIP) have set the
foundation for understanding how these ligases perform their functions (Duda et
al., 2013; Stieglitz et al., 2013; Trempe, 2013) (figure 4). As will be explained in
the next section, canonical RING domains favors a closed conformation for
E2~Ub, which increases the reactivity of E2 towards target lysine. RBR’s RING1,
on the other hand, favors an extended conformation of E2~Ub, where the RBR
module wraps around Ub and makes several contacts with the E2 (figure 4b)
(Lechtenberg et al., 2016). The E2~Ub bound to RING1 is juxtaposed with the
active site cysteine of RING2, which stimulates the transfer of Ub thioester bond
to RING2.
RBRs, like HECT E3s, define the Ub chain-type specificity by their catalytic
domains. As an example, HOIP E3 ligase only catalyze a linear Ub-chain
formation on the first methionine (M1) of ubiquitin. In a crystal structure of HOIP
with both donor and acceptor Ub, it was shown that the RING2 domain plus an
a-helical c-terminal tail orient the M1 of the acceptor Ub close to the Ub-loaded
cysteine active site (Stieglitz et al., 2013) (figure 4c).
RBR E3s are auto-inhibited by intramolecular interactions, and therefore require
activation by different mechanisms. The activation mechanisms for RBRs involve
oligomerization, binding to other interacting partners, phosphorylation, and even
interaction with other E3 ligases (Dove and Klevit, 2017).
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Figure 4: Structures and activation of RBR (Zheng and Shabek, 2017): Left: The full-length
Parkin, the prototype of RBR E3 ligase, in its inactive autoinhibited state (PDB 4K95), Ubl domain
is shown in brown, RING0 in magenta, RING1 in green, IBR in light purple, and RING2 in red.
Right: Another structure of RBR E3 ligase, HOIP, in its active conformation (PDB 5EDV). Donor
ubiquitin is in magenta, E2 in orange, free ubiquitin in beige at the backside of RING1-IBR.

1.4.3 The RING Ubiquitin ligases
The RING E3 ubiquitin ligases form the largest family of E3s, with more than 600
members. The RING domain of the E3 ligases is the catalytic subunit, which
initiates the direct transfer of Ub from E2s to substrates. Besides the catalytic
subunit, RING ligases also have a substrate-recruiting module, which drives the
specificity of the ubiquitination machinery. The catalytic domain and the
substrate-recruiting module could exist in the same protein, such as c-Cbl
(Casitas B-lineage lymphoma), or in different subunits in multi-protein
complexes, such as the heterodimer of BRCA1 (BReast CAncer1) and BARD1
(BRCA1-associated RING domain 1), cullin RING ligases (CRLs), and the
Anaphase Promoting Complex (APC).
A major progress in our understanding of the catalytic mechanism of E3 RING
ubiquitin ligases was made by structural studies of RING E3-immobilized E2~Ub
conjugates (Dou et al., 2012; Plechanovová et al., 2012). These studies
concluded that the RING domain of the ligase stabilizes a closed conformation
of E2~Ub, in which E2’s Ub transfer activity is enhanced. In this closed
conformation, the globular domain of Ub packs against a central a-helix on E2,
where the hydrophobic residue I44 in Ub forms a hydrophobic interaction with
L104 in E2 (figure 5b). This hydrophobic contact is stabilized by additional
interactions of both Ub and E2 with the RING domain (a key residue here is a
conserved arginine in the RING domain) (figure 5b and 5c). By stabilizing this
closed conformation, E3 ligases support a domain geometry in which the Ub
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thioester carbonyl is in an optimal orientation for the nucleophilic attack by the
substrate lysine.

Figure 5: The mechanism of Ub transfer by RING Ub ligase (Zheng and Shabek, 2017);
Left: Open vs. closed conformations of UbcH5-Ub structure. Two open conformation structures
(PDB 3A33 and PDB 3JW0), in which Ub is colored in light and dark pink, and E2 is in orange.
Closed conformation of Ub in magenta. Meddile: RING E3 stabilization of E2~Ub closed
conformation (PDB 4AP4). The bridging arginine residue in RING domain is shown in blue.
Right: A free ubiquitin in brown could bind the backside of E2 (PDB 4V3L).

Cullin RING Ubiquitin E3 ligases (CRLs):
The family of Cullin RING ubiquitin E3 ligase is the largest family of all E3 ligases
in humans. Studies on the ubiquitinated proteome show that CRLs are
responsible for the ubiquitination of approximately 20% of the proteins processed
by the proteasome (Soucy et al., 2009). The CRL family is composed of 7
members: CRL1, CRL2, CRL3, CRL4A, CRL4B, CRL5, and CRL7. Structural
studies on the founding member of CRLs, the CRL1 or SCF (Skp1, Cullin1, Fbox complex), show a multi-protein modular architecture (Schulman et al., 2000;
Zheng et al., 2002b). CRLs share this common architecture, in which the cullin
(CUL) forms an elongated scaffold, where the catalytic module exists at the Cterminus and the substrate-recruitment module is at the N-terminus. The Cterminal domain (CTD) is assembled into a 4-helix bundle (4HB), an a/b domain,
a winged-helix A (WHA) domain, and a flexible winged-helix B (WHB) domain.
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The a/b domain interacts with the N-terminal b-strand of the Rbx1/2 (the RING
domain-containing proteins). The flexible WHB domain contains the neddylation
site, where a NEDD8 (N8) protein is covalently attached to a unique lysine
residue (Zheng et al., 2002b). The N-terminal part of the cullin interacts with an
adaptor, which recruits different substrate receptors (SR). Substrate receptors
contain various protein-protein interaction motifs, by which they are able to recruit
several target substrates for ubiquitination (Zheng et al., 2002b) (figure 6).
CRL1, or SCF, binds to skp1 adaptor protein via two conserved alpha helices at
the N-terminus. Skp1 can recruit more than 69 F-box proteins (FBP), which
together form the substrate-recruitment module (Jin et al., 2006; Lee et al., 2011).
CRL2 and CRL5 bind to the same adaptor, which is Elongin B together with
Elongin C (also called Elongin B/C). Elongin B/C share a similar BTB (Bric-abrac, Tramtrack, and Broad complrx) fold as skp1, by which they bind to the cullin
N-terminus (Takumi, 2004). Substrate receptors of these CRL members are
called BC-box containing proteins, which are more than 80 different members,
such as VHL (von Hippel-Lindau) and SOCS (suppressors of cytokine signaling)
(Mahrour et al., 2008; Takumi, 2004). A major difference between CRL2 and
CRL5 is that CUL5 is the only cullin member that is able to bind Rbx2. However,
CUL2, like other cullins, can only bind Rbx1. CRL3 is distinct from other CRLs
by the fact that it recruits a single protein with both adaptor and substrate receptor
functions. These proteins are called BTB proteins, there are more than 100
different partners of these proteins recruited to CRL3 (Lydeard et al., 2013;
Reitsma et al., 2017; Zimmerman et al., 2010). BTB proteins usually contain two
distinct domains, the BTB fold domain by which it binds to CUL3 N-terminus, and
the substrate recruitment domain, such as Kelch, MATH, or ZnF (Lydeard et al.,
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2013). The CRL3 BTB proteins are known to dimerize, which leads to the
formation of two substrate binding sites and two catalytic cores. The dimerization
of CRL3 was shown to be important for its ubiquitination activity (Zhuang et al.,
2009). Zhuang et al. shows that a dimerization defective mutant of SPOP (BTB
and MATH-domain containing protein) in CRL3SPOP is defective in ubiquitination
of substrates in vitro, while retaining the ability to bind CUL3 (Zhuang et al.,
2009). This concludes that two copies of CRL3 are required for ubiquitination of
one substrate. This indicated that some substrates may contain two binding sites
(two degrons), that need to be both occupied by the ligase for efficient
ubiquitination (two-site substrate recognition model). Another example that
supports this model is CRL3Keap1 (BTB and Kelch-domain containing protein), in
which Keap1 is shown to bind to two sites at Nrf2 substrate (Kobayashi et al.,
2004). Therefore, two copies of CRL3keap1 are required to ubiquitinate one
molecule of Nrf2, and both sites in Nrf2 have to be bound to keap1 for effective
ubiquitination (Tong et al., 2006).
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Figure 6: Assembly of CRLs (Zimmerman et al., 2010): A. Structural model of CRL1Skp2, Cullin
scaffold is in green, modeled E2 in yellow, adaptor skp1 in blue, receptor skp2 in magenta. The
two helices that bind the adaptor are colored in cyan. B. Crystal structure of CRL4SV5-V, color
code is similar to A. C. and D. structural models of CRL2VHL and CRL5SOCS2 respectively, and
color code is the same as A.

Cullin 4 RING Ubiquitin Ligases (CRL4)
In contrast to other CRLs, CRL4 recruits an adaptor called the Damage DNA
Binding 1 (DDB1) protein, which lacks the BTB fold. DDB1 contains three WD40
b-propeller (BP) domains (BPA, BPB, and BPC). BPA and BPC are responsible
for substrate receptor binding. BPB, which is more flexible, contacts the two
conserved helices at the N-terminus of CUL4 (Li et al., 2010a). Substrate
receptors of the CRL4 system are called DCAFs (DDB1 Cullin4 Associating
Factors). Canonical DCAFs contain WD40 b-propeller domain and a HLH (helix
loop helix) motif, that along with the WD40, mediate binding to DDB1.
Structural studies on DDB1 bound to canonical DCAFs shows that the HLH is
docked in between the BPA and BPC of DDB1. In addition, the WD40 b-propeller
of the DCAF forms several contacts with DDB1 via the wide surface of the
propeller cone, leaving the narrow face of the propeller open for substrate
recruitment (Scrima et al., 2008a) (figure 7).

______________________________________________________________________
Page 20

Figure 7: Structure of DDB1-DDB2 bound to damaged DNA (Scrima et al., 2008a): A. DDB1DDB2 in complex with damaged DNA. DDB2 is in green, DDB1 BPA in red, DDB1 BPB in
magenta, DDB1 BPC in yellow, damaged DNA in black and gray. B. is a 90° rotation of A.

Tandem affinity purification and mass spectrometry analysis of the CRL4 system
have identified approximately 60 different WD40-containing DCAFs, 52 of which
contain a WD40 domain (Angers et al., 2006a; Jin et al., 2006; Lee and Zhou,
2007).
Some DCAFs were thoroughly studied in the context of DNA repair and genomic
stability, such as DDB2, which binds damaged DNA and triggers a CRL4DDB2mediated ubiquitination of histones. Histone ubiquitination acts as a signal to
initiate nuclear excision repair (Scrima et al., 2008b). CRL4CSA engages the CSA
as a DCAF, and it was shown to be a key player in transcription-coupled repair
after the stalling of RNA polymerase II (RNAPII) (Venema et al., 1990). The
CRL4DCAF2(cdt2) is also an important ligase that mediates the transition between
S/G2 in cell cycle (Arias and Walter, 2005), heterochromatin boundaries
definition (Havens and Walter, 2009), and genome stability in maturing oocyte
(Xu et al., 2017).
Other DCAFs are involved in other cellular and metabolic processes, such as
CRL4DCAF8 , which was shown to polyubiquitinate histone H3 in liver cells and
consequently leads to the transcription repression of cell cycle genes (Li et al.,
2017). DCAF9 acts as anti-obesity factor by forming a CRL4DCAF9 ligase that
monoubiquitinate H2A and suppresses genes during adipogenesis (Groh et al.,
2016). For most of the DCAFs, there are neither cellular functions nor targets
identified yet. That is why more functional and structural studies on DCAFs are
required in order to obtain a fuller picture of CRL4 biological functions in the
cellular context.
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All the previously mentioned DCAFs, have the canonical WD40 (with WDxR
motif) plus the helix-loop-helix (HLH) domains. However, there is another class
of non-canonical DCAFs, which lack these motifs. For example, CRBN, DCAF15,
DCAF16, DCAF17, and IFRG15 are non-WD40 containing proteins, yet they
retain the binding abilities to the CRL4 ligase via DDB1. A Crystal structure of
DDB1-CRBN shows that even though CRBN contains neither a WD40 nor HLH
domains, it binds to the same BPA-BPC groove in DDB1 as other DCAFs
(Fischer et al., 2014). CRBN and DCAF15 were shown to bind small molecules,
such as thalidomide and its analogues, and aryl sulfonamides, respectively (Han
et al., 2017; Ito, 2010). When incorporated into the CRL4 ligase, CRBN and
DCAF15 drive the ubiquitination of neo-substrates (i.e. substrates that are only
bridged to the ligase in the presence of the compound). Structural and cellbiology studies on the non-WD40 DCAFs are required for better understanding
of the system and also to define if they have a general mechanism of action, and
whether or not they constitute a special family of DCAFs that bind smallmolecules and induce degradation of neo-substrates.

CRL4DCAF1
DCAF1, previously called RIP (vpR Interacting Protein), was discovered in 1994,
in a study that aimed at the identification of cellular proteins involved in HIV-1
(Human Immunodeficiency Virus 1) infection. In a co-precipitation assay, RIP
(170 kDa) was consistently pulled with viral Vpr (96 amino acid HIV accessory
protein) (Zhao, 1994). Vpr is one of the four accessory proteins encoded by HIV
and it was shown to assist viral replication by arresting the cell cycle at the G2
phase (Hrecka, 2007). It was not until 2001 that RIP was cloned and its name
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was changed to VprBP (Vpr Binding Protein), where VprBP was shown to be
essential for the HIV-1 life cycle (Zhang, 2001).
Our understanding of the VprBP action was completed by several proteomic
studies that identified VprBP as a DCAF for the CRL4 system. The name for
VprBP was again changed to DCAF1 (Angers et al., 2006b; Jin et al., 2006; Lee
and Zhou, 2007). CRL4DCAF1 was then shown to be hijacked by HIV-1 vpr
accessory protein and thus mediate the ubiquitination of a cellular protein called
UNG2 (Uracil DNA Glycosylase) (Ahn et al., 2010). UNG2 recognizes and
removes uracil from DNA catalysing the base excision repair pathway (Krokan
and Bjoras, 2013). HIV cDNA acquires many uracil bases by several
mechanisms and therefore is a perfect substrate for UNG2 (Yan et al., 2011).
HIV-1 therefore evolved a mechanism to escape from UNG2 action by directing
it for proteasomal degradation via CRL4DCAF1 system.
DCAF1 is a 1507 amino acid protein. The C-terminal part contains the HLH and
WD40 domains, followed by an acidic tail. There are only structures for the Cterminal region of DCAF1, however, no structural information is available for the
first 1000 amino acids of DCAF1. Domain prediction software anticipate the
DCAF1 N-terminus to form a-helical repeats. One important feature at the Nterminus of DCAF1 is the presence of a LisH motif (846-876), by which DCAF1
was shown to dimerize (Ahn et al., 2011).
The crystal structure of DCAF1 WD40 bound to Vpr and UNG2 shows that there
is not a single contact between DCAF1 and UNG2, and it is the Vpr that acts as
a mediator, which binds DCAF1 on one surface and UNG2 on the other (Wu et
al., 2016) (figure 8). Vpr is composed of three a-helixes, it binds to DCAF1 WD40
via its N-terminal tail and the a-helix 3. Vpr interacts with the UNG2 DNA binding

______________________________________________________________________
Page 23

domain via helix 1 and helix 2 which forms a hydrophobic cleft that
accommodates the UNG2 active site. Another structural study showed a similar
mechanism of viral hijacking of the CRL4DCAF1 system, where Vpx (SIV
accessory proteins) targets the cellular protein SAMHD1 for proteasomal
degradation by recruiting it to CRL4DCAF1 (Schwefel et al., 2013).

Figure 8: Structure of DDB1-DCAF1-VPR-UNG2 (Wu et al., 2016): Structure of DDB1DCAF1(WD40- Vpr- UNG2. DDB1 is in orange, DCAF1 WD40 in blue, Vpr in red, and UNG2 in
green

The viral hijacking of CRL4DCAF1 is well-studied and shows how viruses induce
degradation of cellular proteins that are not DCAF1 substrates in an un-infected
cell. However, as the loss of DCAF1 is lethal (McDonald et al., 2017), it is crucial
to know what are the real cellular substrates of CRL4DCAF1. There are a few
substrates of DCAF1 that were identified in vivo, such as TET dioxygenases (Yu,
2013) and protein phosphatase 2A (Yu et al., 2015). Ubiquitination of these two
substrates by CRL4DCAF1 was shown to regulate oocyte maturation and survival.
Another critical substrate of DCAF1 is p53, which two independent studies show
that it binds to DCAF1 and is regulated by ubiquitination (Guo et al., Wang et al.,
2016). Moreover, ERa (estrogen receptor alpha) was shown to be ubiquitinated
by CRL4DCAF1 in a critical step in the regulation of breast cell fate (Britschgi et al.,
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2017). A list of other DCAF1 substrates reported in the literature is shown in table
1.
All CRLs are regulated by three major mechanisms: the neddylation machinery
(Duda et al., 2008), the COP9 signalosome (Lingaraju et al., 2014a), and the
CAND1 exchange factor (Pierce et al., 2013), each of them will be explained in
details in the next sections.
In addition to these regulatory mechanisms, DCAF1 seems to have additional
regulators. Merlin, a protein encoded by the tumor suppressor gene NF2,
regulates DCAF1 ubiquitination activity (Li et al., 2010b). The NF2 gene is found
to be mutated in many nervous system tumors, such as schwannomas and
meningiomas, in which Merlin is inactivated (Cheng JQ et. al 1999). Merlin is
composed of an N-terminal FERM (4.1 protein, Ezrin, Radixin, Meosin) domain,
which joins the C-terminal tail via a coiled coil segment. Merlin is activated in a
phosphorylation-dependent manner. Phosphorylation holds Merlin in an inactive
closed conformation where the C-terminal tail is folded back on the FERM
domain. On the other hand, dephosphorylation breaks the auto-inhibited state
into an open active conformation (Sher et al., 2012). It was shown that the
dephosphorylated Merlin is translocated to the nucleus, where it binds and
inhibits the CRL4DCAF1 ligase activity (Li et al., 2010b). The mechanism of Merlininduced inhibition of CRL4DCAF1 is not yet identified, however, several lines of
evidence show that Merlin’s tumor suppressive activities are due to the
inactivation of CRL4DCAF1 ligase (Li et al., 2014a). Youjun et. al. identified the
minimal region on DCAF1 that mediates binding to Merlin to be located at the
very C-terminus at residues 1478-1507. The structure of the DCAF1 tail bound
to Merlin shows that the FERM domain (specifically the third subdomain, F3)
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binds a hairpin loop at the acidic C-terminal tail of DCAF1 (Li et al., 2015) (figure
9).

Figure 9: Structure of DCAF1 (1478-1507) with Merlin FERM domain(Li et al., 2014b): Crystal
structure of Merlin FERM domain in complex with DCAF1 acidic tail, or FERM binding domain
(FBD). Merlin FERM subdomains are F1 (light green), F2 (green), and F3 (dark green). DCAF1
FBD is in magenta.

1.5 Regulation of Cullin RING ubiquitin E3 ligases:
E3 ligases act at very crucial steps in the ubiquitination process. There are only
two E1 enzymes in the cell, 37 E2s and more than 600 known E3 ligases.
Therefore, the E3 ligase activity has to be controlled by strict regulatory
mechanisms to ensure that the right substrates are ubiquitinated at the right time.
In this context, I will only discuss regulation of CRLs.

1.5.1 Activation of CRLs by the covalent attachment of NEDD8
(Neddylation)

NEDD8 (Neural precursor cell expressed developmentally downregulated
protein 8) is a ubiquitin-like modifier, that shares a 60% sequence identity to
ubiquitin. The structure of NEDD8 (N8) shows a globular ubiquitin fold domain
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(UFD), which is composed of four b-sheets combined with three a-helices and
a flexible C-terminal tail (Whitby et al., 1998). Similar to Ub, N8 ends with a
double glycine (GG) motif, by which it is attached to target substrates. N8 is
expressed as a precursor protein which requires a proteolytic reaction to expose
the C-terminal glycine residue. The neddylation process follows a very similar
chemical scheme as ubiquitination. First, N8 requires the adenylation and
activation by a heterodimeric E1 (APPBP1/UBA3), which is then transferred from
E1 to the Nedd8 E2 conjugating enzymes (Ubc12 or UBE2F), and finally to its
substrates by an E3. The RING domain in ubiquitin RING E3 ligases almost
always act as ligases for N8 transfer to substrates. It was shown that neddylation
mainly modifies E3 ligases, such as c-CBL (Zuo et al., 2013), RNF111 (Ma et al.,
2013), and MDM2 (Xirodimas et al., 2004). However, CRLs are the most wellcharacterized family of Nedd8 substrates. The CRL auto-neddylation is thought
to be very similar to Ub transfer, where Rbx1 binds the NEDD8-E2 (Ubc12) and
catalyze the transfer of one N8 molecule to a unique lysine site at the C-terminus
of the cullin arm (Duda et al., 2008).
Deneddylase 1 (DEN1), is a cysteine protease, that can process the precursor
N8 protein, and also in some cases can cleave N8 from substrates, except from
the CRLs (Gan-Erdene et al., 2003). CRLs require a more sophisticated
deneddylase called the COP9 signalosome, as will be explained in the next
section.
Neddylation is a crucial modification for CRLs, because (1) it is the only activation
signal known for CRLs, as neddylated CRLs are much more catalytically active
for the transfer of ubiquitin to substrates (Osaka, 1998). (2) Neddylation inhibits
the interaction of CRLs with CAND1 (Cullin Associated Nedd8 Dissociated
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protein 1), which acts as an exchange factor of the adaptor-substrate receptor
module of the cullin, as will be discussed below (Liu et al., 2002). (3) Neddylated
CRLs that are not engaged with substrates are considered as perfect substrates
for the COP9 Signalosome, which acts as a CRL-specific dennedylase (Cope,
2002).
The mechanism of activation of cullins upon neddylation was well-illustrated in a
structure of a N8-modified CUL5-CTD (Duda et al., 2008). As mentioned earlier,
Rbx1 is composed of an N-terminal b-sheet, which contacts its RING domain via
a flexible linker. Rbx1 is anchored to the cullin CTD via two interfaces, the major
interaction is via the N-terminal b-sheet, which is docked in the a/b domain at
the cullin CTD. The second interaction with the cullin CTD is via the RING domain
which contacts the WHB domain (Zheng et al., 2002b), forming a compact
globular configuration, also referred to as a closed conformation (Duda et al.,
2008). Neddylation occurs at a lysine residue in the WHB domain, which leads
to conformational changes within the domain, which in turn initiates the release
of the RING domain of Rbx1 from the WHB. The free RING domain is flexible
and moves almost 50-70 Å away from WHB compared to the unmodified closed
conformation (Duda et al., 2008) (Figure 10). Duda et al. shows that by deleting
the WHB domain of the cullin, the formation of a closed conformation is blocked
and the CRL ubiquitination activity is imporoved. On the other hand, blocking the
RING domain movement by restricting the flexibility of the Rbx1 linker, causes
severe defects in CRL activity. Together this concludes that neddylation greatly
improves CRL catalysis by freeing the RING domain to bind the Ub-loaded E2,
and bringing it to a close proximity of the substrate to facilitate the Ub transfer.
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Figure 10: Crystal structures of CUL5(CTD)Rbx1 and N8-CUL5(CTD)-Rbx1(Duda et al.,
2008): RING domain flexibility upon neddylation. Left panel shows an unneddylated cullin CTD
and the RING domain is held in closed conformation, Cullin CTD is in green, and Rbx1 in navy.
Middle and right panels show two open conformations of the RING domain upon neddylation.
Cullin CTD (lime green, sky), Rbx1 RING domain (blue, violet), and NEDD8 (yellow, gold).

1.5.2 Inactivation of CRL by the proteolytic cleavage on NEDD8 by the
COP9 Signalosome
CRLs activity needs to be tuned in order to avoid random ubiquitination of
themselves (auto-ubiquitination) or other substrates. A key player in this process
is the COP9 Signalosome (CSN). CSN is one of the major regulators of CRLs. It
acts as an isopeptidase, which cleaves the isopeptide bond between the NEDD8
and the cullin CTD, rendering CRLs inactive. CSN is very specific for CRLs, and
does not function as a general deneddylase (Cope, 2002). A crystal structure of
human CSN shows a multi-protein complex composed of eight subunits
designated CSN1-8 by decreasing molecular weight (Lingaraju et al., 2014a). A
fully assembled CSN complex is required for the deneddylation activity (Cope,
2002). CSN5 is the catalytic subunit of the complex, which contains an MPN
domain with Zn2+-coordinating metalloprotease fold. CSN6 also contains an MPN
domain but it lacks the Zn2+ coordination sites. The remaining 6 subunits contain
PCI domains, which are characterized by helical repeats and a winged helix
domain. All the CSN subunits contain helical domains at their C-termini, by which
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they form a helical bundle, that is essential for the assembly of the complex
(Lingaraju et al., 2014a).
The catalytic mechanism of CSN5 is expected to be similar to other Zn2+coordinated metalloproteases, where there is a tetrahedral coordination of the
zinc ion, three of which are provided by the protein (in CSN5 these are H138,
H140, and D151), and the fourth coordination is by the catalytic water. Binding
of a substrate is thought to displace the water molecule towards a glutamate
residue (in CSN5 this is E76). This glutamate will activate the water molecule by
hydrogen bonding, which in turn increases its nucleophilicity required to attack of
the isopeptide carbonyl group (Lingaraju et al., 2014a).
An interesting feature in the CSN structure was that the CSN5 exists in an autoinhibited state where the active site is occluded. In this auto-inhibited
conformation, a glutamate residue (CSN5-E104) in the loop (ins1) in the MPN
domain mediates a fourth coordination site to the active Zn2+ displacing the water
molecule attached to CSN5 active glutamate (E76). This concluded that a
conformation rearrangement, which is probably induced by binding to CRL, is
required for the catalytic activation of CSN (Lingaraju et al., 2014a).
Two cryo Electron Microscopy (cryo-EM) studies investigated the CRL-CSN
complexes that made significant contributions to our understanding on the
regulatory mechanism of CSN (Cavadini et al., 2016) (Mosadeghi et al., 2016).
These studies show that CSN2 interacts extensively with the cullin CTD, and that
together CSN2 and CSN4 shields Rbx1 from binding to Ub-loaded E2, providing
an additional mechanism, other than deneddylation, by which CSN inhibits CRL.
Cavadini et al. has shown that in the CRL4-CSN structure, the CSN5-CSN6
heterodimer is flexible and is moving away or towards the N8-CUL-CTD
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(Cavadini et al., 2016). The EM structures also revealed a wave of
conformational rearrangements that occur on CSN on binding N8-CRL4. The
wave starts when CSN2 and CSN4 move towards each other, which causes a
movement in the PCI ring of the CSN complex, that consequently moves CSN7
towards CSN6. The CSN7 movement is thought to dislodge the CSN5-CSN6
dimer towards the N8-CTD (figure 11b).
Biochemical assays have shown that CSN cannot bind a substrate-bound N8CRLs (Enchev et al., 2012; Fischer et al., 2011). Cavadini et al. explained the
mechanism by which a substrate-bound (in this case damaged DNA) CRL4ADDB2
inhibits CSN binding and deneddylation. It was shown that damaged DNA
causes steric clashes with CSN, which explains why substrate-bound CRL4DDB2
is incompatible with CSN binding (Cavadini et al., 2016).

Figure 11: EM models of CRL4-CSN, and the conformational changes observed in CSN
upon CRL binding. (Cavadini et al., 2016): Left, N8-CRL4-CSN map, in which domains are
labeled accordingly, cullin arm in gray, DDB1 BPB in cyan, DDB1 BPC in navy, DDB1 BPA in
light blue, Rbx1 in orange red, CSN1 in red, CSN2 in green, CSN3 in yellow, CSN4 in purple,
CSN5 is orange, CSN6 in cyan, CSN7 dark blue, CSN8 in pink. Dashed lines indicate the PCI
ring. Right, Movement in CSN subunits upon binding N8-CRL4DDB2 is shown by superimposition
of CSN structure (PDB 4D18) shaded into cryo-EM model of N8-CRL4DDB2.

Mosadeghi et al. proposes the E-Vict hypothesis, which explains a mechanism
by which CRLs are removed from CSN after isopeptide bond cleavage
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(Mosadeghi et al., 2016). After isopeptide bond cleavage, the CSN5 ins1 loop
engages its E104 with the zinc in the active site, which will accelerate the
dissociation rate of the cleaved CRL. This substrate inhibition mechanism will
prevent the CSN from being occupied by the deneddylated product.

1.5.3 Cullin Associated NEDD8 Dissociated protein 1 (CAND1)
A logical cycle of the ligase activity would be as follows: once a substrate is
bound to CRLs, CSN binding is inhibited. CRLs neddylation site is exposed, and
hence the neddylation machinery can neddylate and activate the CRL. This will
be followed by the ubiquitination of the bound substrate. Ubiquitinated substrates
leave the ligase, and the neddylated ligase is catalytically inactivated by CSN.
For CRLs to bind new substrates, an exchange of the substrate receptor (SR) is
required. CAND1 was shown to be the CRL SR exchange factor (Lo and
Hannink, 2006) (Pierce et al., 2013).
A structural study on CUL1-CAND1 complex elucidated the binding mechanism
of CAND1 on the cullin arm (Goldenberg et al., 2004). CAND1 is composed of
tandem HEAT (huntingtin-elongation-Asubunit-TOR) repeats. The two ends of
CAND1 wraps around the two ends of the cullin arm in a head-to-tail fashion.
The C-terminal HEAT repeats of CAND1 binds the two conserved helices at the
cullin N-terminal domain, which are responsible for adaptor binding. At the other
end, the N-terminal repeats of CAND1 bind the 4HB and WHB domains at the
cullin CTD, shielding the lysine residue that gets specifically neddylated,
explaining why a neddylated cullin is incompatible with CAND1 binding. CAND1
also makes direct contact with the RING domain of Rbx1, however, the RING
domain remains solvent exposed (figure 12) (Goldenberg et al., 2004).
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A very important study in the field showed the mechanism of action of CAND1,
demonstrating that it acts as a SR exchange factor (Pierce et al., 2013). Pierce
et. al in a fluorescence resonance energy transfer (FRET) experiment found that
the dissociation rate constant (koff) of SKP1-FBXW7 in CRL1Fbxw7 is extremely
slow and resistant to exchange, even in the presence of excess of a competitor
skp1-skp2. It required 0.5 week for a complete exchange with skp1-skp2.
However, upon addition of CAND1, the dissociation rate was over a million-fold
increase compared to the spontaneous dissociation in absence of CAND1.
A general mechanism would be that CUL-CAND1 forms a complex, that once a
new substrate-recruitment module is present (adaptor-SR), the dissociation of
CAND1 from the cullin is induced, so that the new module is bound and the ligase
cycle is repeated.

Figure 12: The crystal structure of CUL1 bound to CAND1(Goldenberg et al., 2004). CAND1
(orange) wraps around the cullin scaffold (green). Rbx1 (Roc1) is shown in red and the cullin
neddylation site K720 is indicated by an arrow.
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Table 1: Reported substrates of CRL4DCAF1 ligase.
Substrate

Reference

Major conclusions from the study

RAG1 does not get ubiquitinated upon binding to (Kassmeier
RAG1

DCAF1, but induces ubiquitination of yet unknown et al., 2011)
substrates
Stress-mediated

MCM10

ubiquitination

of

by (Kaur et al.,
2012)

CRL4DCAF1
RoRa is mono-methylated by EZH2.

RoRa

MCM10

Methylation- (Lee et al.,

dependent ubiquitination of RoRa is then induced by

2012)

CRL4DCAF1.
TR4, a nuclear receptor involved in lipid metabolism, is (Yoshizawa
SIRT7

directed for CRL4DCAF1- dependent ubiquitination, et al., 2014)

(Regulator of leading to TR4 proteasomal degradation. Sirtuins 7
TR4)

(SIRT7), NAD-dependent histone deacetlyases, is
bound to DCAF1, and is thought to interfere with TR4
binding and hence prevents its degradation.
Authors show that CRL4DCAF1 ubiquitinate FoxM1, (Wang et al.,

FoxM1

leading to its proteasomal degradation. FoxM1 is an 2017)
oncogenic transcription factor that plays a role in cell
cycle progression, is activated in numerous human
malignancies.
This study shows that inflammation-induced Jak-

DICER1

(Ren et al.,

STAT3 signaling leads to the proteasomal degradation 2016)
of DICER1 by CUL4ADCAF1.

This mechanism is

proposed to contribute to colon cancer development.
TET

Ubiquitination of TET dioxygenases by CRL4DCAF1 was (Yu, 2013)

dioxygenases shown to regulate oocyte maturation and survival.
protein

As with TET dioxygenases, ubiquitination of PP2A by (Yu et al.,

phosphatase

CRL4DCAF1 was also shown to regulate oocyte survival. 2015).(Yu

2A (PP2A)

et

al.,

2015).
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p53

In two independent studies, p53 was shown to bind to (Guo et al.,
DCAF1, and is regulated by ubiquitination

Wang

et

al., 2016)
ERa

ERa was shown to be ubiquitinated by CRL4DCAF1 in a (Britschgi

(estrogen

critical step in the regulation of breast cell fate

receptor

et

al.,

2017)

alpha)
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Aims of this thesis:

In this study we aim to characterize the CRL4 ubiquitin ligase complex from two
aspects. First, the biochemical and structural validation of CRL4 substrate
receptors, also called DDB1 Cullin Associated factors (DCAFs). There are
several proteomic studies that identified substrate receptors for CRL4 based on
affinity purification mass spectrometry (He et al., 2006; Higa et al., 2006; Jin et
al., 2006; Lee and Zhou, 2007). The major challenge to this technique is to
distinguish true interaction partners from non-specific contaminants. Additional
limitations to proteomic studies are still the complexity of biological systems and
the dynamic nature of physiological processes. Here, we aim to follow up on
these proteomic studies and systematically screen different reported DCAFs invitro, to validate or disprove their binding to the CRL4 system.

Second, we aim to study the regulatory mechanisms, which guides the CRL4
ligase activity. In general, cullin RING ubiquitin ligases are regulated by
neddylation, which activates the ligase, deneddylation which drives the ligase
inactivation, and CAND1-dependednt exchange of substrate adaptor-receptor,
which is required to facilitate the binding of new substrates to the ligase. Here,
we aim to study a dimeric CRL4 ligase, the CRL4DCAF1, in which dimerization is
induced by the substrate receptor, DCAF1. By studying the CRL4DCAF1 complex,
we could ask whether oligomerization could also regulate the ligase activity.
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2. Results
Chapter one: Biochemical and structural characterization of DDB1-DCAF
complexes.

Cullin RING ubiquitin ligase complexes bind substrates via substrate receptors,
which are assembled to the cullin subunit via substrate adaptors. Structural and
biochemical data have identified the binding interfaces between the cullin and
their adaptors. However, in order to have a complete understanding of CRLs and
their biological functions, knowledge of the substrate receptors and subsequent
substrates is crucial. There were several studies aiming to identify substrate
receptors for the CRL4 ligase, also known as DCAFs (DDB1 Cullin4A Associated
Factors). A Tandem Affinity purification-based approach optimized for isolating
CRL4 complexes from mammalian cells was utilized. This was followed by a
proteomic analysis to identify substrate receptor targets. These proteomic
studies produced lists of different possible DCAFs for the CRL4 ligase (Angers
et al., 2006b; He et al., 2006; Higa et al., 2006; Jin et al., 2006; Lee and Zhou,
2007). Collectively, more than 60 DCAFs were identified. However, there are
limitations to these proteomic studies, first, substrate receptors could bind DDB1
only in specific cellular states that may not be captured in the experimental setup
they used in these studies. Also, not any DDB1-bound protein is considered a
substrate receptor.
In this study, we aim to use biochemical and structural approaches to validate
these DCAFs. We created a list of 26 DCAFs to be tested. Our selection criteria
were based on the presence of a DCAF as a hit in more than one proteomic
______________________________________________________________________
Page 37

study, as well as the predicted secondary structures and domain identifications
of these DCAFs. The 26 selected DCAFs are shown in table 1.
2.1.1 DCAFs Classification
We designed different boundaries for each of the selected DCAFs based on: an
internal structure propensity tool that identifies flexible regions, secondary
structure prediction using PHYRE2 (Mezulis et al., 2015), and domain
identification using the online software HHPRED (Zimmermann et al., 2017).
Full-length and truncated constructs of each DCAF were cloned. In-vitro pulldown assays with DDB1 were performed to test expression and complex
formation. In the pull-down assay, the DDB1-DCAF complex is immobilized on
beads using an affinity tag on the DCAF. we sub-classified the 26 DCAFs into
four classes. The strong binders, which form stoichiometric complexes with
DDB1 (figure 1A), the weak binders, which form non-stoichiometric complexes
with DDB1 (figure 1B), the non-binders (figure 1C), which express well but do not
form complexes with DDB1, and the insoluble DCAFs, which did not show any
expression and hence hindered making conclusions on their binding to DDB1
(summarized in table 1 and figure 1).
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DCAF

Domain

Available solved
structures
C-terminal tail,
WD40 domain with
DDB1

Binding to DDB1

Strong /
Stoichiometric
Strong /
Stoichiometric

DCAF1 (VprBP)

WD40

DCAF2 (CDT2, DTL)

WD40

No structure

DCAF4 (WDR21A)

WD40

HLH (124 –136) with
DDB1

DCAF5 (WDR22, BCRG2)

WD40

HLH (13–25) with
DDB1

DCAF6 (IQWD1)

WD40

HLH (9–21) with DDB1

Insoluble DCAF

DCAF7 (WDR68, HAN11)

WD40

No structure

DCAF8 (WDR42A, H326)

WD40

HLH (153–165) with
DDB1

DCAF9 (WDTC1)

WD40

HLH (5–17) with DDB1

DCAF10 (WDR32)

WD40

No structure

DCAF12 (WDR40A,
TCC52)

WD40

HLH (45–57) with
DDB1

Insoluble DCAF
Strong /
Stoichiometric
Strong /
Stoichiometric
Strong /
Stoichiometric
Strong /
Stoichiometric

DCAF13 (WDSOF1)

WD40

No structure

Insoluble DCAF

DCAF14 (WDR11, PHI)

WD40

1302 – 1434

DCAF15

nonWD40

No structure

DCAF16

nonWD40

No structure

Insoluble DCAF
Strong /
Stoichiometric
Strong /
Stoichiometric

DCAF17

nonWD40

No structure

Insoluble DCAF

Fbxw5 (FBW5)

WD40

No structure

Insoluble DCAF

Fbxw8 (FBW8, FBX29)

WD40

No structure

GRWD1 (CDW4, WDR28)

WD40

No structure

IFRG15 (TOR1AIP2)

NonWD40

No structure

IP6K1 (IHPK1)

WD40

No structure

Insoluble DCAF
Weak / NonStoichiometric
Strong /
Stoichiometric
Weak / NonStoichiometric

STRAP (MAWD, UNRIP)

WD40

No structure

WDR5 (BIG3)

WD40

Structure available but
not in complex with
DDB1

WDR26 (CDW2, MIP2)

WD40

No structure

Insoluble DCAF
Strong /
Stoichiometric

Non-binding
Weak / NonStoichiometric
Insoluble DCAF
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WDR55

WD40

No structure

Weak / NonStoichiometric

WDR61

WD40

Structure available but
not in complex with
DDB1

Weak / NonStoichiometric

WDR70

WD40

No structure

Non-binding
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Figure 1: DDB1-DCAFs pull-down assay: SDS-PAGE gels of pull-down assays for A.
strong stoichiometric binding DCAF-DDB1 complexes, B. Weak binding DCAF-DDB1
complexes, C. non-binding DCAF-DDB1 complexes.

2.1.2 Weak binding DCAFs:
We identified IP6K1, GRWD1, WDR5, and WDR55 as weak DDB1 binding
proteins as they do not form stoichiometric complexes with DDB1 (figure 1B).
Substrate receptors are expected to have strong binding affinities to their
adaptors. Therefore, the DDB1 weak binding proteins may not be real DCAFs. It
could also be that they form complexes with DDB1 under specific conditions, or
in the presence of other cellular factors that enhance their binding affinities to
DDB1.

2.1.3 Strong binding DCAFs
We identified ten different DDB1 binding proteins to be real DCAFs (figure 1A),
however, the best confirmation that a DDB1-associated protein is a substrate
receptor, is to identify substrates that are ubiquitinated via these receptors.
Here, we focus on the strong binding DCAFs that formed stoichiometric
complexes with DDB1. In pull-down assays, DDB1-DCAF complexes were
immobilized on beads by a strep-tag on the DCAF, while DDB1 is His-tagged.
Stoichiometry was estimated based on the thickness of protein bands in SDSPAGE. The strong binding DCAFs are: DCAF1D (987-1396), DCAF2/Cdt2D (1443), DCAF5D (1-450), DCAF8D (126-597), DCAF9 (FL), DCAF10D (126-559),
DCAF12 (FL), DCAF15 (FL), DCAF16 (FL), and IFRG15 (FL) (figure 1A). We
pursued these DCAFs for large scale expression and purification to produce
stable protein complexes for further biochemical and structural analysis.
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We performed limited proteolysis, in which we added increasing amounts of
trypsin or subtilisin for 5-10 minutes on ice. Protein stable domains are expected
to be more resistant to protease cleavage compared to flexible extensions.
Stable bands were examined in SDS-PAGE. These degradation bands were
then analyzed by LC-MS to define domain boundaries (figure 2). Summary of the
boundaries identified by LC-MS after limited proteolysis is shown in table 2.
Nine DCAFs produced protein fractions for limited proteolysis, however not all of
them yielded pure and stable fractions for crystallization.

Table 2: summary of the strong binding DCAFs
Pursued
for
crystalliz
ation set
up

Starting
boundaries

LC-MS
identified
boundaries

987-1397

___

The starting boundaries were
already designed based on limited
proteolysis

Yes

1-450

___

No cleavage noticed at the
conditions of this experiment

No

126-597

126-506

DCAF9 (WDTC1)

1-677

N.A

DCAF10 (WDR32)

126-559

268-559

No

DCAF12 (WDR40A,
TCC52)

1-453

60-453

Yes

DCAF15

1-600

N.A

DCAF16

1-216

29-216

IFRG15,
TOR1AIP2

1-131

N.A

DCAF

DCAF1 (VprBP)
DCAF5 (WDR22,
BCRG2)
DCAF8 (WDR42A,
H326)

comments

Yes
No cleavage noticed at the
conditions of this experiment

peptides identified were all from
DDB1

No

No
Yes

peptides identified were all from
DDB1

Yes

Five of the strong binding DCAFs, namely DCAF1D, DCAF8D, DCAF12,
DCAF16, and IFRG15, produced soluble, stable, and pure complexes with DDB1
in large scale expression and purification protocols. We pursued these DDB1______________________________________________________________________
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DCAF complexes for Crystallization. Crystallization set up were done using 96well commercial crystallization screens such as: Index HT and Index HT 0.5x
diluted, JCSG I and JCSG I 0.5x diluted, JCSG II and JCSG II 0.5x diluted, JCSG
III and JCSG III 0.5x diluted, JCSG IV and JCSG IV 0.5x diluted, Morpheus,
Procomplex, PEG I and PEG I 0.5x diluted, PEG II and PEG II 0.5x diluted.
DCAF1, DCAF8, and DCAF12 are WD40-containing proteins. DCAF8 and
DCAF12 are predicted to have ~100-amino acid a-helical extension preceding
the canonical WD40 domain. On the other hand, DCAF16 and IFRG15 are nonWD40 DCAFs, and both predicted to have a-helical domains.

DDB1(FL)-DCAF12 produced small crystals in the initial screens in only one
condition (figure 3A). DDB1(FL)-DCAF16 and DDB1(FL)-DCAF1D produced
crystals at various conditions (figure 3B and C). As DDB1 (FL) crystalizes on its
own, we reproduced all the crystallization conditions in a 24-well plate using
DDB1 (FL) as a control. DDB1(FL)-DCAF12 crystals were not reproduced,
neither for the control nor for the DDB1-DCAF12 sample. We tried to screen
around the crystallization condition in 2x 24-well plates (materials and methods:
table 3A and B), as well as seeding original crystals in similar buffer conditions
(materials and methods: table 3C), but unfortunately no crystals were grown.
We obtained crystals for DDB1(FL)-DCAF16 and DDB1(FL)-DCAF1D in similar
crystallization conditions (materials and methods: table 4A and B). These
crystals grew as well in the control sample of DDB1(FL), which suggested that
these crystals are likely DDB1(FL) only.
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Figure 2: limited proteolysis of different DDB1-DCAF complexes. SDS
PAGE gels of DDB1-DCAFs after treatment with increasing concentrations of
trypsin, or subtilicin. Arrows indicate bands that were cut and send for LC-MS
for boundaries identification.
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Figure 3: Crystallization set-up of different DDB1(FL)-DCAFs. Drops of the initial
screens containing crystals of DDB1-DCAF12 (top), DDB1-DCAF16 (middle), and
DDB1-DCAF1(WD40) (bottom).

As explained in the introduction section, DDB1 is composed of 3 b-propellers:
BPA, BPB, and BPC. BPB is known to be a flexible domain, and only BPA and
BPC are responsible for DCAF binding, therefore we decided to delete the BPB
domain in DDB1 (DDB1(DB)) to produce a more rigid complex.
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We expressed and purified the DDB1(DB) in complex with the DCAFs that
strongly associated with DDB1 (FL) and yielded pure protein fractions. These
DCAFs are DCAF1D, DCAF8D, DCAF12, DCAF16, and IFRG15. We performed
crystallization set ups for these complexes. Like with DDB1(FL), DDB1(DB)DCAF12, DDB1(DB)-DCAF16, and DDB1(DB)-DCAF1D produced crystals. In
addition, crystals were obtained for DDB1(DB)-DCAF8D (figure 4).
We obtained crystals of DDB1(DB)-DCAF8D that only grew in the DDB1(DB)DCAF8 drops and not in the control DDB1(DB). However, after collecting and
analyzing diffraction data, these crystals were shown to contain only DDB1(DB)
(space group P 21 21 21 at a resolution of 2 Å).
We also obtained crystals for DDB1(DB)-DCAF12 and DDB1(DB)-DCAF16, but
these crystals were so small and mounting them proved difficult.
DDB1(DB)-DCAF1D crystals grew in the complex drops and not in DDB1(DB)
drops. Many of these crystals, however, did not diffract, or diffracted to low
resolution, which hindered further structure analysis and determination.
The results from this study along with published work on DCAF1 sat the basis for
further study of DCAF1 in the context of CRL4 ligase activity and regulation, as
will be discussed in Chapter 2.
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Figure 4: Crystallization set-up of different DDB1DB-DCAFs. Drops of the initial
screens containing crystals of DDB1D -DCAF8 (top), DDB1-DCAF12 (middle), and
DDB1-DCAF1(WD40) (bottom).
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Chapter Two: Regulation of CRL4DCAF1 ligase by oligomerization
CRLs are known to be regulated via three mechanisms involving the neddylation
machinery (Duda et al., 2008), the COP9 signalosome (Lingaraju et al., 2014b)
and the CAND1 exchange factor (Pierce et al., 2013). In this study, we provide
the first evidence that CRL4 has a novel regulatory mechanism induced by the
substrate receptor DCAF1. We found that CRL4DCAF1 exits in an inactive
tetrameric state, and only upon neddylation, or the presence of a substrate, is
the auto-inhibition released and does the CRL4DCAF1 complex become dimeric
and active.
2.2.1 The effect of neddylation on the oligomeric state of CRL4ADCAF1.
DCAF1 harbors a LisH motif between residue 846 and 876, which is located Nterminally from the WD40 domain, and this motif is shown to mediate DCAF1
dimerization both in vitro and in vivo (Ahn et al., 2011). We asked whether the
ligase activity is affected by the oligomeric state of the CRL4DCAF1 complex. SECMALS (Size Exclusion Chromatography- Multi Angle Light Scattering) analysis
of neddylated (N8) CRL4DCAF1 complex measures the molecular weight to be
approximately 800 kDa, which is equivalent to a dimeric complex. Surprisingly,
however, the molecular weight of the unneddylated complex is estimated to be
approximately 1600 kDa with a very good polydispersity value (Mw/Mn) of 1.000,
which indicates homogeneity of the sample. This 1.6 MDa complex is equivalent
to a tetrameric CRL4DCAF1 assembly (figure 1A).
In order to test whether the oligomerization is solely mediated by DCAF1, we
performed SEC-MALS experiments on DDB1(FL)-DCAF1(FL) complex and
CRL4DCAF1 (DN) (987-1507), in which DCAF1 lacks the N-terminus that contains
the LisH motif. The molecular weights of these complexes are estimated to be
______________________________________________________________________
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560 kDa (equivalent to a dimer) and 289 kDa (equivalent to a monomer),
respectively (figure 1B). This suggests that the CRL4DCAF1 tetramerization
requires not only the N-terminal LisH motif of DCAF1, but also the cullin subunit.

During its maturation cycle, HIV-1 hijacks the CRL4DCAF1 ligase via its Vpr
accessory protein, which binds the WD40 domain of DCAF1and recruits UNG2
to the ligase for ubiquitination and subsequent degradation (Ahn et al., 2010).
Vpr itself is not ubiquitinated by the CRL4DCAF1 ligase, and therefore is not
considered as a substrate. UNG2, on the other hand, is a viral-mediated
substrate of CRL4DCAF1 ligase. Therefore, we tested these DCAF1 binding
proteins for their ability to break the tetrameric CRL4DCAF1 complex. SEC-MALS
analysis of CRL4DCAF1-Vpr and CRL4DCAF1-Vpr-UNG2 shows that while the Vprbound complex is compatible with the tetrameric conformation of CRL4DCAF1,
Vpr-UNG2 breaks the tetramer into a dimeric complex of approximately 900 kDa
in size (figure 1C).
As both the neddylated and substrate-bound forms of CRL4DCAF1 seem to adopt
a dimeric conformation, but the unneddylated ligase is tetrameric, we
hypothesized that the dimeric complex represents the active state of the ligase,
whereas the tetrameric state is inactive. To test this hypothesis, we pursued a
structural approach to study the architecture of different CRL4DCAF1 oligomeric
states using cryo electron microscopy (cryo-EM).
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Figure1: SEC-MALS chromatograms of CRL4ADCAF1: A. SEC-MALS Chromatograms
of CRL4DCAF1 (FL) vs. N8- CRL4DCAF1 (left). The MALS detected molecular weights are
indicated above each peak. SDS-PAGE gels of CRL4DCAF1 and N8- CRL4DCAF1 (right).
B. SEC-MALS Chromatograms of CRL4DCAF1(FL), CRL4DCAF1 (DN), and DDB1-DCAF1
(left), and SDS-PAGE gels of the same complexes (right). C. SEC-MALS
Chromatograms of CRL4DCAF1 (FL), CRL4DCAF1 (FL)-Vpr, CRL4DCAF1 (FL)-Vpr-UNG2
(left), SDS-PAGE gels of the same complexes (right). D. Table summarizes the SECMALS observed molecular weights (MWs), the calculated MWs, polydispersity, and
oligomeric states of each of the tested complexes.
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2.2.2 Cryo-EM map of CRL4ADCAF1 shows a tetrameric complex.
We obtained a cryo-EM structure of unneddylated CRL4DCAF1 at 8.2 Å resolution.
The final refined model contains approximately 14,000 particles. The 8.2 Å cryoEM map of CRL4DCAF1 shows that the complex exists in a tetrameric arrangement
(figure 2B-D), consistent with SEC-MALS data. Crystal structures of CUL4DDB1-Rbx1 (PDB 2HYE), and DDB1-DCAF1(WD40) (PDB 5Jk7) are fitted into
the CRL4DCAF1 map. The unassigned density in the map belongs to the Nterminal part of DCAF1, which also contains the LisH motif, and as expected, is
located at the dimerization interface between the two ligase molecules (figure
2D).
The CRL4DCAF1 map shows that the additional intermolecular contact in the
tetramer occurs through the interaction of the DCAF1 WD40 with the cullin Cterminal domain (CTD) and Rbx1. Together, this data is consistent with the
results obtained by SEC-MALS and illustrates that CRL4DCAF1 tetramerization
requires both the cullin arm and the LisH motif in the DCAF1 N-terminus.
In the tetrameric CRL4DCAF1 conformation, the RING domain of Rbx1 is shielded
by the WD40 domain of DCAF1 and therefore Rbx1 is inaccessible for Ub-loaded
E2 binding (figure 2E). We therefore propose that the tetrameric CRL4DCAF1 is an
inactive ligase. Cullin neddylation is sufficient to break the tetrameric assembly,
and this is probably due to the conformational rearrangements that occur at the
CTD upon neddylation.

Following up with the SEC-MALS results, we asked why Vpr is compatible with
binding the tetrameric conformation while Vpr-UNG2 is not (figure 1C), we fitted
the crystal structure of DDB1-DCAF1(WD40)-Vpr-UNG2 (PDB 5Jk7) into the
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CRL4DCAF1 map. As shown in figure 2F, Vpr does not clash with other subunits
of the tetrameric complex, and thus seems easily accommodated in the complex.
Binding of the Vpr-UNG2 to DCAF1 WD40 domain, on the other hand,
significantly clashes with the WD40 domain of the neighboring DCAF1 molecule
in the complex, explaining why the CRL4DCAF1 complex is dimeric when bound to
UNG2 (figure 2F).
Like other WD40-containing DCAFs, DCAF1 WD40 (1081-1388) binds the
adaptor protein DDB1 via its helix-loop-helix motif that is opposite to its substrate
binding site (in this case Vpr-UNG2) (Wu et al., 2016). The CRL4DCAF1 map
shows that the DCAF1 WD40 employs a third interface, at the side of the
propeller (residues 1180-1250), for interacting with the RING domain of Rbx1
that is different from the interfaces used for DDB1 or substrates binding (figure
2F).

A.

C.
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DDB1
Cullin 4A
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2E.
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Figure2: Cryo-EM model of CRL4DCAF1. A. Micrographs recorded on Titan Krios for
CRL4DCAF1 complex (top), 2D classes produced by RELION for CRL4DCAF1. B. Cryo-EM
map of CRL4DCAF1 at 8.2 Å. Crystal structures of Cul4A (gray) - Rbx1 (orange red) (PDB
2HYE), DDB1 (green) - DCAF1(WD40) (dark blue) (PDB 5Jk7) are fitted into the map.
C. and D. shows different rotations at the vertical and horizontal axes. E. Close-up view
at the DCAF1 (WD40)- Rbx1 interface. F. Crystal structures of Cul4A (gray) - Rbx1
(orange red) (PDB 2HYE), DDB1 (green) - DCAF1(WD40) (dark blue) – Vpr (purple),
and UNG2 (cyan) (PDB 5Jk7) fitted into CRL4DCAF1 map.

2.2.3 Identifying the residues and domains involved in the formation of the
tetrameric interface.
Next, we tested whether the deletion of the RING domain of Rbx1 would be
sufficient to break the tetrameric CRL4DCAF1. SEC-MALS analysis of the
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CRL4DCAF1 (Rbx1DRING) shows that the complex exists in both tetrameric and
dimeric conformations, producing two peaks at 1.6 MDa and 0.8 MDa,
respectively (figure 3A). This suggests that the RING domain of Rbx1 is not the
only binding site for the DCAF1 WD40, and that there must be an additional
interaction between the WD40 and the C-terminus of the cullin.

In the CRL4DCAF1 tetrameric model we identified 4 different loops at the surface
of the WD40 propeller, which faces Rbx1 and the cullin CTD and therefore could
be involved in binding. The four loops are: 1166-MKSVF-1170, 1186-KHSQ1189, 1206-QTGN-1209, 1246-VRSA-1249. To experimentally test which of
these loops are involved in tetramerization, we introduced alanine mutations in
each of these loops and subjected the mutant complexes to SEC-MALS. Only
two out of four mutated loops produced soluble protein complexes (1166MKSVF-1170, and 1246-VRSA-1249 (bold residues were mutated to alanines)).
SEC-MALS analysis of the mutant CRL4DCAF1 complexes showed that mutation
in either of the loops is sufficient to prevent tetramer formation and only produced
dimeric CRL4DCAF1 complexes (figure 3D). The arginine residue (R1247) in the
1246-VRSA-1249 loop in DCAF1 WD40 is in very close proximity to the Nterminal region of the RING domain of Rbx1 (figure 3B). On the other side, the
1166-MKSVF-1170 loop of the DCAF1 propeller is close to the C-terminus of
Rbx1 RING domain as well as the a/b domain of the cullin CTD (residues 486–
592) (figure 3C).
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Figure 3: Mutations that interfere with CRL4DCAF1 tetramerization. A. SEC-MALS
chromatograms of CRL4DCAF1(FL) and CRL4DCAF1(FL)-(Rbx1DRING). B. Close-up view
of DCAF1 (WD40) (blue) and Rbx1 (orange red). DCAF1 loop that contains R1247 is in
cyan. C. Close-up view of DCAF1 (WD40) (blue) and Rbx1 (orange red). DCAF1 loop
(1166-1170) that contains MKSVF residues is in cyan. D. SEC-MALS chromatograms
of CRL4DCAF1(FL)(blue) and CRL4DCAF1(FL)-R1247A mutant (red). E. SEC-MALS
chromatograms of CRL4DCAF1(FL) (blue) and CRL4DCAF1(FL)-MK1166AA mutants
(magenta).

In the following sections, we are going to investigate the effect of tetramerization
on each of the reported regulatory processes for CRL4DCAF1 ligase.
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2.2.4 The tetrameric conformation of CRL4DCAF1 blocks the RING domain
of Rbx1 and interferes with NEDD8-E2 (Ubc12) binding.
We observed that the neddylation of CRL4DCAF1 does not follow the standard
neddylation protocols optimized in our laboratory and others (Duda et al., 2008).
In these protocols, as NEDD8-E2 (Ubc12) is an extremely efficient enzyme, only
1 uM of the enzyme is sufficient to fully neddylate up to 8 uM of the cullin in 5-15
mins. While the CRL4DCAF1 (DN) monomeric complex is fully neddylated following
the standard protocol (figure 4A, right panel), the full length tetrameric CRL4DCAF1
is only 50% neddylated even after an extended incubation of 4 h (figure 4A, left
panel). We therefore thought to optimize the neddylation protocol for CRL4DCAF1
(FL). Full neddylation of CRL4DCAF1 (FL) was only achieved upon reaching a 1:1
molar ratio of Ubc12 to the ligase, slight changes in pH from 7.5 to 8.0, and a
prolonged incubation time up to 3 hours (figure 4A, middle panel). This indicated
that the neddylation machinery is less efficient in neddylating the tetrameric
complex compared to the monomeric one. This is consistent with the observation
that a crystal structure of the Rbx1-Ubc12 complex (PDB 4P5O) fitted into the
tetrameric CRL4DCAF1 cryo-EM map produces substantial clashes between
Ubc12 and the neighboring DCAF1 molecule (figure 4B), which is absent in the
monomeric complex.
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Figure 4: CRL4DCAF1 tetrameric conformation is incompatible with Ubc12 binding.
A. SDS-PAGE showing the neddylation reaction 8 uM CRL4DCAF1 (FL) in the presence
of 1.5 uM Ubc12 (left). SDS-PAGE showing the neddylation reaction for 1 uM CRL4DCAF1
(FL) in the presence of 2 uM Ubc12 (middle). SDS-PAGE showing the neddylation
reaction for 8 uM CRL4DCAF1 (DN) in the presence of 1.5 uM Ubc12 (right). B. Crystal
structures of Cul4A (gray) (PDB 2HYE), Rbx1 (orange red)-Ubc12 (Cyan) (PDB 4P5O),
DDB1 (green) - DCAF1(WD40) (dark blue) (PDB 5Jk7) are fitted into the CRL4DCAF1
cryo-EM map (left). Close-up view of Ubc12-Rbx1 shows steric clashes with DCAF1
(WD40) (blue).
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2.2.5 The tetrameric conformation of CRL4DCAF1 is incompatible with CSN
binding.
The other key regulator of CRLs is the COP9 signalosome (CSN), which is
responsible for the inactivation of CRLs by cleaving the isopeptide bond between
NEDD8 and the cullin CTD (deneddylation). There are multiple lines of evidence
that after deneddylation CSN remains bound to the cullin subunit (Cavadini et al.,
2016; Enchev et al., 2012; Fischer et al., 2011; Mosadeghi et al., 2016). Fitting
the crystal structure of CSN (PDB 4D10) into the CRL4DCAF1 cryo-EM map,
shows that tetramerization and CSN binding is mutually exclusive, which is
evident by the significant clashes of CSN with several regions of the CRL4DCAF1
tetramer (figure 5A).
Neddylated CRLs (N8-CRL) bind CSN with very high affinity (Cavadini et al.,
2016; Mosadeghi et al., 2016), which is evident by forming stoichiometric
complexes in in-vitro pull-down assays. On the other hand, the unneddylated
CRLs bind CSN with lower affinities (Cavadini et al., 2016). It is however still
possible, but to lesser extent as compared to N8-CRL, to detect an unneddylated
CRL-CSN complex in pull -down assay. As expected, the N8-CRL4DCAF1 (FL) and
N8-CRL4DCAF1 (DN) form stoichiometric complexes with CSN in pull down assays
(figure 5B, lanes 1 and 4). While the unneddylated CRL4DCAF1 (DN) monomer
shows residual binding to CSN in these pull-down assays, this ability is almost
completely abolished in the case of the CRL4DCAF1 (FL) tetramer (figure 5B, lanes
2 and 3).
In order to gain more insight into the regulatory mechanism underlying CSN
binding to N8-CRL4DCAF1, we pursued a structural study of the N8-CRL4DCAF1CSN complex. We obtained a 20 Å cryo-EM map of N8-CRL4DCAF1-CSN
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complex, which shows that this complex forms a dimer. The DCAF1 N-terminal
region is located at the dimerization interface (figure 5C). Two CSN molecules
are accommodated in the complex, forming the major contact to the cullin CTD
by CSN2.
If two CSN molecules can be accommodated in the dimeric complex and each
can access the neddylated CTD of one cullin subunit, we hypothesized that the
catalytic activity of CSN on the dimeric and the monomeric complexes should be
comparable. To test this hypothesis, we sat up a fluorescence polarization assay
to measure the deneddylation activity of CSN. In this assay, the CRL4DCAF1 is
neddylated by Alexa-488 labelled NEDD8, and upon addition of active CSN, the
loss of signal due to detachment of NEDD8 from the cullin is monitored. The
catalytic activity of CSN (represented by kcat) is measured to be 0.602 s-1 and
0.53 s-1 for the dimeric and monomeric complexes, respectively. This confirms
the dimeric N8-CRL4DCAF1-CSN assembly is not impeding deneddylation.
It is proposed that substrate binding to CRLs prevent CSN deneddylation activity
by preventing CSN binding to the cullin. In the context of understanding the
mechanisms by which CSN regulates CRL4DCAF1, we studied the effect of
CRL4DCAF1-bound Vpr or Vpr-UNG2 on CSN catalysis. We again used the
florescence polarization assay to measure CSN deneddylation activity. We found
that the catalytic activity of CSN was 15-fold lower when CRL4DCAF1 was bound
to the substrate Vpr-UNG2, which is consistent with previous results by Cavadini
et. al. on CRL4DDB2 (Cavadini et al., 2016). Only Vpr binding to N8-CRL4DCAF1
inhibits CSN catalysis 7-fold compared to wild-type. This is surprising as Vpr is
not a substrate of the ligase, and therefore should not affect CSN catalysis.
Following the hypothesis that substrates induce steric clashing with CSN, and
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this is how they inhibit catalysis, we expected that Vpr would clash with CSN in
the dimeric N8-CRL4DCAF1-CSN model. Indeed, fitting the crystal structure of
DDB-DCAF1-Vpr-UNG2 (PDB 5Jk7) into the N8-CRL4DCAF1-CSN map illustrates
that Vpr clearly clashes with CSN (figure 5E). These clashes may interfere with
CSN binding and therefore negatively affect catalysis.
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E.

F.

Figure 5: Dimeric CRL4DCAF1 complex with CSN. A. Fitting CSN crystal structure (PDB
4D10) into CRL4DCAF1 cryo-EM map. B. Pull-down assay of untagged CSN on streptagged N8-CRL4DCAF1(FL) (lane1), CRL4DCAF1(FL) (lane2), CRL4DCAF1(DN) (lane3), N8CRL4DCAF1(DN) (lane4). C. Cryo-EM map of N8-CRL4DCAF1(FL)-CSN complex with
different rotations. Crystal structures of CUL4A (gray) - Rbx1 (orange red) (PDB 2HYE),
DDB1 (green) - DCAF1(WD40) (dark blue) (PDB 5Jk7), and CSN (PDB 4D10) are fitted
into the map. D. Fluorescence polarization assay, where initial rates (M/s) are blotted
vs. concentrations (M) of CRL4DCAF1(FL) (blue) and CRL4DCAF1(DN) (cyan). Column
representation of Kcat and KM values calculated from the curves. D. Fluorescence
polarization assay, where initial rates (M/s) are blotted vs. CRL4DCAF1(FL) (blue),
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CRL4DCAF1(FL)-Vpr
(green),
CRL4DCAF1(FL)-VPR-UNG2
(magenta).
Column
representation of Kcat and KM values calculated from the curves. F. Same as C. but with
the structure DDB1-DCAF1(WD40)-Vpr-UNG2 (PDB 5Jk7) fitted into the map.

2.2.6 The tetrameric conformation of CRL4DCAF1 is compatible with CAND1
binding but abrogates its exchange activity.
CAND1 binds to the cullin subunit by wrapping its C- and N-terminal ends around
the cullin N- and C- termini. It has been shown that CAND1 occupies the binding
site of skp1, the CRL1 adaptor protein, and hence prevents its binding. At the Cterminus of the cullin, CAND1 binds the 4HB and the WHB domains, as well as
the RING domain of Rbx1 (Goldenberg et al., 2004).
To gain more insight into the effect of tetramerization on CAND1 binding and
exchange, we fitted the crystal structure of Cul4B-CAND1 (PDB 4A0C) into the
map of tetrameric CRL4DCAF1. The C-terminal part of the cullin and the RING
domain of Rbx1 in the tetrameric conformation are accessible to CAND1 binding,
as no clashes are observed in the superposition (figure 6A). As CAND1 binds
the CUL4 N-terminus near the DDB1 binding site, there are clear clashes
observed between CAND1 and DDB1 in the CRL4DCAF1 cryo-EM map (figure 6A).
The cullin CTD and Rbx1 RING domain are well-exposed for CAND1 binding,
and there are no clashes detected (figure 6A). This suggests that CAND1 is able
to release the DDB1-DCAF1 module and thereby disassemble the tetrameric
complex. To test this hypothesis biochemically, we designed a pull-down assay,
in which CRL4DCAF1 complex is immobilized on beads through an affinity tag on
DCAF1, and increasing concentrations of CAND1 were added to this reaction.
After an overnight incubation, we observed that in the presence of CAND1, CUL4
subunit was released from the beads into the supernatant (figure 6B), indicating
that CAND1 was able to disassemble the complex. As CAND1 is able to
______________________________________________________________________
Page 63

disassemble the CRL4DCAF1 complex in the presence of both full-length and Nterminally truncated DCAF1, CAND1 seems to act on tetrameric and monomeric
CRL4DCAF1 complexes.
To understand whether CRL4DCAF1 tetramerization affects CAND1 adaptorreceptor exchange activity, we set up a time resolved fluorescence resonance
energy transfer (TR-FRET) assay to quantify exchange. In this assay, a FRET
signal is observed between the Alexa-488- labelled DDB1 (at the N-terminus),
and the Terbium-labelled cullin (at the N-terminus). In the presence of 10x molar
excess of unlabeled DDB1-CRBN as a competitor and upon addition of CAND1,
a loss of signal is observed, indicating that exchange is taking place.
We observed a significant difference in the exchange rate of CAND1 when it acts
on the tetrameric versus monomeric CRL4DCAF1 complexes (figure 6C). Even
though the FRET curve of CRL4DCAF1(FL) does not perfectly fit a single
exponential decay, we expect roughly a 10-fold decrease in CAND1 exchange
rate for the tetrameric CRL4DCAF1 (FL) compared to the monomeric CRL4DCAF1
(DN).
It was shown that the receptor-bound CRL1, in the absence of CAND1, is very
resistant to exchange, even in the presence of 10-fold excess of a competitor
substrate adaptor-receptor module. The adaptor-receptor exchange is virtually
not taking place, evident by a dissociation constant (koff) value of 9×10-7 s-1, or
0.5 week-1 (Pierce et. al 2013). The addition of CAND1 was shown to increase
the exchange rate of the substrate adaptor-receptor module by a factor of 106.
This demonstrates that for CRL1 system, CAND1 exchange activity is essential.
In order to test whether CAND1 is similarly important for adaptor-receptor
exchange of CRL4DCAF1 system, we performed the same TR-FRET assay on the
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monomeric CRL4DCAF1 (DN). The reaction took place in the presence of 10-fold
molar excess of DDB1-CRBN and in absence of CAND1. In contrast to CRL1
system, substrate adaptor-receptor exchange was observed for CRL4DCAF1 (DN)
even in absence of CAND1 (figure 6D). This CAND1-independent exchange was
completely abrogated for CRL4DCAF1 (FL), which indicates that the tetrameric
conformation of CRL4DCAF1 protects the system from CAND1-independent
exchange.
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Figure 6: CRL4DCAF1 tetramer is compatible with CAND1 binding, but interferes
with exchange. A. Fitting Cul4B (grey)- CAND1 (purple) structure into CRL4DCAF1 cryoEM map (PDB 4A0C) (left), close-up view showing CAND1 binding site at the C-terminus
of the Cullin. B. Strep pull-down assay of different concentrations of GST-tagged CAND1
(0 uM, 2 uM, and 4 uM) on strep-tagged CRL4DCAF1(FL) and CRL4DCAF1(DN) at 2 uM
concentration, after overnight incubation at 4°C. C. TR-FRET of CAND1-dependent
exchange of CRL4DCAF1(FL) (green) and CRL4DCAF1(DN) (purple). D. TR-FRET of
CAND1-independent exchange (i.e. in the absence of CAND1) of CRL4DCAF1(FL) (green)
and CRL4DCAF1(DN) (purple).

2.2.7 The tetrameric conformation of CRL4DCAF1 is compatible with Merlin
binding.
It is currently controversial whether Merlin protein is a substrate of the CRL4DCAF1
ubiquitin ligase or serves to regulate its function. If Merlin is a substrate of
CRL4DCAF1 ligase, we expect it to act like Vpr-UNG2 in the biochemical and
biophysical assays that we designed. SEC-MALS analysis of CRL4DCAF1-VprUNG2 shows the complex is dimeric. In contrast, CRLDCAF1-Merlin remains a
tetramer (figure 7A), which means that Merlin is not able to break the tetramer.
As shown earlier in figure 6E, Vpr-UNG2 binding to N8-CRL4DCAF1 ligase
prevents CSN catalysis, which is expected for any substrate-bound CRL. Merlinbound N8-CRL4DCAF1, however, is readily deneddylated by CSN, showing
comparable Kcat value to that of wild-type N8-CRL4DCAF1 (figure 7B). Therefore,
unlike the Vpr-UNG2 substrate, Merlin neither breaks the CRL4DCAF1 tetramer
nor prevents CSN-dependent CUL4 deneddylation, strongly suggesting that
Merlin does not act as a CRL4DCAF1 substrate, but carries out different functions.
To obtain insight into the interaction between Merlin and the CRL4DCAF1 ligase,
we obtained a 27 Å resolution negative-stain map of CRL4DCAF1-Merlin, which
shows the complex adopts a tetrameric orientation. We observed an extra
density that may correspond to Merlin (figure 7C, right panel). Comparison
between the 8.2 Å CRL4DCAF1 cryo-EM map and the 27 Å CRL4DCAF1-Merlin
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negative stain map is shown in figure 7E. In CRL4DCAF1-Merlin map, we expect
that Merlin is providing an additional contact between the top and bottom parts
of the tetramer. This may indicate that Merlin is providing an additional interaction
interface that possibly stabilizes the tetrameric CRL4DCAF1, which would be
consistent with previous results from Li, W et. al., showing that Merlin inhibits the
CRL4DCAF1 ligase activity (Li, W. 2010). Our preliminary data thus provides a
potential mechanism by which Merlin inhibits CRL4DCAF1, by stabilizing the
tetrameric, inactive state of the complex. A better resolved structure of the
CRL4DCAF1-Merlin complex as well as further biochemical characterization will be
necessary to support these preliminary conclusions.
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Figure 7: CRL4DCAF1(FL) tetramer is compatible with Merlin binding. A. SEC-MALS
chromatograms of CRL4DCAF1(FL) (blue) and CRL4DCAF1(FL)-Merlin (red). B.
Fluorescence polarization assay, where initial rates (M/s) are blotted vs. concentrations
(M) of CRL4DCAF1(FL) (blue), CRL4DCAF1(FL)-Merlin (red). Column representation of Kcat
and KM values calculated from the curves. C. Micrographs of negatively-stained
CRL4DCAF1(FL)-Merlin complex recorded on Tecnai Spirit (top). 2D classes calculated by
EMAN2 (bottom). D. CRL4DCAF1(FL)-Merlin negative stain model, where crystal
structures of Cul4A (gray) - Rbx1 (orange red) (PDB 2HYE), DDB1 (green) -
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DCAF1(WD40) (dark blue) (PDB 5Jk7) are fitted. Dashed-line highlights the extra
density observed at low contour level. E. Comparison of cryo-EM map of CRL4DCAF1(FL)
and negative-stain map of CRL4DCAF1(FL)-Merlin. Dashed-line highlights the extra
density observed at low contour level.
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3. Discussion and outlook

In this study we present an 8.4 Å cryo-EM map of CRL4DCAF1 ligase, which finds
the complex in a tetrameric conformation. In this conformation the catalytic RING
domain of the CRL4 is shielded by the WD40 domain of DCAF1. The shielded
RING domain is inaccessible to bind Ub- or N8-loaded E2s, which proposes that
in this tetrameric conformation the ligase is inactive. We also show that the
tetrameric conformation of CRL4DCAF1 is incompatible with substrate binding.
Together this suggests that tetrameric form of CRL4DCAF1 represents an inactive
state of the ligase.
CRL4DCAF1 ligase is regulated by the CRL-specific regulators, such as NEDD8,
CSN, and CAND1 (Duda et al., 2008; Lingaraju et al., 2014a; Pierce et al., 2013).
CRL4DCAF1 was also shown to be regulated via additional mechanisms such as
Merlin-dependent inhibition of the ligase activity (Li et al., 2010c). In this study,
we provide evidence for a novel regulatory mechanism for CRL4DCAF1 ligase
involving tetramerization. As CRL4DCAF1 is known to ubiquitinate critical
substrates, such as p53, ERa, PP2A, TET dioxygenases, and many others
(Britschgi et al., 2017; Wang et al., 2016; Yu, 2013; Yu et al., 2015). It is
conceivable that the cell has evolved additional regulatory mechanisms to strictly
control the CRL4DCAF1 ligase activity to avoid random unspecific ubiquitination of
its essential substrates, or auto-ubiquitination of the ligase itself.
3.1 WD40 of DCAF1 mediates a unique inter-molecular interaction with
Rbx1 not present in other WD40-containing DCAFs.
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Crystal structures of DDB1 in complex with WD40-containing DCAFs, such as
DDB2, CSA, and DCAF1 (WD40), revealed that the major interaction surface
with DDB1 is via the helix-loop-helix motif preceding their WD40 propeller.
Substrate are recruited to the narrow face of the WD40 propeller opposite to the
DDB1 binding site (Li et al., 2009). Likewise, in the CRL4DCAF1 cryo-EM map,
DCAF1 WD40 mediates the canonical interaction with DDB1 via its wide surface,
while keeping the top narrow surface free for substrate binding. However, DCAF1
WD40 employs a new inter-molecular interaction via the side of the b-propeller
(residues 1180-1250) to interact with the RING domain of Rbx1.
In this study, we demonstrate that WD40 propellers of DCAF can utilize additional
interaction surfaces, other than substrate and DDB1 binding sites, for complex
formation.
3.2 Inhibition of CRL ligase via Rbx1-shielding.
There are structural studies that investigated Rbx1 in an inactive state, in which
the E2 binding site in the RING domain is blocked (Cavadini et al., 2016; Duda
et al., 2012; Enchev et al., 2012). Glomulin (GLMN) was shown to be an inhibitor
of CRL1fbxw7-mediated ubiquitination of the substrate Cyclin E in vitro (Tron et. al
2012). A crystal structure of glomulin-Cul1-Rbx1 explained the inhibitory
mechanism of GLMN on CRL1Fbxw7 to occur by the interaction of Glomulin with
the RING domain of Rbx1. This interaction is mediated by hydrophobic surfaces
of both proteins, which is further stabilized by electrostatic interactions. The
occupation of the RING domain by Glomulin led to the complete masking of the
CDC34 (E2) recruitment site, therefore inducing the inhibition of CRL1fbxw7 ligase
activity (Duda et al., 2012) (figure 1a).

______________________________________________________________________
Page 71

The other example comes from a high-resolution cryo-EM structure of CRL4CSN, in which the RING domain of Rbx1 is shielded by the CSN2 and CSN4
subunits of the COP9 signalosome (Cavadini et al., 2016) (figure1b). This study
established a mechanism by which the CSN binding to CRL is protecting the
ligase from auto-ubiquitination, by masking away the E2 binding site.
Likewise, the cryo-EM map of the tetrameric CRL4DCAF1 shows that DCAF1
WD40 domain of one ligase complex blocks the E2 binding site of the Rbx1 RING
domain of another complex (figure 1c), leading to inhibition of CRL4DCAF1 ligase.
As this inhibition is mediated solely through components of the CRL4DCAF1
complex, we propose this to be an auto-inhibited state. We predict that this
tetrameric conformation protects the ligase from auto-ubiquitination, and also
controls its activity towards other substrates.

A.

B.

C.
CUL4

Rbx1

CUL4

CSN2

DCAF1
WD40
Rbx1
CUL1
Rbx1
Glomulin
CSN4

DDB1

Figure 1: Comparison of Rbx1 structures in its inactive state. A. Crystal structure
of GLMN (blue) -Rbx1 (orange red) -CUL1 (gray) at 3 Å resolution (PDB 4F52). B. A
close-up view depicting the Rbx1 (orange red) interaction with CSN2 (green) and CSN4
(blue) in the cryo-EM map of CRL4-CSN at 6.4 Å. C. Close-up view showing DCAF1
WD40 (blue) interaction with Rbx1 (red) in the cryo-EM map of CRL4DCAF1 at 8.2 Å.

UNG2 is a well-studied viral-induced substrate of CRL4DCAF1 ligase, which is
polyubiquitinated by the ligase and subsequently targeted for degradation (Ahn

______________________________________________________________________
Page 72

et al., 2010). MALS data show that the substrate-bound CRL4DCAF1-VPR-UNG2
is dimeric. Likewise, the neddylated (active) substrate-free N8-CRL4 forms a
dimer. MALS also show that the unneddylated substrate-free CRL4DCAF1,
CRL4DCAF1-VPR, and CRL4DCAF1-Merlin are tetrameric complexes. This suggests
that the dimeric conformation is the active form of the ligase and that the
tetrameric conformation represents an inactive state, as it is incompatible with
substrate or NEDD8 binding.
Additional evidence that the CRL4DCAF1 tetrameric conformation is inactive and
auto-inhibited comes from the observation that the neddylation machinery is
much less efficient on the tetrameric CRL4DCAF1 compared to its monomeric form.
Neddylation of the tetrameric CRL4DCAF1 requires 8- to 10-fold higher
concentration of NEDD8 E2 (Ubc12) as compared to the monomeric complex.
We have also noticed in this assay that the neddylation efficiency on CRL4DCAF1
varies depending on the CRL4DCAF1 complex composition and the presence of
different proteins such as VPR, VPR-UNG2, or Merlin. When judging the
efficiency of the neddylation reaction by the amount of Ubc12 needed, and the
time it takes to produce a fully neddylated ligase, we found that the neddylation
machinery is as efficient on the dimeric CRL4DCAF1-Vpr-UNG2 as on the
monomeric CRL4DCAF1 (DN), and much less efficient on the tetrameric complexes
CRL4DCAF1 and CRL4DCAF1-Merlin. Together this provides evidence that the
tetrameric conformation represents an inactive state of the ligase.
A more quantitative measure of the inhibitory effect on neddylation is possible
through fluorescence polarization experiments, where NEDD8 is labeled with a
fluorophore and the association of the NEDD8 to CRL4 is monitored over time
upon addition of increasing concentrations of Ubc12. Comparing initial rates of
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NEDD8 association between the tetrameric CRL4DCAF1 (FL) and the monomeric
CRL4DCAF1 (DN) provides kinetic information on the efficiency of Ubc12 catalysis.
3.3 Vpr holds the CRL4DCAF1 complex in a transition state
Similar to CRLDCAF1 and CRLDCAF1-Merlin, CRL4DCAF1-Vpr is tetrameric. It is
surprising, however, that even though CRL4DCAF1-Vpr is a tetramer, its
neddylation is as efficient and fast as the monomeric CRL4DCAF1 (DN), unlike the
other tetrameric complexes CRLDCAF1 and CRLDCAF1-Merlin.
Moreover, the CSN catalysis assay presented in this study show that the
substrate Vpr-UNG2 inhibits CSN catalysis 15-fold, while Vpr alone inhibits CSN
catalysis 8-fold. This demonstrates that the Vpr-bound ligase is not compatible
with CSN binding. This suggests that Vpr binding could protect the neddylated
ligase from deneddylation until the UNG2 substrate is present.
Taken together, this suggests that Vpr holds the complex in a transition state
before substrate binding. In this Vpr-induced intermediate state, the tetramer
could be slightly opened to an extent that is not sufficient for its complete
disassembly, but enough to provide access to the neddylation machinery,
eventually facilitating the activation of the complex. Structural studies on the
CRL4DCAF1-Vpr complex will be required to gain insight into this potential
transition state.
3.4 Interaction interfaces between Rbx1 RING domain and DCAF1 WD40
From the CRL4DCAF1 structure, we concluded that the RING catalytic domain of
Rbx1 is essential for tetramerization. However, the MALS data on the CRL4DCAF1
(Rbx1DRING) complex shows that the sample contains a mixture of dimer and
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tetramer, which suggests that the RING domain is not the only binding interface
between the CRL4 and DCAF1 in the tetrameric conformation. We speculate that
there are additional interactions between DCAF1 WD40 and the cullin C-terminal
domain (CTD), and that the conformation rearrangement that occurs at the CTD
upon neddylation is responsible for tetramer disassembly. From CRL4DCAF1
structure, we propose that this additional interaction may occur in the a/b domain
of the cullin CTD (residues 486–592). In fact, mutations introduced in a loop in
DCAF1 WD40 that is in close proximity to the a/b domain of the CTD is sufficient
to break the tetramer.
Mutational analysis of DCAF1 WD40 domain revealed that a single residue,
R1247, is absolutely essential for tetramer formation. We propose that this
arginine may be involved in an electrostatic interaction with the negatively
charged patch at the N-terminus of the RING domain of Rbx1.
We hypothesize that the dimeric R1247A mutant might be more active than the
tetrameric form of the ligase, which could be tested in auto-ubiquitination
experiments. Furthermore, the R1247A mutant could be employed to study the
influence of CRL4DCAF1 tetramerization in vivo. First experiments could address
cell proliferation and viability in the presence of the tetrameric vs. the dimeric
CRL4DCAF1, which could provide first insight into the functional relevance of the
CRL4DCAF1 tetramer in cells.
3.5 Auto-inhibition in E3 ligases.
This study reports the first auto-inhibition mechanism observed for a cullin-based
RING ubiquitin ligase. However, autoinhibition is in fact a common regulatory
mechanism observed for other types of E3 ligases, such as RBR and HECT E3
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ligases. For instance, a crystal structure of Parkin, which is an E3 ligase that
belongs to the RBR family, shows that it is held in an auto-inhibited state. In this
state, the conserved E2~Ub binding site in the RING1 domain is blocked by an
interaction between RING2 and IBR domains (Wauer and Komander, 2013).
Moreover, the RING2 domain forms an additional interaction with the Unique
Parkin Domain (UPD) that buries the catalytic cysteine. Breaking these intradomain interfaces activates Parkin. In the cell, Parkin’s auto-inhibition is released
by its phosphorylation by PINK1 kinase. PINK1 is rapidly and constitutively
degraded under steady-state conditions and gets stabilized only upon
mitochondrial damage (Matsuda et al., 2010). In case of damage, Parkin is
recruited to the mitochondria, where its ubiquitination activity in unleashed
(Matsuda et al., 2010). Similarly, we speculate a substrate-induced mechanism
of activation of CRL4DCAF1 ligase, which will lead to breaking of the tetramer and
the release of auto-inhibition. This may be induced directly by binding to DCAF1
WD40, or indirectly by triggering a cellular machinary that ultimately lead to
breaking the tetramer.
3.6 DCAF1 domain architecture and conservation.
CRL4DCAF1 tetramerization depends on the LisH motif and the WD40 domain of
DCAF1, along with the cullin subunit, and the RING domain of Rbx1. Besides
Rbx1 and cullins being highly conserved from yeast to human, there is significant
conservation detected in DCAF1 N- and C-termini including the LisH motif and
the WD40 domain (figure2). As these two regions in DCAF1, which are involved
in tetramerization, are highly conserved in plant and animal kingdoms, we
propose that tetramerization may be a universal mechanism for CRL4DCAF1 ligase
regulation across species.
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Figure 2: DCAF1 domain architecture and conservation. A. Domain architecture of
DCAF1 based on structural studies and domain prediction software. B. Conservation of
the lisH motif and the WD40 loops involved in tetramerization. Arrows in LisH motif
indicate residues involved in the dimeric interface, arrows in WD40 loops indicate
essential residues in tetramer formation.

In WD40-contaning DCAFs, the WD40 domain is suggested to be the substrate
recruitment domain (Scrima et al., 2011). Besides the WD40 domain in DCAF1,
there is an additional 1000 amino acid located at its N-terminus, which is
uncommon among other DCAFs but highly conserved across species. This could
suggest that the N-terminal domain of DCAF1 may also be involved in substrate
recruitment. In fact, an in vivo study investigating DCAF1-mediated regulation of
TET dioxygenases shows that DCAF1 recruits TETs via its N-terminal region
(Chao et. al. 2013).
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The N-terminal domain of DCAF1 is expected to be helical, HHPRED predicts
an armadillo helical repeat, which is similar to the beta-catenin armadillo
structure (PDB 2BCT). It was shown that the armadillo domain in beta-catenin
mediates protein-protein interactions, and provides the interaction interface to
bind cadherins, transcriptions factors, and Adenomatous Polyposis Coli (APC)
(Huber A. 1997). It is possible that the armadillo-like domain in DCAF1 is also
involved in the recruitment of binding partners or substrates.
The LisH motif is a common dimerization domain that exists in many eukaryotic
proteins. The first crystalized LisH motif came from the lissin1 (Lis1) protein (Kim
et al., 2004). Dimerization of Lis1 occurs through two consecutive, highly
conserved a-helices. Consistently, secondary structure measurement of DCAF1
LisH motif by NMR predicts the LisH domain to contain helical structures between
residues 846 and 876 (Ahn et al., 2011).
Disruption of LisH motif in Lis1 protein causes lissencephaly (Morris et al., 2000),
disruption of the lisH motif in Transducin b-like 1X (TBL1) protein is involved in
the pathogenesis of senoneuronal deafness and ocular albinism (Bassi et a.,
1999), and disruption in lisH motif in oral-facial digital type 1 (OFD1) is
responsible for pathology of OFD syndrome which is lethal in males and causes
severe facial malformations in females (Gerlitz et al., 2005). Mutations in LisH
motif in the above-mentioned proteins were shown to affect proteins half-lives
and subcellular localization. As dimerization of DCAF1 via the lisH motif is a
prerequisite for CRL4DCAF1 tetramerization and inactivation, disruption of LisH
motif in DCAF1, therefore, would potentially activate the ligase and hence
decrease its half-life, probably due to auto-ubiquitination.
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DCAF1 also contains a 100-amino acid long C-terminal tail predominantly
contains acidic and negatively charged residues such as aspartic acid and
glutamic acid. Part of this acidic tail forms a short b-hairpin, which is used to bind
Merlin FERM domain (Mori, T 2014). The acidic tail of DCAF1 was also reported
to bind other proteins in an acetylation-dependent manner, such as p53 and
histone H3, to which it binds only the un-acetylated form (Wang, D. 2016). Wang
et al. shows that un-acetylated positively charged lysines mediate electrostatic
binding to the negatively charged acidic tail of DCAF1, and as acetylation
neutralizes the charge on the lysines, it interferes with DCAF1 binding (Wang et
al., 2017).
3.7 DRIVE project explains why CRL4DCAF1 ligase may require additional
regulatory mechanisms
CRL4DCAF1 ligase activity is controlled via the major CRL-specific regulatory
mechanisms such as neddylation, deneddylation, and adaptor-receptor
exchange. However, in addition, there are further DCAF1-specific regulatory
mechanisms. The first reported regulatory mechanism is via Merlin, which is
shown to inhibit the ligase activity (Li, w. 2010), and the second mechanism is
reported here, which is auto-inhibition by tetramerization. This raises the
question, why CRL4DCAF1 requires additional regulation?
One possibility could be that CRL4DCAF1 ligase acts on critical substrates, and
therefore its activity requires to be more strictly regulated. Evidence that supports
this hypothesis was shown in a thorough study, where shRNA were generated
for the depletion of approximately 8000 genes in approximately 400 different
cancer cell lines (McDonald et al., 2017). A scale with a sensitivity score was
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generated and used to indicate the sensitivity of cancer cell lines for the depleted
genes. A sensitivity score of -3 was set as a threshold. The more the sensitivity
score goes beyond -3, the more essential are these genes. The DRIVE data
shows that DCAF1 has the highest sensitivity score among all reported DCAFs
in the study. Additionally, the sensitivity score of DCAF1 is comparable to DDB1,
which suggests that most of DDB1 lethality overlaps with DCAF1 loss of function
(figure 3). As the loss of DCAF1 is largely lethal to many different cancers, one
would expect it to be involved in central processes, which potentially explains its
needs for additional regulatory mechanisms that ensure its activation at the right
time to act on the right substrates.
3.8 CRL4 binding to CSN
Some studies provide evidence that CSN can remain bound to deneddylated
CRL product (Cavadini et al., 2016; Enchev et al., 2012; Fischer et al., 2011),
others explain mechanisms by which, after deneddylation, the catalytic subunit
CSN5, is held in a conformation that disfavors CRL binding (Mosadeghi et al.,
2016). In case of CRL4DCAF1, we propose that tetramerization, which is expected
to occur after CSN-mediated deneddylation, will certainly block CSN binding. We
hypothesize that upon deneddylation and CSN release, the RING domain of
Rbx1 and the CTD of the cullin are present in a conformation that exposes
interaction surfaces with DCAF1 WD40. This will in turn induce the tetramer
formation.
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Figure 3: Sensitivity score curves for DDB1 and DCAFs. Each of the colored lines
represent a cancer cell line. The sensitivity of each of these cell lines for the depletion
of the gene, is shown by the sensitivity score. A sensitivity score threshold of -3 is
indicated by the dashed line.

3.9 Dimeric CRL ligases: CRL4DCAF1 vs. CRL3SPOPD
A cryo-EM structure of N8-CRL4DCAF1-CSN finds the complex in a dimeric
orientation. This is not the first dimeric structure reported for CRLs. For instance,
CRL3 is reported to dimerize via the BTB domains of its substrate adaptor______________________________________________________________________
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receptor proteins. One difference between CRL3SPOPD ligase and CRL4DCAF1 is
that dimerization is absolutely essential for CRL3 ligase activity, so that when the
dimerization interface is mutated in the BTB domain, the CRL3 is inactive
(Zhuang et al., 2009). This suggests that two copies of CRL3 are required for the
ubiquitination of one substrate. CRL3keap dimer was shown to ubiquitinate one
copy of Nrf2 protein, which was shown to contain two degrons (Kobayashi et al.,
2004). However, the CRL4DCAF1-CSN cryo-EM model suggests that DCAF1 can
possibly accommodate two substrates at the WD40 domains. In fact, it was
shown that a monomeric CRL4DCAF1 ligase remains active and ubiquitinates VprUNG2 substrate in vitro (Ahn et al., 2011).
Comparing the EM models of dimeric CRL4DCAF1-CSN from this study and the
dimeric CRL3SPOPD-CSN from cavadini et. al. (Cavadini et al., 2016) shows that
both dimers have different orientations (figure 4). Interestingly, the 8-subunit
CSN is shown to flexibly accommodate different cullin shapes, sizes, and
geometries.
Even though both CRL3SPOPD and CRL4DCAF1 dimerize via their substrate
adaptor-receptor modules, and as the shapes of these modules vary, the overall
dimeric structures are different. While the two cullin arms in CRL3SPOPD dimer
form an elongated rod-like shape, the cullin arms in CRL4DCAF1 dimer are parallel
to each other. This affects the way how CSN is bound. For example, in
CRL3SPOPD, two CSN1 subunits are facing each other, while in CRL4DCAF1 they
are at opposite sites (figure 4, top panel). In CRL3SPOPD, two CSN4 subunits are
at the side facing outwards, while in CRL4DCAF1 they are at the top. In a bottom
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CAND1-dependent and independent exchange of CRL4DCAF1
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Cullin 4A
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CSN1

There was a controversy in the field whether CAND1 is an activator or inhibitor
CSN2

Cullin 3

of CRL ligases (Liu et al., 2002; Sela et al., 2012; Zheng et al., 2002a). In 2013,
a thorough kinetic study on CAND1 binding and release identified it as an
exchange factor (Pierce et al., 2013). In this study, the authors show that
CRL1fbxw7 is very resistant to exchange even in the presence of 10-fold excess
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of a competitor adaptor-receptor module (skp1-skp2). In fact, they measured the
Koff of skp1-fbxw7 in the presence of 10-fold skp1-skp2 to be 0.5 exchange
events per week. In the presence of CAND1, however, the Koff of skp1-fbxw7
increases a million-fold, facilitating adaptor-receptor exchange. This study
described the importance of CAND1 as an exchange factor in the CRL1 ligase
activation cycle.
In the present study, we found that in the absence of CAND1, the CRL4 system
is not resistant to exchange as dramatically as the CRL1 ligase. We found that
in the presence of 10-fold excess of DDB1-CRBN (competitor adaptor-receptor
module), approximately 20% of the monomeric CRL4DCAF1(DN) are exchanged
within 30 minutes in the absence of CAND1 (CAND1-independent exchange).
However, CAND1 certainly enhances the exchange, as CRL4DCAF1(DN) reaches
100% full exchange in approximately 30 minutes in the presence of CAND1.
While the monomeric CRL4DCAF1(DN) is more sensitive to CAND1-independent
exchange, the tetrameric CRL4DCAF1(FL) is very resistant. This suggests that the
tetrameric conformation of CRL4DCAF1(FL) protects the ligases from CAND1independent exchange. In fact, even in the presence of CAND1, the tetrameric
CRL4DCAF1(FL) exchange is almost 10-fold slower as compared to the
monomeric form. It is also shown that CAND1 could disassemble the tetrameric
complex in pull-down assays. Taken together, we propose that the CAND1
exchange on CRL4DCAF1(FL) occurs in two subsequent steps. In the first step,
CAND1 disassembles the tetramer, and then facilitates the receptor-adaptor
exchange on the dimeric complex.
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Here, we propose a substrate-induced mechanism for the disassembly of the
tetrameric CRL4DCAF1 and the ligase activation. The presence of substrates is
expected to induce CAND1 activity, which will first act on the disassembly of the
tetramer followed by the adaptor-receptor exchange that will ultimately change
the selectivity of the ligase to bind the new substrates.
3.11

Interaction between CRL4DCAF1 and Merlin in the tetrameric complex

It is currently controversial whether Merlin is a regulator of the CRL4DCAF1 ligase
(Li.W 2010) or a substrate (Huang J 2008). Here we present evidence that Merlin
is not a substrate of the CRL4DCAF1 ligase. It was shown that substrates interfere
with CSN binding and therefore a neddylated cullin that is bound to a substrate
is resistant to CSN activity (Cavadini et al., 2016). In the present study, we show
similar effect, as binding of the substrate analogue Vpr-UNG2 to N8-CRL4DCAF1
leads to a 15-fold decrease in CSN deneddylation activity. Therefore, if Merlin
would be a substrate, it would also decrease CSN catalysis, but this was not the
case. N8-CRL4DCAF1-Merlin did not affect CSN catalysis, and it behaved similar
to the wild type and substrate-free N8-CRL4DCAF1. The second piece of evidence
is based on the finding that a substrate-bound CRL4DCAF1 is dimeric. In fact,
Merlin-bound CRL4DCAF1 remains a tetramer. The negative stain map of
CRL4DCAF1-Merlin, shows an extra density appearing after the DCAF1 WD40,
which is expected, as Merlin was shown to bind the acidic C-terminal tail of
DCAF1 (Mori, T. 2014). Merlin was shown to inhibit the CRL4DCAF1 ligase activity,
as the CRL4DCAF1-mediated ubiquitination of substrates decreases by increasing
Merlin concentrations in vivo (Li, W 2010). The CRL4DCAF1-Merlin map illustrates
that in the tetrameric conformation, two Merlin molecules, one from the top
complex and one from the bottom, are in very close proximity, which indicates
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that they may interact. This suggests that Merlin stabilizes the tetrameric
conformation even further, which could explain a mechanism by which Merlin
inhibits the ligase.
3.12

A model describing the activation cycle of CRL4DCAF1 ligase

The activation cycle of CRL4DCAF1 ligase starts with a neddylated, dimeric, and
active complex. In this conformation, the RING domain of Rbx1 is free and
exposed to bind the Ub-loaded E2. In the dimeric active conformation, the N8CRL4DCAF1 ligase is bound to two substrates, and the ubiquitin transfer process
starts. After the transfer, the ubiquitinated substrates leave the ligase, and the
neddylated active ligase is ready for deneddylation, otherwise it will be autoubiquitinated by transferring ubiquitin to its substrate receptor. Deneddylation is
catalyzed by CSN, which cleaves off the isopeptide bond between NEDD8 and
the cullin CTD, and therefore inactivates the ligase. Then, there are two possible
pathways. First, if there is other substrate adaptor-receptor module present,
CAND1 will immediately act on the deneddylated cullin, facilitating the exchange
of DDB1-DCAF1 with other DDB1-DCAF, repeating the cycle. In fact, the CRL4
system was shown to spontaneously exchange substrate adaptor-receptor
modules in the absence of CAND1, suggesting that the ligase requires to be
strictly regulated at this step.
Second, if there are no DDB1-DCAF modules present for exchange, CRL4DCAF1
tetramer is assembled, as the deneddylated ligase has the RING domain in a
conformation that would favor tetramer formation. There is also the possibility
that the tetramer is assembled while Merlin is bound to DCAF1, which is
expected to stabilize the tetrameric conformation and inhibit the ligase activity
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further. Once a new substrate adaptor-receptor module is present, CAND1
disassembles the tetramer and induces exchange, and cycle is repeated (figure
5 top panel).
The activation cycle of a canonical CRL4 ligase, CRL4DDB2 for example, is
simpler. It follows a similar cycle that starts with neddylation and substrate
ubiquitination. This is followed by CSN-catalyzed deneddylation of N8-CRL4DDB2.
Then the ligase will be subjected to CAND1-mediated exchange, which induces
adaptor-receptor exchange, and then the cycle is repeated (figure 5 bottom
panel).
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Figure 5: Model describing of the activation cycle of CRL4DCAF1 ligase (top), and
CRL4DDB2 ligase (bottom).
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4. Materials and Methods

4.1 Cloning, Protein expression and purification
Full length and truncated constructs of human DCAFs, DDB1 (FL and DB) were
cloned into pAC-derived vectors ((BD biosciences PharMingen, San Jose, CA
USA). Cullin 4A (FL) and DDB1 (FL) were assembled into one vector using a
Gibson-based technique (biGBac) (F. Weissmann PNAS 2016). Recombinant
baculoviruses were prepared in Spodoptera frugiperda Sf9 cells using the Bacto-Bac system (Life Technologies).
Recombinant protein complexes were expressed in Trichoplusia ni High Five
cells by infection or co-infection of separate baculoviruses. All DCAFs were
expressed with N-terminal Strep(II)-tag. Cullin 4A and DDB1 (FL and DB) had Nterminal His6-tags. Merlin (1-346) has an N-terminal GST-tag. CRL4DCAF1-CSN
complex was co-expressed using the CSN4-Rbx1 fusion baculovirus (as
described previously in Cavadini et al., 2016).
Cells were harvested 36-48 h after infection and lysis was done by sonication in
Tris-HCl pH 8.0, 200 mM NaCl, 0.5 mM tris(2-carboxyethyl)phosphine (TCEP),
including 0.1% Triton X-100, 1 tablet of complete protease inhibitor cocktail
(Roche Applied Scienc), and 1 mM phenylmethanesulfonyl fluoride (PMSF). This
is followed by ultracentrifugation 40,000 g for 45 min to separate the soluble
fraction (supernatant) of the lysate. The supernatant is then loaded on StrepTactin (IBA life sciences) affinity chromatography in buffer contains Tris-HCl pH
7.5, 200 mM NaCl, 0.5 mM TCEP. When required, affinity tags were removed
using 1% (w/w) tobacco etch virus (TEV) protease. The Strep(II) elution fractions
were then loaded on anion exchange chromatography (Poros HQ 50 µm, Life
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Technologies) using a linear NaCl gradient (0.01-1M) in Tris-HCl pH 7.5, 200 mM
NaCl, 0.5 mM TCEP buffer. Pure fractions were collected and concentrated
using 10,000 MWT cut-off centrifugal devices (PALL) before they were applied
to gel filtration/size exclusion columns. Superdex 200 (GE Healthcare) was used
for DDB1-DCAFs purification, and Superose 6 (GE Healthcare) was used for
CRL4DCAF1 purification. The buffer used at the gel filtration step contains 50 mM
HEPES pH 7.4, 200 mM NaCl, 1 mM TCEP. Fractions collected after gel filtration
were concentrated, flash frozen in liquid nitrogen, and stored at -80 °C.
APPBP1-UBA3, Ubc12, and NEDD8 were expressed and purified as described
before (Duda et al., 2008, Huang et al., 2007 and 2008)

4.2 Pull-down assay
100 µl of baculoviruses of different subunits of the complex were co-infected in
10 mls of High Five cells. Infected cells were incubated at 27 °C for 36-48 h, cell
lysis and separation of soluble protein fractions were done following the protocol
described above (4.1). 1 ml of soluble protein fractions was loaded on 20 µl of
Strep-tactin Macroprep beads (IBA lifesciences) and incubated at 4 °C for 1 h.
Supernatant was removed and beads were washed three times with buffer
containing HEPES pH 7.4, 200 mM NaCl, and 0.5 mM TCEP. Beads containing
the immobilized complex were then boiled for 2 min after adding 20 µl of SDSloading dye.

4.3 Limited proteolysis
10 µg of protein complex in 50 mM HEPES pH 7.4, 200 mM NaCl, 1 mM TCEP
buffer was incubated with increasing concentrations of trypsin (0.001%-3%)
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and/or subtilicin (0.0001-1%) in a final volume of 20 µl. The reaction mixture is
then incubated on ice for 10 minutes, before it was quenched by adding SDS
loading dye and boiled for 2 minutes at 100 °C. Samples were then loaded on
SDS-PAGE, and degradation bands were cut and sent for mass spectrometry for
further analysis by LC-MS.

4.4 Crystallization
DDB1-DCAF crystals were obtained by mixing 1:1 or 1:2 molar ratios of protein
to buffers from commercial screens (Hampton, USA; Qiagen, DE). Initial
screening was done using Phoenix liquid handling robot (Art Robbins, CA, USA).
All crystallization set-ups were done in a hanging drop set up. Initial hits were
refined in 24-well hanging drop vapor diffusion by mixing 1 µl of protein with 1-2
µl of buffers reservoir. Data collection was carried out at beamline X06DA of the
Swiss Light Source (Paul Scherrer Institute, Villigen. Switzerland) with Pilatus
2M detector (Dectris). Collected datasets were processed using XDS (Kabsch et
al., 1993).
The following tables summarize buffer conditions used for crystals reproduction
and optimization.
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Table 1: Crystallization conditions screened for DDB1(FL)-DCAF12
A.
PEG 400 23% PEG 400 23% PEG 400 23% PEG 400 23% PEG 400 23% PEG 400 23%
TRIS pH 6.8 TRIS pH 7.5 TRIS pH 8 TRIS pH 8.5 TRIS pH 8.8 TRIS
pH
9
TriSodCitrate TriSodCitrate TriSodCitrate TriSodCitrate
TriSodCitrate TriSodCitrate
200mM
200mM
200mM
200mM
200mM
200mM
PEG 400 27% PEG 400 27% PEG 400 27% PEG 400 27% PEG 400 27% PEG 400 27%
TRIS pH 6.8 TRIS pH 7.5 TRIS pH 8 TRIS pH 8.5 TRIS pH 8.8 TRIS
pH
9
TriSodCitrate TriSodCitrate TriSodCitrate TriSodCitrate
TriSodCitrate TriSodCitrate
200mM
200mM
200mM
200mM
200mM
200mM
PEG 400 30% PEG 400 30% PEG 400 30% PEG 400 30% PEG 400 30% PEG 400 30%
TRIS pH 6.8 TRIS pH 7.5 TRIS pH 8 TRIS pH 8.5 TRIS pH 8.8 TRIS
pH
9
TriSodCitrate TriSodCitrate TriSodCitrate TriSodCitrate
TriSodCitrate TriSodCitrate
200mM
200mM
200mM
200mM
200mM
200mM
PEG 400 33% PEG 400 33% PEG 400 33% PEG 400 33% PEG 400 33% PEG 400 33%
TRIS pH 6.8 TRIS pH 7.5 TRIS pH 8 TRIS pH 8.5 TRIS pH 8.8 TRIS
pH
9
TriSodCitrate TriSodCitrate TriSodCitrate TriSodCitrate
TriSodCitrate TriSodCitrate
200mM
200mM
200mM
200mM
200mM
200mM

B.
PEG 200 26% PEG 200 28% PEG 200 30% PEG 200 32% PEG 200 34% PEG 200 36%
TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5
TriSodCitrate TriSodCitrate TriSodCitrate TriSodCitrate TriSodCitrate TriSodCitrate
200mM
200mM
200mM
200mM
200mM
200mM
P MME 350 P MME 350 P MME 350 P MME 350 P MME 350 P MME 350
26%
28%
30%
32%
34%
36%
TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5
TriSodCitrate TriSodCitrate TriSodCitrate TriSodCitrate TriSodCitrate TriSodCitrate
200mM
200mM
200mM
200mM
200mM
200mM
PEG 400 26% PEG 400 28% PEG 400 30% PEG 400 32% PEG 400 34% PEG 400 36%
TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5
TriSodCitrate TriSodCitrate TriSodCitrate TriSodCitrate TriSodCitrate TriSodCitrate
200mM
200mM
200mM
200mM
200mM
200mM
P MME 550 P MME 550 P MME 550 P MME 550 P MME 550 P MME 550
26%
28%
30%
32%
34%
36%
TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5
TriSodCitrate TriSodCitrate TriSodCitrate TriSodCitrate TriSodCitrate TriSodCitrate
200mM
200mM
200mM
200mM
200mM
200mM

C.
PEG 400 22% PEG 400 27% PEG 400 30% PEG 400 33% PEG 400 37% PEG 400 40%
TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5
TriSodCitrate TriSodCitrate TriSodCitrate
TriSodCitrate TriSodCitrate TriSodCitrate
200mM
200mM
200mM
200mM
200mM
200mM
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Table 4. Crystallization conditions screened for DDB1(FL)-DCAF16
A.
PEG 3350 16% PEG 3350 18% PEG 3350 20% PEG 3350 22% PEG 3350 24% PEG 3350 26%
Sod. Formate Sod. Formate Sod. Formate Sod. Formate Sod. Formate Sod.
Formate
200mM
200mM
200mM
200mM
200mM
200mM
PEG 3350 16% PEG 3350 18% PEG 3350 20% PEG 3350 22% PEG 3350 24% PEG 3350 26%
Lithium. Acetate Lithium. Acetate Lithium. Acetate Lithium. Acetate Lithium. Acetate Lithium. Acetate
200mM
200mM
200mM
200mM
200mM
200mM
PEG 3350 16% PEG 3350 18% PEG 3350 20% PEG 3350 22% PEG 3350 24% PEG 3350 26%
Sod.
Acetate Sod.
Acetate Sod.
Acetate Sod.
Acetate Sod.
Acetate Sod.
Acetate
200mM
200mM
200mM
200mM
200mM
200mM
50%
dilution 50%
dilution 50%
dilution 50%
dilution 50%
dilution 50%
dilution
PEG 3350 16% PEG 3350 18% PEG 3350 20% PEG 3350 22% PEG 3350 24% PEG 3350 26%
Calcium
Calcium
Calcium
Calcium
Calcium
Calcium Acetate
Acetate 200mM Acetate 200mM Acetate 200mM Acetate 200mM Acetate 200mM 200mM
B.
Sodium Acetate Sodium Acetate Sodium Acetate Sodium Acetate
170mM
170mM
170mM
170mM
Sodium Acetate Sodium Acetate
TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 170mM
170mM
90mM
90mM
90mM
90mM
TRIS pH 8.5 TRIS pH 8.5
PEG
4000 PEG
4000 PEG
4000 PEG
4000 90mM
90mM
18.5%
20.5%
22.5%
25.5%
PEG 4000 27% PEG 4000 30%
Glycerol 15% Glycerol 15% Glycerol 15% Glycerol 15% Glycerol 15% Glycerol 15%
PEG 3000 18% PEG 3000 20% PEG 3000 22% PEG 3000 25% PEG 3000 27% PEG 3000 30%
TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5
100mM
100mM
100mM
100mM
100mM
100mM
PEG 6000 18% PEG 6000 20% PEG 6000 22% PEG 6000 25% PEG 6000 27% PEG 6000 30%
TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5
100mM
100mM
100mM
100mM
100mM
100mM
PEG 8000 18% PEG 8000 20% PEG 8000 22% PEG 8000 25% PEG 8000 27% PEG 8000 30%
TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5 TRIS pH 8.5
100mM
100mM
100mM
100mM
100mM
100mM

4.5 Size Exclusion Chromatography- Multi-Angle Light Scattering (SECMALS)
SEC-MALS was used to determine the average mass of DDB1-DCAFs
complexes as well as the CRL4DCAF1 oligomeric states. SEC-MALS also provides
an important value, which is the poly-dispersity (Mw/Mn), that gives a good
indication on the homogeneity of the sample. SEC-MALS used in this study has
a Superose 6 10/300 (GE Healthcare Life Sciences) size exclusion column
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coupled with MALS using an Optilab T-rEX refractive index detector and a
miniDAWN TREOS 3 angle MALS detector (Wyatt Technology). The runs were
done in 50 mM HEPES pH7.4, 200 mM NaCl and 1mM TCEP. 50 μl sample
volume were injected at a concentration of approximately 2 mg/ml.

4.6 Negative-Stain Electron Microscopy and Image processing
Purified CRL4DCAF1 and MerlinD (1-343) was mixed in 1:2 molar ratio. A gradient
fixation (GraFix) protocol was followed (Stark, H. Methods Enzymol. 2010). The
sample was loaded on a glycerol gradient (10%-30% w/v) in the presence of the
cross-linker glutaraldehyde (0.25% v/v) followed by ultracentrifugation (SW40Ti
rotor) at 30,000 rpm for 19 h at 4 °C. Fractions containing CRL4DCAF1-Merlin
complex were collected and concentrated, before injected into Superose 6
increase 3.2/300 (GE Healthcare Life Technologies) for buffer exchange. The
peak fraction from gel filtration was collected (0.05 mg/ml) and 4 µl were
adsorbed on Quantifoil grids (S7/2, Cu 400 mesh, Quantifoil Micro Tools GmbH,
Grosslöbichau, Germany) after glow discharge for 90 s. The sample-loaded grids
were then blotted (10-20 s) and stained with 2% (w/v) uranyl acetate. Negative
stain dataset was recorded on FEI Tecnai Spirit equipped with FEI Eagle camera
(pixel size 1.523 Å at a magnification of x 68,000) and operated at an acceleration
voltage of 120 keV. Images were recorded with a defocus value around -1.5 µm.
Recorded dataset contained 100 micrographs. 5521 Particles were picked using
e2boxer.py (EMAN2) (Tang, G. et al 2007). 2D classification was done by
sxisac.py from the SPARX package (Hohn et al., 2007). Initial model was created
using sxviper.py also in SPARX. 5481 Particles were then imported to RELION
(Scheres, S. H 2012) for further processing. Contrast Transfer function (CTF)
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parameters were calculated by CTFFIND4 {Rohou:2015kw}. 3D refinement was
done in RELION using the initial model created in SPARX. The final refined
model contained 5481 particles and yielded a resolution of 27 Å.

4.7 Cryo Electron Microscopy and Image processing
The same gradient fixation protocol as in 4.6 was followed for CRL4DCAF1 and
CRL4DCAF1-CSN complexes. Glycerol removal and buffer exchange was done by
several rounds of concentration and dilution in case of CRL4DCAF1-CSN, or by
injecting the sample into Superose 6 3.2/300 in case of CRL4DCAF1. 4 µl sample
(0.1-0.2 mg/ml) was loaded on either Quantifoil holey carbon grids (R1.2/1.3, Cu
400 mesh, Quantifoil Micro Tools GmbH, Grosslöbichau, Germany) or Lacey
carbons grids (Ted Pella, Inc). Leica EM GP plunger was used to freeze grids (2
s blotting time).
For CRL4DCAF1, micrographs were recorded on FEI Titan Krios TEM operated at
300 keV, using a Gatan K2-summit direct electron detector (Quantum-LS is the
energy filter). The micrographs were recorded in an electron-counting mode with
a dose rate of 5 e-/pixel/s. The raw stacks recorded on 40 frames with an
exposure time of 40 s, yielding a total dose of 45 e-/pixel. Micrographs recorded
with a magnification of x 130,000, the calibrated pixel size is 0.88 Å. Defocus
values varied between -1.5 µm and -4 µm.
1280 micrographs were processed. Dose-fractionated raw stacks were subjected
to drift correction using unblur (Campbell et al., 2012). CTF estimation was done
by CTFFIND4 (Rohou and Grigorieff, 2015). Particle picking was done by
gautomatch (Zhang, K.). 158,188 Particles were imported into RELION and
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extracted with box size of 260 x 260 pixels after binning the micrographs by a
factor of 2 (1.76 Å/pixel).
Four rounds of 2D classification and two rounds of 3D classification were
performed to remove heterogeneous particles. 3D refinement on 14,000 particles
after applying D2 symmetry yielded the final model at 8.4 Å. Post-processing was
done using mask that was created using RELION by extending the binary map
with 10 pixels and adding 10 pixels of soft edge.
Final resolution = 8.5 Angstroms
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For CRL4DCAF1-CSN complex, Micrographs were recorded on FEI F30 Polara
operated at 300 keV, using a Gatan K2-summit direct electron detector in
electron-counting mode (magnification of x 31,000 and calibrated pixel size of
1.24 Å). Exposure was done for 16 s and dose fractionation into 40 frames. Defocus values varied between -1.5 µm and 4 µm.
3233 micrographs were processed. Dose-fractionated raw stacks were subjected
to drift correction using unblur (Campbell et al., 2012). CTF estimation was done
by CTFFIND (Rohou and Grigorieff, 2015). Particle auto-picking was done in
RELION. 173,082 Particles were extracted after binning the micrographs by a
factor of 2 (2.48 Å/pixel).
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Eight rounds of 2D classification and four rounds of 3D classification were
performed to remove heterogeneous particles. 3D refinement on 26,681 particles
after applying C2 symmetry yielded the final model at 23.2 Å. Post-processing
was done using mask that was created using RELION by extending the binary
map with 5 pixels and adding 10 pixels of soft edge.

4.8 Labelling of NEDD8 with Alexa-488–maleimide
To make sure purified human NEDD8(M1C) (NEDD8) is fully reduced, it was
incubated with 8 mM DTT at 4 °C for 1 h. Buffer exchange was done in nonreducing buffer conditions, 50 mM Tris pH 7.5 and 150 mM NaCl. Alexa-488–
C5-maleimide (Invitrogen) or PT22-maleimide (TTP Labtech) were dissolved in
100% DMSO and mixed with NEDD8 in 4:1 ratio. The labelling reaction took
place at room temperature after 3 h incubation in a vacuum desiccator, and the
reaction continued overnight at 4 °C. Labelled NEDD8 was purified on a
Superdex 200 16/60 gel filtration column in 50 mM Tris pH 7.5, 150 mM NaCl,
0.25 mM TCEP and 10% (v/v) glycerol. Sample was then concentrated, flash
frozen in liquid nitrogen and stored at −80 °C.

4.9 Neddylation of CRLs with wild-type or fluorophore-labeled NEDD8
The neddylation reaction of dimeric and monomeric CRL4DCAF1 complexes
involves 0.3 μM APPBP1-UBA3, 1.2 μM Ubc12, 4-8 μM CRL4DCAF1, 8-20 μM
NEDD8, 2.5 mM MgCl2, and 1.25 mM ATP. The reaction takes place in HEPES
pH7.4, 200 mM NaCl and 1mM TCEP buffer for 15-30 minutes at room
temperature.
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The neddylation reaction of tetrameric CRL4DCAF1 requires 0.75 μM APPBP1UBA3, 2 μM Ubc12, 1 μM CRL4DCAF1 (the ratio between ubc12: CRL4DCAF1
tetramer should be 1:1 or 2:1 for efficient neddylation), 8-20 μM NEDD8, 2.5 mM
MgCl2, and 1.25 mM ATP. The reaction takes place in Tris-HCl pH 8, 200 mM
NaCl and 1mM TCEP buffer for 2-4 h at room temperature.

4.10

Fluorescence polarization (FP)- based CSN activity assays

NEDD8 was labeled with PT22-maleimide (TTP Labtech) and enzymatically
conjugated to CRLs as described previously (4.9). 7-10 μl reaction mix contains
50 mM Tris-HCl pH7.5, 200 mM NaCl and 1mM TCEP, 0.1% pluronic acid, and
different concentrations of PT22-labeled CRL4DCAF1 (80 nM-1.5μM), and 15 nM
CSN wild-type for CRL4DCAF1 and CRL4DCAF1-Merlin, and 150 nM CSN wild-type
for CRL4DCAF1-VPR and CRL4DCAF1-VPR-UNG2. Reactions took place at room
temperature in 384-well plates in a BMG PheraStar plate reader. Initial rates were
calculated by measuring the change in fluorescence polarization at 590 nm after
excitation at 540 nm. Product formation was calculated as described in Marks, et
al., 2005. Initial rate constants were calculated by plotting product formation (M)
over time (s) using GraphPad Prism version 7.00 for Windows, GraphPad
Software, La Jolla California USA, www.graphpad.com. Km and Kcat were
calculated by non-linear fitting of initial velocities V0 in the Michaelis-Menten
equation.
4.11

Biotinylation of Cullin 4A

10 μM of purified StrepII-Avi-tagged Cullin 4A were biotinylated in vitro by
incubation with of 2.5 μM BirA enzyme and 1 mM D-Biotin in 50 mM HEPES
pH 7.4, 200 mM NaCl, 20 mM MgCl2, 0.25 mM TCEP and 50 mM ATP. The
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reaction took place in 1 h at room temperature. Biotinylated Cullin 4A was
purified by gel filtration, then concentrated, flash frozen, and stored at −80 °C.

4.12

Time-Resolved Fluorescence Resonance Energy Transfer (TR-

FRET) for CAND1 binding.
Purified CRL4DCAF1 (FL and DN) with biotinylated Cullin 4A and spy-tagged
DDB1 was incubated with Alexa488-labeled Spy catcher protein at 1:1 ratio for
1 h at room temperature, following the protocol described previously (Zakeri et
al., 2012). 0.8 μM of biotinylated and Alexa-labeled CRL4DCAF1 (FL and DN)
was incubated with 100 nM of Terbium-Streptavidin (Tb-SA, Invitrogen) for 10
minutes at room temperature. 10 μM of unlabeled DDB1-CRBN was added to
the reaction, followed by the addition of 1.5 μM CAND1. Tb excitation is at 337
nm and emission is at 490 nm. Alexa is excited at 488 nm and emits at 520
nm. Ratio between 520/490 was taken as the TR-FRET ratio, and the decay
curve is plotted. The 520/490 was used for calculations using the single
exponential decay fit.
4.13

In vivo degron-tagging of DCAF1 by CRISPR CAS9 technique.

Guide RNAs targeted for DCAF1 is ligated into CAS9-containing plasmid. The
repair construct contained DCAF1 C-terminal exon sequence fused to IKAROS
zinc finger 2 in an internal a mammalian vector (pNTM). CAS9 vector and
repair vector were co-transfected into HCT-116 mammalian cells using
lipofectin 2000. Fluorescence activated cell sorting of live cells (FACS) was
used to separate co-transfected cells, which express mCherry, from untransfected cells. PCR reactions using primers specific for DCAF1-IKAROS
fused constructs, identified two positive clones out of 70 tested clones, but both
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were heterozygote. HCT-116 positive clones were treated with 0 and 10 μM
Lenalidomide and incubated for 0, 4 h, and 24 h. Cell lysis was done using
buffer containing Tris-HCl pH 8.0 50 mM, NaCl 500 mM, TCEP 0.5 mM, PMSF
1 mM, 1x tablet of protease inhibitor cocktail, 1 mM EDTA, and 0.1% NP40.
Cell suspensions were sonicated 10x and incubated on ice for 20 mins to allow
complete lysis, total protein concentration was measured by Bradford and
normalized. SDS-loading dye was added to the lysed cells and incubated at 75
°C for 5 mins before loaded in SDS-PAGE.
4.14

Western blotting

10 μl of sample were loaded in SDS-PAGE 7.5% gels from Biorad. Transfer to
PVDF membrane was done using iBlot2 machine for 8 min by applying 25V.
Membrane is then blocked for 1 h with a solution of 5% non-fat dry milk (Santa
Cruz) in PBS and 1/1000 Tween 20. DCAF1 antibody (Invitrogen) was then
added to the membrane in a concentration of 1/2000 and incubated shaking at
4 °C overnight. Membrane is then washed three times 15 mins each with PBS
+ 1/1000 Tween 20. HRP conjugated anti-rabbit secondary antibody (1/10,000)
s added to the membrane and incubated at room temperature for 1 h.
Membrane is then washed three times 15 mins each with PBS + 1/1000 Tween
20. SuperSignal (Thermo Scientific) chemiluminescent substrate was used for
detection.
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5. List of Abbreviations:

UPS
DNA
RNA
UBE1
UBA1
UBA6
ATP
UFD
RING
HECT
IBR
RBR
M1
c-Cbl
BRCA1
BARD1
APC
CRL
SCF
CUL
CTD
4HB
WHA
WHB
N8
SR
FBP
BTB
VHL
SOCS
ZnF
Keap1
Nrf2
DDB1
DDB2
BPA, BPB,
BPC
HLH
DCAF
RNAPII

Ubiquitin Proteasome System
Deoxyribonucleic Acid
Ribonucleic Acid
Ubiquitin E1
Ubiquitin Activating 1
Ubiquitin Activating 6
Adinosine Triphosphate
Ubiqui fold domain
Real Interesting New Gene
homologous to the E6AP carboxyl terminus
In Between RING
RING between RING
Methionine 1
Casitas B-lineage lymphoma
BReast CAncer1
BRCA1-associated RING domain 1
Anaphase Promoting Complex
Cullin RING Ligase
Skp1 Cullin F-box
Cullin
C-terminal domain
4 helix bundle
Winged helix domain A
Winged helix domain A
NEDD8
Substrate receptor
F-Box Protein
Bric-a-brac, Tramtrack, and Broad complex
von Hippel-Lindau
suppressors of cytokine signaling
Zinc Finger
Kelch ECH associating protein 1
Nuclear factor erythroid 2-related factor 2
Damage DNA binding 1
Damage DNA binding 2
Beta Propeller A, B, and C
Helix Loop Helix
DDB1 Cullin 4A Associated Factors
RNA polymerase II
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Cdt2
H2A
RIP
VprBP
HIV-1
UNG2
LisH
SIV
PP2A
ERalpha
CAND1
NF2
FERM
NEDD8
GG motif
Ubc12
MDM2
MPN
PCI
E76
EM
Ins1
HEAT
FRET
SEC
MALS
FL
DN
kDa
MDa
SDS-PAGE
MW
PDB
Koff
GLMN
Fbxw7
UPD
PINK1
SPOP

Cell division cycle protein 2
Histone 2A
VpR Interacting Protein
Vpr Binding Protein
Human Immunodeficiency virus 1
Uracil DNA glycosylase
LIS1 homology domain
Simian Immunodefeciency virus
Protein Phosphatase 2A
Estrogen Receptor Alpha
Cullin associated NEDD8 dissociated protein 1
Neurofibromatosis 2
4.1 protein, Ezrin, Radixin, Meosin
Neural precursor cell expressed developmentally down-regulated
protein 8
Glycine Glycine motif
Ub conjugating protein 12
Mouse double minute 2 homolog
Mpr1 Pad1 N-terminak
Proteasome, COP9, Initiation factor 3
glutamate 76
Electron Microscopy
Insertion loop1
huntingtin-elongation-Asubunit-TOR
Fluorescence Resonance Energy Transfer
Size Exclusion Chromatography
Multi Angle Light Scattering
Full length
Delta N-terminus
Kilo daltons
Mega daltons
Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Molecular Weight
Protein data bank
Dissociation constant
Glomulin
F-box/WD repeat-containing protein 7
Unique Parkin Domain
PTEN-induced putative kinase 1
Speckle-type POZ protein
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