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Abstract

Ubiquitination is a highly conserved post-translational modification in eukaryotes, well known for 

targeting proteins for degradation by the 26S proteasome. Proteins destined for proteasomal 

degradation are selected by E3 ubiquitin ligases. Cullin-RING E3 ubiquitin ligases (CRLs) are the 

largest superfamily of E3 ubiquitin ligases, with over 400 members known in mammals. These 

modular complexes are tightly regulated in the cell. In this chapter, we highlight recent structural 

and biochemical advances shedding light on the assembly and architecture of cullin- RING 

ligases, their dynamic regulation by a variety of host factors, and their manipulation by viral 

pathogens and small molecules.
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12.1 Introduction: Overview and Function of CRLs

Ubiquitin (Ub) is a small, 8.5 kDa protein that is conserved across all eukaryotes and that 

regulates important cellular processes (Hershko and Ciechanover 1998). Indeed ubiquitous, 

it is expressed at very high concentrations in vivo, at approximately 85 μM in human 

embryonic kidney (HEK) cells for example (Kaiser et al. 2011). The covalent attachment of 

Ub to a target protein, termed ubiquitylation or ubiquitination, has a variety of effects on the 

regulation and fate of the target protein. Ub-mediated protein degradation by the 26S 

proteasome was discovered in the late 1970s and early 1980s. This work led to the receiving 
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of the 2004 Nobel Prize in Chemistry by Aaron Ciechanover, Avram Hershko, and Irwin 

Rose (Ciechanover et al. 2004). Besides its role in proteasomal degradation, ubiquitination 

has been shown to mediate many other processes, such as protein-protein interactions, 

subcellular localization, and DNA repair. This process requires a cascade of three enzymes: 

E1 ubiquitin activating enzymes, E2 ubiquitin conjugating enzymes, and E3 ubiquitin ligases 

(reviewed in Pickart 2001). E1 activating enzymes transfer Ub in an ATP-dependent manner 

to the E2 conjugating enzyme. The E3 Ub ligase bridges the E2 and the target protein (the 

substrate) to facilitate the transfer of Ub to a lysine or the N-terminus of the target.

E3 ligases are responsible for selecting substrates to be ubiquitinated. While humans only 

have two E1 activating enzymes, UBA1 and UBA6, and ~30 different E2 conjugating 

enzymes, there are over 600 different E3 ligases (van Wijk and Timmers 2010). E3 ligases 

are divided into three main families: the homologous to E6AP carboxyl terminus (HECT), 

the really interesting new gene and U box (RING and U box), and the RING-between-RING 

(RBR) families (Berndsen and Wolberger 2014). The HECT and RBR families catalyze 

ubiquitination in two steps. First, Ub is catalytically transferred from the E2 to the E3, and 

then from the E3 to the substrate. In contrast, the RING family mediates direct transfer of 

ubiquitin from the E2 to the substrate, bypassing an E3-Ub intermediate. While not 

catalyzing a reaction, the RING family is still considered an enzyme (Bulatov and Ciulli 

2015). The majority of E3 ligases belong to the RING family (Deshaies and Joazeiro 2009). 

Within that family, cullin-RING E3 ligases (CRLs) are the largest superfamily, with over 

200 members and are responsible for ~20% of all ubiquitination in cells (Soucy et al. 2009; 

Petroski and Deshaies 2005). The core CRL consists of four components: a cullin protein 

that serves to scaffold the CRL, a RING finger protein that binds to an E2 ubiquitin 

conjugating enzyme, a substrate receptor that recognize the target protein, and adaptor 

proteins that bridge the substrate receptor to the cullin (Fig. 12.1a).

Mammals express seven canonical cullin proteins (Cul1, Cul2, Cul3, Cul4A, Cul4B, Cul5, 

and Cul7) that form modular, multisubunit CRLs, designated CRL1–7. Cullins are named 

because they “cull” (originally meaning to selectively slaughter a herd of wild animals) 

proteins for proteasomal degradation (Sarikas et al. 2011). Bioinformatic analysis suggests 

that the canonical eukaryotic cullins arose from three ancestral genes (Culα, Culβ, Culγ) 

where Cul1, Cul2, Cul5, and Cul7 descend from Culα, Cul3 from Culβ, and Cul4A/Cul4B 

from Culγ (Marin 2009). Cul4A and Cul4B mainly differ by an additional 149 amino acids 

at the Cul4B N-terminus, a portion of which harbors a nuclear localization sequence (Zou et 

al. 2009). Cul7 is an atypical cullin as it is much larger than the average cullin (~1700 amino 

acids compared to ~760 amino acids). Mammals also encode two other proteins that contain 

cullin homology domains, Cul9/PARkin-like cytoplasmic protein (PARC), and subunit 2 of 

the anaphase promoting complex/cyclosome (APC2), but these two proteins are overall 

highly divergent from canonical cullins as they contain additional domains (Skaar et al. 

2007; Zachariae et al. 1998).

Within a CRL, the cullin protein serves as the central scaffold of the E3 Ub ligase (Fig. 

12.1a). The C-terminal domain of a cullin anchors the RING protein, either Rbx1 or Rbx2, 

which recruit the Ub-charged E2 enzymes. At the opposite end of the cullin, the N-terminal 

domain interacts with the adaptor component of the CRL. Adaptors share one of two 
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common folds that are used to interact with cullins. Skp1, Elongin C, and Bric-a-brac, 

Tramtrack and Broad Complex (BTB) proteins share a common α-helical BTB fold to 

interact with their CRL, while the DDB1– Cul4-associated factor (DCAF) family uses a 

WD40 β–propeller fold.

The adaptor component of a CRL helps link the cullin to a family of substrate receptors (Fig. 

12.1b). Typically, each substrate receptor family contains anywhere from approximately 30 

to 70 proteins (Sarikas et al. 2011). For example, the Skp1 adaptor protein connects the F-

box substrate receptor protein family, with over 60 representatives, to a CRL1 (Skaar et al. 

2013). However, the atypical Cul7, to date, has only one identified substrate receptor 

protein, Fbw8 (Dias et al. 2002). A specific CRL complex can be denoted with its substrate 

receptor, such as CRL7Fbw8. The substrate receptor has an additional domain that is 

responsible for recognizing a substrate of the CRL through a ‘degron’ (Fig. 12.1c), a specific 

amino acid sequence that is often post-translationally modified (Bulatov and Ciulli 2015; 

Lydeard et al. 2013). Thus, the substrate receptor component is responsible for dictating the 

specificity of a particular CRL towards its cellular target proteins. Since various substrate 

receptors can target a repertoire of substrates, CRLs are involved in a diverse array of 

biological processes and are associated with a multitude of diseases (Table 12.1).

12.1.1 CRL1 Defines the Prototypical CRL

The prototypical and best-characterized CRL is CRL1 or Skp1–Cul1–F-box (SCF) E3 

ligase. Much of our understanding of CRLs comes from CRL1. The structure of CRL1Skp2, 

containing Skp1, the F-box domain of Skp2 (F-boxSkp2), Cul1, and Rbx1 (Zheng et al. 2002) 

was the first to provide insight toward the overall CRL arrangement. The complex has an 

arch or banana-shaped architecture, with the curved Cul1 at the center, scaffolding Skp1 and 

Skp2 at its N-terminus and Rbx1 at its C-terminus (Fig. 12.1c). The spatial organization and 

overall architecture of CRL1 is representative for all CRLs.

Cul1 is composed of a helical N-terminal domain (NTD) and a globular C-terminal domain 

(CTD) (Fig. 12.1c). The N-terminus can be divided into three cullin repeat domains, each 

composed of 5-helix bundles, with the first cullin repeat containing an additional helix 

inserted after helix α4 (Fig. 12.1c). The first cullin repeat interacts with Skp1 and F-boxSkp2 

via hydrophobic and electrostatic interactions with helices α2 and α5, which is a conserved 

mechanism across all CRLs. The F-box motif is a three-helix bundle that packs along the 

helices of Skp1 (Fig. 12.1b) (Schulman et al. 2000). The Cul1 C-terminus is globular, 

containing a 4-helix bundle, an α/β domain, and two winged-helix domains, A and B (Fig. 

12.1d). The CTD creates a V-shaped binding-pocket for Rbx1. Rbx1 contains three 

segments: an N-terminal β-strand that inserts into the Cul1 α/β domain, a flexible linker 

region, and a C-terminal RING finger domain. The Rbx1 RING domain contains a RING 

motif, which binds two zinc ions, but with an additional 20-residue insertion, forming an 

additional zinc ion coordinating site (Zheng et al. 2002). In the crystal structure, Rbx1 packs 

against the winged-helix B of Cul1, in an inactive conformation (discussed in Sect. 12.2.1). 

The Cul1 NTD and CTD are rigid with respect to each other, acting as a stiff platform for 

the proteins at each end.
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The two domains of Cul1 can be expressed in vitro independently of one another. With 

solubility-enhancing mutations at the interfaces, either the Cul1 NTD or the Cul1 CTD with 

Rbx1 can be expressed and purified from E. coli. This technique has been utilized for the 

expression and crystallization of fragments of Cul3 and Cul5 (Errington et al. 2012; Canning 

et al. 2013; Muniz et al. 2013). The two wild-type halves can be co-expressed together to 

reconstitute a ‘full-length’ Cul1 in a ‘split-n- coexpress’ method (Zheng et al. 2002).

12.1.2 CRL2 and CRL5: The Same Adaptor, Different Substrate Receptors

Among the CRL families, CRL2 and CRL5 are the most similar to CRL1 (Fig. 12.2a). 

While Skp1 is the adaptor protein for CRL1, the obligate heterodimer of Elongin B and 

Elongin C (EloBC) is the adaptor component for CRL2 and CRL5. Even with the same 

adaptor, Cul2 and Cul5 recruit different substrate receptors. VHL box substrate receptors 

interact with Cul2/EloBC while SOCS box proteins bind Cul5/EloBC. The VHL box motif 

is similar in sequence and structure to the SOCS box motif, making it difficult to predict 

their assembly with either Cul2 or Cul5 (Fig. 12.2b) (Mahrour et al. 2008). Both the VHL 

box and the SOCS box motifs are composed of a BC box and a cullin box. The BC box 

mediates the association with EloBC while the cullin box is important for Cul2/Cul5 

specificity. Swapping of cullin boxes can switch the substrate receptor preference for Cul2 

or Cul5 (Kamura et al. 2004; Mahrour et al. 2008).

Charge complementary helps dictate substrate receptor preference for Cul2 or Cul5. The 

structures of CRL2VHL and CRL5SOCS2 reveal that the interactions between substrate 

receptor and cullin are centered around cullin helices α2 and α5 (Guo et al. 2014; Kim et al. 

2013; Nguyen et al. 2015). The surface charge polarity between VHL and Cul2 helix α5 and 

between SOCS2 and Cul5 helix α5 are opposite, with the Cul2 helix α5 interface being 

basic and the Cul5 counterpart being acidic (Fig. 12.2c). In addition, the CRL2VHL structure 

revealed that the determinants for Cul2 selection can lie outside of the cullin box (Nguyen et 

al.2015). The residues used by the substrate receptors to recruit the respective cullin are not 

conserved across the other VHL or SOCS box proteins. Therefore, even with the knowledge 

of charge complementarity at the substrate receptor-cullin interface, a more explicit rule to 

predict Cul2/5 preference is lacking and will require additional CRL2/5 structures.

12.1.3 CRL3: Integrating Adaptors and Substrate Receptors to Target One or Two Copies 
of a Substrate

CRL3 fuses the functions of the substrate receptor and adaptor into a single polypeptide, a 

BTB protein. BTB proteins contain the BTB domain, which is responsible for binding to 

Cul3, and a protein-protein interaction domain to target a substrate. The BTB domain is 

structurally homologous to the adaptors Skp1 and EloC in CRL1 and CRL2/5, respectively 

(Fig. 12.2b). However, not all proteins containing BTB domains bind to Cul3 (Genschik et 

al. 2013). Only those that contain an additional motif, termed the 3-box, are recruited to 

CRL3. The 3-box is analogous to the other cullin-binding motifs such as the F-box, VHL 

box, and SOCS box, as it aids in the binding of Cul3 (Zhuang et al. 2009). The 3-box creates 

a hydrophobic groove into which the 22 amino acid N-terminal extension of Cul3 is inserted. 

Deletion of the Cul3 N-terminal extension results in a 30-fold loss of binding (Canning et al. 
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2013). Overall, assembly of CRL3s is similar in architecture to CRL1/2/5 (Fig. 12.2a) 

(Canning et al. 2013; Ji and Prive 2013; Errington et al. 2012).

BTB proteins can dimerize to control substrate ubiquitination. This leads to an assembled 

CRL3 that has two substrate receptors and two catalytic RING domains, which can either act 

independently and target two substrates total (one for each Rbx1), or the dimer can act to 

target a single protein. The BTB protein Keap1 falls into the latter category and is thought to 

recognize two distinct degrons present in the same target substrate, Nrf2 (Tong et al. 2006, 

2007). In addition, multimeric CRL3 assemblies can be formed through BTB proteins 

containing the BACK domains, such as SPOP. CRL3SPOP has a much higher E3 ligase 

activity than that of a dimerization-deficient mutant, which could be due to either enhanced 

avidity or increased local concentration of CRLs (Errington et al. 2012). While some CRL1 

F-box proteins, such as Fbw7, have been reported to dimerize (Welcker and Clurman 2007), 

the ability to form dimeric CRL is a hallmark characteristic of the CRL3 family.

12.1.4 CRL4: Propellers Drive Assembly

CRL4s are highly distinct from the other CRLs as they use the adaptor protein damaged 

DNA binding protein 1 (DDB1), which does not have the BTB fold found in the adaptors of 

CRL1/2/3/5. Instead, DDB1 consists of three WD40 β-propeller domains (BPA, BPB, BPC) 

and a helical C-terminal domain (Fig. 12.2d). Only the BPB domain interacts with Cul4, and 

while it is structurally distinct from the other adaptors, it binds to Cul4 in an equivalent 

manner as other adaptor-cullins interactions. BPB recognizes Cul4 helices α2 and α5 of the 

first cullin repeat and is wrapped around by a long N-terminal extension of Cul4. BPA and 

BPC form a cleft that is the binding site for the DCAF substrate receptors. The DDB1 BPA-

BPC double propeller and the BPB propeller arrangement can be quite flexible, with a 150° 

range of rotational freedom (Angers et al. 2006; Zimmerman et al. 2010). This flexibility 

may allow binding of substrates of various sizes and shapes or to scan a large area centered 

around the DCAF–substrate complex (Scrima et al. 2008). DCAF proteins utilize a short 

helix, termed the H-box motif, or two conserved Asp-x-Arg motifs located at the bottom 

surface of the WD40 propeller (WDXR motif) to interact with DDB1 (Angers et al. 2006; 

Jin et al. 2006; Li et al. 2010). While CRL4 exhibits vast structural differences in its subunit 

composition, the overall architecture is surprisingly similar to the other CRLs.

CRL4s have been shown to recognize non-canonical substrates. They are the only CRLs 

known to date where the substrate may not be a protein, but DNA. CRL4DDB2 detects UV-

induced lesions in DNA and ubiquitinates nearby proteins to help direct nucleotide excision 

repair (Chen et al. 2001; Fischer et al. 2011; Scrima et al. 2008). Small molecules can also 

modulate the substrate specificity of a CRL. The immune modulatory drugs thalidomide and 

its derivatives lenalidomide and pomalidomide bind to the CRL4 substrate receptor 

Cereblon, prevent targeting of its native substrates, and subvert it to target casein kinase 1α 
for polyubiquitination (Petzold et al. 2016). These examples demonstrate that CRL can 

recognize non- protein substrates and that they can be altered to target non-canonical 

proteins (discussed in Sects. 12.3 and 12.4).
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12.2 Regulation of CRLs

The active state of CRLs must be tightly regulated to ensure proper cellular fitness. This is 

achieved by post-translational modifications of cullins and controlled alterations to the 

subunit composition of the complexes. These are highly dynamic processes that require the 

interplay of many other proteins. Here we describe how neddylation affects CRLs, how 

CAND1 allows for remodeling of substrate receptors on CRLs, and how E3 activity can be 

downregulated by the protein Glomulin.

12.2.1 Neddylation Activates CRLs Through Conformational Change at the Cullin-RING 
Interface

All cullins are post-translationally modified by covalent attachment of the protein Neural 

precursor cell Expressed Developmentally Down-regulated protein 8 (NEDD8) to activate 

ligase activity (Hori et al. 1999; Pan et al. 2004). The attachment of NEDD8, termed 

neddylation, requires a cascade of enzymes similar to those required for ubiquitination. 

NAE, a heterodimer of NAE1 and UBA3, acts as the E1 for neddylation while UBC12 and 

UBE2F act as the NEDD8 E2s. Interestingly and distinct from ubiquitination, a NEDD8 E3 

and a ‘co-E3’ are required for neddylation. The NEDD8 E3 is the RING protein of the 

CRLs, either Rbx1 or Rbx2, while the ‘co-E3’ is the protein Defective in Cullin Neddylation 

1 (DCN1) (Kurz et al. 2005). Both Rbx1/Rbx2 and DCN1 are required for the NEDD8-

charged E2 to neddylate a cullin. DCN1 helps recruit the E2 by using its Potentiating 

Neddylation (PONY) domain to clasp onto both the cullin and the acetylated N-terminal 

helix of the E2 UBC12, while the RING correctly positions the E2 via contacts with both 

UBC12 and NEDD8 (Scott et al. 2014).

Neddylation occurs on the cullin CTD (Lys720 in the winged-helix B motif of Cul1) and 

leads to a conformation change of the cullin winged helix B motif and the cullin–RING 

interface (Fig. 12.3a). NEDD8 interacts with the winged-helix B motif in the cullin CTD, 

leading to the displacement of Rbx1 from the cullin. In this conformation, Rbx1 can sample 

multiple conformations to bring the E2 closer to the target substrate tethered at the other end 

of the cullin by the substrate receptor (Fig. 12.3a). Small angle X-ray scattering and 

biochemical studies validated that NEDD8-induced conformational change results in the 

catalytically active CRL state (Duda et al. 2008).

Deneddylation is regulated by the COP9 Signalosome (CSN), which is a ~ 350 kDa, eight-

subunit complex that harbors similarity to the 19S lid of the proteasome (Pick et al. 2009; 

Lyapina et al. 2001). It is composed of CSN1–8 where CSN5 is the catalytic subunit, a zinc 

metalloproteinase that cleaves NEDD8. The CRL-free CSN is catalytically inactive and has 

three organizational centers: a bottom base, a central box, and a cap. The base is a hand-like 

structure that is composed of CSN1–4 and CSN7–8. The central box sits at the palm of the 

hand and is a large helical bundle containing the C-terminal helices of every CSN subunit. 

The cap sits at the top of the box and consists of a CSN5–CSN6 heterodimer (Fig. 12.3b) 

(Deshaies 2014). CSN4 senses binding of a neddylated CRL and leads to a conformational 

rearrangement of the CSN that activates CSN5 to cleave NEDD8 (Lingaraju et al. 2014).
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Besides deneddylation, CSN has additional regulatory roles that are not well understood. in 
vivo, 10–20% of CRLs are associated with CSN at steady-state level, with only a two-fold 

decrease when neddylation is inhibited, revealing that the association is NEDD8-

independent (Bennett et al. 2010). This is supported by experiments in vitro, as electron 

microscopy structures of CSN bound to either CRL1Skp2 or CRL4DDB2 revealed that CSN 

interacts with unneddylated CRLs and blocks the binding sites for both the substrate 

receptor and the E2 (Fig. 12.3c) (Enchev et al. 2012; Cavadini et al. 2016). In addition, 

deneddylation does not always occur even when CSN binds neddylated CRLs (Bennett et al. 

2010; Emberley et al. 2012). This suggests that either binding of CSN to CRL itself is not 

sufficient for deneddylation or another regulatory step is required. However, these studies 

could be biased by the epitope-tagged CSN that may lack the catalytic subunit (Lydeard et 

al. 2013). Moreover, when preformed CSN–CRL complexes are incubated with a substrate 

in vitro, CSN dissociates from CRL while the substrate associates (Bennett et al. 2010; 

Fischer et al. 2011; Emberley et al. 2012). This suggests a mode of CRL regulation in which 

high substrate levels out-compete CSN for CRL. Binding between CSN and CRL can also 

be regulated by inositol hexakisphosphate (Scherer et al. 2016). Further experiments are 

needed to completely delineate the deneddylase-independent roles of CSN in regulating 

CRLs.

12.2.2 CAND1 Acts as an Adaptor Protein Exchange Factor

Cullin-associated NEDD8-dissociated factor 1 (CAND1) was first identified as an inhibitor 

of CRL activity, but further studies revealed that it promotes the dissociation of the bound 

substrate receptor from a cullin to allow the binding of a new substrate receptor. CAND1 is a 

~ 136 kDa HEAT (huntingtin, elongation factor 3, protein phosphatase 2A, TOR) – repeat 

protein that reversibly binds to deneddylated CRL by wrapping around both the NTD and 

CTD of the cullin (Goldenberg et al. 2004). CAND1 binding occludes both the substrate 

receptor binding site and the NEDD8 acceptor lysine site to inhibit neddylation, supporting 

its role as a negative regulator of CRLs (Fig. 12.4a) (Goldenberg et al. 2004). This is in 

contrast to genetic studies that showed it as a positive regulator, promoting CRL activity 

(Zhang et al. 2008). These conflicting views were resolved by a Förster resonance energy 

transfer (FRET) study, which revealed that CAND1 significantly enhances (by õne million 

fold) the dissociation of incorporated substrate receptors from CRLs. The addition of 

CAND1 to a mixture of pre-assembled CRL1β-TRCP and a free F-box protein-adaptor, Skp1–

FBXW7, led to the removal of β-TRCP and the exchange of FBXW7 onto CRL1 (Pierce et 

al. 2013). CAND1 seems to behave like a substrate exchange factor, analogous to guanine 

nucleotide exchange factors that promote exchange of GTP for GDP in GTPases.

Figure 12.4b summarizes a model for CAND1-mediated substrate receptor exchange 

(Lydeard et al. 2013). A cullin-RING binary complex (step 1) engages the first substrate 

receptor–adaptor, SR1 (step 2). This assembled complex could either encounter CAND1 to 

replace SR1 with a different substrate receptor–adaptor, SR2, (step 3) or could become 

neddylated, recruit substrates, and start ubiquitin-mediated degradation (steps 4 and 5). As 

the substrate concentration decreases, CSN deneddylates the CRL and then dissociates (step 

6), freeing the CRL complex to repeat the cycle in step 2. CAND1 exchanges SR1 with SR2 

through a proposed intermediate where CAND1 and SR2 bind simultaneously, but 
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transiently, with the cullin–RING binary complex (step 3). Exchange of SR1 for SR2 would 

change which substrates are targeted in the cell.

12.2.3 Glomulin Sterically Blocks Rbx1-E2 Interactions

The Rbx1 utilizing activity of CRLs can be negatively regulated by another HEAT-repeat 

protein called Glomulin, which specifically interacts with Rbx1, but not Rbx2 (Tron et al. 

2012). This interaction inhibits CRLs by obscuring the E2-binding site, preventing both 

ubiquitination and neddylation (Fig. 12.4c). This interaction is independent of the 

neddylation state of the cullin or the presence of CAND1 in vitro (Duda et al. 2012). 

However, the in vivo role of Glomulin is less understood as it only affects CRL1Fbxw7 

activity, yet its deletion leads to decreased cellular levels of Cul1, Rbx1, and Fbxw7 (Tron et 

al. 2012). Genetic analysis reveals that Glomulin mutations cause glomuvenous 

malformation disease, characterized by cutaneous venous lesions (Brouillard et al. 2002). 

The mechanism of this Glomulin-associated disease is currently unknown.

12.3 Viral Hijacking of CRLs: Turning the Cellular Machinery Against Itself

Viruses often hijack host E3 ubiquitin ligases by mimicking the substrate receptors to evade 

the immune system and promote replication (Barry and Früh 2006) (Fig. 12.5a). For 

example, Epstein-Barr virus expresses BZLF1 (also known as EB1, Zta, or ZEBRA) to 

target p53 for degradation via both CRL2 and CRL5, promoting viral proliferation during 

the lytic phase (Sato et al. 2009). Similarly, paramyxoviruses, Hepatitis B virus (HBV), and 

human immunodeficiency virus (HIV) have evolved various accessory proteins to target host 

factors for polyubiquitination and degradation (Barry and Früh 2006; Jia et al. 2015). For the 

purpose of this review, we will focus on some recent examples of structural studies on viral 

hijacking of CRLs.

12.3.1 Paramyxoviruses and Hepatitus B Virus Utilizes CRL4 for Successfully Infection

Paramyxoviruses V protein and HBV X protein function as substrate receptors to target host 

factors to CRL4 for polyubiquitination and degradation. Paramyxoviruses V protein targets 

the host Signal Transducer and Activator of Transcription (STAT) protein, which is involved 

in the interferon signaling pathway, thus overcoming the host interferon antiviral responses 

(Ulane and Horvath 2002; Precious et al. 2005). In HBV, the X protein (HBx), which is 

essential for virus replication in vivo (Bouchard and Schneider 2004), also interacts with 

DDB1 (Sitterlin et al. 1997). It has recently been reported that HBx functions by targeting 

the structural maintenance of chromosomes (Smc) complex Smc5/6 to CRL4 for 

degradation (Decorsière et al. 2016).

The paramyxoviruses V protein and HBx directly interact with the CRL4 adaptor protein 

DDB1 and they do so in a very similar manner (Fig. 12.5b) (Angers et al. 2006; Li et al. 

2006, 2010). Paramyxoviruses V protein and HBx both present a 3-turn helix, which docks 

into the binding pocket enclosed by BPA and BPC. The helix mainly contacts the top of 

BPC, using hydrophobic residues on one helical face and forming hydrogen bonds with BPC 

residues. Although there are no common residues shared between paramyxoviruses V 

protein and HBx helices, their DBB1 interaction modes are remarkably similar and mimic 
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the interaction between DBB1 and its cellular substrate receptors (e.g. DCAF9, DDB2, etc) 

(Li et al. 2010). This short helical domain was therefore named the H-box.

Paramyxoviruses V protein makes additional interactions with DDB1 outside the H-box (Li 

et al. 2006), like other DBB1 substrate receptors. It has been suggested that the DDB1 and 

H-box interaction alone is not sufficient for productive CRL formation. The CRLs are 

activated when additional interactions between the substrate receptors (such as V protein, 

DCAF9 and DDB2) and DDB1 are formed. This bipartite interaction may allow CRL4 to 

switch between productive and nonproductive forms without disassembling the complex (Li 

et al. 2010).

12.3.2 SIVs Employ Vpx to Suppress SAMHD1 Via CRL4

Simian immunodeficiency viruses (SIVs) express the accessory protein Vpx to hijack CRL4 

to evade the host antiviral protein SAMHD1 (Hrecka et al. 2011; Laguette et al. 2011). 

SAMHD1 represses lentiviral infection in non-dividing cells by depleting cellular dNTP 

levels, inhibiting reverse transcription (Kim et al. 2012; St Gelais et al. 2012). 

Interestingly,Vpx from different lineages of SIVs targets different regions of SAMHD1 to a 

CRL4. Vpx from HIV-2 and SIVsmm (SIV infecting sooty mangabey monkey) lineages 

interact with the SAMHD1 C-terminus, whereas Vpx from SIVmnd-2 (mandrill-infecting) 

lineage targets the N-terminus of SAMHD1. When expressed in human cell lines, Vpx of 

SIVsmm can recognize the C-terminal tail of human SAMHD1 for degradation (Schwefel et 

al. 2014).

Although Vpx proteins from different species recognize distinct regions of SAMHD1, they 

interact with the substrate receptor DCAF1 in a remarkably similar manner (Fig. 12.5c) 

(Schwefel et al. 2014, 2015). Vpx consists of a flexible N-terminal region and a 3-helix 

globular domain, which interact with the side and the top regions of DCAF1 respectively. 

The C-terminal tail of human SAMHD1 is located at the SIVsmmVpx–DCAF1 interaction 

interface, making contacts with both components. In contrast, the non-structured N-terminal 

region of mandrill SAMHD1 is sandwiched between SIVmnd-2Vpx N-terminus and DCAF1, 

while the SAM domain of mandrill SAMHD1 makes additional contacts with Vpx helices to 

stabilize the complex.

The two variable regions (VR1 and VR2) of Vpx are responsible for the ability of the 

architecturally similar Vpx–DCAF1 complexes to bind different regions of SAMHD1. The 

Vpx of HIV-2 and SIVsmm feature a GEET-motif in VR1 located just N-terminal of helix 1. 

In contrast, the SIVnmd-2Vpx VR1 comprises a proline followed by several other conserved 

residues, P(x)GAG[D/E]V/A, which is conserved among SIV Vpx that recognize SAMHD1 

N-terminus (Schwefel et al. 2015). Moreover, the VR2 of Vpx has two conserved tyrosine 

residues, facilitating the complex formation with SAMHD1 and DCAF1. On the SAMHD1 

side, two critical residues Phe52 and Phe15 also control the interaction between mandrill 

SAMHD1 N-terminus and Vpx-DCAF1 complex.

HIV-1 encodes a Vpx homolog protein in its genome, Vpr, which induces host G2/M cell 

cycle arrest, but does not target human SAMHD1 for degradation. Presumably, this is due to 

Vpr’s role in targeting an unknown factor for degradation by CRL4. Recently, the crystal 
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structure of HIV-1 Vpr bound to DDB1–DCAF1 and a substrate, uracil DNA glycosylase 2 

was solved. This revealed that Vpr engages DCAF1 in a similar mode as Vpx does, but Vpr 

uses different structural regions to recruit its substrate (Wu et al. 2016).

12.3.3 HIV-1 Vif Downregulates the Immune Response by Targeting APOBEC3 Proteins to 
a CRL5

HIV express virion infectivity factor (Vif) to target the host antiviral proteins APOBEC3G 

(A3G) and APOBEC3F (A3F) to a CRL5 for polyubiquitination and subsequent 

proteasomal degradation (Sheehy et al. 2002; Yu et al. 2003). A3G and A3F are cytidine 

deaminases that lethally hypermutate the viral genome to suppress HIV infection (Harris et 

al. 2003; Lecossier et al. 2003; Mangeat et al. 2003). Unlike any other known CRL, cellular 

or viral, Vif recruits an additional cofactor, core binding factor β (CBFβ), to form the CRL5 

(Jager et al. 2012; Zhang et al. 2012). CBFβ is a transcription factor that normally interacts 

with the RUNX family of proteins to promote cell differentiation (de Bruijn and Speck 2004; 

Ito 2008). In CRL5, CBFβ acts as a molecular chaperone to stabilize the Vif structure and 

allow it to interact with Cul5 (Fribourgh et al. 2014).

The crystal structure of the Vif–CBFβ–EloBC–Cul5NTD complex reveals how Vif recruits 

components of the E3 ligase (Fig. 12.5d) (Guo et al. 2014). Vif is at the center of the 

complex, buttressing CBFβ, EloC, and Cul5NTD. Vif is composed of two domains, a larger 

α/β and a smaller α-helical domain with a Zn2+ binding motif serving to organize the two 

domains. The α/β domain has no known structural homology to other proteins. CBFβ makes 

extensive interactions with the α/β domain as well as the Zn2+ binding motif, serving as a 

molecular chaperone to help Vif fold into a proper conformation. The Vif α-helical domain 

interacts with EloBC through the conserved BC box motif as shown previously (Stanley et 

al. 2008), but uses a non-canonical motif to engage Cul5. Interestingly, Vif still interacts 

with the same general interface of Cul5 as other substrate receptors, making the overall 

assembly of CRL5Vif similar to the other CRLs.

While HIV-1 Vif was originally found to recruit CRL5, lentiviral Vifs have shown some 

promiscuity or ambiguity on the exact CRL they recruit. HIV-1 Vif has also been shown to 

recruit CRL2 depending on the cell line (Jager et al. 2012; Kane et al. 2015). Likewise, Vif 

from bovine immunodeficiency virus (BIV) and maedi-visna virus (MVV), a sheep-specific 

lentivirus, have been shown to associate with both CRL2 and CRL5 (Zhang et al. 2014; 

Kane et al. 2015). The composition of these CRLs also differs from that of HIV-1 Vif CRL5, 

as BIV Vif does not require an additional cellular cofactor while MVV Vif recruits 

cyclophilin A instead of CBFβ (Kane et al. 2015). Given the similarities between CRL2 and 

CRL5, it could be to the advantage of the virus to recruit both CRLs to achieve its goal.

12.4 Therapeutic Targeting of CRL

The misregulation of protein levels by the ubiquitin-proteasome system (UPS) causes a large 

number of disorders, including cancer, diabetes, and neurodegenerative diseases (Table 

12.1). While some proteasome inhibitors are effective at treating certain diseases, such as 

Bortezomib treatment for multiple myeloma and mantle cell lymphoma, these drugs are 

broadly cytotoxic due to nonspecific blocking of all UPS-dependent protein degradation 
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(Orlowski and Kuhn 2008). Interfering with CRL functions represents an alternative strategy 

to modulate the UPS in a more specific way. While small-molecule inhibitors of specific 

substrate receptors have been reviewed (Bulatov and Ciulli 2015), we will focus on two 

more general strategies targeting CRLs.

12.4.1 Inactivation of Neddylation by MLN4924

Currently MLN4924 (also known as pevonedistat or TAK-924) is the only general, small-

molecule inhibitor of CRLs, targeting the neddylation reaction (Soucy et al. 2009). It is a 

sulfamate analog of AMP and is a mechanism-based inhibitor of NAE, the E1 for 

neddylation (Fig. 12.6a). Specifically, MLN4924 binds to the E1 nucleotide binding pocket 

on the NAE1 subunit of NAE, which then catalyzes the addition of MLN4924 to the C-

terminus of NEDD8, forming a stable NEDD8–MLN4924 adduct (Fig. 12.6b). The modified 

NEDD8 adduct remains tightly bound to NAE. The crystal structure of the NEDD8–

MLN4924 adduct with NAE reveals that NEDD8–MLN4924 mimics the charged NEDD8–

AMP intermediate, but cannot be processed further by enzymes in the NEDD8 pathway 

(Brownell et al. 2010; Petroski 2010; Huang et al. 2007; Walden et al. 2003). Thus, 

MLN4924, through the actions of NAE, generates a null NEDD8 that cannot be conjugated 

onto cullins. This leads to an overall decrease in active CRLs and an accumulation of 

substrates that would normally be targeted for degradation.

This general CRL inhibition has been shown to be an effective treatment for some cancers. 

In HCT-116 cells, a human colon cancer cell line, treatment with MLN4924 leads to S-phase 

arrest and eventually apoptosis (Soucy et al. 2009). While the MLN4923-triggered apoptosis 

is not completely understood, these cells accumulate multiple copies of DNA without 

undergoing mitosis, termed rereplication. This leads to an accumulation of DNA damage 

(Archambault et al. 2005), but it is unknown whether the DNA damage or accumulation of 

CRL substrates is responsible for induction of apoptosis. This phenotype is also observed in 
vivo, as MLN4924 suppressed the growth of xenografted tumors in various mouse models 

(Kuo et al. 2015; Milhollen et al. 2010; Soucy et al. 2009). It is unclear why MLN4924 

affects tumors more strongly than normal cells. Nonetheless, it is undergoing Phase I clinical 

trials in patients suffering from advanced nonhematologic malignancies, relapsed/refractory 

lymphoma or multiple myeloma (Shah et al. 2016; Sarantopoulos et al. 2015).

12.4.2 Small-Molecule Subversion of CRL Targeting by PROTACs

By taking advantage of knowledge of substrate receptor binding sites, PROTACs 

(proteolysis targeting chimeras) have been developed to modulate specific protein levels by 

CRLs. PROTACs are bifunctional small molecules that simultaneously bind a target protein 

and the substrate receptor of a ubiquitin ligase, thus leading to the ubiquitination and 

degradation of the target (Fig. 12.6c). In essence, they bridge novel proteins to CRLs for 

polyubiquitination and degradation. The first PROTAC, Protac-1, was composed of a 

phosphopeptide fragment of IκBα, a ligand for the F-box protein β-TRCP, that was fused 

via a linker to the small molecule ovalicin, which binds to methionine aminopeptidase-2 

(MetAP-2), which is involved in G1 phase cell cycle arrest and is not normally targeted to 

any CRL. in vitro, Protac-1 has been shown to target MetAP-2 to the CRL1β-TRCP for 

polyubiquitination (Sakamoto et al. 2001). Furthermore, in Xenopus egg extracts, Protac-1 
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led to the degradation of MetAP-2 within 30 min (Sakamoto et al. 2001). However, Protac-1 

is not cell permeable, so it cannot act in vivo, limiting its therapeutic potential. Recently, 

many PROTACs have been developed with improved pharmacological properties (Toure and 

Crews 2016). Many of these take advantage of small molecules in place of phosphopeptides 

to recruit either the substrate receptors VHL or Cereblon to target oncogenic proteins for 

degradation and are functional in vivo (Bondeson et al. 2015; Winter et al. 2015). Unlike 

traditional small-molecule inhibitors, PROTACs can act catalytically to induce multiple 

rounds of targeting polyubiquitination and degradation (Bondeson et al. 2015), allowing for 

lower doses to be effective. While no PROTACs have made it to clinical trials yet, there is 

great potential for the PROTAC technology as a viable therapeutic pathway to reprogram a 

CRL to target any protein of interest.

12.5 Future Perspectives

CRLs are the largest superfamily of E3 ubiquitin ligase and play critical roles in a diverse 

range of cellular processes. The extensive studies discussed above have shed enormous 

insight into the architecture and regulatory mechanisms of these macromolecular complexes. 

Yet while the general architecture of CRLs are known, much remain to be answered 

regarding their assembly. While we know surface charge complementarity contribute to the 

selection of VHL box or SOCS box proteins in CRL2/5s, there is no explicit rule to define 

the preference of a VHL box or SOCS box protein for Cul2 or Cul5. In addition, even with 

the knowledge of assembled and NEDD8-activated CRLs, it is unknown how an E2 enzyme 

targets specific lysines on the substrate or how an E2 accommodates the initial target site 

and then elongates the ubiquitin chain during polyubiquitination. In the complex case of the 

dimeric CRL3Keap1, with two binding sites for a single substrate, it will be interesting to see 

how the two E2s are positioned relative to the single Nrf2 substrate. Structural biology, in 

particular the rapidly developing field of cryo-electron microscopy (cryo-EM), will likely 

play a major role in answering these questions.

The regulation of CRL assembly and activity is very dynamic and more complex than 

previously thought. A recent study revealed that the RBR E3 ARIH1 and CRL1/2/3s work in 

concert to polyubiquitinate substrates. ARIH1 binds to neddylated CRLs to add the first Ub 

to the substrate while the CRL and its E2 elongate the Ub chain (Scott et al. 2016). However, 

it will be important to determine the dynamics of the ARIH1-CRL interactions with respect 

to ARIH1 monoubiquitin kinetics (Kleiger and Deshaies 2016). While the kinetics of 

CAND1 association with CRL and its effect on substrate receptor exchange have been 

revealed, the kinetics of CSN association with CRL and the subsequent deneddylation are 

unknown. Of particular interest is the interplay of these regulatory factors in vivo. How the 

combined action of CSN, CAND1, substrates, and substrate receptors, at relevant in vivo 
protein concentrations, affects CRL assembly needs to be addressed. To address these 

questions, fluorescence microscopy of endogenous proteins and single molecule techniques 

may be necessary.

Finally, with the structural knowledge of how viruses hijack CRLs for their own survival, the 

road to rational drug design at the viral protein-CRL interface is now open. An alternative 

avenue focusing on CRL regulation, PROTACs or other approaches to manipulate CRLs can 
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be used to combat viral hijacking of CRLs or other CRL related diseases. The development 

of these new therapeutics will likely depend on the collaboration between continued research 

in basic biology and efforts in pharmaceutical sciences.
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Fig. 12.1. 
Architecture of cullin-RING ligases. (a) Schematic representation of the components of a 

CRL. (b) Specific protein factors for each CRL family. (c) Structural architecture of a CRL1 

in ribbon representation generated from PDB IDs 1LDK and 1P22. (d) Organization of Cul1 

CTD–Rbx1. The domains of Cul1 are labeled in (c) and (d). The Zn2+ ions in (c) and (d) are 

shown as gray spheres
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Fig. 12.2. 
Similar architecture of cullin-RING ligases. (a) Structures of VHL–EloBC–Cul2NTD (PDB 

ID: 4WQO), SOCS2–EloBC–Cul5NTD (PDB ID: 4JGH), Skp2–Skp1–Cul1NTD (PDB ID: 

1LDK), and KLHL11-Cul3NTD (PDB ID: 4AP2) show a common spatial organization of 

components. Cullin repeats 2 and 3 of Cul2 were modeled from Cul1. (b) The cullin–

adaptor–substrate receptor binding regions for each CRL shown in (a) are in ribbon 

representations with semitrans-parent surfaces shown for the cullins. The Cul2 box, the Cul5 

box, and the 3-box are marked. (c) Charge complementary at the binary cullin–substrate 
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receptor interface between VHL and Cul2 helix α5 (top) or between SOCS2 and Cul5 helix 

α5 (bottom). Cullins are shown in electrostatic surface representation (Blue: positive; Red: 

negative). Each region is marked in (b) with a blue asterisk and with the point of view 

depicted by the arrow. (d) Structure of the CRL4DDB2–UV-damaged DNA complex (PDB 

ID: 4A0K) in ribbon representation. The domains of DDB1 are marked

Nguyen et al. Page 22

Subcell Biochem. Author manuscript; available in PMC 2020 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 12.3. 
Neddylation activates cullin-RING ligases. (a) i, Structure of unneddylated, inactive 

Cul1CTD–Rbx1 (PDB ID: 1LDK). Lys720, the neddylation site, is shown in magenta as 

sticks. ii and iii, Neddylation of CulCTD causes a change in orientation of the winged-helix B 

motif and rearrangement of Rbx1 (PDB ID: 4P5O). Shown are two conformations of Rbx1 

observed in the crystal structure. The isopeptide bond between Cul5 and NEDD8 is shown 

as sticks. (b) Crystal structure of the CSN (PDB ID: 4D10). (c) Negative staining electron 

microscopy reconstruction of CSN bound to CRL1Skp2 (EMD-2173) (Reprinted from 

Lydeard et al. 2013)
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Fig. 12.4. 
Regulation of cullin-RING ligases by CAND1 and Glomulin. (a) Structure of Cul1–Rbx1 

inhibited by CAND1 (PDB ID: 1U6G) in ribbon representation. CAND1 sterically blocks 

the neddylation site on the cullin (shown in red spheres) and the substrate receptor binding 

site at the cullin NTD (highlighted in dark green). (b) Model of remodeling of CRL 

composition by CAND1 and CSN (Reprinted from Lydeard et al. 2013. See main text for 

description). (c) Structural inhibition of Rbx1 by glomulin (PDB ID: 4F52) show in ribbon 

representation. Glomulin inhibits CRL activity by binding to Rbx1 and blocking the E2 

interacting site. The Zn2+ ions in (a) and (c) are shown as gray spheres
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Fig. 12.5. 
Viral hijacking of cullin-RING ligases. (a) Schematic of how viral proteins recruit host 

factors to CRL for ubiquitination and degradation. (b) Paramyxoviruses V protein (PDB ID: 

2B5L) and HBV X protein (PDB ID: 3I7H) bind to DDB1 using a short helix, the H-Box. 

(c) SIV Vpx- DCAF1 complexes interact with the human SAMHD1 C-terminus (PDB ID: 

4CC9) and the mandrill SAMHD1 N-terminus (PDB ID: 5AJA) using similar binding 

modes. (d) HIV-1 Vif interacts with Cul5 with the help of CBFβ (PDB ID 4N9F)
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Fig. 12.6. 
Therapeutic manipulation of the cullin-RING ligase activity. (a) MLN4924 is covalently 

linked to the C-terminus of NEDD8 through catalysis by NAE. (b) The NAE heterodimer, 

composed of NAE1 and UBA3, forms a tight complex with the NEDD8–MLN4924 adduct. 

NEDD8–MLN4924 is shown in surface representation, with MLN4924 in yellow (PDB ID: 

3GZN). (c) A PROTAC bridges target protein to CRL for ubiquitination and degradation
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Table 12.1

List of some diseases associated with cullin-RING ligases

CRL Cellular function Related diseases

CRL1β-TrCP1 Cell adhesion and signaling Gastric cancer; split hand-split foot malformation

CRL1Skp2 Cell division Lung cancer; squamous cell carcinoma

CRL1Atrogin1 Muscle differentiation Muscle wasting; dilated cardiomyopathy

CRL2LRR-1 Cell migration

CRL2VHL Hypoxic response von Hippel-Lindau disease; renal cell carcinomas

CRL3KLHL9 Cytokinesis Early onset distal myopathy

CRL3SPOP Cell growth and development

CRL3Keap1 Oxidative stress response Pulmonary papillary; adenocarcinoma

CRL4DDB2 DNA damage response Xeroderma pigmentosum; cockayne syndrome

CRL4Cdt2 Cell division

CRL5SOCS3 Cytokine signaling Diabetes

CRL5ASB3 T-cell signaling regulation
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