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Summary
Cullin-RING ligases (CRLs) compose the largest class of E3 ubiquitin ligases. CRLs are modular,
multisubunit enzymes, comprising interchangeable substrate receptors dedicated to particular
Cullin-RING catalytic cores. Recent structural studies have revealed numerous ways in which
CRL E3 ligase activities are controlled, including multimodal E3 ligase activation by covalent
attachment of the ubiquitin-like protein NEDD8, inhibition of CRL assembly/activity by CAND1,
and several mechanisms of regulated substrate recruitment. These features highlight the potential
for CRL activities to be tuned in responses to diverse cellular cues, and for modulating CRL
functions through small-molecule agonists or antagonists. As the second installment of a two-
review series, this article focuses on recent structural studies advancing our knowledge of how
CRL activities are regulated.

Introduction
A predominant form of eukaryotic protein regulation involves alteration of protein function
via post-translational covalent attachment of the protein, ubiquitin. In this process,
ubiquitin’s C-terminus becomes isopeptide-bonded to a substrate protein’s lysine via the
action of E1, E2, and E3 enzymes. E3s generally have at least two domains [1,2]. One
domain, usually a RING (Really Interesting New Gene) or HECT (Homologous to E6AP
C-Terminus) domain, recruits a labile, thiolester-linked E2~ubiquitin intermediate. The
other is a protein-interaction domain that recruits a substrate for ubiquitination. E3-mediated
attachment of ubiquitin to substrates is highly regulated in response to cellular cues, and can
modulate a target protein’s half-life, localization, interactions with protein or DNA partners,
or other functions.
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The largest E3 superfamily consists of the multisubunit Cullin-RING ligases (CRLs). CRLs
are nucleated by an extended cullin scaffold interacting with a catalytic RING-containing
protein, either RBX1 or RBX2 [3]. Structural studies revealed an overall common assembly
for the best-studied cullins encoded by the human genome (CUL1, CUL2, CUL3, CUL4A,
CUL4B, and CUL5), which form ~300 distinct CRL complexes in different subfamilies
(CRL1 containing CUL1, CRL2 containing CUL2, etc.). We recently surveyed overall
features of CRL1-CRL5 structures in the first installment of our 2-part review series [4].
Briefly, CRLs adopt an elongated architecture, with the substrate-binding site and E2-
binding RING at opposite ends [5]. A cullin’s N-terminal domain (NTD) binds a substrate
receptor (SR) either directly or indirectly via an adaptor protein. Each cullin has its own
large family of dedicated SRs, which bind a substrate’s “degron” motif. A cullin’s C-
terminal domain (CTD) binds the RBX RING protein. The RING domain recruits an
E2~ubiquitin intermediate, and promotes ubiquitin transfer from the E2 active site directly
to the substrate associated with the SR. In conjunction with CRL1 complexes, the E2 Cdc34
polyubiquitinates a substrate on a millisecond time-scale [6,7].

A fundamental aspect of the ubiquitination process is that it is regulated. In response to
signals including daylight, presence of mitogens, low oxygen levels, and pathogenic
infections, ubiquitin ligases and/or their substrates can be altered in ways that modulate
ubiquitination, and hence the fates of ubiquitinated targets. Here we review structural
mechanisms by which CRL activities can be tuned to achieve regulation (Fig. 1).

Activation by the ubiquitin-like protein NEDD8: springing a cullin-RING into
action

Original CRL structures revealed the molecular basis for assembly of cullin-RBX1-SR
complexes, but represented catalytically-inactive versions of the E3s [5,8-11]. In original
CRL-substrate-E2 models, it was unclear how an E2 active site would become juxtaposed
with the substrate for ubiquitin transfer, or how an E2 could add a ubiquitin onto the
growing end of a polyubiquitin chain (Fig. 2a). A view of active CRLs came from
examining effects of covalent ligation of a ubiquitin-like protein, NEDD8, to a conserved
lysine near a cullin’s C-terminus (Fig. 2b, c). NEDD8 attachment stimulates multiple CRL
ubiquitin E3 activities, including binding to E2~ubiquitin, enhancing ubiquitin transfer from
the E2 active site, and positioning the E2 active site adjacent to the substrate [12,13].
Structural studies revealed how NEDD8 ligation could transform a CRL’s structure for these
diverse effects. Duda et al. compared crystal structures and small-angle X-ray scattering
(SAXS) data for CUL5CTD-RBX1 and CUL1CTD-RBX1 in both unmodified and NEDD8-
modified forms [12]. The isolated unmodified cullin CTDs resemble the corresponding
regions of full-length CRLs, and adopt a compact “closed” architecture, where the RBX1
RING domain contacts a portion of the cullin protein. In the NEDD8-modified structures,
the NEDD8-ligated cullin subdomain is dramatically reoriented and the RBX1 RING
domain is essentially sprung from its interaction with the cullin (Fig. 1a, c, 2c). In this open
form, the RBX1 RING is free to rotate and adopt multiple orientations, two of which were
trapped crystallographically (Fig. 2c) [12]. Biochemical data support the idea that freeing
the RBX1 RING from interactions with a cullin activates CRL ubiquitin ligase activity, and
that hindering rotation of the RING domain hinders CRL-mediated polyubiquitination
[12,14].

Notably, the activating function of NEDD8 itself can be altered. Certain pathogenic bacteria
produce effector proteins called Cif or CHBP, which deamidate glutamine 40 of NEDD8
and inhibit NEDD8-mediated CRL activation and host cell division [15–17]. In the
NEDD8~ CUL5CTD-RBX1 structure, NEDD8’s glutamine 40 is positioned near the
isopeptide linkage to cullin. It is possible that deamidation could alter the conformation of
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NEDD8-ligated CRLs. It will be interesting to gain further structural insights into how Cif
abrogates CRL activation by NEDD8.

CRL neddylation: two steps forward and one step back
NEDD8 becomes ligated to a conserved cullin lysine by the sequential action of its own set
of E1, E2, and E3 enzymes. In higher eukaryotes, there are distinct NEDD8 conjugation
pathways for different cullins: two NEDD8-specific E2s, Ubc12 and UBE2F, function with
the two different RBX proteins to modify specific cullins. Ubc12 and RBX1 neddylate
CUL1, 2, 3, and 4, whereas UBE2F and RBX2 neddylate CUL5 [18]. It is likely that
RBX1/2 bind Ubc12/Ube2F with an interface analogous to that observed in other RING-E2
structures, via a RING hydrophobic surface binding a surface from the E2 catalytic domain
comprising the N-terminal helix and two loops [8]. However, a structural model of a cullin-
RBX1-Ubc12 complex based on the “closed” CRL architecture is incompatible with
juxtaposition of the Ubc12 active site and the cullin acceptor lysine for the neddylation
reaction (Fig. 2a). This problem was partly reconciled by SAXS data on CUL1CTD-RBX1,
which indicated some conformational flexibility within the cullin-RING complex that likely
allows neddylation to occur [12].

Recent structural, biophysical, and enzymological studies suggest that a second E3 for
NEDD8, called Dcn1 [19], harnesses the flexible cullin-RING structure to enhance
neddylation [20]. Dcn1 adopts an ovoid structure composed of a UBA domain and two EF-
hands and shares no resemblance to RING or HECT E3s [21,22]. An acidic patch near the
Dcn1 C-terminus binds a basic surface on the cullin WHB on the opposite side from the
NEDD8 acceptor lysine. The groove between the two Dcn1 EF-hands binds a unique Ubc12
helix, which is N-terminal of Ubc12’s catalytic core domain [20]. Thus, Dcn1 uses novel
mechanisms to bind both a cullin and Ubc12. Through these interactions, Dcn1 positions the
RBX1-bound Ubc12 adjacent to the cullin NEDD8 acceptor lysine and enhances
neddylation (Fig. 1b, 2b) [20].

NEDD8 is removed from cullins by a ~320 kDa 8-subunit enzyme, the COP9 Signalosome
(CSN) [23]. The catalytic component, CSN5, is a member of the JAMM family of zinc
metalloproteinases [24]. Although no high-resolution structure is available for a CSN5-
NEDD8~cullin complex, insights into CSN’s catalytic mechanism may be extrapolated from
the crystal structure of a JAMM-family deubiquitinase, AMSH-LP, complexed with a
diubiquitin chain [25]. CSN5 likely uses a parallel thermolysin-like mechanism, in which a
zinc-coordinated water mediates cleavage of the isopeptide bond between NEDD8 and the
cullin. AMSH-LP binds the distal ubiquitin via its Leu8/Ile44/Val70 hydrophobic patch
conserved in NEDD8. This NEDD8 hydrophobic patch contacts CUL5 in the
NEDD8~CUL5CTD-RBX1 crystal structure [12]. Thus, it seems likely that additional
structural flexibility in NEDD8-modified cullin complexes, perhaps induced by CSN-
binding, allows NEDD8 recognition for removal from cullins.

Interestingly, CSN5 is inactive in isolation, and becomes catalytic in the CSN complex.
CSN5 interactions with other subunits may cause an activating conformational change. Mass
spectrometric [26] and cryo-Electron Microscopy [27] data on active recombinant CSN
complexes indicate that CSN5 contacts other subunits within the CSN. CSN forms a
clamshell-like structure with a large groove in the middle, with CSN5 at the edge of the shell
[27]. Perhaps a cullin binds within the groove, making NEDD8 accessible to activated
CSN5. Future studies will be required to elucidate details of CSN-mediated removal of
NEDD8 from cullins.

Duda et al. Page 3

Curr Opin Struct Biol. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The CAND1 inhibitor: a two-pronged attack on CRL activity
A cellular inhibitor, CAND1 (Cullin-Associated and Neddylation-Dissociated 1), binds
specifically to free cullin-RBX complexes lacking NEDD8 modification, and inhibits CRL
assembly and NEDD8 activation [28,29]. A CAND1-CUL1-RBX1 crystal structure revealed
that CAND1 adopts a solenoid structure that wraps around CUL1-RBX1 to form a 2-
pronged clamp (Fig. 1d, 2d) [30]. One prong comes from CAND1’s C-terminus, which
binds the same site of CUL1 that recruits an adaptor/SR complex for substrate recognition.
Thus, CAND1 and SR association with cullins are mutually exclusive. The second prong
comes from CAND1’s N-terminus, which binds at the junction of the RBX1 RING and
cullin that forms only in the closed conformation adopted by unmodified CRLs. At this
interface, CAND1 binds directly to CUL1’s NEDD8 acceptor lysine. Thus, CAND1 inhibits
neddylation by (1) locking the cullin-RING complex into a closed conformation, and (2)
blocking access to the cullin’s NEDD8 acceptor lysine. The converse is also true: NEDD8-
modification hinders CAND1 binding to CRLs. Comparing structures of CAND1-CUL1-
RBX1 and NEDD8~CUL5CTD-RBX1 suggests that NEDD8-induced reorientation of cullin-
RING subdomains eliminates the CAND1 binding surface at the cullin-RBX RING interface
[12,30].

Substrates: to bind or not to bind
Even when a CRL is assembled into an active complex through liberation from CAND1,
binding to an SR, and ligation to NEDD8, additional regulation may occur at the level of
substrate recognition. An associated substrate’s binding motif is often referred to as a
“degron”, due to E3 interactions often directing substrates for ubiquitin-mediated
degradation. In order to achieve precise control of substrate ubiquitination, degron binding
to CRL SRs is regulated. Structural studies have revealed numerous mechanisms by which
such regulation is achieved.

Many CRLs bind substrates only after the degron motif has been post-translationally
modified (Fig. 1e–g, 3). Early structural studies of CRLs showed how modifications such as
phosphorylation (Fig. 3a), glycosylation (Fig. 3b), and prolyl hydroxylation (Fig. 3c) served
as “knobs” that fit into complementary “holes” in cognate SRs [10,11,31–35]. There are also
many variations on SR recognition of post-translationally modified substrates. For example,
recognition can be amplified by SRs preferentially binding doubly phosphorylated degrons
[10,36], or by SR dimerization [36–38]. Also, an SR can lack its own phosphopeptide
binding site, but instead can import phosphate recognition via partnering with a protein
harboring an anion-binding site (Fig. 3d) [39]. Recently, crystallographic studies revealed
how substrate post-translational modification can also block interaction with a CRL SR: a
groove on the CRL3 SR SPOP intimately binds a Ser/Thr-rich degron conserved among
substrates [38]. Phosphorylation of the degron would clash with the SPOP groove and repel
an aspartate central to the binding site (Fig. 1j).

Distinct mechanisms regulating substrate recruitment to CRLs were recently elucidated by
studies of the plant hormones auxin, jasmonate, and gibberellin, which promote interactions
of particular transcriptional repressors with the CRL1 SRs TIR1, COI1, and SLY1/GID2,
respectively (Fig. 1h, i). Structures revealed that auxin and jasmonate function via related 2-
sided “molecular glue” mechanisms [40,41]. On one side, the hormones fit in a fixed pocked
in the TIR1 or COI1 substrate-binding domains, which are comprised of 18 leucine-rich
repeats (LRRs) that form alternating β-strands and α-helices packing in a horseshoe-like
shape. The other side of auxin and jasmonate bind degron peptides, thereby recruiting
substrates to their SRs. The recent structure of a COI1-jasmonic acid/Ile (hormone)-JAZ
(degron) complex showed that the converse is also true: the substrate can also mediate
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binding to the hormone, with a conserved JAZ degron helix interacting with a concave
surface inside the COI1 LRR horseshoe and clamping hormone into place (Fig. 3e) [41].
Additional regulation may be achieved by TIR1 and COI1 binding tightly to inositol-
phosphates near their hormone/degron binding sites [40,41]. Indeed, crystallographic and
mutational data revealed how one of the phosphates interacts directly with jasmonate-
binding COI1 and JAZ residues [41].

Gibberellic acid (GA) uses a completely different allosteric mechanism to promote
interactions between DELLA transcriptional repressors and a multiprotein CRL1 SR. Here,
the F-box protein SLY1 (Arabidopsis; GID2 in rice) on its own does not bind either GA or
DELLA substrates. Rather SLY1 interacts with the GA receptor GID1 to import GA-
sensitivity and substrate binding. A GA-GID1-DELLA structure showed that GA promotes
a conformational change in GID1: the GID1 tri-helix N-terminal region folds only in the
presence of GA [42]. GA “glues” the GID1 N- and C-terminal regions together, to form a
platform for DELLA substrate recruitment (Fig. 3f) [42]. Future studies will be required to
reveal how SLY1/GID2 recruits GA-GID1-DELLA for ubiquitination.

Synthetic small molecule modulation of CRL-substrate interactions: from
direct agonists to indirect allosteric inhibitors

The numerous mechanisms regulating CRL activities provide abundant opportunities for
manipulation by synthetic small molecules. A founding example is the interaction between
TIR1 and auxin. Building on structural data, Hayashi et al. synthesized compounds related
to auxin, but differing in the α-alkyl moiety, to design both agonists that mimicked the auxin
“molecular glue” effect that mediates substrate binding, and antagonists blocking substrate
interaction [43]. Structures and modeling of TIR1 with these compounds revealed that they
bind the native auxin-binding pocket [43]. The α-alkyl groups of crystallized antagonists
extend away from TIR1, apparently to clash with substrate. Accordingly, the potency of the
antagonist correlates with the length of the interfering alkyl chain.

In contrast to the direct antagonist for TIR1, a recent screen identified a small molecule,
SCF-I2, which inhibits the SR Cdc4 via an indirect allosteric mechanism (Fig. 4) [44].
Remarkably, SCF-I2 blocks a phosphodegron-containing substrate from binding the Cdc4
WD40 β-propeller without binding to the same site as a substrate phosphodegron. Rather,
SCF-I2 intercalates between two blades of the propeller. This leads to local distortion, which
propagates via a continuum of side-chain rearrangements over 25 Å and ultimately perturbs
the substrate-binding pocket (Fig. 4). This mode of inhibition could not have been designed
or predicted based on previous structures, as SCF-I2 binding relies on flexibility and
dynamics within the SR; the SCF-I2 binding site is wholly lacking in the absence of the
small molecule. As β-propellers are prominent among substrate interaction domains in CRL
SRs, this may represent a broad means for inhibiting many CRLs.

Conclusions
Numerous structural mechanisms regulating CRLs have been elucidated in recent years. It is
now known that CRL structures are dynamic, and their conformations can be regulated to
control CRL assembly and E3 ligase activities. At one end of the conformational spectrum,
CAND1 maintains CRLs in a rigid off-state, and prevents assembly with SRs and dynamic
activation by cullin modification by NEDD8 [30]. At the opposite extreme, NEDD8 ligation
favors open conformations, where the RBX RING domain samples multiple orientations
during substrate polyubiquitination [12]. In the middle, another E3, Dcn1, harnesses the
flexible CRL structure for NEDD8 ligation to cullins [20]. SR-substrate interactions are also
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highly regulated, by numerous mechanisms that include positive or negative modulation by
post-translational modifications or natural or synthetic small molecules.

Despite these advances, it seems the existing structures have touched only the tip of the
iceberg in terms of understanding CRL regulation. Outstanding questions include how CRLs
interact with molecular machines. In addition to regulation by CSN, CRLs are also recruited
to p97, apparently for processing of ubiquitinated substrates as a prelude to their degradation
by the 26S Proteasome [45]. Furthermore, many other forms of SR-substrate interactions
remain to be structurally elucidated. For example, SRs, themselves, can be post-
translationally modified to regulate binding to substrates. A prime example is the CRL3 SR
Keap1, whose oxidation prevents binding and ubiquitin-mediated destruction of the anti-
oxidant transcription factor Nrf2 [46]. We also now know that small molecule modulation of
SR-substrate interactions is not limited to plants: dioxin promotes formation of one CRL4-
based E3 [47], and thalidomide inhibits activity of another [48]. We anticipate many
exciting and novel structural mechanisms regulating CRL activities to be discovered for
years to come.
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Figure 1. CRL regulation
The elongated cullin scaffold protein (green) interacts via its N-terminal domain (NTD) with
a substrate receptor (SR, purple) that recruits substrate (lime). The cullin C-terminal domain
(CTD) tightly associates with an RBX1/2 RING protein (blue) that recruits Ubiquitin (Ub)
or NEDD8 (N8)-charged E2 enzymes (sky). (a) Conformations and interactions that are
regulated are indicated with arrows. (b) Model for dual E3 mechanism for NEDD8 (yellow)
ligation to a cullin, which involves both RBX1 and Dcn1 (salmon) cofunctioning as E3s. (c)
Model for NEDD8-activated CRL-mediated ubiquitin (orange) ligation to an SR-associated
substrate. (d) CAND1 (red) inhibition of cullin-RBX assembly with SRs, and of NEDD8
ligation. (e–j) Regulation of SR-substrate interactions include (e) SR recognition of a
specific substrate post-translational modification (violet), (f) SR recognition of multiple
specific post-translational modifications (violet) on a substrate, (g) SR binding a partner
protein (pink) to recognize a specific substrate post-translational modification (violet), (h)
SR binding a small molecule “glue” (yellow) that mediates interactions between the SR and
substrate, (i) SR binding a partner protein (pink) that is allosterically modulated by a small
molecule hormone (yellow) to then bind a substrate, and (j) inhibition of SR binding after
specific post-translational modification (violet) of a substrate.
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Figure 2. Conformational control of CRL E3 ligase activities
(a) Structural model of a representative CRL1 complex, obtained by superimposing the
Skp1 (violet)-β-TRCP (purple)-β-catenin phosphodegron peptide (lime) and SKP1-F-box
domain-CUL1 (green)-RBX1 (blue) structures [5,10]. An E2 (sky) is modeled by
superimposing RBX1 RING domain with the UbcH7-bound c-Cbl RING domain [8]. Zinc
atoms are shown as grey spheres. Arrows indicate that conformational changes allow the E2
active site cysteine (orange sphere) to approach the substrate peptide or a cullin’s NEDD8
acceptor lysine (yellow sphere). (b) Structural model for the dual E3 mechanism for NEDD8
ligation to cullins [20]. After docking the structure of full-length yeast Ubc12 [20] on the
E2-RBX1 model in (a), the RING domain was rotated so that the Ubc12 active site and
NEDD8 ligation site are juxtaposed. The second E3 for NEDD8, Dcn1 (salmon), was
docked on one side with CUL1 based on a complex structure, and on the other with Ubc12’s
N-terminal helical extension based on mutational data [20]. (c) Structures of CUL5CTD-
RBX1 and NEDD8~ CUL5CTD-RBX1 showing subdomain rearrangement, including
“freeing” of the RBX1 RING domain, in the NEDD8 ligated CRL structures [12]. (d)
Structural basis for CAND1-mediated inhibition of CUL1-RBX1. CAND1 (red) locks CRLs
in a rigid state, and prevents assembly with SRs and NEDD8 ligation [30].
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Figure 3. Selected examples of regulated substrate binding to CRLs
(a) Two precisely positioned basic patches and a peptide binding groove in the CRL1 SR β-
TRCP (surface showing electrostatic potential) recruit a doubly-phosphorylated β-catenin
(lime, with phosphates as orange/red sticks) [10]. (b) Sugar recognition on a glycosylated
substrate (lime) by the CRL1 SR FBX2 (electrostatic surface) [35]. The sugar moiety is
depicted in sticks. (c) Recognition of HIF-1α hydroxyproline (peptide in lime, with
hydroxyproline in sticks) by the CRL2 SR VHL (electrostatic surface) [32,33]. Only a
portion of the VHL structure is shown to highlight substrate recognition. (d) The CRL1 SR
Skp2 (purple) imports phosphopeptide recognition by binding to CKSHS1 (electrostatic
surface), whose anion binding pocket recognizes the phosphate moiety on the substrate
phospho-p27 (lime, with phosphate in orange/red sticks) [39]. (e) The plant hormone
jasmonic acid-isoleucine (JA-Ile) functions in a multicomponent molecular glue mechanism
to recruit substrates to the CRL1 SR COI-1 (purple). JA-Ile (yellow) mediates binding to the
substrate JAZ degron peptide (lime), but the JAZ degron helix also clamps JA-Ile into the
COI-1 binding site. A nearby phosphate most likely resembles part of inositol
pentakisphosphate, which potentiates interaction between COI-1, JA-Ile, and a JAZ
substrate. (f) Gibberellic acid (GA, yellow) uses an indirect allosteric mechanism to promote
interactions between DELLA transcriptional repressors (lime) and a multiprotein CRL1 SR
that includes GID1 (purple) [42]. GA serves as part of a hydrophobic core required for
folding of the GID1 N-terminus. This portion of GID1, in turn, helps recruit DELLA
substrates for ubiquitination.
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Figure 4. SCF-I2 allosterically inhibits the Cdc4 WD40 β-propeller from binding to a
phosphodegron
Superposition of the CRL1 SR Cdc4 WD40 β-propeller from structures of complexes with a
phosphodegron peptide (Cdc4 – purple; phosphodegron lime) or with SCF-I2 (Cdc4 – pink;
SCF-I2 – yellow). SCF-I2 (yellow) intercalates between two blades of the propeller (pink)
that leads to a continuum of structural distortions over 25 Å, ultimately preventing
interaction with a phosphodegron.
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