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Abstract: The E3 ligase activity of Cullin RING Ligases (CRLs) is controlled by cycles of
neddylation/deneddylation and intimately regulated by the deneddylase COP9 Signalosome (CSN),
one of the proteasome lid-CSN-initiation factor 3 (PCI) domain-containing “Zomes” complex.
Besides catalyzing the removal of stimulatory Cullin neddylation, CSN also provides a docking
platform for other proteins that might play a role in regulating CRLs, notably protein kinases and
deubiquitinases. During the CRL activity cycle, CRL-CSN complexes are dynamically assembled
and disassembled. Mechanisms underlying complex dynamics remain incompletely understood.
Recently, the inositol polyphosphate metabolites (IP6, IP7) and their metabolic enzymes (IPSK, IP6K)
have been discovered to participate in CRL-CSN complex formation as well as stimulus-dependent
dissociation. Here we discuss these mechanistic insights in light of recent advances in elucidating
structural basis of CRL-CSN complexes.

Keywords: Cullin ring ubiquitin ligases (CRL); neddylation; COP9 signalosome; CSN; deneddylase;
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1. Introduction

The “Zomes” complexes refer to three proteastasis-related machineries with subunits containing
the PCI (proteasome lid-CSN-initiation factor 3) domain and the MPN (Mpr1/Pad1 N-terminal) domain:
the translation initiation factor-3, the 19S regulatory subunit of the 26S proteasome, and the COP9
singalosome (CSN). The CSN is a 450-kDa multi-protein complex conserved from fungi to plants
and humans [1,2]. CSN was first identified and purified from Arabidopsis and named COP9 because
mutations in its subunits lead to Constitutive Photomorphogenesis (COP), even when seedlings
were grown in the dark [3,4]. Concurrently, in an attempt to identify 26S proteasome components,
a separate group a separate purified human CSN as an eight-subunit complex called signalosome
(Sgn) [5]. The name COP9 signalosome, abbreviated as CSN, was eventually adopted to incorporate
both the plant and human name, with the eight CSN subunits named CSN1 to CSN8 based on
descending molecular weight. CSN mediates many fundamental and disease aspects of life, including,
among others, cell cycle control, DNA repair, stemness, development, cancer and cardiovascular
diseases [6-10].
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Although complex-independent functions have been reported for certain CSN subunits [11-13],
the primary biochemical role of CSN is to regulate the Cullin RING ubiquitin ligases (CRLs) as a
deneddylase holoenzyme. CRLs are composed of four modules: a Cullin scaffold protein (Cull-3,
4A/B, 5 or 7), an E2-interacting RING protein (Rbx1/2, also called Roc1/2) that heterodimerizes with
the Cullins, a Cullin-specific adaptor protein, and a substrate receptor module that directly recognize
ubiquitylation targets [14,15]. As part of a three enzyme cascade (E1-E2-E3) that together ubiquitylates
protein substrates for proteasomal degradation or for signaling, CRLs are the largest family of E3s,
targeting approximately 20% of the proteome’s turnover [16]. The numerous CRL substrates are
involved in nearly every aspect of biological processes, including cell cycle progression, DNA repair,
metabolism, autophagy, development, immunity, cancer, and so on. Accordingly, CRLs may be
targeted for therapeutic intervention when specific CRL substrates become the cause of a disease, most
prominently in cancer research [17,18]. Recently, the rise of technologies such as proteolysis targeting
chimera (PROTAC), which tailors CRLs to degrade specific proteins of therapeutic relevance via the
assistance of intermolecular “glue”-like small molecules, has empowered CRLs as cutting-edge drug
discovery tools [19].

The E3 ligase activity of CRLs is controlled by reversible Cullin neddylation (modification by the
ubiquitin-like protein Nedd8) and deneddylation [15]. Neddylation, catalyzed by an E1-E2-E3 enzyme
cascade analogous to the ubiquitylation machineries, enhances CRL activity by inducing productive
E2 engagement with Rbx1/Rocl [20,21]. The COP9 Signalosome is the deneddylase targeting all
neddylated Cullins [22,23]. In vitro, CSN inhibits CRL activity by catalyzing Nedd8 removal, and by
binding and sequestering deneddylated CRL [23-25]. However, genetic disruption of CSN subunits can
lead to constitutive CRL activation and self-destruction, eventually diminishing CRL function [26,27].
This apparent inconsistency, known as the “CSN paradox”, indicates that CSN protects CRL from
being aberrantly active under basal condition, while enabling proper CRL dissociation and activation
in a signal-dependent manner [28]. Thus, the assembly and disassembly of CRL-CSN complexes is at
the center stage of CRL regulation.

Recent progress in structural studies of the CRL-CSN complex has revealed key mechanistic
insights on CRL-CSN assembly interface, which is reviewed here in conjunction of our work suggesting
that the inositol polyphosphate metabolic pathway might provide the missing link in dynamic Cullin
RING ligase regulation by the COP9 signalosome.

2. Structural Basis of CRL-CSN Supercomplexes

Structural features of CRL have been elucidated by early crystallographic studies
(Figure 1A) [21,29,30]. Briefly, the N-terminal helical repeat domain of Cullins recruits adaptors, which
in turn recruits substrate receptors; whereas the C-terminal domain of Cullins (Cullin®™P), comprised of
a four-helix bundle (4HB), an /3 and two winged-helix (WHA and WHB) subdomains, heterodimerizes
with Rbx1 via its «/3 subdomain and recruits E2 ubiquitin conjugating enzymes primarily via Rbx1.
In this way, the Cullin/Rbx1 serves as a scaffold to bring substrate and ubiquitin-charged E2 in
proximity for transfer to take place. This modular feature applies to all CRLs despite their distinct
adaptor and substrate receptors. Such commonality also suggests that the regulatory mechanisms of
CSN are generalizable, as discussed below.
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Figure 1. Structural models of a CRL (SCF SkP2/Cksl) and the COP9 signalosome (CSN). Individual
subunits are colored differently. The E2 and substrate locations are shown in the scheme. The helical
bundle formed by the c-terminal helix of all eight CSN subunits is highlighted in circle (A). The SCF
Skp2/Cksl complex is built as previously described [24], based on the crystal structures of SCESkP2 [29],
Skp1-Skp2/Cks1 [31], and Nedd8-Cul11t0 [21]. The CSN model is a representation of a previous
published crystal structure (PDB id: 4D10) [32] (B).

Crystal structure of the CSN holo-complex is only recently solved by Thoma and associates [31]
(Figure 1B). The holo-complex structures verified the previously reported structures of CSN
subunits [33-36]. Moreover, they clearly reveal that the overall structural composition and enzymatic
nature of the CSN complex bare resemblance to the other two ZOMES complexes: the lid complex of the
19S regulatory particle of the 265 proteasome and the eukaryotic initiation factor 3 complex [37]. All three
complexes regulate protein homeostasis and are composed of subunits with MPN zinc-metalloprotease
domain for cleaving isopeptidase bonds, and PCI domain for oligomerization, suggesting that they are
evolutionarily related.

Six CSN subunits, CSN1, CSN2, CSN3, CSN4, CSN7, and CSN8, contain a C-terminal PCI domain,
the edge-to-edge interactions of which provide the driving force for oligomerization. Additionally,
the carboxy-terminal «-helices of all eight CSN subunits form a helical bundle to uphold the integrity
of the eight-subunit complex. On top of the helical bundle, the two non-PCI subunits, CSN5 and
CSNG6, form a dimmer via their MPN domains. CSN5 is the catalytic subunit whose MPN domain has
conserved metalloprotease active site, whereas that of CSN6 is degenerate and catalytically incompetent.
Interestingly, while the catalytic mechanism of CSN is analogous to other MPN metalloprotease, CSN
is catalytically inactive in this structure and also in solution when assayed using ubiquitin-thodamine
as an artificial deubiquitinase substrate. This is because a CSN5 loop containing Glu104 occludes
the active site with Glu104 interacting with the catalytic Zn?* ion. Mutating Glu104 enhances the
isopeptidase activity against ubiquitin-rhodamine, supportting the conclusion that CSN is normally in
an autoinhibited state and requires an activation mechanism to deneddylate CRLs.

Several recently obtained EM structures of CRL-CSN complexes shed light on mechanisms
underlying the formation of CRL-CSN supercomplexes as well as CRL-induced CSN activation
(Figure 2). The first report of molecular models of CSN in complex with two CRL1/SCF subcomplexes
(SCFSkP2/Cksl and SCF™W7) was obtained at 20 A resolution by negative-staining electron microscopy
(EM) [24]. Several observations made from this low-resolution EM map were subsequently verified by
cryo-EM maps of CRL4A-CSN and SCF-CSN complexes obtained at higher resolution (CSN—ngCRL4A
at 6.4 A [38] and CSN—pgSCESkPZ/Cksl 5t 7 2 A [39]). As such, they are discussed altogether here.

Regarding CRL-CSN supercomplex assembly mechanisms, all EM maps suggest that CSN binds
to CRL at multiple sites, with the most extensive contact being CSN2 embracing the C-terminal
portion of Cull/Rbx1 (Cul1“TP/Rbx1). Two other points of contact include the sandwich of Rbx1 RING
domain by CSN2 and CSN4, and that CSN1 and CSN3 are in the vicinity and likely interact with SCF
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adaptor/substrate receptor pair Skp1/Skp2/Cksl or the CRL4A adaptor DDB1. Overall, these structures
agreed with each other in outlining major CRL-CSN contact sites, although higher resolution structures
are still required to visualize atomic details of the CRL-CSN interface.

copP9
Signalosome
(CSN)

CSN4

7CSN2 i & &=

Figure 2. Fitting of the CSN-\gSCFSkPY/CKsL_ electron density map (EMD-3401, 7.2A) [39] with crystal
structures of the subcomponents, followed by refinement with Molecular Dynamic Flexible Fitting
(MDFF). Protein secondary structures are shown in pipes.

The elucidated mechanistic insights on CRL-CSN binding interface help explain several
biochemical and enzymatic observations. First, CSN2 embracing of Cul1“TP/Rbx1 and the sandwich of
Rbx1 RING domain by CSN2 and CSN4 would prevent SCF from interacting with the E2 enzyme CDC34,
which is recruited to SCF via Rbx1 RING domain and a basic canyon at Cul1€™P [40]. Consistent with
such competition, CSN strongly inhibits CRL4PPB2 autoubiquitylation or SCF substrate uniquitylation
in a substrate peptide ubiquitylation assay [24,41]. Second, CSN binding could also obstruct the
neddylation E2 in a similar manner, which is consistent with the inhibition of CRL neddylation by
catalytically inactive CSN [24]. Third, the contact between CSN1/CSN3 and adaptor and/or substrate
receptor are incompatible with substrate access. Consistently, CSN addition prevented p-p27 binding
to SCFSkPZ/Cksl In reciprocity, the presence of CRL substrates [24,25,42] or a substrate receptor binding
DNA fragment [38], markedly inhibits Cullin deneddylation, conceivably by interfering with CSN-CRL
complex formation. Of note, the mutually exclusive binding of substrate or CSN could be an important
determinant in CRL-CSN complex dissociation, as discussed below.

In addition to identifying CRL-CSN contact interfaces, the CSN—CRL4A and
CSN—NgSCFSkPZCksl structures further reveal conformational rearrangements possibly leading to
CSN activation. To fit the electron density map of the CRL-CSN complexes, several subunits or their
subdomains, specifically the N-terminal portions of CSN2 and CSN4, as well as the MPN-domains
of CSN5 and CSN6, the RING domain of Rbx1, the WHB domain of Cullins, and Nedd8, undergo
significant conformational movement. Two driving forces underlie these conformational changes.
First, the N-terminal portions of CSN2 and CSN4 interact with the RING domain of Rbx1, and the
WHB domain of Cullins, conformation rearrangement in this region is consistent with an induced-fit
mechanism to strengthen cognate enzyme-substrate recognition; Second, because the CSN5 MPN
metalloprotease active site is self-obstructed in the absence of neddylated CRL, conformational
rearrangement in this region is necessary for CSN activation upon Nedd8 recognition. Based on these
observations and rationales, it was proposed that binding to a neddylated CRL induces movement
in CSN4, which would be expected to alter the CSN4-CSN6 interacting interface and eventually
rearrange the CSN5-CSNG6 dimer to activate CSN5. Whether and how conformational changes at the
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N-terminal segments of CSN2 and CSN4 are truly transduced to the catalytic site still require further
structural validations. But mutational data support that this process likely involves the CSN4-CSN6
interface [38,39]. Regardless, stringent requirement of CRL-binding to activate CSN and mutual
structural rearrangement during the process suggests that CSN is dedicated to CRL deneddylation.
Indeed, neddylated Cullins are the only known CRL substrate.

Apart from revealing CRL-CSN contact interfaces and potential CSN activation mechanisms, one
key insight gained from the cryo-EM structures of CRL-CSN complexes is the steric clash between
CSN and incoming ubiquitylation substrates [24,25,41]. This structural feature has two implications.
First, steric incompatibility between CSN and substrate indicates that only substrate-free CRL can be
inactivated by CSN. This then points towards a dedicated time window for CSN to function during the
CRL activity cycle, i.e., after ubiquitylated substrates have been extracted from CRL-E2 complex, likely
via a p97 dependent pathway [43]. Second, new incoming substrate could provide a driving force to
dissociate inert CRL-CSN complexes by sterically dislodging CSN, thereby initiating a new round
of Cullin neddylation and substrate ubiquitylation. In the case of CRL4PPB2, a damage-mimicking
DNA duplex that binds avidly to DDB2 can indeed displace CSN [23]. However, it remains to
be demonstrated if an ubquitylated substrate can also dissociate pre-formed CRL-CSN complexes,
especially given that CSN binds to deneddylated CRL with decent, nanomolar-level affinity [39].

The substrate-induced CSN dissociation model suggests that CSN-dissociated CRL are always
substrate-bound. This then brings a dilemma regarding the action of CAND1 (Cullin-associated
Nedd8-dissociated protein 1), which wraps around non-neddylated CRLs to exchange substrate
receptor [44—46]. Does CAND1 exchange substrate receptors with bound substrates? If so, this would
make substrate-binding futile, and is also inconsistent with the actual function of CAND], i.e,, to
exchange substrate receptor such that available substrates are targeted for degradation.

An alternative possibility is that the CRL-CSN complexes are dynamically assembled into high-
and low-affinity states, with the low-affinity state prone to dissociation or subjected to CANDI1
competition (Figure 3). Differential affinity states of CRL-CSN complexes could be determined by
post-translational modifications on CSN and/or an extra factor mediating CRL-CSN interactions.
In this regard, the recent identification of inositol polyphosphates and their metabolic enzymes as
emerging modulators of CRL-CSN complex formation offer a new perspective on complex dynamics,
as detailed below.

- acidicresidue
+ basicresidue

O Nedds tight complex loose complex

CSN CSN
Sequestration dissociation

CAND1-mediated
adaptive exchange

Figure 3. Scheme depicting the role of inositol polyphosphates in the assembly and disassembly of
CRL-CSN complexes. Driven by the kinase IP6K1, the CRL-CSN complexes inter-converts between
the IPg-bridged, high-affinity state and the IPy-brdiged, lower-affinity state, with the later prone to
dissociation, permitting CAND1-mediated exchange of substrate receptors.
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3. The Role of Inositol Polyphosphates and their Synthases in CRL-CSN Complex Dynamics

The higher inositol polyphosphates originate from the second messenger inositol triphosphate
(IP3), which is produced from the hydrolysis of PIP2 by PLC, while PLC is activated by Gq
protein-coupled receptors (GPCRs) on cell membrane [47]. IP3 is then phosphorylated by a series of
inositol phosphate kinases (IPKs), including inositol 1,4,5-trisphosphate 3-kinase (IP3K), inositol
1,3,4-triphosphate 5/6-kinase (ITPK1), inositol polyphosphate multikinase (IPMK), and inositol
1,3,4,5,6-pentakisphosphate 2-kinase (IPPK/IP5K), to generate IP4 to IP6 [48]. IP6 is the most
abundant inositol phosphate, but a portion of it can be further phosphorylated to generate the
inositol pyrophosphates IP7 and IP8, which are unstable molecules containing energetic pyrophosphate
bond(s) and are believe to play signaling roles [49]. These higher inositol polyphosphates are highly
conserved from yeast to human, but are less characterized compared to IP3.

In purifying ITPK1 from a calf brain, Majerus and associates identified a copurifying eight-protein
complex with components ranging in size from 60 to 20 kDa, which turns out to be CSN based
on Mass-Spec [50]. ITPK1 directly interacts with CSN1 [51]. Because ITPK1 purified this way can
phosphorylate c-Jun, it was proposed that ITPK1 is the CSN-associated kinase that is known to
phosphorylate c-Jun. However, PKD and CK2 are the true CSN-associated protein kinase [52]. Whether
recombinant ITPK1 directly phosphorylate proteins was not verified. As such, the physiological
significance of CSN association with an inositol phosphate kinase remained unclear for some while.

Intriguingly, Zheng and associates later found IP6 to be located in a plant CRL1 complex [53].
Specifically, IP6 is near the center of the TIR1-LRR fold in close proximity to auxin binding site.
TIR1 is a plant auxin receptor and a F-box protein that bind to SCF complex to ubiquitin substrates.
Auxin binding to TIR1 can promote the interaction between TIR1 and Aux/IAA protein, activate
SCFMR! complex to ubiquitinate Aux/IAA protein for gene transcription [51,52]. In the crystal structure
of TIR1 and ASK1, which is the adaptor of SCFTR!, TP6 closely interacts with TIR1, via ten positively
charged residues. Thus, IP6 is also an auxin receptor co-factor, and mediates auxin-dependent substrate
ubiquitylation. Whether IP6 also targets other SCF or CRL complexes is unknown.

More recently, Rao et al. reported that inositol hexakisphosphate kinase-1 (IP6K1), another IPK
that phosphorylates IP6 to IP7, interacts with CRL4 via direct binding to the CRL4 adaptor DDB1 [54].
IP6K1 is not degraded by CRL4. Rather, co-expression suppresses the increase in total cellular
ubiquitylation levels caused by Cul4A-Rbx1-DDB1 overexpression, suggests that IP6K1 regulates
cellular CRL4 activity. Conversely, increasing amount of DDB1 suppresses IP6K1 activity in vitro,
suggesting that the IP6K1-CRL4 complex is inactive. Consistently, IP6K1 promotes CSN binding to
and sequestration of CRL4, thereby forming an inert IP6K1-CRL4-CSN ternary complex under basal
condition. Interestingly, UV radiation, a stimuli known to dissociate CSN-CRL4 for DNA repair [55],
also dissociates IP6K1 from CRL4-CSN, via yet unclear mechanisms. Nonetheless, UV upregulates
cellular IP7 levels, whereas kinase-dead IP6K1 mutant, or the IP6K-specific inhibitor TNP, can attenuate
UV-induced CRL4-CSN complex disassembly, suggesting that IP6K1-dependent IP6 to IP7 conversion
promotes CRL4-CSN dissociation.

To understand the roles of IP6 and IP7 in CRL-CSN complex dynamics, biochemical reconstitution
of CRL-CSN interactions using purified recombinant proteins was performed, revealing two novel
mechanisms of CRL-CSN interaction not identified by the cryo-EM studies [56]. First, electrostatic
interaction between the N-terminal acidic tail of CSN2 and the conserved C-terminal basic canyon
of Cullins is identified. This mechanism of interaction is reminiscent of that between Cullin’s basic
canyon and the C-terminal acidic tail of the E2 CDC34 [40,57], thus providing the biochemical
explanation for the earlier observation that CSN competes with CDC34 to inhibit CRL [24]. Second, IP6
directly stimulates the in-vitro binding between Cul4A/Rocl and CSN2 at nanomolar concentrations,
whereas the IP6 synthase IP5K interact with the CRL-CSN complex, and mediates the stability,
neddylation and activation of cellular CRL1 and CRL4 [43]. Importantly, although IP7 can also promote
CRL4A-CSN2 binding in vitro, it does so with threefold lower potency than IP6 [43]. Together with the
generally higher abundance of IP6 (20 times of IP7) [58], these data suggest a working model whereby
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IP6K1-catalyzed IP6 conversion to IP7 could potentially increase the percentage of lower-affinity
CRL4-CSN complexes, thereby rendering CRL-CSN complexes amenable to dynamic dissociation or
to competition by CAND1 or ubiquitylation substrates (Figure 3).

These findings raise the tantalizing possibility that IP¢ and its metabolic enzymes are messengers
receiving upstream signals to control CRL-CSN complex dynamics and CRL activity. However, some
outstanding questions remain. First, how general is the mechanism? Is CRL regulation by IP6/IP7
dynamics is generally applicable for all CRL4 ligases or only a subset with specific substrate receptors,
and whether the same principle applies to other Cullin members? Second, what is the biochemical and
structural basis for differential regulation of CRL-CSN interactions by IP6 and IP7? Is IP6 acting as an
intermolecular “glue” at the interface between CRL and CSN? Could a higher resolution Cryo-EM
structure of CRL-CSN complex reveal the presence of a IP6/IP7 molecule at the interface? Third, How
does IP7 differ from IP6? Measuring the Ko, and K¢ between CRL and CSN in the presence of IP6 or
IP7 would be essential to validate the working model that IP7-bridged CRL-CSN complex are more
prone to dissociation than that coordinated by IP6. Fourth, how does IP6 influence the competition
between CSN and E2 CDC34? Is IP6 a decisive factor in CSN-dependent E2 release from CRL? Fifth,
thus far, three IPKs, ITK1, IP5K and IP6K1, have been found to interact with CRL-CSN with apparently
different direct binding partners. ITPK1 binds to CSN1 [51], whereas IP5K and IP6K1 bind to Cullin
and the Cul4 adaptor DDBI, respectively [54,56]. Enzyme clustering is a characteristic property of the
classical metabolic systems [59]. Might IPKs assemble as an enzymatic chain and efficiently channel
intermediates for local production of IP6/IP7? Last but not the least, what is the molecular basis for
UV-induced IP6K1-DDB1 dissociation and IP6K1 activation? Would other stimuli such as cell cycle
transition involve a similar mechanism to activate CRL?

Although more questions are to be answered, the above findings bare translational values.
Cullins neddylation is targetable. MLN4924, now known as Pevonedistat, is a small molecular inhibitor
of the neddylation E1 (NAE), can prevent the neddylation of Cullins via inhibiting NEDD8 binding to
NAE[16]. In cancer, Cullins are activated by augmented neddylation to degrade tumor suppressors [60].
MLN4924 can inhibit this process to prevent tumor growth [16]. In fact, Pevonedistat/MLN4924 is
currently under phase III clinical trial as an anti-cancer agent (NCT03268954) [61]. IP6 can promote the
interaction between Cul4A and CSN2 to enhance Cul4A deneddylation [43], so IP6 or IP6K1 could be
potential cancer treatment targets.

4. Conclusions and Future Perspectives

The past few years has witnessed an explosion of scientific advance in understanding the structural
mechanisms and physiologic implications of CRL regulation by CSN. Here we mainly focused on
the small inositol polyphosphate metabolites, but other protein factors have also been uncovered,
such as CSNAP [62], Glomulin [63], and Rig-G [64]. Further research is required to delineate the
spatiotemporal mechanism of action of these new players. Such insights could contribute to our
understanding on the important question of how CRL-CSN complexes are dynamically assembled
and disassembled during the CRL activity cycle, despite their high binding affinity.

Author Contributions: Conceptualization, ER.; Data curation, FR.; Writing—original draft preparation, X.Z.,
and ER.; Writing—review and editing, ER. and X.Z.; Visualization, ER. and X.Z.; Supervision, ER.; Funding
acquisition, ER.

Funding: This work was supported by grants from the Shenzhen Municipal Government (Y01226126,
JCYJ20170412153517422 and JCYJ20170817104311912 to ER.), the National Science Foundation of China (31872798
and 91853129 to F.R.), and the Department of Science and Technology of Guangdong Province (2018 A030313207,
to ER.).

Acknowledgments: The Author wish to thank Qiuyu Fu for assistance in refitting the cyro-EM map of the
CRL-CSN complex.

Conflicts of Interest: The authors declare no conflict of interest.



Biomolecules 2019, 9, 349 8of 11

References

1. Wei, N.; Deng, X.W. The COP9 signalosome. Annu. Rev. Cell Dev. Biol. 2003, 19, 261-286. [CrossRef]
[PubMed]

2. Dubiel, D.; Rockel, B.; Naumann, M.; Dubiel, W. Diversity of COP9 signalosome structures and functional
consequences. FEBS Lett. 2015, 589, 2507-2513. [CrossRef] [PubMed]

3. A Chamovitz, D.; Wei, N.; Osterlund, M.T.; Von Arnim, A.G.; Staub, ] M.; Matsui, M.; Deng, X.-W. The COP9
Complex, a Novel Multisubunit Nuclear Regulator Involved in Light Control of a Plant Developmental
Switch. Cell 1996, 86, 115-121. [CrossRef]

4. Wei, N.; Chamovitz, D.A.; Deng, X.-W. Arabidopsis COP9 is a component of a novel signaling complex
mediating light control of development. Cell 1994, 78, 117-124. [CrossRef]

5. Seeger, M.; Kraft, R.; Ferrell, K.; Bech-Otschir, D.; Dumdey, R.; Schade, R.; Gordon, C.; Naumann, M.;
Dubiel, W. A novel protein complex involved in signal transduction possessing similarities to 26S proteasome
subunits. FASEB J. 1998, 12, 469-478. [CrossRef] [PubMed]

6.  Milic, J.; Tian, Y.; Bernhagen, J. Role of the COP9 Signalosome (CSN) in Cardiovascular Diseases. Biomol.
2019, 9, 217. [CrossRef] [PubMed]

7. Singh, A.K.; Chamovitz, D.A. Role of Cop9 Signalosome Subunits in the Environmental and Hormonal
Balance of Plant. Biomolecules 2019, 9, 224. [CrossRef] [PubMed]

8. Li P; Xie, L.; Gu, Y,; Li, J.; Xie, J. Roles of Multifunctional COP9 Signalosome Complex in Cell Fate and
Implications for Drug Discovery. J. Cell. Physiol. 2017, 232, 1246-1253. [CrossRef] [PubMed]

9.  Gummlich, L.; Kdhne, T.; Naumann, M.; Kilic, E.; Jung, K.; Dubiel, W. New Insights into the Mechanism of
COP9 Signalosome—Cullin-RING Ubiquitin-Ligase Pathway Deregulation in Urological Cancers. Int. Rev.
Cell Mol. Biol. 2016, 323, 181-229.

10. Chung, D.; Dellaire, G. The Role of the COP9 Signalosome and Neddylation in DNA Damage Signaling and
Repair. Biomolecules 2015, 5, 2388-2416. [CrossRef]

11. Lee, M.-H.; Zhao, R.; Phan, L.; Yeung, S.-C.J. Roles of COP9 signalosome in cancer. Cell Cycle 2011, 10,
3057-3066. [CrossRef] [PubMed]

12.  Richardson, K.S.; Zundel, W. The Emerging Role of the COP9 Signalosome in Cancer. Mol. Cancer Res. 2005,
3, 645-653. [CrossRef] [PubMed]

13. Pick, E.; Bramasole, L. Moonlighting and pleiotropy within two regulators of the degradation machinery:
the proteasome lid and the CSN. Biochem. Soc. Trans. 2014, 42, 1786-1791. [CrossRef] [PubMed]

14. Petroski, M.D.; Deshaies, R.J. Function and regulation of cullin-RING ubiquitin ligases. Nat. Rev. Mol. Cell
Biol. 2005, 6, 9-20. [CrossRef] [PubMed]

15. Lydeard, J.R.; A Schulman, B.; Harper, ].W. Building and remodelling Cullin-RING E3 ubiquitin ligases.
EMBO Rep. 2013, 14, 1050-1061. [CrossRef] [PubMed]

16. Soucy, T.A.; Smith, P.G.; Milhollen, M.A; Berger, A.].; Gavin, ].M.; Adhikari, S.; Brownell, ].E.; Burke, K.E.;
Cardin, D.P; Critchley, S.; et al. An inhibitor of NEDD8-activating enzyme as a new approach to treat cancer.
Nature 2009, 458, 732-736. [CrossRef] [PubMed]

17.  Skaar, J.R.; Pagan, J.K.; Pagano, M. SCF ubiquitin ligase targeted therapies. Nat. Rev. Drug Discov. 2014, 13,
889-903. [CrossRef] [PubMed]

18.  Zhao, Y.; Sun, Y. Cullin-RING Ligases as Attractive Anti-cancer Targets. Curr. Pharm. Des. 2013, 19,
3215-3225. [CrossRef] [PubMed]

19. Bondeson, D.P; Crews, C.M. Targeted Protein Degradation by Small Molecules. Annu. Rev. Pharmacol.
Toxicol. 2017, 57, 107-123. [CrossRef]

20. Wu, K;; Chen, A.; Pan, Z.-Q. Conjugation of Nedd8 to CUL1 Enhances the Ability of the ROC1-CUL1
Complex to Promote Ubiquitin Polymerization. J. Boil. Chem. 2000, 275, 32317-32324. [CrossRef]

21. Duda, D.; Schulman, B. Structural Insights into NEDD8 Activation of Cullin-RING Ligases: Conformational
Control of Conjugation. Control Conjug. 2008, 134, 995-1006. [CrossRef] [PubMed]

22. Cope, G.A,; Suh, G.S.B,; Aravind, L.; Schwarz, S.E.; Zipursky, S.L.; Koonin, E.V.; Deshaies, R.J. Role of

Predicted Metalloprotease Motif of Jab1/Csn5 in Cleavage of Nedd8 from Cull. Science 2002, 298, 608-611.
[CrossRef] [PubMed]


http://dx.doi.org/10.1146/annurev.cellbio.19.111301.112449
http://www.ncbi.nlm.nih.gov/pubmed/14570571
http://dx.doi.org/10.1016/j.febslet.2015.06.007
http://www.ncbi.nlm.nih.gov/pubmed/26096786
http://dx.doi.org/10.1016/S0092-8674(00)80082-3
http://dx.doi.org/10.1016/0092-8674(94)90578-9
http://dx.doi.org/10.1096/fasebj.12.6.469
http://www.ncbi.nlm.nih.gov/pubmed/9535219
http://dx.doi.org/10.3390/biom9060217
http://www.ncbi.nlm.nih.gov/pubmed/31195722
http://dx.doi.org/10.3390/biom9060224
http://www.ncbi.nlm.nih.gov/pubmed/31181827
http://dx.doi.org/10.1002/jcp.25696
http://www.ncbi.nlm.nih.gov/pubmed/27869306
http://dx.doi.org/10.3390/biom5042388
http://dx.doi.org/10.4161/cc.10.18.17320
http://www.ncbi.nlm.nih.gov/pubmed/21876386
http://dx.doi.org/10.1158/1541-7786.MCR-05-0233
http://www.ncbi.nlm.nih.gov/pubmed/16380502
http://dx.doi.org/10.1042/BST20140227
http://www.ncbi.nlm.nih.gov/pubmed/25399607
http://dx.doi.org/10.1038/nrm1547
http://www.ncbi.nlm.nih.gov/pubmed/15688063
http://dx.doi.org/10.1038/embor.2013.173
http://www.ncbi.nlm.nih.gov/pubmed/24232186
http://dx.doi.org/10.1038/nature07884
http://www.ncbi.nlm.nih.gov/pubmed/19360080
http://dx.doi.org/10.1038/nrd4432
http://www.ncbi.nlm.nih.gov/pubmed/25394868
http://dx.doi.org/10.2174/13816128113199990300
http://www.ncbi.nlm.nih.gov/pubmed/23151137
http://dx.doi.org/10.1146/annurev-pharmtox-010715-103507
http://dx.doi.org/10.1074/jbc.M004847200
http://dx.doi.org/10.1016/j.cell.2008.07.022
http://www.ncbi.nlm.nih.gov/pubmed/18805092
http://dx.doi.org/10.1126/science.1075901
http://www.ncbi.nlm.nih.gov/pubmed/12183637

Biomolecules 2019, 9, 349 9of 11

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Lyapina, S.; Cope, G.; Shevchenko, A.; Serino, G.; Tsuge, T.; Zhou, C.; Wolf, D.A.; Wei, N.; Deshaies, R.J.
Promotion of NEDD8-CUL1 Conjugate Cleavage by COP9 Signalosome. Science 2001, 292, 1382-1385.
[CrossRef] [PubMed]

Enchev, R.I.; Scott, D.C.; Da Fonseca, P.C.A.; Schreiber, A.; Monda, J.K.; Schulman, B.A.; Peter, M.; Morris, E.P.
Structural basis for a reciprocal regulation between SCF and CSN. Cell Rep. 2012, 2, 616-627. [CrossRef]
[PubMed]

Emberley, E.D.; Mosadeghi, R.; Deshaies, R.J. Deconjugation of Nedd8 from Cull Is Directly Regulated
by Skp1-F-box and Substrate, and the COP9 Signalosome Inhibits Deneddylated SCF by a Noncatalytic
Mechanism®*. J. Boil. Chem. 2012, 287, 29679-29689. [CrossRef] [PubMed]

A Cope, G.; Deshaies, R.J. Targeted silencing of Jab1/Csn5 in human cells downregulates SCF activity through
reduction of F-box protein levels. BMC Biochem. 2006, 7, 1. [CrossRef] [PubMed]

Wee, S.; Geyer, RK,; Toda, T.; Wolf, D.A. CSN facilitates Cullin—-RING ubiquitin ligase function by
counteracting autocatalytic adapter instability. Nature 2005, 7, 387-391. [CrossRef]

Wolf, D.A.; Zhou, C.; Wee, S. The COP9 signalosome: an assembly and maintenance platform for cullin
ubiquitin ligases? Nature 2003, 5, 1029-1033. [CrossRef]

Zheng, N.; Schulman, B.A.; Song, L.; Miller, ].J.; Jeffrey, P.D.; Wang, P.; Chu, C.; Koepp, D.M.; Elledge, S.J.;
Pagano, M.; et al. Structure of the Cull-Rbx1-Skp1-F boxSkp2 SCF ubiquitin ligase complex. Nature 2002,
416, 703-709. [CrossRef]

Angers, S.; Li, T.; Yi, X.; MacCoss, M.].; Moon, R.T.; Zheng, N. Molecular architecture and assembly of the
DDB1-CUL4A ubiquitin ligase machinery. Nature 2006, 443, 590-593. [CrossRef]

Schulman, B.A.; Carrano, A.C.; Jeffrey, PD.; Bowen, Z.; Kinnucan, E.R.E.; Finnin, M.S.; Elledge, S.J.;
Harper, ].W.; Pagano, M.; Pavletich, N.P. Insights into SCF ubiquitin ligases from the structure of the
Skp1-Skp2 complex. Nature 2000, 408, 381-386. [CrossRef]

Lingaraju, G.M.; Bunker, R.D.; Cavadini, S.; Hess, D.; Hassiepen, U.; Renatus, M.; Fischer, E.S.; Thoma, N.H.
Crystal structure of the human COP9 signalosome. Nature 2014, 512, 161-165. [CrossRef]

Lee, J.-H.; Yi, L.; Li, J.; Schweitzer, K.; Borgmann, M.; Naumann, M.; Wu, H. Crystal Structure and Versatile
Functional Roles of the COP9 Signalosome Subunit 1. Proc. Natl. Acad. Sci. USA 2013, 110, 11845-11850.
[CrossRef]

Echalier, A.; Pan, Y.; Birol, M.; Tavernier, N.; Pintard, L.; Hoh, E; Ebel, C.; Galophe, N.; Claret, EX.; Dumas, C.
Insights into the regulation of the human COP9 signalosome catalytic subunit, CSN5/Jabl. Proc. Natl. Acad.
Sci. USA 2013, 110, 1273-1278. [CrossRef]

Birol, M.; Enchev, R.I1; Padilla, A ; Stengel, F.; Aebersold, R.; Betzi, S.; Yang, Y.; Hoh, E; Peter, M.; Dumas, C.;
et al. Structural and Biochemical Characterization of the Cop9 Signalosome CSN5/CSN6 Heterodimer. PLOS
ONE 2014, 9, 105688. [CrossRef]

Dessau, M.; Halimi, Y.; Erez, T.; Chomsky-Hecht, O.; Chamovitz, D.A.; Hirsch, J.A. The Arabidopsis COP9
Signalosome Subunit 7 Is a Model PCI Domain Protein with Subdomains Involved in COP9 Signalosome
Assembly[W]. Plant Cell 2008, 20, 2815-2834. [CrossRef]

Hofmann, K.; Bucher, P. The PCI domain: a common theme in three multiprotein complexes. Trends Biochem.
Sci. 1998, 23, 204-205. [CrossRef]

Cavadini, S.; Fischer, E.S.; Bunker, R.D.; Potenza, A.; Lingaraju, G.M.; Goldie, K.N.; Mohamed, W.I; Faty, M.;
Petzold, G.; Beckwith, R.E.J.; et al. Cullin-RING ubiquitin E3 ligase regulation by the COP9 signalosome.
Nature 2016, 531, 598-603. [CrossRef]

Mosadeghi, R.; Reichermeier, K.M.; Winkler, M.; Schreiber, A.; Reitsma, ].M.; Zhang, Y.; Stengel, F.; Cao, J.;
Kim, M.; Sweredoski, M.].; et al. Structural and kinetic analysis of the COP9-Signalosome activation and the
cullin-RING ubiquitin ligase deneddylation cycle. eLife 2016, 5, €12102. [CrossRef]

Kleiger, G.; Saha, A.; Lewis, S.; Kuhlman, B.; Deshaies, R.J. Rapid E2-E3 assembly and disassembly enable
processive ubiquitylation of cullin-RING ubiquitin ligase substrates. Cell 2009, 139, 957-968. [CrossRef]
Fischer, E.S.; Scrima, A.; Bohm, K.; Matsumoto, S.; Lingaraju, G.M.; Faty, M.; Yasuda, T.; Cavadini, S.;
Wakasugi, M.; Hanaoka, F.; et al. The Molecular Basis of CRL4DDB2/CSA Ubiquitin Ligase Architecture,
Targeting, and Activation. Cell 2011, 147, 1024-1039. [CrossRef]


http://dx.doi.org/10.1126/science.1059780
http://www.ncbi.nlm.nih.gov/pubmed/11337588
http://dx.doi.org/10.1016/j.celrep.2012.08.019
http://www.ncbi.nlm.nih.gov/pubmed/22959436
http://dx.doi.org/10.1074/jbc.M112.352484
http://www.ncbi.nlm.nih.gov/pubmed/22767593
http://dx.doi.org/10.1186/1471-2091-7-1
http://www.ncbi.nlm.nih.gov/pubmed/16401342
http://dx.doi.org/10.1038/ncb1241
http://dx.doi.org/10.1038/ncb1203-1029
http://dx.doi.org/10.1038/416703a
http://dx.doi.org/10.1038/nature05175
http://dx.doi.org/10.1038/35042620
http://dx.doi.org/10.1038/nature13566
http://dx.doi.org/10.1073/pnas.1302418110
http://dx.doi.org/10.1073/pnas.1209345110
http://dx.doi.org/10.1371/journal.pone.0105688
http://dx.doi.org/10.1105/tpc.107.053801
http://dx.doi.org/10.1016/S0968-0004(98)01217-1
http://dx.doi.org/10.1038/nature17416
http://dx.doi.org/10.7554/eLife.12102
http://dx.doi.org/10.1016/j.cell.2009.10.030
http://dx.doi.org/10.1016/j.cell.2011.10.035

Biomolecules 2019, 9, 349 10 of 11

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Bornstein, G.; Ganoth, D.; Hershko, A. Regulation of neddylation and deneddylation of cullinl in SCFSkp2
ubiquitin ligase by F-box protein and substrate. Proc. Natl. Acad. Sci. USA 2006, 103, 11515-11520. [CrossRef]
Besten, W.D.; Verma, R ; Kleiger, G.; Oania, R.S.; Deshaies, R.J. NEDDS links Cullin-Ring ubiquitin Ligase
function to the p97 pathway. Nat. Struct. Mol. Boil. 2012, 19, 511-516. [CrossRef]

Liu, X.; Reitsma, ].M.; Mamrosh, ]J.L.; Zhang, Y.; Straube, R.; Deshaies, R.J. Cand1-Mediated Adaptive
Exchange Mechanism Enables Variation in F-Box Protein Expression. Mol. Cell 2018, 69, 773-786.e6.
[CrossRef]

Reitsma, ].M.; Liu, X.; Reichermeier, K.M.; Moradian, A.; Sweredoski, M.].; Hess, S.; Deshaies, R.]. Composition
and regulation of the cellular repertoire of SCF ubiquitin ligases. Cell 2017, 171, 1326-1339.e14. [CrossRef]
Goldenberg, S.J.; Cascio, T.C.; Shumway, S.D.; Garbutt, K.C.; Liu, J.; Xiong, Y.; Zheng, N. Structure of
the Cand1-Cull-Rocl Complex Reveals Regulatory Mechanisms for the Assembly of the Multisubunit
Cullin-Dependent Ubiquitin Ligases. Cell 2004, 119, 517-528. [CrossRef]

Hwang, H.J.; Jang, H.J.; Cocco, L.; Suh, P.G. The regulation of insulin secretion via phosphoinositide-specific
phospholipase Cbeta signaling. Adv. Biol. Regul. 2019, 71, 10-18. [CrossRef]

Verbsky, J.W.; Chang, S.C.; Wilson, M.P.; Mochizuki, Y.; Majerus, PW. The pathway for the production of
inositol hexakisphosphate in human cells. J. Biol. Chem. 2005, 280, 1911-1920. [CrossRef]

Shears, S.B. Intimate connections: Inositol pyrophosphates at the interface of metabolic regulation and cell
signaling. J. Cell Physiol. 2018, 233, 1897-1912. [CrossRef]

Wilson, M.P; Sun, Y.; Cao, L.; Majerus, P.W. Inositol 1,3,4-Trisphosphate 5/6-Kinase Is a Protein Kinase That
Phosphorylates the Transcription Factors c-Jun and ATF-2. . Boil. Chem. 2001, 276, 40998-41004. [CrossRef]
Sun, Y.; Wilson, M.P.; Majerus, P.W. Inositol 1,3,4-Trisphosphate 5/6-Kinase Associates with the COP9
Signalosome by Binding to CSN1. J. Boil. Chem. 2002, 277, 45759-45764. [CrossRef]

Uhle, S.; Medalia, O.; Waldron, R.; Dumdey, R.; Henklein, P.; Bech-Otschir, D.; Huang, X.; Berse, M.;
Sperling, J.; Schade, R.; et al. Protein kinase CK2 and protein kinase D are associated with the COP9
signalosome. EMBO J. 2003, 22, 1302-1312. [CrossRef]

Tan, X.; Calderén-Villalobos, L.I.A.; Sharon, M.; Zheng, C.; Robinson, C.V.; Estelle, M.; Zheng, N. Mechanism
of auxin perception by the TIR1 ubiquitin ligase. Nature 2007, 446, 640-645. [CrossRef]

Rao, F; Xu, J.; Khan, A.B.; Gadalla, M.M.; Cha, ].Y,; Xu, R;; Tyagi, R.; Dang, Y.; Chakraborty, A.; Snyder, S.H.
Inositol hexakisphosphate kinase-1 mediates assembly/disassembly of the CRL4-signalosome complex to
regulate DNA repair and cell death. Proc. Natl. Acad. Sci. USA 2014, 111, 16005-16010. [CrossRef]

Scrima, A.; Fischer, E.S.; Lingaraju, G.M.; Bohm, K.; Cavadini, S.; Thoma, N.H. Detecting UV-lesions in the
genome: The modular CRL4 ubiquitin ligase does it best! FEBS Lett. 2011, 585, 2818-2825. [CrossRef]
Scherer, P.C.; Ding, Y.; Liu, Z.; Xu, J.; Mao, H.; Barrow, ].C.; Wei, N.; Zheng, N.; Snyder, S.H.; Rao, F. Inositol
hexakisphosphate (IP6) generated by IP5SK mediates cullin-COP9 signalosome interactions and CRL function.
Proc. Natl. Acad. Sci. USA 2016, 113, 3503-3508. [CrossRef]

Kleiger, G.; Hao, B.; Mohl, D.A_; Deshaies, R.]. The Acidic Tail of the Cdc34 Ubiquitin-conjugating Enzyme
Functions in Both Binding to and Catalysis with Ubiquitin Ligase SCFCdc4*. ]. Boil. Chem. 2009, 284,
36012-36023. [CrossRef]

Shears, S.B. Inositol pyrophosphates: why so many phosphates? Adv. Biol. Regul. 2015, 57, 203-216.
[CrossRef]

Castellana, M.; Wilson, M.Z.; Xu, Y.; Joshi, P; Cristea, LM.; Rabinowitz, ].D.; Gitai, Z.; Wingreen, N.S. Enzyme
clustering accelerates processing of intermediates through metabolic channeling. Nat. Biotechnol. 2014, 32,
1011-1018. [CrossRef]

Li, L.; Wang, M.; Yu, G.; Chen, P; Li, H.; Wei, D.; Zhu, J.; Xie, L.; Jia, H.; Shi, J.; et al. Overactivated
Neddylation Pathway as a Therapeutic Target in Lung Cancer. . Natl. Cancer Inst. 2014, 106. [CrossRef]
Sekeres, M.A.; Fram, R.J.; Hua, Z.; Ades, L. Phase 3 study of first line pevonedistat (PEV) + azacitidine
(AZA) versus single-agent AZA in patients with higher-risk myelodysplastic syndromes (HR MDS), chronic
myelomonocytic leukemia (CMML) or low-blast acute myelogenous leukemia (AML). J. Clin. Oncol. 2018,
TPS7077. [CrossRef]

Rozen, S.; -Levi, M.G.F,; Ben-Nissan, G.; Mizrachi, L.; Gabashvili, A.; Levin, Y.; Ben-Dor, S.; Eisenstein, M.;
Sharon, M. CSNAP is a stoichiometric subunit of the COP9 signalosome. Cell Rep. 2015, 13, 585-598.
[CrossRef]


http://dx.doi.org/10.1073/pnas.0603921103
http://dx.doi.org/10.1038/nsmb.2269
http://dx.doi.org/10.1016/j.molcel.2018.01.038
http://dx.doi.org/10.1016/j.cell.2017.10.016
http://dx.doi.org/10.1016/j.cell.2004.10.019
http://dx.doi.org/10.1016/j.jbior.2018.09.011
http://dx.doi.org/10.1074/jbc.M411528200
http://dx.doi.org/10.1002/jcp.26017
http://dx.doi.org/10.1074/jbc.M106605200
http://dx.doi.org/10.1074/jbc.M208709200
http://dx.doi.org/10.1093/emboj/cdg127
http://dx.doi.org/10.1038/nature05731
http://dx.doi.org/10.1073/pnas.1417900111
http://dx.doi.org/10.1016/j.febslet.2011.04.064
http://dx.doi.org/10.1073/pnas.1525580113
http://dx.doi.org/10.1074/jbc.M109.058529
http://dx.doi.org/10.1016/j.jbior.2014.09.015
http://dx.doi.org/10.1038/nbt.3018
http://dx.doi.org/10.1093/jnci/dju083
http://dx.doi.org/10.1200/JCO.2018.36.15_suppl.TPS7077
http://dx.doi.org/10.1016/j.celrep.2015.09.021

Biomolecules 2019, 9, 349 11 of 11

63. Duda, D.M,; Olszewski, ].L.; Tron, A.E.; Hammel, M.; Lambert, L.J.; Waddell, M.B.; Mittag, T.; DeCaprio, ].A.;
Schulman, B.A. Structure of a Glomulin-RBX1-CUL1 complex: inhibition of a RING E3 ligase through
masking of its E2-binding surface. Mol. Cell 2012, 47, 371-382. [CrossRef]

64. Xu, G.-P; Zhang, Z.-L.; Xiao, S.; Zhuang, L.-K; Xia, D.; Zou, Q.-P; Jia, P.-M.; Tong, ].-H. Rig-G negatively
regulates SCF-E3 ligase activities by disrupting the assembly of COP9 signalosome complex. Biochem.
Biophys. Res. Commun. 2013, 432, 425-430. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.molcel.2012.05.044
http://dx.doi.org/10.1016/j.bbrc.2013.01.132
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Structural Basis of CRL–CSN Supercomplexes 
	The Role of Inositol Polyphosphates and their Synthases in CRL–CSN Complex Dynamics 
	Conclusions and Future Perspectives 
	References

