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Cullin (CUL)-RING (Really Interesting New Gene) E3
ubiquitin (Ub) ligases (CRLs) are the largest E3 family. The E3
CRL core ligase is a subcomplex formed by the CUL C-ter-
minal domain bound with the ROC1/RBX1 RING finger pro-
tein, which acts as a hub that mediates and organizes multiple
interactions with E2, Ub, Nedd8, and the ARIH family protein,
thereby resulting in Ub transfer to the E3-bound substrate.
This report describes the modulation of CRL-dependent
ubiquitination by small molecule compounds including KH-
4-43, #33, and suramin, which target the CRL core ligases. We
show that both KH-4-43 and #33 inhibit the ubiquitination of
CK1α by CRL4CRBN. However, either compound’s inhibitory
effect on this reaction is significantly reduced when a neddy-
lated form of CRL4CRBN is used. On the other hand, both #33
and KH-4-43 inhibit the ubiquitination of β-catenin by
CRL1β-TrCP and Nedd8-CRL1β-TrCP almost equally. Thus,
neddylation of CRL1β-TrCP does not negatively impact the
sensitivity to inhibition by #33 and KH-4-43. These findings
suggest that the effects of neddylation to alter the sensitivity of
CRL inhibition by KH-4-43/#33 is dependent upon the specific
CRL type. Suramin, a compound that targets CUL’s basic
canyon, can effectively inhibit CRL1/4-dependent ubiquitina-
tion regardless of neddylation status, in contrast to the results
observed with KH-4-43/#33. This observed differential drug
sensitivity of KH-4-43/#33 appears to echo CUL-specific
Nedd8 effects on CRLs as revealed by recent high-resolution
structural biology efforts. The highly diversified CRL core
ligase structures may provide opportunities for specific tar-
geting by small molecule modulators.

Cullin (CUL) -RING (Really Interesting New Gene) E3
ubiquitin (Ub) ligases (CRLs) are the largest E3 family defined
by a signature Cullin-RING heterodimeric complex (1, 2). CUL
proteins are molecular scaffolds that function to organize the
CRL complex. Six canonical CULs, CUL1, CUL2/CUL5, CUL3
and CUL4A/CUL4B, assemble four major CRL classes desig-
nated as CRL1, CRL2/5, CRL3 and CRL4A/4B. Each CRL class
is distinguished by the ability of a specific CUL type to utilize
its distinct N-terminus to anchor an unique protein family of
substrate receptor. These include CUL1 for the F-box protein
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family, CUL2/5 for the VHL-Box/SOCS-box family, CUL3 for
the BTB (Bric-a-brac, Tramtrack, Broad-complex) family, and
CUL4A/4B for the DCAF (DDB1 and CUL4 associated factor)
family, respectively. On the other hand, the CUL’s C-terminal
domains (CTDs) contain highly conserved cullin consensus
sequence and possess a common globular structure that binds
a RING finger protein, ROC1/RBX1 for CUL1 to 4 or ROC2
for CUL5, to form a core ligase complex.

The CRL core ligase is responsible for orchestrating the
transfer of Ub to a substrate that is anchored by CRL’s receptor
subunit, such as CRL1’s F-box protein or CRL4’s DCAF. The
CRL core ligase activity is activated by the conjugation of
Nedd8, an ubiquitin-like protein, to a CUL CTD’s conserved
lysine residue (3). As revealed by a series of high-resolution
structural and biochemical studies (4–6), the CRL core ligase
is shown to act as a hub that mediates and organizes multiple
interactions with E2, Nedd8, Ub, and in some cases, the ARIH
family proteins. This CRL core ligase-centralized protein
network is defined as a catalytic module (5). One distinct E3-
E2 interaction is the interface between CUL CTD’s conserved
basic canyon and E2 Cdc34’s acidic C-terminus (7, 8). The
biochemical functions of the CRL core ligase-organized cata-
lytic module are to coordinate the priming and extending
reactions (9, 10) that lead to initial transfer of an Ub to the
CRL-bound substrate (priming), followed by Ub chain elon-
gation of the substrate-linked, initiator Ub (extending). Prim-
ing requires interactions between a CRL and an Ub carrying
enzyme (6) that includes the E2 UbcH5 (UBE2D) family (9, 10)
and the RBR E3 ARIH family members (4). On the other hand,
Ub chain elongation is executed by the E2 Cdc34 (UBE2R)
family members (9, 10) and UBE2G1 (11, 12).

Neddylation was initially thought to cause significant
conformational changes that disrupt the autoinhibitory in-
teractions between CUL CTD and ROC1/RBX1, which liber-
ates the RING finger protein for productive interactions with
an E2 enzyme to catalyze Ub transfer (13, 14). A series of
subsequent high resolution structural studies by the Schulman
group illustrates the details of mechanism by which Nedd8
activates E3 CRL and also reveals some different effects of the
Nedd8 effects on different CULs. In the reported structures of
Nedd8-CRL1-UBE2D (or ARIH1) (5, 6), Nedd8 engages in
non-covalent interactions with the Nedd8-conjugated-CUL1,
which allosterically stabilizes a specific form of Nedd8
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Inhibition of CRL-dependent ubiquitination
conformation that enables interactions with priming enzyme
UBE2D or ARIH1. In addition, Nedd8 causes CUL1 CTD
conformational changes that allow positional flexibility of the
neddylated domain, relative to the rest of CUL1. In the
structure of Nedd8-CRL5-ARIH2 (15); however, there is no
direct contact between Nedd8 and ARIH2. Instead, Nedd8
interacts with CUL5 at multiple domains to induce confor-
mational changes, which result in new surfaces for binding to
the priming enzyme ARIH2.

A selective small-molecule modulator of E3 CRL’s function
allows us to address mechanistic and phenotypic questions
about its targets in biochemical, cell-based, and animal studies.
To this end, we have recently identified through a high
throughput screen compound #33 (Fig. 1) that acts as a pro-
miscuous inhibitor of all E3 CRLs (16). Medicinal chemistry
structure-activity relationship (SAR) studies led to the dis-
covery of compound KH-4-43 as a lead small molecule that
selectively targets and inhibits the core ligase component of E3
CRL4 with potential antitumor therapeutical effects in cells
and animal models (Fig. 1) (16).

The unrelated compound suramin is an anti-trypanosomal
drug with the structure of highly acidic polysulphonated
naphthylurea (Fig. 1). Previously, we reported suramin’s
ability to directly bind E3 SCF’s core ligase module (the
ROC1-CUL1 CTD subcomplex) by utilizing the compound’s
highly acidic groups, most likely at the CUL1’s conserved
basic canyon (17). Consequently, suramin was found to
disrupt the electrostatic interactions between ROC1-CUL1
CTD and E2 Cdc34’s acidic C-terminus and also inhibit
ubiquitination in vitro (17). While suramin may be limited
with respect to its development into a more selective inhibitor
of E3 CRL by medicinal chemistry optimization, its ability to
block charged E3/E2 interactions can be exploited in mech-
anistic studies.

Using reconstituted ubiquitination of CK1α by E3
CRL4CRBN, and β-catenin by CRL1βTrCP, as described in the
Figure 1. Properties of E3 CRL inhib
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accompanying manuscript, we have analyzed the relative ef-
fects of #33, KH-4-43, and suramin, which provide insights
into pharmacological perturbation of the CRL core ligase.
Results

Inhibition of E3 CRL4-dependent ubiquitination by KH-4-43
and effects of Nedd8

We previously reported inhibition of the CRL4CRBN-
dependent ubiquitination of CK1α by KH-4-43 using the
immunoprecipitation approach (16). We have now improved
the CK1α ubiquitination assay reconstituted with all pure re-
combinant proteins in solution without the need for immune
immobilization, which enables better activity measurement
(accompanying manuscript). We tested the effects of KH-4-43
in the newly improved CK1α ubiquitination assay in solution
(Fig. 2). We observed that at higher concentrations (30 and
75 μM), KH-4-43 blocked substrate utilization (lanes 8 and 9,
lower panel; see quantification). At concentrations of 15 to
75 μM, KH-4-43 inhibited Ub chain elongation in a dose
dependent manner (lanes 7–9, top panel). Thus KH-4-43 in-
hibits the ability of CRL4CRBN for both initiation and elonga-
tion reactions.

We examined the effects of neddylation on CK1α ubiquiti-
nation. First, immunoblot confirmed Nedd8 conjugation to
CUL4A as a result of a neddylation reaction (Fig. 3A, compare
lanes 1 and 2). As shown, the inhibitory effects of KH-4-43 in
the ubiquitination of CK1α were significantly reduced with
CRL4CRBN that had received prior treatment with neddylation
reagents (Fig. 3B). Specifically, KH-4-43 was no longer able to
block substrate utilization (compare Fig. 3B, lanes 8 and 9,
with Fig. 2, lanes 8 and 9), suggesting that this compound loses
its ability to inhibit Nedd8-CRL4CRBN/UbcH5c for priming
substrate ubiquitination. In addition, while KH-4-43 still
inhibited Ub chain elongation to some extent, it was evident
that the inhibitory effects were much less pronounced in
itors KH-4-43, #33 and suramin.



Figure 2. Inhibition of CRL4CRBN-dependent CK1α ubiquitination by
compound KH-4-43. Lenalidomide is required for interactions between
substrate receptor CRBN and neo-substrates that include CK1α (25, 26). The
detailed procedure is described under “Experimental Procedure.” Low-
intensity image of the substrate is also shown to better indicate substrate
utilization. Species* most likely represents auto-phosphorylated form of
CK1α (27). The substrate levels after reactions were quantified and shown.
Note that similar inhibition of the CRL4CRBN-dependent CK1α ubiquitination
by KH-4-43 was observed in more than a dozen of independent experi-
ments, including those shown in Figures 3C and 4, underscoring a highly
reproducible effect.

Inhibition of CRL-dependent ubiquitination
comparison to reactions with CRL4CRBN in the absence of
neddylation (compare Fig. 3B, lanes 8 and 9, with Fig. 2, lanes 8
and 9). These results were confirmed by side-by-side com-
parisons of reactions with CRL4CRBN that received no treat-
ment (Fig. 3C, lanes 2–5), or prior-treatment with neddylation
agents (Fig. 3C, lanes 6–9). When CRL4CRBN was first mixed
with KH-4-43 and then after with neddylation agents (Fig. 3C,
lanes 10–13), no inhibition of substrate utilization was
observed, indicating that prior formation of the E3-inhibtor
complex could not restore the ability of KH-4-43 to inhibit
UbcH5c-catalyzed priming reactions as seen with Nedd8-free
CRL4CRBN (Fig. 2, lanes 8 and 9). However, prior formation
of the E3-KH-4-43 complex appeared to slightly enhance the
ability of the compound to inhibit Ub chain elongation
(compare Fig. 3C, lanes 9 and 13).

It was possible that neddylation agents (Nedd8, Nedd8 E1,
Ubc12), rather than E3 neddylation, might in some way
negatively impact KH-4-43’s inhibitory activity. To test this
possibility, purified forms of Nedd8-CUL4A-ROC1 and
CRBN-DDB1 were mixed to assemble Nedd8-CRL4CRBN free
of neddylation agents. The assembled Nedd8-CRL4CRBN was
highly active in supporting the ubiquitination of CK1α as
revealed by the kinetics experiment (Fig. 3D). CK1α ubiq-
uitination with Nedd8-CRL4CRBN (free of neddylation
agents) still showed reduced inhibitory effects by KH-4-43
(Fig. 3E). Taken together, these findings suggest that E3
CRL4 neddylation causes significant reduction of sensitivity
to KH-4-43 inhibition. While KH-4-43 appears to retain
inhibitory activity on Ub chain elongation to some extent, it
can no longer inhibit substrate utilization, suggesting a
profound defect to antagonize the priming reaction catalyzed
by UbcH5c.
Prior priming reverses the inhibitory effects of KH-4-43 on
CK1α ubiquitination

During the course of investigating the inhibitory effects of
KH-4-43, we found that such effects can be influenced by the
way in which the ubiquitination reaction was assembled. In
Scheme 1 (Fig. 4, top left), the E3-substrate complex was
formed by incubating CK1α, CRL4CRBN, and Lenolidomide.
KH-4-43 was added to the CK1α/CRL4CRBN/Lenolidomide
complex for a brief incubation, followed by the addition of a
pre-charged mix that contained both UbcH5c�Ub and
Cdc34b�Ub thiol-ester complexes. Under this condition, KH-
4-43 was able to inhibit the ubiquitination of CK1α (Fig. 4,
lanes 2–5), which was entirely consistent with previous ob-
servations (Fig. 2). In Scheme 2 (Fig. 4, top right), the pre-
formed CK1α/CRL4CRBN/Lenolidomide complex was first
mixed with the pre-charged UbcH5c�Ub thiol-ester complex
for a brief incubation. This was then followed by the addition
of KH-4-43 along with pre-charged Cdc34b�Ub thiol-ester.
However, under the condition of Scheme 2, the inhibitory
effects by KH-4-43 was significantly reduced (Fig. 4, lanes
6–9). Thus, the priming reaction with UbcH5c�Ub appeared
to prevent E3 CRL4CRBN being inhibited by KH-4-43. Note
that these findings cannot be explained by the possibility that
KH-4-43 inhibits the priming reaction selectively, because we
have previously shown that KH-4-43 is able to inhibit the Ub
chain elongation reaction by E3 CRL4CRBN and E2 Cdc34 (16).

The observed reduction in the inhibitory effects of CRL4CRBN

by KH-4-43 as a result of the priming reaction (Fig. 4) appears
to resemble the effects of neddylation in causing drug insensi-
tivity (Fig. 3). These findings may be explained by CUL ubiq-
uitination that has been reported previously by several groups
(8, 13, 16, 18, 19). Indeed, as shown by immunoblot experiment,
nearly 50% of CUL4A became mono-ubiquitinated after 1 min
incubation of CRL4CRBN with pre-charged UbcH5c�Ub
(Fig. 3A, compare lanes 1 and 3), with longer incubation
resulting in CUL4A receiving multiple Ub moieties (Fig. 3A,
lane 4). In the light of previous observations suggesting that
CUL mono-ubiquitination mimics the effects of neddylation
(13), we postulate that mono-ubiquitination of CUL4 may
resemble the effects of neddylation in decreasing the ability of
CRL4CRBN to respond to KH-4-43 inhibition.

Effects of compound #33 on the ubiquitination of CK1α

Compound #33 is a high throughput hit molecule acting as
a promiscuous inhibitor of all E3 CRLs tested (Fig. 1; (16)).
Fig. 5A showed that #33 inhibited the ubiquitination of CK1α
by CRL4CRBN in a manner similar to KH-4-43 (Fig. 3). Also
similar to KH-4-43, #33’s inhibitory effects on CK1α ubiq-
uitination was much reduced with prior neddylation of
CRL4CRBN (Fig. 5B). Thus, #33 and KH-4-43 are highly similar
in their ability to inhibit CRL4CRBN, and their inhibitory effects
are significantly reduced by CRL4 neddylation.

Effects of suramin on the ubiquitination of CK1α

Suramin is an anti-trypansomal drug with the structure of
highly acidic polysulfonated naphthylurea (Fig. 1). Suramin
J. Biol. Chem. (2024) 300(3) 105752 3
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Figure 3. CRL4CRBN neddylation reduced sensitivity to KH-4-43 inhibition on CK1α ubiquitination. A, immunoblot confirmed CUL4A neddylation and
ubiquitination. Neddylated or ubiquitinated CRL4CRBN was prepared using procedures as described under the section of “Immunoblot” in the “Experimental
Procedure.” Lane 2 supports Figure 3, B and C by revealing that CUL4A is extensively neddylated. Lanes 3 and 4 provide support for Figure 4 by showing
that incubation of CRL4CRBN with UbcH5c, E1 and ubiquitin prior to the addition of KH-4-43 and Cdc34b�Ub yielded CUL4A in ubiquitin-modified forms. B,
effects of increasing concentrations of KH-4-43 on CK1α ubiquitination by CRL4CRBN that received prior treatment with neddylation agents. C, side-by-side
comparison of KH-4-43 effects on CK1α ubiquitination by CRL4CRBN that received no treatment with neddylation agents, prior treatment with neddylation
agents, or prior treatment with KH-4-43 first and then neddylation agents. Low intensity image of the substrate is also shown to better indicate substrate
utilization. D, CK1α ubiquitination kinetics with Nedd8-CRL4CRBN that was assembled by mixing Nedd8-CUL4A-ROC1 and CRBN-DDB1 (free of neddylation
agents). Low intensity image of the substrate is also shown to better indicate substrate utilization. E, effects of increasing concentrations of KH-4-43 on
CK1α ubiquitination by Nedd8-CRL4CRBN free of neddylation agents. The detailed procedure is described under “Experimental Procedure.” Species* most
likely represent the auto-phosphorylated form of CK1α (27). The substrate levels after reactions were quantified and shown. The observation that Nedd8-
CRL4CRBN is less sensitive to inhibition by KH-4-43 is established by three independent experiments shown in Figure 3, B, C and E.

Inhibition of CRL-dependent ubiquitination
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Figure 4. Priming with UbcH5c�Ub reverses inhibitory effects by KH-4-
43 on the ubiquitination of CK1α. The prior reaction of CK1α-CRL4CRBN-
lenalidomide with UbcH5c�Ub caused resistance to KH-4-43 inhibition.
The reaction scheme is shown on the top. The detailed procedure is
described under “Experimental Procedure.” Species* most likely represents
the auto-phosphorylated form of CK1α (27). The substrate levels after re-
actions were quantified and shown. This experiment was repeated once.

Inhibition of CRL-dependent ubiquitination
inhibited the ubiquitination of CK1α by CRL4CRBN (Fig. 6A).
Note that at low concentrations (1.5 and 3 μM), suramin
primarily inhibited high molecular weight Ub chain growth,
presumably through blocking Cdc34 recruitment (Fig. 6A,
lanes 3 and 4). But at high concentrations (>7.5 μM), it
completely blocked ubiquitination by inhibiting UbcH5c
priming activity as well (Fig. 6A, lanes 5–8). These findings are
consistent with our previously published observations (17).
Suramin was still able to block the ubiquitination of CK1α by
CRL4CRBN that was neddylated, albeit with slight reduction of
inhibitory effects, most evidently at concentrations of 3 to
7.7 μM (Fig. 6B, lanes 4–5). Overall, in contrast to KH-4-43/
#33, suramin largely retains its ability to inhibit CRL4 activity,
even when it is neddylated.

As suramin is postulated to target cullin CTD’s conserved
basic canyon (17), the differential effects on the sensitivity
between KH-4-43/#33 and suramin suggest that KH-4-43/
#33 target cullin CTD at a site that is different from the basic
canyon.

Compound #33 inhibits the ubiquitination of β-catenin

We recently reconstituted the ubiquitination of the β-cat-
enin phosphor-degron peptide by CRL1β-TrCP with UbcH5c as
priming E2 and Cdc34b as elongating E2 as described in the
accompanying manuscript. Note that CRL1 was originally
designated SCF (Skp1-CUL1-F box protein), in which Skp1 is
an adaptor protein linking CUL1 to an F-box protein that
binds to a substrate (1, 2). We thus use CRL1 and SCF
interchangeably in this report. We tested the effects of #33 in
β-catenin ubiquitination using both Nedd8-SCFβ-TrCP (Fig. 7B)
and SCFβ-TrCP (Fig. 7C). Immunoblot confirmed extensive
neddylation of CUL1 (Fig. 7A). Note the significantly lowered
reaction efficiency without Nedd8 modification. The results
show the ability of #33 to inhibit β-catenin ubiquitination with
either Nedd8-SCFβ-TrCP or SCFβ-TrCP (compare Fig. 7, B and
C). It is evident that #33 inhibited both initiation and Ub chain
elongation, as it blocked substrate utilization (Fig. 7B, lanes
7–9; see quantification of percentage of remaining substrate),
and caused accumulation of products of smaller size (Fig. 7B,
lane 8). Quantification revealed that #33 exhibited inhibitory
effects on substrate utilization with Nedd8-SCFβ-TrCP at levels
more pronounced than those with SCFβ-TrCP (compare Fig. 7,
B and C). These findings demonstrate that neddylation of
SCFβ-TrCP does not negatively impact its sensitivity to #33.

Effects of KH-4-43 on the ubiquitination of β-catenin

KH-4-43 at high levels inhibited the ubiquitination of the
β-catenin by Nedd8-SCFβ-TrCP (Fig. 8A). Note that in com-
parison to #33, high levels of KH-4-43 are required for the
inhibition, consistent with the notion that KH-4-43 is less
inhibitory than #33 in inhibiting CRL1/SCF (16). The effects of
KH-4-43 on the ubiquitination of the β-catenin by Nedd8-
SCFβ-TrCP (Fig. 8A) were similar to those observed with the
Nedd8-free E3 complex (Fig. 8B). Quantification revealed that
KH-4-43 exhibited inhibitory effects on substrate utilization
with Nedd8-SCFβ-TrCP at levels more pronounced than those
with SCFβ-TrCP (compare Fig. 8, A and B). Thus, like #33, the
sensitivity of SCFβ-TrCP to KH-4-43 is not negatively impacted
by E3 neddylation. In all, it appears that the effects of neddy-
lation to alter the sensitivity of CRL inhibition by KH-4-43/
#33 is dependent upon the specific CRL type. Presumably,
Nedd8-CRL1/SCF CTD and Nedd8-CRL4 CTD are substan-
tially different such that the former, but not the latter, can be
effectively targeted by KH-4-43/#33.

Synergistic effects of #33 and suramin on inhibition of the
ubiquitination of β-catenin

Suramin inhibited the ubiquitination of β-catenin by
Nedd8-SCFβ-TrCP (Fig. 9A) or SCFβTrCP (Fig. 9B) almost
equally. At low concentrations (1.5 and 3 μM), suramin pri-
marily inhibited high molecular weight Ub chain growth,
presumably through blocking Cdc34 recruitment (Fig. 9A,
lanes 4 and 5). However, at high concentrations (>7.5 μM), it
completely blocked ubiquitination by inhibiting UbcH5c
priming activity too (Fig. 9A, lanes 6–8).

To probe for synergistic effects, the β-catenin ubiquitination
model was chosen because it contains only one Ub acceptor
lysine residue. At low levels of suramin (3 μM), only small
inhibitory effects were observed (Fig. 10, lane 3). Compound
#33 alone at 10 μM also caused low level of inhibition as well
(Fig. 10, lane 6). However, combination of both compounds
J. Biol. Chem. (2024) 300(3) 105752 5
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Figure 5. Effects of compound #33 on CRL4CRBN-dependent CK1α ubiquitination. A, reactions with CRL4CRBN. Low-intensity image of the substrate is
also shown to better indicate substrate utilization. B, reactions with Nedd8-CRL4CRBN. The detailed procedure is described under “Experimental Procedure.”
Species* most likely represents the auto-phosphorylated form of CK1α (27). The substrate levels after reactions were quantified and shown. These ex-
periments were repeated once.

Inhibition of CRL-dependent ubiquitination
yielded inhibition at levels that were far greater than those
expected for additive effects of each compound alone (Fig. 10,
lane 7). Specifically, with base level subtracted, suramin (3 μM)
or #33 (10 μM) alone resulted in inhibition of substrate uti-
lization by 2 and 8%, respectively (Fig. 10, lanes 3 and 6). When
combined, the reaction was inhibited by 24% (Fig. 10, lane 7),
which was significantly larger than 10%, which would be ex-
pected for additive effects (2 + 8%). These results suggest that
suramin and #33 act synergistically. It further supports the
notion that #33 targets a site on ROC1-CUL1 CTD that is
different from CUL1’s basic canyon.
Discussion

The E3 CRL core ligase is defined as a sub-complex formed
by the CUL CTD bound with the ROC1/RBX1 RING finger
protein (1, 2). The multifaced interactions between the CUL
6 J. Biol. Chem. (2024) 300(3) 105752
CTD, ROC1/RBX1, Nedd8, E2�Ub, and the ARIH family
protein are essential for positioning the thiol-ester-linked Ub
optimally to enable its transfer to the CRL-bound substrate
lysine, or the receptor lysine of an Ub located on the distal end
of an Ub chain. Pharmacological perturbation of the CRL core
ligase is of fundamental importance at both basic science and
potential therapeutic settings. Suramin, an anti-trypansomal
drug, contains highly acidic polysulfonated naphthylurea
(Fig. 1), a substructure capable of direct binding to E3 SCF’s
core ligase (the ROC1-CUL1 CTD subcomplex) (17). The
inhibitory effects of suramin on CRL ubiquitination were
revealed in this report using reconstituted ubiquitination sys-
tems with the CK1α (Fig. 6) and β-catenin (Fig. 9) substrates.

Our recently reported small molecule inhibitors #33 and
KH-4-43 directly bind to CRL core ligases and inhibit CRL-
dependent ubiquitination (Fig. 1; ref. (16)). The analyses of
these compounds using improved reconstituted ubiquitination



A

B

Figure 6. Effects of suramin on CRL4CRBN-dependent CK1α ubiquitination. A, reactions with CRL4CRBN. This experiment has been repeated four times. B,
reactions with Nedd8-CRL4CRBN. This experiment was repeated once. The detailed procedure is described under “Experimental Procedure.” Low-intensity
image of the substrate is also shown to better indicate substrate utilization. Species* most likely represents the auto-phosphorylated form of CK1α (27). The
substrate levels after reactions were quantified and shown.

Inhibition of CRL-dependent ubiquitination
of CK1α by CRL4CRBN and β-catenin by SCFβ-TrCP have
revealed the following new insights into pharmacological
perturbation of the CRL core ligases. First, both KH-4-43 and
#33 inhibit the ubiquitination of CK1α by CRL4CRBN (Figs. 2
and 5A). However, both compound’s inhibitory effects on this
reaction are significantly reduced when a neddylated form of
CRL4CRBN is used (Figs. 3 and 5B). Secondly, while KH-4-43
and #33 appear to retain inhibitory activity on Ub chain
elongation to some extent, they can no longer inhibit substrate
utilization (Figs. 3 and 5B), suggesting a profound defect to
block the priming reaction catalyzed by UbcH5c. Thirdly, both
#33 and KH-4-43 inhibit the ubiquitination of β-catenin by
CRL1/SCFβ-TrCP and Nedd8-CRL1/SCFβ-TrCP almost equally
(Figs. 7–8). Thus, neddylation of CRL1/SCFβ-TrCP does not
negatively impact its sensitivity to inhibition by #33 and KH-
4-43, suggesting that the effects of neddylation to alter the
sensitivity of CRL inhibition by KH-4-43/#33 is dependent
upon the specific CRL type. Fourth, suramin inhibits the
ubiquitination of CK1α by CRL4CRBN (Fig. 6A). This inhibitory
effect is reduced only slightly with Nedd8-CRL4CRBN (Fig. 6B).
Suramin inhibit the ubiquitination of β-catenin by SCFβ-TrCP

irrespectively of the E3 neddylation status (Fig. 9). Thus, in
contrast to KH-4-43/#33, suramin appears largely insensitive
to CRL neddylation.

What are the possible molecular bases for the differential
responses of KH-4-43/#33 to Nedd8-CRL4 and Nedd8-CRL1?
Presumably, the structures of Nedd8-CRL1 and Nedd8-CRL4
are substantially different, such that the former, but not the
J. Biol. Chem. (2024) 300(3) 105752 7
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Figure 7. Effects of compound #33 on CRL1/SCFβ-TrCP-dependent β-catenin ubiquitination. A, immunoblot confirmed extensive neddylation of CUL1.
100 ng of Nedd8-ROC1/Rbx1-CUL1 (lanes 1 and 2, top; a gift of Ning Zheng of University of Washington, Seattle) or ROC1/Rbx1-CUL1 (lanes 1 and 2,
bottom; purchased from R&D Systems) was subjected to immunoblot analysis using anti-CUL1 (lane 1) or anti-Nedd8 (lane 2) antibodies. Antibody-
reactive signals were visualized by Li-COR Odyssey scanner. Nedd8-ROC1/Rbx1-CUL1, but not ROC1/Rbx1-CUL1, reacted to anti-Nedd8 antibody.
Signal merge in lane 3 shows the complete overlap of anti-CUL1 and anti-Nedd8 reactive signals, indicating quantitative neddylation of CUL1. B, reactions
with Nedd8-CRL1/SCFβ-TrCP. Incubation is 10 min at 37 �C. Low intensity image of the substrate is also shown to better indicate substrate utilization. Note
that similar inhibitory effects of #33 on the Nedd8-SCFβ-TrCP-dependent β-catenin ubiquitination were observed in at least five independent experiments.
C, reactions with CRL1/SCFβ-TrCP. Incubation is 20 min at 37 �C. This experiment was repeated once. The detailed procedure is described under
“Experimental Procedure.” The substrate levels after reactions were quantified and shown.

Inhibition of CRL-dependent ubiquitination
latter, can be effectively inhibited by KH-4-43/#33. In this
regard, previous studies have noted that despite a common
globular CTD domain adopted by CUL1-5, different CUL
CTDs have divergent folds (13, 20–22), and different total
areas of interface with ROC1/Rbx1, resulting in significant
divergent orientation of the ROC1/Rbx1 RING domain among
CRLs (22). Of particular interest are the CUL-specific Nedd8
effects that were revealed by recent high resolution structural
work by the Schulman group (23). In Nedd8-CRL1/SCF (5, 6),
Nedd8 acquires a new conformation that allows direct con-
tacts with E2 UBE2D (UbcH5) or E3 ARIH1 to facilitate
priming. However, in Nedd8-CRL5 (15), there is no direct
contact between Nedd8 and ARIH2. Instead, new surfaces
created by Nedd8-induced CUL5 conformational changes
enhance the binding to priming partner ARIH2. Thus, there
are clear differences between Nedd8-CRL1 and Nedd8-CRL5
interactions with enzyme partners critical for priming. If
Nedd8-CRL1 and Nedd8-CRL4 were to show substantial dif-
ferences in engaging in priming enzymes, it could provide an
explanation for our observed differential drug sensitivities.
While Nedd8-CRL1’s surface for priming enzyme is still
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sensitive to targeting by KH-4-43/#33, its counterpart in
Nedd8-CRL4 may be sufficiently different such that it could no
longer be targetable to these inhibitors.

Clearly, future work is required to resolve the structures of
Nedd8-CRL1 and Nedd8-CRL4 in comparison with the struc-
tures of these E3s in complexes with KH-4-43/#33. Intrigu-
ingly, the CRL4CRBN-neddylation-caused insensitivity to
inhibition by KH-4-43/#33 can be re-created by subjecting the
E3 complex to ubiquitination with UbcH5c�Ub prior to mixing
with the inhibitors (Fig. 4). This finding supports previous ob-
servations suggesting that CUL mono-ubiquitination mimics
the effects of neddylation (13). However, at present time, it is
unclear whether CUL mono-ubiquitination is simply a result of
in vitro side-reaction, or bears any biological significance.

It should be noted that previously we reported KH-4-43’s
ability to inhibit substrate-independent ubiquitination that is
mediated by the Nedd8-ROC1-CUL4A complex (16). The
differential effects of KH-4-43 on substrate-dependent (CK1α;
Fig. 3) and substrate-independent (16) ubiquitination under-
score the mechanistic differences between these two reactions.
The catalytic architecture for substrate ubiquitination is far



A

B

Figure 8. Effects of compound KH-4-43 on CRL1/SCFβ-TrCP-dependent
β-catenin ubiquitination. A, reactions with Nedd8-CRL1/SCFβ-TrCP. Incu-
bation is 10 min at 37 �C. B, reactions with CRL1/SCFβ-TrCP. Incubation is
20 min at 37 �C. The detailed procedure is described under “Experimental
Procedure.” The substrate levels after reactions were quantified and shown.
These experiments were repeated once.

Inhibition of CRL-dependent ubiquitination
more complex than that for substrate-free Ub-Ub ligation.
Thus, a note of caution is that results obtained through
substrate-independent ubiquitination reactions need to be
validated by substrate-dependent reactions.

The specific binding sites of KH-4-43/#33 on CUL CTD
remain to be determined. The observations that both com-
pounds are impacted by CRL4CRBN neddylation (Figs. 3 and
5A) suggest that KH-4-43/#33 may target a CUL CTD in the
vicinity of the conserved neddylation lysine receptor site. The
results with suramin in this work support the notion that KH-
4-43/#33 target a site different from suramin, which is known
to bind to CUL CTD’s basic canyon. First, suramin appears
largely insensitive to CRL1/CRL4 neddylation (Figs. 6 and 9).
Second, suramin and #33 act synergistically to inhibit the
ubiquitination of β-catenin by SCFβ-TrCP (Fig. 10).

It is intriguing that both previous high-resolution structural
work (5, 6, 15) and drug sensitivity studies with CRL core
ligase inhibitors presented in this report reveal CUL-specific
Nedd8 effects. Nedd8-CRL core ligase-UbcH5�Ub/
ARIH�Ub are highly diversified architectures, which may
provide opportunities for specific targeting by small molecule
modulators. The differential drug sensitivities demonstrated in
this work provides proof-of-principle evidence of feasibility.
Ongoing structure-activity relationship studies with KH-4-43/
#33 may expand the CRL inhibitor tool compound repertoire
with capabilities to target CRL core ligases and Nedd8-CRLs in
a more highly specific manner.

Experimental procedures

Proteins

The following reagents were prepared using established
protocols or purchased. β-TrCP-Skp1, Ub E1, UbcH5c,
Cdc34a, and Ubc12 were prepared using methods described in
Wu et al. (24). E3 CRL4CRBN, Nedd8-ROC1/Rbx1-CUL4A,
ROC1/Rbx1-CUL1, CRBN-DDB1, Cdc34b, UBE2G1, Nedd8,
Nedd8 E1, and human Ub were purchased from R&D Systems.
Nedd8-ROC1-CUL1 was a gift from Ning Zheng of University
of Washington, Seattle.

Chemicals

Lenalidomide and suramin were purchased from Sell-
eckchem and Sigma, respectively. KH-4-43 and #33 were
prepared as previously described (16).

Effects of compounds on substrate ubiquitination

Reactions with Nedd8-free CRL

For ubiquitination experiments described in Figures 2 and
3C (lanes 2–5), Figures 5A, 6A, 7C, 8B and 9B, the reaction
was assembled as follows. To assemble the E3-substrate
complex, a mixture (3 μl) containing E3 (100 nM), fluo-
rescently or radioactively labeled substrate (CK1α, 250 nM;
β-catenin, 240 nM), lenalidomide (10 μM), 50 mM Tris-HCl,
pH 7.4, 5 mM MgCl2, 2 mM ATP, 0.5 mM DTT, 0.1 mg/ml
BSA, was incubated for 10 min at room temperature. For
reactions with β-catenin (Figs. 7C, 8B and 9B), 70 mM Na-
glutamate was added. Compounds in concentrations as
specified, were added to the above E3-substrate mix. The
volume was adjusted to 5 μl with a buffer that contained
50 mM Tris-HCl, pH 7.4, 5 mM MgCl2, 2 mM ATP, 0.5 mM
DTT, 0.1 mg/ml BSA. The mixture was incubated for 10 min
at room temperature.

The E2 charging reaction was assembled in a separate tube
in a mixture (5 μl) that contained 50 mM Tris-HCl, pH 7.4,
5 mM MgCl2, 2 mM ATP, 0.5 mM DTT, 0.1 mg/ml BSA, Ub
(20 μM), E1 (100 nM), UbcH5c (1 μM) and Cdc34 (1 μM). The
reaction was incubated for 5 min at room temperature.

To initiate ubiquitination, the above two reaction mixtures
were combined (in a final volume of 10 μl) and incubated at
J. Biol. Chem. (2024) 300(3) 105752 9
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Figure 9. Effects of suramin on CRL1/SCFβ-TrCP-dependent β-catenin ubiquitination. A, reactions with Nedd8-CRL1/SCFβ-TrCP. Incubation is 10 min at 37
�C. Low-intensity image of the substrate is also shown to better indicate substrate utilization. B, reactions with CRL1/SCFβ-TrCP. Incubation is 20 min at 37 �C.
The detailed procedure is described under “Experimental Procedure.” The substrate levels after reactions were quantified and shown. These experiments
were repeated once.

Inhibition of CRL-dependent ubiquitination
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Figure 10. Synergistic effects of #33 and suramin on Nedd8-CRL1/
SCFβ-TrCP-dependent β-catenin ubiquitination. #33 or suramin, alone or
in combination as indicated, were added to the reaction. The detailed
procedure is described under “Experimental Procedure.” The substrate
levels after reactions were quantified and shown. In lane 2 without com-
pound, the remaining substrate level is 18% of the input. “18%” was
subtracted from the remaining substrate level in reactions with various
combinations of the compounds, resulting in a set of “background-sub-
tracted” numbers as shown. This experiment was repeated once.

Inhibition of CRL-dependent ubiquitination
37 �C for times as indicated. After separation by 4 to 20% SDS-
PAGE the reaction products were visualized and quantified by
fluorescent or phosphor imaging (Typhoon).

Reactions with Nedd8-CRL

To assemble Nedd8-CRL-substrate complex as described in
Figure 3, B and C (lanes 6–9)Figures 5B and 6B, E3 CRL4CRBN

was first neddylated. For this purpose, the E3 complex
(100 nM) was incubated in a reaction (3 μl) containing 50 mM
Tris-HCl, pH 7.4, 5 mM MgCl2, 2 mM ATP, 0.5 mM DTT,
0.1 mg/ml BSA, Nedd8 (10 μM), Nedd8 E1 (7.5 nM) and
Ubc12 (1.7 μM). The reaction was incubated at room tem-
perature for 10 min. Fluorescently labeled CK1α 250 nM) and
lenalidomide (10 μM) were added, followed by incubation at
room temperature for 10 min. Compounds in concentrations
as specified, were added to the above E3-substrate mix. The
volume was adjusted to 5 μl with a buffer that contained
50 mM Tris-HCl, pH 7.4, 5 mM MgCl2, 2 mM ATP, 0.5 mM
DTT, 0.1 mg/ml BSA. The mixture was incubated for 10 min
at room temperature.

To assemble Nedd8-CRL-substrate complex as described in
Figures 3, D and E, 7B, 8A, 9A and 10, Nedd8-ROC1-CUL
(100 nM) and substrate receptor – adaptor complex
(100 nM; CRBN-DDB1 in Fig. 3, D and E; and β-TrCP-Skp1 in
Figs. 7B, 8A, 9A and 10) were mixed and then incubated at
room temperature for 10 min. Fluorescently or radioactively
labeled substrate (CK1α, 250 nM; β-catenin, 240 nM) and
lenalidomide (10 μM; Fig. 3, D and E) were added, followed by
incubation at room temperature for 10 min. For reactions with
β-catenin (Figs. 7B, 8A, 9A and 10), 70 mM Na-glutamate was
added. Compounds in concentrations as specified, were added
to the above E3-substrate mix. The volume was adjusted to
5 μl with a buffer that contained 50 mM Tris-HCl, pH 7.4,
5 mM MgCl2, 2 mM ATP, 0.5 mM DTT, 0.1 mg/ml BSA. The
mixture was incubated for 10 min at room temperature.

The assembly of E2-Ub charge mix, ubiquitination initiation
and incubation, as well as analysis of reaction products, are the
same as described earlier.

Reactions with prior formation of E3-inhibitor complex

For ubiquitination experiment described in Fig. 3C (lanes
10–13), the reaction was assembled as follows. E3 was first
mixed with the inhibitor in a mixture (2 μl) containing 50 mM
Tris-HCl, pH 7.4, 5 mM MgCl2, 2 mM ATP, 0.5 mM DTT,
0.1 mg/ml BSA, CRL4CRBN (100 nM), and KH-4-43 in con-
centrations as indicated. The mixture was incubated for
10 min at room temperature. Fluorescent CK1α (250 nM) and
lenalidomide (10 μM) were added and incubation continued at
room temperature for 10 min. Ubiquitination was initiated by
the addition of the preformed E2-Ub charge mix, assembled as
described above. The reaction was incubated for 10 min at
37 �C. The reaction products were analyzed as described
above.

Priming reverses the inhibitory effects of KH-4-43

The E3-substrate complex was formed by mixing CRL4CRBN

(100 nM), fluorescent CK1α (250 nM), lenalidomide (10 μM),
50 mM Tris-HCl, pH 7.4, 5 mM MgCl2, 2 mM ATP, 0.5 mM
DTT, 0.1 mg/ml BSA in a volume of 4.7 μl (Fig. 4). The
mixture was incubated for 10 min at room temperature.

In two additional separate tubes, two E2-Ub charge mixes
were prepared. UbcH5c�Ub mixture (2.5 μl) contained
50 mM Tris-HCl, pH 7.4, 5 mM MgCl2, 2 mM ATP, 0.5 mM
DTT, 0.1 mg/ml BSA, Ub (20 μM), E1 (100 nM), and UbcH5c
(1 μM). Cdc34b�Ub mixture was identical to the above mix
except that Cdc34 (1 μM) replaces UbcH5c. The reaction was
incubated for 5 min at room temperature.

For reactions shown in Figure 4, lanes 2 to 5, KH-4-43
(0.3 μl) in concentrations as indicated was added to the E3-
substrate mix, followed by incubation for 10 min at room
temperature. This was then followed by the addition of both
UbcH5c�Ub and Cdc34b�Ub. The reaction was incubated for
20 min at 37 �C.

For reactions shown in Figure 4, lanes 6 to 9, the
UbcH5c�Ub mix was added to the E3-substrate mix, The
reaction was incubated for 5 min at 37 �C. KH-4-43 (0.3 μl) in
concentrations as indicated was added to the E3-substrate mix,
followed by incubation for 10 min at room temperature. This
was then followed by the addition of Cdc34b�Ub. The reac-
tion was incubated for 20 min at 37 �C.

All reaction products were analyzed as described above.
J. Biol. Chem. (2024) 300(3) 105752 11
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Immunoblot

The CUL4 blots shown in Figure 3A were performed as
follows. For CRL4CRBN neddylation, the E3 complex (1pmol)
was incubated in a reaction (3 μl) containing 50 mM Tris-HCl,
pH 7.4, 5 mM MgCl2, 2 mM ATP, 0.5 mM DTT, 0.1 mg/ml
BSA, Nedd8 (10 μM), Nedd8 E1 (7.5 nM) and Ubc12 (1.7 μM).
The reaction was incubated at room temperature for 10 min.
For mono-ubiquitination of CRL4CRBN, the E3 complex
(1pmol) was incubated with 50 mM Tris-HCl, pH 7.4, 5 mM
MgCl2, 2 mM ATP, 0.5 mM DTT, 0.1 mg/ml BSA, Ub
(20 μM), E1 (100 nM), and UbcH5c (1 μM), at 37 �C for 1 or
5 min. Untreated CRL4CRBN (1pmol) was used as a control.
These materials were separated by 4 to 20% SDS-PAGE and
transferred to membrane blot. CUL4A was visualized by
immunoblot analysis using anti-CUL4A antibodies and Od-
yssey scanner.

For CUL1 blots shown in Figure 7A, 100 ng of Nedd8-
ROC1/Rbx1-CUL1 (a gift of Ning Zheng of University of
Washington) or ROC1/Rbx1-CUL1 (purchased from R&D
Systems) was subjected to immunoblot analysis using anti-
CUL1 or anti-Nedd8 antibodies. Antibody-reactive signals
were visualized by Li-COR Odyssey scanner.

Data availability

All data are contained within the manuscript.
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