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Abstract

Background/Aims: CUL5 acts as the scaffold protein of the E3 ligase complex in the
ubiquitin-dependent protein degradation pathways. Overexpression of CUL5 inhibits cellular
proliferation, whereas inhibition of CUL5 expression induces proliferation and can lead to
the development of clinical disorders, including cancer. The effects of CUL5 depend on its
post-translational modification by NEDD8 (neddylation), a process that represents a potential
therapeutic target. This study explores the structure-function relationship between CUL5 and
its neddylation status in vitro. Methods: CUL5 was mutated at the putative neddylation site Lys
(K) 724 to Arg ("*RCUL5) and at three potential neddylation sites, K724, K727, and K728 (<724%/
K727R/K128RCULS). Because mutation of the PKA-phosphorylation site Ser (S) 730 (5***CUL5) was
previously shown to induce neddylation, a ¥724/5730ACUL5 mutant was also generated. Mutant
and wild type constructs were expressed in rat endothelial cells (RAMEC), T47D cancer cells,
and COS-1 cells. Cellular proliferation, MAPK phosphorylation, ERa expression, and CUL5
neddylation status were analyzed, including treatment with the neddylation inhibitor MLN4924.
Results: Expression of wild type (wt) CUL5 attenuated cell growth in RAMEC, T47D, and COS-1
cells. In contrast, expression of K"#RCULS5 and ¥724//s30ACUL5 mutants induced cellular growth,
whereas the K724RK72TRK2BRCULS mutant had no significant effect on proliferation. In T47D cells,
MAPK phosphorylation and estrogen receptor (ERa) expression were directly correlated with
the neddylation status of CUL5. Western blot analysis of COS-1 cells treated with MLN4924
demonstrated that CUL5 remained neddylated in all mutant cell lines. Conclusion: These
findings suggest that modification of CUL5 by NEDD8 may occur at multiple lysine residues
and that multi-site neddylation may contribute to the diverse regulatory effects of CUL5 on

cellular signaling and proliferation. © 2026 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG
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Introduction

Cullin 5 (CULS5), a 780 amino acid protein with a calculated Mr of 91 kDa, is the least
conserved member of the cullin protein family, but it is highly homologous between species
[1, 2]. CULS5 functions as a “core scaffold” involved in the formation of the E3-specific ligase
complexes (Cullin-Ring Ligases - CRLs) to target proteins for Ubiquitin-Proteasome System
(UPS) dependent degradation [3-8]. Human CULS5 localizes at chromosome 11 to the region
at 11q22-23 [9] and the loss of heterozygosity on 11q22-23 CUL5 sequence has been linked
to several distinct clinical disorders including cancers [10-15].

To characterize functions of CULS5, first identified as Vasopressin-Activated Calcium-
Mobilizing protein VACM-1[16], we demonstrated thatover-expression of cul5 cDNAinseveral
cell lines attenuated cellular proliferation by a mechanism that involves many processes: a
decrease in adenylyl cyclase activity and cAMP production, a decrease in mitogen-activated
protein kinase (MAPK) phosphorylation, a decrease in the nuclear early growth response
element (egr-1) expression, and an increase in p53 and maspin proteins concentrations,
pathways thatregulate cellular growth inresponse to multiple pathophysiological stimuli [17-
21]. In addition, we have reported that CUL5 has the ability to regulate estrogen-dependent
growth in a T47D breast cancer derived cell line, as overexpression of CUL5 attenuated the
expression of estrogen receptor (ERa) [22]. Further, human endothelial cells transfected
with anti-cul5 siRNA had decreased endogenous CUL5 concentration and increased cellular
growth when compared to the scrambled siRNA treated cells [23, 24]. Interestingly, others
have shown that miRNA 19, which is upregulated in many cancers, targets CUL5 expression,
further underscoring the importance of CUL5 in the regulation of cell function [25- 26].
CULS5 has also been implicated in the regulation of Src activity, cytokine signaling and viral
infections [11, 27-30], and has been shown to be required for the degradation of several
HSP90 clients that include oncogenic proteins activated in malignancies [31, 32].

[t is now apparent that CUL5 activity is regulated by its posttranslational modification
by NEDD8 (Neural precursor cell-Expressed Developmentally Down-regulated protein), an
81 amino acids residue protein originally isolated from mouse neural precursor cells, which
is 80% homologous to ubiquitin [6, 7, 33, 34]. Neddylation involves a glycine residue located
on the C-terminus of Nedd8 becoming covalently linked to a lysine residue on the protein
substrate. Ligation of NEDDS8 shifts the equilibrium to favor flexible open conformation of
CRL that has a higher affinity for adaptor-bound substrates [29, 35-37]. While the complete
mechanism behind neddylation has not yet been elucidated, studies suggest that a continuous
and regulated cycle of neddylation and deneddylation is essential for the formation and
activity of cullin-based ubiquitin ligases, which control ubiquitination of about 20%
of cellular proteins destined for the degradation [36, 38]. In addition, the loss of NEDD8
function through drug inhibition or site-directed mutagenesis of the consensus neddylation
site in cullins leads to changes in CRLs activities [29, 34, 39]. For example, CUL5 neddylation
is required to target p53 for proteasomal degradation induced by adenoviral protein
complexes in vitro, and increased neddylation has been associated with a poor prognosis
of cancers [40-43]. Our previous studies suggested that many of the cellular functions of
CULS5 are governed by its neddylation status, as the concentration of MAPK-P was decreased
in the absence of neddylated CUL5, and the expression of the water channel aquaporin 1
(AQP1), which has been implicated in cancer development and tumor angiogenesis, in COS-
1 cells was directly correlated to the neddylated CUL5 levels [17]. As recently reviewed by
Zhang et al,, [36], the neddylation pathway is tightly regulated in order to maintain protein
homeostasis and proper control of broad cellular processes. Dysregulation of neddylation
and de-neddylation pathways is associated with many human diseases including metabolic
disorders, cardiac diseases, immune-related diseases and most importantly, cancer [ 36].

The most characterized substrate for the CUL5-specific CRL activity is APOBEC3G
protein, which is essential in the prevention of HIV infectivity, where viral protein vif
interacts with CUL5 based E3 ligase to induce APOBEC3G degradation [28, 34, 40]. Whereas

104



Cellular Physiology Cell Physiol Biochem 2026;60:103-115

. . DOI: 10.33594/000000855 © 2026 The Author(s). Published by
and BIOChemIStry Published online: 9 March 2026 |Cell Physiol Biochem Press GmbH&Co. KG

Sundquist et al.: CUL5 Regulates Cell Growth

the predicted neddylation site in CUL5 has been localized to K724 [43] studies examining
the dependence of vif regulated degradation of APOBEC3G used a triple K mutant (¥724RK727R/
K728RCULS) of CULS to generate a dominant negative phenotype that is not neddylated [28,
44]. Therefore, we hypothesized that, in addition to the consensus Lys (K) 724, other Lys
residues in CUL5 can be neddylated and may alter CUL5-dependent control of specific
signaling pathways. Such model is not unprecedented, as neddylation of pVHL, p53, parkin
and E2F, occurs at numerous Lys residues, implying specificity and complexity of the NEDD8-
dependent regulation of cell function [42, 36, 45-47]. Indeed, 1101 unique neddylation
sites on 620 proteins have been identified [48], further suggesting the neddylation process
regulates diverse biological signaling pathways. Whereas the inhibition of NEDD8-activating
enzyme is already a promising new target for drug development against a broad spectrum of
maladies that include cancer, cardiovascular, neurological and immune system pathologies
[4, 40, 49-58], many questions regarding the mechanism and the control of the neddylation
process remain unanswered.

In this study, specific Lys (K) sites were mutated to Arg (R) to generate a construct
where one lysine was mutated (¥"?**CUL5) and a construct where three lysine residues were
mutated (X724R/K727R/K728RCL5). Since we have shown previously that the mutation of the PKA-
phosphorylation site in CUL5 induced its neddylation [23], we also generated a K72*R/5730ACUL5
mutant. Our data suggest that mutation of the consensus neddylation site K724R does not
completely prevent neddylation of CUL5 and does not inhibit its effect on cellular growth.
Interestingly, our results suggest that K724R/K727ARK728RCUL5 mutant may still be neddylated,
but it no longer affects cellular growth. Finally, protein analysis of the CUL5 sequence using
NeddyPreddy program [59] revealed that, in addition to K724, K727 and K728 other K
sites may be targets for neddylation. Thus, finding possible alternative neddylation sites in
CULS5 and determining how they affect its localization and biological activity is important
in identifying structure-based targets in CUL5 for the development of novel compounds to
control cell functions and underlying clinical disorders.

Materials and Methods

Vectors/cDNA Constructs and Site-Directed Mutagenesis

Site-directed mutagenesis in CUL5 sequence was performed using QuickChangeTM Kit from Stratagene
(La Jolla, Ca) as previously reported [21]. Briefly, the mutagenesis primers were synthesized by IDT Inc.
(Coralville, IA) and the mutation site sequences were confirmed by sequencing performed at the University
of Michigan Core Facility. Wild type (wt) Cul5 and its mutants, S3°ACUL5, K72*RCULS K724R/S730ACULS or K724%/
K727R/K728RCULS cDNAs were subcloned into the Sall/Notl restriction site in the polylinker region of pBK-CMV
vector (Stratagene Co., LaJolla, Ca).

Antibodies

We have previously demonstrated that polyclonal antibody A (Ab A) and Ab B, we generated against the
amino and the carboxy termini of the CUL5 protein, respectively, immuno-precipitate the in vitro translated
CULS5 protein, and that Cul5 cDNA transfected cells are immunostained with these antibodies while mock
transfected controls remain unstained [16]. Both polyclonal and monoclonal anti-NEDD8 and anti-actin
antibodies were purchased from either Abcam Co. or Sigma-Aldrich Co. MAPK (p44/42) and ERa antibodies
were purchased from Cell Signaling Co. HRP conjugated secondary antibodies were purchased from Cell
Signaling (Beverly, Ma). FITC and Texas Red conjugated secondary antibodies were purchased from Vector
Laboratories (Burlingame, CA). LiCor antibodies were applied when the LiCor Odyssey Fc system was used
for the Western blot signal detection.

Tissue Culture and Cellular Proliferation Assays

Rat Adrenal Medulla Endothelial Cells (RAMEC) were cultured in DMEM low-glucose media
supplemented with 10% Fetal Bovine Serum (FBS) and 1% Pen/Strep. T47D cells were cultured in RPMI
1640 media supplemented with 10% FBS, 0.1% Pen/Strep (10, 000 U/ml penicillin and 1000 mg/ml
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streptomycin) and 7.5 pg/ml insulin. Cells were plated at a density of 4-6x10° cells per 100 mm plate and
maintained at 37°C under water-saturated 5% CO,. COS-1 cells were cultured in DMEM high-glucose media
supplemented with 10% FBS and 1% Pen/Strep. The media was changed every 3-4 days. Cells transfected
with the wt Cul5 cDNA and its mutants described above were selected with 50 pg/ml Geneticin as previously
described [23]. Cell growth was monitored using the alarmarBlue® assay as described in the manufacturer’s
instructions (Invitrogen Co.) and reported previously [24]. For the 96-well growth assay, cells were plated at
1.0x103 cells/well. After treatments, 10 pL of alamarBlue® reagent was added to each well and fluorescence
readings at 595 nm were taken at 0, 24, 32, and 48 hours post-treatment using a Victor V3 plate reader
(Perkin Elmer Co.).

Drug Treatment

MLN4924, a NEDD8-activating enzyme inhibitor (Active Biochem Co), was used to inhibit neddylation
of VACM-1/CUL5 [59]. Cells grown in 96-well plates (1.0x10* cells/ml) were treated with 20 pg/ml of
MLN4924 and incubated at 37°C and 5% CO, for the specified time periods.

In vitro Tumorigenicity Assays

Matrigel® (Becton Dickinson Co,) invasion assays were performed in 96 well plates coated with
GFR (Growth Factor Reduced) Matrigel® support at a medium thickness described in the manufacturer’s
instructions. Cells were plated at 5x10* and 5x10° cells per well and incubated at 37°C with 5% CO, for
the specified time period. For quantitation, randomly selected fields were photographed by phase contrast
microscopy. Each experiment was repeated at least three times.

Immunostaining

Indirect immunofluorescence for CUL5 and NEDD8 was used to stain cells grown on glass coverslips.
Cells were plated into 6 or 12-well plates on coverslips at a density of 1x10* cells per well and grown for 3-5
days. Cells were fixed in 3% paraformaldehyde (in phosphate buffered saline, PBS, pH 7.4) for 20 minutes,
washed in 3% BSA made in PBS, permeabilized with 0.5% Tween-20 (in 1X PBS) for 20 minutes, washed with
3% BSA/PBS, and incubated for one hour with primary anti-CUL5, anti-ERa or NEDD8 specific antibodies
diluted in PBS with 3% BSA. Coverslips were then washed with PBS/3% BSA/PBS solution and incubated
with secondary antibodies (in 1X PBS/3% BSA) for one hour. Fluorescein isothiocyanate-conjugated anti-
rabbit and Texas Red-conjugated anti-mouse Ab (Vector Laboratories Inc., Burlingame, CA) were used as
appropriate. Phalloidin stain (Sigma Co.) was used to show actin expression. The coverslips were washed
again with 3% BSA/PBS and mounted onto slides using Vectashield mounting medium with DAPI (Vector
Laboratories Inc.). The slides were imaged using epifluorescence microscopy (Nikon Instruments Incl;
Melville, NY).

Western Blotting

RAMEC, T47D and Cos-1 cells grown to appropriate confluency were washed with and resuspended in
ice-cold PBS. Cells were centrifuged at 1500 RPM for 5 minutes, and the pellet was resuspended in 250 pl of
Morgan buffer (5ml of 1M Tris, 100 pl Triton-X-100, 5 ml of 3 M NaCl, 200 pl of 500 mM EDTA, 10 mls of 800
mM NaF, and ddH,0 to 100 ml. The suspension was homogenized with a Polytron homogenizer and protein
concentration in all samples was determined using either a Cary50 or Shimadzu spectrophotometers. Total
cell lysates were resuspended in 4X sample buffer (Invitrogen Co), heated to 70°C for 5 min, and subjected
to SDS polyacrylamide gel electrophoresis using a Novex 4-12% Bis-Tris gel (Invitrogen Co). The separated
proteins were transferred onto nitrocellulose membranes (Thermo Scientific Co.) by wet transfer at a
constant 30 V for 2 hrs. Non-specific binding was blocked with 5% non-fat dry milk in PBS for 30 min on
a shaker at room temperature. All washes were done in ECL solution (4g NaCl, 10 mls of 1M Tris, 250 pl
Tween-20 and ddH,0 to 500 ml). The membranes were incubated with primary antibodies described above
on a shaker for 1.5 hrs at room temperature and subsequently with Li-COR secondary antibodies for 1 hr
at room temperature and the visualization of bands was carried out with the Li-COR Fc scanner. To correct
for equal protein loading, blots were stripped and re-probed with anti-actin or GAPDH antibodies (Abcam,
Cambridge, MA). All immunoblots and Western blots were scanned, and the signal was quantitated using
the NIH Imaging Analysis Program (http://rsb.info.nih.gov/ij/index.html).
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Statistics

Data are expressed as means * one standard error (SE) of the mean. The ANOVA and Student's t-test
were used for statistical analysis with significance set at p < 0.05.

Results

Cullin sequence analysis
using NCBI data analysis
program (BLAST) identified
the presence of the putative
neddylation site in all cullins
(Fig 1A) [7]- In CULS, the
predicted neddylation site was
found to localize to Lys 724 in
several species examined (Fig.
1B). To determine the effects of
neddylation on CUL5 activity,
we mutated the consensus
neddylation site, Lys724 to Arg
in wt Cul5 (¥**RCUL5). Since
we have shown previously
that mutation of the PKA-
phosphorylation site Ser (S)
730 (573°4CUL5) in CUL5 induced
its neddylation [23], we also
generated a  K72RASTSACYLS
mutant (Fig. 1C-D). Expression
of wild type (wt) CULS5 in rat
endothelial cells (RAMEC)
attenuated cell growth, whereas
expression of mutant constructs
induced cellular proliferation
(Fig. 1E). Phalloidin staining
demonstrated altered actin
organization = and  growth
patterns in cells transfected with
mutated Cul5 cDNA compared
to CMV controls (Fig. 1F). In
T47D cancer cells, expression of
wt CULS5 significantly decreased
cellular  proliferation  (Fig.
2A). In contrast, expression
Of S730ACUL5, K724R/S730ACUL5’
and ¥*RCUL5 significantly
induced proliferation compared

to control cells (Fig. 2A).
No apparent morphological
differences were observed

when these cells were grown on
polystyrene dishes (Fig. 2B).
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CUL2_HUMAN RKMYLQAAIVRIMKAR--KVLR 695 8
CUL3_HUMAN RKHEIEAATVRIMKSR--KKMQ 718 =
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K124R/ST30ACULS QIMRMRKKIA--NAQLQTELVEIL K724R S730A/K724R

Mutation Site

Fig. 1. Identification and alignment of the putative neddylation
site (K724) in cullins. (A) Alignment of the amino acid sequences
of human cullins using NCBI databases analysis. The putative
neddylation Lys 724 is highlighted in yellow. The position of the
last amino acid shown is marked on the right. (B) Alignment of
CULS putative neddylation sequence in five eukaryotic organisms
(mouse, rat, rabbit, human, and orangutan (Pongo abelii), where
the putative consensus neddylation site localizes to K724, and
is highlighted in yellow. (C) Schematic diagram of CUL5 open
reading frame (ORF, NT: 393 to 2730, solid blue) and approximate
locations of the consensus sequences for a NEDD8 modification at
K724 (green oval) and a PKA-dependent phosphorylation site at
S730 (purple oval). (D) The alignment of the wt CUL5 and CUL5
where Lys 724 was mutated to Arg (¥**CUL5) (highlighted green)
and CULS5 where Lys724 and Ser730 (highlighted orange) were
mutated to Arg and Ala, respectively (¥72**/S730ACULS5). (E) Cellular
growth rate in RAMEC transfected with either the CMV vector,
the CMV vector containing cul5 or mutant cul5 cDNAs (¥#*RCULS5,
S730ACULS5, and ¥#4R/S730ACULS) as described in the Methods. (n=4
per group, *, p<0.05 when compared to the CMV). (F) Cell lines
stained with phalloidin reagent which is specific for actin, showed
phenotypic change in growth pattern between cell lines described
above.
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We next examined whether
mutation of neddylation sites
affected regulation of MAPK and
ERa signaling pathways. The
level of MAPK phosphorylation
was directly proportional to
the ratio of NEPPSCULS5/CULS
(R? = 0.60) (Figs. 2C and 2D).
Similarly, ERa levels were
directly correlated with CUL5
neddylation status (R? = 0.62)
(Fig. 2F). When ERa levels
were plotted against the ratio
of NEDD8CUL5/CUL5, the
correlation coefficient increased
further (R* = 0.85) (Fig. 2G).

To  further investigate
neddylation, we generated a
triple lysine mutant, K724R/K727R/
K728RCUL5 (3K) (Fig. 3A-B),
previously used in studies of
vif-regulated degradation of
APOBEC3G [40]. In RAMEC cells,
expression of the 3K mutant
no longer affected cell growth
compared to wt CUL5 (Fig. 3C).
Western blot analysis revealed
persistent NEDD8 signal in
K724R/K727R/K728RCUL5_eXpreSSing
cells (Fig. 3D). When cells were
plated on Matrigel® support,
wt CUL5 expression attenuated
cord formation, whereas both
K724RCUL5 and the 3K mutant
enhanced cord formation
compared to controls (Fig. 3E).
This effect depended on both
cell density and duration of
culture on Matrigel® (Fig. 3E).

To validate these findings,
we expressed a K7ZA/KT27A/
k728ACULS5 (3K) mutant in COS-
1 cells. Cells were plated at
equal densities (7x10° cells/
plate) and counted after three
days. Immunocytochemistry
confirmed expression of both
Cul5 and NEDD8 in all cell
lines (Fig. 4A). As observed
in RAMEC, wt CUL5 reduced
proliferation in COS-1 cells,
whereas the 3K mutant did not
affect proliferation compared to
CMV controls (Fig. 4B). Wound-
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Fig. 2. Effects of CUL5 and its mutants on cellular proliferation,
phosphorylation of MAPK (MAPK-P) and estrogen receptor (ERa)
levels in T47D cancer cells. (A) T47D cells were transfected with
a vector (CMV), CULS5, ¥2*RCULS, S73°ACUL5 and K72*R/S730ACULS
cDNA mutants and cellular growth was determined using
alamarBlue® assay, as described in Methods (n=4 per group,
* p<0.05 from CMV). (B) Cellular proliferation of the T47D cell
lines transfected with the constructs described above, plated
on polystyrene support and monitored using a phase contrast
microscope (Magnification, 20X). (C) Representative Western
blot of MAPK and phosphorylated MAPK (p44/p42) (MAPK-P)
protein levels in lysates from cells transfected with the wt and
mutated CUL5. To correct for unequal loading, blots were stripped
and re-probed with an anti-GAPDH antibody (lower bands) (n=3
per group). (D) MAPK-P signal intensities from C were quantified
and plotted against the ratio of NE°®®CULS5/CULS5 signal (R?=0.60)
(E) Representative Western blot analysis of lysates from T47D
cell lines probed with anti-ERa antibody and reprobed with anti
CUL5 antibody (below). (F) ERa signal intensity observed on
Western blot analysis was plotted against the NEPP!CULS signal.
(n=3, R*=0.62). (G) ERa signal intensity observed on Western blot
analysis plotted against the ratio of MPP!CUL5/CULS signal (R?
=0.85).
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Fig. 4. Effects of ¥724*/K727R/K728RCL5 (3K) mutant on CULS5 neddylation and on cellular proliferation in COS-1
cells. A. Immunocytochemistry of COS-1 cells transfected with CUL5 and 3K mutant cDNAs demonstrate the
expression of CUL5 and NEDD8 in all three cell lines. (B) Cellular growth between CMV, wt-CULS and K724R/727%/
K728RCULS5 (3K) cDNA mutant was compared at 24 hrs (n=3 per group, * p<0.05). (C) Cellular proliferation of
cos 1 cells transfected with vector (CMV), wt-CULS5, ¥7*RCULS5, 573°ACULS5, and ¥72*/S730ACUL5 cDNA mutants
was determined using a “wound assay” approach (n=3 per group, * p<0.05). (D) Representative Western
blot analysis of CUL5 expression in CMV, CUL5 and ¥724%/727R/k728RCUL5 (3K) transfected COS-1 cells. (E)
Effects of MLN4924 on the neddylation status of CULS in K724*/K727R/K728RCULS (3K) cells (n=2). (F) Effects
of MLN4924 on the CUL5 neddylation status in vector (CMV), wt-CULS5, S73°ACULS5, K724*/S730ACUL5 cDNA and
K724R/K727R/K728RCULS (3K) transfected COS-1 cells. (G) Data shown in F were corrected for actin levels and
expressed as a ratio.

healing assays confirmed reduced re-growth in wt CUL5-expressing cells but not in 3K
mutant cells (Fig. 4C). Western blot analysis demonstrated persistent NEP?®CUL5 signal in
3K mutant cells (Fig. 4D). Treatment with MLN4924 (0.33 uM), an inhibitor of the NEDD8
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E1 activating enzyme [38, |[A.
59], reduced NEDDS8 signal
intensity in mutant cells
(Fig. 4E), confirming that the
detected band represented
neddylated CUL5. Similar
effects were observed in
other mutant cell lines (Fig. cuLs 658 LLYEPQUNSPHOFTEGTLFSV 082 033
4F-G).

Finally, the NeddyPreddy
program [58] predicted
several additional putative cuLs 728 LYIQIMKMRKKISNAQLQTEL 069 027
neddylation sites in CULS5
with  strong  probability B
scores (Fig. 5A-B). ’

Predicted Neddylation sites in CUL5.

ID Position Peptide @ Score © Probability

CULS 679 NQEFSLIKNAKVQKRGKINLI 007 0.10

CUL5 724 RTRKLYIQIMKMRKKISNAQL 103 042

127

0.80+
0.604
040+
0.20+4

oI\ /" -[ AwaE

Discussion

Our findings indicate
that although the predicted
consensus neddylation 081
site in CULS Is LyS724 [7]' A 658 I676 I 679 I 682 I 685 I 724 I 727 l 728 I 750 ‘ 751 l 754 ‘
mutation of this site does not
abolish CUL5 neddylation. Fig. 5. Identification of potential neddylation sites in CULS5. (A) The
Even mutation of three lysine ~ NeddyPreddy program was used to identify potential new neddylation
residues (K724/K727/  sites in CUL5 (59). (B) Dark blue bars indicate the neddylation score
K728) did not eliminate and lightblue bars the probability levels.
the NEDD8-modified band,
suggesting that CUL5 may
undergo multi-site neddylation. The observed correlation between CUL5 neddylation status
and MAPK phosphorylation or ERa expression suggests a regulatory relationship between
neddylation and downstream signaling. However, these data demonstrate correlation
rather than direct mechanistic causation. The triple mutant lost the growth-suppressive
function observed with wt CULS5, despite remaining neddylated. This finding suggests
that either alternative lysine residues are modified or that specific lysine residues may
differentially regulate CUL5 biological activity. The persistence of NEDD8 signal following
lysine mutations and its reduction after MLN4924 treatment [38, 59] further supports the
conclusion that CUL5 can be modified at multiple lysine residues. This concept is consistent
with reports that other proteins, including E2F1 and p53, undergo multi-site neddylation
[40]. Bioinformatic prediction using NeddyPreddy [58] further supports the possibility of
additional modification sites in CUL5. Collectively, these findings suggest a more complex
model of CUL5 regulation than previously appreciated. Nevertheless, the present study does
not directly identify the alternative lysine residues involved. Additional studies, including
site mapping and proteomic analyses, will be necessary to define site-specific modification
patterns and their functional consequences. In conclusion, while cullins are generally
reported to contain a single neddylation site (Fig. 1), our data suggest that CUL5 may be
neddylated at multiple lysine residues, which may contribute to its diverse regulatory effects
on cellular signaling and proliferation.

-0.401
-0.604

Neddylation Level
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Conclusion

Although cullins are reported to have only one neddylation site (Fig 1), our work
suggests that CUL5 may have more than one neddylation site involved in the control of its
biological activity. These results are not unprecedented as numerous other proteins are
neddylated at multiple Lys sites. For example, E2ZF1 has 13 neddylation sites, and multi-site
neddylation is required to target p53 for proteasomal degradation induced by adenoviral
protein complexes in vitro [40]. Clearly, further studies are required to determine how site-
specific neddylation(s) of CUL5 affect its function that leads to the broad effect on cellular
processes.
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