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Abstract

ECV is an E3 ubiquitin ligase complex, which is
composed of elongins B and C, Rbx1, Cul2, and the
substrate-conferring von Hippel-Lindau (VHL) tumor-
suppressor protein that targets the catalytic o subunit
of hypoxia-inducible factor (HIF) for oxygen-dependent
ubiquitin-mediated destruction. Mutations in VHL that
compromise proper HIFa regulation through ECV have
been documented in the majority of renal cell carci-
nomas, underscoring the significance of the VHL—-HIF
pathway in renal epithelial oncogenesis. Recent evi-
dence has shown that the modification of Cul2 by the
ubiquitin-like molecule NEDD8 increases the activity
of ECV to ubiquitylate HIFo. However, the underlying
mechanism responsible for the NEDD8-mediated induc-
tion of ECV function is unknown. Here, we demonstrate
that oxygen-dependent recognition of HIFa. by VHL
triggers Rbx1-dependent neddylation of Cul2, which
preferentially engages the E2 ubiquitin-conjugating
enzyme UbcH5a. These events establish a central role
for the neddylation of Cul2 in a previously unrecog-
nized, temporally coordinated activation of ECV with
the recruitment of its substrate HIF .
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Introduction
Mutation of the von Hippel-Lindau (VHL) protein is the cause
of VHL disease, which is characterized by the development
of hypervascular tumors in multiple organs, including the
central nervous system (cerebellum and spinal cord), retina,
adrenal glands, and kidneys [1,2]. Tumor development is
observed on the loss of the remaining wild-type VHL allele in
a susceptible cell, thus conforming to Knudson’s two-hit
model. Biallelic inactivation of VHL locus is also associated
with the majority (85%) of sporadic clear cell-renal cell
carcinoma (the predominant form of kidney cancer) and also
accounts for approximately 30% of sporadic cerebellar
hemangioblastomas [2]. In addition, certain mutations in
VHL cause congenital polycythemia [2].

VHL is a substrate-recognition component of an SCF
(Skp1/Cdc53 or Cul1/F-box protein)—like E3 ubiquitin ligase
complex, ECV, which is composed of elongins B and C,

Cul2, and a RING finger protein Rbx1 (also known as ROC1 or
Hrt1) that targets hypoxia-inducible factor (HIF) « subunits
selectively under normal oxygen tension [3—6]. There are three
HIFa genes (HIF 1o, HIF2x, and HIF3x) in humans, and, under
hypoxia, HIFa binds to 3 subunit [also known as aryl hydro-
carbon receptor nuclear translocator (ARNT)] to form an active
heterodimeric HIF transcription factor that upregulates the
expression of numerous genes in response to compromised
oxygen availability [7]. HIFe and ARNT are members of the
basic helix—loop—helix (*HLH)—Per/ARNT/Sim (PAS) family of
DNA-binding proteins. The basic domain is essential for binding
DNA, and the HLH and PAS domains are required for hetero-
dimerization and DNA binding [7]. HIFa contains two trans-
activation domains (TADs) located in the N-terminus (NAD) and
C-terminus (CAD), whereas ARNT contains just one TAD in the
C-terminus. HIFa protein stability is conferred through the
oxygen-dependent degradation (ODD) domain, which is tar-
geted for ECV-dependent ubiquitylation upon hydroxylation of
the conserved prolyl residue within the ODD by a class of prolyl
hydroxylases (PHDs) in the presence of oxygen [7].

Unlike the « subunits, ARNT is constitutively expressed and
stable. On hypoxia or inactivating mutations on VHL, HIF« es-
capes recognition by ECV and is consequently stabilized, re-
cruits p300/CBP through CAD, and binds ARNT [7]. The active
heterodimeric HIF complex binds to the hypoxia-responsive
element (HRE) in enhancers/promoters to trigger the transcrip-
tion of hypoxia-inducible genes that promote, in adaptation to
hypoxia, angiogenesis, erythropoiesis, and glycolysis, as well
as genes involved in iron metabolism and cell survival [7,8]. The
overproduction of various HIF target gene products, such as
vascular endothelial growth factor and erythropoietin, which
are known to promote neovascularization and the production
of oxygen-carrying red blood cells, respectively, likely explains
the hypervascular nature of tumors, as well as polycythemia,
associated with VHL disease.
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The E3 function of both SCF and ECV is dependent on the
recruitment of their E2 ubiquitin-conjugating enzymes, Cdc34
and UbcH5a, respectively [4,9—12]. Cullins are scaffold
components of SCF and ECV ubiquitin ligases, and are
covalently modified by the ubiquitin-like molecule NEDD8
[13]. NEDDS8 is attached to target proteins in a manner
analogous to ubiquitin attachment, involving the NEDD8-
activating APP-BP1/Uba3 heterodimeric enzyme (NAE; E1)
and the NEDD8-conjugating enzyme (NCE; E2) UbcH12
[14,15]. Importantly, the overall E3 ubiquitin ligase activity of
yeast SCF is enhanced by covalent modification of the Cullin
orthologue Cdc53 by the NEDD8 orthologue Rub1 [16,17].
Similarly, the activity of the human SCF*T™P and SCFSkP2
complex is increased by the neddylation of Cul1, which facil-
itates the ubiquitylation of IkBa and p27, respectively [18—-22].
In accordance, NEDD8 modification of Cul2 enhances the E3
activity of the SCF-like ECV complex in vivo [23].

In an effort to define the mechanisms that regulate SCF
function, the core Cullin/Rbx1 complex was shown to be
required for Cdc34 recruitment by the yeast SCF [24,25]. Wu
et al. [26] subsequently demonstrated that the neddylated
Cul1/Rbx1 complex was significantly better than unneddyl-
ated Cul1/Rbx1 in supporting the Cdc34-mediated assembly
of polyubiquitin chains. In support, NEDD8 modification of
Cul1 was shown to directly enhance the binding of ubiquitin-
conjugated E2 Ubc4 to SCF*T™F [19]. In addition, p120°ANP"
was identified to interact selectively with unneddylated Cul1
to cause Skp1 dissociation from the SCF complex. Con-
versely, neddylation of Cul1 prevented p120°“NP' binding,
allowing SCF complex formation and activity [27—-31].

Although these aforementioned studies provide several
models that explain, in part, Cul1 and/or Cdc53 neddylation—
mediated regulation of SCF activity, the mechanism by which
Cul2 neddylation promotes ECV ubiquitin ligase function is
entirely unknown. Here, we show that the NEDD8 modifica-
tion of Cul2 requires Rbx1, which dramatically enhances
binding to UbcH5a. ECV that has engaged HIF1a contains
preferentially NEDD8-modified Cul2, whereas ECV consist-
ing of mutant VHL incapable of binding HIFa exclusively as-
sociates with unmodified Cul2. In addition, increased HIF 1«
association with VHL results in a corresponding increase of
Cul2 neddylation in the context of ECV. These results sug-
gest that the oxygen-dependent recognition/binding of HIF«
through VHL triggers Rbx1-mediated neddylation of Cul2,
which promotes the engagement of UbcH5a to the ECV
complex, thereby establishing a central role for the neddyla-
tion of Cul2 in the temporally coordinated activation of ECV
with the recruitment of its substrate HIFc.

Materials and Methods

Cells

The HEK293A human embryonic kidney cell line (Ameri-
can Type Culture Collection, Rockville, MD) was maintained
in Dulbecco’s modified Eagle’s medium containing 10% heat-
inactivated fetal bovine serum (Sigma-Aldrich, Oakville,
Canada) at 37°C in a humidified atmosphere with 5% CO,.
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Antibodies

Anti-HA (Y11), anti-myc polyclonal, and anti-His mono-
clonal antibodies were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA). Anti-HA (12CA5), anti-HIF 1«
monoclonal, and anti-Cul2 polyclonal antibodies were ob-
tained from Boehringer (Mannheim, Germany), Novus Bio-
logicals (Littleton, CO), and Zymed (San Francisco, CA),
respectively. MG132 proteasome inhibitor was obtained from
Boston Biochem (Cambridge, MA).

Plasmids

The generation of mammalian expression plasmids pRC-
CMV-HA-Cul2(WT) and pRC-CMV-HA-Cul2(K689R) has
been described previously [23], and pcDNAS3.1-HA-
Cul2AC(1-600) was kindly provided by Dr. William G. Kaelin.
pcDNAS3.1-myc-Rbx1 was generously provided by Dr. James
DeCaprio. pPRC-CMV-HA-VHL(WT) and pcDNA3-HA-HIF 1«
have been described previously [5]. Purified His-UbcH5a
was obtained from Boston Biochem.

Immunoprecipitation and Immunoblotting

Immunoprecipitation was performed as described pre-
viously [23]. In brief, cells were lysed in EBC buffer (50 mM
Tris, pH 8.0; 120 mM NaCl; and 0.5% NP-40) and supple-
mented with protease and phosphatase inhibitors (Roche,
Laval, Canada). Cell lysates were immunoprecipitated with
indicated antibodies in the presence of protein A-Sepharose
beads (Amersham Biosciences, Piscataway, NJ). Bound
proteins were washed five times with NETN buffer (20 mM
Tris, pH 8.0; 120 mM NaCl; 1 mM EDTA; and 0.5% NP-40),
eluted by boiling in sodium dodecyl sulfate (SDS)—containing
sample buffer, and resolved on SDS polyacrylamide gel elec-
trophoresis (PAGE). Western blot analysis was performed as
described previously [23].

In Vitro Binding Assays

In vitro translation in the presence of [*®S]methionine was
performed using the TNT reticulocyte in vitro transcription/
translation system (Promega, Madison, WI), according to
the manufacturer's instructions. Indicated translation prod-
ucts were mixed at 37°C for 60 minutes. Reaction mixtures
were then incubated with indicated antibodies in the pres-
ence of protein A-Sepharose beads in 700 ul of EBC buffer
(50 mM Tris, pH 8.0; 120 mM NaCl; and 0.5% NP-40) at
4°C for 1 hour. After five washes with NETN buffer (20 mM
Tris, pH 8.0; 120 mM NaCl; 1 mM EDTA; and 0.5% NP-40),
bound proteins were resolved on SDS-PAGE and visualized
by autoradiography.

In Vitro Neddylation Assay
In vitro neddylation assay was performed as previously
described [23].

Hypoxia Treatment of Cells

Cells were maintained at 1% O, in a ThermoForma
(Marietta, OH) hypoxia chamber. Cell lysates were pre-
pared in the chamber in a hypoxic environment before fur-
ther experimentation.
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Results and Discussion

Rub1 covalently modifies Cdc53 to modulate the activity of
SCF in Saccharomyces cerevisiae, Schizosaccharomyces
pombe, and Arabidopsis thaliana[16,17,32,33]. Likewise, the
mammalian Rub1 orthologue NEDD8 covalently associates
with Cullins [13]. The impairment of Cul1 neddylation reduces
the ubiquitylation of the known SCF substrates p27 and IkBa
[21,22]. We have previously shown that Cul2 of the ECV
complex is modified by NEDD8 under physiological condi-
tions and that the attenuation of this process is associated
with a decreased ability of ECV to polyubiquitylate HIF« [23].
However, the precise nature of how the NEDD8 conjugation
of Cul2 modulates the activity of ECV is unknown.

Neddylation Status of Cul2 Does Not Influence
Binding to Rbx1

Rbx1 has been shown to be involved in the recruitment of
E2 ubiquitin—conjugating enzyme [24,25]. The binding of
Rbx1 has been mapped outside the Cul1 neddylation site
[18]. However, the Rbx1-binding region on Cul2 has not been
established, and it is unclear whether neddylation of Cul2
would influence binding to Rbx1 by promoting subtle con-
formational changes to Cul2. Thus, we asked whether the
neddylation of Cul2 influenced the engagement of Rbx1 as
a potential mechanism that promotes the activity of ECV.
883-labeled in vitro—translated HA-Cul2(WT) or a neddylation-
defective HA-Cul2(K689R) mutant [23] was mixed with
8%S-labeled in vitro—translated myc-Rbx1, immunoprecipi-
tated with an anti-HA antibody, resolved on SDS-PAGE,
and visualized by autoradiography (Figure 1A). As previously
demonstrated [23], HA-Cul2(WT) migrated as a doublet,
where the more slowly migrating protein represents Cul2
covalently linked to NEDD8. As expected and as previously
shown [23], HA-Cul2(K689R) failed to be neddylated and
therefore migrated as a single band. However, Rbx1 co-
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precipitated with both HA-Cul2(WT) and HA-Cul2(K689R)
(Figure 1A). An analogous experiment was performed in vivo,
where human embryonic kidney HEK293A cells were tran-
siently transfected with plasmids encoding HA-Cul2(WT) or
HA-Cul2(K689R) with or without a plasmid encoding myc-
Rbx1. Cells were lysed, immunoprecipitated with an anti-HA
antibody, resolved by SDS-PAGE, and immunoblotted with
an anti-HA (upper panel) or anti-myc (lower panel) antibody
(Figure 1B). Consistent with in vitro data, similar levels of
myc-Rbx1 coprecipitated with either neddylatable HA-
Cul2(WT) or unneddylatable HA-Cul2(K689R), suggesting
that the neddylation status/capability of Cul2 does not influ-
ence its interaction with Rbx1 (Figure 1B).

Rbx1 Acts as an E3 NEDDS8 Ligase to Promote
the Neddylation of Cul2

Interestingly, the ectopic expression of Rbx1 promoted
the accumulation, albeit modest, of NEDD8-modified Cul2
(Figure 1B, cf. lanes 3 and 4). We asked whether Rbx1
promoted Cul2 neddylation by performing an in vitro Cul2
neddylation assay, as previously described [23]. In vitro—
translated HA-Cul2(WT), in the absence of neddylation re-
action, produced minimal modification of Cul2 by NEDD8
(Figure 2A, lane 1), whereas in the presence of neddylation
reaction (containing purified NAE, UbcH12, NEDDS8, and
ATP; see the Materials and Methods section), a greater frac-
tion of HA-Cul2 became neddylated. The addition of exoge-
nous in vitro—translated Rbx1 to this reaction significantly
shifted the status of Cul2 toward NEDD8-modified Cul2
(Figure 2A, lane 3). The slight modification of Cul2 observed
in the absence of exogenous Rbx1 was likely due to the
presence of endogenous Rbx1 in the rabbit reticulocyte
lysate used in the in vitro translation reaction (Figure 2A,
lane 1). In a complementary experiment, we made use of
the Cul2AC mutant, which is a C-terminal Cul2 truncation
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Figure 1. Cul2 neddylation status does not influence association with Rbx1. (A) *°S-labeled in vitro—translated HA-Cul2(WT) or neddylation-defective HA-
Cul2(K689R) mutant was, where indicated, mixed with **S-labeled in vitro — translated myc-Rbx1 and immunoprecipitated with indicated antibodies. Bound proteins
were resolved by SDS-PAGE and visualized by autoradiography. (B) HEK293A cells were transiently transfected with mammalian expression plasmids encoding
myc-Rbx1, HA-Cul2(WT), or HA-Cul2(K689R), alone or in combination. Cells were lysed and immunoprecipitated with indicated antibodies. Bound proteins were
resolved by SDS-PAGE and immunoblotted with anti-Cul2 (upper panel) and anti-myc (lower panel) antibodies. IP = immunoprecipitation.
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Figure 2. Rbx1 promotes Cul2 neddylation. (A) HA-Cul2(WT) was translated in vitro alone (lanes 1 and 2) or cotranslated with myc-Rbx1 (lane 3) in the presence of
[?°S]methionine and subjected to a neddylation reaction, where indicated. Reaction mixtures were subsequently immunoprecipitated with anti-HA antibody,
resolved on SDS-PAGE, and visualized by autoradiography. (B) myc-Rbx1, in combination with HA-Cul2AC, was translated in vitro in the presence of
[?°S]methionine and immunoprecipitated with indicated antibodies. Bound proteins were resolved on SDS-PAGE and visualized by autoradiography. (C) HA-
Cul2(WT) was cotranslated in vitro with myc-Rbx1 in the presence of [*°S]methionine and incubated with increasing amounts of unlabeled in vitro —translated
HA-CUI2AC before a neddylation reaction (left panel). HA-Cul2(WT) and myc-Rbx1 were translated in vitro independently in the presence of [*°S]methionine. myc-
Rbx1 was subsequently incubated with increasing amounts of unlabeled in vitro —translated HA-Cul2AC before the addition of radiolabeled in vitro —translated
HA-Cul2(WT) and the performance of a neddylation reaction (right panel). All reaction mixtures were immunoprecipitated with anti-HA antibody, resolved on SDS-
PAGE, and visualized by autoradiography. IP = immunoprecipitation; AR = autoradiography; NEDD8 RxN = neddylation reaction.

mutant (1-600) capable of binding Rbx1 but lacking a
NEDDS8 conjugation site (Figure 2B). The incubation of co—
in vitro—translated HA-Cul2/myc-Rbx1 with increasing
amounts of Cul2AC before neddylation reaction resulted in
the attenuation of Cul2 neddylation (Figure 2C, left panel). In
addition, the incubation of in vitro—translated myc-Rbx1 with
increasing amounts of Cul2AC before the in vitro Cul2
neddylation reaction resulted in a similar diminution of Cul2
neddylation (Figure 2C, right panel). These results, taken
together, suggest that Rbx1 functions as an E3 NEDD8 ligase
to direct the specific targeting of Cul2 for neddylation in
concert with NAE and NCE/UbcH12.

UbcHb5a Preferentially Engages Cul2 Modified by NEDD8
Polyubiquitylation of cellular proteins requires the coordi-
nated action of an E3 with E2. The physiological E2 for ECV is
yet unknown. However, both Cdc34 and UbcH5a have been
shown to effectively support ECV-dependent ubiquitylation
of HIFa in vitro, with UbcH5a displaying greater activity
[4,10,34]. We asked whether neddylation of Cul2 affected
its association with UbcH5a as a potential mechanism of
regulating the E3 function of ECV. HA-Cul2(WT) and the
neddylation-defective HA-Cul2(K689R) mutant were 2°S-
translated in vitro in the presence or in the absence of
neddylation conditions and were incubated with purified
His-UbcH5a before immunoprecipitation with anti-HA anti-
body. Bound proteins were resolved on SDS-PAGE and
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visualized by autoradiography and immunoblotting with
anti-His antibody (Figure 3A). Both HA-Cul2(WT) and the
HA-Cul2(K689R) mutant coprecipitated equal amounts of
His-UbcH5a in the absence of neddylation reactions. Similar
results were obtained in vivo from transfected HEK293A
cells, in which HA-Cul2(WT) and HA-Cul2(K689R) immuno-
precipitated equal amounts of cotransfected FLAG-UbcH5a
(data not shown). However, an in vitro neddylation reaction
resulted in a dramatic increase of the more slowly migrating
neddylated Cul2 and, importantly, of the Cul2-associated
UbcH5a. This was not due to the neddylation reaction itself
because the amount of His-UbcH5a associating with the
neddylation-defective Cul2(K689R) was comparable irre-
spective of neddylation conditions (Figure 3B). These results
suggest that the promotion of Cul2 neddylation increases
UbcH5a engagement. It should be mentioned that the detec-
tion of endogenous E2s in complex with E3s is notoriously
difficult, and we have, to date, been unsuccessful in estab-
lishing the interaction of UbcH5a (or Cdc34) with Cul2 (WT or
K689R) in the absence of overexpression.

HIF1x-Bound ECV Preferentially Contains Neddylated Cul2

An active E3 of the SCF family is invariably associated with
its respective E2 and is bound by an F-box protein—specific
substrate. A prediction would be that an ECV complex that
has recruited HIFa for ubiquitylation would be associated
with the neddylated Cul2 that has engaged UbcH5a. To
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Figure 3. UbcH5a preferentially binds NEDD8-modified Cul2. (A) 35S-labeled in vitro —translated HA-Cul2(WT) or HA-Cul2(K689R) was mixed with purified His-
UbcH5a, subjected to a neddylation reaction, where indicated, and immunoprecipitated with anti-His or anti-HA antibodies. Bound proteins were resolved by SDS-
PAGE, [?°S]Cul2 was visualized by autoradiography, and Cul2-bound UbcH5a was visualized by anti-His immunoblotting. (B) Performed as in (A) with HA-
Cul2(K689R) and His-UbcH5a in the absence (—) or in the presence (+) of a neddylation reaction. IP = immunoprecipitation; IB = immunoblot; NEDD8 RxN =

neddylation reaction.

test this hypothesis, HEK293A cells were transiently trans-
fected with plasmids encoding HA-VHL, in combination with
HIF1«, and were treated with the proteasome inhibitor
MG132 before lysis. Lysates were immunoprecipitated with
either anti-HA or anti-HIF1« antibody, resolved by SDS-
PAGE, and immunoblotted with anti-HIF1«, anti-Cul2, or
anti-HA antibodies (Figure 4A). As expected and previously
observed [35], VHL coprecipitated both neddylated and
unneddylated Cul2, but primarily the latter form (Figure 4A,
lane 1). HIF 1« coprecipitated VHL as expected but, strikingly
and in contrast, preferentially coprecipitated NEDD8-modi-
fied Cul2 (Figure 4A, lane 2). In a complementary experiment,

teasomal inhibition, as expected, resulted in the accumula-
tion of HIF1«, which, consistent with overexpression data,
preferentially coprecipitated neddylated Cul2 (Figure 4B,
lane 2). These results suggest that ECV recognition of HIF 1«
through VHL is temporally coordinated with the NEDD8 mod-
ification of Cul2, resulting in the recruitment of UbcH5a and
thereby triggering the ubiquitylation of HIF1«. Notably, we
observed a slight but nevertheless significant accumulation
of total neddylated Cul2 in the presence of proteasome
inhibitor, suggesting that a NEDD8-conjugated form of Cul2
is also unstable and subjected to degradation through the
proteasome (Figure 4B, cf. lanes 3 and 4). In support of this

HEK293A cells were treated with or without MG132 and
immunoprecipitated for endogenous HIF 1« (Figure 4B). Pro-

notion, neddylated Cull and Cul3 were recently shown to
be targeted for proteasome-mediated destruction [36,37].
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Figure 4. ECV engaged to HIF 1o contains preferentially neddylated Cul2. (A) HEK293A cells were transiently transfected with a mammalian expression plasmid
encoding HA-VHL, alone or in combination with a plasmid encoding HIF1x. Cells were treated with the proteasome inhibitor MG132 for 4 hours, lysed, and
immunoprecipitated with indicated antibodies. Bound proteins were resolved by SDS-PAGE and immunoblotted with anti-HIF 1o. (upper panel), anti-Cul2 (middle
panel), and anti-HA (lower panel) antibodies. (B) HEK293A cells were treated with MG132 for 4 hours, where indicated, lysed, and immunoprecipitated with anti-
HIF1o antibody (lanes 1 and 2). Bound proteins were resolved by SDS-PAGE and immunoblotted with anti-HIF 1o (upper panel) and anti-Cul2 (middle panel)
antibodies. In parallel, 20 1.g of whole-cell extract (lanes 3 and 4) collected before the anti-HIF 1 immunoprecipitation experiment was resolved by SDS-PAGE and
immunoblotted with anti-Cul2 antibody (lower panel). IP = immunoprecipitation; IB = immunoblot; WCE = whole-cell extract.
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transfected with mammalian expression plasmids encoding T7-VHL and HIF 1« in increasing amounts, as indicated. Cells were treated with MG 132 for 4 hours
before lysis, lysed, and immunoprecipitated with anti-T7 antibody. Bound proteins were resolved by SDS-PAGE and immunoblotted with indicated antibodies. In
parallel, 20 1g of whole-cell extract collected before the anti-T7 immunoprecipitation experiment was resolved by SDS-PAGE and immunoblotted with anti-Cul2
antibody (lower panel). (D) HEK293A cells were transiently transfected with mammalian expression plasmid encoding HA-VHL and maintained for an additional
4 hours under a 21% oxygen environment or switched to a 1% oxygen environment. Cells were lysed and immunoprecipitated with anti-HA antibody. Bound
proteins were resolved by SDS-PAGE and immunoblotted with indicated antibodies. IP = immunoprecipitation; IB = immunoblot; WCE = whole-cell extract.

However, this accumulation of neddylated Cul2 in the pres-
ence of a proteasomal inhibitor does not account for the Cul2
profile associated with HIF1« (Figure 4B, cf. lane 2 in middle
panel and lane 4 in lower panel).

HIF 1o Binding to ECV Triggers Cul2 Neddylation

We next asked whether the binding of substrate HIFa by
the substrate-recruiting protein VHL determined Cul2 ned-
dylation. HEK293A cells were transfected with plasmids
encoding the HA full-length VHL (1—-213) or the HA-a domain
(155—213) of VHL. The latter is incapable of binding HIF«
due to the lack of the substrate recognition 3 domain. Cells
were lysed, immunoprecipitated against HA, resolved on
SDS-PAGE, and immunoblotted with anti-Cul2 and anti-HA
antibodies (Figure 5A). Although the full-length VHL co-
precipitated both neddylated and unneddylated Cul2, the
a domain of VHL exclusively bound unmodified Cul2 (Fig-
ure 5A), suggesting that the VHL engagement of substrate is
critical for subsequent neddylation of Cul2. In a complemen-
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tary experiment, we asked whether an increase in available
substrate enhanced the neddylation of Cul2. HEK293A cells
were transiently transfected with plasmids encoding HIF1a
and T7-VHL and were incubated with the proteasome inhib-
itor for 4 hours before lysis. Cells were lysed and immuno-
precipitated with anti-T7 antibody, and bound proteins were
resolved by SDS-PAGE and immunoblotted with anti-HIF1«,
anti-Cul2, and anti-T7 antibodies. Although T7-VHL immuno-
precipitated mainly unneddylated Cul2, as previously ob-
served, the ectopic expression of HIF1a resulted in a
dramatic increase of neddylated Cul2 (Figure 5B). This
increase in neddylated Cul2 was dose-dependent on the
amount of available HIF1« (Figure 5C). Notably, ectopic ex-
pression of HIF1a had negligible effect on the general profile
of Cul2, suggesting that ECV is not the sole occupier of Cul2.
In support of this notion, Kamura et al. [38] identified several
elongin BC/Cul2 complexes that are associated with other
potential substrate-recruiting proteins with “loose” F-box
motifs. Together, these results demonstrate that HIF 1« is
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not merely recruited to the ECV for ubiquitylation but that it
plays an active role in its own demise by triggering the
neddylation-dependent activation of the ECV. Furthermore,
the ability of VHL to bind HIFa was not affected by the NEDD8
status of Cul2 (data not shown), precluding the possibility that
neddylation of Cul2 promotes the ECV engagement of HIFa.

The best determinant of the VHL engagement of HIF« is
oxygen tension. Therefore, we utilized hypoxia to abrogate
VHL association with HIFa, and then asked whether sub-
strate disengagement from VHL affected Cul2 neddylation.
HEK293A cells were transiently transfected with plasmids
encoding HA-VHL and maintained under normoxia (21% Oy)
or hypoxia (1% O,). Cells were lysed, immunoprecipitated
with an anti-HA antibody, resolved by SDS-PAGE, and
immunoblotted with anti-Cul2 and anti-HA antibodies. Under
hypoxia, where VHL fails to recognize HIFq, there was a
striking absence of neddylated Cul2, whereas under nor-
moxia, neddylated Cul2 was found in complex with VHL
(Figure 5D). This result further confirms our notion that the
binding of substrate HIFa by the substrate-recruiting pro-
tein VHL determined Cul2 neddylation. It also suggests that
the ECV complex is maintained at an energy-conserving
“off” position when no substrate is recruited for ubiquitin-
mediated destruction.

Cullins are the best-characterized substrates of NEDD8/
Rub1-conjugating enzymes. Using a baculovirus protein
expression system in Sf-9 insect cells, Kamura et al. [40]
have shown that conjugation of Rub1 to Cdc53 depended on
Rbx1. Similarly, the coexpression of Cul1 or Cul2 with Rbx1 in
insect cells resulted in increased neddylation of Cul1/2
[36,39,40]. Morimoto et al. [36] recently showed that Rbx1
binds to the E2 NCE UbcH12, thus providing the mechanism
responsible for the Rbx1-mediated neddylation of Cul1 [36].
The promotion of the neddylation process in an in vitro
system increased the recruitment of UbcH4 to the SCFPTCP!
bound to phosphorylated IkBa and overexpressed UbcH4
in HEK293 cells precipitated exclusively by NEDD8-modified
Cul1 [19]. Neddylation of Cull has also been shown in vitro
to dissociate p120°ANP*, which, when bound to Cul1, inhibits
Skp1 binding, thus preventing SCF complex formation/func-
tion. Moreover, Cul1 —p120°ANP1 and Cul1 —Skp1 complexes
are mutually exclusive [27—-31]. However, other reports have
shown that the neddylation-deficient Cul1(K720R) mutant
can form an SCF complex and bind IkBa in vivo, arguing
against the notion of p120°ANP" inhibiting the association of
unneddylated Cul1 to the SCF complex [19,22]. In support,
VHL clearly associates with both neddylated and unneddyl-
ated (or neddylation-defective K689R) Cul2 (Figures 4 and 5;
data not shown), precluding the involvement of p120CANP?
or a p120°ANP.jike protein in ECV formation.

VHL recognizes HIFa that has undergone prolyl hydrox-
ylation through a class of PHDs in the presence of oxygen.
The recruited HIF « is then subjected to ubiquitylation through
the ECV complex, subsequently leading to 26 S proteasome-
mediated destruction. Recent evidence has shown that the
NEDD8 modification of Cul2 dramatically increases the E3
activity of ECV [23]. However, the molecular mechanism
underlying this process remained unresolved. Here, we pro-

pose (Figure 6) that oxygen-dependent HIF1a engagement
to ECV is critical in the promotion of Rbx1-mediated ned-
dylation of Cul2. Indeed, ECV complex containing a mutant
VHL lacking a substrate-recognition domain is exclusively
associated with unneddylated Cul2. Neddylation of Cul2
then preferentially recruits UbcH5a, triggering the ubiquity-
lation of VHL-bound HIFo. Thus, these events establish
a central role for the neddylation of Cul2 in a previously
unrecognized, temporally coordinated activation of ECV with
the recruitment of its substrate HIFa. How precisely HIFa
binding to VHL leads to the neddylation of Cul2 in the con-
text of ECV remains to be an outstanding question yet to
be resolved.

Cul2
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™ + UbcH12 «— NAE + m
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Figure 6. Sequential activation of ECV (see text for details). N8 = NEDDS;
NET1 or NAE = NEDD8-activating enzyme; NE2 or NCE = NEDD8-conjugating
enzyme; Ub = ubiquitin; UE1 or UAE = ubiquitin-activating enzyme; UEZ2 or
UCE = ubiquitin-conjugating enzyme; UE3 = ubiquitin ligase; eB = elongin B;
eC = elongin C; shaded box within HIFx = prolyl-hydroxylated ODD.
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