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ABSTRACT The von Hippel-Lindau tumor suppressor
protein pVHL assembles with cullin-2 (hCUL-2) and elongin
B/C forming a protein complex, CBCYHL, that resembles
SKP1-CDC53-F-box protein ubiquitin ligases. Here, we show
that hCUL-2 is modified by the conserved ubiquitin-like
protein NEDD8 and that NEDD8-hCUL-2 conjugates are
part of CBCVHL complexes in vivo. Remarkably, the formation
of these conjugates is stimulated by the pVHL tumor suppres-
sor. A tumorigenic pVHL variant, however, is essentially
deficient in this activity. Thus, ligation of NEDDS8 to hCUL-2
is linked to pVHL activity and may be important for pVHL
tumor suppressor function.

Modification of proteins by covalent attachment of the highly
conserved polypeptide ubiquitin occurs universally in eukary-
otic cells (see refs. 1 and 2 for review). Proteins modified by
ubiquitin tags usually are targeted for degradation by the 26S
proteasome or, in the case of some plasma-membrane pro-
teins, to the lysosome via the endocytic route. The conjugation
reaction is mediated by a series of well defined enzymatic
reactions and leads to the formation of an isopeptide bond
between the C-terminal glycine residue of ubiquitin and the
g-amino group of a lysine residue of an acceptor protein.
Ubiquitin is first activated by an ubiquitin-activating enzyme,
El, and subsequently transferred to an ubiquitin-conjugating
enzyme, E2, also known as UBC. Ubiquitin can be transferred
to a substrate either directly from the E2 or via substrate-
selective ubiquitin ligases, E3s (1, 2). Recently, a class of E3
ligases that are characterized by a striking modular organiza-
tion have been identified in yeast. These E3s, termed SCF
(SKP1-CDCS53-F-box protein), collaborate with the E2 en-
zyme UBC3CPS3# in substrate ubiquitination. SCF complexes
contain CDC53, SKP1, and one of several so-called F-box
proteins that function as substrate-recruiting factors of the
ubiquitin ligase (see refs. 3 and 4 for review). Depending on the
F-box protein used, SCF is known to ubiquitinate distinct
proteins, and ubiquitination targets them for destruction by the
26S proteasome. SCF substrates include G; cyclins, cyclin-
dependent-kinase inhibitors, the cyclin-dependent-kinase in-
hibitory kinase SWEI, and other regulators (4-11).

Humans possess several CDC53-related proteins termed
cullins. Of these proteins, two, hCUL-1 and hCUL-2, are
known to be part of protein complexes that resemble yeast
SCF. hCUL-1 associates with the human counterpart of SKP1,
hSKP1, and an F-box protein termed SKP2. The formed
complex seems to be the functional equivalent of yeast SCF
(12, 13). hCUL-2, however, is part of a different complex that
contains elongin B, a distant relative of ubiquitin, and the
SKP1-related protein elongin C (14-16). The hCUL-2-
elongin B/C complex, which we propose to call CBC, can
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assemble with the von Hippel-Lindau tumor suppressor pro-
tein, pVHL (17-19), forming CBCYHL (15, 16, 20, 21). Because
of the structural resemblance to SCF, it seems likely that CBC
complexes also may function as E3-type ubiquitin ligases, with
pVHL representing one of several possible alternative sub-
strate-recognition subunits (another candidate is the F-box
protein elongin A; refs. 6 and 14). The gene encoding the
pVHL subunit of the complex is linked to a hereditary cancer
syndrome, von Hippel-Lindau disease (17). Individuals who
carry germ-line mutations in the VHL gene are predisposed to
a variety of benign and malignant tumors, which include
clear-cell carcinomas of the kidney (RCC), pheochromocyto-
mas, and vascular tumors of the central nervous system and
retina (17, 22-24). Inactivation or loss of both VHL alleles has
been reported for the majority of sporadic RCC and cerebellar
hemangioblastomas, which is in keeping with Knudson’s two-
hit hypothesis of tumor suppressor-mediated carcinogenesis
(23, 24). It has been proposed that these pathological defects
might be consequences of an impaired CBCVHL ubiquitination
activity (15, 16).

Recently, the CDCS53 subunit of yeast SCF was shown to be
modified by conjugation to the ubiquitin-like protein RUB1
(25, 26). In contrast to ubiquitination, this modification does
not seem to target the CDCS53 protein for degradation (25, 26).
Genetic studies have indicated that it seems to affect the
cell-cycle function of the SCF ligase (25). Previous work has
shown that modification by RUBI1 proceeds analogously to
ubiquitination and involves an El-like ULA1/UBA3 enzyme
pair for activation and a specific E2, UBC12, for conjugation
of the modifier (25, 26). Intriguingly, the RUBI1 conjugation
pathway seems to be conserved across species. NEDDS (27) is
presumed to be the human homolog of RUBL, displaying 59%
identical amino acids with the yeast protein. Furthermore,
conjugation of NEDDS to other proteins recently was shown
to involve enzymes related to the yeast ULA1/UBA3 and
UBC12 enzymes (28).

Here, we show that mammalian NEDDS and yeast RUBI1
are indeed functionally equivalent and that the human protein
can substitute for RUBI in yeast and modifies CDC53. More-
over, we also found that the human cullins hCUL-1 and
hCUL-2 are modified by NEDDS in vivo. Intriguingly, modi-
fication of the hCUL-2 subunit of the CBC complex by
NEDDS requires pVHL to be part of the same complex,
indicating that the CBCVHL complex itself is involved in its own
modification. Most importantly, we discovered that this mod-
ification is stimulated only by wild-type but not tumorigenic-
mutant forms of pVHL. Thus, our data provide a clear
correlation between the tumorigenic potential of pVHL mu-
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tant forms and their deficiency in supporting CBC modifica-
tion. Ligation of NEDDS8 to hCUL-2 therefore is linked to
pVHL activity and may be important for pVHL tumor sup-
pressor function.

MATERIALS AND METHODS

Strains and Plasmids. Yeast strains rubl-1,ulal, and ubcl?2,
aswell asrubl-1 cdc34 mutants and plasmids expressing tagged
RUBI or CDCS53, have been described (26). For expression of
N-terminally hemagglutinin epitope (HA)-tagged NEDDS
(HANEDDS), mouse NEDDS8 ¢cDNA (a gift from S. Kumar,
Kyoto University, Kyoto), encoding the maturated form of the
protein, was triple-HA epitope-tagged by PCR and cloned
downstream of the GALI-10 promoter (YIFN8 and pSFNS).
YIFNS8 was integrated into the yeast URA3 locus of the various
strains; for the NEDD8/CDC53 coimmunoprecipitation ex-
periments, pSFNS8 was used. To rescue the synthetic lethality
of the rubl-1 cdc34 double mutant, the pGALI-10-NEDDS
expression cassette was cloned into the yeast vector YIplac128
(YINS), which was integrated into the yeast LEU2 locus.

A plasmid expressing HA-tagged hCUL-2 (pcDNA3-Hs-
cul-2) has been described (15). NEDDS tagged with a triple-
myc epitope was constructed by PCR and subcloned into
pcDNA3 (Invitrogen; pcDNA3-™*NEDDS). Glutathione S-
transferase (GST)-NEDDS8 was constructed by PCR and
subcloned into a pGEX-2TK vector (Amersham Pharmacia).
Recombinant GST or GST-NEDDS proteins were produced
in BL21 cells and purified according to the supplier’s instruc-
tions (Amersham Pharmacia). pVHL c¢DNAs (pVHL or
pVHLAD?) contain a FLAG tag at the N terminus (15) and
were subcloned into pcDNA3 vectors.

Cells and Cell Culture. Human 293 cells (American Type
Culture Collection) were transfected by using the calcium
phosphate procedure with 2.5-5 pg of pcDNA3-™*NEDDS
plasmid per 6-well dish at 50% confluence for 16 h; 48 h after
transfection, cells were harvested and lysed in TBST (10 mM
TrissHCI, pH 7.5/150 mM NaCl/0.1% Tween 20; ref. 15), and
60 pg of total protein was analyzed by SDS/10% PAGE and
transferred onto a nitrocellulose membrane. The membrane
was probed with anti-myc antibody 9E10 (Babco, Richmond,
CA; 1:1,000), anti-hCUL-1 antibodies (a gift from W. Krek,
Friedrich-Miescher-Institute, Basel), or anti-hCUL-2 antibod-
ies against a peptide representing amino acids 111-126 of
hCUL-2. The human sporadic RCC 786-0 cell line lacks one
VHL allele and expresses a truncated VHL protein (amino
acids 1-104) from the second allele (16, 22). These cells
express a polylinker sequence from the vector, a VHL gene
bearing a naturally occurring cancer-predisposing nonsense
mutation, which truncates the protein after amino acid 155
(HApVHLA!S), or the gene for wild-type human pVHL
(HApVHL; ref. 22). pVHLAS and VHLAR7 express virtually
identical proteins. pVHL was HA-tagged at the N terminus.
Cells were harvested, and pVHL was immunoprecipitated with
anti-HA antibodies (HA11, Babco) as described (15, 16) and
transferred to a nitrocellulose membrane, which was probed
with anti-hCUL-2 antibodies. Blots were incubated with horse-
radish peroxidase-conjugated secondary antibodies, and sig-
nals were detected by using an enhanced chemiluminescence
detection system (Amersham Pharmacia). For protein se-
quencing, the bands were sliced out from the poly(vinylidene
difluoride) filter membrane and subjected to Edman degra-
dation.

In Vitro Translation Analysis. pcDNA3-Hs-cul-2 (1 ug) was
translated simultaneously with various amounts of pVHL
cDNAs (0.1-2 pg) in the presence of [**S]methionine in vitro
by using a coupled transcription/translation system (50 ul;
Promega). GST or GST-NEDDS proteins (1 ug) were added
at the beginning of the reaction. The reactions were then
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analyzed by SDS/10% PAGE and processed for autoradiog-
raphy.

RESULTS

Yeast RUB1 and Human NEDDS8 Are Functional Orthologs.
Because of the sequence similarity of NEDDS8 and RUBI, we
asked whether the two proteins are functional orthologs. To
this end, we expressed TANEDDS in yeast. As shown in Fig. 1,
an immunoreactive conjugation pattern virtually identical to
that of RUB1 (HARUB1) was observed. RUB1-protein con-
jugate formation requires the E1 heterodimer ULA1/UBA3
for RUBI activation and the E2 enzyme UBC12 for conjuga-
tion (26). We found that NEDDS conjugation was virtually
absentinulal,uba3, and ubc12 null mutants (Fig. 1), indicating
that the yeast enzymes can collaborate with the human ubig-
uitin-like protein.

To confirm directly that RUB1 and NEDDS are functional
orthologs, we performed complementation assays. Yeast null
mutants in the RUB1-conjugation pathway are viable and
grow at wild-type rates (25, 26). However, these mutations
(e.g., rubl-1) exhibit synthetic lethality with cdc34-1, a tem-
perature-sensitive mutation of the gene encoding the
UBC3PC3# E2 enzyme, which cooperates with SCF ubiquitin
ligases (25, 26). When grown at 33°C, rubl-1 cdc34-1 double
mutants, but not cdc34-1 single mutants, are inviable. This
growth defect could indeed be rescued by expression of
NEDDS in these cells (Fig. 2), indicating that NEDDS8 can
substitute for RUBI in yeast.

The ability to complement the yeast mutant suggests that
NEDDS8 may modify the same substrates as RUB1 in yeast.
One of the proteins known to be modified by RUBI is the
cullin CDCS53, a 94-kDa subunit of the yeast SCF ubiquitin
ligase (25, 26). To test whether CDC53 can serve as a substrate
for NEDDS8 modification in yeast, we coexpressed in rubl-1
mutant cells epitope-tagged forms of both CDCS53 and
NEDDS. As shown in Fig. 3, CDC53 was indeed found to be
modified by NEDDS, indicating that the striking substrate
selectivity of the modification pathway was not affected by the
substitution.

hCULI1 and hCUL2 Are Modified by NEDDS8 in Vivo. Given
the conservation of RUB1 and NEDDS pathways, an obvious
question was whether human cullins (29, 30), the structural
homologs of yeast CDCS53, are modified by NEDDS in mam-
malian cells in vivo. In fact, the size of one of the NEDDS
conjugates in human cells (=80 kDa) is consistent with the
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FiG. 1. Conjugation of mammalian NEDDS in yeast. The total
conjugation pattern of HANEDDS (compared with HARUBI) in yeast
was determined by Western blotting with HA-specific antibodies. The
lower band corresponds to free RUBI (first lane) or NEDDS (other
lanes). NEDDS conjugates are virtually absent in ulal,uba3, and ubc12
mutants defective in RUB1 conjugation. The immunoreactive 30-kDa
protein is a crossreacting yeast protein.
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Fic. 2. NEDDS can substitute for RUBI in yeast. Yeast mutants
were streaked out on agar plates and incubated at 23°, 33°, or 37°C.
Conditional cdc34-1 mutants are inviable at 37°C. Combined with the
rubl-1 null mutation the double mutant (cdc34-1 rubl-I) is inviable
even at 33°C. Viability could be restored by NEDDS expression from
a glucose-repressible GALI-10 promoter (pGAL-NEDDS). The pro-
moter is “off” on glucose (Upper) and “on” on galactose plates
(Lower).

predicted sizes of NEDD8-modified cullins (26, 31). Indeed, a
Western analysis of human embryonic kidney 293 cells with
hCUL-1- or hCUL-2-specific antibodies identified two closely
spaced ~80-kDa immunoreactive bands in SDS gels, suggest-
ing that they may correspond to the unmodified and NEDDS-
modified forms of both cullins, respectively (Fig. 44, Left).
When we expressed a cDNA encoding a larger 3™<NEDDS in
these cells, hCUL-1- and hCUL-2-specific antibodies identi-
fied additional, even slower-migrating bands (Fig. 44; Right),
suggesting that they may represent conjugates of 3™Y*NEDDS
with the human cullins hCUL-1 and hCUL-2, respectively. To
test this idea, we immunoprecipitated proteins from 293 cells
transfected with 3™°NEDDS8 c¢DNA (or empty vector as
control) with myc-specific antibodies and identified hCUL-1
and hCUL-2 reactive proteins by Western blotting with
hCUL-1- and hCUL-2-specific antibodies. As shown in Fig. 4B,
cullin-specific immunoreactive proteins were found exclusively
in 3mW°NEDDS8-transfected cells, confirming that both human
cullins, hCUL-1 and hCUL-2, are modified by 3™*NEDDS.
Thus, we conclude that, in a manner strikingly analogous to the
modification of CDC53 by RUBLI in yeast, the human cullins
hCUL-1 and hCUL-2 are subject to modification by the
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F1G.3. CDCS53 can be modified by NEDDS in yeast. Western blot
developed with Xpress-tag-specific antibodies of immunoprecipitates
with HA-specific antibodies from yeast cells carrying vector (control),
plasmids expressing HANEDDS, or HANEDDS plus Xpress-tagged
CDC53 (HXCDC53; Invitrogen). Immunoprecipitation of HANEDDS
results in a coprecipitation of HANEDD8-modified FXCDC53.
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mammalian RUBL1 ortholog NEDDS in vivo. Moreover, recent
work has shown that another human cullin, hCUL-4A, is
modified by NEDDS8 (28), but the function of this cullin has
remained enigmatic.

NEDDS8 Modifies CBC Complexes. As discussed above,
hCUL-1 and hCUL-2 are subunits of different protein com-
plexes. hCUL-1 is part of the human SCF (12, 13), whereas
hCUL-2 is a component of the CBC complex that also contains
elongin B/C (15, 16). CBC can assemble with pVHL, forming
CBCVHL (15, 16, 20, 21).

To determine whether NEDD8-modified hCUL-2 is present
in CBCVHL) we used VHL-deficient (VHL —/—) RCC cell
lines stably transfected with HApVHL, with a tumorigenic
mutant form, or with a vector (16). Most tumorigenic VHL
mutations lead to a loss in elongin B/C and hCUL-2 interac-
tion (15, 16, 20, 21). One example is the naturally occurring
mutant that we used, pVHLA!>>, which expresses a truncated
protein lacking the elongin B/C interaction domain (15, 16).
Immunoprecipitation with HA-specific antibodies coprecipi-
tated a protein doublet of ~80 kDa only from extracts of cells
expressing the wild-type form HApVHL but not of cells ex-
pressing HApVHLA!SS or vector. As shown in Fig. 5, both bands
reacted with hCUL-2-specific antibodies. In a related experi-
ment, the two bands were isolated from a preparative gel and
subjected to Edman degradation. The N terminus of hCUL-2
seemed to be blocked, but we obtained a sequence from the
upper band, which corresponded to the first 21 N-terminal
residues of NEDDS (Fig. 5). This result directly confirms that
the slower-migrating species of hCUL-2, which are detectable
by either immunoprecipitation (Figs. 4B and 5) or Western
blotting (Fig. 4A4), correspond to the NEDD8-modified form
of the cullin. Moreover, these data indicate that NEDDS8-
modified hCUL-2 is a part of CBC complexes that also contain
wild-type pVHL.

Wild-Type but Not Tumorigenic Forms of pVHL Stimulate
NEDDS8-hCUL2 Conjugation. Next, we coexpressed combi-
nations of cDNAs for hCUL-1, hCUL-2, and pVHL in the
presence of [*S]methionine in a reticulocyte lysate (which
endogenously contains NEDDS, elongin B, elongin C, and
undetectable levels of pVHL). As shown in Fig. 64, both
hCUL-1 and hCUL-2 ran in an SDS gel as a doublet. Addi-
tional, even slower-migrating forms of both cullins were ob-
served when GST-NEDDS was added to the extract, resulting
in a reduction of the original NEDD8-hCUL-2 conjugate.
This result confirms that both cullins are modified by NEDDS§
or GST-NEDDS. Remarkably, expression of pVHL stimu-
lated conjugate formation of NEDDS8 (or GST-NEDDS) with
hCUL-2 about 3-fold (Fig. 64, left lanes). In contrast, pVHL
had no stimulatory effect on NEDD8-hCUL-1 conjugate
formation (Fig. 6A, right lanes). Thus, pVHL levels control the
conjugation of NEDDS to the CBC subunit hCUL-2, but they
do not influence conjugation of NEDDS to the SCF subunit
hCUL-1. This observation is in line with the known specificity
of pVHL to associate with hCUL-2 but not with hCUL-1
protein complexes (15).

Using a similar experimental setup, we expressed increasing
levels of wild-type pVHL or its tumorigenic mutant form
(pVHLAB?) in the lysate. Intriguingly, only the wild-type
pVHL protein, but not the mutant form of pVHL, stimulated
conjugation of NEDDS8 to hCUL-2 in a dose-dependent
manner (Fig. 6B). A quantification of the data indicated that
the presence of wild-type pVHL can stimulate NEDDS&-
hCUL-2 conjugation about 5-fold, whereas the mutant form is
essentially inactive in this assay (Fig. 6C). We therefore
conclude that increasing levels of wild-type pVHL in the lysate
results in a built up of fully assembled CBCVHL complexes and
that the hCUL-2 subunit of these complexes is a substrate for
NEDDS8 modification. In contrast, the tumorigenic variant,
pVHLA7 is unable to bind to CBC and is consequently
inactive in stimulating NEDD8-hCUL-2 conjugate formation.
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F16.4. hCUL-1 and hCUL-2 are modified by NEDDS in vivo. (4) Human 293 cells transiently transfected either with empty vector (—) or with
pcDNA3-3myNEDDS were lysed, and proteins were analyzed by immunoblotting with anti-hCUL-1 antibodies (Left) or anti-hCUL-2 antibodies
(Right). (B) As in A, 293 cells transiently transfected either with empty vector (=) or with pcDNA3-"*NEDDS were lysed and proteins were
immunoprecipitated with anti-myc (Left), anti-hCUL-2 (Right, two left lanes), or anti-myc antibodies (Right, two right lanes), followed by Western

analysis with anti-hCUL-1 (Left) or anti-hCUL-2 antibodies (Right).

DISCUSSION

Posttranslational modifications of proteins by the covalent
attachment of another protein is more common than previ-
ously assumed. In addition to the well characterized ubiquitin
system, eukaryotes possess several pathways that mediate the
conjugation of ubiquitin-like modifiers to specific cellular
proteins. In contrast to ubiquitin, these proteins do not seem
to promote protein degradation (32, 33). The human inter-
feron-inducible ubiquitin-like protein UCRP, for instance,
seems to mediate protein targeting to the cytoskeleton (34—
36). Similarly, conjugation of the mammalian ubiquitin-like
protein SUMO-1 can affect the subcellular localization of the
substrate (37-41). Conjugation of SUMO-1 to IkBa, however,
seems to inhibit ubiquitin-dependent degradation of the sub-
strate (42). This observation may point to a general role of
ubiquitin-like proteins as modulators of the ubiquitin pathway.

In this work we have shown that the conserved NEDDS8/
RUBI modification pathway is functionally linked to the
ubiquitin/proteasome system. Similar to the situation in yeast,
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FiG.5. NEDDS8-modified hCUL-2 is part of the CBCVHL complex.
Human RCC cells stably expressing vector (control), wild-type
HApVHL, or a naturally occurring mutant HApVHLA1SS were used for
coimmunoprecipitation analysis. pVHL was immunoprecipitated by
using anti-HA antibodies, and proteins were analyzed with immuno-
blots probed with anti-hCUL-2 antibodies. Both hCUL-2-specific
bands were excised from a preparative gel blot and subjected to Edman
degradation. The obtained sequence of the first 21 cycles derived from
the material of the upper band is shown on the Right. The N terminus
of hCUL-2 seemed to be blocked, and only the N terminus of the
NEDDS modification was accessible to sequencing. Proteolytic diges-
tion of the hCUL-2 bands, however, yielded peptide sequences cor-
responding to hCUL-2 (15).

substrates of this pathway in humans are members of the
conserved family of cullin proteins. We discovered that both
hCUL-1 and hCUL-2 are modified by NEDD8 in vivo. hCUL-1
is part of the human SCF ubiquitin ligase complex, whereas
hCUL-2 is part of CBC. Because of the striking parallels
between SCF and CBCVHL complexes with respect to protein
composition and modification (Fig. 7), it seems very likely that
CBC complexes also function as E3-type ubiquitin ligases in
selective protein degradation pathways.

Modification of CBC Is Linked to pVHL Tumor Suppressor
Activity. Most importantly, our data have identified a clear
biochemical distinction between the wild-type and a tumori-
genic mutant form of pVHL. Apparently, formation of an
active CBCVHL complex containing the tumor suppressor
protein pVHL is needed for efficient conjugation of the
ubiquitin-like protein NEDDS to one of CBCVHL’s own sub-
units, hCUL-2. Although the biological consequence of the
modification of CBCVHL in not known currently, it shows
striking parallels to the modification of SCF in yeast. SKP1 is
required for RUB1-CDC53 conjugation, and overexpression
of either the F-box protein CDC4 or the interacting E2 enzyme
UBC3¢PC3# stimulates this reaction (25). Apparently, modifi-
cation by RUBI influences vital functions of SCF ubiquitin
ligases (see Fig. 2), possibly by affecting SCF’s subunit com-
position, stability, localization, or activities toward specific
proteolytic substrates (25, 26). The detection of NEDDS8-
hCUL-1 conjugates further suggests that mammalian SCFs,
and probably other cullin-containing E3s, also might be reg-
ulated in a similar fashion. Interestingly, in Arabidopsis, con-
jugation of a structural homolog of NEDD8/RUBI is crucial
for auxin response (43), emphasizing the importance of this
conserved protein-modification pathway in growth control.

Function of CBCYHL, The pVHL tumor suppressor protein
has been proposed to play a “gatekeeper” function in certain
tissues such as the kidney, presumably by controlling the
number or behavior of respective tissue cells (15). Recent work
has shown that CBCVHL interacts with the extracellular matrix
protein fibronectin at an endoplasmic reticulum-related com-
partment, leading to the speculation that misfolded fibronectin
molecules might be eliminated by CBCYHL-mediated endo-
plasmic reticulum-associated degradation (44). However,
pVHL seems to have important nuclear functions as well. It is
required for cell-cycle exit on serum withdrawal (45) and plays
a role in the down-regulation of the expression of several
proteins including vascular endothelial growth factor (VEGF),
platelet derived growth factor-B (PDGF-p), and glucose trans-
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F1G.6. Cullins are modified by NEDDS in vitro and the hCUL-2 modification is stimulated by wild-type pVHL. (4) hCUL-1 and hCUL-2 cDNAs
(1 mg each) were translated in a reticulocyte lysate system simultaneously with a pVHL ¢cDNA (1 pg) in the presence of recombinant GST or
GST-NEDDS protein (1 ug). Reaction mixtures were processed by SDS/PAGE and autoradiography. (B) hCUL-2 cDNA was translated in a
reticulocyte lysate system simultaneously with increasing amounts of pVHL or pVHLA7 ¢DNAs (0.1, 0.5, 1, 2 pg), and reaction mixtures were
processed as in A. (C) The NEDDS conjugated hCUL-2 bands were quantified by densitometry of different exposures of autoradiographs. The
values were plotted as fold induction vs. the value obtained without addition of pVHL (filled bars, wild-type pVHL; open bars, pVHLA7).

porter 1 (Glut-1; refs. 16 and 46). This function is consistent
with the prominent neovascularization and high VEGF levels
of VHL-associated tumors (23, 46). Cells lacking functional
pVHL overexpress these hypoxia-inducible genes, which are

human SCF

yeast SCF

chVHL

NEDDS&

F16. 7. Model of SCF-like protein complexes and their modifica-
tion by NEDD8/RUBI. CBC and SCF complexes (gray) are struc-
turally related. Yeast SCF ubiquitin ligase contains the cullin CDC53,
SKP1, and one of several F-box proteins, which recruit specific
substrates (black) to the complex leading to their ubiquitination (red
chain). Ubiquitin conjugation via SCF is catalyzed by the UBC3CPC34
ubiquitin-conjugating enzyme (green), which forms a thioester-linked
(S) intermediate with ubiquitin (red). Human cullin hCUL-1 is part of
a similar SCF complex, whereas hCUL-2 associates with elongin B (B),
the SKP1-related protein elongin C (C), and the pVHL tumor
suppressor protein, which may function as a substrate-recruiting
factor. Whether CBC can interact with alternative factors (other than
pVHL) is not known. The cullins of all three complexes are modified
by NEDDS or RUBI (blue).

regulated at the level of transcription and mRNA stability
(46-50). HIF-1«a is known to play a key role in hypoxia-induced
gene expression. Thus, it seems very attractive to speculate that
CBCVHL controls the half-life of this short-lived transcription
factor and proteins that control mRNA stability (16, 47).
Because NEDDS is predominantly located in the nucleus (31),
the influence of this modification pathway on the CBCVHL
complex might be spatially restricted for nuclear functions of
this putative E3 ubiquitin ligase.
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