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We examined the biogenesis of the von Hippel-Lindau (VHL) tumor suppressor protein (pVHL) in vitro and
in vivo. pVHL formed a complex with the cytosolic chaperonin containing TCP-1 (CCT or TRiC) en route to
assembly with elongin B/C and the subsequent formation of the VCB-Cul2 ubiquitin ligase. Blocking the
interaction of pVHL with elongin B/C resulted in accumulation of pVHL within the CCT complex. pVHL
present in purified VHL-CCT complexes, when added to rabbit reticulocyte lysate, proceeded to form VCB and
VCB-Cul2. Thus, CCT likely functions, at least in part, by retaining VHL chains pending the availability of
elongin B/C for final folding and/or assembly. Tumor-associated mutations within exon II of the VHL syndrome
had diverse effects upon the stability and/or function of pVHL-containing complexes. First, a pVHL mutant
lacking the entire region encoded by exon II did not bind to CCT and yet could still assemble into complexes
with elongin B/C and elongin B/C-Cul2. Second, a number of tumor-derived missense mutations in exon II did
not decrease CCT binding, and most had no detectable effect upon VCB-Cul2 assembly. Many exon II mutants,
however, were found to be defective in the binding to and subsequent ubiquitination of hypoxia-inducible factor
la (HIF-1a), a substrate of the VCB-Cul2 ubiquitin ligase. We conclude that the selection pressure to mutate
VHL exon II during tumorigenesis does not relate to loss of CCT binding but may reflect quantitative or

qualitative defects in HIF binding and/or in pVHL-dependent ubiquitin ligase activity.

Inactivation of the von Hippel-Lindau (VHL) tumor sup-
pressor gene product, pVHL, results in inherited forms of
cancer of the kidney and pancreas, vascular tumors, including
benign hemangioblastomas of the cerebellum, spine, brain
stem, and retina (23, 41), as well as sporadic clear-cell renal
carcinoma (34, 37). pVHL functions, at least in part, by regu-
lating the activity of the hypoxia-inducible transcription factor
la (HIF-1o). Specifically, pVHL controls the stability of
HIF-1a in response to available oxygen levels. Under condi-
tions of normoxia HIF-1a is targeted for destruction by a
ubiquitin-dependent proteasome degradation pathway (4, 29,
42, 43, 59). Under hypoxic conditions, however, the oxygen
dependent degradation of HIF is blocked, resulting in HIF-1a
stabilization and increased transcription of hypoxia-inducible
genes (e.g., vascular endothelial growth factor, glucose trans-
porter 1, and many others) (for reviews, see references 53, 54,
and 63). Transcription of these genes is part of a protective
mechanism against damage resulting from hypoxia. Many
pVHL mutants are unable to mediate the oxygen-regulated
proteolysis of HIF-1a. Consequently, transcription of hypoxia-
inducible genes under conditions of normoxia is observed (4,
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15, 21, 40, 42, 43, 56). This dysregulation of HIF-1a likely plays
a central role in processes related to carcinogenesis.

pVHL participates in the regulation of HIF-la stability
through formation of a multimeric ubiquitin ligase complex
that specifically conjugates ubiquitin to HIF-1a and HIF-2« (2,
4, 29, 42, 43, 59). The VHL-dependent ubiquitin ligase com-
plex is comprised of pVHL, elongin B, elongin C, cullin-2
(Cul2), and a RING-H2 box protein, Rbx1 (25, 28, 38, 40, 46).
We refer to this complex here collectively as VCB-Cul2. The
interaction of pVHL with Cul2 is indirect, requiring that
pVHL first interact with elongin C of the elongin B/C het-
erodimer before subsequent assembly with Cul2 (40, 47). Once
fully assembled, the VCB-Cul2 complex catalyzes the proces-
sive conjugation of ubiquitin to the target substrate, in this
case, HIF-1a. The ubiquitinated HIF-1a substrate now is tar-
geted for degradation via the ubiquitin-dependent proteasome
pathway.

pVHL is a 213-amino-acid protein that is encoded by three
exons. Mutations in all three exons can result in a VHL-asso-
ciated syndrome (27, 32, 41). Solution of the crystal structure
of the VCB complex revealed that pVHL is comprised of two
domains (58). The largely a-helical domain (a-domain) is com-
prised of amino acids 157 to 189 and is encoded by exon III.
Amino acids 64 to 154, encoded by exons I and II, make up the
B-domain. The a-domain, specifically, a-helical residues 157 to
172, is in close contact with elongin C. This structural obser-
vation is consistent with previous studies of the biochemical
defects resulting from mutations within exon III. Specifically,
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residues 157 to 172 were shown to comprise an elongin B/C
binding site, and mutations in this region decreased or abol-
ished pVHL binding to elongin B/C (7, 30, 31, 44). This im-
paired assembly of exon III mutants in the VCB complex (and
therefore the subsequent VCB-Cul2 complex) results in de-
creased ubiquitination of HIF-1a (24, 27, 36, 40). Mutations in
exon I (B-domain) decrease the affinity of pVHL for HIF-1a
and impair ubiquitination of HIF-la, thereby leading to
HIF-1la stabilization under conditions of normoxia (4, 43).
Taken together, these studies of pVHL structure-function re-
veal that the «- and B-domains of pVHL participate in regu-
lating the stability of target proteins through domain-specific
interactions with ubiquitin ligase components (i.e., elongin
B/C, Cul2, and Rbx1) and the substrate protein, respectively.

A search for other proteins that might interact with pVHL
(by using a yeast two-hybrid interaction assay) identified a
number of other putative pVHL-binding proteins (VBP) (61).
One protein identified, VBP-1, is a homologue of subunit 3 of
a molecular chaperone complex termed prefoldin (also re-
ferred to as GimC) (12, 62). Prefoldin cooperates with the
cytosolic chaperonin containing TCP-1 (CCT or TRiC) (10, 11;
for a recent review, see reference 36) in the folding of actins
and tubulins (12, 17, 55, 62). CCT is a homologue of the
bacterial chaperonin, GroEL, a molecular chaperone with a
double toroidal structure that contains a central cavity in which
protein folding is assisted. The reported interaction between
pVHL and VBP-1 raised the interesting possibility that the
prefoldin/CCT pathway may mediate pVHL folding and/or
VCB-Cul2 assembly. Indeed, a subsequent study that exam-
ined the synthesis and maturation of pVHL concluded that
CCT was required for the proper folding of pVHL (9). More-
over, amino acids 100 to 155, which contain the residues en-
coded by exon II, were shown to be necessary and sufficient for
the interaction of pVHL with CCT. A deletion mutant of
pVHL, lacking exon II, was no longer able to assemble into the
VCB complex. Based upon these findings, Feldman et al. pro-
posed that mutations in exon II lead to the VHL disease
phenotype because the mutant protein products failed to in-
teract with CCT, thereby resulting in misfolding severe enough
to prevent the assembly of a stable VCB complex (9).

In the present study, we examined the biogenesis of pVHL
in vitro and in vivo, paying particular attention to the effects of
different disease-associated mutations within exon II and the
potential role of both prefoldin and CCT in the folding or
assembly of pVHL. First, we were unable to detect any inter-
action of newly synthesized pVHL with prefoldin. Second,
consistent with the aforementioned earlier report (9), newly
synthesized pVHL was observed to interact with CCT prior to
its binding to elongin B/C and assembly of the VCB-Cul2
complex. Moreover, inhibiting the interaction of pVHL with
elongin B/C caused pVHL to accumulate in a complex with
CCT. The functional consequences of different mutations in
exon II of the VHL gene were diverse. First, deletion of exon
II decreased the interaction of pVHL with CCT, as expected
based on the observations of Feldman et al. (9). Nevertheless,
pVHL assembly into complexes with elongin B/C and elongin
B/C-Cul2 was relatively unaffected. Second, six exon II pVHL
missense mutants (all disease related) were found to interact
with CCT and assemble into the VCB and VCB-Cul2 com-
plexes. Finally, most of the exon II mutants displayed a lower
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affinity for HIF-1a. Based upon the results presented here, we
suggest that loss of CCT binding does not underlie the devel-
opment of VHL disease in association with exon II VHL mu-
tations. Rather, the development of VHL disease in this setting
may reflect quantitative or qualitative defects in HIF binding
and/or pVHL-dependent ubiquitin ligase activity.

MATERIALS AND METHODS

Antibodies. Rat anti-glucose regulated protein 94 (GRP94) antibody 9G10 and
anti-CCT-1a antibody 23C (StressGen Biotechnologies, Vancouver, British Co-
lumbia, Canada) were purified on protein G-Sepharose (Amersham Pharmacia
Biotech, Piscataway, N.J.) according to the manufacturer’s instructions. The
other antibodies were obtained as follows: rabbit anti-Cul2 (Zymed, South San
Francisco, Calif.), goat anti-elongin B (A-19) and mouse anti-Gal4 (DBD
RKS5C1) (Santa Cruz Biotechnology, Inc., Santa Cruz, Calif.), mouse anti-elon-
gin B (J. Conaway, Oklahoma Medical Research Foundation, Oklahoma City,
Okla.), rabbit anti-prefoldin (N. Cowan, New York University Medical School,
New York), rabbit anti-GLUT1 antibody (GT-11A; Alpha Diagnostic Interna-
tional, San Antonio, Tex.), mouse monoclonal anti-hemagglutinin (anti-HA;
Roche Diagnostics, Indianapolis, Ind.), and rabbit anti-HIF-2o (Novus Biologi-
cals, Littleton, Colo.). The anti-pVHL antibodies, monoclonal Ig32 antibody and
polyclonal R98 antibody, have been described previously (30).

Plasmids. A vector containing a wild-type VHL gene under the transcriptional
regulation of the SP6 promoter was obtained from Robert Stearman and Rich-
ard Klausner (National Cancer Institute, Bethesda, Md.). pRc-CMV-HA-VHL
(wild-type [WT], W117R, and C162F) and pcDNA3-GAL4-HA-HIF-1a[ODD)]
(in which ODD represents the HIF-1a oxygen-dependent degradation domain)
were described previously (20, 40, 43-45). pRc-CMV-HA-truncated-VHL mu-
tants were described previously (40). pRc-CMV-HA-VHL (G114S, F119S,
D121G, L128F, and A149T) plasmids were made by using a Clontech (Palo Alto,
Calif.) Site-Directed Mutagenesis Kit according to the manufacturer’s instruc-
tions. Plasmids were verified by direct DNA sequence analysis. Wild-type and
mutant VHL genes were subcloned as BamHI-EcoRI fragments into a pPBABE-
Puro retroviral vector modified so as to encode an N-terminal HA epitope tag (J.
Klco, unpublished data).

Cell culture, stable cell lines, and retroviral transfections. Renal carcinoma
cell (RCC) line 786-O obtained from the American Type Culture Collection
(Manassas, Va.) was grown in Dulbecco modified Eagle medium containing 10%
heat-inactivated defined and/or supplemented bovine calf serum (HyClone) at
37°C in a humidified, 10% CO, atmosphere. The preparation of cell extracts (30)
and RCC 786-0 subclones stably expressing pVHL, W117R, and C162F (40, 45)
was as described previously. Retroviral vectors were transfected into the Phoenix
packaging cell line (Gary Nolan, Department of Molecular Pharmacology, Stan-
ford University). Tissue culture supernatant was harvested 48 h later, passed
through a 0.45-pm-pore-size filter, and used to infect 786-O cells in the presence
of 4 ug of Polybrene/ml. Infected cells were selected by growth in the presence
of puromycin (1 pg/ml).

In vitro transcription and translation, native-polyacrylamide gel electro-
phoresis (PAGE), antibody-induced gel shifts, and peptidic perturbation of
pVHL complex stability. G,,,,G-capped mRNA templates, used for time course
experiments (33), were generated by in vitro transcription with SP6 RNA poly-
merase as described previously (16) and were used without purification. Matu-
ration of pVHL in the rabbit reticulocyte lysate (RRL) was examined after
synthesis at 24°C. Translation reactions were synchronized by the incubation with
4 mM 7-methylguanosine monophosphate and 10 wM edeine. Nascent polypep-
tide chains were released from the ribosome by incubation with 0.5 mM puro-
mycin.

Native-PAGE and antibody-induced gel shifts were performed at 4°C as de-
scribed previously (17), except that the discontinuous gels used were optimized
to fractionated species with native masses of ~20 to ~1,000 kDa (i.e., a 5.5, 9,
17.5% discontinuous acrylamide gradient was used). For immunodepletion ex-
periments antibodies were immobilized on a mixture of protein A- and protein
G-Sepharose (Amersham Pharmacia Biotech) that had been previously incu-
bated in 2 mg of bovine serum albumin/ml. The beads were washed five times
with phosphate-buffered saline and then incubated with the pVHL-containing
complexes.

In order to block the assembly of pVHL with elongin B/C, synthetic pVHL
(amino acids 157 to 172) wild-type and C162-F mutant peptides (30) (at the
concentrations indicated in each figure) were incubated in the RRL during the
translation of VHL mRNA. In experiments involving VCB disassembly, recom-
binant VCB was produced in Escherichia coli and purified as described previously
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(58). The recombinant VCB was added to the RRL and then incubated in the
absence or presence of either the wild-type pVHL peptide or the mutant pVHL
peptide. The incubations were performed in the presence of an ATP-regenerat-
ing system for 60 min, ATP was depleted by the incubation with apyrase (Sigma,
St. Louis, Mo.), and the reaction products were analyzed by native-PAGE.

Experiments comparing the assembly of wild-type and mutant pVHL into
complexes with CCT, elongin B/C, and elongin B/C-Cul2 were carried out in the
TNT T7-coupled transcription-translation system (Promega Corp., Madison,
Wis.) according to the manufacturer’s instructions. A composite fluorogram of
the native gel is shown after multiple exposures to film in order to correct for the
differences in the total counts per minute of radiolabel incorporated into the
various pVHL mutant polypeptides.

Generation of VCB from purified CCT-pVHL complexes. mRNA encoding
pVHL was translated in RRL at 24°C in the presence of the elongin C-binding
pVHL peptide. CCT-pVHL complexes were isolated by gel filtration through
Sephacryl-S200 HR (Amersham Pharmacia Biotech). The isolated CCT-pVHL
complexes were incubated with RRL and an ATP regeneration system in the
absence or presence of the elongin C-binding VHL peptide. After 90 min of
incubation at 24°C, the reaction products were analyzed by native-PAGE.

In vitro assays for HIF-1a binding and ubiquitination. Assays for binding of
HIF-1a to pVHL and for pVHL-dependent ubiquitination of HIF-la were
performed as described previously (43). For the HIF-1a binding assay, TNT
reticulocyte lysate translation products (5 l) synthesized in the presence (for
pVHL) or absence (for Gal4-HIF-1a[ODD]) of [**S]methionine were incubated
with anti-Gal4 antibody and protein A-Sepharose in 700 ul of EBC buffer (50
mM Tris [pH 8], 120 mM NaCl, 0.5% NP-40). After five washes with NETN
buffer (20 mM Tris [pH 8], 100 mM NaCl, 0.5% NP-40, 1 mM EDTA), the bound
proteins were resolved by sodium dodecyl sulfate (SDS)-PAGE and detected by
fluorography. Binding of pVHL to the hydroxylated HIF-1la. ODD peptide (ami-
no acids 556 to 575) was performed as described previously (24). A biotinylated,
hydroxylated HIF-derived peptide (0.1 wg) was bound to 30 pl of monomeric
avidin agarose (Pierce Chemical Company, Rockford, Ill.) and incubated with 5
or 10 pl of [**SJmethionine-labeled pVHL in vitro translation products in a final
volume of 500 .l of EBC for 1 h at 4°C. After four washes with NETN, bound
proteins were eluted by boiling in SDS-containing sample buffer, resolved by
SDS-PAGE, and detected by fluorography.

For the ubiquitination assay, [*>S]methionine-labeled TNT reticulocyte lysate
Gal4-HIF-1a[ODD] translation products (4 pl) were incubated in RCC 786-O
$100 extracts (100 to 200 g of protein) (prepared as previously described [43])
supplemented with 8 pg of ubiquitin (Sigma)/ul, 100 ng of ubiquitin aldehyde
(BostonBiochem, Cambridge, Mass.)/ul, an ATP-regenerating system (20 mM
Tris [pH 7.4], 2 mM ATP, 5 mM MgCl,, 40 mM creatine phosphate, 0.5 ug of
creatine kinase/ul), and the indicated unlabeled pVHL reticulocyte lysate trans-
lation products (2 l) in a reaction volume of 20 to 30 wl for 1 to 2 h at 30°C.
Gal4-HIF-1a[ODD] was immunoprecipitated with anti-Gal4 antibody, resolved
by SDS-PAGE, and detected by fluorography.

RESULTS

Role of the cytosolic chaperonin in the maturation of pVHL
and the assembly of VCB and VCB-Cul2 ubiquitin ligase com-
plexes. (i) Order of events in the biogenesis of pVHL, VCB,
and the VCB-Cul2 ubiquitin ligase in vitro. The pathway of
pVHL maturation was investigated by using translation in vitro
in RRL. Wild-type VHL mRNA was translated in the presence
of [*>S]methionine, and the reaction products were analyzed by
both SDS-PAGE and native-PAGE. Full-length VHL mRNA
was translated for 4 min, inhibitors of translational initiation
(see Materials and Methods) were added, and the translation
reactions continued to allow for polypeptide chain completion.
At various times, aliquots were removed and then incubated
with apyrase (to deplete ATP and stabilize putative chaperone-
nascent chain complexes) and puromycin (to release incom-
plete polypeptides from the ribosome). Analysis of the reaction
products by SDS-PAGE revealed a small amount of full-length
pVHL after 12 min of translation (Fig. 1, bottom panel). Max-
imal amounts of full-length pVHL had accumulated between
20 and 40 min. Native-PAGE analysis (Fig. 1, top panel)
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showed that, over time, the reaction products consisted of at
least three major pVHL-containing complexes with apparent
masses of between ~50 and 800 kDa (indicated as I, II, and
III). pVHL-containing species I appeared first, followed by
species II and III.

(ii) Identification of the complexes formed containing pVHL
translated in vitro. As mentioned earlier, a complex of pVHL
with the cytosolic chaperonin (CCT) (M, ~800 kDa) has been
detected previously by an independent assay (9). Based upon
this previous report and the apparent mass of complex I (~800
kDa), we suspected that species I likely represents pVHL
bound to CCT. The nature of complex II, based upon its
apparent mass (ca. 40 to 50 kDa), is likely to be the well-
characterized VCB complex comprised of pVHL (24 kDa)
with elongin B and C (18 and 14 kDa, respectively) (8, 30).
Complex III, with an apparent mass ca. 140 to 150 kDa, may
represent VCB-Cul2, the complex of VCB with the ~87-kDa
cullin-2 protein (40, 46) or, alternatively, a complex containing
pVHL and prefoldin (ca. 120 to 130 kDa). In order to test
these proposed compositions of the pVHL-containing com-
plexes shown in Fig. 1, we used an immunochemical approach.
If the migration of a pVHL complex during native-PAGE is
altered by the presence of a specific antibody (i.e., a gel shift is
observed), then the specific antigen is likely to be a component
of the complex. A mixture of the pVHL-containing complexes
(i.e., complexes I, II, and III) was incubated with antibodies
that recognize proteins known to interact directly or indirectly
with pVHL (see Materials and Methods). The results of these
gel shift analyses are shown in Fig. 2 and can be summarized as
follows: compared to the starting materials, anti-GRP94 anti-
body (a control) had no effect upon the mobility of any of the
pVHL complexes (Fig. 2A, lane 1, no added antibody, and lane
2, added GRP94 antibody 2); complex I was shifted by an
antibody against CCT or by two antibodies specific for pVHL
(lanes 3, 5, and 9, respectively); complex II was shifted by
antibodies to elongin B and a rabbit polyclonal antibody to
pVHL (lanes 6 and 9); and finally, antibodies to pVHL (lanes
5 and 9), Cul2 (lane 4), and elongin B (lane 6) all altered the
mobility of complex III. The reason why the mouse anti-pVHL
monoclonal antibody caused a gel shift of complexes I and III
but not of complex II is not known. Among several possibili-
ties, perhaps the epitope recognized by this antibody is masked
in complex IT under these assay conditions. Antibodies recog-
nizing prefoldin, the aforementioned molecular chaperone
that has been shown to participate in the maturation of other
CCT substrates (e.g., actin and tubulin) (12, 17, 55, 62) and
that was suggested to interact with pVHL in yeast (via the
two-hybrid assay) (61), had no effect upon the mobility of any
of the pVHL-containing complexes (lanes 7 and 8). Under the
same experimental conditions, these prefoldin antibodies do in
fact alter the mobilities of complexes containing prefoldin
bound to tubulin or actin (17). Similarly, we and others have
failed to detect prefoldin subunits in anti-pVHL immunopre-
cipitates as assayed by an anti-prefoldin immunoblot analysis
(M. Ohh and W. G. Kaelin, unpublished data; W. Krek, un-
published data). Taken together with results obtained with
antibodies to elongin B and Cul2 (see also below), it is unlikely
that complex II is pVHL-prefoldin. Contrary to what is ob-
served for the actin and tubulin folding pathways, pVHL fold-
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FIG. 1. Order of events in the assembly pathway of the VCB and VCB-Cul2 complexes. (Top) VHL mRNA was translated in the RRL in the
presence of [**S]methionine for 4 min, and then inhibitors of initiation of translation were added, followed by continued incubation. Equal aliquots
were removed at the times indicated after the beginning of the reaction and analyzed by native-PAGE. A fluorogram of the gel is shown. The
migration positions of different pVHL-containing complexes are indicated on the right as I, II, and III (based on their apparent order of
appearance). Native molecular mass standards are shown on the left. A control translation reaction in which no mRNA was added (—mRNA) was
analyzed on the left. The position of migration of species not dependent upon VHL mRNA (i.e., which was present in the no-added mRNA
column) is indicated by an asterisk. (Bottom) Aliquots of the same samples examined in the top panel were analyzed by SDS-PAGE. A fluorogram
of the gel is shown. The migration positions of molecular mass standards are shown on the left.

ing or assembly appears to be assisted by CCT but apparently
without an intermediate step mediated by prefoldin.

We also used an alternative immunochemical approach to
identify the pVHL-containing complexes. Different antibodies
were immobilized on protein A-Sepharose and then used to
deplete or remove the different pVHL complexes. After incu-
bation of the radiolabeled pVHL mixture with the various
immobilized antibodies, the unbound fraction (i.e., the super-
natant fraction) was analyzed by native-PAGE. When com-
pared to the starting materials, the anti-GRP94 antibody (a
control) had no effect upon the amount of any of the pVHL
complexes (Fig. 2B, lanes 1 and 2); complex I was depleted by
antibodies to CCT and pVHL (lanes 3 and 4); complex II was
depleted by antibodies to pVHL (lane 4) and diminished by
antibodies to elongin B (lane 5); and finally, antibodies to
pVHL (lane 4) and elongin B (lane 5) diminished complex III.
Although an anti-Cul2 peptide antibody was observed to gel
shift complex III (Fig. 2A), once immobilized this antibody to
the Cul2 peptide did not deplete complex III (W. J. Hansen
and W. J. Welch, unpublished data). Among several possibil-

ities, perhaps the immobilized antibody is unable to interact
with Cul2 present within complex III for steric reasons.

Two additional means were used to verify the identity of the
pVHL-containing complexes. The molecular contacts between
pVHL and the elongin B/C complex are known because the
crystal structure of VCB complex has been determined (58).
Therefore, we used a synthetic peptide derived from pVHL
(VHL'>7-'72) that binds to elongin B/C and prevents the full-
length pVHL from assembling with elongin B/C (30, 38, 44) to
help in the identification of the different pVHL complexes.
VHL mRNA was translated in vitro, this time in either the
presence or the absence of this synthetic peptide. Again, three
major pVHL complexes were formed in the absence of the
peptide (Fig. 2C, lane 2, VHL wild-type mRNA). For refer-
ence purposes, newly synthesized actin bound to both CCT and
prefoldin is shown in Fig. 2C, lane 1. When the elongin B/C
binding peptide was included in the reaction, however, a dose-
dependent decrease in the amount of both complexes II and
III was observed (Fig. 2C, wild type, lanes 3 and 4). In addition,
the pVHL molecules now unable to assemble into complex II
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FIG. 2. Identification of pVHL-containing complexes formed dur-
ing in vitro translation of VHL mRNA. (A) Antibody-induced gel
shifts of pVHL-containing complexes. [**S]methionine-labeled pVHL-
containing complexes were generated by in vitro translation of VHL
mRNA in the RRL. Cycloheximide then was added to a final concen-
tration of 0.5 mM, and equal aliquots of the reaction products were
incubated at 4°C for 30 min with the following antibodies: lane 1, no
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and IIT were found to accumulate in complex I (VHL-CCT).
Note that a point mutant peptide VHL'3"~'72(C162F) that
cannot bind to elongin B/C had no effect upon the amount of
any of the complexes detected (Fig. 2C, C162F, lanes 5 and 6).
Finally, we examined the translation products of an mRNA
encoding a pVHL mutant containing a six-amino-acid inser-
tion within the elongin B/C binding region of pVHL. This
insertion mutant does not form a complex with either elongin
B/C or elongin B/C-Cul2 (40). After translation of this VHL
mRNA, complexes II and III no longer were detected. Rather,
all of the newly synthesized pVHL again accumulated in the
VHL-CCT complex (Fig. 2C, VHL NAIIRS mRNA, lane 7). It
is important to note that pVHL was only observed to assemble
into the Cul2-containing complex if it had previously bound to
elongin B/C (40, 46, 47). Thus, based upon the results shown
here and those of previous studies (see also Fig. 3B, below), we
conclude (i) that complex I contains pVHL and CCT, (ii) that
complex II represents pVHL bound to elongin B/C, and (iii)
that complex III contains pVHL-elongin B/C bound to Cul2. It
has not yet been determined whether pVHL binds first to
elongin B/C or whether it interacts with preformed complexes
containing both elongin B/C and Cul2. Whenever pVHL is
prevented from binding to elongin B/C, either by mutation of
the pVHL elongin B/C binding box or by the inhibitory elongin
B/C binding peptide, pVHL remains firmly bound to CCT. It is

antibody; lane 2, rat monoclonal anti-GRP94 (negative control); lane
3, rat monoclonal anti-CCT-1a; lane 4, rabbit polyclonal anti-Cul2;
lane 5, mouse monoclonal anti-pVHL; lane 6, mouse monoclonal and
goat anti-elongin B; lane 7, rabbit anti-prefoldin subunit 5; lane §,
rabbit anti-prefoldin subunit 6; and lane 9, rabbit anti-pVHL. The
reaction products were then analyzed by native-PAGE. A fluorogram
of the gel is shown. The migration positions of the pVHL complexes
are indicated at the right (indicated by I, II, and III), and those of
native molecular mass standards are shown on the left. (B) Binding of
pVHL-containing complexes to immobilized antibodies. pVHL-con-
taining complexes similar to those in panel A were generated by in
vitro translation of VHL mRNA in the RRL. Equal aliquots of the
reaction products were incubated at 4°C for 30 min with the following
antibodies immobilized on a mixture of protein A- and protein G-
Sepharose: lane 1, no antibody; lane 2, rat monoclonal anti-GRP9%4
(negative control); lane 3, rat monoclonal anti-CCT-1; lane 4, mouse
monoclonal anti-VHL and rabbit VHL antibodies; and lane 5, mouse
monoclonal and goat anti-elongin B. Proteins remaining in the un-
bound fraction were then analyzed by native-PAGE. A fluorogram of
the gel is shown. The migration positions of the pVHL complexes are
indicated on the right (by I, II, and III), and those of the native
molecular mass standards are shown on the left. (C) A peptide derived
from pVHL, known to interact with elongin C, blocks the formation of
complex II and III and results in the accumulation of VHL with CCT
(complex I). VHL mRNA was translated in the presence of [**S]me-
thionine in the RRL for 60 min in the absence or presence of two
different synthetic pVHL peptides (at the concentrations indicated at
the top). The first peptide was derived from wild-type pVHL (amino
acids 157 to 172) and is known to bind to elongin C (WT), and the
second was derived from a mutant form of pVHL that fails to interact
with elongin C (C162F). The lane on the far right contains the products
of a translation reaction programmed with VHL mRNA encoding a
mutant that contains an insertion of the sequence NAIIRS in the
elongin C binding region of pVHL. A fluorogram of the native gel is
shown. The migration positions of native molecular mass standards are
indicated at the far left. For reference purposes, a reaction wherein
newly synthesized actin bound to both CCT and prefoldin is included
in the first lane. The position of migration of the pVHL complexes is
indicated on the right (I, II, and III).
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FIG. 3. A role for CCT in the assembly and disassembly of VCB. (A) Generation of VCB from purified VHL-CCT complexes. VHL-CCT
complexes assembled in RRL were isolated by gel filtration chromatography and analyzed by native-PAGE (lane 1). To mark the position of
migration of the VCB and VCB-Cul2 complexes, a sample of the unfractionated RRL reaction also was analyzed (lane 2). Purified VHL-CCT was
incubated in the presence of RRL and an ATP-regeneration system (lanes 3 and 4), which resulted in the appearance of both VCB and VCB-Cul2. The
migration position of VHL-CCT is marked by pVHL synthesized in the presence of the elongin C binding peptide (lane 5). When purified VHL-CCT
was incubated in RRL in the presence of the elongin C binding peptide, VCB and VCB-Cul2 formation now was blocked (lanes 6 and 7). (B and C)
pVHL present in the VCB complex rebinds to CCT upon VCB disassembly. (B) Recombinant VCB (see Materials and Methods) was added to rabbit
reticulocyte lysate (+RRL, lanes 1 to 5) and then incubated in the absence (lane 1) or presence of either the pVHL peptide (WT, lanes 4 and 5) or the
mutant pVHL peptide (MT, lanes 2 and 3) described in Fig. 2C (either 120 or 600 uM as indicated by the triangles). As a control, the recombinant
VCB was incubated in the absence (lane 6) or presence of either wild type (WT, lanes 9 and 10) or mutant (MT, lanes 7 and 8) peptide in the
absence of RRL (—RRL, lanes 6 to 10). After 60 min of incubation, the reaction products were analyzed by native-PAGE. The proteins in the
gel were denatured, transferred to nitrocellulose, and analyzed in panel B by Western blotting with a monoclonal antibody specific for pVHL. The
positions of the pVHL-containing complexes are indicated at the left. (C) The membrane from the blot shown in panel B was stripped and

reprobed with anti-CCT-1a (top) or anti-Cul2 antibodies (bottom). The lane designations are the same as for panel B.

therefore likely that CCT functions, at least in part, by retain-
ing pVHL chains pending the availability of elongin B/C for
final folding and/or assembly.

(iii) Potential CCT-assisted assembly-disassembly cycle. It
remained possible that VHL bound to CCT could represent a
dead-end off-pathway complex rather than a true intermediate
in the assembly of pVHL with elongin B/C and Cul2. In order
to determine whether VHL bound to CCT can serve as a
productive intermediate in the VCB assembly pathway, VHL-
CCT complexes were isolated by gel filtration chromatography
and analyzed by native-PAGE (Fig. 3A, lane 1). To mark the
position of migration of the VCB and VCB-Cul2 complexes, a
sample of the unfractionated RRL reaction was also analyzed
(Fig. 3A, lane 2). When the isolated VHL-CCT was incubated
in the presence of RRL (to provide a source of elongin B/C
and Cul2) and an ATP-regeneration system, we now observed
the formation of both the VCB and VCB-Cul2 complexes (Fig.
3A, lanes 3 and 4). pVHL synthesized in the presence of the
elongin C binding peptide (pVHL'>7"'7?) was run in lane 5. We
used the elongin C binding peptide to verify that the complexes
formed from the purified VHL-CCT complexes contained
elongin C. When purified VHL-CCT was incubated in RRL in
the presence of the elongin C binding peptide, VCB and VCB-
Cul2 formation was blocked (Fig. 3A, lanes 6 and 7). Based
upon these results, we conclude that pVHL can exchange pro-
ductively from the VHL-CCT complex to form VCB and VCB-
Cul2. Hence, VHL-CCT represents an intermediate in the
assembly of VCB and VCB-Cul2.

The results of Fig. 2C and 3A demonstrate that newly syn-
thesized pVHL remains associated with CCT if the binding of

pVHL to elongin B/C is inhibited. Thus, we examined whether
there might exist a disassembly-assembly cycle in which pVHL
released from VCB may reform the VHL-CCT complex. Pu-
rified recombinant VCB was produced by coexpression in E.
coli as described previously (58). The purified VCB was incu-
bated with the pVHL peptide (VHL'3’"'7%), the mutant pep-
tide (C162F), or buffer alone. After resolution of the reaction
products by native-PAGE, the position of pVHL-containing
complexes was determined by immunoblotting with an anti-
VHL antibody. In each case, the purified recombinant VCB
still migrated as a single band with a mobility similar to that of
complex II (Fig. 3B, right side of panel, RRL—, lanes 6 to 10).
The small amount of pVHL detected at the top of the 5.5 and
9% acrylamide layers used for the native-PAGE (Fig. 3B, lane
9) may represent pVHL-containing aggregates. Whenever the
incubations were done in the presence of rabbit reticulocyte
lysate, however, a new species with the same mobility as com-
plex III (i.e., the VCB-Cul2 complex) was observed to form
(Fig. 3B, left side of panel, RRL+, lanes 1 to 5). Note that
when the purified VCB was added to the RRL in the presence
of the elongin C binding peptide, complex I (i.e., VHL-CCT)
could be detected (Fig. 3B, left panel, RRL+, lanes 4 and 5).
Addition of the wild-type peptide, but not of the mutant pep-
tide (Fig. 3B, left panel, RRL+, lanes 2 and 3), was sufficient
to displace a portion of the full-length VHL protein from the
recombinant VCB. Once displaced, the free VHL protein ap-
parently rebinds to the cytosolic chaperonin CCT. The position
of migration of the reticulocyte CCT and Cul2 proteins in the
native-PAGE was confirmed by stripping the Western blot in
Fig. 3B and then reprobing it with antibodies specific for CCT
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FIG. 4. (A) Interactions of wild-type and mutant pVHL with the
cytosolic chaperonin in vivo. RCC 786-O cells (lacking endogenous
pVHL) transfected with and stably expressing HA-tagged wild-type
pVHL (WT) or cells transfected with empty plasmid (RC) were lysed
and used for immunoprecipitation reactions (IP) employing an an-
ti-HA antibody (lanes 1 and 2) or an anti-CCTvy antibody (lanes 3 and
4). The resultant pVHL immunoprecipitates were resolved by SDS-
PAGE, transferred onto a polyvinylidene difluoride membrane, and
then immunoblotted (IB) with anti-CCTy (top panels) or anti-HA
(bottom panels) antibodies. (B) The region encompassing amino acids
54 to 155 of pVHL contributes to the binding of CCT. RCC 786-0O cells
expressing HA-tagged versions of either wild-type pVHL or a series of
pVHL deletion mutants were lysed and used for immunoprecipitation
reactions with the anti-HA antibody. The resultant pVHL immuno-
precipitates were resolved by SDS-PAGE, transferred to a polyvinyli-
dene difluoride membrane, and then analyzed for the presence of both
the cytosolic chaperonin (Anti-CCTy:IB) and HA-pVHL proteins
(Anti-HA:IB) via Western blotting. The amino acids included in each
pVHL polypeptide are listed at the top. Lane 1 represents cells trans-
fected with empty plasmid. p30 represents the full-length pVHL that
was initiated at the first methionine codon, while p19 represents a
naturally occurring pVHL that was initiated at the second methionine
codon.

(Fig. 3C, top panel) or Cul2 (Fig. 3C, bottom panel). Based
upon these observations, an assembly-disassembly pathway for
VCB likely exists in which CCT serves as a reservoir of the
pVHL monomer until its subsequent assembly with elongin
B/C.

(iv) Interaction of pVHL with CCT in vivo and determination
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FIG. 5. Effects of mutations in VHL exon II on the binding of
pVHL to CCT and the assembly of VCB/VCB-Cul2. mRNAs encoding
either wild-type or various mutant forms of pVHL were translated in
the RRL in the presence of [**S]methionine for 45 min, and aliquots of
the reactions were removed and analyzed by native-PAGE. The mi-
gration positions of the pVHL-containing complexes are indicated on
the right, and the positions of native molecular mass standards are
shown on the left. A control translation reaction (—mRNA) was ana-
lyzed in lane 1. An exon III mutant, C162F, which does not form VCB
and VCB-Cul2 was analyzed as a negative control in lane 9. AS is the
naturally occurring alternatively spliced mutant in which all of exon II
is deleted. The particular pVHL polypeptide synthesized in each re-
action is indicated at the top of the panel.

of a possible CCT binding site. pVHL maturation and possible
interactions with the cytosolic chaperonin were examined in
vivo. RCC 786-0 cells (lacking pVHL) were transfected with
a pRc-CMV vector (control) or a vector encoding HA-
tagged pVHL. Cell extracts were prepared from the trans-
fected cells and then immunoprecipitated with antibodies
specific for either the HA-tagged pVHL or CCT-1v, a sub-
unit of the chaperonin complex. Proteins precipitated by the
anti-HA antibody (i.e., pVHL) (Fig. 4A, lane 2) also con-
tained CCT-1vy as detected by Western blotting. Similarly, pro-
teins precipitated by the anti-CCT-1vy antibody (i.e., cytosolic
chaperonin) (Fig. 4A, lane 2) also contained HA-immunore-
active protein (i.e., pVHL). Thus, like the situation in vitro, at
least some pVHL interacts with CCT in vivo. Some polypep-
tides that fold via a CCT-mediated pathway (e.g., tubulins and
actins) contain particular subdomains that display an affinity
for CCT (6, 19, 49, 50). Relevant to the present study, a
55-amino-acid region (residues 100 to 155) of pVHL has been
shown to be necessary and sufficient for binding to CCT (9). To
further examine this CCT binding site within pVHL, a series of
deletion mutants within the VHL gene were generated and
expressed in RCC 786-O cells. Potential interaction of these
different pVHL polypeptides with CCT was determined via
immunoprecipitation of the HA-tagged pVHL mutants and
subsequent Western blotting of the proteins captured with the
anti-CCT-1vy antibody (Fig. 4B). Full-length pVHL (i.e., amino
acids 1 to 213) and pVHL lacking the first 53 amino acids (i.e.,
amino acids 54 to 213) (1, 22, 51) both bound to CCT (Fig. 4B,
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FIG. 6. Diverse effects of mutations in exon II of VHL on ability of VCB-Cul2 to interact with the HIF-1a sequence implicated in oxygen-
dependent proteolysis. (A) Wild-type and mutant VHL mRNAs were translated in the RRL in the presence of [*>S]methionine. In a separate
reaction, Gal4-HIF-1a[ODD] mRNA was translated (in the absence of [**S]methionine). Equal portions of the two reactions were mixed together
in order to allow the **S-labeled VCB-Cul? to interact with the Gal4-HIF-1a[ODD] substrate. After a 30-min incubation, the Gal4-HIF-1a[ODD]
was captured by using an anti-Gal4 antibody bound to protein A-Sepharose. The amount of **S-labeled pVHL coprecipitating was determined by
SDS-PAGE and fluorography. In the right panel, 20% of the input radiolabeled pVHL proteins used in the analysis are shown. In the left panel,
the radiolabeled pVHL proteins immunoprecipitated by the anti-Gal4 antibodies are shown. The particular pVHL polypeptide synthesized in each
reaction is indicated at the top of the panel. Note that the G114S mutant pVHL (lane 3) was observed to migrate faster than the wild-type (lane
2) and that the exon II deletion mutant (lane 10) migrated slightly slower than the wild-type protein under these conditions during SDS-PAGE
in Tris-glycine buffer. The reason for this anomalous migration is not known. These anomalies were not observed when Tris-Tricine gels were used.
(B) Binding of pVHL encoded by exon II mutants to a hydroxylated HIF-derived peptide. The indicated wild-type and mutant VHL mRNAs were
translated in RRL in the presence of [**S]methionine. Then, 5 or 10 pl of radiolabeled translation products, as indicated by the triangles, was
incubated with 0.1 pg of an immobilized biotin-conjugated hydroxylated HIF-derived peptide (a substrate for the VCB-Cul2 complex) (see
Materials and Methods) to allow **S-labeled VCB-Cul?2 to interact with the hydroxylated peptide. After a 1-h incubation at 4°C, the amount of
bound *S-labeled pVHL was determined by SDS-PAGE and fluorography (right panel). In the left panel, 20% of the input radiolabeled pVHL
proteins used in the analysis is shown. “Mock” indicates a reaction that was programmed with empty plasmid. (C) The ability of VHL exon II
mutants to stimulate the ubiquitination of HIF-1a correlates well with the binding of the pVHL variants to HIF-1a. In an experiment similar to
that shown in panels A and B, Gal4-HIF-1a[ODD] was synthesized in RRL, this time in the presence of [**S]methionine. In parallel, the wild type
and the different pVHL mutants were translated separately in the absence of radiolabel. Portions of the translation reactions (4 pl of **S-labeled
Gal4-HIF-1o[ODD] and 2 pl of each unlabeled pVHL) were mixed together, along with an in vitro system capable of ubiquitin conjugation (see
Materials and Methods). The Gal4-HIF-1a[ODD] was isolated by immunoprecipitation with anti-Gal4 antibodies, and the resultant immuno-
precipitates were analyzed by SDS-PAGE and fluorography. The particular pVHL polypeptide synthesized in each reaction is indicated at the top
of the panel. Indicated near the top of the gel is the position of ubiquitin-conjugated Gal4-HIF-1a[ODD] [UB,)]. “Mock” indicates a reaction
that was programmed with empty plasmid.

lanes 2 and 3). Likewise, carboxyl-terminal pVHL truncations
from amino acids 1 to 155, 1 to 167, 1 to 187, and 1 to 197 were
observed to bind to CCT in this assay (Fig. 4B, lanes 6 to 9). In
contrast, pVHL amino acids 72 to 213, 1 to 115, and 126 to 206
did not bind to CCT (Fig. 4B, lanes 4, 5, and 10). Based upon
these results, we conclude that amino acids 54 to 155, which

include the B-domain of pVHL, are important determinants
for the interaction of pVHL with CCT.

Diverse effects of mutations in exon II of VHL upon CCT
binding, assembly into VCB/VCB-Cul2 complexes and VCB-Cul2
ubiquitin ligase function. VHL exon II encodes pVHL residues
114 to 154. An alternatively spliced VHL mRNA characterized



VoL. 22, 2002

c
§s

A149T
C162F

F119S
AS

R D121G

- W117R

B L128F

Gald-HIF1[ODD]-Ubyy

S G114S

<-355-Gal4-HIF1[ODD]

1 23 456 7 8 910
Antl-Gal4:IP

FIG. 6—Continued.

by the exclusion of exon II is produced in several tissues and
cell lines (13, 14, 48). Feldman et al. (9) showed that pVHL
encoded by an exon II deletion mutant could not bind to CCT.
Moreover, these authors found that this mutant was impaired
for VCB complex assembly, suggesting that the two phenom-
ena were linked. Finally, these authors suggested that several
disease-causing point mutations in exon II likely interfered
with pVHL function by decreasing its affinity for CCT. We
therefore examined the consequences of different exon II mu-
tations on pVHL maturation, assembly formation, and sub-
strate interactions.

(i) Assembly of pVHL exon II mutants into pVHL-CCT,
VCB, and VCB-Cul2 complexes. The assembly of wild-type
pVHL and the various pVHL mutants into complexes with
CCT, elongin B/C, and elongin B/C-Cul2 in vitro was examined
by native-PAGE. The particular mutants chosen are all known
to be associated with VHL cancer syndrome. These include the
pVHL exon II deletion mutant (Aexon II), as well as six point
mutants within exon II. Finally, an exon III mutant, C162F,
that is unable to form VCB or VCB-Cul2 complexes also was
included as a control (40, 44). Analysis of wild-type pVHL
again showed the presence of all of the three complexes, VHI-
CCT, VCB, and VCB-Cul2 (Fig. 5, lane 2). Consistent with
previous observations (9) (and those shown here in Fig. 4B),
the pVHL-Aexon II mutant, lacking amino acids 114 to 154
(indicated by “AS” for alternatively spliced), failed to interact
with CCT (Fig. 5, lane 10). However, all of the exon II point
mutants were observed to interact with CCT (Fig. 5, lanes 2 to
8). Note that the exon II mutants appeared to assemble into
the VCB complex with differing efficiencies. In agreement with
previous studies, the exon III mutant C162F, which served as a
negative control, failed to assemble into a complex with elon-
gin B/C (Fig. 5, lane 9). Failure of this C162F mutant to
interact with elongin B/C was accompanied by its increased
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binding to CCT. Similar results were obtained when a naturally
occurring mutant in which all of exon III is deleted was ana-
lyzed (Hansen and Welch, unpublished). Finally, note that
some of the VCB complexes displayed an aberrant electro-
phoretic mobility in the native-PAGE analysis (e.g., Fig. 5, lane
10). We suspect that this is due to a somewhat altered confor-
mation of the VCB complex containing the different exon II
mutants. The nature of the Aexon II (AS) complex that mi-
grated near VCB containing wild-type pVHL (Fig. 5, lane 10)
(i.e., whether it is indeed an VCB complex) was confirmed by
showing that the elongin C binding peptide (pVHL'7""'7%)
prevented formation of this complex (Hansen and Welch, un-
published).

All of the exon II mutants formed complexes with apparent
native masses similar or identical to the VCB-Cul2 complex,
whereas as expected the C162F mutant did not (Fig. 5). The
pVHL'>7"'72 peptide was used to confirm the identity of the
VCB-Cul2 complexes indicated in Fig. 5. Specifically, addition
of excess peptide prevented the formation of VCB-Cul2 com-
plex (Hansen and Welch, unpublished). One mutant, G114S
(Fig. 5, lane 3), appeared to assemble into the VCB-Cul2
complex to a lesser extent than that observed for the other
exon II mutants. The majority of this mutant instead was found
to accumulate with CCT. Interestingly, while the levels of the
VCB complex varied among the different exon II mutants, the
overall amount of the VCB-Cul2 complexes appeared similar
(except for G114S). Perhaps this reflects a higher stability of
the mutant VCB complex when bound to Cul2. Support for
this idea, i.e., that one subunit of the ubiquitin ligase complex
may be stabilized by the presence of other members of the
complex, has been presented elsewhere (3, 52). Thus, these
data indicated that all of exon II point mutants interacted with
the cytosolic chaperonin and that all were capable of forming
the VCB-Cul2 complex. In addition, the Aexon II (AS) mutant,
although apparently unable to interact with CCT, still pro-
ceeded to form the VCB-Cul2 complex.

(ii) Binding and ubiquitination of HIF-1a by the VCB-Cul2
ubiquitin ligase complexes containing pVHL with mutations in
exon II. If point mutations within exon II of VHL do not
impair the assembly of the VCB-Cul2 complex, why do these
mutations cause VHL disease? As mentioned earlier, the
VCB-Cul2 ubiquitin ligase complex binds to and mediates the
ubiquitination of the HIF-1a, an important transcription factor
activated during hypoxia (4, 29, 42, 43, 59). Therefore, muta-
tions in exon II of VHL, while not influencing adversely the
formation of VCB-Cul2, might potentially cause disease be-
cause of a decreased affinity for HIF-1a. This hypothesis was
tested by assaying the binding of the different exon II mutants
to HIF-1a. A vector encoding a Gal4 epitope fused in frame
with the ODD (18, 43) of HIF-1a was transcribed and trans-
lated in RRL in the absence of radiolabel. This ODD is the site
within HIF-1a that is recognized by the VCB-Cul2 complex (4,
18, 43, 59). The Gal4-HA-HIF-1a[ODD] was then incubated
in the presence of in vitro-translated [>>S]methionine-labeled
wild-type or mutant pVHL (Fig. 6A, right panel). After incu-
bation, the Gal4-HA-HIF-1a[ODD] was immunoprecipitated
with an antibody to Gal4, the proteins captured were separated
by SDS-PAGE, and the amount of [**S]methionine-labeled
pVHL present was determined. Appreciable levels of wild-type
pVHL were found to coprecipitate with the HIF-1a substrate
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FIG. 7. Stability and function of wild-type and representative exon II mutant pVHL polypeptide complexes with CCT and elongin B/C-Cul2
formed in vivo. (A) Effects of mutations in VHL exon II upon pVHL-CCT and VCB assembly. RCC 786-O cells expressing empty plasmid (Mock)
or HA-tagged versions of wild-type or mutant pVHL were lysed and then immunoprecipitated with the anti-HA antibody (Anti-HA-IP). Resultant
immunoprecipitates were resolved by SDS-PAGE and then Western blotted with anti-Cul2 (top panel), anti-CCTvy (middle panel), and anti-HA
(bottom panel) antibodies. The particular pVHL polypeptide synthesized is indicated at the top of the panel. (B) Effects on stability of pVHL-CCT
and VCB-Cul2 complexes. RCC 786-O cells expressing HA-tagged wild-type pVHL (WT) (lanes 3 to 5) or an exon II pVHL point mutant (W117R)
(lanes 6 to 8) were lysed and immunoprecipitated with the anti-HA antibody under increasing NaCl concentrations (125 mM [lanes 1, 2, 3, and
6], 500 mM [lanes 4 and 7], and 900 mM [lanes 5 and 8]). Lysates from cells transfected with plasmid alone (RC) (lane 1) and the HA-tagged exon
III mutant (C162F) (lane 2) were immunoprecipitated with the anti-HA antibody under the lowest NaCl stringency condition. Proteins present
within the immunoprecipitates were resolved by SDS-PAGE, transferred to nitrocellulose, and analyzed via Western blotting (IB) with the
anti-Cul2 (top panel), anti-CCTy (middle panel), and anti-HA (bottom panel) antibodies. (C) Exon II mutants that do not bind to HIF in the in
vitro assays are unable to suppress expression of a HIF 2« regulated gene product, GLUT1. In parallel, the same cell lysates analyzed in B were
examined for their expression of HIF-2a and GLUTY, a gene product whose expression is regulated by the HIF-2« transcription factor. Whole-cell
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(Fig. 6A, left panel). Similarly, the D121G and L128F pVHL
mutants were bound by HIF-1a. In contrast, binding of the
A149T pVHL mutant to HIF-1a was barely detectable, and
binding of G114S, W117R, F119S, and Aexon II (AS) mutants
was greatly diminished or undetectable (Fig. 6A, left panel).

The interaction between pVHL and a specific domain of the
HIF-1a subunit has recently been shown to be regulated
through hydroxylation of a specific proline residue (HIF-1la
P564) by an enzyme termed HIF-la prolyl-hydroxylase (24,
26). Thus, pVHL can bind to a short HIF-derived synthetic
peptide when this conserved proline residue is hydroxylated
(24, 26). To further characterize mutant pVHL-HIF-1a inter-
action, we measured the binding of either the wild-type or
mutant forms of pVHL to the hydroxylated HIF-derived pep-
tide. A biotinylated, proline-hydroxylated, HIF-derived pep-
tide was immobilized on avidin agarose and incubated with
[>*S]methionine-labeled in vitro-translated wild-type or mu-
tant pVHL. After multiple washes, the bound pVHL was re-
solved by SDS-PAGE and detected by fluorography (Fig. 6B).
Wild-type pVHL, D121G pVHL, and L128F pVHL all bound
avidly to the HIF-derived peptide. The A149T mutant bound
less well, while the G114S, W117R, F119S, and Aexon II (AS)
mutants exhibited little or no binding. Thus, these two assays
examining the interaction of the different pVHLSs with HIF-1a
yielded essentially the same results: several of the exon II
pVHL mutants display a reduced capacity to bind to the
HIF-1a substrate.

We next measured the ability of the different VCB-Cul2
complexes to ubiquitinate HIF-1« in an in vitro assay. [*>S]me-
thionine-labeled Gal4-HA-HIF-1a[ODD] was translated in
the RRL. In parallel, the wild-type or mutant pVHL proteins
were synthesized in the RRL in the absence of radiolabel. The
reaction products were then mixed, along with an S100 fraction
from RCC 786-O cells (lacking pVHL) (to provide ubiquitin
activating and conjugating enzymes), ubiquitin, and an ATP-
regenerating system (see Materials and Methods). Since ubig-
uitin isopeptidases can remove ubiquitin from target proteins,
ubiquitin aldehyde was included to inhibit the activity of such
isopeptidases and thereby facilitate the detection of the ubi-
quitinated products. The reaction products were analyzed by
SDS-PAGE. Reaction products produced in the presence of
wild-type pVHL were comprised of a high-molecular-weight
smear of [**S]methionine-labeled Gald-HA-HIF-1a[ODD],
which is (Fig. 6C, lane 2) indicative of ubiquitination of this
substrate (4, 29, 43, 59). In contrast, when the ubiquitination
reactions were performed in the presence of the different
pVHL exon II mutants, the ubiquitination of Gal4-HA-HIF-
1la[ODD] was either undetectable [for W117R, F119S, and
Aexon II (AS)] (Fig. 6C, lanes 4, 5, and 10) or markedly
diminished (for G114S and A149T) (Fig. 6C, lanes 3 and 8).
The D121G and L128F mutants appeared to support HIF-1a
ubiquitination, albeit less than that observed for wild-type
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pVHL (Fig. 6C, lanes 6 and 7). Finally, the exon III mutant,
C162F, which does not interact with elongin B/C-Cul2, served
as a negative control. The C162F mutant was unable to support
the ubiquitination of HIF-1a (Fig. 6C, lane 9). Taken together,
the results of the HIF-1a binding and ubiquitination experi-
ments support a model in which some exon II-encoded se-
quences impact either the binding to and/or ubiquitination of
the substrate by the VCB-Cul2 ubiquitin ligase.

(iii) Stability and function of wild-type and representative
exon II mutant pVHL polypeptide complexes with CCT and
elongin B/C-Cul2 formed in vivo. The in vitro biochemical
experiments described above revealed that many of the VHL
exon II point mutations affected pVHL'’s ability to bind to and
target HIF for ubiquitination, while none affected CCT bind-
ing. To test the relevance of these findings in vivo, 786-O RCC
cells (lacking endogenous pVHL) were stably transfected to
produce HA-tagged forms of a representative exon II pVHL
mutant (W117R), an exon III pVHL mutant (C162F), or the
exon II deletion mutant (AS). In parallel, cells were trans-
fected with HA-wild-type pVHL (WT) or with an empty ex-
pression plasmid (Mock). Cell extracts were prepared (48 h
posttransfection), and the HA-tagged pVHL was captured by
immunoprecipitation with an anti-HA antibody. Proteins
present within the immunoprecipitates were analyzed by im-
munoblotting (Fig. 7A) with anti-Cul2, anti-CCTY, or anti-HA
antibodies as indicated in the figure. As would be predicted by
our in vitro studies, the W117R mutant interacted with both
Cul2 and CCTy (Fig. 7A, lane 4). In contrast, pVHL contain-
ing the C162F mutation, known to disrupt the interaction of
pVHL with elongin B/C, did not bind to Cul2 (Fig. 7A, lane 3),
in keeping with earlier studies (40, 44), but did interact with
CCT. Finally, the Aexon II mutant did not interact with CCT
but did bind to Cul2 (Fig. 7A, lane 5).

We next assayed the interaction of wild-type and W117R
pVHL with CCT in the presence of increasing salt concentra-
tions (Fig. 7B). Even in the presence of high salt (900 mM
NaCl), the W117R pVHL mutant remained bound to CCT
(Fig. 7B, lanes 6 to 8). The Cul2-W117R complexes also were
stable in high-salt conditions, although the overall amount of
Cul2 detected was diminished compared with that observed for
the wild-type pVHL. Similar results were obtained when the
stringency was increased by varying the concentration of SDS
(Ohh and Kaelin, unpublished).

Due to their failure to express pVHL, 786-O cells contain
relatively high levels of the HIF-2a transcription factor under
normoxic conditions (4, 42). This allowed us to examine both
the steady-state levels of HIF-2a and of GLUT1 (a gene prod-
uct whose transcription is dependent upon HIF-2a) after
transfection of the cells with either wild-type or mutant pVHL.
As shown by immunoblot analysis, in cells expressing wild-type
pVHL there was little or no expression of HIF-2a (Fig. 7C,
top, lane 2) or GLUT1 (Fig. 7C, middle, lane 2). In contrast,

extracts were prepared from the cells described above, and the proteins (200 pg) were resolved by SDS-PAGE and then Western blotted (IB) with
anti-HIF-2a (top panel), anti-GLUT1 (middle panel), or anti-HA (bottom panel) antibodies. The GLUT1 protein likely appears as a rather diffuse
band due to heterogeneity in its glycosylation and because of its many (>10) transmembrane segments (35, 57). (D) Exon II mutants that do bind
to HIF in the in vitro assays are able to suppress expression of an HIF-2a-regulated gene product. RCC 786-O cells were infected with retroviral
vectors encoding HA-tagged versions of the wild type or the indicated pVHL mutants. Whole-cell extracts were prepared, and proteins (200 pg)
were resolved by SDS-PAGE and Western blotted (IB) with anti-GLUT1 (top panel), anti-actin (middle panel), or anti-HA (bottom panels)

antibodies.
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cells expressing the C162F mutant (which fails to bind to elon-
gin B/C and serves as a negative control) (Fig. 7C, top and
middle, lane 3), the W117R mutant (which cannot support
ubiquitination of HIF) (Fig. 7C, top and middle lane 4), and
finally the Aexon II mutant (Fig. 7C, top and middle, lane 5) all
showed relatively high levels of both HIF-2a and GLUTI.
Hence, the W117R and Aexon mutants are unable to properly
regulate HIF-2a and GLUT1 under conditions of normoxia.

Two other exon II mutants, D121G and L128F, were ob-
served to bind to HIF in the in vitro assays used here as well as
the wild-type pVHL. Consequently, we assessed whether ex-
pression of these two mutants, like the wild-type pVHL pro-
tein, would lead to HIF degradation and correspondingly low
levels of a downstream target of HIF-2a, GLUTL. In cells
expressing wild-type pVHL (Fig. 7D, lane 2) GLUT1 levels
were suppressed compared to cells either mock transfected or
expressing the W117R mutant (Fig. 7D, lanes 1 and 3). Cells
expressing D121G and L128F mutants appeared to suppress
the level of GLUT1 as well as did cells expressing wild-type
pVHL under these experimental conditions. Thus, two mu-
tants that measurably interact with HIF in vitro retained the
ability to suppress expression of an HIF-regulated gene prod-
uct.

DISCUSSION

A collection of in vitro and in vivo experiments have helped
us define the maturation pathway of pVHL. Newly synthesized
pVHL formed a complex with elongin B/C (VCB) that subse-
quently assembled with Cul2 (VCB-Cul2). After its synthesis
and prior to these assembly events, pVHL was found to asso-
ciate with the cytosolic chaperonin containing TCP-1 or CCT,
a molecular chaperone that may assist in the maturation of the
pVHL polypeptide chain. Our data are consistent with a role
for CCT in mediating the assembly of pVHL into the oligo-
meric VCB and VCB-Cul2 protein complexes. Specifically,
CCT appears to retain the pVHL monomer until a stable VCB
complex has formed. Once VCB has assembled with Cul2, the
resultant VCB-Cul2 ubiquitin ligase can bind to and facilitate
the ubiquitination of its substrates (e.g., HIF-1/2a) under con-
ditions of normoxia, thereby targeting them for destruction by
the proteasome.

How and why might pVHL fold and/or assemble via a chap-
eronin-mediated pathway? pVHL shares one structural feature
with actin, a polypeptide that also folds by a CCT-assisted
pathway. Specifically, a-helical sequences that reside near the
carboxyl terminus of both proteins interact in the final folded
structure with B-sheet elements encoded >80 amino acids ear-
lier in the amino acid sequence (i.e., they are discontiguous
sequences). It is of interest that the B-strands S5, S6, and S6’
of pVHL (see the structure presented in reference 58) that
interact with the carboxyl-terminal «-helix are encoded by
exon II and comprise what has been determined here and by
others previously (9) to be the main site of interaction with
CCT. Why pVHL might interact with CCT may relate to the
role CCT plays in pVHL folding and complex assembly. First,
whenever VCB assembly was inhibited, either by sequestering
elongin B/C with an elongin B/C binding pVHL peptide (Fig.
2C) or by mutations within the elongin B/C binding region of
pVHL (Fig. 2C and 5), pVHL accumulated with the cytosolic
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chaperonin. In either circumstance, we were unable to detect
any appreciable amount of the pVHL monomer. Second, when
the preformed VCB complex was dissociated by the presence
of the elongin B/C binding pVHL peptide, again pVHL was
observed to rebind to CCT. Thus, we think it is likely that CCT
stabilizes the pVHL monomer pending the availability of elon-
gin B/C for final folding or assembly of the VCB complex. In
the absence of elongin B/C, it is possible that the structure of
pVHL may represent a compact “quasi-native” assembly in-
termediate similar to those described for the CCT-bound
states of tubulin and actin (5, 6, 39, 60). Hence, the final and
native folded state of pVHL might only be formed upon its
assembly into the VCB complex. Consistent with this idea is
the observation that three a-helices of pVHL (H1, H2, and
H3) pack together with one a-helix of elongin C (H4) to form
a four-helix cluster in the crystal structure of the VCB complex
(58). Hence, it has been suggested that the three-helix cluster
of pVHL would be unstable in the absence of the fourth helix
contributed by elongin C (58).

Our data indicated the pVHL-Aexon II mutant failed to
interact with CCT, a finding that is in agreement with the
results of Feldman et al. (9). However, all of the tumor-derived
pVHL exon II point mutants examined here were observed to
bind to CCT. Our finding that single point mutations, within
the region of pVHL that interacts with CCT, do not block
interaction of the substrate with the chaperonin has precedent.
Specifically, many single-amino-acid substitutions that were
generated within a region of tubulin that interacts with CCT
(e.g., between residues 263 and 384) had only minor effects
upon the binding of tubulin to CCT (49). Hence, the previous
conclusion that mutations in exon II are likely to result in VHL
disease because of a failure to interact with CCT (9) appears
unlikely.

All of the VHL exon II mutants examined here (both the
Aexon II and the exon II point mutants) assembled into VCB
and VCB-Cul2 complexes. These findings do not support the
conclusion of the previous report that the exon II-encoded
region of VHL is essential for assembly with elongin B/C (9).
However, the present data are in agreement with a study that
determined that the pVHL-Aexon II mutant expressed in yeast
assembled with elongin B/C and Cul2 as efficiently as did
wild-type pVHL (47). In addition, while this report was in
preparation a study was published that examined the impact of
exon II deletion on pVHL function (2). The authors of that
study also concluded that deletion of exon II did not impair
assembly of the VCB-Cul2 complex but that it did compromise
efficient binding and ubiquitination of substrates of the VCB-
Cul2 ubiquitin ligase (i.e., HIF-1/2a). The VCB-Cul2 complex
containing pVHL lacking sequences encoded by exon II was
competent to synthesize a homopolymer of ubiquitin in the
absence of a recipient target protein (i.e., the complex retained
the catalytic activity of the ubiquitin ligase) (2). Finally, their
study showed that the pVHL exon II deletion mutant was
incapable of stimulating the conjugation of NEDDS, a homo-
logue of ubiquitin, to Cul2. It has been suggested that this
modification of Cul2 accelerates the rate of ubiquitination of
substrates by Cul2 (2). We have not yet determined whether
the exon II point mutants examined here support the conju-
gation of NEDDS to Cul2.
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It remains possible that the CCT binding region of pVHL
(i.e., that encoded by exon IT) might interfere with the folding
of the elongin B/C binding region (i.e., the domain encoded by
exon III) of pVHL. If this is the case, then interaction with
CCT might help circumvent potential negative impacts of this
region upon folding of the elongin B/C binding site. In such a
scenario, deletion of exon II might be expected to allow pVHL
to assemble with elongin B/C and subsequently into a catalyt-
ically active ubiquitin ligase complex. Such a complex, how-
ever, would be unable to bind to specific substrates (e.g., HIF-
12a).

We conclude that mutations within exon II of VHL are
responsible for functional defects of the B-domain distinct
from those caused by mutations in the exon III-encoded a-do-
main. Mutations in exon III lead to improper regulation of
HIF-1a and/or HIF-2a due to impaired assembly of VCB and
VCB-Cul2 (40, 44, 46). In contrast, mutations in exon II do not
block VCB or VCB-Cul2 assembly. Rather, we have deter-
mined that many mutations in exon II (G114S, W117R, F119S,
A149T, and Aexon II) likely impair degradation of HIF-la
because these pVHL mutants display defects in substrate bind-
ing. The biochemical defects appear similar to those displayed
by the B-domain mutants in exon I of VHL (43, 59). The
resultant stabilization of HIF-1a in vivo leads to expression of
hypoxia-inducible genes under normoxia.

The finding that two disease-associated exon II mutants,
pVHL D121G and L128F, retained the ability to bind to HIF
in vitro and downregulated the expression of a gene controlled
by HIF in cells was surprising given the current view that the
development of the classical stigmata of VHL disease, consist-
ing of blood vessel tumors of the eye and the central nervous
system, is linked to deregulation of HIF and its downstream
targets (32). One possibility is that these two mutants are
associated with a quantitative defect in HIF regulation that is
not revealed in all of our assays. That these two mutants dis-
played diminished HIF polyubiquitination activity compared
to the wild type supports such a view. Alternatively, these two
mutants might be defective for the polyubiquitination of some
other, as-yet-unidentified substrate or perhaps lack a function
of pVHL distinct from its role as a ubiquitin ligase.
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