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to as the VBC complex) (3, 9–11). Recently, the VBC
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Mutations of the von Hippel-Lindau (VHL) tumor
uppressor gene predispose individuals to a variety of
uman tumors, including renal cell carcinoma, he-
angioblastoma of the central nervous system, and

heochromocytoma. Here we report on the identifica-
ion and characterization of the Drosophila homolog
f VHL. The predicted amino acid sequence of Dro-
ophila VHL protein shows 29% identity and 44% sim-
larity to that of human VHL protein. Biochemical
tudies have shown that Drosophila VHL protein
inds to Elongins B and C directly, and via this Elon-
in BC complex, associates with Cul-2 and Rbx1. Like
uman VHL, Drosophila VHL complex containing
ul-2, Rbx1, Elongins B and C, exhibits E3 ubiquitin

igase activity. In addition, we provide evidence that
ypoxia-inducible factor (HIF)-1a is the ubiquitina-
ion target of both human and Drosophila VHL
omplexes. © 2000 Academic Press

Key Words: VHL; Elongin; cullin; ubiquitin ligase; E3;
ypoxia-inducible factor.

The VHL tumor suppressor gene is mutated in the
ajority of sporadic clear-cell renal carcinomas and in
HL disease, a hereditary cancer syndrome character-

zed by the development of various tumors including
enal cell carcinoma, retinal angioma, hemangioblas-
oma of the central nervous system, and pheochromo-
ytoma (1, 2). VHL protein is expressed in all tissues
nd appears to perform multiple functions, including
egulation of transcription elongation (3, 4), repression
f hypoxia-inducible genes (5–7), and regulation of the
bronectin matrix assembly (8).
VHL protein forms a complex with B and C subunits

f the transcription elongation factor Elongin (referred

1 To whom correspondence should be addressed. Fax: (181)-3-
394-3816. E-mail: taso@jfcr.or.jp.
355
omplex has been shown to interact with Cul-2 and
bx1 to form a multiprotein complex, VBC z Cul-2 z
bx1 (12–14). Interestingly, Elongin C and Cul-2 share
equence similarity with the Skp1 and Cdc53 compo-
ents of the SCF (Skp1/Cdc53/F-box protein) E3 ubiq-
itin ligase (13), and Rbx1 is also an integral compo-
ent of the SCF complex (14). The structural analogy
etween the VBC z Cul-2 z Rbx1 complex and the SCF
omplex suggests that the former functions as an E3
biquitin ligase. Indeed, both endogenous VHL com-
lex purified from cell extracts and recombinant VBC z
ul-2 z Rbx1 complex purified from insect cells have
een shown to possess E3 ubiquitin ligase activity,
lthough the ubiquitination target was not identified
15, 16).

In this paper, we describe the identification of Dro-
ophila melanogaster (dm) VHL and show that the
ultiprotein complex containing dm VHL possesses E3

biquitin ligase activity. Furthermore, we provide ev-
dence that HIF-1a is the ubiquitination target of both
uman and dm VHL complexes.

ATERIALS AND METHODS

Materials. Sources of materials are as follows: ubiquitin (Ub)-
ldehyde (MBL); bovine Ub, creatine kinase (Sigma); creatine phos-
hate (Calbiochem); mouse monoclonal anti-ubiquitin (Babco); goat
olyclonal anti-HIF-1a (Santa Cruz); mouse monoclonal anti-FLAG
M2) (Sigma); mouse monoclonal anti-HA (12CA5), anti-MYC (9E10),
nd anti-HPC4 (Roche); mouse monoclonal anti-HSV (Novagen). Re-
ombinant E1 enzyme was purified from Sf9 insect cells infected
ith baculovirus containing histidine-tagged E1 from Arapidopsis

haliana (provided by W. Krek). Recombinant E2 (UbcH5b) was
xpressed in E. coli using pRSET B vector (Invitrogen).

Isolation of Drosophila VHL gene. A homology search of the Gen-
ank database using human VHL protein sequence as the query
evealed that nucleotides 92853–93386 of Drosophila melanogaster
1 clones DS00724 and DS00284 contained a predicted open reading

rame (ORF) encoding a protein highly homologous to portions of the
HL protein. A DNA fragment of 534 bp encoding the full-length
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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rosophila homolog of the VHL protein was amplified by PCR using
ligonucleotide primers 59-ATGGCGCTCCAAATAGCGCAGAAC-39
nd 59-ACGCCGACGTCGCGTGCCCGC-39.
RT-PCR. Poly(A)1 RNA was isolated from embryos, third instar

arvae, and adult flies using the QuickPrep Micro mRNA Purification
it (Amersham Pharmacia Biotech) as described previously (17).

FIG. 1. (A) Comparison of the deduced amino acid sequences be
cids are shown in white letters on a black background and chemical
he region required for binding to the Elongin BC complex and th
nderlines, respectively. Numbers indicate amino acid position in eac
evelopment by RT-PCR. Arrowhead indicates position of the PCR p
s indicated on the left.
356
RNA was reverse-transcribed using the First-strand cDNA synthe-
is kit (Amersham Pharmacia Biotech) with a NotI site-flanked
ligo-(dT) primer (59-AACTGGAAGAATTCGCGGCCGCAGGAAT-
TTTTTTTTTTTTTTTT-39) (Amersham Pharmacia Biotech) and
hen PCR reaction was performed using sense primer 59-
TGGCGCTCCAAATAGCGCAGAAC-39 and antisense primer 59-

en Drosophila (dm) and human (h) VHL proteins. Identical amino
imilar amino acids are shown in black letters on a gray background.
-sheet domain of VHL protein are indicated by single and double
rotein. (B) Analysis of expression of the VHL gene during Drosophila
uct stained with ethidium bromide. The size of the DNA standards
twe
ly s
e b
h p
rod
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CGCCGACGTCGCGTGCCCGC-39. The PCR product was size-
ractionated by electrophoresis in 2% agarose gel.

Plasmid construction and expression of recombinant proteins in
f9 cells. Drosophila VHL containing amino-terminal 6-histidine
nd FLAG tags, and human HIF-1a containing amino-terminal
-histidine and HA tags were subcloned into pBacPAK8, and recom-
inant baculoviruses were generated using the BacPAK baculovirus
xpression system (Clontech). The baculovirus vectors encoding
LAG-tagged human VHL (14), HA-tagged human Cul-2 (14), Myc-
agged mouse Rbx1 (14), HPC4-tagged human Elongin B (14), HSV-
agged human Elongin C (14), and FLAG-tagged rat Elongin A (18)
ere described previously. Sf9 cells were cultured in Grace’s insect
edium (GIBCO) supplemented with 10% fetal bovine serum at

7°C and infected with the indicated recombinant baculoviruses.
eventy hours after infection, the cells were collected and lysed as
escribed previously (18). The cell lysates were then centrifuged at
0,000g for 20 min and the supernatants were used for immunopre-
ipitation and protein purification. Human HIF-1a with 6-histidine
nd HA tags was purified consecutively using Ni21-agarose (Invitro-
en) and anti-HA conjugated agarose beads (Roche).

Immunoprecipitation and Western blotting. Baculovirus-infected
ell lysates were incubated with an appropriate antibody for 1 h at
°C and then with protein A-Sepharose CL-4B for 1 h, or incubated
ith anti-FLAG M2 conjugated agarose beads (Sigma) for 2 h at 4°C.
he beads were washed four times with buffer containing 40 mM
epes-NaOH (pH 7.9), 150 mM NaCl, 1 mM DTT, 0.5% Triton X-100,
nd 10% glycerol. Immunoprecipitated proteins were subjected to
DS–polyacrylamide gel electrophoresis (SDS–PAGE), transferred
o a polyvinylidene difluoride membrane (Millipore), and visualized
y Western blotting using a chemiluminescence reagent (NEN).

In vitro ubiquitination assay. Lysates from Sf9 cells (1 3 106)
nfected with the indicated baculoviruses were immunoprecipitated
ith either 3 mg of anti-FLAG antibody and 10 ml of protein
-Sepharose or 10 ml of anti-FLAG conjugated agarose beads. The
eads were mixed with 100 ng of E1, 200 ng of UbcH5b, 10 mg of
biquitin, and 0.5 mg of ubiquitin aldehyde in a 15 ml reaction
ontaining 20 mM Tris-HCl (pH 7.9), 5 mM MgCl2, 2 mM DTT, 2 mM
TP, and an ATP-regenerating system (10 mM creatine phosphate,
0 mg of creatine phosphokinase). For ubiquitination of HIF-1a,

FIG. 2. Drosophila VHL protein, but not Elongin A, associates w
f9 cells expressing the indicated baculoviruses were immunoprecip
ipitated proteins were detected by Western blotting using the indic
357
pproximately 50 ng of purified HIF-1a was added to each reaction.
eaction mixtures were incubated for 60 min at 37°C. Fifteen mi-
roliters of sample buffer was added to stop the reaction. Samples
ere boiled for 10 min, separated by SDS–PAGE, and processed for
estern blotting with the indicated antibody.

ESULTS AND DISCUSSION

Isolation of Drosophila VHL gene. In an effort to
dentify model systems with which to study the func-
ion of VHL protein in vivo, we are identifying and
haracterizing homologs of VHL in genetically tracta-
le organisms. A TBLASTN search of the GenBank
atabase using human VHL as the query sequence
dentified a predicted Drosophila melanogaster ORF
ncoding a potential VHL homolog. A genomic DNA
ragment containing dm VHL cDNA sequence was ob-
ained by PCR. The dm VHL cDNA contained an ORF
ncoding a protein of 178 amino acids with a calculated
olecular mass of 21,241 Da (Fig. 1A). Comparison of

he predicted amino acid sequences between human
HL and dm VHL homolog revealed that the two pro-

eins are 29% identical and 44% similar over a 158
mino acid overlap. Notably, the dm VHL homolog
xhibited the greatest similarity to human VHL resi-
ues 157–174, which include the region critical for
inding to the Elongin BC complex, and are frequently
utated in VHL kindreds and sporadic renal cell car-

inomas (1, 9, 19). The b-sheet domain of human VHL
lso shares significant sequence similarity to that of
m VHL protein. This domain is believed to be respon-
ible for the recognition of as yet unidentified proteins
19).

To assess the expression pattern of the dm VHL
ene, RT-PCR was carried out using Poly(A)1 RNA

Cul-2 and Rbx1 in the presence of Elongins B and C. Lysates from
ted with anti-FLAG (A) or anti-MYC (B), respectively. Immunopre-
d antibodies.
ith
ita
ate
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repared from embryo, larva, and adult fly. PCR prod-
cts of the expected size (;540 base pairs) were de-
ected at a low level in embryo and at high levels in
arva and adult fly, suggesting that the dm VHL gene
s expressed throughout the development (Fig. 1B).

Drosophila VHL forms a complex with Cul-2, Rbx1,
nd Elongins B and C. We have previously reported
hat human VHL protein associates with Elongins B
nd C to form a stable complex (3). Subsequently,
ul-2 (human Cdc53 homologue) and Rbx1 were also

ound to be the components of the human VHL com-
lex (12–14). We therefore tested whether dm VHL
rotein is able to form a multiprotein complex con-
aining Cul-2, Rbx1, and Elongins B and C. Sf9 in-
ect cells were coinfected with various combinations
f baculoviruses encoding FLAG-dm VHL, HA-Cul-2,
YC-Rbx1, HPC4-Elongin B, and HSV-Elongin C,

nd complexes were immunoprecipitated from cell
ysates using anti-FLAG antibody. dm VHL protein
ssociated with Elongins B and C directly (Fig. 2A,
ane 6) and assembled into a complex with Cul-2 and
bx1 in the presence of Elongins B and C (lane 7). In
ddition, dm VHL protein assembled with Rbx1 and
longins B and C in the absence of Cul-2 (lane 8),
nd with Cul-2 and Elongins B and C in the absence

FIG. 3. The multiprotein complex containing Drosophila VHL p
ysates from Sf9 cells expressing the indicated baculoviruses were i
itro ubiquitination assay as described under Materials and Methods
lotting with anti-ubiquitin antibody. (B) Lysates containing Drosoph
ith anti-FLAG antibody and were subjected to ubiquitination assay
), or E2 (lane 4) from reaction mixtures. Samples were analyzed on
ntibody.
358
f Rbx1 (lane 10). These findings are consistent with
he results previously obtained for human VHL pro-
ein (14), suggesting that the isolated Drosophila
equence is the true homolog of human VHL.
Elongin A, which contains the F-box sequence at

ts C-terminus, is also able to form a stable complex
ith Elongins B and C (10, 11). Thus, we next tested
hether Elongin A is able to associate with Cul-2
nd Rbx1 as in the case of VHL. Sf9 insect cells were
oinfected with baculoviruses encoding HA-Cul-2,
YC-Rbx1, HPC4-Elongin B, and HSV-Elongin C, in

he presence or absence of either FLAG-Elongin A or
LAG-human VHL, and complexes were immuno-
recipitated from cell lysates using anti-MYC anti-
ody. Unlike human VHL protein, Elongin A did not
ssemble into a complex with Cul-2 and Rbx1 (Fig.
B, lanes 3– 6), suggesting that Elongin A does not
unction as a F-box protein albeit its sequence ho-
ology.

Drosophila VHL multiprotein complex possesses E3
biquitin ligase activity. Human VHL complex was
ecently shown to possess E3 ubiquitin ligase activ-
ty (15, 16). We therefore tested whether the isolated
m VHL protein, together with Cul-2, Rbx1, and
longins B and C is able to reconstitute this activity.

ein, but not Elongin A, possesses E3 ubiquitin ligase activity. (A)
unoprecipitated with anti-FLAG antibody and were subjected to in

amples were analyzed on 8% SDS–PAGE and processed for Western
VHL, Cul-2, Rbx1, and Elongins B and C were immunoprecipitated

described in Materials and Methods, omitting ATP (lane 2), E1 (lane
SDS–PAGE and processed for Western blotting with anti-ubiquitin
rot
mm
. S
ila
as
8%
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f9 insect cells were coinfected with various combi-
ations of baculoviruses encoding FLAG-tagged hu-
an or dm VHL, and Cul-2, Rbx1, and Elongins B

nd C, and complexes were immunoprecipitated with
nti-FLAG antibody. After washing, purified com-
lexes were supplemented with purified E1, E2,
biquitin, and ATP. After an incubation period of 60
in at 37°C, the reaction mixture was separated by
DS–PAGE and analyzed by anti-ubiquitin immuno-
lotting to detect ubiquitin conjugates. Almost no
biquitin conjugates were detected in reactions con-
aining either uninfected Sf9 extracts or extracts
xpressing only Cul-2, Rbx1, and Elongins B and C
Fig. 3A, lanes 1, 2 and 5). In contrast, in the pres-
nce of dm VHL protein, a high-molecular-mass
mear characteristic of ubiquitin conjugates was pro-
uced, although the amounts of smear formed were

FIG. 4. Both Drosophila and human VHL proteins promote the
uman VHL proteins with HIF-1a. Lysates from Sf9 cells expressing

left panel) or anti-HA (right panel). Immunoprecipitated proteins
ysates from Sf9 cells expressing the indicated baculoviruses were im
itro ubiquitination assay as described under Materials and Methods
lotting with anti-HIF-1a antibody.
359
maller compared to the reaction containing human
HL protein (Fig. 3A, lanes 3 and 6). To confirm if

he formation of this high-molecular-mass ubiquitin
onjugate by the dm VHL complex is based on E3
biquitin ligase activity, the essential components
or ubiquitin conjugation reactions, which are E1,
2, and ATP, were individually omitted from the
eaction mixture containing the dm VHL complex. As
hown in Fig. 3B, the formation of ubiquitin conju-
ates was strictly dependent on the presence of ATP
lane 2), E1 (lane 3), and E2 (lane 4). These results
ndicate that dm VHL multiprotein complex contain-
ng Cul-2, Rbx1, and Elongins B and C exhibits E3
biquitin ligase activity.
We also tested whether Elongin A possesses ubiq-

itination activity. Sf9 insect cells were coinfected
ith baculoviruses encoding FLAG-Elongin A, Cul-2,

iquitination of HIF-1a in vitro. (A) Interaction of Drosophila and
e indicated baculoviruses were immunoprecipitated with anti-FLAG
e detected by Western blotting using the indicated antibodies. (B)
unoprecipitated with anti-FLAG M2 beads and were subjected to in
amples were analyzed on 8% SDS–PAGE and processed for Western
ub
th

wer
m

. S
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urified with anti-FLAG antibody, and subjected to in
itro ubiquitination reaction. As predicted from the
bove finding that Elongin A does not associate with
ul-2 and Rbx1, Elongin A displayed no detectable E3
ctivity (Fig. 3A, lane 4).

HIF-1a is a substrate for VHL multiprotein complex.
utations in the VHL gene predispose individuals to

ighly vascularized tumors (1, 2). Consistent with
his finding, hypoxia-inducible mRNAs such as vas-
ular endothelial growth factor (VEGF) and glucose
ransporter-1 (GLUT-1) are upregulated in VHL-
efective renal carcinoma cells (5–7). Moreover, it
as reported recently that HIF-1a, an upstream

ranscription factor that positively regulates the ex-
ression of VEGF and GLUT-1 mRNAs, is constitu-
ively stabilized in VHL defective cells (20). From
hese findings, we speculated that HIF-1a is the
biquitination target of the VHL complex and inap-
ropriate accumulation of HIF-1a by VHL inactiva-
ion causes the development of vascularized tumors.

e therefore first tested for the interaction between
HL protein and HIF-1a. Sf9 insect cells were coin-

ected with baculoviruses encoding FLAG-tagged hu-
an or dm VHL protein, and HA-tagged HIF-1a, and

omplexes were immunoprecipitated using antibod-
es to epitope tags. As shown in Fig. 4A, both human
nd dm VHL proteins were coprecipitated with
IF-1a by anti-FLAG (left panel) and by anti-HA

right panel) antibody. These results indicate that
oth human and dm VHL proteins bind to HIF-1a.
e then tested whether VHL complex is able to

biquitinate HIF-1a using in vitro ubiquitination
ssay. Sf9 insect cells were coinfected with baculo-
iruses encoding Cul-2, Rbx1, and Elongins B and C,
n the presence or absence of FLAG-tagged human or
m VHL, and complexes were immunoprecipitated
ith anti-FLAG antibody. After washing, purified

omplexes were supplemented with purified HIF-1a,
1, E2, ubiquitin, and ATP. After an incubation pe-
iod of 60 min at 37°C, the reaction mixture was
eparated by SDS-PAGE and analyzed by anti-
IF-1a immunoblotting to detect ubiquitin conju-

ated HIF-1a. Almost no ubiquitinated form of
IF-1a was detected in reactions containing either
ninfected extracts or extracts expressing only
ul-2, Rbx1, and Elongins B and C (Fig. 4B, lanes 1
nd 2). In contrast, in the presence of either dm VHL
r human VHL complex, increased amounts of poly-
biquitinated HIF-1a were detected, although signif-

cantly low amounts of the ubiquitinated form of
IF-1a were produced by dm VHL complex com-
ared with that by human VHL complex (Fig. 4B,
anes 3 and 4). These results suggest that [1] HIF-1a
s, indeed, the ubiquitination target of VHL ubiq-
itin ligase complex; [2] VHL protein functions as
360
-box protein of the SCF complex; and [3] these five
omponents of the VHL complex, including VHL,
ul-2, Rbx1, and Elongins B and C, are sufficient for

he reconstitution of E3 ubiquitin ligase activity
gainst HIF-1a.
Finally, what is the in vivo ubiquitination target of

m VHL complex? Since, hypoxia-responsive sys-
ems are conserved between human and Drosophila,
ome of the HIF-1a-related proteins identified in
rosophila might be the targets (21). Determina-

ion of the true substrate of dm VHL complex
ould provide an insight into the role of VHL in vivo

n the growth and development of multicellular or-
anisms.
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