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HIF (hypoxia-inducible factor) is a transcription factor that plays a pivotal role 
in cellular adaptation t o  changes in  oxygen availability. In the presence of 
oxygen, HIF is targeted for destruction by an E3 ubiquitin ligase containing the 
von Hippel-Lindau tumor suppressor protein (pVHL). We found that human 
pVHL binds t o  a short HIF-derived peptide when a conserved proline residue at  
the core of this peptide is hydroxylated. Because proline hydroxylation requires 
molecular oxygen and Fez+, this protein modification may play a key role in  
mammalian oxygen sensing. 

How cells sense changes in ambient oxygen 
is a central question in biology. In mamma- 
lian cells, lack of oxygen, or hypoxia, leads to 
the stabilization of a sequence-specific DNA 
binding transcription factor called HIF, 
which transcriptionally activates a variety of 
genes linked to processes such as angiogen- 
esis and glucose metabolism (1-4). HIF 
binds to DNA as a heterodimer consisting of 
an a subunit and a p subunit. 

Von Hippel-Lindau (VHL) disease is a 
hereditary cancer syndrome characterized by 
the development of highly vascular tumors 
that overproduce hypoxia-inducible mRNAs 
such as vascular endothelial growth factor 
(VEGF) (5).The product of the VHL tumor 
suppressor gene, pVHL, is a component of a 
multiprotein complex that bears structural 
and functional similarity to SCF (Skpll 
Cdc53 or CullinIF-box) ubiquitin ligases (6- 
11). In the presence of oxygen, pVHL, in 
association with elongin B and elongin C, 
binds directly to HIFa subunits and targets 
them for polyubiquitination and destruction 
(7-10). Cells lacking functional pVHL can- 
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not degrade HIF and thus overproduce 
mRNAs encoded by HIF target genes (12). 
Here, we investigate the mechanism by which 
hypoxia prevents the destruction of HIF. 

VHL interacts with a modified form of 
HIF. We first followed up on earlier obser- 
vations that cobalt chloride or iron chelators 
such as desferrioxamine (i) stabilize HIF and 
lead to transcriptional activation of its target 
genes (1- 4), (ii) inhibit the binding of pVHL 
to HIF (12), and (iii) inhibit HIF polyubiq- 
uitination by pVHL in vitro (7). To study this 
further, we treated pVHL-defective renal car- 
cinoma cells with increasing amounts of co- 
balt chloride or desferrioxamine. As shown 
earlier, the untreated cells contained high lev- 
els of HIF-2a, which bound directly to recom- 
binant pVHL-elongin B-elongin C (VBC) 
(7, 12. 13) (Fig. 1A). In contrast, VBC did not 
recognize HIF-2a isolated from cells treated 
with cobalt chloride or desferrioxamine. 

A recent study indicated that hypoxia, in 
contrast to cobalt chloride and desfenioxamine, 
inhibits HIF polyubiquitination but not the 
physical association of pVHL and HIF (12). 
This suggests that physiological regulation of 
HIF by hypoxia is mechanistically distinct from 
the pharmacological effects of cobalt chloride 
and desfenioxamine. Exposure of cell extracts 
to oxygen in this earlier study, however. might 
have allowed for reformation of pVHL-HIF 
complexes after lysis. To explore these obser- 
vations further, we grew mouse cells (ts20) 
with a temperature-sensitive mutation in the El 

CT-2000-00125, and by the Direction Cenerale de 
I'Armement grant 99.34.050. 

12 March 2001; accepted 16 March 2001 

Publ~shed online 22 March 2001: 

10.1126/science.1060622 
Include this information when citing thls paper 

ubiquitin-activating enzyme (14) at the nonper- 
missive temperature under hypoxic or nor-
moxic conditions so that HIF would accumulate 
in the presence or absence of oxygen (13).  
Although comparable levels of HIF accumulat- 
ed in these two settings, VBC only recognized 
the HIF from normoxic cells (Fig. 1B). Thus. 
the interaction of pVHL with HIF appears to be 
governed by a posttranslational modification of 
HIF that is oxygen- and iron-dependent. 

pVHL binds to a region of HIF-la called 
the oxygen-dependent degradation domain 
(ODD) (7). We had observed that pVHL bound 
to HIF produced in rabbit reticulocyte lysate but 
did not bind to HIF produced in wheat germ 
extracts or in Escherichiu coli (16). Further- 
more, wheat germ- or E. coli-derived HIF 
acquired pVHL binding activity after preincu- 
bation with human, rabbit. or &nopii.s cell ex- 
tracts at 37'C (16). For example, glutathione 
S-transferase (GST)-ODD fusion proteins pro- 
duced in E. coli were not recognized by VBC 
unless preincubated with a rabbit reticulocyte 
lysate (Fig. 1C). VBC did not recobmize GST- 
ODD fusion proteins incubated with a heat- 
inactivated reticulocyte lysate (Fig. ID). These 
results indicate that pVHL recognizes a modi- 
fied form of HIF and that this modification IS 

carried out by a factor present in a variet) of 
vertebrate cell extracts. 

To determine the nature of this modifica- 
tion, we first narrowed the region of HIF that 
binds to pVHL. Gal4-HIF fusion proteins con- 
taining HIF residues 555 to 575 bound specif- 
ically to immobilized GST-VBC complexes 
(Fig. 2. A and E)  (13, 17). Likewise, a biotln- 
ylated peptide corresponding to HIF residues 
556 to 575 [henceforth HIF(556-575)] bound to 
pVHL after preincubation with reticulocyte ly-
sate (Fig. 2B) (IN). As noted by others, this 
region of HIF contains a highly conserved coi- 
linear sequence, Met-Leu-Ala-Pro-Tyr-Ile-Pm-
Met (Fig. 2E). which, when mutated to eight 
consecutive alanines, leads to HIF stabilization 
(19). An alanine scan of this region showed that 
Leush2 and were essential for specific 
binding to pVHL (Fig. 2B). In contrast. rnuta- 
tion of the one potential phosphoacceptor in this 
peptide, TyPi. did not affect pVHL binding. 
consistent with an earlier study in which a 
Tyrih' + Phe mutation did not affect HIF 
stability (20). Moreover, phosphatase treatment 
did not affect the binding of pVHL to (;ST-
ODD in these assays (16). 

Mutation of either Leu5"%r Proi"' to . i Ia  
in the context of full-length HIF-ltr or a 
Gal4-ODD fusion protein abrogated pVH1. 
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binding activity (Fig. 2, C and D). We noted The corresponding protein bound to VBC and 
that Gal4-ODD synthesized in reticulocyte was undetectable among the Ledh2 + AIa 
lysate contained an electrophoretically dis- (L562A) and Prosh4 + Ala (P564A) transla- 
tinct band that was absent from wheat gem- tion products, suggesting that it might contain 
derived Gal4-ODD preparations (Fig. 2D). a posttranslational modification o f  Leu562 or 

Fig. 1. pVHL binds to a modi- A B 2 - 5 3  N 

fied form of HIF. (A) pVHL- $6'' 
defective renal carcinoma cells , . T 

- s 
I .  N=. 

were treated with increasing B e ?  
amounts of desferrioxamine V B C m  U ) = =  

$ $ :  
(DFO) (2,10,100, or 1000 pM; w a s  f4 x 
lanes 7 to 10) or cobalt chlo- a a a  - - -  

W W W  ride (2, 10, 100, or 1000 pM; 
lanes 3 to 6) and immunopre- Ann-HIF* 1) Q 0 g 1 1 a 4 
ci~itated with anti-Cul2 Icon- VBC FW - HIFlrn 

tiol) (lane 1) or a n t i - ~ k ~ a  
(lanes 2 to 10). Bound proteins 1 2 3 4 5  6 7 8  9 1 0  

I , 
were detected by anti-HIF-2a dnti-HIFP IP n 

Antl-HlF1 1B 5 c ~ l ~ l c l  
immunoblot IlBl or bv far- 
western (FW) analysi; with 1 2 3  
purified VBC complexes. (B) C 
VBC farwestern and anti-HIF- w 

l a  immunoblot analysis of I= 
0 D 0 
's ts20 cells grown at the restric- w 
P x U 

LD 
tive temperature under hy- 2 d  g z ;  
poxic or normoxic conditions. a K a 

(C and D) About 1 pg of CST- 
HIF-la(530-652) containing VBC FW cGST-oDD VBCFW - - GST-ODD 
the oxygen-dependent degra- 
dation domain (ODD), was 
produced in E. coli, recovered 
on glutathione-Sepharose, and 

c GST-ODD Anli-GST 18 6 GST-ODD 
- - 

incubated with 50 pI of rabbit 
reticulocyte lysate for 90 min 1 2 3  1 2 3  
at 30°C. In lane 3 of (D), the 
reticulocyte lysate was first heat-inactivated for 20 min. After stringent washes, the CST-ODD protein 
was subjected to VBC farwestern and anti-CST immunoblot analysis. 
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Pro5'*. Two-dimensional (2D) protein gel 
electrophoresis suggested that this putative 
modification did not involve a change in 
protein charge (16). 

Consistent with the pVHL binding assays, 
Gal4-HIF fusion proteins with the L562A or 
P564A mutations displayed diminished 
pVHL-dependent polyubiquitination in  vitro 
(Fig. 3A) (13). Qualitatively similar results 
were obtained with the corresponding full- 
length HIF- la species (16). Likewise, full- 
length HIF- la P564A and HIF- la L562A 
were more stable than wild-type HIF- la in 
degradation assays performed with Xenopirs 
extracts (21) (Fig. 3B). 

Identification of the HIF modification 
as proline hydroxylation. We suspected that 
the HIF modification might be proline hy- 
droxylation because prolyl hydroxylases re- 
quire oxygen and iron (22). To test this, we 
incubated biotinylated HlF(556-575) pep- 
tides with rabbit reticulocyte lysate, eluted 
the peptides with free biotin, and analyzed 
them by mass spectrometry (23). I n  these 
experiments we replaced Met5"' and Met5"" 
with alanine to prevent spurious oxidation o f  
the methionines. These substitutions did not 
affect pVHL binding (16). The HIF peptide 
samples that had been pretreated with rabbit 
reticulocyte lysate contained a second peak in 
matrix-assisted laser desorption/ionization 
time-of-flight (MALDI-TOF) analysis that 
corresponded to an increase in molecular 
weight o f  16 (Fig. 4A). This peak was not 

1 2 3 4 5  6 7 8 9 1 0  
D 

I I I I  r 
50% Input GST-VBC Pulldown 

Fig. 2. pVHL binds to a HIF-la-derived pep- 
tide if Leu562 and Pro564 are intact. (A) Bind- 
ing of the indicated 35S-labeled Cal4-HIF-la 
fusion proteins to immobilized CST-VBC 

Input Bound 

+ pVHL 

1 2 3 4 5 6  
I- 

Anti-HA GST-VBC 
Pulldown 
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complexes. (B) Binding of 35S-labeled pVHL ** ,- 
to biotinylated HIF-la(556-575) peptides - - ?  

with the indicated substitutions of residues 
561 to 568. "+" indicates preincubation of 1 2  3 4~ 
peptide with unprogrammed reticulocyte ly- WT 

sate before addition of pVHL (C and D) 
"S-labeled wild-type (WT), P564A, and L562A full-length HA-HIF-la 
(C) and Cal4-HA-HIF-la(530-652) (D) proteins were immunoprecipi- 
tated with anti-HA or captured with immobilized CST-VBC complexes. 
WC, wheat germ extract: Retic, rabbit reticulocyte lysate. The reason for 
the anomalous migration of the L562A mutant in (D) is not known. (E) 

6 7 8 9 10 11 12 
I l  

P-A L-A 

Conservation of Leuss2 and Prow among human (h),mouse (m), Xenopus 
(x), Drosophila (d), and Caenorhabditis elegans HIF orthologs and paralogs. 
Single-letter abbreviations for amino acid residues are as follows: A. Ala; C, 
Cys; D, Asp; E. Clu; F. Phe; C, Cly; H, His: I, Ile; K, Lys; L, Leu; M. Met; N, Asn; 
P, Pro; Q, Cln; R, Arg 5, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
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detectable in peptide preparations before in- 
cubation with reticulocyte lysate, nor in  re- 
ticulocyte-treated L562A and P564A pep- 
tides (Fig. 4A) (16). Electrospray ion trap 

A Wild-Type P+A L+ A B WG RBtlc 

2516 2490 2474 
lool 1 1 

tandem mass spectrometry (MSIMS) con- 
firmed the addition o f  + I6  at Pro"" and 
excluded such a modification o f  Leuse2 (24). 
Moreover, ion trap MSIMS of  the reticulo- 
cyte-treated HIF(556-575) peptide produced 
a product ion spectrum that was identical to 
that obtained with a synthetic HIF(556-575) 
peptide containing hydroxyproline at position 
564 (16). We translated Ga14-HIF(555-575) 
in the presence o f  [3H]proline using rabbit 
reticulocyte lysate or wheat germ extract, 

2390 2480 2510 2390 24W 2570 2390 2480 2570 

Mass (mfz) Mass (mh) Mass (mh) 

Fig. 4. Proline hydroxylation linked to pVHL binding. (A) MALDI-TOF analysis of wild-type, P564A, 
and L562A biotinylated HlF(556-575) peptides after incubation with rabbit reticulocyte lysate. (0) 
Ca14-HA-HIF(555-575) was translated in vitro in the presence of [3H]proline with rabbit reticu- 
locyte lysate or wheat germ extract, hydrolyzed, and analyzed by TLC. Dashed circles indicate 
positions of ninhydrin-stained proline and hydroxyproline markers. 
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Fig. 3. Ubiquitination and degradation of HIF 
linked to Leus6' and Pros64. (A) In vitro ubiq- 
uitination of 3sS-labeled wild-type, L562A, and 
P564A Ca14-HA-HIF-la(530-652) (HIF-ODD) 
in the presence of 5100 extracts prepared from 
pVHL-defective renal carcinoma cells stably 
transfected with a vector producing wild-type 
pVHL or with empty vector. (0) In vitro degra- 
dation of 3sS-labeled wild-type, L562A, and 
P564A HIF-la in Xenopus egg extracts. (C) 
Anti-HA immunoblot analysis of COS7 cells 
transiently transfected with 1.5 pg (lanes 1, 2, 
5, and 6) or 3.5 pg (lanes 3, 4, 7, and 8) of 
plasmids encoding wild-type or P564A HA-HIF- 
l a  and then transferred to media that did or 
did not contain desferrioxamine. 

the indicated sibstitutions of kesidues 561 'to 568. (C) 
ts2O cells stably transfected to produce HA-pVHL were 

HIF metabolically labeled at restrictive (lane 1) or permis- 
sive (lanes 2 to 7) temperature and immunoprecipitated 
with anti-HIF-la (Lane 1 and 2) or anti-HA (lanes 3 to 

1 2 3  
U I L  

I 
7). Bound proteins were eluted by boiling in sample 

A 

Bound elutea buffer (lane 1 and 2) or treatment with the indicated 
peptides, resolved by polyacrylamide gel electrophore- 

sis, and detected by autoradiography. (D) pVHL-defective renal carcinoma cells that had been 
stably transfected with a vector producing wild-type pVHL (WT8) or with empty vector (RC3) were 
metabolically labeled with [35S]methionine, lysed, and incubated with immobilized biotinylated 
HlF-la(556-575) peptides with the indicated substitutions of residue 564. Specifically bound 
proteins were detected by autoradiography. 
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isolated it using an electrophoretic gel, and 
subjected it to acid hydrolysis and thin-layer 
chromatography (TLC) (17, 25). The Ga14- 
HIF produced in rabbit reticulocyte lysate, 
but not in wheat germ, contained hy-
droxyproline (Fig. 4B). 

As expected, the HIF(556-575) peptide 
containing hydroxyproline at position 564 
bound to pVHL with or without pretreatment 
with reticulocyte lysate (Fig. 5A). The mass 
spectrometry analysis of the L562A peptide 
showed that Leu562 was required for HIF 
modification (Fig. 4A), but left open the pos- 
sibility that it was not required for binding to 
pVHL. Indeed, pVHL bound to a HIF(556- 
575) peptide with the L562A substitution and 
hydroxyproline at residue 564 (Fig. 5B). This 
suggests that facilitates hydroxylation 
of Pro564. 

To explore whether the hydroxylated HIF 
peptide interacts with cell-derived pVHL com- 
plexes, we used two approaches. First, we en- 
gineered ts20 cells to produce hemagglutinin 
(HA)-tagged pVHL (26). We found that HIF 
bound to HA-pVHL at the restrictive tempera- 
ture could be eluted by the hydroxylated 
HIF(556-575) peptide but not by the unmodi- 
fied peptide (27) (Fig. 5C). Moreover, HIF was 
not eluted by the HIF(556-575) P564A peptide 
or by a polyhydroxyproline peptide (Fig. 5C). 
Second, we carried out amnity chromatography 
with immobilized peptides and metabolically 
labeled matched renal carcinoma cells that do 
(Wr8) or do not (RC3) produce HA-pVHL 
(18, 27, 28). The hydroxylated HIF(556- 
575) peptide specifically bound to pVHL as 
well as to proteins with the expected elec- 
trophoretic mobilities of the pVHL-associ- 
ated proteins elongin B, elongin C, and 
Cu12 (Fig. 5D). These results indicate that 
pVHL recognizes a proline-hydroxylated 
epitope present in HIF-la .  Consistent with 
this idea, a HIF-la mutant containing a 
P564A mutation showed enhanced stability 
in COS7 cells and was insensitive to the 
hypoxia-mimetic desferrioxamine (Fig. 
3C). 

Discussion. Our findings extend the sim- 
ilarities between SCF complexes and VBC 
complexes. Like an F-box protein, the poly- 
ubiquitination function of pVHL is linked to 
its ability to bind to a posttranslationally 
modified determinant on its target. F-box 
proteins recognize specific phosphopeptides, 
whereas pVHL recognizes a proline-hydroxy- 
lated peptide (11).It will be important to deter- 
mine whether pVHL has other polyubiquiti- 
nation targets and, if so, whether they are 
similarly regulated by proline hydroxylation. 

The results of our heat inactivation studies, 
coupled with our findings on the specific hy- 
droxylation of Pro564 rather than Pro567 and the 
influence of suggest that HIF hydroxy- 
lation is canied out by an enzyme. The same 
conclusion is reached by Jaakkola et al. (29). 

The vertebrate m e  I and m e  I1 vrolvl 4-hv- ,. ,L . . . 
droxylases are tetramers consisting of two a 
subunits La(') and a(11), and two 
common B subunits (22). These enzvmes re- 

\ , 

quire Fe2+, molecular oxygen, 2-oxoglutarate, 
and ascorbate and act upon collagen and other 
proteins that contain collagen-like sequences. 
The pVHL binding peptide present in HIF does 
not closely resemble the naturally occurring 
or synthetic prolyl hydroxylation targets iden- 
tified to date. Moreover, HIF is intracellular, 
whereas the majority of proline hydroxylase 
activity is associated with the endoplasmic 
reticulum where it is required for normal col- 
lagen biosynthesis. It is therefore unlikely that 
HIF is modified by the type I and type I1 
prolyl 4-hydoxylases. 

The requirement of molecular oxygen and 
iron for proline hydroxylase activity would 
potentially explain the stabilization of HIF 
observed under hypoxic conditions or after 
treatment with agents that eliminate or com- 

u 


pete with iron, hi^ notion, however, may be 
oversimplified, First, the prolyl hydroxylases 
that modify collagen are active in hvvoxic 
cells (30, 31).second, earlier studies indicat- 
ed that oxygen sensing involved changes in 
reactive oxygen species, protein phosphoryl- 
ation, and protein nitrosylation (1-4). Con-
ceivably, these changes directly or indirectly 
affect the hydroxylation of HIF. Finally, our 
findings do not provide an immediate expla- 
nation for the observation that hypoxic induc- 
tion of HIF is prevented in the presence of 
heme inhibitors such as carbon monoxide 
(1-4). 

Tissue ischemia is a major cause of mor- 
bidity and mortality. In principle, drugs that 
stabilize HIF may augment angiogenesis and 
the adaptation to chronic hypoxia. Several 
small-molecule proline hydroxylase inhibi-
tors have been develoved as antifibrotic 
agents and can now be tested in ischemia 
models (22, 32-34). 

The activation of HIF by hypoxia is com- 
plex and involves changes in protein stability, 
nuclear localization,DNA binding capability, 
and transcriptional activation function (1-4). 
The knowledge that proline hydroxylation 
governs HIF turnover in the presence of ox- 
ygen should facilitate dissection of the mech- 
anisms underlying these various aspects of 
HIF regulation. Moreover, one can now ask 
whether proline hydroxylation is a general 
feature of the cellular response to changes in 
oxygen, and whether this modification is 
used in other signaling pathways. 
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Targeting of HIF-a to the von 

Hippel-Lindau Ubiquitylation 


Complex by 0,-Regulated Prolyl 
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Hypoxia-inducible factor (HIF) is a transcriptional complex that plays a central 
role in the regulation of gene expression by oxygen. In oxygenated and iron 
replete cells, HIF-a subunits are rapidly destroyed by a mechanism that involves 
ubiquitylation by the von Hippel-Lindau tumor suppressor (pVHL) E3 ligase 
complex. This process is suppressed by hypoxia and iron chelation, allowing 
transcriptional activation. Here we show that the interaction between human 
pVHL and a specific domain of the HIF- la  subunit is regulated through hy- 
droxylation of a proline residue (HIF-la P564) by an enzyme we have termed 
HIF-a prolyl-hydroxylase (HIF-PH). An absolute requirement for dioxygen as a 
cosubstrate and iron as cofactor suggests that HIF-PH functions directly as a 
cellular oxygen sensor. 

HIF is a key regulator of responses to hypox- tumor suppressor (pVHL) (8).which serves as 
ia, occupying a central position in oxygen ho- the recognition component of a ubiquitin ligase 
meostasis in a wide range of organisms (1). ( 9 ,  1 0 )  that promotes ubiquitin-dependent pro- 
Among its transcriptional targets are genes with teolysis of HIF-a (11-14). In hypoxic cells, 
critical roles in angiogenesis, erythropoiesis. HIF-a degradation is suppressed, leading to 
energy metabolism, vasomotor function, and transcriptional activation of target genes. Here 
apoptoticlproliferative responses. HIF is essen- we aimed to define the mechanisms that regu- 
tial for normal development (2) and plays a key late HIF-a degradation by oxygen. 
role in pathophysiological responses to isch- 0,-regulated association between HIF-ar 
emiahypoxia as well as in tunor growth and and pVHL. Classical findings that cobaltous 
angiogenesis ( I ) .  The HIF DNA binding com- ions and iron chelators mimic the action of 
plex is a heterodimer of a and P subunits (3).In hypoxia on the HIF system have led to the 
oxygenated cells, the a subunits are unstable, suggestion that a specific ferroprotein oxygen 
being targeted for proteosomal destruction by sensor might underlie the process (15-17). In 
specific degradation domains (4-7). This pro- accordance with this, we previously found that 
cess is dependent on the von Hippel-Lindau treatment of cells with cobaltous ions and iron 
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chelators prevented the HIF-alpVHL assoc~a- 
tion, suggesting that the oxygen sensing inech- 
anism might impinge directly on this protein 
interaction (8). Surprisingly, these studies indi- 
cated that the HIF-alpV'HL complex could be 
retneved Intact from hypox~c cells Gnen the 
rap~dit). of pVHL-dependent proteolys~s of-
HIF-a in oxygenated cells, we postulated that 
reoxygenation of cell extracts during cell lysis 
might promote the HIF-alpVHL interaction in 
Litro. To test this. we repeated the pV1IL co- 
immunoprecipitation experiments using ex-
tracts of '5S-methionine:cysteine-labeled cells 
that had been exposed to hypoxia and ( i )  har-
vested In a hypox~a workstat~on using d e o g -  
genated buffers (18) or (11) harvested conLen- 
tionally These expenments were performed 
w ~ t h  stably transfected renal carcinoma cells 
expressing hemagglutin~n (HA)-tagged 
VHL (RCC4 VHL.HA) ( I  I )  As reported 
previously (8), lminunopreclpltatlon w ~ t h  ,in- 
tibody to HA captured HIF-a \ubun~t< (HIF-
l a  and HIF-2a) efficiently from proteasonid- 
Ily blocked normoxlc cells Howeler. In cells 
that had been exposed to hypox~a and extract- 
ed In deoxygenated buffers, capture of HIE--tu 
was strik~ngly reduced (Fig 1.4. tompare 
lanes 2 and 4) T h ~ scontrasted w ~ t h  the ~esu l t  
obta~ned w ~ t h  conventional buffers. M here 
HIF-a subunlt5 were captured \er! cficrent-
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