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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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ly (Fig. lA, lane 3). These results indicate 
that the classical features of regulation by 
oxygen and iron availability are reflected in 
the HIF-~IDVHLinteraction in vivo and that 
promotion of the interaction mediated by ox-
ygen can occur rapidly during the preparation 
of a cell extract. 

To investigate regulation of the HIF-a/ 
pVHL interaction in vitro, we produced '%-
methionine-labeled HIF-la subunits and 
pVHL.HA separately by in vitro transcription 
translation (IVTT) in reticulocyte lysates under 
different conditions, mixed them, and assayed 
them for interaction (19). Supplementary Fe(1l) 
(ferrouschloride, 100 pM) in the HIF-la IVTT 
greatly enhanced capture by pVHL.HA, where-
as addition of Co(I1) (cobaltous chloride, 100 
pM) or desfenioxamine (DFO, 100 pM) to the 
HIF-la IVTT greatly diminished capture (Fig. 
1, B and C). In contrast, pVHL IVTTs per-
formed under these cond~tionswere all equally 
effective in supporting the HIF-la interaction. 
Furthermore, HIF-la produced in the hypoxic 
workstation had a reduced ability to interact 
with pVHL (Fig. ID). Using reticulocyte 
IVTTs of Gal4MIF- l a N P16 fusion proteins, 
we found that the regulated interaction with-
pVHL required only HIF-la residues 556 to 
574 (Fig. IE). We then surveyed the interaction 
potential of a series of recombinant pVHL and 
HIF-1a products generated in various prokary-
otic and eukaryotic expression systems (20). 
Both mammalian and bacterially expressed 
pVHL interacted with mammalian HIF-la. 
However, only HIF-la derived from mamma-
lian expression systems interacted with pVHL. 
Taken together, the findings indicate that a 
factor in mammalian cellswas necessary for the 
interaction and that this factor operated in an 
iron- and oxygen-dependent manner. 

Enzymatic modification of H I F l a .  We 
immunopurified a GalIHIF-lclNP16 fusion 
protein expressing HIF-la residues 549 to 582 
from IVTT reactions prepared in the presence 
of DFO, using anti-Gal. After various treat-
ments, the fusion protein was tested for its 
ability to bind "S-methionine-labeled pVHL 
(21,. Treatment with Fe(I1) alone in the pres-
ence of oxygen did not promote interaction, 
whereas treatment with cell extract promoted 
interaction in a manner that was iron- and ox-
ygen-dependent (Fig. 2A). Human HIF-la pro-
duced in insect cells required pretreatment with 
mammalian extract for interaction with pVHL 
(22) (Fig. 2B). The interaction-promoting activ-
ity was markedly reduced by cooling, was in-
activated by preheating to 60°C for 10min (Fig. 
2C), and did not pass through a 5-kD ultrafilter. 
Titration of Fe(1I) supplementation indicated 
full activation at 5 pM (23). Treatment of the 
cell extracts with 1 M NaCl abrogated the 
interaction-promoting activity, whereas similar 
treatment of the HIF fusion protein after mod-
ification by cell extract did not reduce its ability 
to capturepVHL (Fig. 2D). Likewise, treatment 

of the HIF fusion protein with phosphatase or (ATP) depletion with glucose/hexokinase and 
DFO after modification by cell extract did not unaffected by treatment with NADase, clotrim-
prevent pVHL capture. These results suggested azole, or depletion of NAD(P)H with methyl 
that HIF-la is a substrate for an enzyme-medi- viologen (23). 
ated modification that is not phosphorylation. We next studied the HIF-la recognition se-
Further analysis indicated that the enzyme ac- quence in detail. Figure 3A shows alignment of 
tivity was unaffected by adenosine triphosphate the known or putative pVHL-binding domains 

Fig. 1. Regulation of A * 49 C 
the interaction be- :: g HIF-la - D Co - -
tween pVHL and HIF-o: a u ~ V H L  - - - D C O- -

subunits by oxygen and HYpoX1a - - + +  HlF-la - Fa - Fe 
HlF-la m -0

iron availability. (A) In - - - + 
pVHL - - Fe Fe 

vivo coimmunoprecipi- m y - HIF-la Ili 
tation assay. ' R C C ~  
cells, which iack pVHL HIF-la 

(lane I), and a stable , . pVHL I O w - 0 '  pyHL ----
transfectant expressing 1 2 3 4 5  1 2  3 4  

HA-tagged pVHL HIF-la pVnL-- HIF-la pVHL--
(RCC4NHL.HA. lanes 2 - D C O  - D C o  - Fe - Fe 

to 4) were labeled in inputs--- --- ~"puts51.--
the presence of the 

1 2 3 4
proteasoma1 inhibitor D E HIF-la sequence in fusion 
MC132, either in nor- Hypoxla + . + - - -----

5E-574 549-574 556-582 549-582 -moxia (lanes 1 and 2) Po + f ; -----
I m n - + - + - + - + - + 

or hypoxia (lanes3 and 
4) for 4 hours. Cells !&ik --w fusion - 0 -
were lysed either in a ----- PVHL -------0--
hypoxic workstation '"put 

1 2 3 4 5 1 2 3 4 5 6 7 8 9 1 0  
(lane 4) or on the 
bench (lanes 1 to 3) (78).pVHL and associated proteins were captured with anti-HA. Capture of pVHL 
and elongins B and C was similar in lanes 2 to 4 (45). (B to E) In vitro assays of the HIFaIpVHL 
interaction. Labeled HIF-la and pVHL.HA were generated separately in reticulocyte lysates (IVTT), in 
the presence or absence of Co(ll) (Co),desferrioxamine (D),or added Fe(ll) (Fe).Lysates were mixed as 
indicated, and interactions were assayed by anti-HA immunoprecipitation. (B) Effect of Co(ll) or 
desferrioxamine. (C) Effect of additional Fe(ll). (D) Effect of hypoxia. Labeled HIF-la was generated in 
IVTT reactions in the presence of desferrioxamine or added Fe(ll)either under ambient conditions or in 
a hypoxicworkstation (79)and then mixed in the hypoxicworkstation with recombinantCST-VBC (20). 
VHL and associated proteins were captured with glutathione-agarose. (E) Fusion proteins 
containing the indicated HIF-lo:sequences, or no insert (lanes 9 and lo),  between a Gal4 DNA 
binding domain and a VP16 transactivation domain, were expressed in reticulocyte lysates with 
or without added Fe(ll). Aliquots were mixed with pVHL.HA and interactions assayed by 
anti-HA immunoprecipitation. 

Fig. 2. Analysis of the A B 
activity that promotes extract - + + - R C C - + + 
interaction of HIF with iron - - + + retic - + - - + -
pVHL. Shown are wt pVHL mut pVHL 
pVHL capture assays pVHL ---
in which an unlabeled 
HIF-lo: substrate was pVHL 0-
immunopurified on --
beads and washed and 1 2 3 4  1 2 3 4 5 6
aliauots were incubat-
ed bnder different test 
conditions in buffer or extract - + + + +cell extract. After fur- - + +

ther washing, the iron - - + d I d I  
+ - + E u , - c n v -

beads were assayed pVHL 0 O modp=d 
for ability to interact =--
with 35S-methionine-
labeled pVHL, which --

was then visualized by 1 2 3 4 5 

fluorography. In (A) 1 2 3 4 5 
and (C), the HIF sub-
strate was a GallHIFlVP16 fusion protein (27). In (B) and (D), the HIF substrate was PK 
epitope-tagged HIF-la [HIF-la(1-826).PK] expressed in insect cells (22). (A) Requirement for cell 
extract. Enhanced capture of pVHL is seen after exposure of the HIF fusion protein to cell extract 
in the presence of Fe(ll).(B) Both RCC4 cell extract and reticulocyte lysate (retic), in the presence 
of Fe(ll), promote the ability of HIF to capture wild-type (wt) but not mutant (mut; Pro86His) 
pVHL. (C) The Fe(ll)-dependentactivity of the cell extract is abrogated by preheating at 60°C for 
10 min. (D) Addition of NaCl to the RCC4 cell extract (to 1 M final concentration) abrogated the 
modifying activity (lanes 2 and 3),whereas incubation of the HIF-la(1-826).PK in NaCl (1 M) after 
exposure to the cell extract did not alter its ability to capture pVHL (lanes 4 and 5). 
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among HIF-a homologs, together with the ef- 
fects of selected point mutations in human HIF- 
l a  on the ability to interact with pVHL. Muta- 
tion of a conserved proline, Pros" + Gly, to- 
tally abrogated interaction and TY?"~ -+ Ala 
reduced the interaction, whereas other mutations 

Fig. 3. Analysis of the 
minimal pVHL-binding 
domain of HIF-la. (A) 
(Left) Sequence align- 
ment of the minimal 
pVHL-binding domain 
from HIF-la and HIF- 
2a, with HIF-a from 
other organisms (30). 
(Right) Effect of point 
mutations in the 

had little effect or even enhanced interaction. 
We also used synthetic peptides to inhibit the 
HIF-la/pVHL interaction (24). A 34-residue 
peptide encompassing amino acids 549 to 582 

pVHL 

pVHL-binding domain B 
of human HIF-la. WLYPEPTIDE I~IBITION Gyzg",T 
Wild-tvpe (WT) and PPBTQCTDLDL~PMDDDFQIRSPDQLSP - ++ 

did not block interaction. However, the same 
peptide acquired blocking activity when it was 
pretreated with mammalian cell extract supple- 
mented with Fe(I1) (Fig. 3, B and C). Overall, no 

mutated HIF-I& were D w L ~ I p m m o p p L  ++ 
eenerated in reticulo- LEMI.APYTPMDDDPQL + " 
cyte lysate and exam- 
ined for interaction 
with pVHL.HA by anti- 
HA immunoprecipita- 
tion. (B) Summary of 
the ability of synthetic 
polypeptides to block 
the HIF-1alpVHL in- 
teraction before and 
after exposure to re- 
ticulocyte lysate sup- 
plemented with Fe(ll). 
Treated and untreated 
peptides were added 
to a mixture of HIF-la 

peptide could block the interaction without prior 
enzymatic modification, blocking activity could 
not be induced by a variety of direct oxidation 
systems (Fig. 3D), phosphorylation of Ty?"' 
had no effect on the ability of extract to promote 
blocking activity, and the mutant Pro5" + Gly 
peptide did not block the HIF-IdpVHL inter- 
action, even after exposure to extract. 

Prolyl hydroxylation of a HIF-la deg- 

C 
lysate - + - + +  - 
iron - + + + - +  
DFO - - - - + -  
19:WT - - + + + +  
ultraflltrate - - - - - + 

radation domain. Mass spectrometric anal- 
yses [matrix-assisted laser desorption ioniza- 
tion-time of flight (TOF)] (25) of extract- 
treated synthetic peptide and recombinant 

and pVHL.HA IVTTs 
that was then assayed 
for interaction by anti- 
HA immunoprecipita- 
tion 1241. Substituted 

HIF (expressed in insect cells and then treat- 
ed with mammalian extracts) indicated a se- 

pVHL - 
pVHL - 

1 2  3 4 5  6 1 2 3 4 5 6 7  ries of oxidations as evidenced by + 16-dal- 
ton mass shifts in ions derived from this 
sequence. Further analyses by MSIMS (elec- 
trospray ionization-quadrupole TOF) re- 
vealed oxidations at Pros"4, Met5" , and 
Met5"'. Because these methionines are either 
nonconserved or can be mutated without ef- 
fect, methionine oxidation may occur during 
peptide preparation for MS. and treatments 
that oxidize methionine efficiently did not 
mimic the enzymatic activity investigated 
here (Fig. 3D), we postulated that the critical 
modification was the oxidation of Prose4. 

residues are underlined. ? denotes phosphotvrosine. 1C1 Example of a 
peptide-blocking assay with HIF-lo: peptide residues 556 to $74 ( 1 9 : ~ ~ ) .  The pebtide biocks the 
interaction of HIF-lu with pVHL after pretreatment with cell extract in the presence of Fe(ll). 
Peptide pretreated with iron chelated cell extract (DFO), with Fe(ll) alone, or with Fe(ll) in an 
ultrafiltrate of cell extract (<5 kD) did not block the interaction. (D) Peptide-blocking assay with 
19:WT. The assay compares the ability of cell extract and a variety of direct oxidation conditions 
to block peptide binding. In contrast with exposure to Fe(ll)-supplemented cell extract (lane 7), 
exposure of peptide to Fe(ll) (100 )LM) alone or with hydrogen peroxide (1 mM), NADH oxidase (1 
UIpl) with NADH (1 mM), or NADH-FMN oxidoreductase (7 mUIpI) with NADH (1 mM) or 
metachlorobenzoic acid (1 mM) did not block peptide binding. 

Fig. 4. Hydoxyproline substitu- A - 2 tion at Pro564 promotes interac- I w e 
tion of HIF-la with pVHL. (A) g 5 X 

Peptide-blocking assay with a E 
HIF peptide (residues 556 to O) S $  66 
574) bearing a trans-4-hydroxy- 
S-proline substitution at residue n- - ~ 5 ;  

I n l o r  a a  
Pro564. Blocking peptides were o N O 9  Z I ? ?  

O r 0 0 0  0 0 0  

added to a mixture of HIF-lo: HIFla - 
and pVHL.HA lVTTs that was 0 *I 

To test this, we synthesized a peptide 
(HIF-la residues 556 to 574) containing a 
trans-4-hydroxy-S-proline residue at position 
564 (19:Pro564Hyp), because the trans-4- 
hydroxylation is the most common enzymatic 
proline oxidation (26). In striking contrast 

-- 
extract - - + + - - + + 
wtVHL + - + - + - + - 
mutVHL - t -  + - + -  + with previously tested peptides, 19: 

Pro564Hyp blocked the HIF-la/pVHL inter- then .assayed for interaction by 
anti-HA immunoprecipitation. 
The hydroxyproline substituted 
peptide (19: Pro564Hyp) inhibits pVHL I 
the HIF-1alpVHL interaction 1 2 3  4 5  5 7 8  

without pretreatment by cell ex- 

action without pretreatment with cell extract 
(Fig. 4A). Moreover, a biotinylated version 
of 19:Pro564Hyp specifically bound wild- 
type but not mutant pVHL, and its ability to 
bind pVHL was not increased further by in- 
cubation with cell extract (27) (Fig. 4B). 

tract (compare lanes 2 to  5 with lane 7). 19:WT, unsubstituted equivalent peptide. Control lanes 
1 and 6 demonstrate the interaction with no peptide added. (B) pVHL capture assay with 
biotinylated synthetic peptides. Peptides were assessed for the ability to capture wild-type or 
mutant (Pros6 -+ His) pVHL 19:WT captured pVHL only after incubation with cell extract (lane 3), 
whereas 19:Pro564Hyp captured wild-type pVHL without pretreatment (lane 5). In both cases, 
wild-type but not mutant pVHL was captured. 

These results revealed that the enzymatic 
activity promoting interaction of HIF-la with 
pVHL is a prolyl-4-hydroxylase, which we 
tern HIF-a prolyl-hydroxylase (HIF-PH). All 
previously described prolyl-4-hydroxylases 
(PHs) are members of the superfamily of 
2-oxoglutarate-dependent and related dioxyge- 

ATP or NAD(P), but they do have an absolute ter coordinated by an HXDIE. . .H motif (2Y, 
requirement for Fe(I1) as a cofactor and dioxy- 30). The Fe(l1) can be readily removed by 
gen as a cosubstrate (28). Structural studies of chelating agents, and enzyme activity is inhib- 
dioxygenases have defined a nonheme iron cen- ited by substitution of Fe(l1) with Co(1l) or 

nases (28). Consistent with our data, none of 
these enzymes have an absolute requirement for 
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Fig. 5. Effect of cofac- A B 1s:W + + + + - -  
tors and inhibitors on 19:Pro584Hyp - - . - + +  
enzymatic modifica- - - + + extract + + + + - -  
tion of HIF. (A) pVHL a"orbate - + - + Noxalylglyclne (mM) - 1.0 0.2 1.01.0 - 
capture assay 'with pVHL -m 2-oxogluterate (mM) . - . 5.0 - - 
CalIHIF-la549-5821 
VP16 fusion protein as 1 2 3 4  PVHL m - 
substrate. ~scorbate 
12 mM1 enhanced the 
hodifying activity of 
cell extract but had no 
effect on pVHL cap- 
ture by the HIF fusion 
protein in the absence 
of cell extract. (B) 
DVHL caDture assav 

C 
time (mins) 

- 1 2  5 1 0  

normoxla - - -- 
hypoxla - -- 

pVHL 

pVHL 

D 
Hep38 U20S 

dimethyl- 
oxal lglyclne 0 0.1 1.0 0 0.1 1.0 
( m d  

k i th  bioti;lylated ~ l ~ b e ~ t i d e s  as substrate. N-Oxalylglycine (0.2 to 1 mM) inhibited the modifying 
activity of cell extract (lanes 2 and 3). Inhibition was overcome by addition of 5 m M  2-oxoglutarate 
(lane 4). 19:Pro564Hyp captured pVHL efficiently without modification by cell extract (lane 6), and 
this was not influenced by exposure to N-oxalylglycine (lane 5). (C) pVHL capture assay with 
CaVHIF-la549-582lVP16 fusion protein as substrate. Effect of hypoxia on the modifying activity 
of a cell extract. HIF substrate was incubated with cell extract [supplemented with 2 m M  ascorbate 
and 10 p,M Fe(ll)] for the indicated times at 30°C under ambient conditions or in the hypoxic 
workstation. The reaction was stopped by washing with DFO, and the HIF substrate was assayed 
for its ability to interact with pVHL. A time-dependent increase in capture is seen in normoxia, 
which is greatly reduced in hypoxia. (D) HIF-la immunoblot analysis of extracts of Hep3B and 
UZOS cells exposed to dimethyl-oxalylglycine for 6 hours. HIF-la is strongly induced under 
normoxic culture conditions. 

Ni(I1) (26). Because the known prolyl-4-hy- 
droxylases are dependent on ascorbate for full 
catalytic activity (28), we tested the effect of 
ascorbate on HIF-PH activity. Ascorbate en- 
hanced HIF-PH, as assessed by the ability of 
cell extract to modify H1F;but had no effect on 
HIF in the absence of the extract (Fig. 5A). We 
next tested a series of 2-oxoglutarate analogs 
that act as competitive inhibitors of PHs (31) 
for their ability to inhibit HIF-PH. Complete 
inhibition of modifying activity was observed 

In mammalian cells, the best character- 
ized prolyl-4-hydroxylases are the a ,  and a, 
isoforms that modify collagen. These en- 
zymes are reported to have a strict substrate 
specificity for prolyl residues in collagen re- 
peat sequences, typically (Pro-Pro-Gly),, 
(28). When tested as substrate for recombi- 
nant (a1 or 1x2) human prolyl-4-hydroxylase, 
the HIF peptide showed no activity (35). We 
therefore postulate that HIF-PH is a previous- 
ly unknown prolyl-4-hydroxylase. 

with N-oxalylglycine, and this could be corn- Discussion. The known properties of 
peted by 2-oxoglutarate (Fig. 5B). Similar inhi- 2-oxoglutarate-dependent oxygenases readi- 
bition, also competed by 2-oxoglutarate, was ly explain why the effects of hypoxia on HIF 
observed with N-oxalyl-2s-alanine but not the can be mimicked by exposure to iron chela- 
enantiomer N-oxalyl-2R-alanine, demonstrating tors or cobaltous ions. Two explanations have 
that the effect was not simply due to Fe(I1) been advanced previously for these findings. 
chelation. We also used a 2-oxoglutarate-de- First, it has been proposed that cobaltous ions 
pendent dioxygenase, phytanoyl+oenzyme A substitute for ferrous ions at an oxygen sens- 
(CoA) a-hydroxylase (32), together with a 
readily available unnatural substrate (isovaleryl 
CoA) (33) to deplete the cell extract of 2-0x0- 
glutarate produced by the citric acid cycle; as 
predicted, this prevented the subsequent modi- 
fication of HIF peptide (34). 

Because prolyl-4-hydroxylases use mo- 
lecular oxygen as a cosubstrate, we exam- 
ined the effect of hypoxia on HIF-PH ac- 
tivity in the presence of maximal supple- 
ments of other cofactors. As shown in Fig. 
5C, hypoxia markedly suppressed HIF-PH 
activity, suggesting a direct mechanism for 

ing iron center (15). Because most iron cen- 
ters (e.g., heme and the large majority of iron 
sulfur clusters) do not exchange in this way, 
it was proposed that such a protein must turn 
over rapidly. Second, it has been postulated 
that cobaltous ions and iron chelators inter- 
fere with Fenton chemistry in nonenzymatic 
"metal catalyzed oxidation" systems and with 
signaling through reactive oxygen species 
(17, 36). The labile iron centers associated 
with prolyl-4-hydroxylases can accommodate 
the original iron center substitution hypothe- 
sis without the need to propose rapid turnover 

cellular 0, sensing. Finally, to assess the of the sensor. Furthermore, we were unable to 
potential for inhibition of HIF-PH activity promote specific interactions of HIF-a se- 
to regulate the HIF system in vivo, we quences with pVHL by a variety of nonenzy- 
synthesized an ester of N-oxalylglycine (di- matic oxidation systems. Our results do not 
methyl-oxalylglycine) that penetrates cells exclude the possibility that direct oxidation 
readily. Exposure of cells to this compound processes or other oxygen sensing systems 
resulted in rapid induction of HIF-la (Fig. impinge on HIF at other sites or indeed on 
5D). components of the enzymatic prolyl hydroxy- 

lation complex. Although our evidence indi- 
cates that HIF-PH is distinct from the [a1 and 
a21 prolyl-4 hydroxylases, it is interesting 
that these enzvmes use vrotein disulfide 
isomerase as a P-subunit, thus providing a 
potential link to sulfhydryl redox chemistry. 

The pVHL multiprotein complex belongs 
to the SCF class of ubiquitin ligases, with 
pVHL acting as the F-box-like substrate rec- 
ognition component (9, 10,37,38). For other 
F-box proteins, recognition is regulated by 
substrate phosphorylation. Furthermore, HIF- 
l a  is a phosphoprotein, and phosphorylation 
has been implicated in HIF regulation (39, 
40). Although our findings do not exclude 
HIF-a phosphorylation influencing pVHL 
binding, they demonstrate a key role for en- 
zymatic hydroxylation of ProSM and thus de- 
fine a different mechanism of substrate rec- 
ognition. Furthermore, it is of interest that 
HIF-a subunits contain other evolutionarilv 
conserved proline residues (41). In other 
studies, we have defined a second subdomain 
within the NH,-terminal portion of the HIF- 
l a  oxygen-dependent degradation domain 
that supports pVHL-dependent ubiquitylation 
and contains a functionally critical proline 
residue (42), suggesting that similar marking 
modifications occur elsewhere in HIF-a. 

In summary, our results and those of Ivan 
et 01. (43) suggest that HIF-PH(s) act as a 
general oxygen sensing mechanism that reg- 
ulates the HIF transcriptional cascade. It will 
also be of interest to determine whether hy- 
droxylation occurs at prolines in other mole- 
cules, e.g., within so-called "PEST" domains 
that are associated with rapid protein turnover 
(44). Furthermore, if the prolyl modification 
is relatively specific to pVHL-mediated ubiq- 
uitylation, then it may help define other sub- 
strates that are important in pVHL tumor 
suppressor function. 
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A quantum system will stay near its instantaneous ground state if the Ham- 
iltonian that governs its evolution varies slowly enough. This quantum adiabatic 
behavior is the basis of a new class of algorithms for quantum computing. We 
tested one such algorithm by applying it to randomly generated hard instances 
of an NP-complete problem. For the small examples that we could simulate, the 
quantum adiabatic algorithm worked well, providing evidence that quantum 
computers (if large ones can be built) may be able to outperform ordinary 
computers on hard sets of instances of NP-complete problems. 
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classical (i.e., nonquantum) computers. An 
intractable problem is one that necessarily 
takes too long to solve when the input gets 
too big. More precisely, a classically intrac- 
table problem is one that cannot be solved 
using any classical algorithm whose running 
time grows only polynomially as a function 
of the length of the input. For example, all 
known classical factoring algorithms require 
a time that grows faster than any polynomial 
as a function of the number of digits in the 
integer to be factored. Shor's quantum algo- 
rithm for the factoring problem ( I ) can factor 
an integer in a time that grows (roughly) as 
the square of the number of digits. Thls ralses 
the question of whether quantum computers 
could solve other classically difficult prob- 
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