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Mammalian cells adapt to hypoxic conditions through a
transcriptional response pathway mediated by the hyp-
oxia-inducible factor, HIF. HIF transcriptional activity is
suppressed under normoxic conditions by hydroxylation
of an asparagine residue within its C-terminal transacti-
vation domain, blocking association with coactivators.
Here we show that the protein FIH-1, previously shown
to interact with HIF, is an asparaginyl hydroxylase. Like
known hydroxylase enzymes, FIH-1 is an Fe(II)-depen-
dent enzyme that uses molecular O, to modify its sub-
strate. Together with the recently discovered prolyl hy-
droxylases that regulate HIF stability, this class of oxy-
gen-dependent enzymes comprises critical regulatory
components of the hypoxic response pathway.

Received March 14, 2002; revised version accepted April 30,
2002.

Almost all mammalian cells possess the ability to rec-
ognize changes in the local availability of oxygen. When
oxygen levels are low (hypoxia), a conserved hypoxic re-
sponse pathway is activated. At the center of this path-
way lies the ubiquitously expressed transcription factor
hypoxia-inducible factor (HIF) (Semenza 1999). HIF is a
heterodimer composed of an alpha subunit, HIF-1a or
the paralogs HIF-2a or HIF-3«a (Tian et al. 1997; Gu et al.
1998; O’Rourke et al. 1999; Srinivas et al. 1999), and the
HIF-1B subunit, also known as the aryl hydrocarbon re-
ceptor nuclear translocator (ARNT) (Wang et al. 1995).
Whereas HIF-1B expression and activity levels remain
largely unaffected by changes in oxygen levels, the HIF-a
subunit is strongly induced following exposure to hyp-
oxic conditions.
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Two primary mechanisms by which HIF-a activity is
regulated by oxygen have been identified. Under nor-
moxic conditions, the oxygen-dependent degradation do-
main (ODD) within the HIF-a subunit is recognized by
the product of the von-Hippel Lindau tumor suppressor
gene (pVHL) (Maxwell et al. 1999). pVHL is a component
of a protein—ubiquitin ligase complex that targets the
alpha subunit for degradation by the proteasome (Max-
well et al. 1999; Cockman et al. 2000; Ohh et al. 2000;
Tanimoto et al. 2000). pVHL recognition of HIF-« is de-
pendent on hydroxylation of proline residues within the
ODD (Ivan et al. 2001; Jaakkola et al. 2001; Yu et al.
2001). Under hypoxic conditions, prolyl hydroxylation is
blocked, resulting in increased HIF-«a stability and accu-
mulation (Ivan et al. 2001; Jaakkola et al. 2001; Yu et al.
2001). This posttranslational modification is carried out
by a family of prolyl hydroxylase enzymes that bear
structural and functional similarities to previously char-
acterized hydroxylases (Bruick and McKnight 2001; Ep-
stein et al. 2001). Like these enzymes, the HIF prolyl
hydroxylase enzymes use Fe(II) to bind O, to hydroxylate
both 2-oxoglutarate and the target proline residue
(Bruick and McKnight 2001; Epstein et al. 2001). Because
these enzymes bind oxygen directly, it has been specu-
lated that they may be critical oxygen sensors within the
hypoxic response pathway.

In addition to inducing HIF stability, hypoxic condi-
tions promote the ability of the HIF-a C-terminal trans-
activation domain (CAD) to interact with coactivators
such as p300 (Ema et al. 1999; Carrero et al. 2000; Kung
et al. 2000; Gu et al. 2001). It was recently shown that
HIF-a association with p300 is blocked under normoxic
conditions by hydroxylation of a conserved asparagine
residue within the CAD (Lando et al. 2002). Asparagine
hydroxylation is abrogated by hypoxia, allowing HIF to
recruit the larger transcriptional apparatus to hypoxia-
responsive target genes (Lando et al. 2002). As with HIF
prolyl hydroxylases, endogenous HIF asparaginyl hy-
droxylase activity can be blocked with competitive in-
hibitors of 2-oxoglutarate and with iron chelators (Lando
et al. 2002), suggesting that this enzyme might also re-
semble known hydroxylase enzymes. Such asparaginyl
hydroxylase enzymes would be expected to bind O,, po-
tentially playing the role of a second oxygen sensor
within the hypoxic response pathway. In this study we
identify an asparaginyl hydroxylase enzyme capable of
modifying the key asparagine residue within the HIF-1a
and HIF-2a CADs, thereby suppressing HIF activity.

Results and Discussion

FIH-1 is predicted to fold like 2-oxoglutarate-
and Fe(II)-dependent oxygenases

Fe(II)-dependent enzymes that use O, to oxidize both
2-oxoglutarate and either polypeptide or metabolite sub-
strates are found throughout nature. Structures have
been determined for several members of this family, re-
vealing a conserved double-stranded B-helix that com-
poses the enzyme core (Roach 1995; Valegard et al. 1998;
Zhang et al. 2000; Clifton et al. 2001). Within this fold
lies a critical His-X-Asp/Glu dyad and C-terminal His
residue responsible for binding the iron atom (Hegg and
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Figure 1. Predicted secondary structure of FIH-1. A multiple sequence alignment was generated using Jpred (Cuff et al. 1998) for amino acid
residues 179-300 of human FIH-1. Related proteins are indicated by their gi accession numbers. Segments predicted to be in an extended
conformation (B-strand) are denoted by arrows. Identical residues are shaded in black, and similar residues are shaded in gray. Asterisks indicate
critical amino acids for Fe(Il})-binding in characterized hydroxylase enzymes.

Que 1997). Sequence profile searches have been used to
identify previously undetected members of this family of
enzymes (Aravind and Koonin 2001). Using these guide-
lines, additional sequence analysis was undertaken to
identify candidate hydroxylase enzymes. Of particular
interest was the finding that the protein factor inhibiting
HIF-1 (FIH-1) is predicted to contain a B-helix core fea-
turing the 2-His-1-carboxylate triad diagnostic of 2-oxo-
glutarate- and Fe(II)-dependent oxygenases (Fig. 1). FIH-1
was recently shown to inhibit the activity of the CAD
through direct interactions with both the CAD of HIF-1a
and pVHL (Mahon et al. 2001). These properties strongly
suggested that FIH-1 may suppress CAD ac-
tivity via hydroxylation of the asparagine
residue that mediates coactivator recruit-

ment (Lando et al. 2002). .07
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ity is inhibited by DMOG. Together, these data indicate
that FIH-1 may be a 2-oxoglutarate- and Fe(Il)-dependent
oxygenase.

FIH-1 suppresses HIF-a transcriptional activity
by preventing CAD association with p300

Under normoxic conditions, HIF-a« CAD association
with the CHI domain of the coactivator p300 is blocked
by hydroxylation of a conserved asparagine residue
(Lando et al. 2002). To test the hypothesis that FIH-1 is
the asparaginyl hydroxylase responsible for mediating

|:_ GaloBen

l—j m—'f_m:e'ase =

[T calDBOMIF-10727-528

W GaUDBDMIF-2 774-874

the O,-insensitive Gal4 DNA-binding domain
(GalDBD). Transfection of the GalDBD fu-
sion with the terminal 100 amino acids from
either HIF-1a or HIF-2a drives expression of
a luciferase reporter gene under the control of
a Gal4 reporter (Fig. 2A). As observed by Ma-
hon and colleagues (Mahon et al. 2001), co-
transfection of wild-type (wt) FIH-1 sup-
pressed CAD-dependent expression of the lu-
ciferase reporter in a dose-dependent fashion
(Fig. 2A). Because the asparaginyl hydroxy-
lase activity that inhibits CAD activity is de- e
pendent upon Fe(Il) (Lando et al. 2002), mu-
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201 (D201A) to Ala prevents FIH-1 suppres-
sion of HIF CAD activity (Fig. 2A). 2-Oxoglu-
tarate-dependent hydroxylase enzymes can
also be inhibited in vivo by the competitive
inhibitor dimethyl-oxalylglycine (DMOG), a
cell-permeable analog of 2-oxoglutarate
(Jaakkola et al. 2001). As shown in Figure 2B,
FIH-1-dependent suppression of CAD activ-

Figure 2. Effect of FIH-1 on HIF-1a and HIF-2a transactivation domain activity. (A)
293T cells were cotransfected with expression vectors for either the Gal4 DNA bind-
ing domain (GalDBD) or the indicated GalDBD/HIF-1a 727-826 or GalDBD/HIF-2«
774-874 chimeras, a Gal4 response element-driven luciferase reporter, and wild-type
FIH-1 (wt) or HI99A or D201A substitution mutants as indicated. (B) 293T cells were
cotransfected with either GalDBD/HIF-1a 727-826 or Gal/HIF-2a 774-874 chimeras,
a Gal4 response element-driven luciferase reporter, and 200 ng of wild-type FIH-1
plasmid. Transfected cells were subjected to increasing (0-200 pM) dimethyl-oxalyl-
glycine (DMOG) treatment. Data are the average of three transfections +/- S.D.
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Figure 3. In vitro hydroxylation of HIF-2a 774-874 by FIH-1 inhib-
its interaction with p300. *°S-labeled HIF-2« 774-874 wild-type (wt)
or the N851A mutant were treated with MBP-FIH-1 (wt or D201A
mutant) in the presence of Fe(Il), ascorbate (asc), and 2-oxoglutarate
(20G) or the hydroxylase inhibitor DMOG, then incubated with
immobilized GST-p300 CH1. °S-labeled HIF-2a 774-874 bound to
the GST-p300 CH1 domain was visualized following SDS-poly-
acrylamide gel electrophoresis. FIH-1 activity is inhibited by 1 mM
CoCl, (A) or 2 mM DMOG (B).

p300 interaction with the CAD, recombinant CH1 do-
main of p300 was expressed as a glutathione S-transfer-
ase (GST) fusion and used to pull down 3°S-labeled HIF-
2a CAD. As shown in Figure 3A (lane 4), GST-p300 does
associate with the CAD (HIF-2«a residues 774-874). How-
ever, preincubation of the CAD with recombinant wild-
type FIH-1, expressed as a maltose-binding protein (MBP)
fusion, severely inhibits association with GST-p300 (Fig.
3A, lane 5). FIH-1-dependent inhibition requires addition
of 2-oxoglutarate, Fe(Il), and ascorbate, consistent with
putative hydroxylase activity (Fig. 3A, lanes 5,7). Disrup-
tion of FIH-1’s putative Fe(Il)-binding site (D201A)
blocks recombinant FIH-1 activity (Fig. 3A, lane 6).
DMOG and Co(II), competitive inhibitors of hydroxylase
activity, also prevent FIH-1 from disrupting the CAD-
p300 interaction (Fig. 3A,B). Mutation of the asparagine
residue to alanine (N851A for HIF-2a) prevents CAD hy-
droxylation in vivo and leads to constitutive CAD asso-
ciation with p300, even under normoxic conditions
(Lando et al. 2002). The N851A mutation likewise ren-
ders the CAD-p300 interaction insensitive to FIH-1 in
vitro (Fig. 3A,B). FIH-1 was equally capable of blocking
p300 association with the HIF-1a CAD (data not shown).
In addition to preventing p300 association with the CAD
via hydroxylation, FIH-1 could also directly compete
with p300 for CAD binding. However, FIH-1 fails to
block p300 binding to the CAD in the absence of excess
Fe(Il) and 2-oxoglutarate (Fig. 3A, lane 7), although it
remains capable of binding the CAD under these condi-
tions (Mahon et al. 2001).

FIH-1 hydroxylates the key asparagine residue
within the HIF-a CAD

To confirm that FIH-1 possesses asparaginyl hydroxylase
activity, recombinant MBP-FIH-1 was incubated (+/-
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DMOG) with purified HIF-2a CAD (residues 774-874)
expressed as a Trx6H fusion protein in Escherichia coli.
Using matrix-assisted laser desorption time-of-flight
mass spectrometry (MALDI-TOF-MS), a tryptic peptide
fragment containing Asn 851 was shown to contain an
additional mass of 16 daltons, consistent with hydroxyl-
ation, in the sample prepared with active FIH-1 (Fig. 4A,
+20G). The fragment from the DMOG-containing reac-
tion lacked the mass increase. To identify the modified
residue, the relevant tryptic peptides from each sample
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Figure 4. HIF-2a 774-874 is efficiently hydroxylated at residue Asn
851 by FIH-1 in vitro. (A) MALDI-TOF-MS spectra of trypsin-di-
gested Trx6H HIF-2a 774-874 after treatment with FIH-1 in the
presence of 2-oxoglutarate (20G, upper spectrum) or DMOG (lower
spectrum). The tryptic peptide YDCEVNVPVPGSSTLLQGR (846-
864) is hydroxylated (+16 daltons) after treatment in the presence of
20G, but not DMOG (magnified below). (B) Tandem MS sequencing
of the hydroxylated and nonhydroxylated HIF-2a 846-864 tryptic
peptides after FIH-1 treatment with 2-oxoglutarate (20G) or
DMOG, respectively, shows the hydroxylated residue is Asn 851.
For instance, b- and y-type fragment ions were observed with the
2090.9 unmodified peptide that covered nearly the entire peptide
sequence (lower spectrum). The modified 2106.9 peptide produced
some fragment ions (upper spectrum) at the same m/z values as the
unmodified peptide. These coincidental fragments correspond to
portions of the sequence that did not contain Asn 851. Fragments
were also observed for the modified sequence at m/z values of +16
daltons more than the Asn 851-containing fragments of the unmodi-
fied sequence (indicated by b+ and y+ in the upper panel). The
boundary of the coincident and +16-dalton fragment ions is indi-
cated by the symbol N+ on the upper panel.
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were further analyzed by tandem mass spectrometry.
Comparison of the fragment patterns revealed that Asn
851 contained the additional oxygen atom (Fig. 4B). To-
gether these data show that FIH-1 is an asparaginyl hy-
droxylase that inhibits HIF transcriptional activity by
preventing CAD association with the coactivator p300.

The role of FIH-1 in the hypoxic response pathway

Because both the HIF prolyl and asparaginyl hydroxy-
lases use molecular O, as a substrate, it is reasonable to
predict that these enzymes might be direct oxygen sen-
sors within the hypoxic response pathway. Additional
studies will be necessary to determine if the affinity of
these enzymes for oxygen could account for the sensi-
tivity of the hypoxic response to changes in O, in vivo.
When overexpressed at high levels in 293T cells, FIH-1
does suppress CAD activity under normoxic conditions
(Fig. 2). If FIH-1 activity is an oxygen sensor, this inhibi-
tory activity should be suppressed under hypoxic condi-
tions. Indeed, suppression of the inhibitory effects of the
HIF prolyl hydroxylase on HIF activity has been observed
under hypoxic conditions (Bruick and McKnight 2001).
However, when transfected at high levels, FIH-1 was still
able to suppress HIF-1a CAD activity at low oxygen con-
centrations (Mahon et al. 2001). Similar effects are ob-
served when FIH-1 is transfected at much lower levels
(Fig. 5). Although even low levels of overexpressed FIH-1
may still retain enough activity to suppress the CAD
under hypoxic conditions, this result raises the possibil-
ity that the regulation of FIH-1 activity may be not be
regulated solely by its affinity for O,.

Full induction of the hypoxic response pathway upon
exposure to low oxygen levels requires both stabilization
of the HIF-a transcription factor and activation of the
CAD (Lando et al. 2002). Each event depends on abroga-
tion of a hydroxylase enzyme that negatively regulates
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Figure 5. Effect of hypoxia on FIH-1 inhibition of transactivation
domain activity. Human embryonic kidney 293 cells were trans-
fected with a Gal4-tk-luc reporter DNA, the HIF-1a 727-826/Gal4
chimera (wild-type or the N803A substitution mutant) and FIH-1
(wild-type or the D201A substitution mutant) or a LacZ control.
Cells were incubated for 19 h under normoxic conditions or for 5 h
under normoxic conditions followed by 14 h under hypoxic condi-
tions (0.5% O,). FIH-1, but not the D201 A mutant, suppresses CAD
activation under hypoxic (0.5% O,) conditions. FIH-1 suppression of
CAD activity under normoxic conditions is not observed under
these conditions as baseline luciferase activity levels are at the level
of detection. Mutation of the asparagine to alanine renders the CAD
insensitive to either FIH-1 or oxygen concentration.

An asparaginyl hydroxylase enzyme regulates HIF

HIF under normoxic conditions. Although the two
modes of regulation can be apparently uncoupled from
each other through the construction of chimeras con-
taining either the ODD or the CAD, the machinery regu-
lating the two appears to be linked (Mahon et al. 2001).
In vitro binding studies suggest that FIH-1 and pVHL
interact and may be part of a larger complex that re-
presses HIF by multiple mechanisms under normoxic
conditions (Mahon et al. 2001), although regulation of
the CAD by hydroxylation does not appear to require
pVHL (Sang et al. 2002). Such cooperative interactions
may serve to tightly control HIF activity and prevent
misexpression of HIF-target genes, many of which pro-
mote solid tumor formation (Maxwell et al. 2001).

Materials and methods

Plasmid construction

The HIF CADs (mouse HIF-2a 774-874 and human HIF-la 727-826)
were generated by PCR and cloned into pET-32a (Novagen) for bacterial
expression with an N-terminal thioredoxin-6 histidine tag (Trx6H). The
CH1 domain of human p300 (amino acids 300-528) was cloned into
pGEX 4T3 (Amersham) for bacterial expression with an N-terminal GST
fusion. The human FIH-1 coding region was generated by RT-PCR and
cloned into both the pcDNA3.1/V5-HIS vector (Invitrogen) and the
pMBP-parallell vector (Sheffield et al. 1999).

Transfections

HEK 293T cells grown in DMEM/10% fetal bovine serum in 24-well
trays were transfected with Gal4 or HIF CADs/Gal4 chimeras (Lando et
al. 2002; 200 ng/well), G5E1b-Luc reporter (100 ng/well), control renilla
luciferese reporter (pRL-TK; 10 ng/well), FIH-1 pcDNA3.1/V5-HIS (0-200
ng/well), and Efbos (510 ng DNA/well total) using Lipofect AMINE 2000
(Life Technologies). After 6 h, transfected cells were subjected to increas-
ing (0-200 nM) dimethyl-oxalylglycine (DMOG) treatment for 16 h. Lu-
ciferase activity was measured using the dual luciferese assay (Promega)
and reported as the ratio of luciferase activity relative to control renilla
reporter activity. Western blot analysis confirmed that transfected wild-
type, H199A, and D201A FIH-1 constructs expressed an equivalent
amount of protein (data not shown).

Human embryonic kidney 293 cells (5 x 10* cells/well) in 24-well
plates (5 x 10%) containing HyQ DME (High Glucose) media supple-
mented with 10% fetal bovine serum were transfected with DNA pre-
pared by precipitation with 125 pM CaCl, in the presence of 1x BES
buffer (140 mM NaCl, 25 mM BES, 0.75 mM Na,PO, at pH 6.95). A
precipitation mixture containing 5 ng of Gal4-tk-luc reporter DNA, 25 ng
of HIF-1a 727-826/Gal4 chimera (wild-type or N803A mutant), and 10 ng
of lacZ, FIH-1, or FIH-1 D201A mutant was added to each well. Cells
were incubated for 19 h under normoxic conditions or for 5 h under
normoxic conditions followed by 14 h under hypoxic conditions (0.5%
O,). Cells were resuspended in 100 pL of lysis buffer (30 mM Tricine at
pH 7.8, 8 mM MgOAc, 0.2 mM EDTA, 1% Triton X-100, 100 mM B-Me,
1.5 mM ATP, 0.5 mM CoA, 0.5 mM luciferin). Luciferase activity was
measured using a microtiter plate luminometer (Torcon Instruments).

Protein expression

GST-p300 CHI1 expression in BL21(DE3) E. coli cells was induced with
0.1 mM IPTG at 25°C for 1.5 h. Cell pellets were lysed in buffer con-
taining 20 mM Tris-HCI (pH 8), 100 mM NacCl, 10 uM ZnCl,, 0.5%
NP-40, 0.5 mM DTT, 1 mM PMSEF, and 0.3 ng/mL lysozyme, and soni-
cated on ice. After centrifugation, the supernatant was bound to gluta-
thione-agarose resin (Scientifix) and washed with 200 volumes of lysis
buffer. Trx6H HIF-2a 774-874 was expressed in BL21(DE3) E. coli cells
following induction with 1 mM IPTG at 37°C for 1.5 h. Cell pellets were
lysed by sonication in binding buffer (20 mM Tris-HCl at pH 7.5, 500 mM
NaCl, 5 mM imidazole) containing 1 mM PMSF. After centrifugation,
lysates were incubated with Ni-IDA agarose (Scientifix) at 4°C for 1 h and
washed with 200 volumes of binding buffer; the Trx6H HIF-2a 774-874
protein was eluted with binding buffer containing 250 mM imidazole.
BL21(DE3) E. coli cells expressing MBP-FIH-1 fusions were induced with
0.2 mM IPTG at 30°C for 4.5 h, and cell pellets were lysed by sonication
in TH buffer (20 mM Tris-HCI at pH 7.9, 150 mM NaCl, 1 mM PMSF).
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After centrifugation, amylose agarose (Scientifix) was added, the samples
were incubated at 4°C for 1 h and washed with 200 volumes of TH buffer,
and the MBP-FIH-1 protein was eluted with TH buffer containing 10 mM
maltose. Protein samples were desalted using a PD-10 column (Amer-
sham).

GST pull-down assays

35S-labeled Trx6H HIF-2a 774-874 (wild-type or N851 A mutant) proteins
were generated using the TNT Coupled Reticulocyte Lysate System (Pro-
mega) and 3°S-L-Met (Amersham Pharmacia Biotech) and treated at 30°C
for 1 h with FIH-1 in buffer containing 4 mM ascorbic acid and 1.5 mM
FeSO, in the presence of either 2 mM 2-oxoglutarate or 2 mM DMOG.
Approximately 1 pg of immobilized GST-p300 CH1 was added to 25 pL
of 3°S-Trx6H HIF-2a 774-874 in 500 pL of reaction buffer (20 mM Tris-
HCl at pH 8, 150 mM NaCl, 20 uM ZnCl,, ]l mM DTT, 1 mM PMSF) and
incubated at 4°C for 1 h. Protein-bound resin was washed 4 times with 1
mL of reaction buffer containing 0.1% NP-40. Bound protein was eluted
with SDS-sample buffer and analyzed by SDS-polyacrylamide gel elec-
trophoresis.

Mass spectrometry analysis of in vitro hydroxylation products

For mass spectrometry, 10 ng of purified Trx6H HIF-2a 774-874 and
MBP-FIH-1 proteins was mixed in 100 puL of hydroxylation buffer (40
mM Tris-HCI at pH 7.5, 10 mM KCl, 1 mM DTT, 1 mM PMSF, 3 mM
MgCl,, 4 mM ascorbic acid, 1.5 mM FeSO,) containing 4 mM 2-oxoglu-
tarate or DMOG. After incubation at 30°C for 1 h, Trx6H HIF-2« 774-874
was affinity-purified with Ni-IDA agarose. Peptide fragments were pre-
pared and analyzed by MALDI-TOF-MS (Lopaticki et al. 1998; Wallis et
al. 2001) and subjected to partial sequence analysis by MS/MS (Wallis et
al. 2001) as described previously (Lando et al. 2002).
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