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Precise regulation of the evolutionarily conserved hypoxia-induc-
ible transcription factor (HIF) ensures proper adaptation to varia-
tions in oxygen availability throughout development and into
adulthood. Oxygen-dependent regulation of HIF stability and ac-
tivity are mediated by hydroxylation of conserved proline and
asparagine residues, respectively. Because the relevant prolyl and
asparginyl hydroxylases use O2 to effect these posttranslational
modifications, these enzymes are implicated as direct oxygen
sensors in the mammalian hypoxic response pathway. Here we
present the structure of factor-inhibiting HIF-1 (FIH-1), the perti-
nent asparaginyl hydroxylase involved in hypoxic signaling. Hy-
droxylation of the C-terminal transactivation domain (CTAD) of HIF
by FIH-1 prevents CTAD association with transcriptional coactiva-
tors under normoxic conditions. Consistent with other structurally
known hydroxylases, FIH-1 is comprised of a �-strand jellyroll core
with both Fe(II) and the cosubstrate 2-oxoglutarate bound in the
active site. Details of the molecular contacts at the active site of
FIH-1 have been elucidated and provide a platform for future drug
design. Furthermore, the structure reveals the presence of a FIH-1
homodimer that forms in solution and is essential for FIH activity.

Mammalian cells employ an evolutionarily conserved hypoxic
response pathway to detect and adapt to changes in oxygen

availability. Hypoxia-inducible factor (HIF) is a transcription factor
that lies at the heart of this pathway. HIF is a heterodimer
composed of oxygen-sensitive � (HIF-1� or HIF-2�) and consti-
tutive � subunits (HIF-1� also known as the arylhydrocarbon
receptor nuclear translocator, ARNT) (1). Multiple layers of reg-
ulation ensure tight control of HIF activity, as disregulation of the
pathway can have profound effects on both development and the
progression of cancer and ischemia (2). The HIF-� subunit contains
two regions that modulate its activity as a function of O2 availability.
Under normoxic conditions, conserved proline residues within the
oxygen-dependent degradation domain (ODD) of the �-subunit
are hydroxylated by a family of prolyl hydroxylases (3, 4). This
posttranslational modification serves as a recognition element for
the product of the von Hippel Lindau tumor suppressor gene
(pVHL), a component of the protein–ubiquitin ligase complex that
tags the �-subunit for rapid degradation (5–7). Under hypoxic
conditions, hydroxylation is diminished, leading to �-subunit accu-
mulation and subsequent promotion of target gene transcription.
Full HIF induction requires the interaction of the C-terminal
transactivation domain (CTAD) with coactivators such as CBP�
p300 to recruit the transcriptional machinery (8–11). Under nor-
moxic conditions, this interaction is inhibited by hydroxylation of an
asparagine residue within the CTAD by factor-inhibiting HIF-1
(FIH-1), an asparaginyl hydroxylase enzyme (12–15). Again, this
hydroxylation event is selectively decreased under hypoxic condi-
tions (12, 16).

Hydroxylation catalyzed by FIH-1 requires Fe(II) and con-
sumes molecular oxygen and 2-oxoglutarate (2-OG) (14). In the
active sites of known 2-OG-dependent oxygenases, Fe(II) is
coordinated by two histidine residues and the carboxylate of
either an aspartate or a glutamate residue. The remaining three

coordination sites on the metal initially are occupied by water
molecules (Fig. 1) (17). Two of the water molecules are displaced
by 2-OG, followed by binding of the HIF substrate and O2 (Fig.
1). Molecular oxygen must bind after the protein substrate to
prevent a futile reaction cycle that is capable of generating
harmful hydroxyl radicals in the cell (18). Multiple steps at the
reactive metal center lead to the generation of a highly reactive
ferryl intermediate that abstracts a hydrogen from the �-carbon
of the target asparagines (Fig. 1) (19, 20). A radical rebound
mechanism likely ensues with the final product, �-hydroxy-
asparagine, as the end result (Fig. 1) (21, 22). 2-OG accepts the
other oxygen atom from molecular oxygen and subsequently
undergoes decarboxylation to produce succinate (23). Because
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transactivation domain; MBP, maltose-binding protein; SeMet, selenomethionine.

Data deposition: The atomic coordinates and structure factors have been deposited in the
Protein Data Bank, www.rcsb.org [PDB ID codes 1MZE (FIH-1) and 1MZF (FIH-1 Fe(II) 2-OG
complex)].
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Fig. 1. FIH-1 hydroxylates HIF-1� at Asn-803. The FIH-1 active site contains
Fe(II) coordinated by three protein side chains: His-199, Asp-201, and His-279.
The enzyme binds 2-OG, HIF peptide substrate, and molecular oxygen to
facilitate hydroxylation of the �-carbon on Asn-803 of HIF-1�. In the course of
the reaction, molecular oxygen is consumed and 2-OG is converted into
succinate and carbon dioxide.
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of its utilization of O2 as a substrate, FIH-1 is viewed as a prime
candidate for the cellular oxygen sensor.

Given the crucial role of asparaginyl hydroxylases in the
regulation of the hypoxic response pathway, the X-ray crystal
structure of human asparaginyl hydroxylase FIH-1 was deter-
mined in the presence and absence of 2-OG and Fe(II). Based
on sequence analysis, FIH-1 was predicted to contain an eight
�-strand jellyroll core that surrounds an Fe(II)-binding site (14),
consistent with known hydroxylase enzymes (15). Here we
present these FIH-1 structural models and describe the molec-
ular details of the active site architecture mediating Fe(II) and
2-OG binding. In addition, the FIH-1 crystal structure suggests
and biochemical data confirm that FIH-1 forms a homodimer via
the catalytically required C terminus.

Materials and Methods
Protein Expression and Purification. Variants of the human FIH-1
coding region were generated by PCR and subcloned into the
pHis-parallel-1 and pMBP-parallel-1 vector for structural and

biochemical studies, respectively (24). To obtain milligram quan-
tities of full-length human FIH-1 protein, N-terminally His-
tagged FIH-1 (His-FIH-1) was expressed using the Escherichia
coli rare codon strain Rosetta(DE3)pLysS (Invitrogen). Cells
expressing His-FIH-1 were induced with 0.2 mM isopropyl
�-D-thiogalactoside (IPTG) for 18 h at 20°C, lysed in buffer
containing 20 mM Tris�HCl (pH 8.0), 300 mM NaCl, 1 mg/ml
lysozyme, 5 �g/ml DNase I, and 5 mM 2-mercaptoethanol, and
initially purified by using Ni-nitrilotriacetic acid-immobilized
metal affinity chromatography techniques (25). Subsequent
FIH-1 protein preparation included ion exchange chromatogra-
phy using Mono Q resin (Amersham Pharmacia), treatment with
tobacco etch virus (TEV) protease (26) to remove the hexahis-
tidine tag, and gel filtration using a Superdex 75 16�60 column
(Amersham Pharmacia). For the biochemical pull-down exper-
iments, E. coli cells expressing maltose-binding protein (MBP)-
FIH-1 fusions were induced with 0.2 mM IPTG for 15 h at room
temperature. Cell pellets were lysed in buffer containing 20 mM
Tris�HCl (pH 7.5), 200 mM NaCl, 10 mM 2-mercaptoethanol, 1
mg/ml lysozyme, and 1:200 dilution Protease Inhibitor Mixture
(Sigma). Soluble protein was affinity purified over an amylose
agarose column (New England Biolabs), and the MBP-FIH-1
protein was eluted with buffer containing 10 mM maltose.

FIH-1 Crystallization. FIH-1 protein was concentrated to 10 mg/ml in
5 mM Tris�HCl pH 8.0, 50 mM NaCl, and 5 mM 2-mercaptoethanol.
The protein was crystallized by hanging drop vapor diffusion at
21°C against 50 mM CAPSO pH 9.6, 0.9–1.2 M K tartrate, and 30%
glycerol. Crystals containing 2-OG were obtained by adding 5 mM
FeSO4 and 20 mM 2-OG to the crystallization solution. Selenome-
thionine (SeMet) FIH-1 crystallized under similar conditions at a
protein concentration of 15 mg/ml. All crystals obtained for FIH-1
had P41212 space group symmetry with a one molecule in the
asymmetric unit (see Table 1).

Structure Determination. To obtain phases for structure determi-
nation, selenomethionyl FIH-1 was expressed using standard
techniques (27). Data from FIH-1 and SeMet FIH-1 crystals
were collected at Argonne National Laboratory Structural Bi-
ology Center beamline 19ID, and diffraction data for determi-
nation of the complex between FIH-1 and 2-OG were collected
at the Advanced Light Source beamline 8.2.2. All data were
reduced using the HKL2000 software package (28). SHARP (29) was

Fig. 2. The primary structure of FIH-1 is labeled with secondary structure
elements taken from the x-ray crystallographic model. �-strands and helices
are depicted as red arrows and yellow boxes, respectively. Residues responsi-
ble for Fe(II) binding are highlighted in red, whereas residues in close contact
with 2-OG are highlighted in green.

Table 1. Summary of FIH-1 crystallographic data, refinement,
and model statistics

FIH-1�Fe FIH-1�Fe�2-OG SeMet FIH-1

Crystal data
Space group P41212 P41212 P41212
Unit-cell dimensions, Å

a 86.62 86.46 86.57
c 147.76 147.81 147.72

Wavelength, Å 0.97916 1.0781 0.97916
Resolution range, Å 50–2.2

(2.28–2.20)
50–2.4

(2.49–2.40)
50–2.8

(2.90–2.80)
No. of observations 322,469 172,309 80,741
No. of unique reflections 29,190 21,793 14,364
Completeness 99.9 (100.0) 98.2 (99.9) 95.8 (96.1)
Rsym, %* 6.2 (48.4) 7.6 (44.3) 5.5 (31.0)
�I��(I)� 35.7 (4.9) 21.8 (5.1) 17.5 (3.2)

Phasing statistics
No. of sites 7
Phasing power 2.2
Figure of merit† NA�0.82 0.35�0.88

Refinement statistics
Resolution, Å 30–2.2 30–2.4 30–2.8
Rwork, %‡ 21.6 23.2
Rfree, % 23.7 24.4
rms deviations

Bond lengths, Å 0.010 0.006
Bond angles, ° 1.45 1.28
B factors, Å2

Main chain, bonded 1.44 1.48
Side chain, bonded 2.36 2.19
Main chain, angles 2.31 2.51
Side chain, angles 3.59 3.36

�A-coordinate error, Å 0.24 0.29
Non-H atoms in model

Protein 2,739 2,700
Fe 1 1
Hetero-atoms 10 (tartrate) 10 (2-OG)
Water molecules 106 50

Disordered residues 1–12; 304–305 1–12; 138–139
Percentage of residues in Ramachandran plot regions§

Most favored 91.5 89.4
Additional allowed 8.5 10.6

Values in parentheses are for the highest resolution shell. NA, not applicable.
*Rsym � 100 � �h�Il(h) � �I(h)����h�lIl(h), where Il is the lth measurement of
reflection h and �I(h)� is a weighted mean of all measurements of h.

†Figure of merit values are indicated for phases generated before and after
solvent flattening.

‡Rwork includes all reflections used during refinement, whereas Rfree is calcu-
lated from 5% of reflections not included in refinement.

§Percentages are based on the PROCHECK program (40).
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used to locate and refine selenium sites before conducting SAD
phasing (30). Initial phase information from SeMet FIH-1 data
were combined with native FIH-1 amplitudes before solvent
flipping with SOLOMOM (31), and the ARP/WARP program pack-
age (26, 32) was used to automatically build approximately
two-thirds of the residues in the model. The remainder of the
model was manually built with the program O (33) and refined
with CNS (34). The initial model of FIH-1 with Fe(II) and 2-OG
was generated using rigid body refinement of the refined FIH-1
model. Geometry and B-factor minimization with CNS com-
pleted the refinement of the FIH-1 Fe(II) 2-OG model. Final
analysis of all models was performed by using composite simu-
lated annealing omit maps.

GST Pull-Down Assays. Thirty microliters of 35S-labeled Trx6H
mouse HIF-2� 774–874 protein (14) generated using the TNT

Coupled Reticulocyte Lysate System (Promega) was treated for
1 h at 30°C with 1.5 �g MBP-FIH-1 protein in reaction buffer
containing 20 mM Tris�HCl (pH 7.5), 5 mM KCl, 1.5 mM MgCl2,
1 mM DTT, 2 mM ascorbic acid, 2 mM 2-OG, and 250 �M
FeSO4. Approximately 1 �g of immobilized GST-p300 CH1
domain (14) was added to each reaction in 500 �l of binding
buffer (20 mM Tris�HCl, pH 8�150 mM NaCl�20 �M ZnCl2�0.5
mM DTT) and incubated for 1 h at 4°C. Protein-bound resin was
washed four times with 1 ml of binding buffer containing 0.1%
Nonidet P-40. Protein was eluted by boiling in SDS sample
buffer, and samples were analyzed by SDS�PAGE

MBP Pull-Down Assays. Twenty-five microliters of 35S-labeled
Trx6H mouse HIF-2� 774–874 protein was incubated with
MBP-FIH-1 protein immobilized on amylose resin in 200 �l of

Fig. 3. FIH-1 structure contains a �-jellyroll core marked by an extension of one of the �-sheets away from the core and helices dotting the periphery. (A) A
ribbon model of the FIH-1 monomer is positioned looking between the �-sheets comprising the jellyroll and into the active site cavity. The active site metal is
shown as a red sphere. Structural elements are colored as in Fig. 2. (B) A secondary structure topology diagram shows the arrangement of the 14 �-strands
(triangles) and 8 helices (circles) in FIH-1. The core jellyroll motif, structurally homologous to the cupin protein family, is colored in red. (C) FIH-1 exists as a
functionally relevant dimer in the crystal. The first monomer of the dimer is colored as in A, whereas the second monomer is blue. N and C termini are marked
as black circles. The figure was generated by using RIBBONS (41).
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PBS containing 0.1% Tween-20 for 1 h at 4°C. Protein-bound
resin was washed three times with 1 ml buffer and bound protein
was eluted by boiling in SDS sample buffer and analyzed by
SDS�PAGE.

Equilibrium Sedimentation. Purified FIH-1 was subjected to equi-
librium sedimentation at 4°C in a Beckman Model XL-I analyt-
ical ultracentrifuge at both 14,000 and 20,000 rpm in an An60Ti
rotor. A final centrifugation at 42,000 rpm was executed to
determine baseline quality for data analysis. Three FIH-1 con-
centrations, 12.4, 8.3, and 4.1 �M, were tested, and data were
analyzed at both 280 and 290 nm. Data were fitted to both a
monomer-dimer equilibrium and a dimer alone model using the
Optima XLA�XLI program from Beckman Instruments.

Results
FIH-1 Overall Structure. FIH-1 is a mixed ��� structure composed
of 14 �-strands arranged in two sheets with nine strands in the
first sheet and five strands in the second sheet (Figs. 2 and 3).
The central core of FIH-1 is a C-terminal eight �-strand jellyroll
(�7–�14) that is homologous to other 2-OG-dependent oxyge-
nases and the cupin protein family (17). The N-terminal region
of the protein provides six additional strands that expand the
�-sheets away from the central jellyroll core. The eight helical
regions are dispersed throughout the structure with the only
significant helix–helix interactions occurring at an apparent
FIH-1 dimer interface formed by the equivalent C-terminal
helices of each monomer (�G and �H, Fig. 3C). Given the
position of the active site metal and the solvent accessibility of
the active site, a proposed surface for HIF substrate binding can
be predicted and is shown in Fig. 3A.

FIH-1 Active Site Contacts. In the absence of exogenous iron and
2-OG, FIH-1 crystallizes with a metal properly coordinated by
His-199, Asp-201, and His-279. A single tartrate molecule from
the crystallization solution is partially ordered at the active site
and occupies two of the metal coordination sites via its carbox-
ylate. The potential sixth ligand site, trans to His-279, remains
unresolved at the resolution of the current structure, but is likely
to be occupied by a water molecule. When cocrystallized in the
presence of both Fe and 2-OG, the 2-OG molecule displaces the
tartrate molecule as judged by clear electron density (Fig. 4A).
Other than the presence of 2-OG at the active site, the two
structures vary only slightly, with a rms deviation of 0.30 Å with
333 of 337 C� positions aligned.

To accommodate 2-OG in the active site, the 2-OG-dependent
oxygenases must stabilize the charge of the carboxylate at the C5
position. A subset of this class of enzymes have a conserved
R-X-S motif from which hydrogen bonds can be made to both
oxygens on the C5 carbon of 2-OG (35, 36). Sequence compar-
isons of FIH-1 with other oxygenases did not reveal the identity
of orthologous residues, as FIH-1 uses residues from distant
parts of its primary structure for this purpose. Lys-214 and
Thr-196 in FIH-1 take on the role of the R-X-S motif by forming
hydrogen bonds to the C5 carboxylate of 2-OG. In addition to
Lys-214 and Thr-196, other residues including Tyr-145 and
Asn-294 may form hydrogen bonds to the 2-OG, though the
electron densities of the side chains for these residues are not
well defined. Hydrophobic interactions may also occur between
2-OG and Leu-188, Phe-207, and Ile-281.

Functional Relevance of the FIH-1 Dimer. The two C-terminal helices
(�G and �H) of each monomer form tight interactions with a
symmetry related molecule, thereby producing an antiparallel
helix bundle that buries �1,600 Å2 of surface area per monomer.
To determine whether the dimer formed in the crystal was also
present in solution, purified FIH-1 was subjected to equilibrium
sedimentation ultracentrifugation. The data collected from

these experiments indicated that FIH-1 is a dimer in solution
with a molecular mass of �80,300 Da, which agrees well with the
molecular mass, 80,817 Da, calculated from the primary struc-
ture. Attempts to fit ultracentriguation data to a monomer–
dimer equilibrium resulted in unrealistically high values for the
monomer–monomer association constant, suggesting that no
monomer was present at the concentrations tested.

To test whether homodimer formation was required for FIH-1
activity, MBP fusion proteins lacking 34 aa from the N terminus
or 47 aa from the C terminus of FIH-1 were expressed (FIH-1
constructs 35–349 and 1–302, respectively). Recombinant FIH-1
proteins were incubated with 35S-labeled CTAD from HIF-2� in
the presence of Fe(II), 2-OG and O2. Active wild-type FIH-1
hydroxylated the HIF-2� CTAD as measured by an ability to
inhibit CTAD association with the coactivator p300 in a pull-
down assay (Fig. 5A, lane 2). A point mutant (D201A) predicted

Fig. 4. Multiple contacts are present in the FIH-1 active site. (A) A 2Fo � Fc

simulated annealing omit map contoured at 1.1 � reveals the presence of 2-OG
in the active site. (B) 2-OG makes several hydrophilic contacts with residues of
FIH-1, most notably hydrogen bonds to Lys-214 and Thr-196. Additional contacts
include coordination to the Fe (red sphere) and hydrophobic interactions with
Leu-188, Phe-207, and Ile-281. Ball-and-stick model in B is colored with 2-OG in
yellow,C�positions ingreen,carbon inblack,nitrogen inblue,andoxygen inred.
The figure was generated by using SETOR (42) and RIBBONS (41) modeling programs.
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to disrupt the Fe(II) binding site did not interefere with the
CTAD�p300 association as predicted for an inactive FIH-1
variant (Fig. 5A, lane 3). Likewise, deletion of the C-terminal 47
FIH-1 residues prevented the truncated protein’s ability to
hydroxylate the HIF CTAD (Fig. 5A, lanes 4 and 5). Deletion of
the N-terminal 34 aa of FIH-1 had no effect on FIH-1 activity
(Fig. 5A, lane 6).

Because deletion of residues 303–349 would not be expected
to interfere with the catalytic core of the FIH-1 enzyme, we
examined the effect of this deletion on the ability of FIH-1
to recognize the CTAD substrate. As shown in Fig. 5B,
wild-type MBP-FIH-1 is able to interact with 35S-labeled
HIF-2� CTAD; however, deletion of the FIH-1 C-terminal 47
aa prevents the FIH-1�CTAD interaction. These data indicate
that the FIH-1 homodimer observed in the crystal structure is
functionally relevant in solution and is required for FIH-1
substrate recognition.

Discussion
Regulation of the mammalian hypoxic response pathway is
mediated by oxygen-dependent hydroxylases. To date, there are
few examples of protein regulation dependent upon hydroxyla-

tion as a posttranslational modification (reviewed in ref. 37).
Although the best-characterized hydroxylase enzymes modify
collagen to promote proper folding (23), the number of known
functional 2-OG oxygenases involved in other biological path-
ways is likely to grow (38). FIH-1 is the first asparaginyl
hydroxylase to be examined in atomic detail and provides
important structural clues regarding both HIF regulation and the
differences between this enzyme and the more distantly related
prolyl and lysyl hydroxylase enzymes. Although FIH-1 contains
a �-sheet core similar to other hydroxylase enzymes, the iden-
tities of key residues involved in substrate binding are different.

The structure of FIH-1 revealed the formation of an FIH-1
homodimer that is crucial for its activity in solution. Homodimer
formation is required for substrate recognition (Fig. 5), though
further investigation is needed to examine possible effects of
dimerization on the activity of the FIH-1 catalytic core. The
elucidation of the FIH-1 structure also provides a framework to
examine proposed interactions between FIH-1 and other com-
ponents of the hypoxic response pathway. In vitro studies reveal
interactions between FIH-1 and pVHL, which play a central role
in the regulation of HIF stability, and between FIH-1 and
transcriptional corepressors such as histone deacetylases (13).
Although the physiological relevance of these interactions re-
mains to be determined, the FIH-1 structure, in combination
with that of the pVHL�elongin B�elongin C complex (39),
provides a starting point to identify residues that mediate these
interactions and to examine their relative contribution to coor-
dinated HIF regulation.

Many inhibitors of Fe(II)-dependent oxygenases operate
through direct competition with 2-OG (reviewed in ref. 23). The
active site architecture of FIH-1 is similar to other 2-OG
dependent oxygenases with respect to Fe(II) binding but differs
in overall 2-OG binding, particularly in the residues responsible
for binding to the carboxylate of 2-OG distal to the active site
metal. Thus the possibility exists for identification of inhibitors
that selectively target individual hydroxylases to specifically
enhance HIF activity in the context of hypoxic diseases such as
ischemia.
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cated (1–302) MBP-FIH-1 was visualized after SDS�PAGE. The right lane indi-
cates 10% of the input 35S-labeled protein in the pull-down experiments.
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