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Cellular and physiological responses to changes in dioxygen levels
in metazoans are mediated via the posttranslational oxidation of
hypoxia-inducible transcription factor (HIF). Hydroxylation of con-
served prolyl residues in the HIF-� subunit, catalyzed by HIF
prolyl-hydroxylases (PHDs), signals for its proteasomal degrada-
tion. The requirement of the PHDs for dioxygen links changes in
dioxygen levels with the transcriptional regulation of the gene
array that enables the cellular response to chronic hypoxia; the
PHDs thus act as an oxygen-sensing component of the HIF system,
and their inhibition mimics the hypoxic response. We describe
crystal structures of the catalytic domain of human PHD2, an
important prolyl-4-hydroxylase in the human hypoxic response in
normal cells, in complex with Fe(II) and an inhibitor to 1.7 Å
resolution. PHD2 crystallizes as a homotrimer and contains a
double-stranded �-helix core fold common to the Fe(II) and 2-oxo-
glutarate-dependant dioxygenase family, the residues of which
are well conserved in the three human PHD enzymes (PHD 1–3). The
structure provides insights into the hypoxic response, helps to
rationalize a clinically observed mutation leading to familial eryth-
rocytosis, and will aid in the design of PHD selective inhibitors for
the treatment of anemia and ischemic disease.

erythropoietin � dioxygenase � hypoxic response � 2-oxoglutarate

In metazoans the ��� heterodimeric hypoxia-inducible tran-
scription factor (HIF) (1) regulates the transcription of an

array of genes including those coding for glycolytic enzymes,
erythropoietin, and VEGF. The levels and transcriptional
activity of the HIF-�, but not the HIF-�, subunit are regulated
by oxygen. Hydroxylation of either Pro-402 or Pro-564 in
human HIF-1� (2, 3) within the C-terminal oxygen-dependent
degradation domain (CODDD) enables its binding to the von
Hippel-Lindau protein (pVHL), a targeting element of the
E3-ubiquitin ligase; subsequent ubiquitylation leads to pro-
teasomal degradation of HIF-� (for reviews, see refs. 4–7). In
humans, this mechanism is augmented by hydroxylation of an
asparagine residue in the C-terminal transcriptional activation
domain (8); this modification blocks interaction of HIF-1�
with the CBP�p300 coactivator, thereby disabling HIF-
mediated transcription.

Hydroxylation of HIF-1� is catalyzed by four 2-oxoglutarate
(2OG) dioxygenases: three prolyl hydroxlyases (PHD 1, 2, and 3)
(also known as HPH 3, 2, and 1 and EGLN 2, 1, and 3; refs. 9–11)
and an asparaginyl hydroxylase [factor inhibiting HIF (FIH);
refs. 12 and 13]. The available evidence implicates PHD2 as the
most important HIF hydroxylase in down-regulating the hypoxic
response during normoxia (5, 7, 14, 15).

The HIF hydroxylases are Fe(II) and 2OG-dependent di-
oxygenases (16, 17); their requirement for dioxygen has led to
their characterization as cellular oxygen sensors (refs. 9–11,
18, and 19; Fig. 1a). The first 2OG dioxygenase to be identified
was procollagen prolyl-hydroxylase, which like the PHDs

catalyzes trans-4-hydroxylation reactions. Procollagen prolyl
hydroxylation stabilizes the collagen triple helix structure.
Because of its medical importance in collagen-related diseases,
including scurvy, procollagen prolyl-hydroxylase has been the
subject of therapeutic intervention by small molecules (20);
however, no structural information for a prolyl-hydroxylase is
yet available. 2OG dioxygenases also have been shown to play
other roles in human cells, including lipid metabolism (21, 22),
DNA repair (23, 24), and histone modification (25).

A molecular understanding of the hypoxic response is impor-
tant for developing a molecular understanding of genetic disor-
ders, including Chuvash polycythemia and von Hippel-Lindau
disease (4). The role of the PHDs as ubiquitous mediators of
oxygen�hypoxia sensing has raised the question as to whether the
HIF hydroxylases possess especially adapted structural and
mechanistic features. We therefore initiated crystallographic
studies on PHD2 (NCBI GI 13489073) and here describe
structures, solved independently by two groups, of PHD2 in
complex with Fe(II) and a 2OG-competitive isoquinoline inhib-
itor, {[(4-hydroxy-8-iodoisoquinolin-3-yl)carbonyl]amino}acetic
acid (compound A), a derivative of known procollagen prolyl-
hydroxylase and PHD inhibitors (Fig. 1b).
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Fig. 1. The PHD reaction and an inhibitor. (a) PHD catalyzed prolyl-4-
hydroxylation of HIF-�; one of the oxygens (red) from the dioxygen cosub-
strate is incorporated into proline to form trans-4-hydroxyproline, and the
other is incorporated into succinate. (b) The structure of compound A.
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Results and Discussion
Crystallization of PHD2cat. Secondary structure prediction indi-
cates that PHD2 (426 residues, calculated molecular mass 46
kDa) contains two structural domains. The N-terminal domain
(�21–58) has homology to MYND zinc finger domains and the
catalytic C-terminal domain (�181–426) has homology to the
2OG dioxygenases (9, 10). Because crystallization of the full-
length PHD2 was unsuccessful, a series of truncated constructs
were made. N-terminally truncated forms of PHD2, such as
(PHD2181–426) and (PHD2181–417), were catalytically viable (26)
and only produced one crystal form in complex with bicyclic
aromatic inhibitors such as compound A (Fig. 1b).

Structure Solution. The structure of PHD2181–426 in complex with
Fe(II) and compound A was solved by using single-wavelength
anomalous diffraction (SAD) based on the anomalous signal
from an Fe, I, and several protein S atoms by using a rotating
anode generator. The crystal structure of PHD2181–417 in com-
plex with Fe(II) and compound A was solved by combining
phases from the single isomorphous replacement with anoma-
lous scattering and multiple wavelength anomalous diffraction
methods. The final refinement of PHD2181–417 with a native data
set collected to 1.7 Å yielded Rcryst � 0.216�Rfree � 0.253. The
crystal structures of PHD2181–426 and PHD2181–417 are near
identical (rms deviation � 0.43 Å) with residues from 188 to 403
visible in the maps and included in the refined models (1.7 Å).
These structures are jointly referred to as PHD2cat.

Overall Architecture of PHD2cat. PHD2cat crystallizes as a homotri-
mer (Fig. 2a) with intermolecular contacts between the C-terminal
�-helix (�4) and the surrounding active site residues of a neigh-
boring subunit (Fig. 2b). This head-to-tail arrangement causes the
C-terminal helix of one monomer to cap the active site of a
neighbor. The homotrimer is stabilized by electrostatic and H bond
interactions between Asp-254 O�2 and Arg-398 NH1 (2.8 Å),
Thr-236 O�1 and Asp-394 O�2 (2.7 Å), and the hydrophobic
interaction between the Val-401 side chain of the C-terminal helix
from another subunit and compound A. The loop present after helix
�3 interacts with a ‘‘finger-like’’ loop of a neighbor that links �2 and
�3. Although the buried surface area (2,432 Å2) between mono-
mers is potentially adequate for biologically significant oligomer-
ization, the complementarities of residues buried at the interface is
not (27); analytical ultracentrifugation of PHD2181–426 implies the
enzyme exists predominantly as monomer in solution (Emma
Longman, personal communication).

The position of the C-terminal helix relative to the active site
identifies PHD2 as a member of a distinct subfamily of 2OG
oxygenases that includes enzymes involved in the biosynthesis of
the cephalosporin family of �-lactam antibiotics (28). The PHDs
thus differ from the FIH subfamily, where, at least for FIH, the
C-terminal helices enable dimerization (Fig. 6, which is pub-
lished as supporting information on the PNAS web site; refs.
29–31). The head-to-tail mediated crystal packing of PHD2cat
has also been observed in other 2OG oxygenases (28, 32);
however, the trimeric state observed with PHD2cat is unique.

The double-stranded �-helix (DSBH) fold of 2OG oxygenases
contain eight �-strands (I to VIII) (33). DSBH �-strand II of
PHD2cat, which immediately precedes two of the Fe(II) coordi-
nating residues, has ��� angles within the � region of the
Ramachandran plot but does not maintain the antiparallel H
bond pairing with its neighboring �-strand VII, as observed in
other 2OG oxygenase structures; �-strands I (�4), III (�5), IV
(�6), V (�7), VI (�8), VII (�9), and VIII (�10) complete the
DSBH (Fig. 3a). A conserved N-terminal helix-strand-helix-
strand motif, common to DAOCS, is present in PHD2; strands
�1, �2, and �3 of this motif extend the DSBH major �-sheet (16,
28), comprised of �-strands I (�4), VIII (�10), III (�5), and VI

(�8). The minor �-sheet is comprised of strands II, VII (�9), IV
(�6), and V (�7).

Three �-helices (�1, �2, and �3) pack along the major �-sheet
and stabilize the DSBH. The C-terminal �-helix (�4) extends
from strand VIII (�10) into the active site of a neighboring
molecule (Fig. 2b), which blocks access to the active site in the
crystals. Hydrophobic patches, primarily present along the ex-
posed minor �-sheet (Tyr-197, Ile-207, Val-209, Ile-251, Val-241,
Val-311, Val-338, Ile-342, Phe-346, Phe-353, Ala-354, Ile-356,
Pro-378, and Tyr-380), may enable interaction of PHD2 with
HIF-1� or other known PHD2-interacting proteins (e.g., inhib-
itor of growth family member 4; ref. 34) and�or, possibly, where
the full-length PHD2 MYND domain associates with the cata-
lytic domain.

The Active Site. The active site, located between the major and
minor �-sheets, comprises a relatively deep pocket compared to
other 2OG oxygenases. There is a single metal ion coordinated

Fig. 2. Crystallographic oligomerization of PHD2. (a) Ribbons representa-
tion demonstrating the way PHD2cat crystallizes as a trimer (each monomer is
colored a different shade of blue). (b) Close up view of C-terminal interactions
in the active site (light cyan) with the inhibitor (yellow) and neighboring
molecule (dark teal).

McDonough et al. PNAS � June 27, 2006 � vol. 103 � no. 26 � 9815

BI
O

CH
EM

IS
TR

Y



in an octahedral manner by His-313, Asp-315, His-374, com-
pound A, and a water molecule (Fig. 3b). Atomic absorption
spectroscopy and particle-induced x-ray emission analyses of
PHD2181–426 samples used for crystallization (notably purified in
the absence of nickel) demonstrated that PHD2cat copurified
with Fe(II), although zinc also was present in protein samples
(35). Compound A binds to the Fe(II) via bidentate coordination
through N1 of its isoquinoline ring (N1-Fe(II); 2.2 Å) and O11
of the amide carbonyl (O11-Fe(II); 2.2 Å) forming a ca. planar
5 membered chelate ring. The amide carbonyl O11 of compound
A coordinates the iron ca. trans to the Asp-315 side chain and its
isoquinoline nitrogen is trans to His-374 N�2. The identity of the
three Fe(II) coordinating residues as His-313, Asp-315, and
His-374 confirms predictions from mutational and sequence
comparison studies (9). A chain of five H-bonded waters, bridged
by Thr-387 O�, extends from the iron through the proposed
2OG-binding site alongside compound A (in order from Fe–
Wat1– Wat3– Thr-387– Wat2– Wat17– Wat13).

With the exception of the Fe(II) and 2OG-binding residues,
the active site is predominantly lined by hydrophobic residues, as
suggested in ref. 36. These residues are derived from the
�-strands (�3) [Ile-256], I (�4) [Met-299, Ala-301, and Tyr-303],
II (Tyr-310), III (�5) [Thr-325, Ile-327, and Tyr-329], IV (�6)
[Leu-343], VI (�8) [Phe-366], VII (�9) [Val-376], and VIII (�10)
[Ala-385, Thr-387, and Trp-389] (Fig. 7, which is published as
supporting information on the PNAS web site). The bicyclic
aromatic rings and I atom of compound A project through the
active site opening and are sandwiched between the side chains
of Tyr-310, Met-299, and Trp-389 (Fig. 4a). A hydrophobic shelf
formed by the side chains of Ile-256 and Trp-258 leads to the
active site opening. The hydrophobic nature of residues at the
active site may reflect a requirement of the enzyme for protec-
tion from potential oxidative damage because they are less

susceptible to oxidation via Fenton type chemistry mediated by
reactive species that leak from the iron in unproductive reac-
tions. Indeed, compared with some other 2OG dioxygenases�
related dioxygenases (37, 38), PHD2 is resistant to damage
mediated by Fe(II), ascorbate, and oxygen (data not shown).

Compound A’s carboxylate side chain is bound in a predom-
inantly hydrophobic pocket with the exception of the Arg-383
and Tyr-329 side chains, with which it forms electrostatic and H
bonding interactions (Arg383NH1-O3, 2.9 Å; Arg383NH2-O1,
2.7 Å; and Tyr329OH-O1, 2.6 Å). Despite soaking and cocrys-
tallization efforts, it was not possible to replace the inhibitor with
2OG or its unreactive analogue, N-oxalylglycine, an observation
possibly attributable to the ‘‘trapping’’ of the inhibitor by the
C-terminal helix of a neighboring molecule in the crystal of
which the Val-401 side chain makes contact with compound A
(2.6 Å) (Fig. 2b). Evidence that compound A binds in the 2OG
binding pocket came from kinetic and soft ionization electros-
pray mass spectrometric analyses demonstrating competitive
binding with 2OG (Fig. 8, which is published as supporting
information on the PNAS web site) and from mutagenesis of
Arg-383 to Ala leading to almost complete inactivation of the
protein (�5% by 2OG turnover assays with CODDD556–574
peptide substrate) (unpublished data). The assignment of Arg-
383 as a 2OG-binding residue confirms a prior study in which
mutation of the equivalent Arg in PHD1 (Arg-367) to Ala was
shown to ablate activity (19).

Inhibitor Binding. Although many 2OG oxygenase inhibitors are
aromatic heterocycles (39), the only previously reported struc-
tures for 2OG oxygenases in complex with inhibitors have used
N-oxalylamino acids (40), which bind iron in a bidentate manner
(29, 41). A series of 2-hydroxybenzoate inhibitors related to
compound A have been proposed to bind to the PHDs via the

Fig. 3. Overall view of the crystal structure of a PHD2 monomer and representative electron density. (a) Stereoview ribbons representation of PHD2cat with
compound A and Fe(II) (orange sphere). Secondary structure is numbered sequentially and is color coordinated with that of Fig. 10. Roman numerals in
parenthesis indicate the eight strands of the DSBH according to Stirk et al. (33). (b) Stereoview of iron and inhibitor binding to PHD2cat (cyan stick) with 2Fo �
Fc electron density contoured to 2� (blue).
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carboxylate and phenolic oxygens (42), and compound A has the
potential to bind in a similar bidentate manner via its amide
carbonyl and phenolic oxygens. The structure reveals that al-
though the amide carbonyl oxygen of compound A coordinates
the Fe(II), the second Fe(II)-coordinating atom is the aromatic
isoquinoyl nitrogen rather than the phenolic oxygen. This mode
of binding enables a hydrogen bond between the phenolic oxygen
of compound A and the side-chain hydroxyl of the conserved
Tyr-303 residue (Fig. 5; see also Fig. 9, which is published as
supporting information on the PNAS web site). However, the
Tyr303Phe mutant retains enzymatic activity and is inhibited by
compound A (unpublished data), demonstrating that the hy-
droxyl of Tyr-303 is not catalytically essential. One role of the
phenolic oxygen of compound A may be to increase the electron
density at the isoquinoyl nitrogen, thereby stabilizing the ob-

served binding mode. However, during crystallographic refine-
ment, the ring atoms of compound A were restrained to be
coplanar. If the tautomeric state in which the ketone form is
partially present in bound compound A, the sp2 hybridization of
the phenolic oxygen may enable an intramolecular hydrogen
bond with the amide NH of its glycine side chain.

Comparison of PHD2cat with FIH. The opening to the active site of
PHD2cat is narrower than the human 2OG oxygenases FIH and
PAHX (Fig. 4) and especially so compared with the crystal
structure of bacterial proline-3-hydroxylase (44). The narrow
active site opening may have significance for the role of PHD
isozymes as sensors because it may rationalize the tight binding
constants for Fe(II) and 2OG (�1 	M and �2 	M respectively)
and its copurification with Fe(II) and 2OG (35).

Comparison of PHD2cat and FIH reveals that the conforma-
tions of the two coordinating histidines are near identical but
that of the aspartic acid differs (Fig. 5). In the
FIH.Fe(II).2OG.substrate structure (PDB ID code 1H2L) (29),
one of the Asp carboxylate oxygens coordinates the iron (Asp-
201 O�2-Fe(II); 2.1 Å), whilst the other carboxylate oxygen
hydrogen bonds to the backbone amide of Asn-803 of the
substrate (FIH Asp-201 O�1–HIF Asn-803 NH; 3.1 Å). In
PHD2cat, one of the Asp-315 oxygens coordinates the iron
(Asp-315 O�1-Fe(II); 2.2 Å) and the other carboxylate oxygen
hydrogen bonds to the well defined water molecule (Asp-315
O�2-Water1; 2.6 Å) that completes the octahedral coordination
of Fe(II) (Fig. 3b). Superposition of PHD2cat and FIH reveals
that the side chain amide carbonyl of compound A occupies the
same coordination position to the iron in PHD2 as the 2-oxo
oxygen of 2OG. However, the heterocyclic nitrogen has a
different coordination position compared with the 2-carboxylate
of 2OG (Fig. 5). This difference is interesting because of
uncertainty regarding the relative coordination position of the
2OG 1-carboxylate in the mechanism and it may be that it is
inverted for different enzymes (in some cases, both modes may
operate for the same enzyme; ref. 45). Although generally
similar, the 2OG-binding site of PHD2 differs significantly in
detail to that of FIH in employing basic and Tyr residues to bind
the 2OG 5-carboxylate. For the basic residue, PHD2cat employs
Arg-383 from DSBH �-strand VIII (�10) rather than a lysine in
FIH (Lys-214) from �-strand IV (�6). The tyrosine, Tyr-329 in
PHD2, is from �-strand III (�5), whereas Tyr-145 of FIH is not
from one of the core DSBH strands, but from the N-terminal
strand (�6). Although their iron-binding sites use similar ligands,
the residue differences in the 2OG-binding site and the overall
structural differences described above define the PHDs and FIH
as belonging to structurally distinct human 2OG oxygenase

Fig. 4. Surface representations of PHD2cat (a) and phytanoyl CoA hydrox-
ylase (b) (21) comparing the entrances to the active site cavities. The
surfaces are colored by depth with a gradient from blue (outermost) to
orange (innermost).

Fig. 5. Stereoview of the superimposed active sites of PHD2cat (blue) and FIH (gray) (PDB ID code 1H2N; ref. 29). Compound A (yellow) bound to PHD2cat and
2OG (green) bound to FIH, Fe(II) is represented by an orange sphere, yellow dashes indicate selected ligand interactions in the PHD2cat structure, and black dashes
in FIH. Note the different coordination modes for compound A in PHD2cat versus 2OG for FIH. The weaker inhibition of FIH by compound A over that of PHD2
may be explained by a steric clash with FIH’s Gln-147 side chain; the corresponding residue in PHD2 is Ala-301. The site of a clinically observed mutation in PHD2,
P317R (43) is close to the iron coordination site.

McDonough et al. PNAS � June 27, 2006 � vol. 103 � no. 26 � 9817

BI
O

CH
EM

IS
TR

Y



subfamilies, suggesting different evolutionary paths for the two
families.

The structure rationalizes why compound A inhibits PHD2
with severalfold greater potency than FIH (Ki � 1 mM for FIH)
by using a 2OG turnover assay by structural comparison. In FIH,
Gln-147 is equivalent to Ala-301 of PHD2, the longer side chain
of which would clash with the aromatic ring of compound A (Fig.
5). The shape of the PHD2cat 2OG-binding pocket also explains
why the L-enantiomer of N-oxalylalanine is a better PHD
inhibitor than the corresponding D-enantiomer: because the
latter would clash with the Val-376 side chain (36). N-Oxalyl-
D-phenylalanine, which is selective for FIH over the PHDs (41),
likely does not inhibit PHD2 for the same reason. Thus, the
development of potent small-molecule inhibitors that bind at the
active site and are selective for PHDs over FIH should be
possible. However, homology modeling indicates that obtaining
inhibitors based on 2OG analogues that are specific for the
individual PHD isoforms may be more difficult to obtain because
of their high degree of similarity (Figs. 10 and 11, which are
published as supporting information on the PNAS web site).

Comparison of PHDs. Sequence comparisons and modeling studies
indicate that the PHD2cat active site is highly conserved among
the three human PHDs, suggesting that specificity differences
are not solely due to the regions proximate to the 2OG and
Fe(II) binding sites (Figs. 10 and 11). It is possible that the
substrate specificity of the PHDs, in part, is determined by
regions relatively remote from the iron center and may involve
the variable N- and C-terminal regions. The sequence of the
‘‘�2-�3 finger’’ motif described earlier is not well conserved
among the three PHD isozymes, which suggests a role in
distinguishing their functions. In the structure of PAHX, a
similar finger exists and is found antiparallel to the same finger
of a symmetry-related molecule across a crystallographic 2-fold
axis (21). These regions, in particular the C-terminal region, are
likely to be involved in determining substrate specificity (46).
Other regions that vary between the PHDs are the 2 N-terminal
helices �1 and �2, which are relatively far from the active site.
Thus, the different physiological roles for the PHDs are likely to
be reflected in different modes of regulation rather than solely
on their biochemical properties. The sequence alignment of
PHD homologues from different organisms indicates that the
iron and cosubstrate-binding sites are very similar (Fig. 9); the
strictly conserved residues within the active site of these PHD
homologues include Asp-254, Trp-258, Tyr-303, Tyr-310, His-
313, Asp-315, Leu-343, Phe-366, His-374, Val-376, Arg-383, and
Trp-389.

Biological Significance and Clinical Relevance. Structural informa-
tion on the components of the HIF system helps to rationalize
polymorphisms, causing human genetic diseases involving eryth-
ropoeisis. The functional effects of pVHL mutations leading to
von Hippel-Lindau disease have been rationalized by the struc-
tures of pVHL in complex with the HIF(hyp564) peptide (47, 48).
However, not all cases of familial erythrocytosis involve pVHL
mutations, implying other lesions to the HIF system. An inher-
ited mutation in PHD2 linked with a familial erythrocytosis
occurs at Pro-317 of PHD2 (43). Pro-317 is located two residues
from the Fe(II)-binding aspartate at the i � 3 position of a type
VIII �-turn and close to the active site entrance implying that
mutation to Arg at this position is likely to alter both Fe(II) and
substrate binding (Fig. 5). To date, only this clinically relevant
PHD2 mutation has been identified (43), and no mutants of
procollagen prolyl hydroxylase have yet been reported. How-
ever, in the case of PAHX, which plays a role in enzymatic
degradation of the phytol side chain of chlorophyll, multiple
mutations leading to Refsum disease have been identified and

shown to cluster in the region of its iron and 2OG-binding site
(21, 22).

The recognition of the role of posttranslational hydroxylation
as a central mechanism for the regulation of the HIF-signaling
pathway raises questions regarding a general role for posttrans-
lational hydroxylation in other signaling pathways and the in-
volvement of 2OG oxygenases, which possess special features
with respect to oxygen�hypoxia sensing. Biological data and
sequence analyses suggest that the HIF system is ubiquitous in
metazoans. Direct experimental data are not as readily available
on putative 2OG oxygenases that might catalyze protein hy-
droxylation, but the number of close sequence homologues
suggests that PHDs are highly conserved through eukaryotes and
prokaryotes, more so than FIH.

Sequence searches and comparisons in light of the PHD2
structure reveal that the catalytic cores are well conserved in a
range of organisms that also possess HIF, and some that do not,
including Dictyostelium and several prokaryotic pathogens, such
as Pseudomonas aeruginosa and Vibrio cholerae (Fig. 9). The
PHD homologue in Dictyostelium catalyzes the hydroxylation of
SKP1, a homologue of the FBOX component of the E3 ubiquitin
ligase (49). Furthermore, most of the active site features, other
than those involved in iron and 2OG binding, that appear to
differentiate PHD2 from other characterized 2OG oxygenases
are well conserved. Although the evolutionary origins of the
bacterial PHD-like enzymes are unclear and could be due to
horizontal gene transfer from metazoans, they raise the possi-
bility that the role of 2OG oxygenases in regulating cellular
responses to oxygen are ancient.

Materials and Methods
PHD2181–426 was produced in Escherichia coli and purified by
cation exchange chromatography (29). A PHD2181–417 construct
was expressed in E. coli and purified on a Ni-NTA column
followed by gel filtration.

Structure Solution by SAD. PHD2181–426 crystals were grown anaer-
obically by using the hanging-drop method with 4-	l drops (2 	l
of 20 mg�ml-1 protein�2 mM compound A�50 mM Tris�HCl, pH
7.5�2 	l of well solution) over well solution containing 1.6–2.0
M (NH4)2SO4, 2–8% dioxane, 100 mM MES (pH 6.5), and 1 mM
Fe(II)SO4. Crystals were transferred directly to 50% NaMa-
lonate pH 7.5 and frozen in liquid N2. A highly accurate and
redundant data set was collected by using a single crystal (0.5 �
0.2 � 0.2 mm) mounted in an Oxford Cryosystems Cobra
cryostream at 100 K by using a X8 Proteum (Bruker-AXS)
equipped with a Microstar microfocus rotating anode x-ray
generator producing CuK� radiation, four circle KAPPA goni-
ometer, and SMART 6000 CCD detector. Data collection
strategy (optimized for SAD) and indexing were performed by
using PROTEUMPLUS aiming for a target redundancy of 40 in
fine-slice mode (0.25°). Data were integrated using SAINT and
scaled by using SADABS followed by analysis and manipulation in
XPREP (Bruker-AXS, 2005). The structure was solved by using
SOLVE�RESOLVE 2.08 (50). An Fe, I, and six sulfur sites were
sufficient to obtain initial phases refined to a figure of merit of
0.31 (Fig. 12, which is published as supporting information on the
PNAS web site). Density modification in RESOLVE increased the
figure of merit to 0.58 and resulted in a high quality electron
density map to 2.2 Å. Model building was done by using the
graphical software COOT 0.26 (51) and crystallographic refine-
ment was performed by using CNS 1.1 (52).

Structure Solution by Single Isomorphous Replacement with Anoma-
lous Scattering�Multiple Wavelength Anomalous Diffraction. Crys-
tals of the PHD2181–417-(His)6 in complex with compound A were
grown by the hanging drop vapor diffusion method from 28%
polyethylene glycol 8000�200 mM (NH4)2SO4�100 mM Mes, pH

9818 � www.pnas.org�cgi�doi�10.1073�pnas.0601283103 McDonough et al.



6.4 at a protein concentration of 15 mg�ml. The crystal structure
of PHD2181–417 was determined by combining phases from single
isomorphous replacement with anomalous scattering and mul-
tiple wavelength anomalous diffraction. SOLVE located five Hg
sites in the HgAc2 derivative, the Fe atom site in the native data
set with anomalous differences, and four Se sites in the SeMet-
derivatized PHD2181–417-(His)6 crystal from multiple wavelength
anomalous diffraction data collected at three different wave-
lengths around the Se absorption edge. Phase refinement re-
sulted in an initial figure of merit of 0.43. Density modification
by RESOLVE increased the figure of merit to 0.67 and a produced
a very good-quality map by using phases to 2.5 Å. Model building
was done by using QUANTA2000.2 (Accelrys, Inc., San Diego) and
refinement with CNX2000.12 (Accelrys, Inc.) and native data
collected to 1.7 Å. For detailed methods and a table of crystal-

lographic data and refinement statistics, see Supporting Text and
Table 1, which are published as supporting information on the
PNAS web site.
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