A mechanism for induction of a hypoxic response
by vaccinia virus
Michela Mazzona,b,1, Nicholas E. Petersb,1, Christoph Loenarzc,1, Ewelina M. Krysztoﬁnskab, Stuart W. J. Embera,b,
Brian J. Fergusona,b, and Geoffrey L. Smitha,b,2
a
Department of Pathology, University of Cambridge, Cambridge CB2 1QP, United Kingdom; bDepartment of Virology, Faculty of Medicine, Imperial College
London, St. Mary’s Campus, London W2 1PG, United Kingdom; and cChemistry Research Laboratory, Department of Chemistry, University of Oxford,
Oxford OX1 3TA, United Kingdom

Viruses have evolved sophisticated strategies to exploit host cell
function for their beneﬁt. Here we show that under physiologically normal oxygen levels (normoxia) vaccinia virus (VACV)
infection leads to a rapid stabilization of hypoxia-inducible factor
(HIF)-1α, its translocation into the nucleus and the activation of
HIF-responsive genes, such as vascular endothelial growth factor
(VEGF), glucose transporter-1, and pyruvate dehydrogenase kinase-1. HIF-1α stabilization is mediated by VACV protein C16 that
binds the human oxygen sensing enzyme prolyl-hydroxylase domain containing protein (PHD)2 and thereby inhibits PHD2-dependent hydroxylation of HIF-1α. The binding between C16 and PHD2
is direct and speciﬁc, and ectopic expression of C16 alone induces
transcription of HIF-1α responsive genes. Conversely, a VACV
strain lacking the gene for C16, C16L, is unable to induce HIF-1α
stabilization. Interestingly, the N-terminal region of C16 is predicted to have a PHD2-like structural fold but lacks the catalytic
active site residues of PHDs. The induction of a hypoxic response
by VACV is reminiscent of the biochemical consequences of solid
tumor formation, and illustrates a poxvirus strategy for manipulation of cellular gene expression and biochemistry.
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V

accinia virus (VACV) is the live vaccine used against
smallpox, an extinct human disease caused by variola virus
(VARV) (1). VACV and VARV belong to the Orthopoxvirus
genus of the Poxviridae, and each have large dsDNA genomes
and replicate in the cell cytoplasm (2). VACV can be engineered
to express foreign genes and these recombinant viruses have
potential as live vaccines against other diseases (3) and are useful
laboratory tools, for instance in identifying the target antigens of
CD8+ cytotoxic T lymphocytes (4, 5). VACV encodes many
genes that are nonessential for virus replication but are important in vivo for defense against the host innate immune system,
such as the VACV steroid biosynthetic enzyme 3-β-hydroxysteroid dehydrogenase (6, 7), or for modulation of host cell biochemistry, such as the VACV enzymes thymidine kinase (8),
thymidylate kinase (9), and ribonuceotide reductase (10).
VACV strain Western Reserve (WR) gene C16L encodes
a 37-kDa intracellular protein that contributes to virulence by an
unknown mechanism (11). C16 is nonessential for VACV replication, yet orthologs of C16 are conserved in several poxviruses,
suggesting an important function (11). VACV also encodes
a related protein, C4, with 43% amino acid identity to C16 and
that inhibits activation of NF-κB (12).
Here a direct interaction is shown between the N-terminal
region of C16 and the human oxygen sensor prolyl-hydroxylase
domain containing protein (PHD)2. During normoxia, PHD2 is
the major enzyme that hydroxylates hypoxia-inducible factor
(HIF)-1α on either of two proline residues within the oxygendependent degradation domain (ODD), P402 and P564 (13, 14).
After hydroxylation, HIF-1α is ubiquitinated by the von Hippel–
Lindau E3-ubiquitin ligase and then degraded by the proteasome. In contrast, under low oxygen levels (hypoxia), PHD2 is
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inactive and so HIF-1α is not hydroxylated, remains stable and
translocates to the nucleus where it induces transcription of
many genes involved in adaptation to hypoxia, including those
promoting angiogenesis, glucose metabolism, and cell survival
(reviewed in refs. 15 and 16). Although other substrates have
been suggested for PHD2, HIF-1α remains the best studied
target, and oxygen sensing is considered the main function of this
hydroxylase (17–19).
Here we show that by binding to PHD2, C16 inhibits PHD2mediated hydroxylation of HIF-1α leading to HIF-1α stabilization early after VACV infection and to the up-regulation of HIFresponsive genes. Thereby, VACV creates a hypoxic response
under normoxic conditions that mimics the situation in solid
tumors. Intriguingly, the inhibition of PHD2 is mediated via the
N-terminal region of C16 that is predicted to adopt a PHD2like fold but lacks the amino acid residues needed for catalytic activity.
Results
C16 Binds to Human PHD2. To investigate how protein C16 con-

tributes to VACV virulence, binding partners of C16 were sought
using C16 fused at the C terminus with STREP and FLAG tags
(C16-TAP). A HEK293T cell line expressing an inducible C16TAP was created and C16-TAP was isolated by tandem afﬁnity
puriﬁcation (TAP) (20). SDS/PAGE showed that C16 copuriﬁed
with a 50-kDa protein that was not seen from the same uninduced cell line, or from a cell line expressing the TAP-tag alone
(Fig. S1). Liquid chromatography-mass spectrometry (LC-MS)
unambiguously identiﬁed the 50-kDa protein as human PHD2
(egg-laying 9 homolog 1), which has a predicted mass of 46 kDa.
The C16–PHD2 interaction was tested by immunoblotting
after puriﬁcation of C16-TAP expressed by transfection. Two
other TAP-tagged VACV proteins, C6 (21, 22) and C4 (12) were
analyzed in parallel. VACV C4-TAP was included because of its
similarity with C16 (11, 12). C16 bound to endogenous PHD2
whereas C4 and C6 did not (Fig. 1A).
Two other human HIF-1α prolyl-hydroxylases are known,
PHD1 and PHD3. Although PHD1-3 are involved in oxygen
sensing, they are regulated differently, and may have different
substrate speciﬁcities and HIF-independent functions (17, 19).
To test whether C16 can also bind PHD1 or PHD3, C16-TAP
afﬁnity-puriﬁed samples were immunoblotted with speciﬁc Abs,
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C161–192 and human PHD2227–426 indicated a low overall sequence similarity with some β-sheets (Fig. 2A), but using Modeler software (23) C161–192 mapped onto the known structure of
PHD2 (24). Although the predicted secondary structure of C16
differs slightly from PHD2 in that it lacks the ﬁrst two α-helices
of PHD2, the double-stranded β-helix, the key structural feature
of 2-oxoglutarate oxygenases including PHD2, is conserved in
C16 (Fig. 2B).
Structural similarity between C16 and PHD2 is interesting
because, although PHD2 crystallized as a homotrimer, it is not
known to dimerize in solution (24). We therefore tested whether
the N-terminal region of C16 is the domain required for binding
PHD2. Lysates from HEK293T cells expressing either N-terminal C161–214 (ΔC-C16) or C-terminal C16215–331 (ΔN-C16) were
afﬁnity puriﬁed, and binding of PHD2 was assessed by immunoblotting. Full-length C16 was included as control. C161–214
alone bound PHD2, whereas C16215–331 did not. Therefore, the
C16 N-terminal region with predicted PHD2-like conformation
is also the region necessary for binding PHD2.
The C-terminal region of PHD2, which adopts the doublestranded β-helix fold, is responsible for the interaction with HIF-1α
(25). Although this is predicted to be structurally conserved
between C16 and PHD2, key catalytic residues of PHD2 (H313,
D315, and H374) required to coordinate Fe(II) within the active
site (24) are missing in C16, whereas the PHD2 residue R383,
which coordinates 2-oxoglutarate (2OG), is conserved (Fig. 2A).
Thus, the C16 N-terminal region might adopt a PHD2-like
conformation, but it is unlikely to be catalytically active.
C16 Inhibits PHD2-Mediated Hydroxylation of HIF-1α and Induces HIF1α Stabilization. PHD2 hydroxylates HIF-1α in normoxia, leading
Fig. 1. VACV C16 protein binds to PHD2, but not to PHD1 or PHD3. (A)
Lysates from HEK293T cells transfected with VACV C16-TAP, C4-TAP or C6TAP, or untransfected (Neg) were afﬁnity puriﬁed (AP) with streptavidin
agarose. Proteins in whole cell lysates (Input) and in AP fractions were analyzed by SDS/PAGE and immunoblotting using Abs against FLAG, PHD1,
PHD2, or PHD3. (B) PHD2 was immunoprecipitated (IP) from HEK293T cells
infected with vC16 or vΔC16 at 10 pfu per cell for 2 h. Proteins in the whole
cell lysates (Input) and the IP fractions were separated by SDS/PAGE and
analyzed by immunoblotting using Abs against PHD2, C16 or C6. The positions of molecular mass markers are shown in kDa.
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but only PHD2 puriﬁed with C16 (Fig. 1A). C16–PHD2 binding
was also shown during VACV infection (vC16; ref. 11) where
endogenous PHD2 coprecipitated with C16, but not C6 (Fig.
1B). The PHD2–C16 interaction was also conﬁrmed by afﬁnity
puriﬁcation of overexpressed PHD2 in the context of viral
infection (Fig. S1B).
To test whether C16 binds PHD2 directly, C16 (Fig. S2 A and
B) and PHD2 residues 181–426 (PHD2181–426) were expressed
and puriﬁed from E. coli and their binding was tested in vitro
using size-exclusion chromatography. SDS/PAGE and immunoblot analysis of different size-exclusion chromatography fractions
showed that, despite their different sizes, C16 and PHD2 coeluted (Fig. S2C). Together these results show that C16 binds
PHD2 directly. Additionally, the C16–PHD2 interaction required only the C-terminal domain of PHD2 (residues 181–426),
which contains the catalytic domain responsible for HIF-1α
hydroxylation.
C16 Has a Predicted PHD2-Like Conformation. The potential 3D
structure of C16 was studied by sequence-structure homology
analysis using the PsiPred protein structure prediction server
(http://bioinf.cs.ucl.ac.uk/psipred). The ﬁrst 205 residues of C16
revealed strong similarity to prolyl-hydroxylases with those from
Shewanella baltica and Chlamydia reinhardtii being most similar,
and with more distant similarity to human PHD2. Alignment of
2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1302140110

to HIF-1α degradation by the proteasome (18, 19). To test
whether C16 inhibited PHD2 activity, recombinant PHD2181–426
was coincubated with C16 and a HIF-1α fragment representing
the CODD and HIF-1α hydroxylation was measured by MS (Fig.
3A). At C16 levels above equimolar to PHD2, but below equimolar to the HIF-1α substrate, C16 reduced HIF-1α CODD
hydroxylation. These results are consistent with C16 binding to
PHD2 and thereby hindering HIF-1α binding.
To investigate whether the inhibition of HIF-1α hydroxylation
by C16 was speciﬁc to the HIF-1α domain targeted by PHD2,
HIF-1α amino acids 395–413 and 556–574 representing the
N-terminal oxygen-dependent degradation domain (NODD) and
C-terminal oxygen-dependent degradation domain (CODD),
respectively, were incubated with PHD2 alone or with PHD2 and
C16 (Fig. 3B). By measuring the PHD2-stimulated turnover of its
14
C-labeled cosubstrate 2OG to succinate, it was found that
PHD2 turnover was reduced to background by C16, but not BSA
(Fig. S3), at equimolar concentrations to either HIF-1α NODD or
CODD. This observation suggests that C16 inhibits the binding of
PHD2 to each substrate, and that C16 is not a substrate of PHD2.
To determine an IC50 value for the inhibition of PHD2-catalyzed HIF-1α hydroxylation by C16, the change in CODD hydroxylation with increasing levels of C16 was monitored. At a
HIF-1α concentration of 50 μM, a C16 concentration of ∼12 μM
reduced CODD hydroxylation by 50% (Fig. 3C).
Next, the ability of C16 to inhibit PHD2 and stabilize HIF-1α
was investigated in cells. Levels of HIF-1α in cells transfected
with C16 or C6 were tested by immunoblotting. Cells treated
with the generic 2OG oxygenase inhibitor and hypoxia mimic
dimethyloxalylglycine (DMOG) were included as a positive
control. HIF-1α was stabilized by C16 or DMOG, but not by C6
(Fig. 4A).
HIF-1α–induced transcription was also investigated by measuring mRNA levels of the HIF-responsive genes VEGF and
glucose transporter 1 (GLUT1) by quantitative RT-PCR (qRTPCR) (16) in cells transfected with either C16 or C6. As
expected, DMOG induced transcription of both genes (Fig. 4B).
Mazzon et al.
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Similarly, mRNAs for both genes were up-regulated by C16, but
not C6, conﬁrming that inhibition of PHD2 by C16 is sufﬁcient to
induce HIF-1α activity (Fig. 4B).
HeLa cells were also transfected with C16 or C6 and a reporter plasmid in which expression of ﬁreﬂy luciferase is driven
by the HIF-responsive element (HRE). Cells transfected with
empty vector or treated with DMOG were included as negative
and positive controls, respectively. Reporter gene activity was
signiﬁcantly higher in cells transfected with C16 than in cells
transfected with C6 or with empty vector, showing that expression of C16 alone is sufﬁcient to activate HIF-1α signaling
(Fig. 4C).

that C16 induces HIF-1α stabilization by preventing PHD2mediated hydroxylation (Fig. S4B).
Finally, to investigate whether C16 also inﬂuences the transcription of HIF-1α–responsive genes during infection, mRNA
levels of pyruvate dehydrogenase kinase (PDK) -1, GLUT-1, and
VEGF (16, 26) were measured by qRT-PCR in cells infected
with vC16, vΔC16, or vC16rev (a revertant with C16 reinserted
into vΔC16; ref. 11). Transcription of all three genes was lower
in cells infected with vΔC16 than in cells infected with viruses expressing C16. Collectively, these data show that C16
is necessary for the induction of transcription of HIF-1α–
responsive genes.

C16 Induces HIF-1α Stabilization and Transcription of HIF-Inducible
Genes During VACV Infection. Next, HIF-1α stabilization and

Discussion
This study shows that VACV protein C16 binds to the oxygen
sensing enzyme PHD2 and inhibits its hydroxylation of HIF-1α,
so that HIF-1α is stabilized and its transcriptional response activated. Deletion of gene C16L from VACV abolished HIF-1α
stabilization and prevented HIF-1α–induced transcription. In
addition, ectopic expression of C16 recapitulated observations
from wild-type VACV infection, showing that C16 is both necessary and sufﬁcient to induce stabilization of HIF-1α and to
activate the hypoxic response.
The interaction between C16 and PHD2 was identiﬁed using
an unbiased proteomic approach and was conﬁrmed by afﬁnity
puriﬁcation in transfected and infected cells, and by interaction of recombinant protein in vitro. C16 did not bind the
PHD2 isozymes PHD1 and PHD3, showing a PHD2-speciﬁc
interaction. PHD1, PHD2, and PHD3 are considered to be
nonredundant and are likely to contribute differently to the
establishment of the cell hypoxic response (18, 19) and other
roles have been suggested for each protein (17). Of these three
hydroxylases, PHD2 is primarily responsible for hydroxylation of

translocation were studied in HeLa cells infected with wild-type
VACV (vC16) or a mutant lacking the C16L gene (vΔC16; ref.
11). Immunoblotting showed stabilization of HIF-1α from 30 min
postinfection (pi) with vC16, a peak at 4 h pi, and a decline
thereafter. Protein C16 was also detected by 30 min pi, supporting a temporal correlation between the expression of C16
and stabilization of HIF-1α. In contrast, HIF-1α levels remained
low after infection with vΔC16 (Fig. 5B). The translocation of
HIF-1α into the nucleus was also tested by immunoﬂuorescence.
Treatment of cells with DMOG, or infection with vC16, induced
HIF-1α stabilization and nuclear translocation, whereas infection
with vΔC16 did not (Fig. 5C). Collectively, these data show that
C16 is the primary VACV protein mediating HIF-1α stabilization (Fig. 5B). Accumulation of HIF-1α was not due to increased
transcription of HIF-1α, because HIF-1α mRNA levels remained
similar during infection with vC16 and vΔC16 (Fig. S4A); furthermore, levels of hydroxylated HIF-1α are lower in cells
infected with vC16 than with vΔC16, supporting the hypothesis
Mazzon et al.
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Fig. 2. The N-terminal region of C16 has a predicted PHD2-like conformation. (A) Protein sequence alignment of C16 amino acids 1–192 and the
C-terminal regions of PHD1-3; black and blue shading indicates amino acid conservation; red shading
highlights Fe(II) and 2OG coordinating residues. The
predicted secondary structure of C16 is indicated by
green cylinders (α-helices) or arrows (β-sheets). (B ii)
Predicted structure of C16 residues 1–174 (in blue)
based on the solved structure of PHD2181–426 (i, in
green; residues coordinating Fe(II) and 2OG in orange) using Modeler software. (iii and iv) PHD2
when bound to its HIF-1α CODD substrate (in yellow;
iii) and overlayed with the predicted structure of
C16 (iv). (C) Lysates from HEK293T cells transfected
with full-length VACV C16, or with the N-terminal
(ΔC-C16) or C-terminal (ΔN-C16) regions of C16 were
afﬁnity puriﬁed (AP) with streptavidin agarose.
Proteins contained in whole cell lysates (Input) and
in AP fractions were separated by SDS/PAGE and
analyzed by immunoblotting using Abs against
FLAG and PHD2. The positions of molecular mass
markers are shown in kDa.
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Fig. 3. C16 prevents PHD2-mediated hydroxylation
of HIF-1α. (A) MS analysis of HIF-1α hydroxylation by
PHD2 in the presence of C16. MALDI MS assays
showing in vitro hydroxylation (+16 Da) of 50 μM of
a HIF-1α fragment (CODD 19mer peptide) by different concentrations of C16 (12.7, 0, 5.08, and 12.7
μM in i, ii, iii, and iv, respectively) in the presence
(i, ii, and iii) or absence (i) of 4 μM of PHD2 protein.
(B) Cosubstrate turnover assay of CODD and NODD
hydroxylation by PHD2 in the presence of C16. Radioactive 14CO2 released from a 1-[14C]-2OG cosubstrate upon PHD2 turnover was determined in the
presence or absence of C16. C16 was used at equimolar concentration to HIF-1α CODD and NODD (50
μM); PHD2 was used at 3 μM. Error bars show SD
from three technical replicates. **P < 0.01; *P <
0.05. (C) Nonlinear plot of PHD2-catalyzed HIF-1α
CODD hydroxylation at varying C16 concentrations.
The calculated apparent IC50 value for C16 protein
was 11.8 ± 1 μM (95% conﬁdence interval 10.8–12.9
μM). Assay conditions were as for A. Curve-ﬁtting
was performed using GraphPad Prism.

HIF-1α in normoxia (18). Like other 2OG oxygenases, it has
been suggested that PHD substrate speciﬁcity might depend on
regions remote from the catalytic core (24). However, our in
vitro assays show that PHD2181–426 is sufﬁcient for C16 binding,
so the N-terminal region of PHD2 is dispensable.
In vitro assays also show that as a consequence of the interaction between PHD2 and C16, the prolyl-hydroxylase activity
of PHD2 on both degradation domains of HIF-1α is inhibited.
These results demonstrate that this interaction is direct, because
no other cellular components are required for the binding or to
suppress the catalytic activity of PHD2. Direct interaction was
conﬁrmed by size-exclusion chromatography.
Interestingly, the N-terminal region of C16, which is responsible for binding PHD2, is predicted to have a similar fold
to the C-terminal region of PHD2, which is responsible for
the hydroxylation of HIF-1α. PHD2 has been crystallized as
a homotrimer, with intermolecular contacts between the Cterminal α-helix α4 of one monomer, and the active site of the
neighbor monomer (24). However, the enzyme is thought to exist
as a monomer in solution, and it is therefore interesting that C16
forms a complex with PHD2 while likely assuming a PHD2like conformation.
Despite this predicted structural similarity, the catalytic residues conserved in all animal PHDs (27) are missing in C16,
suggesting not only that C16 itself is catalytically inactive, but
also that it is unlikely to inhibit PHD2 by competing for Fe(II)
and 2OG. Alternatively, C16 might prevent the hydroxylation of
HIF-1α by sterically hindering HIF-1α binding to PHD2.
Expression of C16 was sufﬁcient to induce stabilization of
HIF-1α and up-regulation of HIF-responsive genes after transfection and viral infection, because deletion of C16L from
4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1302140110

VACV abolished stabilization of HIF-1α and transcription of
hypoxia responsive genes. This showed that the hypoxic response
is not merely an outcome of infection, but speciﬁc inhibition of
PHD2 by C16.
VACV-induced stabilization of HIF-1α and induction of
HIF-1α–dependent gene expression are also interesting because
VACV induces a rapid shut-off of host transcription and translation (28, 29). However, stabilization of HIF-1α is induced very
early after infection before the VACV-induced shutdown occurs,
and reduced HIF-1α at 6 and 8 h pi might reﬂect the VACV
shut-off as infection progresses.
Stabilization of HIF-1α after infection has been observed for
other viruses, although the mechanisms and consequences of this
are not entirely clear. Several oncogenic viruses stabilize HIF-1α
during infection, and a link has been suggested between this and
their transforming potential (30). For example, human papillomavirus (31, 32), Kaposi’s sarcoma-associated herpes virus (33),
Epstein–Barr virus (34–36), hepatitis B virus (37), and hepatitis
C virus (38) each induce stabilization of HIF-1α. These viruses
also remodel cellular metabolism by promoting aerobic glycolysis
and reducing oxidative phosphorylation even in normoxic conditions, a phenomenon described as Warburg effect. In cancer
cells, a reduction in mitochondrial metabolism limits production
of reactive oxygen species (ROS) and accumulates metabolic
intermediates that feed synthesis of nucleotides and fatty acids,
features advantageous for rapidly proliferating cells (26, 30). A
similar metabolic shift has been observed for other nononcogenic
DNA viruses (39–41), with or without HIF-1α stabilization, suggesting that this could be important for viral replication.
In summary, this report shows that a VACV induces a hypoxic
response rapidly after infection and this is mediated by protein
Mazzon et al.

Cell Lines and Drugs. HEK293T cells were grown in DMEM with 10% (vol/vol)
FBS and penicillin and streptomycin. HEK293T cells expressing inducible C16
or PHD2 were grown in DMEM with 10% FBS with 10 μg/mL blasticidin and
100 μg/mL zeocin. Murine embryo ﬁbroblasts (MEFs) were grown in DMEM
with 15% (vol/vol) FBS. HeLa cells were grown in MEM with 10% FBS and 1×
nonessential amino acids (from 100× solution, Gibco). Dimethyloxalylglycine
(DMOG) and doxycycline (both Sigma) was used at 1 mM and 2 μg/mL respectively. MG132 (Calbiochem) was used at 25 μM.

Fig. 4. C16 induces HIF-1α stabilization and hypoxic signaling. (A) HEK293T
cells were transfected with C16 or C6 and 48 h later the levels of HIF-1α were
analyzed by immunoblotting. Cells treated with DMOG were included as
controls. The positions of molecular mass markers are shown in kDa. (B) 293T
cells were transfected with C16 or C6 expression plasmids and 24 h later, the
cells were lysed and RNA was extracted. Induction of VEGF and GLUT-1 were
measured by quantitative reverse-transcription PCR (qRT-PCR) and normalized to the housekeeping gene HPRT. Fold-induction is compared with C6
and was calculated using the ΔΔCT formula. The ﬁgure shows the mean ±
SEM for three biological replicates. One representative of two experiments is
shown. (C) HeLa cells were cotransfected with a ﬁreﬂy reporter plasmid
under the control of an HIF-responsive element (HRE), a renilla luciferase
transfection control and C16 or C6 expression plasmid or empty vector
control (EV). After 24 h, cells were lysed and ﬁreﬂy and renilla activity were
measured. Fireﬂy activity was normalized to renilla luciferase activity. The
fold induction is compared with EV; results are presented as mean ± SEM
from four biological replicates. ***P < 0.005; **P < 0.01.

C16. The speciﬁc interaction between the N-terminal PHD2-like
domain of VACV protein C16 and the C-terminal catalytic domain
of PHD2 provides a precise mechanism for HIF-1α stabilization.
Materials and Methods
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Plasmids. Genes were cloned in pcDNA4/TO (Invitrogen), with a C-terminal
TAP tag consisting of two FLAG and two STREP epitopes (20). C16 and C4
sequences were codon optimized for mammalian cells (GeneArt).

Immunoblot Analysis. For HIF-1α immunoblotting, cells were lysed in 8 M
urea, 10 mM Tris·HCl (pH 6.8), 10% (vol/vol) glycerol, 1% SDS, 1 mM DTT,
and protease inhibitor. Abs used were: rabbit anti-C16 (11); rabbit anti-C6
(21); mouse mAb anti-FLAG (Sigma-Aldrich); rabbit anti-PHD2 (Cell Signaling
Technology); rabbit anti-PHD1 (Novus Biologicals); rabbit anti-PHD3; mouse
mAb anti–HIF-1α (BD Biosciences); rabbit anti OH-HIF-1α (P564, Cell Signaling
Technology); mouse mAb Ab1.1 anti-VACV protein D8 (42); and mouse
mAb anti-tubulin (Upstate Biotech). Bound Ig was detected with ﬂuorescenceconjugated goat anti-mouse or anti-rabbit and infrared technology (Licor
Biotechnology).
Immunoﬂuorescence. HeLa cells were infected at 10 pfu per cell or treated
with 1 mM DMOG for 6 h and immunoﬂuorescence was done as described
(12) using anti–HIF-1α mAb (BD Biosciences, 610958).
Bioinformatic Analyses. Sequence alignments were created with Clustal and
manually curated using GeneDoc. Protein structure predictions were based
on the cosubstrate structure of PHD2 with HIF-1α CODD (PDB 3HQR) (25) and
were prepared using Modeler 9 and visualized using PyMOL.
Quantitative Reverse Transcription PCR. Cells were transfected or infected
as indicated in six-well plates. Total cellular RNA was extracted using
RNEasy kit (Qiagen) and reverse transcribed with random hexamer primers
according to standard methods. PCR analysis using speciﬁc primers (sequences in supplementary information) was performed with Fast SYBR
Green Master Mix (Applied Biosystems) and analyzed on a ViiA 7 instrument
using ViiA 7 RUO software (Applied Biosystems). The housekeeping gene

Fig. 5. Infection by VACV induces stabilization of
HIF-1α and hypoxic signaling. HeLa cells were infected with vC16 (A) or vΔC16 (B) at 5 pfu per cell and,
at the times indicated, cells were lysed and the levels
of HIF-1α, VACV proteins C16 and D8, and tubulin
were analyzed by SDS/PAGE and immunoblotting.
Mock-infected cells and cells treated with DMOG
were included as controls. One representative of
three experiments is shown. (C) HeLa cells were
infected with vC16 or vΔC16 at 10 pfu per cell for
6 h, and stabilization and nuclear translocation of
HIF-1α were visualized by immunoﬂuorescence.
Mock-infected cells and cells treated with DMOG
were included as controls. The localization of HIF-1α
(red; Left) and a phase-contrast image (Right) are
shown. (D) Deletion of C16L reduces transcription of
HIF-responsive genes. MEFs were infected with vC16,
vΔC16, or vC16rev at 10 pfu per cell and, 3 h later,
cells were lysed and RNA was extracted. Induction
of GLUT-1, PDK-1, and VEGF were measured by qRTPCR and normalized to the housekeeping gene
HPRT, using the formula: 2^−(Gene of interest ct−HPRTct).
The ﬁgure shows the mean ± SEM from three biological duplicate. **P < 0.01.
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Afﬁnity Puriﬁcation and Immunoprecipitation. Cells were transfected with
TransIT-LT1 transfection reagent (Mirus), or induced with doxycycline and
then infected as indicated. Cells were lysed in lysis buffer [150 mM NaCl/20 mM
Tris·HCl, pH 7.4/10 mM CaCl2/0.1% Triton X-100/10% (vol/vol) glycerol and
protease inhibitors (complete Mini, EDTA-free tablets, Roche)] and then incubated with Strep-Tactin beads (IBA) for 2 h. After three washes in lysis
buffer, bound proteins were analyzed by SDS/PAGE and immunoblotting.
For endogenous immunoprecipitations, mouse mAb anti-PHD2 antibody
(Millipore) or mouse mAb anti–HIF-1α abs (BD Biosciences) was used at 1:100.

hypoxanthine-guanine phosphoribosyltransferase (HPRT) was analyzed in
the same samples. Data were analyzed using GraphPad Prism, and P values
were calculated using Student t test.
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Luciferase Reporter Assay. Luciferase reporter-gene assays were performed in
HeLa cells transfected with 10 ng of GL3-Renilla plasmid, 60 ng of HRE–ﬁreﬂy
reporter plasmid (gift from Peter J. Ratcliffe, University of Oxford, Oxford,
United Kingdom), and 50 ng of expression vectors or pcDNA4.0/TO empty
vector control per 50,000 cells. After 24 h transfected cells were harvested in
Passive Lysis Buffer (Promega) and renilla and luciferase activity were measured on a FLUOstar Omega instrument (BMG Labtech). Fireﬂy luciferase
activity was normalized against renilla luciferase activity, data were analyzed using GraphPad Prism, and P values were calculated using the Student
t test.

1-[14C]-2OG Decarboxylation Assay. HIF-1α peptides with or without C16
protein were tested for their ability to stimulate PHD2-dependent decarboxylation of 1-[14C]-labeled 2OG. Standard assay conditions comprised
a total volume of 100 μL in 50 mM Tris·HCl (pH 7.5), 4 mM ascorbate, 292 μM
2OG [1.25% (wt/wt) 1-[14C]], 100 μM (NH4)2Fe(SO4)2·6H2O, 0.66 mg/mL catalase (H2O2 scavenger), 4 μM enzyme and 50 μM HIF-1α peptides. Brieﬂy, the
assay was set up in three drops, one containing PHD2 (10 μL), another
containing HIF-1α peptide and C16 protein (5 μL each) and the other containing reagents. Then 200 μL of hyamine hydroxide was added, the reaction
tube was sealed with a rubber septum and incubated with shaking at 37 °C
for 15 min and then quenched with methanol (200 μL). Reaction tubes were
then kept on ice for 20 min, before the hyamine hydroxide was removed and
radioactivity was counted (Beckman, LS6500). Assays were performed in
triplicate. P values were calculated using Student t test (two-tailed; assuming
groups have unequal variance).

PHD2 Hydroxylation Assay. Hydroxylation of HIF-1α peptides was analyzed
using MALDI MS in the positive ion mode. Peptide samples were prepared
under 2OG decarboxylation assay conditions without radioactive 2OG.
Reactions were quenched with an equal volume of CH3CN. All samples for
MALDI MS analyses were mixed with α-cyano-4-hydroxy-cinnamic acid as
matrix (1:1). For C16 inhibition studies of PHD2 activity, nonlinear regression
analyses were performed using GraphPad Prism.
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