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ABSTRACT: Oxygen is vital for all aerobic life forms. Oxygen-dependent hydroxylation of hypoxia-inducible
factor (HIF)-1a by prolyl hydroxylase domain enzymes (PHDs) is an important step for controlling the expres-
sion of oxygen-regulated genes in metazoan species, thereby constituting a molecular mechanism for oxygen
sensing and response. Herein, we report a genetically encoded dual-emission ratiometric fluorescent sensor, Pro-
CY, which responds to PHD activities in vitro and in live cells. We demonstrated that ProCY could monitor hy-
poxia in mammalian cells. By targeting this novel genetically encoded biosensor to the cell nucleus and cytosol,
we determined that, under normoxic conditions, the HIF-prolyl hydroxylase activity was mainly confined to the
cytosol of HEK 293T cells. The results collectively suggest broad applications of ProCY on evaluation of hypoxia

and PHD activities and understanding of pathways for the control of hypoxic responses.
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Oxygen is required for all aerobic organisms on Earth for metabolism and energy production. In the mean-
while, oxygen overexposure may increase the production of reactive oxygen species (ROS), leading to oxidative
damage.” Therefore, biological systems have evolved complex mechanisms to sense changes in oxygen concen-
trations and respond accordingly to maintain homeostasis. Hypoxia-inducible factor (HIF)-1 is an important com-
ponent of a cellular signaling cascade responsible for oxygen-dependent responses in various animals.” HIF-1 is a
transcription factor, which regulates the expression of a number of downstream genes, whereas the stability of the
a-subunit of HIF-1 (HIF-1a) is controlled by oxygen-dependent hydroxylation of conserved proline residues by
prolyl hydroxylase domain enzymes (PHDs), thereby leading to subsequent ubiquitination and proteasomal deg-
radation of HIF-1a (Figure 1).”” Consequently, HIF-1a and its prolyl hydroxylation serve as a mechanism to

transduce the cellular oxygen level into changes in gene expression.”’

Hypoxia, a condition defined by low oxygen levels, has been linked to diverse pathophysiological processes
and diseases, such as cancer, anemia, ischemia, and stroke.*”’ Because of the high sensitivity and versatility of
fluorescence measurements, hypoxia-responsive fluorescent probes are considered important research tools.’”

Previous studies have reported several synthetic fluorescent probes sensitive to bioreduction reactions under hy-

14-16 18, 19

poxia, such as synthetic molecules containing a nitro group, a quinone group,’” an azo group, or a xan-
thine ring” as their sensory moieties. Despite the progress, none of these aforementioned fluorescent probes di-
rectly senses PHD-induced hydroxylation, and their fluorescence change is often dependent of the activities of
cellular reductases under hypoxia. Furthermore, it is not trivial to deliver these synthetic dyes to specific subcellu-
lar locations. In other studies, fluorescent proteins (FPs) have been fused downstream to tandem repeats of the
hypoxia transcriptional response element (HRE) to afford genetic tools for monitoring the transcriptional activity
of HIF-1.” Because prolyl hydroxylation is not the only regulatory mechanism for HRE-dependent transcription,’
the fluorescence of the FP reporters does not necessarily reflect oxygen abundance and the activities of PHDs.
Herein, we describe a novel genetically encoded single-chain fluorescent biosensor, which can ratiometrically

respond to PHD activities in vitro and in live cells. We also show that the Forster resonance energy transfer

(FRET) ratios of the biosensor are indicative of hypoxic and normoxic conditions in living systems.

RESULTS AND DISCUSSION

Design and in vitro Characterization. We designed the biosensor by sandwiching a proline-containing sub-
strate peptide derived from HIF-1a and a small 10-kDa protein domain derived from the von Hippel-Lindau tu-
mor suppressor (VHL) between an enhanced cyan FP (ECFP) and a yellow FP YPet (Figure 2). We selected a 22-
aa peptide from HIF-1a (residues 556 to 577 with a hydroxylation site at residue 564), because of its reasonable
length and excellent substrate activity for various PHDs.”” ¥ The hydroxylation of Pro564 can greatly enhance
the interaction of the peptide with VHL, whereas residues 60-154 of VHL form a distinct domain responsible for
the interaction (Supporting Information Figure S1). ECFP and YPet were selected, because they form a high-
ly optimized FRET pair due to their weak dimerization propensity, which typically leads to relatively large dy-
namic ranges in FP-based biosensors.””* We reasoned that the oxygen-dependent hydroxylation of the HIF-1a

derived peptide by PHDs might induce the interaction of the peptide with the VHL domain, leading to a confor-
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mational change that alters the distance and/or relative orientation between ECFP and YPet to further trigger a

measurable change in the FRET efficiency.”

We constructed five genetic variants, which differ from each other in terms of the length and composition of
the linkers (Figures S2-S4). We expressed all fusion proteins in Escherichia coli, by co-expressing GroEL and
GroES chaperones to assist protein folding.” We next purified the proteins in two steps using Ni-NTA affinity
chromatography and size-exclusion columns, and determined their fluorescence responses to a catalytically active
fragment of PHD2 (a.k.a. HIF-P4H-2, or EgIN1), which is the most abundant form of HIF-prolyl hydroxylases,
using an in vitro enzyme assay.”” >’ We named the variant showing the largest dynamic range (defined as the ratio
of the acceptor-to-donor emission ratios before and after treatment with PHD2) ProCY. It contains a 21-amino
acid Gly- and Ser- rich linker between the VHL domain and the HIF-1a derived peptide; all other elements were
fused with short dipeptide sequences (Figure 3A). The FRET ratio (YPet/ECFP) of this variant changed from
2.95 to 1.76 after addition of PHD2, corresponding to a dynamic range of 168% (Figure 3B). We further con-
structed a negative-control fluorescent probe, ProCY-N, which is identical to ProCY except for that both proline
residues (Pro564 and Pro567) in the HIF-1a derived peptide were mutated to alanine (Figure 3A). The fluores-
cence of ProCY-N is irresponsive to the PHD2 activity (Figure 3C).

Imaging of Hypoxia and Prolyl Hydroxylases in Mammalian Cells. We next expressed ProCY in human
embryonic kidney (HEK) 293T cells, and examined its responses to intracellular PHD activities. We cultured
cells in a typical cell culture incubator (~ 20% O,), or in a hypoxic chamber supplied with 2% O,. A lower FRET
ratio was observed for the cells under normoxia (Figure 4A) compared to the cells under hypoxia (Figure 4B),
corroborating our in vitro characterization with purified proteins. Under normoxia, addition of 10 uM 10X2,* a
commercially available PHD inhibitor, resulted in a FRET ratio close to that of cells under hypoxia (Figure 4C).
We further co-expressed ProCY with the catalytic fragment of PHD2 in HEK 293T cells. Under all conditions,
the FRET ratios of the cells overexpressing the PHD2 fragment were essentially indistinguishable from the ratios
of the cells without PHD2 overexpression (Figures 4D-F and SA), indicating that the endogenous PHD level in
HEK 293T cells is high and it is not the limiting factor for the intracellular prolyl hydroxylation reaction. Previ-
ous studies suggest that oxygen is a key regulator for PHD activities.” We examined the FRET ratios of ProCY at
three different oxygen concentrations (~ 20%, 8%, and 2%). Indeed, there was an inverse relationship between
FRET ratios and oxygen concentrations (Figures SA). To further confirm that the FRET changes of ProCY were
caused by intracellular PHD activities, we expressed the negative-control probe, ProCY-N, in HEK 293T cells
under normoxia and hypoxia, and no FRET ratio change was observed (Figures SA and S5A). All data collec-
tively support that ProCY is an effective sensor for monitoring the PHD activities and hypoxia in mammalian
cells. We also utilized Western blot to probe the expression levels of PHD2 and HIF-1a in HEK 293T (Figure
5B). PHD2 was observed for cells under both normoxia and hypoxia, whereas HIF-1a was only observed for cells
under hypoxia. The result is aligned with previous reports,” indicating that our experimental conditions were well

controlled.

Prolyl hydroxylation is generally considered as an irreversible post-translational modification.”” This limits

the capability of ProCY for real-time monitoring of cellular dynamics of PHD activities. We observed slow re-
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sponses of ProCY after switching cells from normoxia to hypoxia. This is not surprising, because hydroxylated
ProCY sensor proteins have to be largely degraded before FRET changes become obvious. Our ProCY sensor
took ~ 48 h to reach steady states, corroborating previous reports that FPs have long half-lives.” In order to gain
faster responses, one may choose to fuse ProCY with a destabilizing sequence (degron) to enhance the turnover
rate of hydroxylated ProCY.” On the other hand, one could express ProCY under hypoxia to monitor re-
oxygenation (Figures S5B). Although PHD-induced FRET changes usually completed in 30-40 min in our in
vitro assays, most FRET changes of ProCY-expressing cells were in the first 2-3 hours during re-oxygenation
under normoxic conditions. This difference was likely caused by the slow dissolution and diffusion of oxygen in
the culture medium. Biological systems often use oxygen transporter proteins, such as hemoglobin, to increase

the solubility and transport of oxygen.”

Subcellular Imaging of the Prolyl Hydroxylase Activity. It is generally accepted that the localization of
PHDs in distinct subcellular compartments is regulated.’” *® Their localization and translocation between the nu-
cleus and the cytosol are important mechanisms for the control of hypoxic responses.” ** Recently, the subcellu-
lar localization of PHDs has even been linked to tumor development and resistance to radiotherapy.”’* Despite
that a number of studies, which mainly relied on nuclear/cytoplasmic fractionation followed by Western blotting
of PHDs or direct fluorescence imaging of labeled PHDs, have sought to elucidate the distribution of PHD en-
zymes between the nucleus and the cytosol, conflicting results have been reported.”” “**° This discrepancy may be
attributed to different cell types used in these studies, or may be caused by the inaccuracy of their detection meth-
ods.” Since ProCY is a genetically encoded indicator for the HIF-prolyl hydroxylase activity, we simply fused
ProCY with a nuclear localization sequence (NLS) or a nuclear export signal (NES) to achieve the complete lo-
calization of ProCY in either the nucleus or the cytosol. When HEK 293T cells were cultured in normoxia, re-
duced FRET ratios were observed for cytosolic ProCY, but not for nuclear ProCY (Figures SA and 6). The result
suggests that the endogenous PHD activity is mainly in the cytosols of HEK 293T cells. This experiment demon-
strates the usefulness of ProCY to directly image subcellular HIF-prolyl hydroxylase activities. This method may
be further applied to other cell lines to investigate cell-type specific impacts and to elucidate molecular mecha-

nisms that control the shuttling of PHDs between subcellular domains.

Conclusions. We have developed a novel genetically encoded dual-emission ratiometric fluorescent biosen-
sor for HIF-prolyl hydroxylases, by sandwiching a proline-containing HIF-la derived peptide and a 4-
hydroxylproline interacting domain between an FP-based FERT pair. We demonstrated that the probe could be
utilized to monitor hypoxia and PHD activities in live mammalian cells. We targeted this biosensor to the nucleus
and cytosol, and determined that, under normoxia, the HIF-prolyl hydroxylase activity was mainly confined to the
cytosols of HEK 293T cells. Our data collectively suggest broad applications of ProCY on evaluation of hypoxia
and prolyl hydroxylase activities and understanding of relevant molecular mechanisms. Moreover, as HIF-prolyl
hydroxylases have emerged as promising drug targets for a variety of diseases,” such as myocardial infarction,
stroke, cancer, diabetes, and severe anemia, ProCY may be utilized in high-throughput assays to identify inhibi-

tors or activators of PHDs.
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METHODS

Materials, reagents, and general methodology. Ascorbic acid was purchased from Spectrum Chemical. Disodi-
um 2-oxoglutarate was purchased from TCI America. Iron (II) sulfate heptahydrate was purchased from Thermo
Fisher Scientific. Catalase from Bovine Liver was purchased from Sigma-Aldrich. IOX2 was purchased from
Cayman Chemical. Gases for cell culture were purchased from Airgas USA. SuperSignal West Pico Chemilumi-
nescent substrate and HRP-conjugated HIF-1o antibody were from Thermo Fisher Scientific. HRP-conjugated
antibody to c-Myc was from Abcam. Colorimetric One-Component TMB Membrane Peroxidase Substrate (Prod
# 50-77-18) was purchased from Kierkegaard & Perry Laboratories. Synthetic DNA oligonucleotides were pur-
chased from Integrated DNA Technologies. HA-EgIN1-pcDNA3 (Plasmid # 18963) was purchased from
Addgene. Restriction endonucleases were purchased from New England Biolabs or Thermo Scientific Fermentas.
PCR products and products of restriction digestion were purified by gel electrophoresis and extracted using Syd
Laboratories Gel Extraction columns. Plasmid DNA was purified using Syd Laboratories Miniprep columns.

DNA sequence was analyzed by Retrogen.

Construction of E. coli Expression Plasmids. To construct ProCY, polymerase chain reactions (PCR) were uti-
lized to amplify the pVHL fragment from a synthetic gene block (Integrated DNA Technologies), and YPet and
ECFP from a previously reported Src sensor.”” In particular, YPet was amplified with oligos YPet-For and Y Pet-
Rev (see Supporting Information Table S1 for sequences). The PCR product was digested with Kpn I and Hind
IIT and ligated into a compatible pre-digested pBAD/His B plasmid to afford pPBAD-YPet. In the next step, two
PCR reactions were performed to amplify ECFP and pVHL and add sequences for linkers and a HIF-1a derived
peptide. Oligos ECFP-For and pVHL-Rev were used in the first reaction, and oligos Pst1-For, Kpnl-Revl, Kpn-
Rev2 and Kpn-Rev3 were used in the second PCR reaction, respectively. Products of these two reactions were
then assembled using an overlap PCR to produce the full-length gene containing ECFP, pVHL, the linkers, and a
HIF-1la derived peptide. The PCR product was digested with Xho I and Kpn I, and ligated into a pre-digested
compatible pBAD-YPet plasmid to derive pBAD-ProCY. To construct ProCY-B, two separate PCR reactions
with oligos ECFP-For and GGSG-Rev, and GGSG-For and Kpn-Rev2, were utilized to amplify gene fragments
from pBAD-ProCY. The products of the two reactions were assembled using overlap PCR, followed by digestion
with Xho I and Kpn I, and ligation into a predigested pPBAD-YPet to generate pPBAD-ProCY-B. To create ProCY -
C, two separate PCR reactions were performed using pBAD-ProCY-B as the template. In the first PCR reaction,
oligos ECFP-For and MidFloppy-R were used, while in the second reaction, MidFloppy-F1, MidFloppy-F2, and
pBAD-Rev were used. The two PCR reactions were assembled using overlap PCR, digested with Xho I and Hind
II1, and ligated into a compatible pre-digested pPBAD/His B vector. To construct ProCY-D, we performed a PCR
reaction on ProCY-B using oligos HIF-Rigid-F and pBAD-Rev. The PCR product was digested with Kpn I and
Hind III and ligated into a pre-digested pBAD-ProCY-B plasmid to afford pBAD-ProCY-D. To build ProCY-E, a
PCR reaction was performed on pBAD-ProCY using oligos ECFP-For and Sacl-Rev. The resulting PCR product
was digested with Xho I and Sac I and ligated into a pre-digested compatible pBAD-ProCY plasmid to afford
pBAD-ProCY-E. The control construct ProCY-N was generated by a PCR reaction on pBAD-ProCY using
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ECFP-For and PAPA-Rev. The resulting product was digested with Xho I and Kpn I and ligated to a pre-digested
pBAD-YPet. Similarly, PCR was used to amplify the catalytically active fragment of PHD2 from HA-EgIN1-
pcDNA3 using oligos PHD2-Kpnl1-F and PHD2-HindIII-R. The PCR product was digested with Kpn I and Hind
III restriction enzymes and ligated into a pre-digested compatible pCDF-1b plasmid to afford pCDF-PHD2. All
resultant ligation products were used to transform E. co/i DH10B competent cells, which were next plated on LB

agar plates supplemented with appropriate antibiotics. Correct assembly was confirmed by sequencing.

Protein Expression and Purification. To express all FRET constructs, DH10B cells were co-transformed with
the corresponding pBAD plasmid and a pGro7 chaperone plasmid (Takara), which conditionally overexpresses
GroEL/ES. Cells were grown on LB agar containing 100 pg/mL ampicillin and 50 pg/mL chloramphenicol at
37°C overnight. A single colony was grown in a starter culture of 5 mL LB broth with appropriate antibiotics at
37°C and 220 rpm overnight. A saturated starter culture was next diluted 100-fold into 2YT medium containing
the appropriate antibiotics and grown under the same condition. When ODyg reached 0.8, the expression culture
was induced with 0.2% L-arabinose. Culture flasks were then moved to room temperature where growth contin-
ued with vigorous shaking for 48 hours. Cells were then harvested, resuspended in 1x PBS supplied with cOm-
plete™ EDTA-free Protease Inhibitor (Roche), and then lysed with sonication. His-tagged proteins were affinity-
purified with nickel-nitrilotriacetic acid (Ni-NTA) agarose beads (Qiagen) under native conditions according to
the manufacturer’s instruction and then buffer-exchanged into Tris-HC1 (30 mM, pH 7.4) using Thermo Scientific
Snakeskin dialysis tubing (7 k molecular cutoff). Proteins were further purified by size exclusion column chroma-
tography (HiPrep Sephacryl S-200 HR, GE Healthcare) and concentrated using a 3K molecular weight cutoff
Amicon Ultra centrifugal filter (Millipore). The concentration was determined using Beer’s Law and the reported

extinction coefficients of ECFP and YPet.”

To express the catalytically active fragment of PHD2, BL21(DE3) cells were transformed with pCDF-PHD2
and grown on LB agar containing 50 pg/mL spectinomycin at 37 °C overnight. A single colony was used to inoc-
ulate 5 mL LB supplied with 50 pg/mL spectinomycin at 37 °C overnight. Saturated cell culture was then diluted
100-fold with fresh 2YT containing 50 pg/mL spectinomycin, and grown at 37 °C and 220 rpm. When ODg
reached 0.8, protein expression was induced with IPTG (1 mM). Growth continued at room temperature for 24
hours. Cells were then harvested and lysed. Hisgs-tagged PHD2 was affinity purified with Ni-NTA agarose beads
(Qiagen) and dialyzed into Tris-HCI (30 mM, pH 7.4) as mentioned above. Glycerol was added to a final concen-

tration of 10% (v/v), and the mixture was then stored immediately at —80 °C.

Spectroscopic Characterization. A monochromator-based Synergy Mx Microplate Reader (BioTek) was used to
record all absorbance and fluorescence spectra. To record the emission spectra, the excitation wavelength was set
at 434 nm, and the emission scanned from 455 nm to 600 nm. The instrumental bandwidth was 9 nm. FRET rati-
os were calculated by dividing the fluorescence intensity of YPet at 525 nm over the fluorescence intensity of

ECFP at 480 nm. For single point measurements, excitation at 434 nm and emission at 480 nm and 525 nm were
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used to calculate FRET ratios. Absorbance spectra were recorded by scanning from 250 nm to 600 nm, and a

blank solution was used to subtract the background.

Assays of the PHD2 Activity. Freshly made stock solutions were all prepared in Tris-HC1 (30 mM, pH 7.4). The
PHD?2 activity assay was carried out by mixing 2 mg/mL BSA, 1 mM DTT, 2 mM ascorbic acid, 0.6 mg/mL cata-
lase, 25 uM Fe (1) solution (initially prepared as a 500 mM stock in 20 mM HCI) with 1 uM FRET biosensor in
the wells of a black 96-well plate.”” ** The resultant mixture was first incubated at room temperature for 20 min.
Next, the catalytic fragment of PHD2 (2 uM) was added to the reaction mixture. The reaction was then initiated
by addition of 200 uM 2-oxoglutarate. The 96-well plate was incubated at 37 °C for another 40 min. Excitation at
434 nm was used to measure emission spectra from 455 nm to 600 nm. FRET ratios were calculated by dividing
the emission intensity at 525 nm over the emission intensity at 480 nm. Control experiments were performed with

the same procedure except for that no PHD2 was added.

Construction of mammalian reporter plasmids. To insert the ProCY and ProCY-N genes into the mammalian
expression vector pcDNA3, oligos HydpcDNA3-F and HydpcDNA3-R were used to amplify both genes from the
corresponding pBAD plasmids and add Hind III and Xba I restriction sites. HydpcDNA3-F also includes a Kozak
sequence and a start codon for efficient translation initiation. Each PCR product was digested with Hind III and
Xba I, and inserted into a compatible pre-digested pcDNA3 plasmid. Similarly, the PHD2 active fragment was
amplified using PHD2-pcDNA3-F and PHD2-pcDNA3-R, digested with Hind III and Xba I restriction enzymes,
and ligated into a compatible pre-digested pcDNA3 vector. To add a myc-tag at the C-terminus of PHD2 for
Western blot, pcDNA3-F and mycPHD2-R were used. The PCR product was digested with Hind III and Xba I
and ligated into a pre-digested pcDNA3 plasmid. To create a plasmid for nuclear expression of ProCY, we used
oligonucleotides PLIMI-Nhel-F and pHP-Nuc-R to amplify the ProCY gene fragment from pBAD-ProCY. The
PCR product was digested with Nhe I and Xho I and ligated into a predigested pEYFP-Nuc plasmid (Clontech)
containing three copies of a nuclear localization sequence (DPKKKRKYV). To construct a plasmid for cytosolic
expression of ProCY, we used oligos NES-HP-F1, NES-HP-F2 and NES-HP-Xbal-R to amplify the ProCY gene
fragment from pBAD-ProCY and further extend it to include an N-terminal nucleus export signal
(LQLPPLERLTL). The product was digested with Hind III and Xba I, and then ligated into a predigested pNES-
rxRFP1 plasmid®”, which contains two C-terminal repeats of the nuclear export signal. The resultant pNES-

ProCY has three NES repeats, one at the N-terminus and two at the C-terminus.

Design of hypoxia chambers. Hypoxia chambers were constructed as previously described.”” 150 x 15 mm petri
dishes were tightly sealed with playdough. Two holes were drilled in the lid of each petri dish. A valve was
placed in each hole, one allowing gas in and one allowing gas out. Transfected HEK293 cells were placed into the
sealed chamber. A small 35-mm dish containing distilled water was also placed in the chamber to humidify the
incoming gas. Unless otherwise specified, the chamber was flushed with a gas mixture containing 93% N, 5%

CO; and 2% O, for 5 min. Next, the two valves were closed. In every 12 hours, new gas containing 93% N, 5%
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CO; and 2% O, was used to re-flush the chamber. Cells in the hypoxia chamber were incubated at 37 °C for 48
hours before imaging. For the purpose of comparison, a gas mixture containing 87% N, 5% CO, and 8% O, was

also utilized to maintain a hypoxic condition with 8% O,.

Mammalian Cell Culture and Imaging. Human Embryonic Kidney (HEK) 293T cells were cultured in Dulbec-
co’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Cells were incubat-
ed at 37°C with 5% CO, in humidified air for 24 hours. HEK 293T cells were then co-transfected with 2 pg
pcDNA3-ProCY and 2 pg pcDNA3-PHD2 in the presence of 12 pg PEI (polyethyleneimine, linear, M.W. 25
kDs). Transfected cells were then divided in two groups. The first group was cultured in complete media under
normoxic conditions for 48 hours, and the second group of transfected cells was cultured in complete media in
hypoxic chambers for 48 hours. Another group of Transfected HEK 293T cells were treated with 10 pM 10X2
inhibitor for 48 hours. Cells were washed with 2 mL Dulbecco’s Phosphate Buffered Saline (DPBS), and left in 1
mL DPBS for immediate imaging on a Motic AE31 inverted epi-fluorescence microscope equipped with a 20x
objective lens. Excitation was achieved using a 100-W Short-Arc Mercury lamp and a 436/20 nm excitation filter.
ECFP and YPet emission were collected with a 480/40 nm and a 535/40 emission filter, respectively. A 455 nm
longpass dichroic mirror was used in all experiments. Resultant images were processed with Imagel. To compare
FRET ratios under various conditions, results from at least three replicate samples were used to derive means and

standard deviations.

Western blotting. HEK293T cells seeded on a 100-mm dishes were exposed to hypoxia conditions for 24 hours.
Cells were then harvested and nuclear proteins were extracted using a well-established extraction method.”’ Pro-
teins were then analyzed on a sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred onto nitrocellulose membranes. Membranes were then blocked with 5% low fat milk for 1 hour followed
by incubation with HRP-conjugated anti-HIF-1a antibody. Signals were detected using SuperSignal West Pico
Chemiluminescent substrate (Thermo Fisher). Western blot analysis of PHD2 was carried out by transfecting
HEK293T cells with pcDNA3-mycPHD2 and exposing cells to either normoxic or hypoxic conditions. Cell ly-
sates were then prepared and analyzed on SDS-PAGE, followed by blotting on nitrocellulose membranes. Mem-
branes were blocked with 5% low fat milk for 1 hour followed by overnight incubation with HRP-conjugated an-
ti-c-Myc antibody at 4°C. Signals were then detected using colorimetric One-Component TMB Membrane Perox-

idase Substrate (Kirkegaard & Perry Laboratories).

ASSOCIATED CONTENT

Supporting Information
Additional notes on the mechanism, sequence information of biosensors, additional characterization, FRET imag-
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Figure Legends

Figure 1. Schematic illustration of the regulation of HIF-1a. Under normoxia, PHDs use molecular oxygen (O,)
as a substrate to generate proline-hydroxylated HIF-1a, which next binds to von Hippel-Lindau (VHL) to trigger
polyubiquitination and proteasomal degradation of HIF-1a. Under hypoxia, the PHD activity is reduced because
of low oxygen levels, so HIF-1a is stabilized and enters the nucleus to bind hypoxia responsive elements (HREs)

to induce the expression of downstream genes.

Figure 2. Illustration of the FRET change of the genetically encoded ratiometric fluorescent sensor, ProCY, upon

the actions of PHDs.

Figure 3. (A) Domain arrangements of ProCY and the negative-control probe, ProCY-N. (B) Fluorescence emis-
sion spectra for ProCY before (cyan) and after (orange) treatment with a catalytically active PHD2 fragment. (C)
Fluorescence emission spectra for ProCY-N, showing no response to PHD2 treatment. ECFP and YPet are an en-

hanced cyan fluorescent protein and a yellow fluorescent protein, respectively.

Figure 4. Pseudocolored ratio images of representative ProCY-expressing HEK 293T cells without (A-C) or with
(D-F) overexpression of PHD2. The cells were cultured under either normoxia (A and D) or hypoxia (B and E), or
treated with a PHD2 inhibitor, IOX2, under normoxia (C and F). The color bar represents the ratio of sensitized

YPet fluorescence emission to direct ECFP donor emission (YPet/ECFP).

Figure 5. (A) The FRET ratios of ProCY or ProCY-N in HEK 293T cells under the corresponding conditions.
PHD?2 overexpression had little effect, indicating the endogenous PHD level was high. Compartmental expression
of ProCY suggests a higher PHD activity in the cytosols than the nuclei of HEK 293T cells (*p < 0.05). Plotted
are average values of three replicates with error bars representing standard deviations. (B) Western blot of PHD2

and HIF-1a for HEK 293T cells under hypoxia or normoxia.

Figure 6. Microscopic images of representative HEK 293T cells expressing nuclear or cytosolic ProCY. The ratio
images are pseudocolored and the color bar represents the ratio of sensitized YPet fluorescence emission to direct

ECFP donor emission (YPet/ECFP).
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