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Abstract—An organism naturally responds to hypoxia via stabilization of hypoxia-inducible factor (HIF). There are three
isoforms of HIFa subunits whose stability is regulated by three isozymes of HIF prolyl hydroxylase (PHD1-3). Despite
intense studies on recombinant enzyme isoforms using homogeneous activity assay, there is no consensus on the PHD iso-
form preference for the HIF isoform as a substrate. This work provides a new approach to the problem of substrate speci-
ficity using cell-based reporters expressing the enzyme and luciferase-labeled substrate pair encoded in the same expression
vector. The cell is used as a microbioreactor for running the reaction between the overexpressed enzyme and substrate. Using
this novel approach, no PHD?3 activity toward HIF3 was demonstrated, indirectly pointing to the hydroxylation of the sec-
ond proline in 564PYIP567 (HIF1) catalyzed by this isozyme. The use of “paired” enzyme—substrate reporters to evaluate
the potency of “branched tail” oxyquinoline inhibitors of HIF PHD allows higher precision in revealing the optimal struc-

tural motif for each enzyme isoform.
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Hypoxia-inducible factor (HIF) triggers the genetic
program of cell survival under conditions of limited oxy-
gen. HIF consists of two subunits, where the HIFo sub-
unit is subject to proteasomal degradation in the presence
of oxygen and is stabilized under hypoxia [1]. HIF prolyl
hydroxylase (PHD), an a-ketoglutarate-dependent non-
heme iron dioxygenase, is the major regulator of HIFq
protein stability. HIF PHD hydroxylates the C-terminal
Pro564 and N-terminal Pro402 in HIFa, providing their
recognition by von Hippel—Lindau protein (VHL) in the
ubiquitin ligase complex, labeling HIFa with ubiquitin
for subsequent proteasomal degradation. Currently, three
forms of the enzyme and three isoforms of HIFa [1] are
well characterized, and the existence of another, fourth
enzyme isoform has been reported [2]. In addition to

Abbreviations: a KG, alpha-ketoglutarate; DMSO, dimethylsulf-
oxide; HIF, hypoxia-inducible factor; ODD, oxygen-depend-
ent degradation; PHD, prolyl hydroxylase domain; VHL, von
Hippel—Lindau protein.

* To whom correspondence should be addressed.

HIFa, the enzymes hydroxylate prolines in several other
proteins, with PHD3 recognizing the largest pool of pro-
tein substrates [3-7]. It has been unequivocally demon-
strated that the C-terminal proline is equally well recog-
nized by all enzyme isoforms, whereas the N-terminal
proline is better recognized by PHD?2, less by PHD1, and
is not recognized by PHD?3 [8].

The question of the specificity of individual enzyme
isoforms toward the individual HIF isoform is still open,
since the traditional enzyme assay of PHD isoform activ-
ity generates contradictory data. Namely, PHDI
Michaelis constants for HIF1 and HIF2 oxygen-depend-
ent degradation domains (ODD) are in the range of 10-
20 nM, whereas their values for the pairs PHD2-HIF1
and PHD3-HIF2 range from 100 to 140 nM; for the
PHD2-HIF2 and PHD3-HIF1 pairs, the constants show
intermediate values of ca. 60-70 nM [9]. The maximum
rate values are equal within experimental error. Hence,
based on these results, PHD1 is the most active isoform
with respect to HIF1 and HIF2, exhibiting 5-6-fold bet-
ter values of Michaelis constants (K,,) compared to the
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other two enzyme isoforms. Using an approach inde-
pendent of catalytic activity — a yeast two-hybrid system
expressing an individual enzyme isoform and HIFI to
monitor protein—protein recognition — no interaction
between PHD1 and HIF1 ODD was found [10], in con-
trast to data reported for the enzymes expressed in the
baculovirus system [9]. For the corresponding 35-mer
HIF peptides, Michaelis constants in the enzyme assay
show micromolar values [9], and they are useless for mak-
ing any conclusion concerning the enzyme isoform speci-
ficity. Works performed on cell cultures indicate the dom-
inant role of PHD2 in HIF 1o hydroxylation under nor-
moxia [11], and an important role of PHD3 in controlling
HIF stability under hypoxia and re-oxygenation [12]. In
accord with the most recent review summarizing existing
knowledge in this field, HIF1 is the best substrate for
PHD2, whereas HIF2 is the best for PHD1 and PHD3
[1].

The use of HIF1ao ODD-luciferase fusion reporter
stably expressed in the neuroblastoma SH-SYSY cell line
for enzyme inhibitor screening has demonstrated the
benefits of this approach. In particular, one of the identi-
fied inhibitors [13], without additional structural opti-
mization, is specific only for PHD among other aKG-
dependent nonheme iron dioxygenases and is neuropro-
tective in two in vivo models of hemorrhagic stroke [14].
The principle of the HIF1oo ODD-luc reporter perform-
ance is equivalent to intracellular recognition of HIFo
and its subsequent degradation, with the PHD-catalyzed
step being rate limiting in the reporter response [13]. The
major problem of cellular studies on PHD specificity
towards HIF isoforms is the presence of all three enzyme
isoforms in the cells: PHDI1 and PHD?2 in the cell are
comparable, whereas the hypoxia-induced PHD3 is neg-
ligible under normoxia [13]. To solve the problem, we
constructed vectors expressing paired combinations of
individual HIF and PHD isoforms. This approach guar-
antees the dominant presence of an overexpressed
enzyme isoform, with the overexpressed substrate deter-
mined by the luciferase fused HIF isoform. In other
words, the cell is used as a microbioreactor to carry on the
reaction between the desired pairs of PHD and HIF iso-
forms. As demonstrated below, the reporter baseline and

Table 1. Cloned HIFa cDNA fragments
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its response to enzyme inhibitors reveals novel answers to
the problem of PHD isoform substrate specificity as well
as specifying the optimal structure of inhibitors recogniz-
ing an individual enzyme isoform.

MATERIALS AND METHODS

Reagents. Oxyquinoline compounds 8 (Adaptaquin)
(cat. No. 7706-0075) and 7 (cat. No. 3460-0065) were
purchased from ChemDiv Research Institute (Skolkovo,
Moscow, Russia). PHD pan-inhibitor FG-4592
(Roxadustat) was purchased from Cayman Chemical Co.
(USA). Stock solutions (10 mM) were made in DMSO
and stored at —20°C. Immediately before the addition,
1 mM DMSO stocks were prepared, and then, by their
sequential dilution, the desired range of 50x concentra-
tions was prepared. Cell media and reagents were pur-
chased from Gibco (USA). Luciferase reagent was from
Promega (USA). All other reagents were from Sigma-
Aldrich (USA). All reagents were used without additional
purification.

Enzyme—luciferase-labeled HIF substrate “paired”
vector construction. DNA fragments coding for the C-
terminal portion of HIF2a and HIF3oae ODD (including
the full N-terminal transactivation domain; see Table 1)
were made by PCR using the corresponding primers
(Table 2) and inserted into HIND3 and NARI sites in
pGL3-control plasmid (Promega). The HindIII-Xbal
fragments in the selected plasmids encoded HIFao ODD
fusion proteins with luciferase. The cDNA for PHD1 and
PHD3 was obtained by PCR with the corresponding
primers (Table 2) and cloned under the strong EF-1a
promoter by inserting into KPN1 and XHOI sites of
pBudCE4.1 plasmid (Invitrogen, USA). To clone PHD2
cDNA, the KPN1 and BGL2 restriction sites were used.
These intermediate constructs were used to generate sta-
ble cell lines expressing individual enzyme isoforms.

Stable cell lines overexpressing the corresponding
enzyme isoform were validated to confirm the overex-
pression of the PHD isoform. The selected plasmids with
individual PHD isoforms were used to clone under pgyy
promoter the HindIII-Xbal fragments coding for

Isoform Transactivation domain ODD domain Cloned sequence Hydroxylated sequence
HIF1 531-575 401-603 530-653 564PYIP567
HIF2 496-542 402-564 496-607 531PYIP534
HIF3 454-506 452-581 454-564 492PYI1S495
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Table 2. Primers for PHD/HIF ODD-luc paired reporter constructs

Name Nucleotide sequence
HIF3HIND3 | 5'-CCC AAG CTT GGA TCC GAA TTC GCC ACC ATG GAA GTG GGC ACC GAG AAT GTG C-3'
HIF3NARI1 5'-TAG AAT GGC GCC GGG CCTTTCTTT ATG TTT TTG GCG TCT TCT GAG CTC TGG GCC AGG GTC CTC-3'
KPNPHD3 5'-GAT TCT GCA GGT ACC ATG CCC CTG GGA CAC ATC-3'
XHOPHD3 5'-GAT TTC AGA GCA TCT CGA GTC TTC AGT GAG GGC AG-3'
KPNPHDI1 5'-GAA GAC ACT GGT ACC ATG GAC AGC CCG TGC-3'
XHOPHDI1 5'-GTG ACT GGT CTC GAG GTG GGC GTA GGC GGC TG-3'
KPNPHD?2 5'-GAC GCT GCC ACC GGT ACC ATG GCC AAT GAC AGC-3'
BGLPHD2 5'-GCT GGA TCA AAG ATC TCT GAA GAC GTC TTT ACC GAC-3'
HIF2HIND3 | 5'-CCC AAG CTT GGA TCC GAA TTC GCC ACC ATG GAA CTG AAG ATT GAA GTG ATT G-3'
HIF2NARI1 5'-TAG AAT GGC GCC GGG CCTTTCTTT ATG TTT TTG GCG TCT TCC AGG GAT GCT TTG CTT CCG GCA TC-3'

luciferase-labeled ODD of HIFa isoforms (as described
above). The resulting plasmid provided the simultaneous
expression of one individual PHD isoform and the
luciferase labeled ODD of an individual HIFo isoform.
Altogether, nine combinations were generated.

Transient expression. Neuroblastoma SH-SYSY cell
line was cultivated in 6-well plates to 70% confluence, and
then the plasmids were added in accord with the
Lipofectamine 2000 transformation protocol (Invitrogen).
The cells were cultivated with 250 pg/ml zeocin. Cell
lines expressing either paired reporter construct were pro-
duced simultaneously, and all experiments were per-
formed simultaneously on nine cell lines. After overnight
incubation, the cells were collected and plated at 25,000
cells per well density in 96-well white sterile microplates,
in 100 yl DMEM/F12+GlutaMAX media, and grown at
37°C and 5% CO,.

Luciferase assay. After 20 h cultivation, 2 ul of
DMSO solutions of compounds 7, 8, or FG-4592 were
added to each well (with the final concentrations varied in
the 1-10 puM range) and incubated for 3 h under the same
conditions. Then cell media was carefully removed using a
multichannel pipette (to keep the cell monolayer
untouched), 20 pl of lysis buffer (Promega) was added to
each well, and the cells incubated for 7 min on a
microplate shaker at room temperature. After a 4 pl
aliquot was taken from each well for protein assay, 80 pl of
luciferase reagent was added to each well, mixed, and
luminescence recorded on a SpectraMax MbJ5e spec-
trophotometer (Molecular Devices, USA). Ciclopirox (1-
25 uM) was used as a positive control. Luminescent signal
in the presence of PHD inhibitors was normalized to the
baseline (DMSO aliquot without drugs). To compare the
baselines of the different reporters, the corresponding
background luminescent signals in the absence of any
added drugs were normalized to the protein content.
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Real-time PCR for individual enzyme isoforms.
Expression was studied quantitatively with primers selected
using the Clone Manager program: PHDI1 f: CATC-
CGTGGGGACCAGATTGC; PHDI rev: TACCC-
GAGCCCGTTGCCTG; PHD3 f: GGTCCTCTACT-
GCGGGAGCC; PHD3 rev: CAAGCCACCATTGC-
CTTAGACCT, PHD2 f: GACCTGATACGCCACTG-
TAAC; PHD2 rev: CGGATAACAAGCAACCATG.
GAPDH and B-actin (ACTB) genes were used as control.
Each cell line (1,700,000 cells) was lysed with QIAzol
reagent (Qiagen, USA). RNA was purified with an RNeasy
Mini Kit (Qiagen), and the concentrations were deter-
mined on a NanoDrop 1000 spectrophotometer. Reverse
transcription of 500 ng RNA was performed with a MMLV
RT Kit (Evrogen, Russia). All measurements were done in
triplicate, and the results were normalized to control genes.

RESULTS AND DISCUSSION

HIF prolyl hydroxylase isoform expression. The use
of cDNA fragments listed in Table 1 for the construction
of luciferase fusions with the C-terminal portion of HIF2
and HIF3 ODD yields reporters recognized by PHD and
the ubiquitinylation system, subject to subsequent protea-
somal degradation. The preliminary validation of HIF2
ODD-luc and HIF3 ODD-luc single reporters was suc-
cessful, and hence these fragments were used to design
“paired” enzyme—substrate reporters. With respect to
enzyme isoforms, the level of their overexpression in the
paired constructs should be preliminarily evaluated, and
for this purpose the intermediate constructs in
pBudCE4.1 were used to generate stable cell lines
expressing individual enzyme isoforms. To evaluate the
expression of each isoform, RT-PCR was performed for
each stable cell line (Fig. 1a).
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Fig. 1. Validation of paired PHD1-3 and HIF1-3 ODD reporters. a) RT-PCR estimate of PHD isoform expression level in the PHD-overex-
pressing cell lines compared to the original SH-SY5Y cell line (WT). b) Baseline signal for “paired” reporters as a characteristic of HIF ODD
isoform recognition by the enzyme isoforms. ¢) PHD1 “paired” reporter activation by ciclopirox. Curves: /) PHD1HIF1; 2) PHD1HIF2; 3)
PHDI1HIF3. d) PHD3 “paired” reporter activation by ciclopirox. Curves: /) PHD3HIF1; 2) PHD3HIF2; 3) PHD3HIF3.

As seen from the data for the original neuroblastoma
cell line (Fig. 1a), the PHD1 and PHD?2 expression levels
can be considered equal within the experimental error,
whereas the PHD?3 level is negligibly small. Of note,
PHDI1 and PHD3 overexpression results in some
decrease in PHD2 mRNA level (Fig. 1a). The level of
PHD1 mRNA doubles upon overexpression and is 3-fold
over the level of PHD2 mRNA. Hence, PHDI in this line
can be considered as a dominant isoform. The level of
PHD3 mRNA is increased more than 15-fold upon over-
expression and is 2- and 3-fold over the levels of PHD1
and PHD2 mRNA, respectively. The overexpression of
PHD3 brings it to the 50% level of the total PHD
expressed, whereas for the other two PHD isoforms the
overexpression is at the 70% level of the total PHD
expressed. Therefore, for the reporter lines overexpressing
PHD1 and PHD2, one may assume the dominant char-

acter of the overexpressed enzyme isoform, whereas in
the case of PHD?3 overexpression its contribution is sig-
nificantly increased, but cannot be considered dominant.
Since contribution of PHD1 and PHD2 into the PHD3
overexpressed reporter line cannot be ignored completely,
the question on PHD3 substrate specificity can be
answered only in a simultaneous comparative study of all
“paired” reporters.

“Paired” reporter validation. The background signal
of a reporter cell line corresponds to the equilibrium con-
centration of HIF ODD-luc fusion protein, i.e. the con-
centration that provides equal rates of fusion protein syn-
thesis (K,) and degradation. The validation of the HIF1
ODD-luc reporter demonstrated the PHD enzyme-cat-
alyzed step to be rate limiting in the degradation cascade
of the fusion substrate [13]. An estimate of the steady-
state (baseline) concentration of luciferase fusion protein
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was reported earlier in [13] as ca. 4 nM, which is much
below all reported K, values for HIF1 and, thus, corre-
sponds to substrate non-saturation conditions. In this
case, the background luminescent signal is proportional
to the equilibrium concentration [HIF-ODD] =
KK, /V. ..., Where K, is the rate of fusion protein synthe-
sis, K, and V,,, are Michaelis constant and maximum
velocity for the enzymatic step, respectively, and the
change in the reporter background signal indirectly indi-
cates the change in the enzyme activity with respect to a
particular HIF ODD isoform fusion. For the “paired”
reporters, the increase in total mRNA for all PHD iso-
forms is about 2-fold (Fig. 1a), which may be interpreted
as a 2-fold increase in the total PHD concentration, def-
initely not sufficient to switch the rate limiting step of the
reporter performance.

Comparison of baseline luminescence for “paired”
reporters (Fig. 1b) leads to some conclusions. Based on
the observed level of background luminescence for
reporter lines with overexpressed PHD1, this particular
isoform is mainly active towards HIF1 and to a much
lesser extent towards HIF3 and HIF2. PHD2 hydroxy-
lates HIF1 and HIF2 equally well, but HIF3 much less
than the other two. PHD3 is only 2-fold less active toward
HIF2 than HIF1, and almost inactive against HIF3, since
the baseline for PHD3/HIF3 ODD-luc reporter line is
ca. 70% of the luminescence threshold achieved upon
complete inhibition of the total PHD (compare to a 40%
level of the threshold for PHD1/HIF3 ODD-luc and
PHD2/HIF3 ODD-luc reporter lines in Fig. 1b). The
activity profile with respect to HIF ODD isoform differs
for individual PHD isoforms (Fig. 1b). There is some
similarity in the PHD2 and PHD3 activity profiles,
whereas the PHD1 activity profile is strikingly different:
HIF2 is the poorest substrate for this isoform. This con-
clusion is in agreement with the effect of PHD pan
inhibitor of chelator nature — ciclopirox — on activation
of the corresponding PHD1- and PHD3-based reporters:
the activation of PHDI/HIF2 ODD-luc “paired”
reporter (Fig. 1c) is less pronounced (5-fold maximum)
compared to that for PHD3/HIF2 ODD-luc (10-fold

OO

NH HO

/ #8

ciclopirox OH

HaCO O O
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maximum) (Fig. 1d). An interesting observation is an
increase in the half-activation concentration to 12 uM,
whereas for the original HIF1 ODD-luc reporter this
number was 4 uM, despite the fact that in both cases the
maximum activation (of 8-10-fold) was the same [13]. A
3-fold increase in the half-activation concentration is in
good agreement with the assumption of a 2-fold increase
in the total PHD concentration as follows. The concen-
tration dependence for the reporter activation by a com-
petitive PHD inhibitor can be described by the equation
[HIF-ODD] = K, (1 + [1/K)K,/V . Where I is an
inhibitor, and K is an inhibition constant; then, the half-
activation concentration is the concentration of an
inhibitor equal to the inhibition constant:
[HIF-ODD],, = 2K K.,/ Vinax- Upon increase in the total
enzyme expression by 2-fold, which may be interpreted as
a 2-fold increase in the total concentration of the
enzyme, V., will increase 2-fold, and to compensate for
this increase the concentration of an inhibitor has to be
increased 3-fold in accord with the definition for the half-
activation concentration: [HIF-ODD],, = K,(1 +
3/ K) K/ 2V nax = 4K K/ 2Vinax = 2K K/ Viax-

Thus, we conclude that the performance of the novel
“paired” reporters does obey basic equations of enzyme
kinetics, and such reporters can be used both for substrate
specificity studies on the individual enzyme isoforms, as
well as for enzyme isoform-specific inhibitor screening as
we show below.

Distinct response of paired reporters on “branched
tail” oxyquinoline inhibitors. The use of HIF1 ODD-luc
reporter for high throughput screening of HIF PHD
potential inhibitors resulted in the identification of potent
oxyquinoline inhibitors with a “branched tail” in the 7th
position of the oxyquinoline ring [13]. Two hits — com-
pounds 7 and 8 — were selected as the best representatives
of two structural subgroups differing in the presence of a
carbonyl group (see compound 7 structure versus com-
pound 8 in the scheme).

The two compounds are indistinguishable in terms of
the activation parameters when studied with the original
HIF1 ODD-luc reporter (7-fold maximum activation,

OCH;
OH

Os_NH OH

#7 FG-4592

Structure of studied PHD pan inhibitors
Scheme
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pound 7; 3) FG-4592 (Fibrogen inhibitor currently undergoing phase I1I clinical trials for treatment of anemia).

2.2 uM half-activation concentration [13]). In the previ-
ous work on homogeneous preparations of PHD isoforms
used for inhibitor testing [15], it was demonstrated that
construction of inhibitors discriminating PHD?2 from the
two other isoforms with a 10-fold efficiency is feasible.
However, it has been stated that inhibitors discriminating
between PHDI1 and PHD3 cannot be constructed
because both the active center and an entry to the active
center in these two PHD isoforms are barely different.
Therefore, we decided to compare PHD1 and PHD?3 in
the form of “paired” reporters with respect to compounds
7 and 8 we identified before.

As seen in Fig. 2, there is a clear preference for com-
pound 8 as an inhibitor for the reporters based on PHD1
(Fig. 2, a-c), whereas the two inhibitors are indistinguish-
able for the reporters based on PHD3 (Fig. 2, d-f). We
conclude that further optimization of compound 7 struc-
ture will definitely yield an inhibitor preferentially recog-
nizing PHD3, whereas optimization of compound 8
could yield an inhibitor preferentially recognizing PHD1.
Of note, PHD1 is the isoform whose deletion or inhibi-
tion is prosurvival under conditions of oxidative stress
[16]. Comparison of maximum activation induced by the
two inhibitors show that HIF3 is a poor substrate for both
enzyme isoforms (Fig. 2, ¢ and f). Taking into account a
decrease in the apparent half-activation concentration to
the level of 0.5 uM, we assume some decrease in the con-
centration of an enzyme isoform responsible for HIF3
recognition upon PHD1 or PHD3 overexpression. Only

PHD2 can be considered for this role, since its mRNA
does show a decrease upon overexpression of the other
enzyme isoforms (Fig. 1a). HIF3 differs from the other
two HIF isoforms by the C-terminal hydroxylated proline
sequence (see Table 1), namely, it has Ser in place of
Pro567 (numbered in accord with the HIF1 sequence).
With this respect, it is of interest to discuss here the results
of studying PHD enzyme specificity by the other princi-
pally different approaches. The first approach — a yeast
two-hybrid system to study PHD3 specificity for the
hydroxylated proline Pro564 flanking sequences —
demonstrated that the Pro567Ala replacement had no
effect on recognition by PHD2, but it results in the loss of
recognition by PHD3 [10]. A similar conclusion was
made in an independent study on recombinant HIF
PHD3 expressed in the active form in E. coli: the authors
demonstrated PHD3-catalyzed hydroxylation of Pro567
in HIF1 [17]. Later, by means of computer modeling,
VHL was shown to better recognize hydroxylated Pro567,
and worse hydroxylated Pro564 in HIF peptide [18].
Considering our results on the very poor activity of
PHD3-based reporter towards HIF3 ODD fusion
obtained with the novel approach of “paired” cell-based
reporters, we conclude that the PHD3 isoform does
hydroxylate the second proline in the PYIP sequence,
and hence the PYIS sequence in HIF3 ODD is not rec-
ognized as a hydroxylation substrate.

Comparison of response of HIF1 ODD-luc paired
reporters (Fig. 2, a and d) to enzyme inhibitors demon-
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strates that PHD?3 is less active toward HIF1 if compared
to PHDI, since the maximum activation of the corre-
sponding reporters is 2.5- and 5-fold, respectively. The
highest maximum activation is observed for reporters
based on HIF2 ODD-luc: 8-fold in the paired reporter
with PHD1 and 5-fold if paired with PHD3. The prelim-
inary validation of HIF2 ODD-luc reporter also demon-
strated its higher sensitivity to the branched oxyquinoline
inhibitors. The fact that HIF2 ODD is poor but still a
substrate for these two enzyme isoforms results in the
apparent increase in the efficiency of specific inhibitors,
and in this way HIF2-based reporters will permit fine dis-
crimination between the inhibitors. These reporters can
be used for future work on inhibitor optimization.

The newly developed approach to evaluate the sub-
strate specificity of HIF prolyl hydroxylase based on the
paired enzyme—substrate reporters allows additional data
on the enzyme isoform properties to be generated.
Transient expression of these paired reporters results in
the elucidation of HIF ODD substrate preference pat-
terns for each PHD isoform. Namely, HIF1 is the best
substrate for PHD1 if compared to HIF2, whereas PHD2
is equally and highly active towards both HIF isoforms;
PHD3 does not recognize HIF3. The study of paired
reporters with branched oxyquinoline inhibitors 7 and 8
demonstrates that PHD1 is better inhibited by compound
8 than by compound 7, whereas PHD3 is inhibited by
both compounds equally well. PHDI1/HIFI-luc,
PHD1/HIF2-luc, and PHD3/HIF2-luc reporter per-
formance observed for ciclopirox and branched
oxyquinolines results in high activation maximum, and
thus exhibit the highest sensitivity toward PHD
inhibitors. Therefore, these reporters are of high interest
for future work on optimization of isoform-specific
enzyme inhibitors.
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