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1. Introduction

ABSTRACT

Prolyl 4-hydroxylases (P4Hs), such as collagen prolyl-4-hydroxylases (CPHs) and hypoxia inducible
factor prolyl-4-hydroxylases (HPHs), have recently been recognized as promising drug targets for the
treatment of fibrotic and ischemic diseases. CPHs and HPHs catalyze identical metabolic reactions, yet
lead to quite different physiological consequences, collagen synthesis and the regulation of oxygen
homeostasis. Selective modulation of the two enzymes should provide a therapeutic benefit upon
pharmacotherapy. In an in vitro VHL capture assay, hydroxylation of the 19mer HIF peptide
(corresponding to HIF-1a residues 556-574) by HPH-2 was effectively prevented by nitric oxide
(NO) donors, (&)-S-nitroso-N-acetylpenicillamine (SNAP) and S-nitrosoglutathione. The NO donors also
caused inhibition of HPHs and accumulation of nonhydroxylated HIF-1a protein in A549 human lung
adenocarcinoma cells. Hyperoxia (100% O,) attenuated both NO donor-induced accumulation of HIF-1a and
inhibition of HPH-mediated hydroxylation. In the presence of a proteasome inhibitor, MG132, the hyperoxia-
mediated degradation of HIF-1a was deterred and hydroxylated HIF-1a was detected. SNAP, while being an
effective inhibitor of proline 4-hydroxylation of HIF-1a by HPH-2, did not diminish proline hydroxylation of
collagen by CPHs. Our data suggest that NO inhibits HPH-2 via competing with dioxygen and that the
discriminative effect of NO on CPHs and HPH-2 is attributable to the difference in the affinity of the two
enzymes toward dioxygen.

© 2011 Elsevier Inc. All rights reserved.

prolines in oxygen degradation domain of HIF-a and regulate von
Hippel-Lindau (VHL)-dependent degradation of hydroxylated HIF-
a in an oxygen-dependent manner [3-5]. Although CPHs and HPHs

Prolyl 4-hydroxylases (P4Hs) have central roles in the synthesis
of collagens and the regulation of oxygen homeostasis [1]. The
posttranslational modification, the 4 hydroxylation of a proline
residue, carried out by P4Hs, is important for the stability of the
collagen triple helix and the degradation of the alpha subunit of
hypoxia-inducible transcription factor (HIF-a) [1]. Vertebrate
collagen prolyl-4-hydroxylases (CPHs) are alpha2beta2 tetramers
with three isoenzymes differing in their catalytic alpha subunits
[2]. Another P4H family, HIF-P4Hs (HPHs), hydroxylate specific
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catalyze prolyl 4-hydroxylation of different substrates, collagen
and HIF-a, respectively, they are mechanistically identical
enzymes with a conserved active site. All P4Hs require Fe?*, 2-
oxoglutarate, O,, and ascorbate to hydroxylate proline(s) in their
substrates [1].

While CPHs are regarded as attractive targets for pharmaco-
logical inhibition to control excessive collagen accumulation in
fibrotic diseases and severe scarring, HPH inhibitors are believed
to have beneficial effects in the treatment of diseases such as
myocardial infarction, stroke, peripheral vascular disease,
diabetes, and severe anemias [1,6]. Although selective modula-
tion of activity of each enzyme holds therapeutic potential for
treatment of a spectrum of pathological conditions, agents that
selectively inhibit one of the P4Hs have not so far been
established. As mentioned above, CPHs and HPHs require iron
as a cofactor, 2-ketoglutarate and oxygen as substrates and
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ascorbate as an iron-reducing agent, to hydroxylate proline
residues in its respective substrate, collagen and HIF-a. HPHs and
CPHs have similar K, values for 2-ketoglutarate and a 2-
ketoglutarate mimicking agent such as dimethyloxallyl glycine
does not exhibit selective inhibition of different prolyl-4
hydroxylases [7]. On the contrary, HPHs have much greater K,
values for another substrate, dioxygen (230-250 M) than do
CPHs (40 wM) [8], suggesting that a dioxygen-mimicking agent is
likely to distinguish the two enzymes.

Nitric oxide (NO) was reported to inhibit HPHs, although its
inhibitory mechanism remains controversial [9,10]. For catalytic
hydroxylation of HIF-1«, dioxygen (O, ) binds to Fe(Il) in the active
site of HPHs [11]. NO is a molecular mimic for O, binding as an
Fe(Il) ligand. Indeed, high resolution structures of globins and
heme oxygenase complexed with O, or with NO show very similar
binding geometries and local interactions in the heme pocket
[12,13]. Therefore, NO-mediated inhibition of HPHs is likely due to
its competition with dioxygen, which raises the possibility of
discriminative effect of NO on HPHs and CPHs. Our data provide
strong evidence that NO inhibits HPH-2 directly through its
competition with dioxygen binding and that NO exerts a selective
inhibition of HPH-2 and HIF-1a prolyl hydroxylation without
inhibiting collagen prolyl hydroxylation by CPHs, in A549 human
lung adenocarcinoma cells.

2. Materials and methods
2.1. Chemicals, plasmids and cell culture

S-nitrosoglutathione (GSNO), (4)-S-nitroso-N-acetylpenicilla-
mine (SNAP), 1, 10-phenanthroline (phenanthroline), 3-aminopro-
pionitrile and ciclopirox were purchased from Sigma (St. Louis, MO).
All other chemicals were reagent-grade, commercially available
products. HPH-2 plasmid was kindly provided by S. McKnight
(University of Texas Medical Center, Dallas, TX) and Flag-VHL plasmid
was a kind gift from Dr. Len Neckers (National Cancer Institute, NIH,
MD). Biotinylated HIF-peptide (Biotin-Ahx-DLDLEALAPYIPADDDFQL,
WT-HIF), HIF-peptide with hydroxyproline (Biotin-Ahx-DLDLEALA(-
HyP)YIPADDDFQL, HIF-P546Hyp) and HIF-peptide with 564 alanine
(Biotin-Ahx-DLDLEALAAYIPADDDEFQL, HIF-P546A) corresponding to
HIF residues 556-574 were synthesized (Peptron, Daejeon, Republic
of Korea). Streptavidin beads were purchased from Pierce Immuno-
pure (Rockford, IL). A549 human lung carcinoma cells (ATCC,
Manassas, VA), which are commonly used for experiments to see
hyperoxia effects, were incubated in 5% CO, at 37 °C in a humidified
incubator (Forma, Asheville, NC). The cells were grown in DMEM
medium (Hyclone, Logan, Utah) supplemented with 10% fetal bovine
serum (Hyclone) and penicillin/streptomycin (Hyclone) and sub-
cultured every 5-7 days by harvesting in trypsin (Invitrogen,
Carlsbad, CA) no more than 20 times from stock originally designated
at pass 70. Cells were cultured for 24 h in 35-mm tissue culture plates
(Sarstedt, Niimbrecht, Germany) at 1.5 x 10° cells/ml and subse-
quently exposed to normoxia (21% O, and 5% CO,) or hyperoxia (100%
0,). The hyperoxia group was placed in a hyperoxia/hypoxia chamber
(Billups-Rothenberg, Inc. Del Mar, CA) in a cell culture incubator
(Forma). When indicated, an NO donor, SNAP or GSNO, was added just
before exposure to hyperoxia.

2.2. Immunoblot analysis

A549 cells were lysed and nuclear or whole cell extracts were
prepared as described previously [14]. In some experiments, cells
were lysed in the presence of an iron chelator, phenanthroline
(200 M), to prevent HIF-1a hydroxylation during the preparation
of cellular lysates. Protein concentration in the supernatants was
determined by the BCA method. The cellular extracts were

electrophoretically separated using 7.5 or 10% SDS-PAGE gels.
Proteins were transferred to nitrocellulose membranes (Protran,
Schleicher & Schuell, Keene, NH) and hypoxia-inducible factor-1a
(HIF-1a) and hydroxylated HIF-1ac were detected in nuclear
extracts (30-40 pg) using a monoclonal anti-HIF-1a antibody (BD
Biosciences Pharmingen, San Jose, CA) and a monoclonal anti-
hydroxylated HIF-1a antibody (Cell Signaling Technology, Beverly,
MA). Peroxidase-conjugated anti-mouse secondary antibody
(Santa Cruz Biotechnology, Santa Cruz, CA) was used at a dilution
of 1:2000. Signals were visualized using the SuperSignal chemilu-
minescence substrate (Pierce, Rockford, IL). Experiments were
performed at least in duplicate and normalized with antibodies to
topoisomerase II (Santa Cruz Biotechnology).

2.3. Collagen prolyl-4-hydroxylase assay

For determination of collagen proline 4-hydroxylation, A549
cells were plated in 60 mm dishes. After cell attachment, ascorbic
acid (50 pg/ml), B-aminopropionitrile (30 g/ml) and the test
compounds were added along with [*H]proline (20 w.Ci/ml)
(Amersham, Piscataway, NJ). After a 18 h incubation, labeled
proteins (including collagen) released into the medium were
precipitated with 10% TCA. After washing 3 times with 5% TCA
solution, precipitated proteins were hydrolyzed in 6 N HCl at
115 °C for 24 h. Unlabeled hydroxyproline was added to each
sample as a carrier. Radioactive proline and hydroxyproline were
separated by TLC on silica gel-coated glass plates (Whatman,
Clifton, NJ) in 75% phenol (phenol:water, 75:25, w/w) containing
0.2 mg/ml NaCN. The positions of proline and hydroxyproline were
visualized by the ninhydrin reaction. Hydroxyproline separated
from proline with Ryvalues of 0.45 and 0.58, respectively. The silica
gel in the hydroxyproline and proline areas was scraped off and
eluted with 0.5 ml of water, and the radioactivity in each spot was
counted using a Beckman (Fullerton, CA) liquid scintillation
spectrometer. The degree of proline hydroxylation was estimated
from the ratio of [*H]hydroxyproline to the total radioactivity in
[3H]proline plus [*H]hydroxyproline.

2.4. HIF prolyl-4-hydroxylase assay (in vitro VHL capture assay)

Biotinylated wild type or proline-hydroxylated peptides
(corresponding to HIF-1a residues 556-574) were dissolved in
sterile water (500 pg/ml) and incubated with streptavidin beads
(Pierce ImmunoPure, Rockford, IL) at 4 °C for 2 h. The beads were
washed twice with VHL binding buffer (20 mM Tris pH 8, 100 mM
NaCl, 1 mM EDTA, 0.5% NP40) and three times with reaction buffer
(20 mM Tris pH 7.5, 5 mM KCl, 1.5 mM MgCl,). For each condition,
2 g peptide/20 .l beads was aliquoted into separate tubes and
the reaction buffer was added, along with cofactors (100 uM 2-
ketoglutaric acid, 100 M L-ascorbic acid, 50 M ferrous chloride).
The beads and HPH cofactors were mixed at room temperature for
15 min in the reaction buffer. Prior to this incubation, any
inhibitors or competing factors were added to the appropriate
tubes. HIF prolyl hydroxylase-2 protein and Flag-VHL protein were
produced by separate in vitro translated (IVT) reactions (Promega,
Madison, WI) [15] using HPH-2 plasmid and Flag-VHL plasmid. A
5 pl aliquot of IVT HPH-2 was added to the bead-peptide mixture
for 1 h at 30 °C. Subsequently, the beads were washed with VHL
binding buffer and 10 .l Flag-VHL IVT was added to the beads
overnight at 4 °C. The beads were washed, SDS sample buffer was
added, the samples were boiled, subjected to SDS-PAGE, and
resultant blots were probed for Flag [14]. To perform the VHL
capture assay under hyperoxia, the air in a microtube ready for the
HIF hydroxylation reaction was replaced with oxygen gas and the
tube was sealed tightly and placed in a 50 ml tube filled with
oxygen gas.
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3. Results
3.1. Nitric oxide donors inhibit HIF prolyl hydroxylase-2

It was previously reported that NO donors inhibit HPHs, based
on results from a cell based VHL capture assay in which
hydroxylation of cellular HIF-1ae was determined by co-immuno-
precipitation of 3°S-labeled VHL with the hydroxylated HIF-1a
protein [9]. However, a recent paper suggests that nitric oxide
(NO)-mediated inhibition of VHL recruitment to HIF-1a occurs by
nitrosylation of cysteine 520 in HIF-1«, rather than inhibition of
HIF-1a hydroxylation by HPH-2 [10]. Since cellular HIF-1a used in
the cell-based VHL capture assay contains both cysteine 520 (for
nitrosylation) and proline 402 and 564 (for hydroxylation), further
verification is required to determine whether NO inhibits HPH
activity directly. To clarify this point, we carried out an in vitro VHL
capture assay using a substrate of HPH-2, 19mer HIF peptide
(Biotin-Ahx-DLDLEALAP564YIPADDDFQL) not containing cysteine
520 (WT-HIF), in order to rule out an involvement of the cysteine
nitrosylation in VHL association with the HIF peptide. Nitric oxide
donors SNAP and GSNO were added to the in vitro VHL capture
assay using the biotinylated WT-HIF peptide bound to avidin
beads. As shown in Fig. 1A, the association of Flag-VHL with the
WT-HIF peptide was undetectable in the absence of exogenously
added cofactors (lane 1). When the required cofactors for HPH-2
were added, the association between the WT-HIF peptide and Flag-
VHL is markedly enhanced (lane 2). Addition of 0.2 mM SNAP
significantly reduced the association between the WT-HIF peptide
and VHL, and at 0.4 mM, SNAP completely abrogated the
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interaction. Another nitric oxide donor, GSNO, also reduced the
association between the WT-HIF peptide and VHL, but GSNO was
less potent than SNAP. In contrast to the WT-HIF peptide, a
mutated HIF peptide (HIF-P564A, a peptide in which the proline
564 was substituted with alanine) failed to bind VHL under any
circumstances (Fig. 1A, lanes 9-12). To exclude a possibility that an
amino acid residue(s) in the WT-HIF peptide was modified by
NO donors leading to inhibition of VHL recruitment, hydroxylated
HIF peptide (HIF-P546Hyp) (Biotin-Ahx-DLDLEALA(HyP)YI-
PADDDFQL) was treated with the NO donors and subsequently
Flag-VHL was added, followed by detection of recruited VHL. As
shown in Fig. 1B (left panel), nitric oxide donors did not impair the
ability of VHL to associate with the hydroxylated-HIF peptide.
Thus, our data suggest that NO is an inhibitor of HPH, rather than a
direct inhibitor of HIF-1at/VHL association.

To confirm this in cells, immunoblot analysis for hydoxylated
cellular HIF-1a was performed after treatment with NO donors
(Fig. 1C). An iron chelator, ciclopirox, was used as a control
inhibitor of HPH-2. Cells treated with or without the NO donors
were lysed to obtain nuclear extracts and the levels of hydroxyl-
ated HIF-1a in the nuclear extract were compared. HIF-1a protein
was induced in all cells treated with SNAP (Fig. 1C, lanes 2 and 4),
GSNO (lanes 6 and 8) and ciclopirox (lanes 10 and 12), suggesting
stabilization of HIF-1« in these cells. However, hydroxylated HIF-
Ta was not detected when prolyl hydroxylation during lysis was
prevented by inclusion of a HPH inhibitor, phenanthroline, in the
lysis buffer (lanes 4 and 8). But if phenanthroline is omitted, strong
signals of hydroxylated HIF-1a were observed in the lysates of NO-
donor-treated cells (Fig. 1C, lanes 2 and 6). Thus, this observation

B

+ o+ o+
02

N - 03 Drugs (1 mM) - SNAP GSNO

-

10 11 12

200 - 200

- 5 + + . - + + - - + +
(W = W w e
[ e o o | [ s e e | s e e ] +— Tz 1

Hydroxy
LWL ® B ]

+—Topo I
10 11 12

Fig. 1. Nitric oxide donors inhibit HIF prolyl hydroxylase-2. (A) The in vitro VHL capture assay was performed as described in Section 2, in the presence or absence of cofactors
(50 wM ferrous chloride, 100 wM sodium 2-ketoglutarate, 100 wM sodium ascorbate) and the indicated concentrations of a NO donor, SNAP or GSNO, and resultant blots
were probed for Flag (VHL). Data from lanes 1 to 8 and lanes 9 to 12 were obtained by using WT-HIF peptide and HIF-P546A peptide, respectively. (B) The same assay was
repeated utilizing a chemically hydroxylated peptide and a NO donor, SNAP or GSNO (1 mM). (C) A549 cells were treated with a NO donor, SNAP or GSNO, or an iron chelator,
ciclopirox, at the indicated concentrations and were lysed 4 h later. The cell lysis was done in the presence or absence of a HPH inhibitor, phenanthroline. Blots were probed
with an anti-HIF-1a antibody or an anti-hydroxylated HIF-1a antibody. (D) A549 cells were treated with a NO donor, SNAP (1 mM), and were lysed 4 h later. The cell lysis was
done in the presence or absence of SNAP (1 mM). Blots were probed with an anti-HIF-1a antibody or an anti-hydroxylated HIF-1a antibody.
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suggests that although NO-induced HIF-1a was in the nonhy-
droxylated state, the HIF-1la was hydroxylated during lysis
probably due to the dissociation of NO from HPHs. To confirm
this, the same experiment was done with a NO donor, SNAP,
instead of phenanthroline. SNAP was added to the lysis buffer
followed by cell lysis and the hydroxylation status of NO donor-
induced HIF-1a was monitored. As expected, SNAP blocked HIF-1a
hydroxylation exhibiting an effect similar to that of phenanthro-
line (Fig. 1D). These results indicate that NO donors inhibit cellular
HPHs resulting in stabilization and accumulation of HIF-1« protein
in these cells. On the other hand, the control, ciclopirox-induced
HIF-1a was kept in a nonhydroxylated state in any lysis conditions
(lanes 10 and 12), probably because the interaction between the
iron chelator and HPHs was strong enough to prevent their
dissociation during cell lysis.

3.2. Hyperoxia attenuates the inhibitory effect of NO on HIF-1o prolyl
hydroxylation

Although our data indicate that NO inhibits HPH activity, the
inhibitory mechanism is still elusive. Since NO is a molecular
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mimic for O, binding as an Fe(II) ligand and HPHs are dioxygenases
with non-heme iron in their active sites, we hypothesized that NO-
mediated HPH inhibition occurred by its competition with
dioxygen. To test this possibility, NO donors were subjected to
an in vitro VHL capture assay under hyperoxia (100% oxygen) and
normoxia (21% oxygen), and VHL binding was compared.
Ciclopirox and caffeic acid phenethylester (CAPE), a natural
product with HPH inhibitory activity [16], were used as controls.
Hyperoxia did not substantially increase VHL binding in the control
HPH reactions without NO donors (Fig. 2A, compare lanes 4 with 1,
and 10 with 7). However, VHL binding attenuated by NO donors
was partially but definitely reversed by hyperoxia (Fig. 2A,
compare lanes 5 with 2, 6 with 3, 11 with 8, and 12 with 9),
suggesting that HPH inhibition by NO donors is associated with
competition with dioxygen. The effect was more evident for SNAP
than GSNO. No hyperoxia-mediated attenuation of inhibition of
HPH-2 was observed with the control HPH inhibitors, ciclopirox
and CAPE (Fig. 2A, bottom panel).

To confirm the hyperoxia effect in cells, A549 cells were treated
with NO donors or the known HPH inhibitors under hyperoxia or
normoxia and the level of the nuclear HIF-1a was compared. As
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Fig. 2. Hyperoxia attenuates the inhibitory effect of NO donors on HIF prolyl hydroxylase-2. (A) The in vitro VHL capture assay under hyperoxic or normoxic condition was
performed as in Fig. 1A in the presence of the indicated concentrations of a NO donor, SNAP or GSNO (top panel), CAPE or ciclopirox (bottom panel). (B) A549 cells, under
hyperoxia or normoxia, were treated with a NO donor, SNAP or GSNO (top panel), CAPE or an iron chelator ciclopirox (bottom panel), and were lysed 4 hr later. Nuclear HIF-1a
was detected using an anti-HIF-1a antibody and Topo Il as a control. (C) A549 cells, under hyperoxia or normoxia, were treated with a NO donor SNAP (1 mM) in the presence
of a proteasome inhibitor MG132 (10 M) and were lysed 4 h later. The cell lysis was done in the presence of a HPH inhibitor, phenenthroline. Blots were probed with an anti-

HIF-1a antibody or an anti-hydroxylated HIF-1a antibody.
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shown in Fig. 2B, the level of HIF-1a protein induced by NO donors
was reduced significantly by hyperoxia (top panel, compare lane 5
with 2, lane 6 with 3, lane 11 with 8, lane 12 with 9), while HIF-1«
induction by CAPE and ciclopirox was not affected substantially by
the concentration of oxygen (Fig. 2B, bottom panel). This finding
implies that hyperoxia counteracted NO donor-mediated suppres-
sion of HIF-1a hydroxylation and degradation. To verify whether
the HIF-1a degradation by hyperoxia occurred by reactivation of
HPHs, the same experiment was carried out in the presence of a
proteasome inhibitor MG132. As shown in Fig. 2C, SNAP-mediated
induction of HIF-1a was reduced by hyperoxia (compare lane 5
with 2) and this effect was overcome by MG132 (compare lane 6
with 5). Moreover, hydroxylated HIF-1ae was detected in the HIF-
1o protein in the presence of MG132, while hardly detectible
without MG132 (compare lane 3 with 2, and lane 6 with 5).
Although hydroxylated HIF-1a was also detected upon treatment
with SNAP/MG132 under normoxia, its level was much lower than
that obtained from the hyperoxia counterpart (Fig. 2C, compare
lane 3 with 6). On the other hand, MG132-mediated accumulation
of hydroxylated HIF-1a was not affected by the concentration of
oxygen (Fig. 2C, compare lane 8 with 10).

3.3. SNAP does not inhibit collagen prolyl hydroxylase

CPHs and HPHs, alpha-ketoglutarate- and Fe(ll)-dependent
dioxygenases, perform the same catalytic reaction (hydroxylation
of proline), but on different substrates, collagen and HIF-«,
respectively. It is known that the two enzymes have greatly
different K, values for dioxygen (40 wM for CPH and 230-250 uM
for HPHs), suggesting a possibility that NO exhibits selectivity in
inhibiting the two enzymes. To test this hypothesis, the effects of
SNAP on collagen prolyl hydroxylation were determined in A549
cells. Cells were cultured with '3C-labeled proline in the absence or
presence of SNAP (0.3-1.0 mM) and radiolabeled collagen released
into the medium was analyzed for hydroxyproline content after
acid hydrolysis and TLC separation. The effects were also measured
with known common inhibitors of HPHs, CAPE and ciclopirox
[16,17]. As shown in Fig. 3, SNAP, at a concentration range that
greatly inhibited HPH-2 in the same cells, did not diminish
formation of hydroxyproline in collagen. On the contrary, SNAP
seemed to enhance the collagen hydroxylation at high concentra-
tions. The control inhibitors caused marked inhibition of collagen
prolyl hydroxylation. These findings clearly demonstrate that
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Fig. 3. The nitric oxide donor, SNAP, does not inhibit collagen prolyl hydroxylation.
A549 cells were plated in 60 mm dishes. After cell attachment, ascorbic acid (50 g/
ml), B-aminopropionitrile (30 wg/ml) and either SNAP, CAPE or ciclopirox at the
indicated concentrations were added along with [*H]proline (20 .Ci/ml). After 18 h
incubation, labeled proteins (including collagen) released into the medium was
subjected to precipitation, acid hydrolysis, TLC separation and scintillation counting
to determine the degree of proline hydroxylation as described under Section 2.

SNAP exerts selective inhibition of HPH-2 without suppressing
collagen prolyl hydroxylation.

4. Discussion

In this report, we provide strong evidence that nitric oxide
donors inhibit HPH-2, but not CPHs, in A549 cells and that NO
inhibition of HPH-2 is attenuated significantly by hyperoxia. In
view of the widely different K, values of the two enzymes for
dioxygen and also of a similar mode of binding of dioxygen and NO
to heme-iron proteins, our data support the notion that competi-
tion of NO with dioxygen is relevant to the discriminative effect of
NO against HPH-2 and CPHs.

Our data further suggest that nitric oxide directly inhibits HPHs
to block hydroxylation of HIF-1a and to stabilize it. This argument
is supported by the suppression of HPH-2-mediated hydroxylation
of the biotinylated HIF-1« peptide (WT-HIF, corresponding to HIF
residues 556-574 without 520 cysteine residue) by nitric oxide
donors, SNAP and GSNO in vitro as indicated by the dramatic
decrease of VHL binding (Fig. 1A). Besides direct inhibition of the
HPH reaction, it is plausible that NO directly inhibits VHL binding
to the HIF-1a irrespective of Pro564 hydroxylation. However, this
possibility can be ruled out based on the following observations: (i)
Hydroxylated HIF-1« peptide binding to VHL was not affected in
the presence of SNAP or GSNO (Fig. 1B), (ii) A HIF-1a peptide with
alanine in the place of proline 564 failed to bind to VHL under any
circumstances. These in vitro results were confirmed by cellular
experiments that showed the NO donor-induced accumulation of
nonhydroxylated HIF-1a (Fig. 1C and D).

Our conclusion is in disagreement with that of a recent paper by
Park et al. [10], which suggests that nitric oxide (NO) inhibition of
VHL recruitment occurs by nitrosylation of the 520 cysteine in HIF-
1a, and that SNAP does not directly inhibit hydroxylation of HIF
peptide by HPH-2. Although this discrepancy seems difficult to
reconcile, it is possible that the truncated recombinant HPH-2
(amino acids 184-418) used in that paper may be less susceptible
to NO than a full length HPH-2. Unlike a full length intact HPH-2
that shows much less activity in the absence of ferrous iron [18],
the truncated HPH-2 was not affected by iron concentration, which
raises a possibility that the catalytic activity (involving iron) and/or
K, value (for dioxygen) of the truncated HPH-2 could also be
altered from those of a full length HPH-2.

Our data suggest that NO inhibition of HPH-2 occurred by its
competition with dioxygen binding. This argument is based on the
observations that hyperoxia significantly attenuated the NO-
mediated HIF-1a induction and restored VHL binding suppressed
by NO donors. The specificity of the hyperoxia effect was evident in
that hyperoxia had no effect on an iron chelator- or CAPE-mediated
induction of HIF-1a and suppression of VHL binding. Moreover,
hyperoxia-mediated HIF-1a degradation seems to occur by
reactivation of HPHs, because the level of hydroxylated HIF-1a
of the NO-donor treated cells was much higher under hyperoxia
than under normoxia in the presence of a proteasome inhibitor
MG132 (Fig. 2C, lanes 6 vs 3).

Although SNAP effectively inhibited HPH-2, it did not impair
CPHs activity as shown in Fig. 3. On the contrary, the known HPH
inhibitors, ciclopirox and CAPE, drastically decreased the collagen
hydroxyproline level. At high concentrations (>0.5 mM), SNAP was
found to elevate the collagen hydroxyproline level. Dooley et al.
reported that another NO donor, DETA-NO, lowers activity of
prolyl-4 hydroxylase to 76% of the control in fibroblasts [19], and
suggested that this NO donor reduces collagen synthesis by
impairing proline hydroxylation. On the other hand, there is a
contrasting report that NO has a stimulatory effect on collagen
synthesis in rat dermal fibroblasts [20], consistent with our
findings. The discrepancy in NO effects on CPHs and collagen
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synthesis may be due to unknown variables in the different
biological systems.

The two different prolyl-4 hydroxylases, HPHs and CPHs, have
different K, values for dioxygen, and HPHs have much lower
affinity for dioxygen. Consistent with this difference in kinetic
parameters, HPHs display high sensitivity to hypoxic conditions,
whereas CPHs seem to be fully functional under hypoxia [21,22].
HPHs are able to elicit their maximal activity under normoxia (21%
oxygen) but lose their enzymatic activity as the oxygen
concentration decreases, conferring their function as oxygen
sensors [23]. Considering these facts, selective inhibition of
HPH-2 by NO competition of dioxygen binding may provide a
rational explanation for the discriminative effect of NO toward
CPHs and HPH-2. Thus, NO donors might be applicable for the
treatment of diseases such as ischemic disorders in which HIF-1
activation is beneficial, without side effects resulting from the
inhibition of CPHs.
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