1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
J Inorg Biochem. Author manuscript; available in PMC 2012 May 01.

-, HHS Public Access
«

Published in final edited form as:
JInorg Biochem. 2011 May ; 105(5): 630-636. doi:10.1016/j.jinorghio.2011.01.007.

Uncoupled O,-activation in the human HIF-asparaginyl
hydroxylase, FIH, does not produce reactive oxygen species

Evren Sabanl, Shannon C. Flagg?!, and Michael J. Knapp!:2

Michael J. Knapp: mknapp@chem.umass.edu

1Department of Chemistry, University of Massachusetts, Amherst, MA, 01003, Voice
413-545-4001, FAX 413-545-4490

2Program in Molecular and Cellular Biology, University of Massachusetts, Amherst, MA, 01003,
Voice 413-545-4001, FAX 413-545-4490

Abstract

The factor inhibiting HIF (FIH) is one of the primary oxygen sensors in human cells, controlling
gene expression by hydroxylating the a-subunit of the hypoxia inducible transcription factor
(HIF). As FIH is an alpha-ketoglutarate dependent non-heme iron dioxygenase, oxygen activation
is thought to precede substrate hydroxylation. The coupling between oxygen activation and
substrate hydroxylation was hypothesized to be very tight, in order for FIH to fulfill its function as
a regulatory enzyme. Coupling was investigated by looking for reactive oxygen species production
during turnover. We used alkylsulfatase (AtsK), a metabolic bacterial enzyme with a related
mechanism and similar turnover frequency, for comparison, and tested both FIH and AtsK for
H,0,, O, and OH"* formation under steady and substrate-depleted conditions. Coupling ratios
were determined by comparing the ratio of substrate consumed to product formed. We found that
AtsK reacted with O, on the seconds timescale in the absence of prime substrate, and uncoupled
during turnover to produce H,O»; neither O, nor OH* were detected. In contrast, FIH was
unreactive toward O, on the minutes timescale in the absence of prime substrate, and tightly
coupled during steady-state turnover; we were unable to detect any reactive oxygen species
produced by FIH. We also investigated the inactivation mechanisms of these enzymes and found
that AtsK likely inactivated due to deoligomerizion, whereas FIH inactivated by slow
autohydroxylation. Autohydroxylated FIH could not be reactivated by dithiothreitol (DTT) nor
ascorbate, suggesting that autohydroxylation is likely to be irreversible under physiological
conditions.
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1. Introduction

Cellular oxygen-sensing in metazoans is directly controlled by enzymes which hydroxylate
the alpha-subunit of the hypoxia inducible factor (HIFa or HIF-1a).[1-3] As the HIF-
hydroxylases are key regulators of angiogenesis and basal metabolism, they are potential
targets for treating diseases such as cancer and stroke.[4-6] The two types of HIF-
hydroxylase are the factor inhibiting HIF-1 (FIH) and prolyl hydroxylase (PHD),[7-9] both
of which are Fe(ll), a-ketoglutarate-dependent hydroxylases. The best characterized of these
enzymes is the human enzyme FIH, which hydroxylates the Asn892 residue within the C-
terminal transactivation domain (CTAD) of HIFa,[10] thereby preventing transcriptional
machinery from binding to HIFa.

aKG hydroxylases catalyze two half reactions resulting in the transfer of oxidizing
equivalents from O, to both aKG and the primary substrate (Chart 1).[4, 11, 12] The first
half-reaction is O,-activation, in which the aKG/[Fe]* is oxidatively decarboxylated to
form succinate/[FeO]?* and CO,.[13, 14] The second half-reaction is transfer of the oxidant
from [FeO]?* to the prime substrate,[15, 16] which may include reactions such as
desaturation, demethylations, ring-closure, and hydroxylation;[11, 12, 17] in the case of
FIH, this reaction is the hydroxylation of the p-carbon of Asn803.[10] Tight coupling
between these two half-reactions is challenging, and many of the aKG-dependent
hydroxylases exhibit reactions with O, that are uncoupled.[18-26] In some cases this leads
to auto-hydroxylation of residues within enzyme active sites,[18, 21, 22, 25] however more
commonly it leads to metal oxidation that can be rescued by ascorbate.[12, 23, 26]

The prevailing model for how aKG hydroxylases may achieve coupled turnover focuses on
changes in the coordination number about the Fe(Il) upon substrate binding. In this model,
the Fe(l1) is six coordinate prior to prime substrate binding, coordinated by a Hisy(Asp/Glu)
facial triad, a bidentate aKG, and a single H,O ligand.[17] Once the prime substrate binds,
the H,0 ligand is released to form a five-coordinate Fe(Il) center which is ready to react
with O,. Crystal structures of several aKG hydroxylases support this model,[12, 27-29] as
does mechanistic data indicating that poor substrates stimulate uncoupling.[20, 24, 26, 30]
Perhaps the strongest evidence comes from advanced spectroscopic studies that clearly show
this coordination change occurs upon substrate binding.[31-33] Tight coupling would be
highly beneficial to an O,-sensing enzyme, such as FIH.

There are three criteria for effective O,-sensing by HIF hydroxylases. First, the Ky o2)
should lie above the physiological pO,, so that the rate of HIF hydroxylation is proportional
to the pO,. As the reported Ky(op) for FIH is much higher than the cellular pO; under
physiological conditions,[34, 35] it appears that FIH is well suited for its regulatory role by
this first criterion. Second, uncoupling between the two half-reactions must be low, ideally
such that no molecule of O, reacts without HIF hydroxylation due to the potential for
oxidative damage. Although aKG hydroxylases are mechanistically predisposed to some
uncoupling between O,-activation and substrate hydroxylation,[12, 36] and FIH can
autohydroxylate in the absence of prime substrate,[18] the extent of uncoupling during
steady-state turnover by FIH is unknown. Third, release of reactive oxygen species (ROS)
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from the active site should be minimal in order to avoid oxidative damage to the cell. The
propensity of FIH to produce ROS has never been tested.

Here we use chemical methods to test the uncoupling and ROS production from human FIH
in comparison to AtsK, a metabolic aKG hydroxylase involved in bacterial sulfur
metabolism.[37] As metabolic enzymes are expected to favor fast catalysis over tight
coupling, we felt that AtsK would be an instructive contrast to FIH. We observed that FIH
does not uncouple during turnover conditions, nor does it release ROS under any tested
conditions. FIH does, however, autohydroxylate in a slow reaction in the absence of
substrate, forming an inactive form FIH. In contrast, AtsK uncouples under turnover
conditions and releases H,O».

2. Experimental Procedures

2.1 Materials

The prime substrate for FIH was a 39-residue peptide corresponding to HIFa."88-826 with a
Cys890— Ala point mutation, which corresponds to the C-terminal transactivation domain of
HIF-1a (CTAD). The CTAD sequence used (Asn893 underlined) was
DESGLPQLTSYDAEVNAPIQGSRNLLQGEELLRALDQVN, which was unmodified at
the peptide termini. CTAD peptide was purchased from EZBiolabs as a desalted product,
and was further purified by reverse-phase HPLC. Hexylsulfate (HexSO,4) and NADH were
obtained from Acros Organics. The enzymes used in coupled assays were from commercial
sources: alcohol dehydrogenase and Cu/Zn superoxide dismutase were from MP
Biomedicals, horseradish peroxidase was from Fluka. A succinate detection kit was
purchased from R-Biopharm.

2.2 Protein expression, purification, and activity

AtsK and FIH were expressed and purified as previously described.[19, 37] AtsK activity
was measured continuously with both oxygen sensor using a Clark-type electrode and
coupling the enzyme reaction with NADH/alcohol dehydrogenase at 25°C. In O,
consumption assay, 200 uM ascorbate, 1 mM aKG, 0-1 mM HexSO,4 and 100 uM FeSOy4
were premixed in 1 mL volume with 10 mM HEPES pH 7.00, and the reaction was initiated
by adding 1 uM AtsK and oxygen consumption was monitored. AtsK activity was also
monitored by coupling the enzyme reaction with 160 uM NADH and 5 unit/ml alcohol
dehydrogenase in 100 pL volume by monitoring the absorbance change at 340 nm in UV-
Visible(UV-Vis) Spectrometer.

FIH activity was monitored by a quenched time point assay and analyzied by LC-MS. Ina
50 uL reaction volume, 2 mM ascorbate, 0.1 mM DTT, 5 u/mL catalase, 500 pM aKG, 25
UM FeSO,4, 0-600 uM CTAD were preincubated at 37°C and 0.5-5 uM of FIH was added to
initiate the reaction. At certain time points 5 L aliquots were taken and the reaction was
quenched with 45 pL 0.1% formic acid. For each reaction 5-10 samples were prepared in 3—
10 min and analyzed by LC-MS using a Cg column. The +3 charge-state of parental and and
hydroxylated CTAD peaks were observed at m/z of 1419.1 and 1424.4 respectively, as
expected for the expected mass gain of 16 amu in product. The ratio of hydroxylated CTAD
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peak intensity to overall peak intensity was calculated for each sample and the rate was
calculated from a linear fit of these time points.

2.3 Uncoupling

2.3.1 Absence of prime substrate—Small volumes of an AtsK stock (0.38 mM) were
injected into a 1.00 mL solution containing 100 UM FeSQy,, 200 UM ascorbate, 1 mM aKG
and were mixed in 10 mM HEPES buffer pH 7.00, 25 °C. The FIH assay was performed
with 50 uM FeSOy, 500 uM aKG, and 11.7 pM FIH in 50 mM HEPES, pH 7.50, 37°C. O,
consumption was monitored by a Clark-type electrode (YSI Incorporated).

2.3.2 Presence of prime substrate—The coupling ratio of each enzyme was
determined in the presence of varied concentrations of primary substrate. For AtsK, the
amount of consumed oxygen was compared to the amount of product formed by oxygen
consumption and NADH coupled assays respectively. The coupling ratio of FIH was
obtained by comparing the amount of succinate formed to the amount of hydroxylated
peptide. Succinate was measured by UV-Vis spectroscopy using a succinate detection kit
and hydroxylated CTAD was analyzed by LC-MS.

2.4 ROS production

2.4.1 H,0,/0,™ assays—Hydrogen peroxide production was detected by coupling H,0,
oxidation of 50 uM 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) with 1
U/mL horseradish peroxidase (HRP). Hydrogen peroxide production was continuously
monitored at 405 nm. Ascorbic acid was excluded from the reaction mixtures to prevent
reduction of ABTS*. Superoxide detection was accomplished in a same manner of peroxide
detection, by the use of 100 U/mL Cu/Zn superoxide dismutase (Cu/Zn SOD) to convert
O~ into H,0,. The reaction conditions for HoO, and O, detection included the coupling
reagents with the respective enzyme assays; for AtsK: 11.4 uM AtsK, 1 mM aKG, 0-100
UM HexSOy, 100 pM FeSOy; for FIH: 5 uM FIH, 500 uM aKG, 50 puM FeSOy4, 0-100 pM
CTAD.

2.4.2 OH* radical assay—Hydroxyl radical detection of AtsK and FIH was achieved by
mixing enzyme activity assay solutions with 15 mM 2-deoxyribose.[38] Primary substrate
concentrations were varied for AtsK, 0-600 uM HexSQy; and for FIH, 0-120 uM CTAD.
The reactions were initiated by adding enzyme then incubating at 37 °C for 1 hour.
Reactions were quenched with 100 pl 1% thiobarbituric acid in 50 mM NaOH and 100 pL
2.8 % trichloroacetic acid in water. The solution was heated at 100 °C for 20 min. After
cooling down to room temperature, the absorbance at 532 nm was measured. The zero
substrate sample was treated as a reference.

2.5 Inactivation and rescue of inactivated enzyme

2.5.1 Inactivation of AtsK—Inactivation of AtsK was tested by changing the
concentration of AtsK in a reaction from 1 to 10 uM, in the NADH-coupled assay detected
at 340 nm. 1 mM aKG, 1mM HexSOy,, 100 uM Fe(l1), 0-2 mM ascorbic acid, 1-10 pM
AtsK, 30 uM NADH and 30 units of alcohol dehydrogenase were used in a 100 L reaction
volume.
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2.5.2 Inactivation and rescue of autohydroxylated FIH—Autohydroxylated FIH
was prepared to test for re-activation conditions. Under anaerobic conditions, 50 mM
HEPES (pH 7.50) aKG (100 uM), FIH (49 uM) and FeSO,4 (50 uM) were added to a
septum-sealed UV cuvette. An initial UV-Vis absorption spectrum was collected; the
septum was then removed to introduce air and initiate the reaction. The characteristic
absorption peak of autohydroxylated FIH (Amax = 583 nm) grew over several hours.[18]
Autohydroxylated FIH was tested for activity in an assay mixture containing aKG (500
M), FeSOy4 (25 puM), CTAD (70 pM), autohydroxylated FIH (5 pM), and a mild reductant.
The mild reductants ascorbate (0 — 2 mM) and DTT (0 — 0.1 mM) were tested for their
ability to re-activate auto-hydroxylated FIH. Samples were analyzed for hydroxylated
CTAD by LC-ESI-MS.

3. Results

Uncoupling for FIH and AtsK was evaluated by comparing the steady-state kinetic
signatures of the two half reactions. As O, reacts with aKG to form succinate and CO5 in
the first half-reaction, the stoichiometry of O,-activation was measured by O, consumption
or succinate formation. This assumes that O, is only activated by oxidative decarboxylation
of aKG. The rate of prime substrate hydroxylation was monitored by mass spectrometry for
FIH or by a UV-Vis assay for AtsK. A fully coupled reaction would exhibit an [O5]:
[hydroxylated product] ratio of unity; deviations from this ratio would indicate that O, was
being activated in the absence of substrate hydroxylation.

Uncoupling for AtsK and FIH was measured with variable concentrations of substrate. The
solution conditions for AtsK included 0 — 1000 pM HexSQOy,, with up to 3.0 pM AtsK. AtsK
was tightly coupled under steady-state conditions, as the number of enzyme turnovers was
equivalent by both Clark electrode and by the UV-Vis assay. These assays indicated a
coupling ratio of 1.04 + 0.07 in the steady-state for AtsK (Fig 1). As the Ky(Hexsoa) is 15
UM for AtsK, the measured steady-state coupling ratio for AtsK reflected that of an ES
complex, indicating that once AtsK bound HexSO,4 and entered its catalytic cycle it
completed the hydroxylation with relatively high fidelity (ca. 96%). This indicated that AtsK
turnover was much faster than uncoupling from the ES complex.

Similarly, FIH was tightly coupled as shown by the stoichiometry of succinate to
hydroxylated peptide present in quenched reactions. FIH (2 pM) was incubated with CTAD
(200 pM) and the reaction quenched at several time points for analysis. These assays
indicated a coupling ratio of 1.03 £ 0.17 in the steady-state for FIH (Fig 1). FIH distributed
between predominantly an (Fe2+aKG)FIH form at low [CTAD], and an EScomplex at high
[CTAD], as we measured the Kyctap) as 77 UM.[39] Nevertheless, FIH exhibited a tightly
coupled reaction under steady-state conditions, indicating that O,-activation by FIH is
tightly controlled. It should be noted that the succinate assay used to measure O,-activation
by FIH was less precise than the simpler UV-Vis assay used for AtsK, due to the many
reaction components and manipulations needed.

The consumption of O, by AtsK and FIH in the absence of prime substrate was directly
monitored by use of a Clark electrode (Fig 2). Small volumes of enzyme (1-3 L) were
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injected into thermostated 1.00 mL reaction buffer containing FeSO,4 (100 uM), ascorbate
(200 uM), and aKG (1mM). Despite the tight coupling ratios observed during steady-state
turnover, O, consumption was not absolutely tied to substrate hydroxylation for either
enzyme. In the case of AtsK, O, was consumed within 30 seconds at a molar stoichiometry
of 2.5 (+/- 0.2) O, per AtsK active site (Figs 1B and 2). Such a rapid reaction with O, is
reminiscent of the fast inactivation observed for several other aKG hydroxylases, such as
TauD and TfdA.[25, 26] In contrast, injections of FIH at a final concentration of 11.7 yM
consumed no measurable O, on the minutes timescale (Fig 1B). Although we were unable to
measure any uncoupled O,-consumption for FIH on the minutes timescale, we did reproduce
the autohydroxylation reaction.[18] Autohydroxylation required O,, and formed a
hydroxylated Trp2% residue on FIH,[18] which is formed via hydroxylase activity in the
absence of CTAD.

Although the coupling ratios for both FIH and AtsK were near unity during the steady-state,
the consumption of O, by AtsK in the absence of prime substrate suggested that ROS may
be produced by the resting form of AtsK, (Fe+ aKG)AtsK. As an enzyme will partition
amongst various forms depending on substrate concentrations, ROS formation was
measured while varying prime substrate concentrations for both FIH and AtsK. The tested
ROS species were superoxide (O,7), hydrogen peroxide (H,05), and hydroxyl radical
(OH®), which may form depending on the number of electrons transferred to O,.

Both H,0, and O,~ were assayed by a peroxidase/ABTS assay in which H,O, was
indicated by a characteristic absorption at 405 nm due to the formation of ABTS+. In the
absence of HexSOy, AtsK (11.4 uM) produced 0.12 uM H50»; this was much less than the
anticipated 2.5 equivalents of O, consumed by AtsK. Under steady-state conditions, AtsK
produced up to 0.47 uM H,05, with [HexSO4] ranging from 0 — 800 uM. Notably, H,O,
production was a saturable function of [HexSQO,], with an apparent half-maximal value of 10
UM HexSOy4 (Fig 4). As this is similar to the reported KyHexsoa),[37] it suggested that
H,0, was also released from the EScomplex of AtsK, (Fe2+aKG+HexSO4)AtsK.

FIH (5 uM) failed to produce measurable levels of H,O, under any tested condition. FIH
concentrations were varied between 5 and 50 UM in the absence of CTAD to test for H,0,
production by (Fe2*+aKG)FIH, however H,0, was not detected even at 50 pM FIH. FIH
was also tested under steady-state conditions with 50 uM CTAD; however, H,0, was not
detected suggesting that the ES complex, (Fe2+aKG+CTAD)FIH, did not produce H,05.
This was consistent with the near unity coupling ratio for FIH.

Superoxide was measured by the use of Cu/Zn SOD to convert two equivalents of O, into
one equivalent of H,O, for the peroxidase/ABTS assay. Neither AtsK nor FIH produced
detectable O,~ by this coupled assay in the absence of prime substrate; experiments in the
presence of added prime substrate similarly yielded no detectable O,™.

Hydroxyl radicals were tested by the deoxyribose method, a qualitative colorimetric assay
that compares OH* production to a baseline condition by normalized absorptivities (A/Ag);
an increase in A/Ag would indicate that more OH* radical were produced. AtsK (1.14 uM)
was tested at varied concentrations of HexSO,4 (0-600 uM). This allowed a comparison of
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different enzyme forms, with free enzyme prevalent at sub-saturating concentrations of
HexSQy, and an EScomplex prevalent at saturation. A plot of the normalized data indicated
a slight decrease in OH" production in the presence of HexSQO,4, however this was
independent of [HexSO4] (A/Ag = 0.91 +/- 0.05) (Fig 5A). This showed that OH" radical
production was not a function of enzyme form, suggesting that neither the free enzyme nor
the ES complex produced diffusible OH".

Similarly, FIH (0.5 uM) was assayed for OH® production at varied CTAD concentrations.
The normalized data was a line of zero slope with respect to [CTAD] (A/Ag = 1.03 +/- 0.03)
(Fig 5B). This indicated that OH" radical production was not a function of enzyme form. As
with AtsK, this suggested that FIH did not produce diffusible OH" radicals.

During steady-state kinetics assays, we noted a biphasic timecourse for AtsK, indicating
enzyme inactivation. Inactivation could result from the oxidation of the iron pool into
Fe(l11), or from specific changes to AtsK. Oxidation of iron was excluded as the reason for
inactivation by serial injections of AtsK (0.5-1 uM, 1.25-2.5 L) into a 1.0 mL reaction
solution containing HexSO4 (1 mM) and FeSO,4 (100 pM); ascorbate was omitted to
simplify data interpretation. Each injection of AtsK consumed O, for approximately 60
seconds, followed by a return to baseline; subsequent AtsK injections were similarly active
(Fig 6A). This showed that the Fe(Il) and HexSOy in solution were sufficient for turnover,
and that diluted AtsK (1 uM) itself became inactive within one min.

As AtsK is a tetramer,[29] we tested de-oligomerization as the cause of the rapid
inactivation. Timecourses for varied concentrations of AtsK (0.5 — 10 uM) were monitored
by either the UV-Vis assay or the O,-consumption assay. High concentrations of AtsK (5 —
10 uM) were active for hundreds of seconds, whereas low concentrations (0.5 — 1 M)
inactivated within 50 seconds (Fig 6A, 6B), suggesting that de-oligomerization was the root
cause of the rapid inactivation.

FIH exhibited linear progress curves for more than 4 min in steady-state assays that included
ascorbate, indicating that enzyme inactivation was not a rapid process. However, we
previously observed that FIH would autohydroxylate over several hours to form an Fe(l11)
form of the enzyme called “purple FIH’ in which Fe(l1l) was coordinated by the hydroxy-
group of hydroxylated Trp296.[18] As Saari and Hausinger noted that inactivated TfdA was
partially rescued by ascorbate,[26] we tested two common reductants for their ability to
rescue auto-hydroxylated FIH. First, we tested auto-hydroxylated FIH for activity; purple
FIH (5 uM) exhibited no activity following incubation with CTAD (70 pM), FeSO4 (25 uM)
and aKG (500 uM), indicating that this enzyme form was inactive. Next, we tested
ascorbate (2 mM) and/or DTT (100 pM) for their ability to re-activate purple FIH by
including these reductants in purple FIH assay mixtures, however no activity was observed
with these mild reductants (Table 1).

4. Discussion

Although the aKG hydroxylases are mechanistically predisposed to uncouple the oxidative
and reductive parts of their catalytic cycle, the rate and products of uncoupling depend
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greatly on the identity of the enzyme and on reaction conditions. The reported coupling ratio
during turnover was within error of unity for all reported examples,[20, 26, 40, 41]
indicating that uncoupling occurs on less than ~ 5% of turnovers in the presence of prime
substrate. However, reactivity toward O, in the absence of prime substrate is variable, as
some aKG oxygenases release ROS whereas some autohydroxylate, suggesting that
structural differences may control both the rates and products of uncoupling. Neither FIH
nor AtsK were significantly uncoupled during turnover, however they differed in both their
reactivity toward O, in the absence of prime substrate, as well as in their uncoupling
products.

Coupling between O,-activation and substrate hydroxylation likely relies on three structural
factors. The first being local structures which link the binding of prime substrate to
coordination changes at Fe, such as proposed for hydrogen bonding between the facial triad
and the Fe-bound H,0.[31] In a highly organized active site, the (Fe2*+aKG) form of
enzyme would be unable to react with O, until prime substrate bound, and would tightly
couple O activation to substrate oxidation. The second factor is a closed active site to
prevent solvent access, such as by loop closure or the binding of a large substrate. The
(Fe?*+aKG+Substrate) form of enzyme, the EScomplex, would be tightly coupled if
solvent were unable to reach reactive intermediates, such as (FeO)2*. The third factor is the
presence of oxidizable residues near the active site which may react with (Fe0)2* or
scavenge any generated ROS. Any ROS formed by O,-activation in the absence of prime
substrate could then damage the protein rather than diffusing away, and has been proposed
as a general protective strategy for aKG-dependent hydroxylases.[36]

The free enzyme forms of AtsK and FIH were quite distinct in their propensity to react with
0o, suggesting differences in their structures. As described below, the primary factor is
likely to be hydrogen bonding between the facial triad and the coordinated H,O. In the
context of the inner-sphere Oj-activation model, the Fe(ll) in the free enzyme (eg: (Fe
+aKG)FIH) should be 6-coordinate due to a H,O ligand which is hydrogen bonded to the
Asp/Glu ligand. In order for free enzyme to react with O,, this H,O ligand must be released
in the absence of prime substrate. As (Fe+aKG)FIH was unreactive toward O, on the
minutes timescale (Fig 2), the H,O-ligand is likely to be tightly bound in FIH. In contrast,
(FeZ*aKG)AtsK consumed 2.5 equivalents of O, (Fig 3), suggesting weaker hydrogen
bonding from the facial triad in Atsk.

While the reactivity data presented herein do not directly probe the strength of this hydrogen
bond, the structural data for FIH and AtsK are consistent with weakened hydrogen bonding
in AtsK. In particular, while Asp291 of the facial triad in FIH forms a hydrogen bond to the
Fe-bound H,0,[27] the orientation of AtsK Asp10 precludes any hydrogen-bond from the
facial triad of AtsK.[29, 31] The confluence of structural data with our reactivity data
suggest that hydrogen bonding from the facial triad is a significant factor in deactivating
FIH towards uncoupled Oy-activation.

Differential solvent access to the active sites of FIH and AtsK is unlikely to be the origin of
the very different uncoupling behavior in the absence of prime substrate, as both active sites
are highly solvent exposed. The crystal structures of AtsK suggested that the active site
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would be very solvent accessible, as a ‘lid” formed by residues 80 — 102 was so disordered
in the crystal structure that it could not be refined.[29] This is also consistent with the broad
substrate tolerance of AtsK, and suggests that solvent access to the active site should be
facile. In a similar vein, FIH has no structural obstruction to solvent access to the active site
in the (Fe+ aKG)FIH enzyme form, as the active site only becomes closed upon binding of
the prime substrate, CTAD.[27] As a consequence, any uncoupled O,-activation in the
absence of prime substrate should lead to a highly solvent exposed (FeO)2* center in both
AtsK and FIH. That AtsK released ROS, but FIH did not, indicated that some combination
of slow initial reactivity and internal scavenging (see below) is most likely operative in FIH.

The only ROS produced by (Fe+aKG)AtsK was H,0», suggesting that simple hydrolysis of
the (FeO)2* intermediate formed H,0, and regenerated the Fe2* cofactor. ROS have been
implicated during uncoupling of aKG oxygenases, but seldom observed. Two negative
examples are enzymes structurally related to AtsK, which also inactivated during turnover:
TFdA and TauD. The irreversible inactivation of TfdA was suggested to involve oxidative
damage from hydroxyl radicals, however diffusible OH® was not observed;[26] neither H,0,
nor O,~ were observed during uncoupling by TauD.[41] The rare positive example is for
CS2, which releases H,0, in the absence of substrate as does AtsK.[40] A crucial difference
between AtsK and CS2 is that unlike CS2, AtsK also released H,O, during normal turnover.
This may relate to the size of the active site pocket, as the AtsK active site is highly
disordered[29] and may therefore be more prone to hydrolytic attack at the FeO2*
intermediate than CS2.

The presence of a sacrificial site in FIH may explain the absence of diffusible ROS from this
enzyme. FIH autohydroxylation led to irreversibly inactivated enzyme on the timescale of
hours. The autohydroxylated form of FIH, in which the Fe(l11) is coordinated by the
hydroxylated ring of Trp296 [18, 19] could not be rescued by the addition of common
reducing agents nor by excess aKG (Table 1). Irreversible inactivation by “sacrificial’
reactivity near the active site has precedent in the autohydroxylation reactions of TauD,
AlkB and TfdA, where new chromophores arise from Fe(l11) coordination of the newly
formed hydroxylated residue, and for which no reactivation pathway has been identified.[21,
22, 25] We propose that FIH is deactivated from aberrant O, reactivity by strong hydrogen
bonding from the facial triad, and further insured against ROS release by the internal
reaction with Trp2%,

5. Conclusions

FIH is a proximate O,-sensor for human cells, controlling vital processes such as basal
metabolism and angiogenesis. Understanding the link between O,-activation and substrate
hydroxylation is crucial to developing therapies targeting FIH function. Our findings show
that FIH minimizes uncoupled O, reactivity at two levels: through an inherently low
reactivity in the absence of prime substrate; and through presentation of a sacrificial
acceptor (Trp29%) near the active site. The tight control over O,-reactivty for FIH is in
contrast to the facile production of H,O, by the bacterial enzyme AtsK, both in the
presences and absence of the prime substrate for AtsK. We propose that this low reactivity
for FIH may be due to strong hydrogen bonding between the coordinated water and the

J Inorg Biochem. Author manuscript; available in PMC 2012 May 01.
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facial triad. Such tight control over O,-activation by FIH is compatible with the significance
of O, and O,-derived species to both gene expression and cellular toxicity.
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Abbreviations

ABTS 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)

aKG alpha-ketoglutarate

AtsK oxygenative alkylsulfatase

CS2 clavaminate synthase-2

CTAD C-terminal transactivation domain of HIFa

ESI-MS electrospray ionization mass spectrometry

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

FIH-1 the factor inhibiting HIF

HexSOy4 hexylsulfate

HIF Hypoxia Inducible Factor

HRP horseradish peroxidase

SOD superoxide dismutase

TauD taurine dioxygenase

TfdA (2, 4-dichlorophenoxy)acetate dioxygenase
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Fig 1.

Cgupling of O, to prime substrate for AtsK and FIH. A) O, consumption vs. HexSO4
hydroxylation for AtsK. AtsK (0.38 — 3.0 uM), ascorbate (200 pM), aKG (1 mM), FeSOg4
(100 pM), HexSO4 (1 mM), NADH (160 pM), alcohol dehydrogenase (5 U/mL) in 10 mM
HEPES (10 mM, pH 7.00). B) Succinate production vs. CTAD hydroxylation for FIH. FIH
(2.0 uM), ascorbate (2000 uM), DTT (100 pM), aKG (500 uM), FeSO4 (50 uM), CTAD
(240 pM) in HEPES (50 mM, pH 7.50).
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Oxygen consumption of FIH and AtsK measured with O, sensor; A) FIH (11.7 uM) mixed
with FeSOy4 (50 uM), aKG (500 pM) in 50 mM HEPES pH 7.5 B) AtsK (1.14 pM) mixed

with ascorbate (200 uM), FeSO4 (100puM), aKG (1 mM) in 10 mM HEPES pH 7.00.
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Fig 3.
Oxygen consumption of AtsK in the absence of HexSOy4. AtsK (0.2-1.2 pM) mixed with
ascorbate (200 uM), FeSO4 (100 uM) and aKG (1 mM) in 10 mM HEPES pH 7.00.
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Fig 4.

[HexSO, ], uM

A) H,0, produced by AtsK (11.4 uM) during steady state turnover. B) Timecourse for
H,0, production by AtsK (upper line) and FIH (lower line). AtsK (11.4 uM) was added into
a reaction mixture containing FeSO,4 (100 uM), aKG (1 mM), HexSO4 (100 uM), ABTS (50

puM) and HRP (1 u/mL) in 10 mM HEPES pH 7.00. FIH (5 pM) was added into a solution

wich has FeSOy (25 uM), aKG (500 uM), CTAD (50 pM), ABTS (50 M) and HRP (1

u/mL) in 50 mM HEPES pH 7.50.
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Hydroxyl radical assays of AtsK and FIH. A) AtsK (1.14 pM), ascorbate (200 pM), aKG (1
mM), FeSO,4 (100 uM), HexSO4 (0-600 pM), 2-deoxyribose (15 mM) in 10 mM HEPES pH
7.0 B) FIH (0.5 uM), ascorbate (2 mM), aKG (500 uM), FeSOg4 (25 uM), CTAD (0-120
UM), 2-deoxyribose (15 mM) in 50 mM HEPES pH 7.50.
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Fig 6.
Inactivation of AtsK measured by O,-electrode. A) Sequential injection of AtsK (1 uM, 1

UM, 0.5 uM) into a mixture of FeSO,4 (100 uM), ascorbate (200 uM), aKG (1 mM), HexSOy4

!
800

(1 mM) in 10 mM HEPES pH 7.00. B) Injection of high concentration of AtsK (7 uM) into
same reaction conditions as in A.
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Chart 1.

Consensus chemical mechanism of aKG-dependent hydroxylases. The (Fe+aKG)Enzyme
binds the primary substrate to form the ES complex.
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Table 1

Effect of reducing agents on auto-hydroxylated FIH.

FIH
(HM)

5 (purple)
5 (purple)
5 (purple)
5 (fresh)
5 (fresh)

Ascorbate
(mM)

DTT v
(mM)  (UM/min)

0.1 0.05+0.04
0.1 0.06+0.05

0 0.06+0.08
0 4.4+0.4
0.1 7.3+0.5
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