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ABSTRACT: Prolyl hydroxylase domain 2 (PHD2) is
deemed a primary oxygen sensor in humans, yet many details
of its underlying mechanism are still not fully understood.
(Fe2+ + αKG)PHD2 is 6-coordinate, with a 2His/1Asp facial
triad occupying three coordination sites, a bidentate α-
ketoglutarate occupying two sites, and an aquo ligand in the
final site. Turnover is thought to be initiated upon release of
the aquo ligand, creating a site for O2 to bind at the iron.
Herein we show that steady-state turnover is faster under
acidic conditions, with kcat exhibiting a kinetic pKa = 7.22. A variety of spectroscopic probes were employed to identify the active-
site acid, through comparison of (Fe2+ + αKG)PHD2 at pH 6.50 with pH 8.50. The near-UV circular dichroism spectrum was
virtually unchanged at elevated pH, indicating that the secondary structure did not change as a function of pH. UV−visible and
Fe X-ray absorption spectroscopy indicated that the primary coordination sphere of Fe2+ changed upon increasing the pH;
extended X-ray absorption fine structure analysis found a short Fe−(O/N) bond length of 1.96 Å at pH 8.50, strongly suggesting
that the aquo ligand was deprotonated at this pH. Solvent isotope effects were measured during steady-sate turnover over a wide
pH-range, with an inverse solvent isotope effect (SIE) of kcat observed (

D2Okcat = 0.91 ± 0.03) for the acid form; a similar SIE was
observed for the basic form of the enzyme (D2Okcat = 0.9 ± 0.1), with an acid equilibrium offset of ΔpKa = 0.67 ± 0.04. The
inverse SIE indicated that aquo release from the active site Fe2+ immediately precedes a rate-limiting step, suggesting that
turnover in this enzyme may be partially limited by the rate of O2 binding or activation, and suggesting that aquo release is
relatively slow. The unusual kinetic pKa further suggested that PHD2 might function physiologically to sense both intracellular
pO2 as well as pH, which could provide for feedback between anaerobic metabolism and hypoxia sensing.

Cellular oxygen-sensing in humans is mediated by enzymes
that hydroxylate the α-subunit of the hypoxia inducible

factor (HIFα or HIF-1α).1−3 The human HIF-hydroxylases
comprise the factor inhibiting HIF-1 (FIH) and three isozymes
of HIF-prolyl hydroxylase (PHD1−3),4−6 each of which is an
Fe(II), α-ketoglutarate (αKG) dependent oxygenase. While all
of the PHDs hydroxylate specific Pro residues found within the
oxygen-dependent degradation domains of HIF-1α (ODDD),
PHD2 is the dominant regulator of HIF-1α.7 As PHD2 is a key
regulator of erythropoeisis and basal metabolism, mechanistic
insights into rate-limiting steps during enzyme turnover may
point the way to therapeutic control over related biological
pathways.
PHD2 is thought to follow the consensus mechanism for

αKG-dependent oxygenases, using O2 to decarboxylate αKG,
forming succinate, CO2, and a putative high-valent [FeO]2+

oxidant in the decarboxylation half reaction (Scheme 1).8

PHD2 subsequently hydroxylates Pro402 or Pro564 of HIF-1α,
forming a 4-hydoxyprolyl modification that leads to proteaso-
mal degradation of HIF-1α.9,10 What makes PHD2 unusual is
its regulatory function, in which O2-activation by the enzyme
leads to altered gene expression, suggesting that the enzyme
may adopt a mechanistic strategy to ensure tight coupling
between decarboxylation and hydroxylation. This manuscript

describes our efforts to test the rate-limitation of steps early in
catalysis, as such a strategy could engender coupled turnover in
PHD2.
The prevailing model for how αKG-dependent oxygenases

achieve coupled turnover relies on an ordered binding of O2

following primary substrate, which is the C-terminal oxygen
dependent degradation domain (ODDD) of HIFα in the case
of PHD2. The Fe2+ of (Fe + αKG)PHD2 is coordinated by a
His2Asp facial triad, a bidentate αKG, and a single aquo
ligand;11 similar structural features are also apparent with
PHD2 reconstituted with non-native metal ions or αKG-
mimics.12 In the consensus mechanism, the aquo ligand is
released once the primary substrate binds to form a five-
coordinate Fe2+ center which is ready to react with O2.

13

Crystal structures of PHD2 (Figure 1) and other αKG-
dependent oxygenases support this model,8,14−16 as an aquo
ligand is frequently modeled into the active site during
structural refinement of (M + αKG) forms of enzyme, whereas
the aquo ligand is frequently absent from the (M + αKG +
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substrate) forms. In addition, spectroscopic studies of related
enzymes clearly show that Fe2+ is 6-coordinate in the (Fe +
αKG) enzyme form, but 5-coordinate in the (Fe + αKG +
substrate) form of enzyme.17−19 Poor substrates stimulate
uncoupling for PHD220 and for related enzymes,21−24

suggesting that the Fe2+ center becomes reactive toward O2
only after primary substrate, or substrate-mimic, binds.
Other reports, however, suggest that coordination changes to

Fe2+ are not the sole origin of coupled turnover. For example,

spectroscopic studies on the (Fe + αKG + substrate)TauD
revealed a mixture of 5- and 6-coordinate Fe2+,17 indicating that
the coordination changes are not absolutely correlated with
binding of the primary substrate. Additionally, several enzymes
such as TauD and FIH slowly react with O2 in the absence of
primary substrate,25,26 suggesting that the Fe2+ center
equilibrates between a 5- and 6-coordinate center even for
the (Fe + αKG) enzyme form. As the rate-limiting step in
TauD is thought to be decay of the [FeO]2+ intermediate,27 it
appears that coupled turnover in related enzymes may reflect
the rates of steps late in the catalytic cycle, Overall, the contrast
between turnover that is controlled by an early step such as O2
binding, and turnover that is controlled by a late step such as
[FeO]2+ decay, underscore the need to directly test the
mechanistic significance of aquo release during turnover in
PHD2.
Solvent isotope effects (SIEs) are excellent mechanistic

probes for steps associated with aquo release from the Fe2+−
OH2 of PHD2, due to the unique fractionation of L2O (L = H
or D) within the Mn+-OL2 ⇌ Mn+ + OL2 equilibrium; aquo
release is more favorable in D2O.

28 Consequently, the SIE on
steady-state rate constants will be inverse (kH2O/kD2O < 1) when
aquo release precedes a rate-limiting step early in turnover.
Inverse kinetic SIEs have been used to identify mechanistically
significant metal-aquo groups in a point mutant of soybean
lipoxygenase29 and in several metalloproteases.30,31 Prior
studies of the αKG-dependent oxygenases taurine dioxygenase

Scheme 1

Figure 1. Hydrogen bonding (Å) within the PHD2 active site, for
enzyme bound to (Mn + NOG + ODDD). PDBID 3HQR.12
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(TauD), xanthine hydroxylase (XanA), and hydroxymandelate
synthase (HMS) did not report solvent isotope effects related
to fractionation of the metal-aquo group,27,32,33 indicating that
steps associated with aquo from the Fe2+−OH2 were not rate-
limiting for those enzymes.
Recently, Mössbauer spectroscopy and transient kinetics

showed that only Fe(II)-containing forms of PHD2 accumu-
lated in the presteady state,34 suggesting that PHD2 turnover
was not limited by [FeO]2+ decay. That report suggested that
product release was rate-limiting; however, we note that steps
early in catalysis, such as O2 binding, could also be rate-limiting.
Rate-limiting steps early in catalysis could lead to an inverse
SIE, prompting us to measure the SIEs on the steady-state rate
constants. Another recent report utilizing a pull-down assay
suggested that PHD2 required an active site acid to be
maximally active,35 which was puzzling within the context of
the consensus mechanism. Along with the SIE experiments, we
also measured a kinetic pKa for PHD2 using purified enzyme by
a direct kinetic assay. The active site acid was shown to be the
Fe2+−OH2 (pKa = 7.22) by X-ray absorption spectroscopy and
electronic spectra. Our results showed that the aquo release
precedes a rate-limiting step in PHD2, leading to an inverse SIE
on the apparent rate constants observed at ambient [O2], kcat
and kcat/KM(ODDD). This is the first direct evidence for aquo
release during turnover in any αKG-dependent oxygenase, and
suggests that PHD2 may exert unusual control over steps early
in the catalytic cycle as a strategy for controlling hydroxylation
chemistry.

■ MATERIALS AND METHODS

Materials and Reagents. Buffers and reagents were
purchased from commercial sources and used as received.
Water was deionized using a Barnstead nanopure system;
deuterium oxide (99.9%) was purchased from Cambridge
Isotopes Laboratory.
The peptide substrate for PHD2 was derived from the

natural sequence of HIF-1α556−574, which is the C-terminal
oxygen dependent degradation domain (ODDD) of HIF-1α.
The peptide sequence used in this work (Pro564 of HIF-1α in
bold) was DLDLEALAPYIPADDDFQL, in which the termini
were not modified, and the natural Met residues were replaced
by Ala at the underlined positions. ODDD (99% purity) was
purchased from GL Biochem LTD (Shanghai) and was used as
received for PHD2 activity assays.
Protein Expression and Purification. Recombinant

human PHD2 was expressed and purified as the catalytic
domain (residues 177−426), similar to previous protocols.36,37

PHD2 was expressed as an N-terminal GST fusion in
Escherichia coli BL21(DE3) cells, using a pGEX-4T-1 vector
(Stratagene). The GST-PHD2 was purified using affinity
chromatography (GE Bioscience GSTrap), and then the GST
affinity tag was removed using restriction-grade thrombin.
Purified protein was then buffer exchanged into 50 mM HEPES
pH 7.00 for storage at −80 °C. Protein purity was assessed by
SDS−PAGE gel and mass spectrometry.
Buffer Preparation. A three-component buffer solution

(MPH buffer) was prepared using 20 mM each of MES, PIPES,
and HEPES. One portion of MPH buffer was adjusted to pH =
8.88 by the addition of 1 M NaOH, such that the ionic strength
was 130 mM. To the acid form of the MPH buffer, solid NaCl
was added to match the ionic strength of the base form at 130
mM. These two solutions of buffer of identical ionic strength

were then mixed to achieve intermediate pH-values without any
variation of the ionic strength.
For assays in D2O, MPH buffer was also prepared as

described above except that D2O was substituted for H2O, and
NaOH was dissolved in 99.9% D2O. These buffers were used
for all solvent isotope experiments, and we estimated that the
mole fraction deuterium in each assay as χD = 0.98. For all D2O
buffer preparations, the pH electrode was equilibrated in D2O
for 30 min prior to measuring the actual pD of the full range of
prepared buffers, and applying the correction of pD = pH +
0.4.28

Reagents for pH-Dependence and SIE Assays.Working
stocks of PHD2 were diluted to a final concentration of 7.5 μM
in pL-adjusted MPH buffer containing H2O or D2O as dictated
by the assay. The resulting working stocks of PHD2 in D2O-
containing buffer contained χD = 0.98. Working stock solutions
of ascorbic acid, α-ketoglutarate (αKG), iron, and ODDD were
prepared in either H2O or D2O as dictated by the experiment.
All assays in both H2O and D2O were conducted using 0.3 μM
PHD2, and saturating concentrations of ferrous ammonium
sulfate (15 μM), ascorbic acid (1 mM) and αKG (200 μM).
For all kinetics experiments, ODDD was varied between 1 and
50 μM. All components of the reaction were mixed at 37.0 °C,
and the reaction was initiated by the addition of ODDD.

Steady-State Kinetics Assays. Saturating concentrations
of Fe(II), αKG, and ascorbate were used throughout. Ambient
concentrations of [O2] were used (217 μM at 37 °C), which is
subsaturating for PHD2 (KM(O2) ∼ 250 μM),38 meaning that
our reported values are apparent rate constants for kcat and kcat/
KM(ODDD). Initial-rates were obtained from quenched reactions
in which time points were extracted and quenched in a MALDI
matrix consisting of 4-α-cyano hydroxycinnamic acid with a 2:1
ratio of acetonitrile and 0.2% trifluoroacetic acid. Samples were
then analyzed on a Bruker Daltonics Omniflex MALDI-TOF.
The mole fraction of product (χODDD−OH) was obtained from
the resulting spectra by comparing the relative intensities of the
peak at 2156 m/z, corresponding to (ODDD + Na)1+, to the
peak at 2172 m/z, corresponding to (ODDD + O + Na)1+.
Product formation was calculated using [ODDDOH] =
χ(ODDD−OH) × [ODDD]0 and used to determine initial rates.

CD Spectroscopy. CD spectra were obtained using 0.1 cm
path length quartz cuvettes. PHD2 (2 μM) was mixed with
(NH4)2Fe(SO4)2 (20 μM) and αKG (100 μM) in 10 mM
sodium phosphate buffer (pH 6.50 or pH 8.50) at 20 °C.

UV−vis Absorption. Acid and base forms of PHD2 were
prepared anaerobically in a Coy chamber by mixing 50 μM
PHD2 with 45 μM ferrous ammonium sulfate and 50 μM αKG
in degassed MPH buffer at pH 6.50 or pH 8.50, respectively.
The samples were placed in sealed cuvettes, and then the
optical absorption spectra were measured using an Agilent HP-
8453.

Viscosity Effect. The initial rate of turnover for PHD2 was
assayed in 50 mM HEPES (D2O) at pD = 7.00 by mixing 0.3
μM PHD2, 1 mM ascorbate, 15 μM ferrous ammonium sulfate,
and 200 μM αKG. All components were prepared in D2O-
containing buffer, and the reaction was initiated by adding
saturating ODDD (15 μM). A matching assay was also
performed in 50 mM HEPES at pH = 7.00, containing 10%
sucrose as viscosogen. The relative viscosity (η/ηo) of D2O at
37 °C is 1.31 mPa·s, which closely matches that of a 10%
sucrose solution at 37 °C.39 Assays were conducted as
described for other steady-state kinetics assays.
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X-ray Absorption Spectroscopy Sample Preparation.
XAS samples were prepared anaerobically in a Coy chamber by
mixing 1 mM PHD2, 0.9 mM ferrous ammonium iron(II)
sulfate, and 0.9 mM αKG in 50 μL of MPH buffer at pH 6.50
for the acid form of the enzyme and pH 8.50 for the basic form.
Both samples were diluted with buffer to 500 μL with their
respective buffers and then incubated for 15 min at room
temperature. The samples were treated with chelex (Bio-Rad)
for 30 min to remove adventitious metal from the samples and
then concentrated to a final volume of 50 μL. Each sample was
then loaded into a XAS sample holder and immediately
submerged in liquid N2 in a Coy chamber and stored at −80 °C
until sample analysis could be performed.
X-ray Absorption Spectroscopy. XAS data collection and

analysis were performed as reported previously.40 Data were
collected under dedicated conditions on beamline 7−3 at the
Stanford Synchrotron Radiation Laboratory (SSRL). X-ray
absorption near edge structure (XANES) data was collected
from −200 eV to +200 eV with respect to the Fe edge energy
(7111.2 eV). Extended X-ray absorption fine structure
(EXAFS) data were collected to k = 14 Å−1 above the edge
energy. XAS data analysis was performed using EXAFS12341

for XANES analysis and SixPack42 for EXAFS analysis.
Scattering parameters for SixPack fitting were generated using
the FEFF (v. 8.0) software package.43

Eight scans were averaged for the (Fe + αKG)PHD2 at pH
6.50 and 12 scans were averaged for (Fe + αKG)PHD2 at pH
8.50. The normalized intensity of the peak associated with a 1s
→ 3d electronic transition was then used to indicate the
coordination number/geometry of Fe(II) sites.2,3 The energy
of Fe K-edge was determined by taking the maximum of the
first derivative of the rising edge. For EXAFS analysis of the
data collected at the Fe K-edge, a limit of k = 2−12 Å−1 was
used, with the upper limit determined by the sample with the
poorest signal/noise (low pH) and maintained for the purpose
of comparison. This data range corresponds to a resolution in
the first sphere of ∼0.16 Å (∼π/(2Δk)). For the high pH data,
where a ligand with a short (<2.0 Å) is found, the data were
refit using data over the k = 2 − 14 Å−1 range was used, which
improves the resolution to ∼0.13 Å (see Supporting
Information, Table S3 and Figure S1).
Structural models of the metal sites involving coordination

numbers from 2 to 7 were systematically evaluated for all

possible combinations of N/O- and S-donors by holding the
number of scattering atoms in each shell to integer values. No
acceptable fits involving S-donor ligands were obtained. The
number of imidazole ligands (Im) in the coordination sphere
was estimated by multiple-scattering analysis as previously
described.4−6 Amplitudes and phase shifts for multiple-
scattering paths for the Fe-Im ligands were generated using
FEFF (v. 8.0), with the coordinates obtained from the crystal
structure of human (Fe + αKG)PHD2 (PDB ID 3OUJ).
Scattering paths of similar length were combined in one shell,
as described by Tierney et al.5,6 During the fitting process,
coordination numbers were constrained to integral values and a
scale factor of 0.9 was used. Bond lengths, σ2, and a single value
of ΔE0 were allowed to vary in each fit. However, acceptable fits
with R < 10% could not be obtained without modeling the five-
membered O-C-C-O chelate ring that is a feature of αKG (see
Supporting Information). This was previously noted in studies
of other nonheme Fe(II) enzymes with αKG bound.35 To
model the scattering from the αKG ligand, multiple-scattering
analysis derived from a rigid [-O-C-C-O-]Fe five-membered
chelate ring was used, with parameters obtained from FEFF (v.
8.0) and the above referenced structure (Table 1), as was
previously employed for similar enzyme sites.35 In this analysis,
a single value of σ2 was used for all the atoms in the O-C-C-O
chelate ring, and distances in the chelate ring were constrained
to vary with a single value of Δr.
To compare different models used to fit the data, the R-factor

and reduced χ2 parameters were assessed; improved fits
minimized both parameters. Although R will always improve
with an increasing number of shells (adjustable parameters),
the reduced χ2 will increase when a model has too many
adjustable parameters. Best fits were judged by using two
goodness of fit parameters, reduced χ2 and R, and the deviation
of σ2 from typical values.

■ RESULTS

Activity Is pH-Dependent. The steady-state rate constants
for PHD2 in which ODDD was the varied substrate were
measured using saturating concentrations of Fe(II), αKG, and
ascorbate at 37 °C in air-saturated MPH buffer. As PHD2 was
not saturated with respect to O2 (KM(O2) ∼ [O2] under our
assay conditions,38 our reported rate contants are apparent

Table 1. XANES and EXAFS Analysis of (Fe + αKG)PHD2 at pH 6.50 and pH 8.50

XANES analysis EXAFS analysis

(Fe + αKG)PHD edge (eV) 1s → 3d peak area (× 10−2 eV) coord. no. shell r (Å)a σ2b (× 10−3 Å2) ΔE0 (eV) %Rc red χ2

pH 6.5 7121.2(2) 6(1) 5/6 2 N/O 2.05(6) 6(1) −4(3) 6.4 6.7
2 N/O (2 His) 2.21(5) 6(4)
1 O [2.03(8)]d 7(1)
1 O [2.24(8)]
1 C [2.75(8)]
1 C [2.85(8)]

pH 8.50 7120.9(2) 7.9(4) 5/6 3 N/O (2 His) 2.15(2) 4(2) −9(1) 5.9 2.7
1 N/O 1.96(4) 6(3)
1 O [1.90(6)] 9(3)
1 O [2.11(6)]
1 C [2.62(6)]
1 C [2.72(6)]

ar (Å) is the radial distance between metal and ligand. bσ2 is the root-mean-square disorder in the metal−ligand distance. cR is the goodness of fit.
Numbers in parentheses represent standard deviation for least-squares fits. dDistances in [ ] correspond to atoms in a O-C-C-O chelate ring and
were constrained to vary with a single value of Δr for the chelate ring.
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ones. The initial-rate of turnover was measured as a function of
varied [ODDD], and the rate constants kcat and kcat/KM
obtained by fitting the data to the Michaelis−Menten equation.
The rate at saturating [ODDD], kcat, was pH-dependent over
the span of pH 6.5−9.0, ranging from a maximum of >2.5
min−1 at low pH, to a minimum less than 0.5 min−1 at high pH
(Figure 2). The fitted values for kcat/KM were ∼1 μM−1 min−1,

making the KM less than 2 μM. As it was difficult to obtain high
signal/noise in the MALDI spectra at very low [ODDD], the
KM values were too uncertain for us to describe the pH-
dependence of this kinetic parameter.
The high activity at pH = 6.50 indicated that there was an

active site acid in PHD2, which upon deprotonation caused the
enzyme to exhibit lower activity. A simplified mechanism that
accounts for such behavior is shown in Scheme 2, in which both

(Fe + αKG)PHD2 (E) and (Fe + αKG + ODDD)PHD2 (ES)
are protonated with the same acid equilibrium constant (Ka) at
an acidic position (BH). ODDD binds with equal affinity to
either enzyme form, but kcat differs for the acid form (kacid) and
base form (kbase).
The pH curve of kcat was fitted to an equation which

accounted for the pH-independent kcat of the acid form (kacid),
and of the base-form (kbase), as well as the protonation
equilibrium (Ka) for interconverting these forms.44 Nonlinear
least-squares fitting showed that the acid form of the enzyme

exhibited kacid = 2.99 (0.08) min−1, whereas the base form
exhibited kbase = 0.31 (0.02) min−1, with pKa = 7.22 (0.03).

=
+

+

+

+k
k k

1

K

K

cat
base acid

[H ]

[H ]
A

A (1)

As kcat only reflects steps after substrate binding, this pH-
dependent activity must arise from a protonation equilibrium
following ODDD binding  a protonation prior to ODDD
binding would not affect kcat, but was included in the above
scheme for simplicity because it cannot be excluded based upon
the kinetics data. As proton transfer is not thought to play a
role during the catalytic cycle of αKG-dependent dioxygenases,
we hypothesized that an acidic group coordinated to the iron
center, such as Fe2+−OH2, was the acid involved in turnover.
This was tested by spectroscopic measurements at pH 6.50 and
pH 8.50.

PHD2 Secondary Structure Is Unchanged at pH 8.50.
Circular dichroism (CD) experiments were performed to
investigate the possible conformational changes of PHD2 upon
changing the solution pH. The secondary structures of PHD2
at pH 6.50 and pH 8.50 were monitored in the far-UV spectral
region (Figure 3). The CD data were nearly superimposable in

both samples, indicating that changing the pH from 6.50 to
8.50 did not cause significant changes in overall secondary
structure of PHD2.

Fe2+ Environment Changes: UV−Visible Absorption
Spectra. Changes to the Fe2+ coordination environment of
many αKG-dependent dioxygenases lead to shifts in the UV−
visible absorption spectra in the 300−500 nm range that can be
attributed to metal-to-ligand charge transfer (MLCT) tran-
sitions. These transitions were observed in the (Fe + αKG)
enzyme form of FIH at 500 nm, taurine dioxygenase (TauD) at
530 nm, and clavaminate synthase 2 (CS2) at 476 nm.45−47

UV−visible absorption spectra of anaerobic (Fe + αKG)PHD2
were collected at pH 6.50 and pH 8.50, to test for changes in
the electronic environment of Fe(II). Changes in the MLCT
region upon increased pH were clearly seen in the difference

Figure 2. Apparent steady-state rate constants for PHD2 in MPH
buffer at 37.0 °C, ambient [O2]; kcat (closed circles) was fitted to pKa =
7.22 ± 0.03, kcat(acid) = 2.99 ± 0.08 min−1; kcat(base) = 0.31 ± 0.02
min−1; kcat/KM (open circles) was not fitted.

Scheme 2

Figure 3. Circular dichroism spectra showing the effect of pH on the
secondary structure of (Fe + αKG)PHD2 (2 μM) in 10 mM sodium
phosphate buffer at pH 6.50 and pH 8.50.
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spectra, ΔAbs = Abs8.50 − Abs6.50 (Figure 4). Absorption peaks
shifted at high pH, as shown by the apparent maxima near 342

and 485 nm, indicating that the electronic environment of
Fe(II) changed due to increased pH. Although we could not
assign these shifts to specific MLCT bands, the spectral changes
indicated that a ligand to the Fe(II) became deprotonated as
pH was increased from 6.50 to 8.50. The most likely candidate
is the aquo ligand bound to Fe(II), as the pKa for the facial triad
ligands are expected to lie well outside of the 6.50−8.50 range,
and the calculated pKa for Fe(H2O)6

2+ only slightly above the
physiological range.48

Increased Electron Density at pH 8.50: XANES
Analysis. Fe K-edge XAS experiments were performed to
investigate the metal center of (Fe + αKG)PHD2 at pH 6.50
and 8.50. The analysis of XANES data provides information
about the coordination number and site symmetry of a metal
site.2,3 Fe(II) has vacancies in the 3d manifold that give rise to
peaks associated with 1s → 3d electronic transitions that are
observed in the pre-edge XANES region of the K-edge spectra
in both the samples (Figure 5). The peak area of the 1s → 3d

transition depends on the coordination number and geometry
of the metal sites.2,3 By comparing the 1s → 3d transition peak
areas of the PHD2 samples with typical values for known
coordination numbers/geometries, we were able to determine
the coordination numbers of both the PHD2 samples from the
XANES data.
The XANES data (Table 1 and Figure 5) showed that the

structure of the Fe site became more electron rich upon
increased pH. The K-edge energy was lower at pH 8.50 (7120.9

eV) than at pH 6.50 (7121.2 eV), indicating increased electron
density at Fe(II) at pH 8.50. This is further supported by the
decreased intensity of the white line. This increased electron
density did not result from a change in the site symmetry of
PHD2, as the 1s → 3d peak areas were similar at pH 6.50 (area
= 6 × 10−2 eV) and pH 8.50 (area = 7.9 × 10−2 eV). The higher
1s → 3d peak area at pH 8.5 could be due to higher distortion
of the octahedral site as a result of one shorter Fe−N/O bond.
Typical 1s → 3d peak areas for octahedral geometries are (3−
7) × 10−2 eV,49 whereas lowering symmetry to a five-
coordinate geometry is associated with peak areas of (8−13)
× 10−2 eV.2,3 The measured peak area for the high pH sample
is at the high end of what is typically observed for six-
coordinate Fe(II), but could reflect a six-coordinate site with
deviations from ideal octahedral symmetry.50

Hydroxide Ligand at pH 8.50: EXAFS Analysis. The
analysis of EXAFS provides information about the number and
types of ligands bound to a metal, and metric details of the
metal site structure; best fits of the data are summarized in
Figure 6 and Table 1. The best fit to the EXAFS data for (Fe +
αKG)PHD2 at pH 6.50 consists of six N/O donor ligands, in
agreement with the XANES result, of which two are imidazoles
from multiple-scattering analysis (Table 1). Using the chelate
model for αKG, the two O atoms from αKG were found at
2.03(8) Å and 2.24(8) Å. Two shorter Fe−N/O bonds were
found at 2.05(6) Å, and two longer Fe−N/O bonds at 2.21(5)
Å. These distances are typical for six-coordinate Fe(II), as seen
for the C. elegans dual specificity histone demethylase
(CEKDM7A) complexed with αKG47 and human AlkB
human homolog 3 (ABH3) complexed with αKG.48 For
example, the Fe2+−OH2 bond distance in Fe(H2O)6

2+ is
calculated to be 2.16 Å,48 which is in excellent agreement with
the bond length found experimentally.51

The best fit to the EXAFS data for (Fe + αKG)PHD2 at pH
8.50 also consisted of six N/O-donor ligands of which two were
imidazoles from multiple-scattering analysis (Table 1). But the
average bond lengths at pH 8.50 were shorter than those found
at pH 6.50. Using the chelate model for αKG, the two O-atoms
from αKG were found at 1.90(6) and 2.11(6) Å. In addition,
three longer Fe−N/O bonds were found at 2.15(2) Å, and a
short Fe−N/O bond was found at 1.96(4) Å. The contraction
of the Fe-ligand bond lengths at pH 8.50 nicely agreed with the
trends in Fe K-edge energy, as shorter Fe(II)-ligand bond
lengths would be expected to increase electron density on
Fe(II).
The Fe2+−(OH/OH2) bond length is very sensitive to the

aquo/hydroxide protonation status, as shown by calculations
for [Fe(OH)n(H2O)6−n]

(2−n)+ which combined density-func-
tional theory with a continuum dielectric model.48 This Fe−O
bond length was calculated to be 2.16 for the aquo ligand (n =
0), shrinking to 1.80 for the hydroxide ligand (n = 1), a
reduction which very nicely parallels the trend in bond lengths
observed for PHD2. We propose that the unique Fe−O/N
bond distance observed at pH 8.50 is an Fe-(OH) bond.

Solvent Isotope Effect. The solvent isotope effects on the
apparent rate constants kcat and kcat/KM were measured to test
the involvement of solvent-derived protons on turnover. As kcat
in H2O was pH-dependent, Michaelis−Menten kinetics were
fitted over a full pD range in D2O-containing MPH buffer. The
D2O-containing buffers were estimated to contain χD = 0.98,
and were treated as being fully deuterated. We observed a kcat
ranging from a high value of ∼3.1 min−1 at pD = 7.05 to a low
value of ∼0.5 min−1 at pD = 9.05, with kcat/KM < 2 μM−1

Figure 4. Difference spectra of PHD2 at pH 6.50 and pH 8.50; inset
shows raw spectra prior to subtraction. Sample cuvettes contained
PHD2 (50 μM), Fe(NH4)2(SO4)2 (45 μM), and αKG (50 μM)
prepared anaerobically.

Figure 5. Fe K-edge XANES spectra of (Fe + αKG)PHD at pH 6.50
(black) and pH 8.50 (red).
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min−1. These trends in D2O were similar to those observed in
H2O, but indicated that both kcat and kcat/KM were greater in
D2O.
The pD curve of kcat was fitted to eq 1, which accounted for

the pL-independent kcat of the acid form (kacid) and of the base-
form (kbase), as was done for the variable pH data set.44 The
acid form of the enzyme in D2O exhibited kacid = 3.30 (0.06)
min−1, whereas the base form exhibited kbase = 0.34 (0.04)
min−1, with the protonation equilibrium pKa = 7.89 (0.03).
The solvent isotope effect is the ratio of each rate constant in

H2O and D2O,
D2Okcat = kcatH2O/kcatD2O. The acid form of the

enzyme exhibited an inverse SIE that was observable as the
higher plateau for the pD curve (Figure 7), D2Okcat = 0.91 ±
0.03. The SIE for the basic form of the enzyme was
indistinguishable from unity, D2Okcat = 0.9 ± 0.1, and the acid
equilibrium offset was ΔpKa = 0.67 ± 0.04. The inverse SIE
found at acidic pH is unusual, as inverse SIEs have never been
observed for any αKG-dependent dioxygenase. Other metal-
loenzymes with inverse SIEs include stromelysin and a point
mutant of soybean lipoxygenase,29,30 where metal-aquo centers
were invoked during the catalytic cycle.
The magnitude of the SIE on kcat/KM was subject to large

uncertainties due to the very small values for KM. A plot of this
data suggested that kcat/KM may have a similar pL-response as
seen for kcat, as well as likely exhibiting an inverse SIE (Figure
8); however, we did not attempt to fit this data due to the large
uncertainties in many of the data points.
Inverse SIEs are unusual and can be attributed to one of

three chemical origins: fractionation of a solvent-derived proton
in a CysSH/CysS + H+ equilibrium, as for a protease; a
viscosity-sensitive conformational change; or fractionation of
solvent-derived protons in an M−OH2 ⇌ M + OH2
equilibrium.28 As there are no Cys residues near the active
site, deprotonating CysSH is highly unlikely to lead to the

inverse D2Okcat. However, a conformational change does occur
when PHD2 binds ODDD, and Fe2+−OH2 dissociation must
occur during turnover, making both of these potential origins of
the inverse SIE.
In a few notable cases,52,53 inverse SIEs were shown to arise

from conformational changes linked to solvent viscosity, rather
than from a chemical step. Consequently, we performed a
control assay comparing the rate of PHD2 turnover in the

Figure 6. EXAFS analysis. Left: Unfiltered, k3-weighted EXAFS spectra of (Fe + αKG)PHD2 at pH 6.50 (top) and at pH 8.50 (bottom), and fits
(black lines, from Table 1). Right: Fourier-transformed EXAFS data and fits.

Figure 7. Solvent isotope effect on the apparent kcat for PHD2 in
MPH buffer at 37.0 °C, ambient [O2] (D2O, open triangles, H2O,
closed circles), fitted to pH-dependent model. The acid form of PHD2
exhibited kcat = 2.99(8) min−1 in H2O, and 3.30(6) min−1 in D2O, for
D2Okcat = 0.91(3). The base form of PHD2 exhibited kcat = 0.31(2)
min−1 in H2O, and 0.34(4) min−1 in D2O, for

D2Okcat = 0.9(1). The
pKa = 7.22(3) in H2O; pKa = 7.89(3) in D2O.
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presence or absence of 10% sucrose in 50 mM HEPES, pH
7.00. The control assays in H2O-containing buffer exhibited v0
= 2.07(5) min−1, and in the same buffer with 10% sucrose v0 =
2.04(2) min−1. The results indicated that the observed SIEs
must arise from fractionation of the Fe2+−OH2, rather than
from a conformational change.

■ DISCUSSION
Although aquo release from the Fe2+−OH2 has been proposed
as a crucial feature in the consensus mechanism for the αKG-
dependent oxygenases to engender coupled turnover, mecha-
nistic data either has been absent on this point, or else has
suggested that steps late in catalysis are rate-limiting.27,54 Our
data establish that aquo release in PHD2 immediately precedes
a rate-limiting step, making PHD2 unusual in its control over
the Fe2+−OH2 bond. First, the SIE on the apparent kcat is
inverse, D2Okcat = 0.91(3), which requires that the Fe2+−OH2 ⇌
Fe2+ + H2O step equilibrates prior to a rate-limiting step. The
simplest explanation is that (Fe + αKG)PHD2 binds the aquo
ligand much more tightly than O2, making steps directly
involved in O2 binding or activation (partially) rate-limiting.
Second, the Fe2+−OH2 can be deprotonated at neutral pH (pKa
= 7.22), which we attribute to unique second-sphere hydrogen
binding within PHD2. Deprotonation led to decreased rate
constants for turnover, which is likely to have physiological
significance for hypoxia sensing due to the similarity to the
normal physiological pH of 7.4.
The Active-Site Acid Is Fe2+−OH2. Electronic transitions

in the UV−visible spectra shifted when the pH increased from
6.50 to 8.50, which we attribute to shifts in charge-transfer
transitions. These shifts were due to changes in the energies of
metal or ligand-based orbitals at elevated pH, which firmly
focused our attention on the ligand environment of Fe(II) as
being pH-dependent. The XAS experiments definitively showed
decreased bond-lengths to the Fe(II) center at pH 8.50,
consistent with altered charge-transfer transitions in the UV−
vis spectrum. Most telling was the unique N/O donor found at
1.96 Å in the pH 8.50 sample, which was consistent with an
Fe2+−OH bond.

The pKa of Fe2+−OH2 in PHD2 is unusually low when
compared to similar nonheme Fe(II) centers, which likely
reflects the second-sphere hydrogen bonds to Fe2+−OH2 in
PHD2 (Figure 1). The role of the facial triad in accepting a
hydrogen bond from the aquo ligand has been noted in related
enzymes, but PHD2 is unusual in the extensive hydrogen bond
network observed crystallographically that would be expected
to both stabilize the Fe2+−OH2 bond, as well as lower the pKa
of the bound aquo ligand. The two hydrogen bonds from
Trp389 and Thr325 are oriented such that Asp315 is well-
positioned for hydrogen bonding to the aquo ligand, both in
structures of (Fe + αKG)PHD2 as well as (Mn + NOG +
ODDD)PHD2.11,12 Using −5 kcal/mol as a typical hydrogen-
bond strength, these three hydrogen bonds may stabilize the
Fe2+−OH2 bond by an additional −15 kcal/mol, which would
have a significant effect on both the kinetics and thermody-
namics of aquo release. An indirect hydrogen bond was also
observed between Thr387 and the aquo ligand, via a single
localized H2O; while the energetic stabilization of Fe2+−OH2
from this indirect hydrogen bond is harder to estimate due to
the entropic cost of the intervening H2O, a reasonable estimate
would be −4 kcal/mol. This indirect hydrogen bond is also
positioned well to facilitate deprotonation of the aquo ligand,
which we propose is the main reason for the low pKa of the
aquo ligand.
Examples of the key role of Fe2+−OH2 bond strength and

pKa in enzyme function are found in Mn/Fe-SOD, soybean
lipoxygenase, and TauD. In each of these enzymes, the Fe(II) is
coordinated by an aquo ligand, one or more additional ligands,
and a His2(Asp/Glu) facial triad in which the carboxylate ligand
is positioned cis to the H2O ligand. Hydrogen bonding within
the active site is central to the reactivity of this aquo ligand,
which in turn dictates enzyme activity, as maintaining the
metal-aquo bond is crucial for Mn/Fe-SOD and lipoxygenase,
whereas release of the aquo ligand is thought necessary in
TauD. Similarly, the pKa of Fe

2+−OH2 moiety has profound
effects on the reactivity of Mn/Fe-SOD and lipoxygenase, as
these enzymes perform proton-coupled redox reactions.
In the case of Mn-SOD and Fe-SOD, the metal center

undergoes a reversible M2+−OH2 ⇌ M2+ + OH + H+ + e
reaction to disproportionate O2

•−. The aquo/hydroxo ligand
must remain bound during turnover, which is facilitated by a
hydrogen bond from the facial triad.55 Although there is only
one anionic ligand in Mn/Fe-SOD, the cationic M2+−OH2
center may be necessary for efficient reaction with the anionic
O2

•−. Furthermore, an elevated pKa for the aquo ligand is a key
factor in determining the redox potential of the metal, and the
suitability of either Mn or Fe to be catalytically active in the
respective enzyme.55 Both Mn-SOD and Fe-SOD, when
constituted with Fe(II), favor the acid form of the aquo ligand,
Fe2+−OH2. However, hydrogen bond donation and steric
clashes with a nearby Gln residue shift the pKa of Fe

2+−OH2
from 23.3 for Fe-SOD to 15.6 for Fe-reconstituted Mn-SOD.56

This decrease in pKa makes the Fe2+-constituted Mn-SOD
catalytically inactive, due to an unfavorable redox potential.
Soybean lipoxygenase (SLO) also catalyzes a proton-coupled

redox process that is often viewed as an H-atom transfer with
1.4-dienes, but SLO lacks hydrogen bonds to the aquo ligand.
There are two anionic ligands, which stabilizes the neutral
Fe2+−OH2 center; consequently the pKa is estimated to be
higher than the physiological pH range.57,58 The aquo ligand
remains coordinated throughout turnover, but the high pKa is

Figure 8. Solvent isotope effect on the apparent kcat/KM for PHD2 in
MPH buffer at 37.0 °C, ambient [O2] (D2O, open triangles, H2O,
closed circles).
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necessary for an exothermic hydrogen-atom abstraction from
1,4-diene containing fatty acids.
The metal center of TauD is the most directly comparable to

PHD2, as TauD is an αKG-dependent oxygenase with taurine
as primary substrate. The Fe2+ of TauD is bound by the facial
triad and αKG, with a sixth coordination site occupied by a
weakly bound aquo ligand.17 In contrast to our observation for
PHD2, activity for TauD is pH-independent (pH 6.9−8.0)
indicating that the pKa of the Fe

2+−OH2 moiety is higher than
the tested pH range.27 Although aquo release is proposed to be
tightly coupled to prime substrate binding in this class of
enzyme, TauD undergoes appreciable uncoupled reactions with
O2.

59 A rationale for this can be found upon inspection of the
X-ray crystal structure,15 which shows that the facial triad Asp
ligand of TauD is oriented such that it cannot hydrogen bond
to the aquo ligand, resulting in a high fraction of five-coordinate
enzyme even in the absence of taurine,17 as well as a facile
uncoupled O2-activation. It appears that the absence of a
hydrogen bonding network to the aquo ligand in TauD shifts
the Fe2+−OH2 ⇌ Fe2+ + H2O equilibrium to favor aquo
release.
SIE Implicates O2-Binding/Activation as Partially Rate-

Limiting for PHD2. Inverse SIEs are unusual, and therefore
our observation of inverse SIEs for PHD2 are diagnostic of
aquo release from the Fe2+−OH2 center preceding a
mechanistic step that is partially or fully rate-limiting. Reported
SIEs for other αKG-dependent oxygenases are either unity, as
reported for the presteady kinetics of TauD,27 indicating that
solvent deuteration has no effect on the measured rate
constants, or else are greater than one, as observed for xanthine
hydroxylase (XanA)32 and hydroxymandelate synthase
(HMS),33 indicating that a solvent-exchangeable proton is
transferred in a rate-limting step. Proton transfer for product
release was shown to be partially rate limiting in HMS, whereas
the SIE for XanA remains unexplained. The inverse SIE on kcat
for PHD2 indicates that PHD2 exerts unique control over the
aquo ligand. We attribute this to the four hydrogen bonds
surrounding the aquo ligand (Figure 1), which would stabilize
the aquo-bound state by as much as −20 kcal/mol. Inasmuch as
PHD2 controls a transcription factor, limiting the rate of overall
turnover through a step early in catalysis may constitute a
strategy to ensure that O2 is only activated when HIF-ODDD is
bound.
As only steps after ODDD binding contribute to the

apparent kcat, aquo release cannot be coincident with ODDD
binding, as often indicated for the consensus mechanism for
αKG-dependent oxygenases. Despite what is thought to be a
shared mechanism, inverse SIEs have never been reported by
any other αKG-dependent oxygenase, suggesting that the
unusual hydrogen-bonding network in PHD2 leads to this
unique mechanistic feature.
In view of this, a minimal kinetic model for PHD2 turnover

at saturating [αKG] contains separate steps for ODDD (S) and
O2 binding, water release, and chemical steps to form the active
oxidant (O) and ODDDOH (P) (Scheme 3). As our conditions
used air-equilibrated buffer, PHD2 was not saturated with O2,
and our reported rate constants are apparent ones. Con-
sequently, O2 binding can contribute to the rate at saturating
[ODDD], which are the conditions for the apparent kcat.
The algebraic expression for the observed SIE takes the form

shown in eq 2, in which D2Okcat is a function of the kinetic SIE
on water release (Dk3), kinetic ratios involving k3 and k4 which
are very similar to “commitments to catalysis”,60 the

equilibrium SIE on aquo release (DKeq =
D2O(k3/k4)), and the

kinetic SIE on water rebinding (Dk13). As there are two solvent
sensitive steps, the expression for D2Okcat was derived using the
net rate method of Tian,61 which can accommodate such
complex mechanisms (Appendix). The kinetic ratios indicate
the rate-limiting nature of the solvent-sensitive steps (k3, k4,
k13) relative to other steps.

= + + + +

+ + +

+

+ + + +

+ + +

+

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎧
⎨
⎩

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟
⎫
⎬
⎭

⎧
⎨
⎩

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎫
⎬
⎭

k k k
k k k k

k
k k

k
k

k
k k

K

k
k
k

k
k k k k

k
k k

k
k

k
k k

k
k

1
[O ]

1 1 1

[O ]
1

[O ] [O ]

1
1

[O ]
1 1 1

[O ]
1

[O ] [O ]

D O
cat

D
3 3

2 5 7 9 11

6

2 5 7
4

2 5

6

2 5 7

D
eq

D
13

3

13

3
2 5 7 9 11

6

2 5 7
4

2 5

6

2 5 7

3

13

2

(2)

The observed SIE will range between limiting values of ∼2
and ∼0.5, as Dk3 should be somewhat larger than unity, as seen
for aquo release from the Zn2+−OH2 of alcohol dehydrogen-
ase,62 and we estimate D2OKeq = 0.49 based on fractionation
factors (abbreviated as ϕ) for similar metal-aquo com-
plexes.28,63 This lower limit depends on the fractionation factor
for the Fe2+−OH2 species, which we estimate as ϕFe = 0.7 based
on the values experimentally determined for Co2+−OH2 in
Co(H2O)6

2+ and Co2+-reconstituted carbonic anhydrases (ϕ =
0.73 − 0.90).63

ϕ ϕ= ∼K / (0.49)D O
eq Fe

2
H O

22

2 (3)

The observed D2Okcat depends on the relative magnitudes of
the commitment-like kinetic ratios. Both kinetic ratios will be
relatively large, as the rate constants for ligand exchange on
Fe2+ are generally high, making it likely that D2Okcat will be most
sensitive to the k3/k4 ratio. When this ratio is small, D2Okcat will
be inverse; when large, D2Okcat will approach unity. We conclude
that PHD2 exhibited an inverse D2Okcat because the aquo release
(k3) was slower than aquo binding (k4), making this
equilibrium reactant-favored.

‐ ⇌ + <+ + KFe OH Fe OH 12
2

2
2 eq (4)

Although current understanding of the rates for individual
steps on PHD2 catalysis is poor, we nevertheless can extend
what is already known about the overall chemical mechanism of

Scheme 3
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PHD2 through analysis of the SIE. A recent study indicated
that only Fe(II) forms of the enzyme accumulated significantly
in the presteady state.34 Consequently, steps prior to O2-
activation, or product release, are likely rate-limiting steps, as
the metal will be in the proper oxidation state preceding these
steps. As D2Okcat is slightly inverse, we conclude that a step early
in catalysis, such as O2 binding, is at least partially rate-limiting
on the apparent kcat for PHD2. This strategy for engendering
coupled turnover by making a step early in catalysis (partially)
rate-limiting is distinct from that observed for the more
thoroughly studied enzyme TauD in which turnover is limited
by steps after O2 activation.

27,54

Potential Physiological Significance of the Fe2+−OH2
pKa. The steady-state rate constants for PHD2 increased at low
pH, with a pKa = 7.22 (0.03) that we have assigned to Fe2+−
OH2. Consequently, deprotonation of the aquo ligand may
constitute a heretofore-unseen strategy to regulate enzyme
activity in αKG-dependent oxygenases in response to cellular
pH. What might be the physiological consequences for
increased PHD2 activity under acidic conditions? The answer
may lie in balancing anaerobic metabolism with aerobic
metabolism, as PHD2 hydroxylation of the ODDD of HIF-
1α destabilizes HIF-1α, thereby decreasing expression of
glycolytic genes.
As glycolysis uses no O2, but acidifies the cell, it would seem

that feedback between both [O2] and pH-levels would assist in
balancing metabolism between aerobic and anaerobic pathways.
Our results showed that PHD2 activity is higher at low pH, due
to the protonation status of the Fe2+−OH2 center. We propose
that this would create a negative feedback in response to the
acid produced by glycolysis, making PHD2 more responsive to
O2 under acidic conditions. PHD2 may regulate cellular
metabolic status through both its sensing of [O2], as well as
through a secondary sensing of pH.

■ APPENDIX: DERIVATION OF THE SOLVENT
ISOTOPE-EFFECT EQUATION

The solvent-isotope effect equation was derived using the
effective rate constant method of G. Tian (1992) Biorg. Chem.
20, 95−106) to accommodate multiple isotopically sensitive
steps. Assuming that the enzyme is saturated with αKG, the
substrates ODDD (S) and O2 bind in separate steps, and the
products CO2, succinate (succ), and hydroxylated ODDD (P)
are released separately, the overall mechanism for PHD2 is as
follows:

The apparent maximal initial rate (V) at saturating [S] but
ambient [O2] is related to the effective rate constants for each
step of the mechanism as below:
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The steps that may be solvent dependent are aquo release
(k3, k4, K3) and water binding (k13), which cause the indicated
rate constants and equilibrium constant to be isotopically

sensitive. The apparent isotope effect is obtained by taking the
ratio of the observed SIE on the apparent maximal rate (DV) to
the maximal rate:
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Simplifying the above expression provides the observed SIE
on the apparent maximal rate (DV) in a more tractable form:
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The SIE expression found in the main text is obtained by
relabeling K3 as Keq, and by dividing DV by the total enzyme
concentration, [E]T (D20kcat =

DV/[E]T):
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Although eq A4 has many parameters to explain the SIE, it
can be broken down into a few essential components to
illustrate the limiting values of DV. DV will take on limiting
values of either Dk3 or

DKeq, provided that the k3/k13 ratio is
small. The limiting values will be governed by the relative
magnitudes of the forward commitment-like term (contains k3)
and the reverse commitment-like term (contains k4).
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When the k3 term and the k4 term are smaller than 1, the
observed SIE will approach the kinetic isotope effect on k3
(Dk3). This situation is very unlikely to be observed for PHD2,
as both k3 and k4 are likely to be large in magnitude.

≈k kD O
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D
3
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When the k3 term is much larger than the k4 term, and much
larger than 1, then eq A4 simplifies to give an observed SIE of
unity; remember that Dk3 is on the order of magnitude 1.
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Conversely, should the k4 term be larger than 1 and larger
than the k3 term, the observed SIE will equal the intrinsic
equilibrium isotope effect (DKeq).
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The only way to explain the inverse SIE on the apparent kcat,
as observed for PHD2, is to invoke a large k4 commitment-like
term. One way to explain this would be for one or both steps
immediately following aquo release (k5, O2 binding; or k7, O2
activation) to be very slow. However, these steps contribute to
both commitment-like terms. In order for the SIE to approach
the limit shown in eq A7, aquo release must also be must
slower than aquo rebinding (k3/k4 ≪ 1).
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