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Abstract

FIH (Factor Inhibiting HIF [Hypoxia Inducible Factor]) is an a-ketoglutarate (a KG)-dependent
non-heme iron enzyme that catalyzes the hydroxylation of the C-terminal transactivation domain
(CAD) asparagine residue in HIF-1a to regulate cellular oxygen levels. The role of the facial triad
carboxylate ligand in O, activation and catalysis was evaluated by replacing the Asp201 residue
with Gly (D201G), Ala (D201A) and Glu (D201E). Magnetic circular dichroism (MCD)
spectroscopy showed that the (Fe!'YFIH variants were all 6-coordinate (6C) and the aKG plus
CAD bound FIH variants were all 5-coordinate (5C), mirroring the behavior of the wild-type (W)
enzyme. When only a.KG is bound, all FIH variants exhibited weaker Fe!l-OH, bonds for the sixth
ligand compared to wt, and a KG bound D201E was found to be 5C, demonstrating that the
Asp201 residue plays an important role in the wzenzyme in ensuring that the (Fe!'/aKG)FIH site
remains 6C. Variable temperature, variable field (VTVH) MCD spectroscopy showed that all the
aKG and CAD bound FIH variants, though 5C, have different ground state geometric and
electronic structures, which impact their oxygen activation rates. Comparison of O, consumption
to substrate hydroxylation kinetics revealed uncoupling between the two half reactions in the
variants. Thus, the Asp201 residue also ensures fidelity between CAD substrate binding and
oxygen activation, enabling tightly coupled turnover.
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INTRODUCTION

Mononuclear non-heme iron enzymes play important roles in many biological processes
including antibiotic, natural product and neurotransmitter biosynthesis, DNA and O,
regulation and bioremediation.1~® These enzymes are divided into different subclasses
depending on the cofactor they use, the reactive iron-oxygen intermediates that they proceed
through and the type of reaction that they catalyze.” These O, activating Fe!' enzymes
generally share a common 2-His-1-carboxylate facial triad motif to bind the Fe center but 3-
His and 2-His-1-halide triads also exist.® The a-ketoglutarate dependent hydroxylases utilize
an Fe!' center and a-ketoglutarate (aKG) cofactor to facilitate the 4 electron reduction of
dioxygen to perform hydroxylation, halogenation, de-saturation, ring closure or ring
expansion on various different substrates.® FIH (Factor Inhibiting HIF [Hypoxia Inducible
Factor]) is an a KG-dependent asparaginyl hydroxylase that regulates global responses to O,
levels in mammalian cells by hydroxylating the B-carbon on the Asn-803 residue of the
HIF-1a protein (key in shutting off downstream cellular responses).1911 Under conditions
of low O (i.e. hypoxia), the non-hydroxylated HIF-1a dimerizes with the HIF-1p protein,
binds transcriptional machinery and activates genes leading to angiogenesis and
erythropoiesis, which results in an increase in vascularization and cellular O, levels.>12
Studying the tightly regulated function of this enzyme provides insight into the factors that
govern its highly selective reactivity and the design of better therapeutic strategies.3.14

aKG-dependent enzymes follow a general mechanistic strategy where the active site
remains 6-coordinate (6C) until both cofactor and substrate are bound, resulting in a
coordinatively unsaturated 5-coordinate (5C) site capable of reacting with dioxygen.’215
These 5C sites activate O, to form reactive Fe!V=0 moieties that then attack the associated
substrate to form product and regenerate the Fe!! site (Scheme 1). a KG-dependent enzymes
can also carry out uncoupled O, reactivity, where the aKG is oxidized but product is not
formed.16:17 This would be highly unfavorable in an enzyme like FIH as this would
dysregulate gene expression from cellular O, levels, leading to oxidative damage and
apoptosis.® Our previous study of w#FIH computationally showed that the facial triad
carboxylate plays a key role in ensuring that the FIH active site remains 6C when only aKG
is bound by hydrogen bonding with a H,O ligand (see scheme 1, top middle),*8-20 which is
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weakly bound due to the strong donor interaction of the aKG with the Fe!!. This is
important because this a KG bound site has all 4 electrons needed for O, activation and loss
of the water ligand can lead to premature Fe!V=0 formation, which would result in
autooxidation or enzyme inactivation.16:17

The FIH D201X (D201G/D201A/D201E) enzymes are the first reported facial triad variants
in an aKG-dependent enzyme that are capable of binding Fe!'.2! Furthermore, D201G is
able to hydroxylate the C-terminal transactivation domain (CAD) of a truncated form of the
HIF-1a substrate at up to half the efficiency of the native enzyme in the presence of added
chloride (referred to as D201GCI).20 However, the other variants are comparatively
unreactive in substrate hydroxylation. This loss in activity can be due to the inability to form
the 5C site required for O, activation or the inability of the resultant Fe!V=0 moiety to
properly react with the substrate. Previous studies of these enzyme variants focused on
substrate hydroxylation and not coordination changes at the Fe!! center.20 However, these
variants reveal perturbations that provide mechanistic insight into the role of the carboxylate
in controlling the Fe!! site, thus the timing of O, activation. In this study, we have used
magnetic circular dichroism (MCD) spectroscopy to define the coordination number and
geometry of the different D201X-Fe!! variants and their interaction with a KG and CAD
cosubstrates and correlated these structural changes with O, consumption kinetics to
characterize the role of the facial triad carboxylate in O, activation for enzyme function.

MATERIALS AND METHODS

Materials and Enzyme Purification.

All reagents were purchased from commercial vendors and used as received, with the
exception of CAD substrate. CAD was purchased (EZBiolab, Carmel, IN, USA) as a
desalted peptide and further purified by reverse phase HPLC methods. Point mutations to
Asp201 were made using the QuickChange mutagenesis Kit (Stratagene) in the pET28a-FIH
construct. The resulting plasmid DNA was sequenced (Genewiz, NJ, USA) to confirm the
point mutation. Hisg-WT FIH and the Hisg-D201X variants were overexpressed in BL21-
DE3 E. coliand purified as previously described.18 Briefly, the cell pellet was lysed using
sonication, centrifuged, then dialyzed into 10 mM Tris pH 8.00 to remove EDTA from the
lysis buffer. Centrifugation of the supernatant further clarified the lysate prior to loading on
to a Ni-NTA column. After loading the lysate, the column was washed with 5 column
volumes each of 100% A buffer (50 mM Tris pH 8.0, 300 mM NaCl, 15 mM Imidazole) and
15% B buffer (50 mM Tris pH 8.0, 300 mM NaCl, 250 mM Imidazole) before eluting the
Hisg-FIH protein with 100% B buffer. Thrombin was then added to the eluent to cleave the
Hisg tag for 36 hours at 4 °C. The cleaved FIH was loaded on to the Ni-NTA again to
remove the Hisg tag and any remaining uncleaved protein. Overnight incubation with 50 mM
EDTA removed exogenous metals. Size exclusion chromatography was then used to separate
the protein from the thrombin and EDTA. Purified protein was aliquotted and stored at 20 °C
in 50 mM HEPES pH 7.00. Protein purity (>95%) was evaluated using SDS-PAGE.
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MCD Spectroscopy.

Apo-D201X(FIH) variants were buffer exchanged into deuterated 50mM HEPES buffer (pD
7.5) at 4°C. For the D201GCI samples, 100mM NaCl was added to the buffering system.
Protein was degassed in an ice bath, transferred into a nitrogen atmosphere maintained in a
Vacuum Atmosphere Nexus-1 glovebox (<2 ppm oxygen) and stirred at 4°C. 1 eq of ferrous
ammonium sulfate, 10 eq aKG and 2.5 eq CAD were added and equilibrated for 15 mins
each. Samples were then saturated with deuterated sucrose and loaded into an MCD cell.
Near-IR (600nm — 200nm) MCD spectroscopy was performed using a JASCO J-730
spectropo larimeter equipped with an InSb photodiode detector cooled with liquid nitrogen
and fitted with an Oxford Instruments SM4000-7T superconducting magnet. UV-Vis MCD
(300nm — 900nm) spectroscopy was performed using a JASCO J-810 spectropolarimeter
equipped with a photomultiplier tube and fitted with an Oxford Instruments SM4000-7T
superconducting magnet. The sample temperature was measured using a calibrated Cernox
resistor from Lakeshore Cryotronics. MCD spectra were corrected for zero-field baseline
effects by subtracting the corresponding OT scan from the data. Variable temperature,
variable field (VTVH) MCD isotherms were collected at 6-8 temperatures between 2 and
25K and at 12 fields between 0 and 7T.

Kinetic Methods — O, Consumption and CAD hydroxylation assays.

An Oxygraph Plus System (Hansatech) was used to monitor the amount of oxygen
consumed by the enzyme. This oxygen sensor contains a central reaction vessel surrounded
by a water jacket, with a Clark-type electrode disc at the bottom of the reaction vessel. The
electrode disc utilized a KCI bridge and a PTFE membrane that is selectively permeable to
oxygen molecules. A new membrane was prepared and calibrated each day with air
saturated water and dithionite. 400 UL reactions were equilibrated at atmospheric O in the
reaction vessel at 37 °C until a stable baseline was achieved. Assays were initiated with cold
purified FIH (10 uM) using a Hamilton gas-tight syringe. The rate of O, consumption was
monitored over time until the rate of O, consumption resembled the baseline slope. Assays
contained 100 uM aKG, 50 UM FeSQOy4, 80 uM CTAD and 10 uM FIH in 50 mM HEPES pH
7.00, and 50 pM ascorbate. Controls were performed to determine the optimal amount of
ascorbate that could be used to minimize baseline slope while retaining maximal FIH
activity. 5 pL of each reaction was then quenched in 20 pL of matrix (3,5-dimethoxy-4-
hydroxycinnamic acid saturated in 75% ACN/0.2% TFA) and analyzed by MALDI-TOF-
MS (Ultra-flex, Bruker) monitoring the +1 charge state of the substrate (CAD) and the
product (hydroxylated CAD).

RESULTS AND ANALYSIS
MCD Spectroscopy.

Low temperature (LT) MCD spectroscopy in the near-infrared (NIR) region is a powerful
tool for studying Fe!! active sites as it probes 5T, — SE ligand field (LF) transitions, which
reflect coordination geometry. LF transitions, though weak in absorption spectroscopy, are
intense in MCD at low temperatures due to different selection rules.?2 We have calibrated
this methodology by assigning the transition energies and excited state splittings (A°E, see
Fig. 1A fop) of a variety of 6C, 5C and 4C model complexes with different geometries.22-24
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Briefly, two transitions centered around 10,000 cm=1 split by ~2,000 cm™1 is indicative of a
distorted 6C site. Removal of an axial ligand leads to a 5C square pyramidal (SP) structure
with one transition above 10,000 cm™1 and one around ~5,000 cm™1. Alternatively, a 5C
trigonal bipyramidal (TBP) site exhibits one transition around or less than 10,000 cm~1 and
one <5,000 cm™1 (often undetectable). Finally, 4C distorted tetrahedral sites exhibit two
transitions around ~6,000-7,000 cm™1.

The LT MCD spectra of the resting Fe'l-bound sites (Fig. 1A) of all these variants including
D201GCI show two transitions centered around 10,000 cm= with A%E ~ 1,800 cm™1, thus
all are 6C distorted octahedral sites. There are some small differences in the excited state
splittings (Table 1) reflecting small changes in the ligand field due to the variation of the
D201 replacement ligand. In the absence of the carboxylate ligand, D201A and D201G
likely have a water-derived ligand, i.e. H,O or OHS, bound to the Fe!! center. The excited
state splitting of D201GClI relative to D201G is greater by 150 cm~1 and intensity ratios of
the two transitions are slightly perturbed (Fig. S1). This evidence, combined with X-ray
absorption spectroscopy performed on the (Fe!'/N-oxalylglycine)D201GCl site,2® argues for
a ClI~ ion binding to the Fe!! center in the D201GClI resting site. Finally, these resting Fe!!
spectra are also similar to that of the wzenzyme, thus all have Fe!! bound with 2 His and 3
H,0 ligands with the 6! ligand position being a monodentate carboxylate or a CI or
another water-derived ligand.

In the Fe'l/aKG site for w-FIH (Fig. 1B, fop), there are two transitions centered around
10,000 cm~1 with ASE of 2,300 cm~1.19 This splitting is larger than that observed for many
other 6C sites in the literature and is attributed to the weakening of the Fe!l-OH, bond of the
6t ligand due to the strong donor interaction associated with the a KG-bound to the Fe''.
26,27 The Fe!l/aKG sites of D201A and D201G are both similar to wFIH and also have two
transitions centered around 10,000 cm~1 with ASE splittings of 2,300 and 2,400 cm™1
respectively (Fig. 1B, purple and blue respectively & Table 1), indicating that they are 6C
but with a weak water ligand. (Fe!'/a. KG)D201E has two transitions centered at 10,000 cm™1
with ASE of ~2,700 cm™ (Fig. 1B, green, Table 1). This observed splitting is large compared
to the other 6C sites observed in aKG-dependent enzymes!®26 and likely indicates a site
with a very weakly bound/unbound 6 ligand. (Fe!//aKG)D201GClI has two transitions
centered around 10,000 cm~1 and a third transition at ~7,400 cm™1 (Fig. 1B, red, Table 1),
indicating a mixture of two different Fe!l sites (note that a single Fe!! site can only have two
LF transitions in this energy region). The ground state associated with the low energy
transition has been investigated using VTVH MCD to determine if it arises from a 5C or 6C
site (vide infra). All the (Fe''/aKG)D201X spectra show a transition tailing into the NIR
spectral region from higher energy that is due to the Fe!'-to-a KG metal-to-ligand charge
transfer transitions observed around 20,000 cm~ (Figure S2), which are also present in
aKG bound wtFIH and other a KG-dependent enzymes. 19:26.27 This demonstrates that the
aKG is bound to the Fe!' site in a similar bidentate manner to the wrenzyme in the variants
and has replaced two water ligands from the resting sites.

The ternary (Fe''/aKG/CAD)D201X spectra all have more than 2 LF transitions, thus are all
mixtures of two different Fe!! sites and all show substantial differences in the energy
positions and excited state splittings of their LF transitions (Fig. 1C & Table 1).
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Additionally, they all have Fe!'-to-aKG charge transfer transitions at similar energies
(~20,000 cm™1), demonstrating that aKG is analogously bound in a bidentate manner in
these active sites (Fig. S2). wt-FIH has 4 transitions at <5,000, 7,950, 9,000 and 11,150 cm
~1: the presence of one band around 5,000 cm~! indicates that it is a 5C/6C mixture.1® For
the glycine variants, D201GCI (Fig. 1C, red) has four observed transitions at <5,000, 6,200,
9,250 and 10,900 cm~1 whereas D201G (Fig. 1C, b/ue) has four transitions at <5,000, 6,100,
8,800 and 11,350 cm™1. These sites have different energy LF transitions and geometries due
to the presence of the CI™ ligand in D201GCI. Importantly, both sites have two transitions at
<5,000 and ~ 6,000 cm~1, which demonstrate that they are both 5C/5C mixtures with one
square pyramidal component (from the >10,000 cm™1 feature). The D201E site (Fig. 1C,
green) has three observed transitions at ~9,000, 11,500 and 14,000 cm~L. The high energy of
the 14,000 cm™1 LF transition requires one of the sites to be square pyramidal. Finally,
D201A (Fig. 1C, purple) shows a low energy transition at <5,000 cm™1, along with two
bands around 10,000 cm~1 demonstrating that it has at least one 5C component as well.
Together, these data demonstrate that when both cofactor and substrate are bound all the
variants have coordinatively unsaturated 5C Fe!! sites with an open position for the O,
reaction.

VTVH MCD Spectroscopy.

Variable temperature, variable field (VTVH) MCD spectroscopy uses an excited state
transition to probe the ground state. This involves measuring the temperature and field
dependence of the MCD intensity of a particular transition. For Fe!! systems, fitting these
data using a non-Kramers doublet model?2:23 provides detailed information on the S=2
ground state zero-field splitting (ZFS), which in turn gives the sign and magnitude of the
tetragonal splitting (A) between the dy; y, and dyy orbitals and the rhombic splitting (V)
between dy; and dy, of the Fe!l ground state. These parameters, coupled with the LF excited
state data obtained from the LT MCD spectra, give a complete picture of the ligand field
around the iron center and allow for the detailed description of the electronic and geometric
structure of the Fe!! active site. The analysis presented below focuses on trends in the values
of A, which correlate with coordination number and rt interactions with the ligands. Note
that a positive value of A is reflected in the saturation magnetization data through a large
nesting (i.e. spread) of the isotherms (Fig. 2, fop righf), while a negative value of A is
reflected in a small nesting (Fig. 2, top lef}).22

MCD spectroscopy on the resting Fe!l-bound sites showed that they are all similar and
VTVH MCD data previously collected for the wzenzyme at 8,200 cm™1 (Figure S3A) were
fit with A = =275 cm~1, which is typical for 6C distorted octahedral sites.22 The arrows in
Fig. 1 show the energies at which the VTVH MCD data were collected and Table 2 (middle)
summarizes the ground state parameters obtained for the a KG bound Fe!' complexes. Data
collected at 8,200 cm™1 for the aKG bound wrenzyme (Fig. S3B), a 6C site from the
excited state splitting (A®E), show an increase in magnitude of A to —950 cm™1 relative to the
resting site. This increase in magnitude is due to the back-bonding of the Fe!! into the *
orbital of the aKG and is well documented in the a KG-dependent hydroxylases.1%:26 From
the MCD spectroscopy on the (Fe!//aKG)D201GCl site, there were three transitions present,
with one at low energy (Fig. 1B). To address the coordination number of the low energy
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component of this mixture of Fe!! sites, VTVH MCD data were collected at 7,100 cm~2
(Fig. 2, top lefd) and fit with A = —950 cm™1, similar to the wtenzyme, suggesting that this
band arises from a 6C site. Thus, the second transition associated with this low energy
feature should be at higher energy and overlapped by the additional components present.
The lower energy for these transitions associated with the second site could be due to the
presence of the chloride ligand. VTVH MCD data were not measured for the other bands in
D201GCl due to spectral overlap. Data for (Fe!'/aKG)D201E collected at 8,560 cm~1
(Figure S4) were fit with A = —1,100 cm™L. This larger |A| is similar to the values observed
for the 5C ternary complexes (vide infra) and, combined with the relatively large value for
ASE (2,700 cm™1), suggests that this site is either 6C with a very weak axial ligand or 5C
square pyramidal with unbound axial ligand (i.e. loss of H,0). Data collected for a KG
bound D201G at 11,100 cm~1 and D201A at 11,430 cm™2 (Fig. 2, top rightand Fig. S5)
were fit with positive values of U (due to their large nesting behavior) of 950 and 700 cm™1
respectively, consistent with the 6C geometry observed from their excited state splittings
(Table 1). The VTVH MCD data on the aKG only bound Fe!! sites show that, apart from
D201E, the variants are 6C, though with different ground states and larger excited state
splittings compared to the wzenzyme.

The bottom panel in Figure 2 (along with Fig. S3C and S6) present the saturation
magnetization behavior observed among the ternary (cofactor and substrate bound)
complexes of w#FIH, D201GCI, D201G and D201A and the ground state parameters for
these ternary complexes are summarized in Table 2 (botform). Due to overlapping bands and
sample concentration issues, useful VTVH MCD data on the ternary complex of D201E
could not be obtained. Data on the w#enzyme collected at 7,550 cm™ (Figure S2C) were fit
with A = -1,200 cm™~1. This increase in the magnitude of U relative to the a KG only bound
site (where A = -950 cm™1) is consistent with a 5C structure. 19 Unlike the w#enzyme, the
ternary complexes of the variants were all fit with positive values of A due to their large
nesting behaviors. Since all these variants are 5C, this change in sign of A correlates with the
replacement of the carboxylate equatorial ligand (in the wtenzyme) with the chloride or
water-derived ligand and has implications with respect to the observed O, reactivity (vide
infra). Data on D201GClI collected at 6,430 cm™1 (Figure 2, bottom lefd) were fit with A =
1,150 cm™1, similar in magnitude to the w-FIH ternary site, and the difference between the
binary and ternary complex A values is also consistent with a 6C — 5C conversion. Data
collected for the ternary complexes of D201G at 5,500 cm™~ (Figure 2, bottom right) and
D201A at 5,200 cm™~1 (Fig. S6) were fit with A values of 1,000 cm™1 and 700 cm™1
respectively. Though the differences in A between the a KG bound and the ternary complex
(Table 2) for these variants are small, the presence of low energy transitions in the MCD
spectra (in Fig. 1C) show that they are 5C. VTVH MCD on the ternary complexes of the
variants show that, though they are all 5C, they have different coordination environments
and geometries, and this is reflected in their observed O, reactivities (vide infra).

0O, Consumption and Substrate Hydroxylation Kinetics.

From the LT MCD and VTVH MCD spectroscopy presented above, 5C sites are present in
all the ternary complexes and possibly in the (Fe!'/aKG)D201E complex. The presence of a
5C site with aKG bound should enable O» activation and this was tested using a Clark O,
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sensor to track O, consumption. Table 3 summarizes the O, consumption rates of all the
ternary and the (Fe!'/aKG)D201E complex. The other aKG only bound wzand variant
enzymes that are 6C from MCD did not show measurable O, consumption, confirming that
a 5C site correlates with O, activation. Compared to the wFIH ternary complex, all the
variants react with O, at >10-fold slower rates. Furthermore, there are differences in the O,
consumption rates among the variants. The (Fe!'/aKG)D201E, (Fe!'/aKG/CAD)D201E and
(Fe!'/aKG/CAD)D201GCl sites react with O, at similar rates of 1.7 min~%, 1.7 min~1 and
1.9 min~1 respectively. The D201G ternary complex, which is also a 5C/5C mixture like
(Fe!'/aKG/CAD)D201GCl, consumes O, at a rate of 0.3 min~1, while the D201A ternary
complex does not show consumption of O, above the background (ascorbate reacting with
0,), i.e. <0.01 min~L. Thus, the differences in 5C geometries from MCD (Table 1 & 2) lead
to greater than 2 orders of magnitude variation in the O, consumption rates.

Comparing the rates of substrate hydroxylation to O, consumption in Table 3 shows that, in
contrast to wrwhere both rates are the same within error, substrate hydroxylation is slower
than O, consumption for all the variants. This demonstrates that the two half reactions, i.e.
O, activation and substrate hydroxylation, are uncoupled, which is confirmed through the
end point analysis assays presented in Table S1. It is also important to note that these
reactions only produce marginal amounts of H,O, as a byproduct (Table S1). This, coupled
with the observation that succinate is produced??, suggest that most of the O, equivalents
used by these variants produce an Fe!V=0 intermediate capable of reacting with substrate.
Furthermore, since the rates of substrate hydroxylation are an order of magnitude lower than
the O, consumption, the second half of the reaction involving substrate hydroxylation is far
more impaired by the D201X variants.17:18.28 Together, these data show that the 5C sites do
consume O, (albeit at different and lower rates than w2 and that the variants show a
decrease in their coupling ratios demonstrating that there is also a loss in substrate
hydroxylating efficiency due to the mutation of the D201 facial triad ligand.

DISCUSSION

This study presents new insights into the geometric and electronic structures and O,
consumption reactivity of the Fe!! active sites in the facial triad carboxylate variants of FIH.
MCD spectroscopy on the resting sites shows that all the variants bind Fe!! and are all 6C
with similar A®E splittings of ~1,800 cm™L. All the variants thus have 2 histidines, 3 waters
with a 61 CI6 (D201GCl), carboxylate (D201E) or water-derived (D201A, D201G) ligand
bound to the Fe!! center.

The structures of all the variants substantially change when a KG is bound to the active site.
From the MCD data, the Fe'-to-a KG metal to ligand charge transfer transitions are
observed at similar energies as wt, suggesting that a KG is analogously bound bidentate with
the replacement of two water ligands in all the (Fe!'/aKG)D201X sites. All the variants,
except D201E, are 6C but with larger ASE splittings (Table 1) than the wild-type enzyme.
This supports the predicted role of the facial triad carboxylate in stabilizing the binding of
the sixth water ligand through a hydrogen bond to its distal oxygen, as mutations eliminating
this carboxylate lead to the weakening of this Fe!l-OH, bond.
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VTVH MCD on (Fe!'/a KG)D201E showed that it has a ground state splitting (A) of 1,200
cm™1 (Table 2), similar to the ternary 5C active sites, and the largest ASE splitting in aKG
only bound sites of 2,700 cm™L. It is also the only aKG bound Fe!! variant that reacts with
05 in the absence of substrate (Table 3). From crystallography performed on this variant, the
presence of the extra methyl group on the carboxylate affects its orientation relative to the
Fe!l center such that it has a steric clash between its unbound O and the position where the
sixth water ligand would bind, resulting in the 5C site with a monodentate carboxylate or a
6C site with a very weakly bound distal O of the glutamate residue.2° From computational
studies on wt, a similar steric clash between asparagine on the CAD substrate and the water
ligand bound to the Fe!! center leads to H,O dissociation and an open coordination position
for O, reactivity.29 Coupled with the MCD results on the (Fe!'/aKG)D201E site, the steric
interaction with the sixth water ligand is an important factor along with the donation of the
aKG in determining the 6C — 5C conversion in the FIH active site.

VTVH MCD data on the ternary (Fe!'/a KG/CAD)D201X complexes show that their ground
state splittings (A) are oppositely signed compared to the wzenzyme (Table 2). The change
in sign of A, due to the replacement of the carboxylate ligand with a CI~ or a water derived
ligand, is significant as it demonstrates that the unpaired electron in the d manifold of the
highspin Fe!! center, that is crucial for O, activation, is now in a different redox active
molecular orbital. This change is reflected in the O, consumption kinetics as all the variants
consumed O at rates more than 10-fold slower than the wildtype enzyme. Furthermore,
from MCD spectroscopy on these ternary sites, all the variants have 5C components with
their LF transitions at different energies, indicating structurally inequivalent active sites.
These structural changes are manifested in the O, consumption rates as they vary by more
than two orders of magnitude across the variants. Though these O, consumption rates are
significantly different, it is important to note that, in terms of the AAG* for the O, activation
reaction, these rate differences only correspond to a change in activation barrier of <3
kcal/mol relative to the wtbarrier of ~15 kcal/mol. Thus, the carboxylate ligand of the facial
triad is crucial in tuning the electronics of the ternary active site, such that the redox active
molecular orbital is properly oriented for O, activation.

Comparing the O, consumption rate to the CAD hydroxylation rate showed that all the
variants performed uncoupled turnover. D201 plays an important role in docking the CAD
substrate in the native reaction by hydrogen bonding with an amide group in the backbone of
the substrate (Fig. 3).17:28 From these O, consumption and substrate hydroxylation kinetics,
the variants react with O, to form an Fe!V =O but appear to be poorly positioned to react
with the substrate through hydrogen atom abstraction (HAA), followed by rebound
hydroxylation. Since these variants have structurally distinct 5C sites, changes in the
orientation of the CAD substrate with respect to the Fe!V=0 would result in dissipation of
the high-valent intermediate through enzyme inactivation or reduction (normally by the
excess ascorbate in the assays).16:18

It is interesting to note that while D201GClI has a chloride bound perpendicular to the open
position on the Fe, only hydroxylation is observed. We have previously shown that the HAA
reaction performed by non-heme Fe!V=0 intermediates can proceed through two possible
channels: a o-channel that is active for HAA along the Fe-O bond and a w-channel that
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performs HAA perpendicular to the Fe-O bond. While the r-channel can hydroxylate or
halogenate depending on the positioning of carbon radical product (formed after HAA)
relative to the OH™ or CI™ equatorial ligand, the o HAA channel produces a radical oriented
along the Fe!''-OH bond and can only lead to substrate hydroxylation.3931 From the crystal
structure in Fig. 3, the CAD substrate docks directly above the open coordination position in
the Fe!l active site. This is consistent with FIH being oriented to use the Fe=0 o-channel for
HAA leading to hydroxylation but not halogenation.

In summary, steric interaction with the sixth water ligand through either the substrate or an
active site residue is the factor that determines the 6C to 5C conversion in FIH. The facial
triad carboxylate in FIH plays key roles in ensuring that the 5C Fe!! center has the proper
electronics for facile O, activation and that the substrate is bound in the correct orientation
for coupled HAA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
Reaction mechanism for the a KG-dependent hydroxylases
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Figure 1.

5K, 7T MCD spectra of weFIH(black), D201GCl(red), D201G(blue), D201E(green) and
D201A(purple). A) Fell-loaded resting sites, B) Fe!'/aKG sites and C) Fe!l/aKG/CAD
ternary sites. In A, B and C, the Gaussianresolved band energies and A°E splittings are
summarized in Table 1. The arrows indicate the energies at which VTVH data were

collected for each sample.
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Figure 2.

VTVH MCD isotherms of D201GCI (orange, collected at 7,100 cm™2) and D201G (light
blue, collected at 11,100 cm™1) Fe!l/a KG complexes and D201GClI (red, collected at 6,430
cm™1) and D201G (blue, collected at 5,500 cm™1) Fe!l/a KG/CAD complexes.
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N803

Figure 3.
Crystal structure of FIH ternary complex active site (LH2N) showing the H-bond between

D201 and the N803 backbone amide. The carbon involved in HAA is highlighted in
magneta.
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Gaussian resolved bands for the observed transitions reported in Figure 1 along with the values of their excited

state splittings. All values are in cm™1. @The second transition associated with this site is not observed and
likely ~10,000 cm™1 from VTVH MCD spectroscopy. PThree transitions have been observed but the bands

have not been assigned to a single Fe!l site.

Enzyme Bandl Band?2 NSE
Fe!l Sites
wtFIH 8950 10700 1750
D201GCl 9200 11200 2000
D201G 9100 10950 1850
D201E 9050 10800 1750
D201A 9150 10950 1800
Fe''/aKG Sites
wt-FIH 8900 11100 2300
D201GCl 8950 11550 2600
7400 a
D201G 8900 11300 2400
D201E 8850 11550 2700
D201A 9100 11400 2300
Fe!l/aKG/CAD Sites
wt-FIH <5000 7950 >3000
9000 11150 2150
D201GCl <5000 9250 >4,250
6200 10900 4,700
D201G <5000 8800 >3800
6100 11350 5,250
D201EP 8950 11500 >2,500
14000
D201AP <5000 9100 >2,500
11600
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Table 2.

Ground state parameters of the different a KG only and a KG+CAD bound complexes of the D201X variants.
*All values in cm™1. VTVH parameters for the wtenzyme are taken from ref. 19.

Variant &% | o* IVI*
Fe'' Sites
wt-FIH 39 9.2 =275 100

Fe'l/aKG Sites

wtFIH - 28 8.9 -950 530
D201GCI 25 9.05 -950+100 475
D201G 50 80 950 + 40 210
D201A 50 80 700 + 80 330

D201E 24 89 -1100+£60 570

Fe!l/aKG/CAD Sites

wt-FIH 18 92 -1200 410

D201GCI 3.7 8.0 1150 +50 480

D201G 40 80 1000+80 340

D201A 53 80 700 + 40 360
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Initial rates of O, consumption and CAD hydroxylation for the different D201X variants. All values are in min

=1 units. None of the other (Fe!'/aKG) variants consume O».

Variant O, Consumption  CAD Hydroxylation
wit-FIH 16.3+0.7 154 %06
D201GCl 19+04 0.41+0.03
D201G 0.3+0.1 0.16 +0.01
D201E 1.7+0.1 0.16 £ 0.02
D201A <0.01 Not Detectable
D201E (No CAD) 1.67 +0.08 N/A
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