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ABSTRACT: Tyrosine hydroxylase is a mononuclear non-heme iron
monooxygenase found in the central nervous system that catalyzes the
hydroxylation of tyrosine to yield L-3,4-dihydroxyphenylalanine, the rate-
limiting step in the biosynthesis of catecholamine neurotransmitters. Catalysis
requires the binding of tyrosine, a tetrahydropterin, and O2 at an active site
that consists of a ferrous ion coordinated facially by the side chains of two
histidines and a glutamate. We used nitric oxide as a surrogate for O2 to poise
the active site iron in an S = 3/2 {FeNO}

7 form that is amenable to electron
paramagnetic resonance (EPR) spectroscopy. The pulsed EPR method of
hyperfine sublevel correlation (HYSCORE) spectroscopy was then used to
probe the ligands at the remaining labile coordination sites on iron. For the complex formed by the addition of tyrosine and nitric
oxide, TyrH/NO/Tyr, orientation-selective HYSCORE studies provided evidence of the coordination of one H2O molecule
characterized by proton isotropic hyperfine couplings (Aiso = 0.0 ± 0.3 MHz) and dipolar couplings (T = 4.4 and 4.5 ± 0.2
MHz). These data show complex HYSCORE cross peak contours that required the addition of a third coupled proton,
characterized by an Aiso of 2.0 MHz and a T of 3.8 MHz, to the analysis. This proton hyperfine coupling differed from those
measured previously for H2O bound to {FeNO}7 model complexes and was assigned to a hydroxide ligand. For the complex
formed by the addition of tyrosine, 6-methyltetrahydropterin, and NO, TyrH/NO/Tyr/6-MPH4, the HYSCORE cross peaks
attributed to H2O and OH− for the TyrH/NO/Tyr complex were replaced by a cross peak due to a single proton characterized
by an Aiso of 0.0 MHz and a dipolar coupling (T = 3.8 MHz). This interaction was assigned to the N5 proton of the reduced
pterin.

Tyrosine hydroxylase (TyrH) catalyzes the hydroxylation of
substrate L-tyrosine (Tyr) to produce L-3,4-dihydrox-

yphenylalanine (L-DOPA), the rate-limiting step in the
biosynthesis of the catecholamine neurotransmitters dopamine,
epinephrine, and norepinephrine (Scheme 1). The enzyme is a
member of a small class of enzymes known as aromatic amino
acid hydroxylases that also catalyze the rate-limiting steps for
the catabolism of phenylalanine, phenylalanine hydroxylase
(PheH), and the biosynthesis of serotonin, tryptophan
hydroxylase (TrpH).1 Because the catecholamines are involved
in the regulation of brain functions such as motor coordination,
behavior, learning, and memory, dysfunction of TyrH has been
linked to several neurological disorders.2,3

The overall reaction catalyzed by TyrH involves the coupled
hydroxylations of a tetrahydropterin and Tyr, with an O2

molecule supplying the oxygen atoms for each product.
Catalysis occurs at a non-heme Fe(II) active site where the
Fe is coordinated facially by the side chains of two histidines
(His331 and His336) and one glutamate (Glu376), the so-
called facial triad binding motif.4,5 In the common mechanism
proposed for all three aromatic amino acid hydroxylases, the
reduced cofactor provides two electrons for the heterolytic
cleavage of the O−O bond, leading to the formation of the 4a-
hydroxypterin product and an Fe(IV)O intermediate.

Experimental evidence of an Fe(IV)O intermediate in the
catalytic cycle of TyrH has been provided by freeze-quench
Mössbauer studies.6 The Fe(IV)O species then conducts
hydroxylation of the aromatic side chain of the substrate amino
acid via electrophilic aromatic substitution.1 The binding of
both the tetrahydropterin and the amino acid substrate to TyrH
triggers a >100-fold enhancement of O2 binding kinetics and is
required for the formation of the Fe(IV)O intermediate.7

This requirement for binding of the substrate prior to oxygen
activation appears to be a general mechanism for non-heme Fe
oxygenases.8

The dramatic change in the reactivity of the iron site upon
binding of both substrate and cofactor must be due to a change
in the structure of the iron site. Structural and spectroscopic
studies of TyrH and PheH have begun to provide insight into
these structural changes. The original X-ray crystallographic
structure [Protein Data Bank (PDB) entry 1TOH] for the
catalytically inactive ferric TyrH in the absence of substrate and
pterin showed the coordination geometry about the metal ion
to be square pyramidal, with two histidines, a glutamate, and
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two water molecules as ligands.4 X-ray absorption spectroscopy
(XAS) and variable-temperature variable-field magnetic circular
dichroism (VTVH MCD) studies of the catalytically relevant
Fe(II) form of TyrH showed that the metal ion was six-
coordinate with a distorted octahedral geometry in the resting
state, consistent with three waters as ligands.7 The addition of
either Tyr or a tetrahydropterin to the Fe(II) enzyme resulted
in only modest perturbations of the electronic structure of the
six-coordinate Fe(II), indicating that neither reactant binds
directly to the metal ion in the binary complexes. However, the
binding of both Tyr and tetrahydropterin to the enzyme to
form the O2-reactive species gave rise to a structural change at
the metal site, converting it from its six-coordinate resting form
to a five-coordinate, square pyramidal site.7 Spectroscopic
results for this complex were most consistent with a single
water molecule, two histidines, and a bidentate carboxylate
acting as iron ligands.
Similar analyses with PheH provide complementary

descriptions of the iron ligands in different enzyme−substrate
complexes. The X-ray structure for the catalytic domain of
PheH in the Fe(II) form in the absence of an amino acid
substrate and a pterin (PDB entry 1J8T) shows facial
coordination of the iron by the side chains of the two-histidine
(His285 and His290), one-glutamate (Glu330) triad along with
one well-ordered water ligand.9 Because MCD studies of PheH
in its resting state have shown that the Fe(II) is six-coordinate,
it is presumed that there are three waters as ligands with the
remaining two waters being disordered.10 The X-ray crystal
structure of a binary complex of truncated Fe(II) PheH with
tetrahydrobiopterin (BH4) (PDB entry 1J8U) clearly shows
three water ligands in the open coordination positions of the
active site Fe(II). The only amino acid residue with a side chain
interacting with BH4 is Glu286; the interaction occurs through
two water molecules, one of which is a ligand to the metal.
Glu286 and its counterpart in TyrH, Glu332, are essential for
the coupled hydroxylation of substrates Phe and Tyr,
respectively.11,12 While attempts to crystallize ternary com-
plexes of PheH with BH4 and Phe have been unsuccessful, it
has been possible to soak two “slow substrates”, thienylalanine
and norleucine, into binary crystals of PheH/BH4, and the
results showed substantial changes in the protein structure.
Glu330 of the facial triad was reoriented so that it provided a
bidentate coordination of its carboxylate side chain to Fe(II),
and BH4 was positioned closer to the Fe(II) with the distance
between the metal ion and the C4 oxygen of the cofactor

decreasing from 3.8 to3.1 Å and with Glu286 forming direct
hydrogen bonds with the pterin (PDB entry 1MMK).13 One
water molecule clearly remained as an iron ligand in the
structure with norleucine, but not with thienylalanine. XAS,
CD, and VTVH MCD studies of ternary complexes of intact rat
Fe(II)-PheH with L-Phe and the air-stable 5-deaza-6-methylte-
trahydropterin were most consistent with a five-coordinate,
distorted square pyramidal geometry about the metal,
suggesting that one water remains bound as a ligand in the
ternary complex.14 There are no X-ray crystal structures of
either TyrH or PheH with only their amino acid substrates
bound in the active site. For both enzymes, spectroscopic
studies of the complexes with the amino acid bound are
consistent with a six-coordinate site, with some perturbation
from the unliganded enzymes.7,15 Recently, density functional
theory calculations based on the X-ray structures of PheH have
suggested that the coordination sphere of the PheH/BH4/L-
Phe ternary complex is completed by coordination of the pterin
through the C4 carbonyl oxygen, leaving the Fe(II) with a
distorted trigonal bipyramidal coordination geometry.16

For the resting forms of PheH and TyrH and for the
tetrahydropterin-bound enzymes, the combination of structural
and spectroscopic data to date supports a distorted octadedral
iron site with three waters, two histidines, and a monodentate
carboxylate as ligands. For the enzymes in which only the
amino acid substrate is bound, the iron sites are still six-
coordinate, but the number of waters and the nature of the
glutamate interaction are unsettled. The greatest uncertainty is
the identity of the fifth ligand in the O2-reactive complex, with
both water and the pterin proposed as ligands. This is an
important issue to resolve for understanding the catalytic
mechanism and the coupling of the hydroxylation reactions that
comprise productive catalysis. Moreover, none of the studies to
date address the structure of the complex formed when the
ternary complex binds O2, because it is too reactive. The
formation of a five-coordinate site in the presence of both
substrates suggests that a key factor in the reaction with oxygen
is the formation of an open site due to the change in the
coordination of the iron.
To address these issues, we have undertaken a series of one-

and two-dimensional electron spin echo envelope modulation
(ESEEM) experiments on TyrH treated with Tyr and 6-
methyl-tetrahydropterin (6-MPH4). To allow robust EPR
detection of the catalytic center, the high-spin Fe(II) ion was
treated with nitric oxide to form an S = 3/2 {FeNO}7

Scheme 1. Hydroxylation Reactions Catalyzed by Tyrosine Hydroxylase
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species.17,18 This experimental approach to EPR studies of non-
heme Fe(II) enzymes was pioneered by Lipscomb and Münck
and offers unique opportunities for EPR structural studies.19

Specifically, the use of NO as a surrogate for O2 allows for the
study of TyrH complexes prepared with catalytically competent
substrate and cofactor. Furthermore, the anisotropy in the EPR
spectrum coupled with the theoretically determined orientation
of the Fe−NO bond with respect to the magnetic axes of the
{FeNO}7 paramagnetic center allows the magnetic couplings
obtained from EPR/ESEEM studies to be interpreted in terms
of the ligation structure about the metal ion.20−22 Finally,
previous Q-band ENDOR studies of {FeNO}7 derivatives of 1-
aminocyclopropane-1-carboxylate oxidase have shown that the
isotropic ligand hyperfine couplings measured for the directly
coordinated 14N atoms of both histidine ligands and bound NO
are small, 10−11 MHz, showing that very little unpaired
electron spin density lies on the ligands.23 As a consequence,
distances derived from 1H and 2H dipolar couplings measured
using ENDOR and ESEEM measurements of {FeNO}7

derivatives of other non-heme Fe enzymes have compared
well with available X-ray crystallographic structures.23−26 If the
coordination chemistry of NO truly mimics that of O2, then the
structural information gained from our studies has even greater
relevance for understanding the catalytic mechanism. In a
recent publication, we reported 2H ESEEM studies of {FeNO}7

complexes of TyrH prepared with 2H-labeled tyrosine and 6-
MPH4. Our results showed that the binding of both substrate
Tyr and cofactor 6-MPH4 served to redirect NO binding to a
coordination position that was essentially cis to that occupied
for the TyrH/NO/Tyr sample.27

The work described here is aimed at characterizing
coordination of water to Fe(II) for the TyrH/NO/Tyr ternary
complex and the TyrH/NO/Tyr/6-MPH4 quaternary complex
and a TyrH variant, E332A/NO/Tyr/6-MPH4, in which the
reactive complex with oxygen forms but then decays to
dihydropterin without the formation of Fe(IV).7,27,28 Guided
by a previous single-crystal ENDOR study of coordination of
water to Cu(II) in Tutton salts, where large anisotropic proton
hyperfine couplings were found,29 we have made use of the
unique capability of the four-pulse hyperfine sublevel
correlation (HYSCORE) experiment to resolve broad
ESEEM peaks and to separate them from the overlapping
contributions due to additional 1H and 14N hyperfine
couplings.30,31 The results of these studies when combined
with those obtained from our previous 2H ESEEM measure-
ments provide a more complete picture of the changes in the
coordination chemistry that take place at the Fe(II) site of
TyrH when the amino acid and pterin substrates bind.

■ EXPERIMENTAL PROCEDURES
Materials. 6-Methyltetrahydropterin (6-MPH4) was pur-

chased from Schircks Laboratories (Jona, Switzerland). 6-(2-
Hydroxy-1-methyl-2-nitrosohydrazino)-N-methyl-1-hexan-
amine, ethylenediaminetetraacetic acid, L-tyrosine, and glycerol
were from Sigma-Aldrich (St. Louis, MO). Potassium chloride
and ferrous ammonium sulfate were from Fisher (Pittsburgh,
PA). All other chemicals were of the highest purity
commercially available. The preparation of NO complexes of
wild-type and E332A TyrH expressed in Escherichia coli was
described previously.27

EPR Spectroscopy. EPR measurements were taken on a
Bruker E-680X spectrometer operating at X-band and equipped
with a model ER 4118X-MD-X5-W1 probe that employed a 5

mm dielectric resonator. The temperature was maintained at
4.0 K using an Oxford Instruments liquid helium flow system
equipped with a CF-935 cryostat and an ITC-503 temperature
controller. ESEEM data were collected using a three-pulse
(stimulated echo) sequence, 90°−τ−90°−T−90°, with 90°
microwave pulse widths of 16 ns (fwhm). The τ values were
chosen to suppress the 1H matrix contribution; because of short
phase memory times, they were restricted to <200 ns. Data
were collected over a range of T values from 40 ns to just over
6 μs using a time increment of 12 ns and an integration window
of 24 ns. A four-step phase cycling scheme was used to
eliminate unwanted spin echoes and the DC offset voltage of
the detection system from the data.32 Normalized three-pulse
ESEEM spectra were recorded by the division of a single-
exponential background decay function prior to a processing
procedure that involved removal of the DC component of the
normalized modulation function by subtraction of a second-
order polynomial, tapering with a Hamming window, zero
filling of the data set to 1024 points, and, finally, Fourier
transformation. Absolute value spectra are displayed in the
figures.
HYSCORE data were collected using a four-pulse sequence,

90°−τ−90°−t1−180°−t2−90°, with all pulse widths set at 16 ns
(fwhm).33 Two pulse channels were used so that the peak
power of the 90° pulses could be attenuated by 6 dB from that
of the π pulse (approximately 800 W). The four-step phase
cycle described by Gemperle et al.34 for nonideal pulses was
used for the same purpose as described above. HYSCORE data
were collected using a 16 ns time increment with a 128 × 128
grid of data points being recorded. HYSCORE spectra were
obtained from these data by subtraction of a second-order
polynomial to remove the background decay in each time
dimension, followed by application of a Hamming window,
zero filling to yield a 256 × 256 data array, and two-dimensional
FFT. The resulting absolute value spectra are displayed using
contour plots with the plotting threshold set at 10−15% of the
maximal peak amplitude.

EPR Analysis. The continuous wave (cw) EPR spectra of
the {FeNO}7 derivatives of TyrH studied in this work were
analyzed in a previous study27 using the “pepper” module of
EasySpin 4.5.135 running in the MATLAB 2014a environment
(The Mathworks, Natick, MA). These EPR spectra show nearly
axial line shapes with features near g = 4 and g = 2. They are
characteristic of S = 3/2 paramagnetic centers where the EPR
spectrum originates from the ms = ±1/2 Kramers doublet as a
result of a large, positive spin−orbit coupling interaction. The
spin Hamiltonian used to model these data consisted of a zero-
field splitting term and an isotropic, spin-only, electronic
Zeeman term with go = 2.00 (eq 1).

β̂ = ̂ − + ̂ − ̂ + ̲ ·̂ ̲
⎡
⎣⎢

⎤
⎦⎥H D S

E
D

S S g S
5
4

( ) Bz x y
2 2 2

o e (1)

where βe and B in eq 1 are the Bohr magneton and applied
magnetic-field vector, respectively. D represents the zero-field
splitting interaction and has been estimated from previous EPR,
magnetic susceptibility, and Mössbauer studies of other NO-
treated non-heme Fe2+ enzymes and {FeNO}7 model
complexes to be approximately 10 cm−1.19,36−38 Our previous
analysis considered a fixed D value of 10 cm−1 and varied |E|,
the strain in |E|, and the intrinsic EPR line width to fit the cw-
EPR spectrum over an interval of 65 mT in the g = 4 region of
the spectrum. The value of go in those simulations was used to
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align the simulated spectra with the experimental data and was
set to 2.02.
Proton HYSCORE spectra and three-pulse ESEEM spectra

were analyzed using the “saffron” module of EasySpin 4.5.5.39

For each proton considered in a simulation, the spin
Hamiltonian that describes its ligand hyperfine coupling
consists of nuclear Zeeman and electron−nuclear hyperfine
coupling terms (eq 2).

γ̂ = − ̲ ·̂ ̲ + ̲ ·̂ · ̲ ̂H I S IB Ap (2)

where I ̲̂ and S ̲̂ in eq 3 are the nuclear and electron spin angular
momentum operators, respectively, B is the applied magnetic-
field vector, and γp is the proton gyromagnetic ratio. A is the
hyperfine coupling matrix that has been transformed into the
principal axis system (PAS) of the ZFS interaction.
Much of the HYSCORE and ESEEM analysis in this work is

concerned with characterizing the hyperfine coupling of bound
water molecules. Previous29 single-crystal ENDOR studies of
Cu(H2O)6

2+ showed that the proton hyperfine coupling of
bound water molecules was primarily anisotropic in nature. For
water ligands bound equatorially to Cu2+, the isotropic or scalar
portion of the proton hyperfine interaction was ≤1 MHz even
though considerable unpaired spin density resided on the
coordinated oxygen atom. The anisotropic portion of the
proton hyperfine couplings had rhombic symmetry. For the
axially bound water ligands of this complex, the isotropic
proton hyperfine couplings were zero, and the anisotropic
portion of the coupling had axial symmetry that was in line with
values that could be predicted using the point dipole−dipole
approximation. Recent ENDOR studies of {FeNO}7 adducts of
the non-heme Fe enzyme 1-aminocyclopropane-1-carboxylic
acid oxidase have shown that the isotropic ligand hyperfine
couplings for the coordinated histidine nitrogens and the
nitrogen atom of coordinated NO are approximately 10 MHz,23

approximately 2−4 times weaker than the corresponding
couplings measured for histidyl nitrogen coordinated equato-
rially to Cu(II) in proteins and model complexes.40,41 Taken
together, these results provided a framework for modeling the
proton hyperfine coupling tensors for water molecules bound
to Fe2+ in TyrH where the anisotropy in the coupling is
modeled with a simple point dipole−dipole coupling, yielding a
hyperfine tensor with principal values given by (Aiso − T, Aiso −
T, Aiso + 2T), where Aiso represents the isotropic coupling and

μ
π

ββ
= ⎜ ⎟⎛

⎝
⎞
⎠T

g g

hr4
o o n e n

3 (3)

the dipolar coupling. The principal axis of the hyperfine tensor
would be directed along a line connecting the Fe2+ with the
coupled proton.
To be used in an ESEEM or HYSCORE simulation, the

diagonal hyperfine tensor described above must be transformed
into the principal axis system of the ZFS interaction. In
EasySpin, this is done with a Euler transformation that uses a
zy′z′ rotation scheme described by angles α, β, and γ,
respectively. Because the hyperfine tensor has axial symmetry,
only the β and γ angles need to be specified for each proton. In
practice, specifying these angles was simplified because of the
fixed geometric relationship between the two protons of a
discrete water ligand, our prior knowledge of the facial bonding
arrangement of the two-histidine, one-glutamate triad, and
electronic structure calculations that place the principal axis of
the ZFS interaction within 5° of the Fe−NO bond.4,20 For our

simulations, we adopted an elementary picture of the water
molecule, with the oxygen atom being sp3-hybridized and the
ligand coordinating to Fe2+ through one of the oxygen lone
electron pairs. Using this model, the protons could be located
on the base of a cone, approximately 120° apart, with a
symmetry axis that coincided with the Fe−OH2 bond. Then,
assuming an Fe2+−O bond length of 2.1 Å, an O−H bond
length of 1.0 Å, and a typical tetrahedral bond angle of 110°,
the Euler angles needed to specify the transformations for both
of the water protons were determined from the angles that
orient the Fe(II)−OH2 bond with respect to the ZFS axis
system and a rotation angle that describes the orientation of the
two protons about the bond axis. This approach to defining the
hyperfine tensor transformation angles for the two protons of a
bound water molecule is summarized in Scheme 2. It does not

reduce the number of angles that need to be specified to
transform the proton hyperfine tensors as one still must provide
polar and azimuthal angles to position the Fe−O bond in the
ZFS axis system, θbond and ϕbond, along with βrot and Δβ to
define the positions of the protons on the cone base (Scheme
2b). However, it makes it easier to visualize the transformations
in terms of structure and to understand the limited range over
which some of the angles need to be varied in simulations. The
geometric relationships describing the transformations of the
hyperfine tensors that need to be conducted for protons 1 and
2 of a bound water molecule having the geometry described
above (Scheme 2) are given in eqs 4−7.

β θ β= − ×−tan [0.94 cos( )/2.42]hf1 bond
1

rot (4)

γ ϕ β= − ×−tan [0.94 sin( )/2.42]hf1 bond
1

rot (5)

β θ β β= − × + Δ−tan [0.94 cos( )/2.42]hf2 bond
1

rot (6)

γ ϕ β β= − × + Δ−tan [0.94 sin( )/2.42]hf2 bond
1

rot (7)

Because water ligands bound to Fe2+ are expected to be cis to
the Fe−NO bond axis, the value of θbond should be close to 90°.
The near axial symmetry of the cw-EPR spectrum reduces the
importance of ϕbond, but if two water molecules are considered
in a simulation, the ϕbond values should be close to 90° apart.
Finally, the value of Δβ should fall in a range that is ±20° from
our elementary starting value of 120°. In practice, the hyperfine
couplings for the protons of a water ligand were specified in our
simulations by providing discrete values for the dipolar
couplings, T(1) and T(2), and a value for βrot. The values of
θbond (90°), ϕbond (0° or 90°), and Δβ (120°) were held
constant.

■ RESULTS
TyrH/NO/Tyrosine Complex. To gain insight into the

structure of the iron site in the TyrH/Tyr complex, HYSCORE
analyses were conducted with the TyrH/Fe2+/NO/Tyr

Scheme 2. Elementary Structure of a Water Ligand
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complex. The cw-EPR spectrum of the latter is shown in the
inset of Figure 1a. The three-pulse ESEEM spectrum collected

at 280 mT (geff = 2.5) is shown in Figure 1a. For reference, 280
mT is marked with a red arrow on the cw-EPR spectrum. This
ESEEM spectrum shows numerous complex features that arise
from overlapping 14N and 1H contributions from the directly
coordinated 14N atoms of the bound histidine side chains and
coordinated NO, as well as strongly coupled 1H’s from the
histidyl ligands and, most likely, bound water molecules.
Because the isotropic hyperfine couplings of the directly bound
14N atoms are much greater than the 14N Larmor frequency of
0.86 MHz at 280 mT, their cross peaks are resolved in the (−,
+) quadrant at (−4.9, 7.3) and (−5.4, 6.1) MHz in the
corresponding HYSCORE spectrum (Figure 1b).30,33 Note that
each cross peak has a mirror image about the frequency

diagonal. In this paper, we will refer to these pairs by specifying
the cross peak that appears on the more positive side of the
frequency diagonal with respect to f2. Because the hyperfine
couplings for protons are generally expected to be smaller than
the proton Larmor frequency, ωp, of 11.9 MHz at 280 mT,
their cross peaks are resolved in the (+, +) quadrant. Figure 1c
shows an expanded view of this window from 3 to 22 MHz
along each frequency axis. The proton contributions are
symmetrically resolved about the frequency diagonal (solid
black line in Figure 1c), near ωp = 11.9 MHz. The red line
perpendicular to the frequency diagonal and intersecting it at
ωp is termed the 1H “anti-diagonal” and serves as a reference
line for interpreting the data. Specifically, 1H’s that show large
dipolar couplings, like those typical of bound water molecules,
will give rise to cross peaks that follow a “ridge” or “arc”-like
trajectory to the high-frequency side of the anti-diagonal. These
ridges crest above the anti-diagonal in proportion to T2/ωp and
approach the anti-diagonal at the extremes of the hyperfine
tensor, from ωp + A⊥ to ωp + A∥ for one ridge and from ωp −
A⊥ to ωp − A∥ for its mirror image about the frequency
diagonal. For bound water molecules with Aiso = 0 and,
therefore, hyperfine coupling principal values of (−T, −T, 2T),
these ridges will cross one another and approach the anti-
diagonal line at ωp − T and ωp + 2T for one ridge and at ωp +
T and ωp − 2T for the other.42,43 The dashed black lines in
Figure 1c were drawn as guides to help visualize these “coupling
ridges”. For an isotropic spin system, cross peak intensity would
be detected along the entire length of the ridges.44 However,
for the S = 3/2 {FeNO}

7 spin system being studied here, cross
peaks are expected at discrete positions along each ridge that
are determined by the orientation of the coupled nucleus within
the framework of the magnetic axis system.21 The intense cross
peak at (9.0, 17.1) MHz (Figure 1c) is well separated from the
anti-diagonal, showing that it originates from a hyperfine
interaction with a large anisotropic contribution and making it a
likely candidate for assignment to a bound water molecule. Also
shown in Figure 1c is a cross peak along the anti-diagonal that
spans the frequency range from (9, 15) to (11,13) MHz; this
can be assigned, in part, to 1H hyperfine couplings of the
histidyl imidazole ligands.
To characterize the 1H hyperfine coupling(s) for the cross

peak resolved at (9.0, 17.1) MHz in Figure 1c, HYSCORE
experiments were performed at eight field positions across the
EPR spectrum. Figure 2 shows the (+, +) quadrant for six
spectra collected at 20 mT intervals from 200 to 300 mT. The
data show that the cross peak attributed to a proton coupling
with large anisotropy is first observed at 220 mT at (5.4, 16.4)
MHz and exhibits a ridge trajectory toward the frequency
diagonal as one proceeds to a higher magnetic field. At 240 mT,
this correlation has moved to (6.5, 16.6) MHz and shows a
wedge- or heart-shaped contour. This wedge-shaped cross peak
is also observed at 260 and 280 mT with these correlations
being resolved at (7.8, 16.8) and (9.0, 17.1) MHz, respectively.
At 300 mT, this correlation is starting to convolve with the 1H
cross peaks along the 1H anti-diagonal, but a portion is still
resolved at (10.7, 16.8) MHz. In addition to the cross peaks
that track along this coupling ridge, correlations arising from 1H
combination frequencies are observed at (10.1, 16.2) and (10.7,
16.8) MHz in the spectra recorded at 200 and 220 mT,
respectively (Figure 2). These cross peaks consist of
contributions from a difference combination frequency, |ωα −
ωβ|, and a fundamental hyperfine coupling frequency, ωβ, and
are a consequence of multiple 1H couplings of similar strength

Figure 1. (a) Three-pulse ESEEM and (b and c) HYSCORE spectra
of the TyrH/NO/Tyr complex. Data were collected using the
following conditions: microwave frequency, 9.688 GHz; field strength,
280 mT; τ value, 84 ns; sample temperature, 4.0 K; pulse repetition
rate, 1 kHz. For panel a, a 12 ns time increment was used and the data
set length was 512 points. HYSCORE data were collected (b and c)
with a 16 ns time increment and a 128 × 128 point data set. For panel
c, the coupling ridges (dashed lines) were sketched onto the plot using
a drawing program.
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associated with each {FeNO}7 center. These data also show
peaks along the frequency diagonal at (16.5, 16.5) MHz (200
mT) and (17.1, 17.1) MHz (220 mT) that arise from sum
combination frequencies that are prominent in three-pulse
ESEEM spectra collected near g = 4 and that contaminate these
HYSCORE spectra.
The cross peaks that follow the “ridge” trajectory in Figure 2

were analyzed using the coupling model for the protons of a
bound water molecule described in Experimental Procedures.
Figure 3 shows expanded views of the wedge-shaped cross
peaks resolved at 240, 260, and 280 mT (colored contours)
along with HYSCORE simulations (red contours). The
simulations shown in the left column were conducted for a
single bound water molecule with Fe−OH2 bond coordinates
of θbond = 90° and ϕbond = 0° and water proton rotational
locations of βrot = 48° and βrot + Δβ = 168°. For both water
protons, the isotropic hyperfine coupling was set to zero.
Dipolar couplings of 4.4 and 4.5 MHz were used for the
protons located at βrot = 48° and βrot + Δβ = 168°, respectively.
A full set of simulations using these parameters are compared to
the data in Figure S1 of the Supporting Information. These
simulations show that the simple model described by Scheme 2
does a good job of accounting for most of the cross peak
intensity resolved at these three field positions. However, it fails
to account for the wedge shape of the contours and also
predicts additional strong cross peaks near (7.3, 13.7), (8.2,
14.2), and (9.2, 14.8) MHz at 240, 260, and 280 mT,
respectively. These three additional cross peaks are near the ωp
± T frequency positions along the 1H anti-diagonal and are
expected, given the orientations of the coupled water protons
with respect to the Fe−NO bond. However, the data show that
the intensity of these features should be reduced in comparison
to those of their wedge-shaped counterparts (Figure 2).
Attempts to account for these contour shapes by

incorporating rhombic symmetry into the hyperfine coupling
were unsuccessful. We also considered a model in which a
second water ligand was added to the open coordination

position on Fe. Simulations conducted using an Aiso of 0.0 and a
T of 4.7 MHz for this second water were aimed at adding
intensity to the region of the contour not covered by the one-
water model and are shown in the right column of Figure S2 of
the Supporting Information. The problem with this approach is
that the second water yields cross peaks that are nearly parallel
to those of the first so that the overall contour shape and the
manner in which the composite cross peak coalesces as one
moves to higher fields are less satisfactory.
The right side of Figure 3 shows that the data for the TyrH/

NO/Tyr ternary complex can be accounted for by HYSCORE
simulations (red) that consider one water ligand as described
above along with a third proton introduced as a hydroxide
ligand that occupies the other open coordination position cis to
the Fe−NO bond. This third proton was characterized by θbond
= 90°, ϕbond = 90°, and βrot = 34°. To realize a “trajectory” for
the cross peak contribution from this proton that resulted in a
heart-shaped contour at 240 mT and collapsed into a wedge
shape at 280 mT, an isotropic hyperfine coupling of 2.0 MHz
and a dipolar coupling of 3.8 MHz were used for this
simulation. This model also predicted additional cross peaks
near the ωp ± T frequency positions along the 1H anti-diagonal,
but they are much weaker, as shown by the lower density of the
red contours, and more in line with the data. A full set of
HYSCORE simulations that use this three-proton model, or a
one-H2O, one-OH

− model, is shown in Figure 4. This model
accounts for the coalescence of the 1H cross peaks that occurs
as one moves toward g = 2.0 (300 mT) and does a fair job of
predicting the combination cross peaks at (10.1, 16.2) and
(10.7, 16.8) MHz that are observed at 200 and 220 mT,
respectively. The simulation of the HYSCORE data collected at
220 mT (Figure 4) shows a cross peak at (15.1, 17.3) MHz that
arises from the third proton added to account for the wedge
shapes of the cross peaks resolved from 240 to 280 mT. This
cross peak was not resolved in our data. Because the predicted
intensity of this extra peak is approximately half of that due to

Figure 2. HYSCORE contour spectra collected for the TyrH/NO/Tyr complex under the conditions given in the caption for Figure 1. The τ values
used for data acquisition were 116 ns at 200 mT, 108 ns at 220 mT, 96 ns at 240 mT, 92 ns at 260 mT, 84 ns at 280 mT, and 156 ns at 300 mT. Data
are color-coded for intensity ranging from purple (weak) to red (strong).
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the coupled water resolved at (5.4, 16.4) MHz at 220 mT, the
discrepancy likely stems from a signal-to-noise issue.
TyrH/NO/Tyrosine/6-MPH4 Complex. Figure 5 shows 1H

HYSCORE spectra obtained for the TyrH/NO/Tyr/6-MPH4
quaternary complex. The cw-EPR spectrum is shown in the
inset for the data collected at 240 mT. These HYSCORE
spectra are markedly different from those of the ternary
complex with tyrosine. The combination frequency cross peaks
that were detected at (10.1, 16.2) and (10.7, 16.8) MHz at 200
and 220 mT, respectively, for the TyrH/NO/Tyr sample are
absent from the data shown in Figure 5. The spectra do show
evidence of at least one 1H with a strong dipolar coupling. The
coupling is different from those attributed to water and
hydroxide for the TyrH/NO/Tyr complex, as cross peaks from
the fundamental 1H hyperfine coupling frequencies are resolved
across the entire 200−300 mT range of magnetic-field values
shown in Figure 5. At 200 mT, the cross peak shows a true
ridge shape that extends from approximately (2.0, 15.8) MHz,
where it meets the 1H anti-diagonal, to (6.5,14.0) MHz. At 220
mT, this cross peak becomes shorter and is centered at (4.4,
15.9) MHz. As one goes to higher-field values, the cross peaks
become better resolved as they move toward the frequency
diagonal. These higher-field cross peaks are resolved at (5.9,

16.1), (7.4, 16.5), (9.2, 16.5), and (10.9, 16.4) MHz at 240,
260, 280, and 300 mT, respectively. Control experiments
conducted with samples in 2H2O showed that the proton that
gives rise to these cross peaks is exchangeable (Figure S3 of the
Supporting Information). Simulations of these features of the
1H HYSCORE spectra were accomplished considering a single
1H coupled through space with a dipolar coupling of T = 3.8
MHz and coupling tensor Euler angles of βhf = 68° and γhf =
90°. These simulations are shown in red, overlaid on the data,
in Figure 6.
Proton HYSCORE measurements were also performed on

the quaternary complex of a TyrH variant, E332A/NO/Tyr/6-
MPH4. These data were identical to those collected for the
quaternary complex of the wild-type enzyme and are shown in
Figure S4 of the Supporting Information.

■ DISCUSSION

Here we have used 1H HYSCORE spectroscopy to extend our
previous analyses of NO complexes of TyrH to characterize
Fe(II) ligation in the TyrH/NO/Tyr complex, an analogue of
the TyrH/Tyr complex that has not been amenable to
crystallization, and the TyrH/NO/Tyr/6-MPH4 complex, a
model for the reactive quaternary TyrH/O2/Tyr/6-MPH4
complex. In both cases, the results provide new insights into
the structure of these otherwise inaccessible intermediates.
For the TyrH/NO/Tyr complex, our data showed cross

peaks with a complex contour shape that were observed over a
limited range of the EPR spectrum, from 220 mT (g = 3.1) to
300 mT (g = 2.3), and well separated from the 1H anti-diagonal
(Figure 2). In addition to these correlations between
fundamental 1H hyperfine coupling frequencies, (ωα, ωβ),
cross peaks that could be attributed to combination frequencies
of the form (|ωα − ωβ|, ωβ) were observed at 200 and 220 mT
(Figure 2). These combination frequencies are diagnostic for
the participation of multiple nuclei in this particular hyperfine
interaction. We initially analyzed these HYSCORE cross peaks
using a simple model for a single bound water. Simulations
considering a single water molecule coordinated to the
{FeNO}7 center with hyperfine couplings described by (θbond,
ϕbond) = (90°, 0°), Aiso = 0.0 MHz, (T(1), T(2)) = (4.4, 4.5)
MHz, βrot = 48°, and Δβ = 120° (Figure 3 and Figure S1 of the
Supporting Information) show that this model accounts well
for the combination frequency cross peaks observed at lower
fields. Simulations that considered Aiso to be in the range of
0.5−1.0 MHz were unsatisfactory for several reasons. At 200
and 220 mT, they failed to properly account for the
combination frequency cross peak positions. In the range of
220−240 mT, they predicted intensity ratios for the two “lobes”
of the heart-shaped contours of equal intensity, and at 300 mT,
these simulations could not account for the position or shape of
the cross peak resolved at (10.7, 16.8) MHz. These deficiencies
were used to place a limit of ±0.3 MHz on the Aiso value for the
water protons.
These experimental observations and the 1H hyperfine

coupling parameters derived from their analysis are nearly
identical to those measured for water bound to a series of
model complexes of the type {FeNO}7(N2Ox)(H2O)x−3, where
x = 1−3. These model complexes were based on a ligand that
was developed to mimic the N2O core of the facial triad and
could be modified with the addition of acetate groups to make
it tridentate (N2O), tetradentate (N2O2), and pentadentate
(N2O3). As a result, the NO and water ligands are cis to one

Figure 3. HYSCORE data (colored contours) and simulations (red
contours) for the TyrH/NO/Tyr complex. The data are expansions of
the spectra shown at 240, 260, and 280 mT in Figure 2. The
simulations shown in the left column considered a single coordinated
water molecule with 1H hyperfine couplings given by (θbond, ϕbond) =
(90°, 0°), βrot = 48°, Δβ = 120°, (T(1), T(2)) = (4.4,4.5) MHz, and
Aiso

(1,2) = 0.0 MHz. The simulations shown in the right column
consider three protons with the first two being from water as specified
for the left column, and the third one being described by (θbond, ϕbond)
= (90°, 90°), βrot = 34°, T(3) = 3.8 MHz, and Aiso

(3) = 2.0 MHz. For
both sets of simulations, a single S = 3/2 paramagnetic center with D =
3.0 × 105 MHz, |E| = 5100 MHz, and go = 2.02 was considered.
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a n o t h e r f o r bo t h {F eNO} 7 (N 2O) (H 2O) 2 and
{FeNO}7(N2O2)(H2O) complexes.45 HYSCORE experiments
performed on these complexes showed that water bound to the
{FeNO}7 center was characterized by an Aiso of 0.0 ± 0.3 MHz
and dipolar coupling values, T, that ranged from 4.6 to 4.9
MHz. Furthermore, these studies mirrored those presented
here for TyrH in that cross peaks arising from the fundamental
1H hyperfine frequencies were resolved over only a limited
range of magnetic-field strengths from 220 to 300 mT, while
correlations arising from combination frequencies were
observed at lower fields.46

However, the simulations based on a single coordinated
water (left sides of Figure 3 and Figure S2 of the Supporting
Information) differ from the data in two important respects.
The most obvious shortcoming is that they fail to account for
the wedge shape of the cross peak contours that are resolved
from 240 to 280 mT. The best way to account for the wedge
shape and its magnetic-field dependence was to add a third
proton to the simulation and to include an isotropic
contribution to its hyperfine coupling to distinguish the
trajectory of its coupling ridge from those attributed to water.
These adjustments yielded an Aiso of 2.0 MHz along with a

Figure 4. HYSCORE data (colored contours) compared to simulations (red contours) for the full data set shown in Figure 2. The simulations were
conducted using a three-proton model considering one water ligand described by (θbond, ϕbond) = (90°, 0°), βrot = 48°, Δβ = 120°, (T(1), T(2)) = (4.4,
4.5) MHz, and Aiso

(1,2) = 0.0 MHz and one hydroxide ligand described by (θbond, ϕbond) = (90°, 90°), βrot = 34°, T(3) = 3.8 MHz, and Aiso
(3) = 2.0

MHz. For both sets of simulations, a single S = 3/2 paramagnetic center with D = 3.0 × 105 MHz, |E| = 5100 MHz, and go = 2.02 was considered.

Figure 5. HYSCORE spectra of the TyrH/NO/Tyr/6-MPH4 complex. Data were collected under the following conditions: microwave frequency,
9.687 GHz; sample temperature, 4.0 K; time increment, 16 ns; pulse sequence repetition rate, 1 kHz; data set dimensions, 128 × 128; and τ values,
116 ns at 200 mT, 108 ns at 220 mT, 96 ns at 240 mT, 92 ns at 260 mT, 84 ns at 280 mT, and 156 ns at 300 mT. The contours are color-coded for
intensity ranging from purple (weak) to red (strong).
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reduced dipolar coupling T of 3.8 MHz. This value of Aiso is
double those reported for water molecules bound equatorially
to Cu(II) in the Tutton salts,29 and its non-zero value
distinguishes it from the water molecules bound to the S = 3/2
paramagnetic centers of the {FeNO}7(N2O)(H2O)2 and
{FeNO}7(N2O2)(H2O) model complexes.46 Given its labile
nature and what we know about the structure of the Fe site
from X-ray crystallographic studies, we assigned these couplings
to a hydroxide ligand. We used the framework developed above
for bound water to specify the Euler angles needed to orient the
axial proton hyperfine coupling tensor of OH− and found that
(θbond, ϕbond) = (90°, 90°) and βrot = 34° yielded satisfactory
simulations (Figure 3, right column).
Our assignment of these distinct coupling values to

hydroxide is supported by a detailed spectroscopic character-
ization of Hg-substituted Rhus vernicifera laccase, in which a
strongly coupled, exchangeable proton associated with the type
2 Cu(II) site was assigned to a hydroxide ligand. While the
hyperfine couplings of the hydroxide proton were not
determined, these authors reported a Q-band 2H ENDOR
spectrum of 2H2O-exchanged enzyme and used it as evidence
of a strong exchangeable proton coupling.47 Scaling our 1H
hyperfine coupling values (Aiso = 2.0 MHz, and T = 3.8 MHz)
to ones appropriate for deuterium and using the experimental
conditions given for the laccase work, we performed an
ENDOR simulation for comparison with the published spectra
for the 2H2O-exchanged type 2 Cu(II) site. Our simulated
spectrum (Figure S5 of the Supporting Information) shows a
frequency width between the low- and high-frequency
shoulders of 1.5 MHz that compares well with the value of
1.4 MHz measured from the laccase data.
The second shortcoming of the single-water model concerns

the relative intensities of the cross peaks predicted along each
coupling ridge over the field range of 220−300 mT in Figure 3
and Figure S2 of the Supporting Information. Specifically, for a
single coupled water bound cis to NO, HYSCORE simulations

show cross peaks at four positions along each coupling ridge.
The cross peaks predicted at (5.6, 17.2) and (6.8, 16.6) MHz at
240 mT (Figure 3, top left simulations) are positioned at
orientation-averaged values weighted by A∥ and A⊥ for both
protons and are associated with the canonical orientation of the
ZFS tensor that lies along the Fe−OH2 bond. In contrast, the
cross peak predicted at (7.3, 13.5) MHz originates from the
ZFS canonical orientation perpendicular to the Fe−OH2 bond
where the orientation-averaged coupling is weighted almost
entirely by A⊥ for both protons. Because the dispersion in the
A⊥ values is small, only a single cross peak is predicted near the
ωp ± A⊥ position along the anti-diagonal, and its intensity,
which can be judged by the density of contours, is comparable
to those resolved at (5.6, 17.2) and (6.8, 16.6) MHz. When the
hydroxide or a second water is added, it must be positioned at
the other open coordination position yielding a fac arrangement
for NO, H2O, and OH−/H2O. The orientation averaging now
samples the full extent of the hyperfine tensor for at least one
proton at both of the canonical orientations mentioned above.
The simulations for the one-H2O, one-OH

− model consider all
three protons simultaneously, and the resulting HYSCORE
product functions show a loss of intensity for the cross peaks
resolved at the ωp ± A⊥ positions along each ridge. These
simulations (right side of Figure 3 and Figure S2 of the
Supporting Information) reveal relative cross peak intensities
that are in better agreement with the HYSCORE data of Figure
2. We conclude that the TyrH/NO/Tyr ternary complex has
both water and hydroxide ligands bound to its open
coordination sites and that the carboxylate side chain of
Glu376 retains its monodentate coordination to Fe(II). The
TyrH/Tyr complex would then have as ligands two histidines, a
monodentate glutamate, two waters, and one hydroxide.
The difference in hyperfine couplings measured for the water

ligand [Aiso = 0.0 ± 0.3 MHz; (T(1), T(2)) = 4.4, 4.5 ± 0.2
MHz] and hydroxide (Aiso = 2.0 MHz; T = 3.8 MHz) could
stem from their structural relationship with the NO ligand.

Figure 6. HYSCORE spectra recoded for the TyrH/NO/ty/6-MPH4 complex (colored contours) compared to HYSCORE simulations (red
contours). The data are identical to those shown in Figure 5, and the simulations consider a single proton described by the hyperfine couplings: βhf =
68°, γhf = 90°, T = 3.8 MHz, and Aiso = 0.0 MHz. The simulations considered the paramagnetic center to be a mixture of two species with D = 3.0 ×
105 MHz, |E|(1) = 6000 MHz (60% of the signal amplitude), |E|(2) = 15000 MHz (40% amplitude), and go = 2.02. The results of simulations
conducted for each species were added to yield the red contours in the figure.
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Electronic structure calculations have shown that the S = 3/2
{FeNO}7 center is best viewed as an S = 5/2 Fe3+

antiferromagnetically coupled to an S = 1 NO−.37,48 Recently,
Silakov and co-workers have used a distributed spin model
based on this electronic structure to interpret 2H hyperfine
couplings they obtained from Q-band HYSCORE studies of
{FeNO}7 derivatives of a 2-ketoglutarate-dependent halogen-
ase, SyrB2.49 Because the unpaired electron spin on the NO is
of opposite sign, a proton closely associated with the oxygen
atom of NO would be expected to show a dipolar coupling
smaller than those at a greater distances. Figure 7a shows a

proposed structure for the arrangement of the NO, OH−, and
H2O ligands coordinated to the active site Fe. In this structure,
the atoms of the {Fe-NO}7 center are coplanar with the Fe−
OH− bond. The βrot angles obtained from our HYSCORE
simulations, 34° for the hydroxide proton and 48° and 168° for
the water protons, were used to orient the ligand protons.
Considering Fe−OH− and Fe−OH2 bonds to be 2.1 Å
(Scheme 2) and using an Fe−NO structure commensurate with

those reported for several model complexes (Fe−N bond, 1.75
Å; N−O bond, 1.15 Å; Fe−N−O bond angle, 160°), the
hydroxide proton, H(3), is found to be nearly equidistant from
Fe and N, 2.6 Å, and just 2.9 Å from the oxygen atom of
NO.37,50,51 Using the model provided by Silakov and co-
workers, the dipolar coupling for H(3) was predicted to be 4.7
MHz.49 Repeating this calculation for the protons of the water
ligand where the distances to the NO oxygen are 3.8 Å [H(1)]
and 4.5 Å [H(2)], one obtains dipolar couplings of 5.0 and 5.6
MHz, respectively. While these predicted couplings are larger
than those measured in this study, they predict that the dipolar
coupling for the hydroxide proton [H(3)] will be 0.9 MHz lower
than the coupling for H(2) of the water ligand. This predicted
difference is within experimental error of the value of 0.7 MHz
reported here.
The 1H HYSCORE spectra recorded for the TyrH/NO/

Tyr/6-MPH4 quaternary complex differ from those of the
TyrH/NO/Tyr complex in several respects. Correlations
arising from the fundamental proton hyperfine frequencies of
a 1H with a large dipolar coupling were observed across the
entire range from 200 to 300 mT of magnetic-field values
(Figure 5). The fundamental and combination frequency cross
peaks seen in the TyrH/NO/Tyr complex are absent from
spectra collected for the TyrH/NO/Tyr/6-MPH4 complex. No
combination peaks are observed at the lower fields, indicating
that these cross peaks originate from a single proton. Our
analysis was based on a single proton characterized by hyperfine
couplings of Aiso = 0.0 MHz, T = 3.8 MHz, and Euler rotation
angles of βhf = 68° and γhf = 90° (Figure 6). These couplings
are distinct from those reported above for the ternary complex
with Tyr. Figure S6 of the Supporting Information shows an
overlay of the simulations conducted for the TyrH/NO/Tyr
(black) and TyrH/NO/Tyr/6-MPH4 (red) enzyme com-
plexes. The quaternary complex yields cross peaks that trace
a coupling ridge as a function of field strength that is very
different from the two ridges that characterize the TyrH/NO/
Tyr complex. The absence of combination cross peaks and the
smaller dipolar coupling, in comparison to those found for the
ternary complex and for {FeNO}7 model complexes, rules out
the possibility that this coupling originates from bound water.46

While the dipolar coupling is identical to that attributed to a
hydroxide ligand for the ternary complex, the Aiso value of 0.0
MHz serves to distinguish it.
We previously found27 that the cw-EPR spectrum of the

TyrH/NO/Tyr complex was consistent with more than 90% of
the S = 3/2 EPR signal arising from a single paramagnetic
species characterized by |E|/D = 0.017, with the remaining 10%
of the signal featuring a rhombicity in the ZFS interaction of
|E|/D = 0.04. In contrast, the data for the wild-type and E332A
TyrH/NO/Tyr/6-MPH4 complexes suggested that each was a
composite of two paramagnetic species, a major component
with |E|/D = 0.02 that accounted for 60% of the EPR signal
amplitude, and a minor component with |E|/D = 0.05. Both
species showed comparable strains in |E|. For the analysis of 2H
ESEEM data, it was assumed that NO coordinated to Fe at the
same position relative to the ligands of the facial triad for both
species and that the modest difference in |E|/D arose from
different rotational conformations of NO about the Fe−NO
bond, and/or different Fe−N−O bond angles.27,48,52 While this
interpretation had been adopted previously for EPR studies of
{FeNO}7 adducts of a bacterial PheH,53 it cast doubt on the 2H
ESEEM analysis as the hyperfine couplings that were analyzed
in that study were weak so that the spectra had few

Figure 7. (a) Stick structure showing the proposed relationship
between the {FeNO}7 center of the TyrH/NO/Tyr ternary complex
and the coordinated water and hydroxide ligands. The Fe−OH−, Fe−
OH2, and Fe−NO bond lengths were 2.1, 2.1, and 1.75 Å, respectively.
The NO bond length was 1.15 Å, and the Fe−N−O bond angle was
160°. βrot angles for the proton orientations were 34°, 48°, and 168°
for H(3), H(1), and H(2), respectively. (b) Active site of PheH
cocrystallized with BH4 and soaked with thienylalanine, a “slow
substrate” (PDB entry 1MMK). The black arrow was drawn along one
of the Fe2+−O bonds to the glutamate ligand and is proposed as the
bond axis for NO ligation. Taking this arrow as the z-axis of the
magnetic coordinate system, we find the polar angle that describes the
orientation of N5

1H of the pterin is 72° and the distance from Fe to
this proton is 2.8 Å. H atoms were drawn on this structure using
MacPyMol, and the angle and distance were measured with this
program, as well.
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distinguishing features. The resolution of the HYSCORE data
presented in Figure 5 for the TyrH/NO/Tyr/6-MPH4 adduct
and, more specifically, the resolution of the coupling ridges for
the proton characterized by the 3.8 MHz dipolar coupling
strengthen the argument that NO is bound to Fe at a unique
position with respect to the other ligands of the facial triad. It
would be fortuitous for a mixture, especially one characterized
by a 60/40 speciation, to give rise to a single set of cross peaks
across the entire width of the EPR spectrum.
Previous 2H ESEEM studies of the quaternary complex of

TyrH prepared with 3,5-2H2-Tyr and 6-MPH4 showed a dipolar
distance between the substrate and the {FeNO}7 center of 4.7
± 0.2 Å and an orientation for this coupling vector of 86 ± 10°
with respect to the Fe−NO bond axis. For quaternary TyrH
complexes prepared with 6,7-2H2-6-MPH4, the effective
distance to the closest deuteron was found to be 4.4 ± 0.2 Å
with the coupling vector making a 66 ± 5° angle with the Fe−
NO bond.27 These data were interpreted structurally within the
framework of the crystal structure obtained for the catalytic
domain of PheH cocrystallized with tetrahydrobiopterin and
soaked with thienylalanine (Figure 7b, PDB entry 1MMK).
Assuming that substrate Tyr is bound at the active site in a
fashion similar to that of thienylalanine, we concluded that NO
must coordinate to Fe so that it is cis to the histidyl ligands and
trans to one of the carboxylate oxygen atoms of the glutamate
residue. Figure 7b shows this structure with an arrow drawn to
represent the proposed direction for the Fe−NO bond.
Coordination of NO in this fashion would provide a five-
coordinate quaternary complex in agreement with the results of
VTVH MCD studies and account for the absence of water and
hydroxide ligands commensurate with our HYSCORE results.7

The closest exchangeable 1H would be the N5
1H of the pterin.

Placing protons into the crystal structure and evaluating the
orientation of the pterin N5 proton with respect to the
proposed orientation of the Fe−NO bond yield an Fe−1H
distance of 2.8 Å and an orientation angle of 72°. The strongly
coupled exchangeable proton detected in our HYSCORE
measurements was characterized by a dipolar coupling of 3.8
MHz and an orientation of the hyperfine tensor principal axis
with respect to the Fe−NO bond given by βhf = 68°. The
dipolar coupling value translates into a dipolar distance of 2.7 Å
(eq 3). Given this agreement, we assign this coupling to the N5
proton of the 6-MPH4 cofactor.
NO is typically thought to bind as an O2 analogue in

spectroscopic and structural studies of non-heme iron proteins.
A pentacoordinate TyrH iron complex containing NO thus
suggests that binding of O2 to the pentacoordinate complex
with Tyr and pterin displaces the remaining water to form a
pentacoordinate O2 complex. This is in contrast to a model in
which formation of a pentacoordinate complex opens up a site
for oxygen to bind. It is not possible to rule out the possibility
that the binding of NO in a stable complex differs from the
binding of O2 to an unstable and transiently formed catalytic
intermediate. Still, the NO complex of TyrH provides a unique
probe of the structural changes that occur in the active site that
are required for a productive reaction with O2.
Finally, 1H HYSCORE spectra of the quaternary complex of

the TyrH variant E332A were identical to those obtained for
the wild-type enzyme. This mutant protein is representative of
a large number of mutants of both TyrH and PheH in its
uncoupling of tetrahydropterin oxidation from amino acid
hydroxylation. These results are in agreement with the
conclusions from a previous study27 that the uncoupling of

tyrosine hydroxylation from the pterin oxidation chemistry that
results from this mutation is not due to an inability to form the
reactive complex with oxygen. Rather, it is likely due to active
site altered dynamics resulting from the loss of the stabilizing
interaction between the pterin and Glu332. These altered
dynamics would result in an unproductive decay of the
quaternary complex of Tyr, tetrahydropterin, and O2. Less
complete studies of other aromatic amino acid hydroxylase
mutants suggest that uncoupling can occur at multiple steps
prior to addition of oxygen to the amino acid substrate. S395A
TyrH forms the HO-pterin product with the same kcat value as
the wild-type enzyme, but the hydroxylation of Tyr by this
enzyme is 99% uncoupled from tetrahydropterin oxidation.54

Spectroscopic studies of complexes of two PheH mutants that
also exhibit uncoupling established that the R158Q enzyme
could still form a pentacoordinate complex in the presence of
phenylalanine and the air-stable 5-deaza-6-methyl-tetrahydrop-
terin, but that the iron in the E280K enzyme remained
hexacoordinate.55 Both of these residues are located outside of
the PheH active site, unlike Glu332 and Ser395 in TyrH. This
sensitivity of the coupling of tetrahydropterin oxidation, oxygen
activation, and amino acid hydroxylation illustrates that catalysis
of a productive reaction by this family of non-heme enzyme
monooxygenases requires exquisitely fine-tuning of the protein
structure.

■ SUMMARY

The results presented in this study show that the labile
coordination sites at the Fe(II) catalytic center of TyrH treated
with substrate Tyr and poised in an S = 3/2 state by the addition
of NO are occupied by the fac coordination of NO, H2O, and
OH−. The addition of 6-MPH4 to produce the TyrH/NO/Tyr/
6-MPH4 quaternary complex leads to the displacement of both
water and hydroxide ligands and gives rise to a new 1H
hyperfine coupling that was distinguished in HYSCORE
measurements. This new coupling can be assigned to N5

1H
of reduced pterin using a framework provided by X-ray
crystallographic studies of PheH and previous ESEEM studies
of TyrH.
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TyrH, tyrosine hydroxylase; PheH, phenylalanine hydroxylase;
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