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ABSTRACT: Electron paramagnetic resonance (EPR) experi-
ments were done on a series of S = 3/, ferrous nitrosyl model
complexes prepared with chelating ligands that mimic the 2-
His-1-carboxylate facial triad iron binding motif of the
mononuclear nonheme iron oxidases. These complexes
formed a comparative family, {FeNO}’(N,0,)(H,0);_, with
x = 1—3, where the labile coordination sites for the binding of
NO and solvent water were fac for x = 1 and cis for x = 2. The
continuous-wave EPR spectra of these three complexes were
typical of high-spin S = */, transition-metal ions with
resonances near ¢ = 4 and 2. Orientation-selective hyperfine 4 8 12 16 22
sublevel correlation (HYSCORE) spectra revealed cross peaks f1 (MHz)

arising from the protons of coordinated water in a clean

spectral window from g = 3.0 to 2.3. These cross peaks were absent for the {FeNO}’(N,0;) complex. HYSCORE spectra were
analyzed using a straightforward model for defining the spin Hamiltonian parameters of bound water and showed that, for the
{FeNO}"(N,0,)(H,0) complex, a single water conformer with an isotropic hyperfine coupling, A;, = 0.0 + 0.3 MHz, and a
dipolar coupling of T = 4.8 + 0.2 MHz could account for the data. For the {FeNO}’(N,0)(H,0), complex, the HYSCORE
cross peaks assigned to coordinated water showed more frequency dispersion and were analyzed with discrete orientations and
hyperfine couplings for the two water molecules that accounted for the observed orientation-selective contour shapes. The use of
three-pulse electron spin echo envelope modulation (ESEEM) data to quantify the number of water ligands coordinated to the
{FeNO}’ centers was explored. For this aspect of the study, HYSCORE spectra were important for defining a spectral window
where empirical integration of ESEEM spectra would be the most accurate.

f2 (MHz)
S

B INTRODUCTION Our specific interest in MNOs is in the oxygen-activating
pterin-dependent hydroxlase, phenylalanine hydroxylase
(PheH), which catalyzes hydroxylation of the phenyl side
chain of the substrate L-phenylalanine (rL-phe) to form L-
tyrosine.” This is an important first step in the metabolism of
phe, with dysfunction in the enzyme leading to the disease
Phenylketonuria (PKU).® Catalytic turnover requires binding of
the substrate L-phe, a cofactor, tetrahydrobiopterin (BH,), and
molecular oxygen. The foundation for understanding struc-
ture—function relationships and the catalytic mechanism of

The mononuclear nonheme iron oxygenases (MNOs) catalyze
a broad range of biologically important reactions using a highly
conserved iron binding site that is often referred to as the 2-
His-1-carboxylate “facial triad”." For this structural motif, the
metal ion is bound to the enzyme by the facial coordination of
the imidazole side chains of two histidines and the carboxylate
side chain of either glutamate or aspartate residues. This NNO
coordination scheme leaves three open coordination sites that

are fac to one another to accommodate possible binding of the PheH comes from a series of X-ray crystallographic structures
substrate, cofactor, and molecular oxygen during catalysis. of a truncated form of the enzyme with the iron in its active
Outside of this common iron-binding scheme, the enzymes that oxidation state, Fe'. Structures of the enzyme crystallized
belong to this family show very little sequence homology.® As a without r-phe and BH,, cocrystallized with BH,, and
result, details of the chemistry that occurs at the open cocrystallized with BH, and soaked with “slow” substrates,
coordination positions on iron and the structure of the
surrounding protein environment are central to understanding Received: April 8, 2015
the catalytic mechanism. Published: June 19, 2015
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thienylalanine and norleucine, are available.”™ Overall, these
structures show that neither cofactor BH, nor the “slow”
substrates bind directly to the Fe' center. However, they do
bind to the active site as second-sphere ligands, and their
coordination leads to conformational changes in the protein
that prepare the system for oxygen binding and catalysis. The
structural information for this enzyme is incomplete. The
enzyme has not been crystallized with substrate, and attempts
to soak L-phe in crystals grown with truncated enzyme and BH,
resulted in dissolution of the crystals.8 In addition, PheH is
allosterically regulated by substrate L-phe, and the truncated
form of the protein that has been crystallized lacks the
regulatory domain.'%™"?

Important information regarding structure—function rela-
tionships has also come from spectroscopic measurements.
Specifically, X-ray absorption spectroscopy and variable-
temperature variable-field magnetic circular dichroism spec-
troscopy have provided information on the changes in Fe'
coordination that accompany the substrate and cofactor
binding and that facilitate its reactivity with molecular
oxygen.''™'® Rapid freeze quench Mdssbauer spectroscopy
has been used to identify a key iron(IV) oxo intermediate in
tyrosine hydroxylase, another enzyme in this family.'* While
these spectroscopic methods have the advantage of being able
to use a full-length enzyme and biologically relevant substrates
and cofactors, they probe the electronic structure of iron and
provide details regarding its coordination geometry and
oxidation—reduction state.

In an effort to structurally characterize Fe' ligation and
binding of the substrate and cofactor to the catalytic site of
MNOs, we have employed the pulsed electron paramagnetic
resonance (EPR) method of electron spin echo envelope
modulation (ESEEM)."> Our studies make use of the
methodology first employed by Rich et al.'® and developed
fully by the Lipscomb'’~"® and Hoffman**~** laboratories for
the study of MNOs. Specifically, we used NO as a surrogate for
molecular oxygen to poise the S = 2 Fe'' center in an § = 3/,
{FeNO}’ form that is amenable to X-band EPR spectroscopy.”
In addition to creating an EPR-active catalytic site, NO
coordination serves to approximate oxygen binding and the
Fe—NO bond provides a reference for the interpretation of
ligand hyperfine couplings in terms of structure.”***

An important question for understanding the catalytic
mechanism of PheH and structural changes at the Fe' site
associated with allosteric control of the catalytic activity
involves the measurement and quantification of bound water.
Because ligand hyperfine interactions for water molecules
bound to paramagnetic transition ions are typically charac-
terized by large anisotropic proton couplings,26 their con-
tributions to ESEEM spectra should be easily distinguished
from proton couplings arising from the histidine ligands using
the two-dimensional, four—;)ulse hyperfine sublevel correlation
(HYSCORE) technique.””*® Indeed, previous HYSCORE
studies of high-spin met-myoglobin yielded highly resolved
"N and 'H cross peaks from heme, histidylimidazole, and
coordinated water.””*° Unfortunately, preliminary HYSCORE
studies of {FeNO}’ adducts of PheH proved too complex to
definitively assign cross peaks to water molecules coordinated
to the S = 3/2 center.>! As a result of this early setback, we
turned to a series of iron(Il) model complexes, 1-3
respectively containing the ligands 2-[[[2-(dimethylamino)-
ethyl]methyl]amino]acetic acid (N,0,), 2,2'-[ethane-1,2-
diylbis(methylazanediyl) ]diacetic acid (N,0,), and 2,2'-[2-
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[[ (carboxymethyl)methyl]amino]ethylazanediyl]diacetic acid
(N,03) (Scheme 1). As demonstrated by X-ray crystallographic

Scheme 1. Structures of 1—-FeN,0, (Left), 2—FeN,O,
(Middle), and 3—FeN,O; (Right)
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characterization, each of these ligands presents a core facial
N,N,O binding motif to iron(II), but they differ in the number
of carboxylate ligands so that complexes with one (N,03), two
(N,0,), and three (N,O) open-coordination sites are
realized.>* Treatment with NO in aqueous buffer yielded
three complexes, {FeNO}’(N,0)(H,0), (1:NO),
{FeNO} (N,0,)(H,0) (2'NO), and {FeNO}(N,0;) (3
NO), that were studied with continuous-wave (cw) EPR,
ESEEM, and HYSCORE at the X band. Our results provide a
protocol for detecting, characterizing, and possibly quantifying
water bound to the high-spin S = 3/, {FeNO}’ adducts of
MNOs.

B EXPERIMENTAL SECTION

Sample Preparation. Solvents used for sample preparation were
freeze—pump—thawed for four cycles. All manipulations involving
ferrous complexes and nitrosyl adducts were carried out in an inert-
atmosphere (N,) glovebox, except where noted. Nitric oxide (NO) gas
(99+%) was purchased from Air Gas (Maumee, OH) and used
without further purification. The ferrous complexes were prepared by
literature procedures.® Stock solutions of 1—3 were prepared in
Schlenk flasks using degassed H,0- or D,0O-based and pH 6.5 3-(N-
morpholino)propanesulfonic acid (MOPS) buffer. The flask was
evacuated, and the headspace above the stirring sample was
subsequently charged with 3—S PSI of NO gas. The colorless solution
turned immediately orange upon formation of the nitrosyl complex.
The sample was allowed to stir for ~1 min, the flask was evacuated,
and the sample was brought back into the inert-atmosphere glovebox
for further manipulation. Samples were then diluted to 5 mM with
degassed 50:50 glycerol/H(D),O as the glassing agent for a ~40%
final glycerol content. The samples were loaded into EPR tubes, frozen
in N,(1), and shipped in a cryogenic shipping container charged with
N,(1).

EPR Spectroscopy. cw-EPR and pulse EPR experiments were
performed at X band with a Bruker E-680X spectrometer equipped
with an ER4118X-MD-5-W1 probe that featured a S mm dielectric
resonator. Sample temperatures were maintained at 4.0 K using an
Oxford Instruments CF-935 liquid-helium cryostat and a model ITC-
503 temperature controller. For cw-EPR measurements, the probe was
critically coupled and a nonsaturating microwave power of 6.3 yW was
used. Data were collected over a magnetic field range of 120—360 mT
using a microwave frequency of 9.68 GHz, a magnetic field modulation
amplitude of 0.8 mT, and a field modulation frequency of 10 kHz. All
spectra were single scans and were collected with a time constant of 40
ms.

Pulse EPR data were collected under the same conditions with the
sample probe overcoupled to the extent that a /2 pulse of 16 ns (full-
width at half maximum, fwhm) duration required a peak microwave
power of 200 W. Three-pulse ESEEM data were collected using the
standard (7/2—7—n/2—t—n/2) sequence together with a four-step
phase cycling scheme for eliminating contributions from two-pulse
echoes and offset voltages.®® Because the samples studied in this work
showed T,* values of approximately 100 ns, 7 values were set to either
the first or second integer multiple of the period of the 'H Larmor
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frequency at each magnetic field position studied. The values for t were
scanned from 40 ns to over 6 ys using a 12 ns time increment. Pulse
sequence repetition rates of 1 kHz were used in our data acquisition,
with each data point representing an average of 800 events. Three-
pulse ESEEM spectra were derived from time domain data that were
normalized by the division of a biexponential background decay
function from the real portion of the data. The resulting modulation
function was then processed by subtracting a second-order polynomial
to remove the unmodulated component, tapered with a Hamming
window, zero-filled to 1024 points, and Fourier-transformed. Absolute
value spectra are presented.

HYSCORE data were collected using a four-pulse sequence (7/
2—1—7/2—t,—m—t,—7/2). Most of the data were collected using a
single microwave channel with /2 pulses of 16 ns fwhm and 7 pulse
widths of 28—32 ns. Data collected using a separately attenuated
microwave channel to allow for both the 7/2 and 7 pulse widths to be
set to 16 ns fwhm (800 W peak power) showed diagonal peak
amplitudes that were reduced by a factor of 2 but gave similar
intensities for the cross peaks that were analyzed in this study.”® 7
values were set as described above, while ¢, and t, were scanned from
40 ns to just over 2 ys using a 16 ns time increment. Data sets of 128
X 128 time points were collected. A four-step phase cgcling scheme
was used to eliminate unwanted echoes from the data.** HYSCORE
data were processed using a second-order polynomial to subtract the
background decay in each time dimension, followed by application of a
Hamming window, data set extension to 256 points, and two-
dimensional fast Fourier transform. The absolute values of the
resulting frequency spectra are presented as contour plots using a
plotting threshold of 10—15% of the maximum peak amplitude.

Analysis. cw-EPR spectra were analyzed using the “pepper”
module of EasySpin 4.5.5°° running in the MATLAB 2014a
environment (The Mathworks, Natick, MA). All three of the
{FeNO}'(N,0,)(H,0);_, samples showed nearly axial line shapes
with features near g = 4 and 2. Such spectra are typical for S = */,
paramagnetic centers, where the EPR spectrum originates from the
= +'/, 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 (ZFS) term and an isotropic, spin-
only, electronic Zeeman term (eq 1).° f, and B in eq 1 are the Bohr
magneton and applied magnetic field vector, respectively.

N E A2 a2 A
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D represents the ZFS interaction and has been estimated from
previous EPR, magnetic susceptibility, and Mdssbauer studies of NO-
treated nonheme Fe?* enzymes and other {FeNO}’ model complexes
to be approximately 3.0 x 10° MHz (10 cm™)."”***>*” For our
analyses, we set D = 3.0 X 10° MHz and varied |E| and the intrinsic
EPR line widths, AH,, and AH,, associated with the x and y canonical
orientations of the ZFS interaction to fit the cw-EPR spectrum over an
interval of 65 mT in the g = 4 region. The value of g, was adjusted to
align the simulations with the data and was set to 2.01S for analysis of
the spectra obtained in this study. The quality of our cw-EPR
simulations was judged by determining a normalized * value (eq 2),
where the sum is over N data points in the g = 4 region, y/** and yfalc
are the experimental and calculated spectral amplitudes at a given
magnetic field position, and L is the number of adjustable parameters
for the simulation. The standard deviation for these spectra, o, was
fixed at 2% of the maximum spectral amplitude for each data set.
Parameters were varied to achieve a minimum in y* using the function
“fminsearch” that is resident in MATLAB.

e calc
ZN G = yey

2 i=1 o2

i )

Proton HYSCORE spectra were analyzed using the “saffron”
module of EasySpin 4.5.5.%® These calculations were based on an S =
3/, electron-spin system and used the |El/D and g, values obtained
from analysis of the cw-EPR spectra. Our task for these simulations

N-L
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was to model the HYSCORE response of water molecules bound to
the {FeNO}’ paramagnetic center. For each water proton, the spin
Hamiltonian that describes its ligand hyperfine coupling is given by the
sum of the nuclear Zeeman and electron—nuclear hyperfine coupling
terms (eq 3).

A= B+ Sl ®
Tand § in eq 3 are the nuclear and electron-spin angular momentum
operators, respectively, B is the applied magnetic field vector, and y,, 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.

Previous single-crystal ENDOR studies of Cu(H,0),** showed that
the proton hyperfine coupling of bound water molecules was primarily
anisotropic in nature. For water ligands bound equatorially to Cu”, the
isotropic, or scalar, portion of the proton hyperfine interaction was
found to be <1 MHz even though considerable unpaired spin density
resides on the coordinated oxygen atom. The anisotropic portion of
the proton hyperfine couplings was found to be of rhombic symmetry.
For the axially bound water ligands of this complex, the authors
measured an isotropic proton hyperfine coupling of zero and found
that the anisotropic portion of the coupling was of axial symmetry and
in line with values that could be predicted using the point dipole—
dipole approximation.”® Recent ENDOR studies of {FeNO}” adducts
of the nonheme iron enzyme l-aminocyclopropane-1-carboxylic acid
oxidase have shown that the ligand hyperfine couplings for the
coordinated histidine nitrogen atoms and the nitrogen atom of
coordinated NO are in the 10 MHz range,22 weaker than the
corresponding couplings measured for histidyl nitrogen coordinated
equatorially to Cu'' in proteins and model complexes.***® These
results provided a framework for modeling the proton hyperfine
coupling tensors for water molecules bound to Fe' in our model
complexes. Specifically, the hyperfine interaction was modeled with a
simple dipolar coupling tensor whose principal values were given by
(Ao — T, Ao — T, Ay + 2T) with A, = 0, and with the principal axis
of the tensor being directed along a line connecting Fe" with the
coupled proton.

T= (ﬂ)%

4n) (4)

To be used in an ESEEM or HYSCORE simulation, the diagonal
hyperfine tensor described above must be transformed into the PAS of
the ZFS interaction. In EasySpin, this is done with a Euler
transformation that uses a zy’z’ rotation scheme described by the
Euler angles @, f, and , respectively. Because the hyperfine tensor has
axial symmetry, only the § and y 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 knowledge of the molecular structure, and electronic
structure calculations that place the prmcfal axis of the ZFS
interaction within 5° of the Fe—NO bond.** For our simulations,
we adopted an elementary picture of the water molecule, with the
oxygen atom being sp>-hybridized and the ligand coordinating to Fe
through one of the oxygen atoms’ 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—OH, bond. Then, assuming an Fe'~O bond length of 2.0 A, an
O—H bond length of 1.0 A, and an Fe—O—H 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'—
OH, 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 because one still
must provide polar and azimuthal angles to position the Fe—O bond in
the ZFS axis system, O},,q and ¢yo,q, along with S, and AS to define
the positions of the protons on the cone base (Scheme 2b). However,
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Scheme 2. Model Used To Determine the Euler Angles for
Describing Coordinated Water Proton Hyperfine Couplings
As Described in the Text”
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“(a) Elementary structure used to develop eqs S—8. T is the dipolar
coupling calculated using eq 4 and an Fe—H distance of 2.5 A. (b)
View down the Fe—OH, bond showing the relationship between the
Fe—NO bond axis and rotation angles that position the water protons.

this description 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 done for protons 1 and 2 of a bound water molecule
having the geometry described above (Scheme 2) are given in eqs
5-8.

Byt = Opona — tan”'[0.94 cos(B, ) /2.34] (5)
Yot = Poong — tan '[0.94 sin(B_,)/2.34] (6)
By = Opona — tan"'[0.94 cos(B, + AB)/2.34] (7)
ooy = Prong — tan [0.94sin(B_, + AB)/2.34] (8)

Because water ligands bound to Fe'' are expected to be cis to the Fe—
NO bond axis, the value of 0,4 should be close to 90°. The near axial
symmetry of the cw-EPR spectrum reduces the importance of ¢4
but if two water molecules are considered in a simulation, the ¢y,nq
values should be approximately 90° apart. Finally, the value of A
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 and T®, and a value for f3,,,. The value
of By,,g, nominally 90°, was adjusted over a +5° range when needed to
account for proton cross-peak positions measured in HYSCORE
experiments.

B RESULTS

The inset to Figure 1 shows the cw-EPR spectrum of 1'NO
collected at 9.68 GHz. The spectrum shows an axial line shape
with features at g = 4 and 2. Figure la shows an expanded plot
of the g = 4 feature, with the experimental data being given in
black and a best-fit simulation in red. The simulation was done
with |El/D = 0.001, AH, = 200 MHz, and AHy = 360 MHz and
yielded y,* = 0.2. Because strain in the ZFS parameters D and E
was not included in our calculations, the line-width parameters
AH, and AH, consist of contributions from strain in the ZFS
parameters, and the typical magnetic and dynamic interactions
that contribute to the intrinsic line shape. This simplified
approach to analysis of the cw-EPR data was chosen because
only the [El/D and g, values are needed for ESEEM and
HYSCORE simulations. Parts b and c of Figure 1 show the g =
4 region of the cw-EPR spectra (black traces) collected for 2
NO and 3:NO, respectively. The simulations of this spectral
feature (red traces) yielded best-fit values for |El/D, AH,, and
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Figure 1. cw-EPR spectra (black traces) showing the g = 4 feature of
(a) 1'NO, (b) 2'NO, and (c) 3‘NO in aqueous buffer. The inset
shows the full EPR spectrum for 1°'NO. The microwave frequencies
used for data acquisition were (a) 9.6773, (b) 9.6802, and (c) 9.6691
GHz. The other parameters for data acquisition are given in the
Experimental Section. The red traces are simulations using S = 3/,, D =
3.0e + S MHz, and g, = 2.015 as common parameters. (a) |El = 340
MHz, AH,, = (200, 360) MHz. (b) |El = 3430 MHz, AH,, = (210,
160) MHz. (c) |El = 3450 MHz, AH,, = (200, 150) MHz.

AH, that were nearly identical, with |El/D = 0.01 being found
for both complexes. While y,> was still well below 1 (0.5) for 2-
NO, the value for 3*NO was 1.6. Figure lc shows that this
higher y,” value stems from an additional EPR signal at g = 4.3
that is most likely due to Fe™ contamination. This finding is
consistent with a previous study of ferrous complexes of 1-3
that showed that the Fe''N,0; complex was readily oxidized
when exposed to air.*”

Figure 2a shows a three-pulse ESEEM spectrum collected at
280 mT (g = 2.47; see the inset) for 2:NO. The spectrum
shows several broad features that arise primarily from the
hyperfine couplings of the coordinated nitrogen atoms of NO
and the N,0O, ligand, the protons of bound water, and the
protons of the N,O, ligand. At 280 mT, the N and 'H
Larmor frequencies are 0.9 and 11.9 MHz, respectively, which
lead to a substantial overlap of their contributions to the
ESEEM spectrum. The resulting spectral congestion was nicely
sorted into different quadrants of the four-pulse HYSCORE
spectrum, as shown in the contour plot of Figure 2b. Because
the hyperfine couplings of the coordinated '*N atoms are much
greater than the “N Larmor frequency, most of their cross-
peak intensity is resolved in the (—, +) quadrant.28 Therefore,
the minor cross peaks at (—3.4, 11.8), (—4.3, 9.6), and (—5.2,
7.8) and the more intense cross peak at (—4.7, 5.7) MHz, along
with their complementary correlation peaks on the opposite
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Figure 2. (a) Three-pulse ESEEM and (b and c) four-pulse
HYSCORE spectra of 2:°NO in aqueous buffer. Data were collected
at 280 mT (inset in part a) using a 7 value of 84 ns. The other
measurement parameters were provided in the Experimental Section.
The frequency diagonal (black line), antidiagonal (red line), and
coupling ridges (dashed curves) were placed on part ¢ using drawing
software.

side of this quadrant’s frequency diagonal, can be assigned to
N. For both quadrants of the HYSCORE spectrum, cross
peaks will be referred to by their location above or to the more
positive f2 side of the frequency diagonal.

For protons, hyperfine couplings are most often less than the
Larmor frequency and as such their cross peaks are resolved in
the (+, +) quadrant. Figure 2c shows an expansion of the
HYSCORE spectrum of Figure 2b about the 'H Larmor
frequency of 11.9 MHz. The off-diagonal cross peaks that arise
from coupled protons are located at (9.4, 17.3) and (9.6, 14.6)
MHz. The red line drawn on Figure 2c¢ was constructed
perpendicular to the frequency diagonal (black line), so that it
intersects the frequency diagonal at the 'H Larmor frequency of
11.9 MHz. This red line is referred to as the “'H antidiagonal”
and can be used as a reference point for measuring the dipolar,
or anisotropic, portion of the hyperfine coupling. Specifically,
for powder samples, hyperfine couplings with large dipolar
contributions are predicted to yield “ridges” or “arc-shaped”
HYSCORE cross peaks that will be shifted to the high-
frequency side of the antidiagonal in proportion to T?/ lw,,
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where T is the dipolar coupling (eq 4) and w, is the proton
Larmor frequency.””*"** Because the dipolar couplings of
bound water protons are expected to be large, the cross peak at
(94, 17.3) MHz is the best candidate for assignment to bound
water because it shows the largest displacement from the 'H
antidiagonal (Figure 2c).

The cross-peak contour centered at (9.4, 17.3) MHz at 280
mT shows only a modest curvature because of the limited set of
molecular orientations sampled at this field position.* To
characterize the hyperfine coupling and extract structural
information regarding the ligand orientation with respect to
the Fe—NO bond, the HYSCORE experiment was repeated at
several magnetic field positions across the EPR spectrum. In
principle, one expects the cross peaks for these protons to
follow ridge trajectories, like those sketched in Figure 2c
(dashed curves), as one changes the observation field. Figure 3
shows a series of five HYSCORE spectra collected across the
EPR spectrum for 2:NO. The cross peak centered at (9.4, 17.3)
MHz at 280 mT tracks to (7.6, 17.6) MHz at 260 mT and then
to (6.0, 17.6) MHz as one lowers the magnetic field to 240 mT.
This cross peak is not resolved as one approaches the extremes
of the EPR spectrum at 200 and 320 mT. The other proton
correlation, centered at (9.6, 14.6) MHz at 280 mT is of higher
intensity and tracks with the 'H antidiagonal (red lines in
Figure 3) with magnetic field. This cross peak represents a
composite of contributions from the 14 'H atoms of the N,0,
ligand, as confirmed below. The proximity of this cross peak to
the 'H antidiagonal and the modest changes that occur in its
shape as the field is varied from 200 to 320 mT show that these
'"H atoms are characterized by weaker hyperfine couplings,
clearly distinguishing their spectral contribution from those
attributed to bound water.

Figure 4 shows HYSCORE contour plots for 1'NO at field
positions that range from 220 to 300 mT across the EPR
spectrum. Cross peaks that originate from fundamental 'H
hyperfine frequencies, (@, ®p), and that follow a ridge
trajectory, similar to those assigned to the 'H atoms of the
water ligand of the N,0, complex, are resolved over a magnetic
field range from 240 to 300 mT. These correlations are
centered at the following frequency and field positions: (5.9,
17.6) MHz, 240 mT; (7.3, 17.6) MHz, 260 mT; (9.3, 17.3)
MHz, 280 mT; (10.5, 17.4) MHz at 300 mT. They differ from
those of 2:NO in that they are more intense because of
contributions from a second water ligand and they have a
different contour shape, reflecting differences in the coordina-
tion for the two bound water molecules. The HYSCORE
spectrum collected at 220 mT shows a diffuse cross peak at
(11.7, 17.6) MHz that is a “combination-frequency” peak of the
form (lw, — wyl, wg) arising from the presence of more than
one strongly coupled water proton.*' The strong cross peak
resolved along the frequency diagonal just below 18 MHz at
220 and 240 mT is a sum combination frequency peak, (@, +
wp @5 + ®,), that consists of contributions from both four-
pulse HYSCORE and three-pulse ESEEM.

Figure 5 shows HYSCORE contour plots collected for the 3¢
NO sample at the three field positions 240, 260, and 280 mT,
where the strongest cross peaks attributed to water were
resolved for 2°NO and 1:NO. The cross peaks attributed to
bound water molecules for 2°NO (Figure 3) and 1-NO (Figure
4) are absent from these data, while those that lie near the 'H
antidiagonal remain. This observation is consistent with the
lack of labile sites available for water binding in 3*NO because
of coordination of the pentadentate ligand and NO. These
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Figure 3. HYSCORE spectra collected for 2°NO as a function of the magnetic field strength. The 7 values used for data acquisition were as follows:
116 ns, 200 mT; 96 ns, 240 mT; 92 ns, 260 mT; 84 ns, 280 mT; 148 ns, 320 mT. The cw-EPR spectrum is provided in the upper right panel. Cross-
peak intensities are color-coded, ranging from blue (weakest) to dark red (strongest).
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Figure 4. HYSCORE spectra collected for 1'NO as a function of the magnetic field strength. The 7 values used for data acquisition were as follows:
108 ns, 220 mT; 96 ns, 240 mT; 92 ns, 260 mT; 84 ns, 280 mT; 80 ns, 300 mT.

results confirm the assignments of the 'H cross peaks made
above. A more conventional way to confirm these assignments
is to collect a parallel set of ESEEM or HYSCORE data in
*H,0 buffer and show that the peaks are exchangeable.
Unfortunately, for these model complexes, strong *H ESEEM
led to extensive cross-suppression and the loss of peaks due to
"N and nonexchangeable protons.** An example of these cross-
suppression effects is provided as Supporting Information (SI;
Figure S1).

"H HYSCORE data were analyzed by computer simulation
to determine hyperfine coupling parameters and the orientation
of the coupled water protons with respect to the PAS of the
ZFS. Because 2 features two symmetrical labile sites, its NO
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adduct, 2°NO, has just one chemically distinct labile position
for the binding of a water molecule. Our analysis focused on the
cross peaks that were resolved at (6.0, 17.6), (7.6, 17.6) and
(9.4, 17.3) MHz at field positions of 240, 260, and 280 mT,
respectively (Figure 3). All three of these cross peaks show
simple contours with a single amplitude maximum and appear
to have a ridge- or arc-shaped contour. This shape is most
prominent for the spectrum collected at 240 mT. Considering
that the z axis of the ZFS tensor is along the Fe—NO bond**
and taking (Gyongy Poona) = (90° 0°), the two protons of a
coupled water molecule would have equivalent, absolute-value
projections along the z axis for B, and Af values of 30° and
120°, respectively (Scheme 2). Starting our analysis with these
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f2 (MHz)

Figure S. Four-pulse HYSCORE spectra collected for 3°NO in
aqueous buffer over the field range where cross peaks assigned to
coordinated water molecules are well resolved. 7 values for the field
positions shown were as follows: 96 ns, 240 mT; 92 ns, 260 mT; 84 ns,
280 mT.

values for orienting the proton hyperfine coupling tensors (eqs
5—8) and selecting a value for the dipolar coupling, T, of §
MHz using the simple geometric picture of Scheme 2a, we
obtained reasonable simulations of our HYSCORE data. To
match the frequency position and cover the extent of the
maxima for each cross peak, it was necessary to reduce the
dipolar coupling for both water protons to T = 4.8 MHz and
the value used for 3, to 23° (A = 120°). An identical set of
simulations would be realized for f,,, = 37° (A = 120°), as the
absolute-value projections of the water protons along the Fe—
NO bond would be unchanged. The results of these
simulations are shown as black contours superimposed on the
'"H HYSCORE data of 2*NO and are given in Figure 6. The
simulations of the '"H HYSCORE response at 240, 260, and
280 mT show that this simple water coupling model accounts
well for the positions and extent of the cross peaks that are split
well off the 'H antidiagonal. They also predict that cross peaks
arising from the fundamental 'H hyperfine coupling frequencies
will only be observed over the 240—280 mT field range for the
magnetic field positions reported here. A second peak resolved
along each coupling ridge close to the 'H antidiagonal is also
predicted. This simulated '"H HYSCORE response is a
consequence of the cis orientation of the coordinated water
with respect to the Fe—=NO bond and the set of molecular
orientations that are in resonance at the intermediate magnetic
field positions studied. Because the water protons are oriented
so that the principal axis of their hyperfine coupling tensor, A
or 2T, is nearly perpendicular to the Fe—NO bond, the
molecular orientations sampled at 240—280 mT are weighted
by both A and A,. The “coupling ridges” shown as dashed
lines superimposed on Figure 2c¢ describe the location of the
cross peaks for an experiment where all molecular orientations
are in resonance at once, and they approach the antidiagonal at
the A| and A extremes of the tensor. The simulations in Figure
6 show two cross peaks along each coupling arc, one near A
and, therefore, close to the 'H antidiagonal and the second at a
frequency that involves an orientation-averaged value that
includes A and is resolved in a clean spectral window well

150 250 350

field strength (mT)

f2 (MHz)

320 mT

2)

Figure 6. Comparison of the 'H HYSCORE Ts'gectra of 2°NO with simulations (black contours) done considering a single bound water molecule

described bY (abondi ¢bond) = (9001 OO)) T(l) =

4.8 MHz, . = 23°, Af = 120°, D = 3.0e + S MHz, E = 3440 MHz, microwave frequency = 9.68

GHz, S =%/, and g = 2.015. 7 values matched those used in the experiments (Figure 3 caption).
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separated from the antidiagonal. A final comment about the
simulations shown in Figure 6 is that they also predict the
presence of weak cross peaks at (9.9, 17.3) MHz at 200 mT
that were not observed in our experiments. These predicted
cross peaks arise from correlations between combinations of 'H
hyperfine frequencies and are a consequence of the presence of
two strongly coupled protons. It is likely that these cross peaks
were below the noise floor of our measurement at 200 mT for
2-NO. However, pH titrations of Fe"(N,0,) predict that at pH
6.5 the two labile coordination sites will be occupied by a 4:1
molar mixture of H,O and OH™. Such a mixture would mean
that 20% of the 2:NO complexes contributing to the
HYSCORE have only one coupled proton and would not
contribute to the predicted combination cross peak.

The 'H HYSCORE response from the bound water protons
of 1'NO differs from that of 2:NO in terms of cross-peak
contour shape and intensity. Figure 7 shows expanded views of
the cross peaks assigned to water protons at 240 mT that are
resolved at (6.0, 17.6) MHz for 2-NO (Figure 7a) and (5.9,
17.6) MHz for 1-NO (Figure 7b,c). The data are represented

-
&
-

a)
b)
c)

f2 (MHz)

=

TS
17 \:;\&

3 4 5 6 7 8 9
f1 (MHz)

Figure 7. Comparison of water 'H cross-peak shapes and frequency
positions for HYSCORE data collected at 240 mT and 7 = 96 ns for
(a) 2°NO and (b and c) 1'NO. The data are shown as filled contours
and are color-coded for intensities ranging from blue (weakest) to dark
red (strongest). The black contours are computer simulations of the
data. For parts a and b, these simulations consider a single water
molecule with (Byong Prona) = (90°, 0°), TV = T® = 4.8 MHz, and
Prot = 23°. For part c, two water molecules are considered with (64,4,
Drona) = (86.5%,0°) and (90°, 90°), T = (4.6, 4.9) and T = (4.7,
4.8) MHz, and Y = 26° and ) = 23°.
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with filled contours that are coded blue for weak intensity and
dark red for highest intensity. The cross peak resolved for 2-
NO (Figure 7a) is weaker and has a shape that reveals the ridge
trajectory expected for a coupled proton. The black contour
superimposed on this cross peak is a simulation that uses the
coupling parameters given above and shows that the simple
model used there does a good job of accounting for the cross-
peak position and contour shape. For 1-NO (Figure 7b,c), the
contour shape is substantially different in that its trajectory
appears to be almost parallel to the fl frequency axis rather
than curving inward toward the frequency diagonal. This
difference in contour shape is accentuated in Figure 7b, where
the 1'NO 'H HYSCORE data collected at 240 mT (filled
contours) are compared with the single water simulation (black
contours) that adequately described the 2°NO data set of
Figure 7a. Clearly, the hyperfine couplings of the two water
molecules coordinated to iron for 1'NO must differ in a fashion
that will account for the contour shape. Because the cross peaks
arising from individual water protons are not resolved in our
experiments, these data most likely represent an ensemble of
water conformers that were frozen in when the sample was
prepared. In an attempt to account for the >4 MHz spread in
the contour along the fl axis with a corresponding spread in
frequency correlations of about 1 MHz along the f2 axis, we
explored the effects of distributions in rotation about the Fe—
OH, bond, B, the dipolar coupling, T, and the polar angle
describing the orientation of the Fe—OH, bond, 6,4 We
found that the most straightforward way to account for
dispersion of the 'H contours parallel to the frequency axes was
to allow for small deviations of 6,4 from 90°. The simulation
shown as the black contour of Figure 7c considers two coupled
water molecules with discrete orientations. The first water was
characterized by (Byongy Prond) = (86.5°% 0°), By = 26°, TV =
4.6 MHz, and T® = 49 MHz, where each water proton was
assigned a different dipolar coupling. The second water was
characterized by parameters similar to those used for the water
PI‘OtOl’l couplings of 2'NO: (gbondl ¢bond) = (900} 900)) ﬂrot =
23°, T® = 4.7, and T = 4.8 MHz. This model yields cross
peaks of comparable intensity that combine to account for the
contour shape arising from the coupled water 'H atoms of 1+
NO. Figure 8 provides a comparison of the full "H HYSCORE
data set obtained for 1'NO (color contours) with simulations
(black contours) done using this two-water model. The
frequency positions and contour shapes are well-predicted at
all five field positions from 220 to 300 mT. The simulations
also show that correlations from the water 'H hyperfine
frequencies are only observed over the range of magnetic fields
from 240 to 300 mT and that the HYSCORE signature of
bound water at 220 mT is given by weak cross peaks centered
at (11.7, 17.6) MHz that arise from the correlation of a
difference hyperfine combination frequency, lw, — @gl, and a
fundamental frequency, .

B DISCUSSION

This study was motivated by our desire to characterize the
coordination chemistry of Fe' at the catalytic site of a pterin-
dependent amino acid hydroxylase, phenylalanine hydroxylase
(PheH). An important question in understanding the structural
changes that accompany allosteric activation of the enzyme, the
binding of substrate L-phe, and/or the binding of cofactor
pterin, involves quantifying water coordination to the metal ion.
The nitrosyl adducts of 1—3 that were chosen for this study
showed cw-EPR spectra typical for high-spin S = 3/, systems
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Figure 8. Comparison of the "H HYSCORE spectra of 1'NO with simulations (black contours) done considering two bound water molecules
described by (0yong Prond) = (86.5°, 0°), T = (4.6, 4.9) MHz, and fo, = 26° and (Byondy Prona) = (90°, 90°), TO = (4.7, 4.8) MHz, and f,, =
23°. Ap = 120° for both water molecules. Other EPR parameters needed for these simulations were as follows: microwave frequency, 9.68 GHz; S,
%/,; D, 3.0e + 5 MHz; E, 340 MHz; g,, 2.015. 7 values matched those used in the experiments (Figure 4 caption).

with near-axial symmetry, similar to those measured for
{FeNO} adducts of PheH, tyrosine hydroxylase (TyrH) and
taurine dioxygenase (TauD). Furthermore, these model
complexes yieldled ESEEM and HYSCORE spectra charac-
terized by "*N and 'H modulations of intensity and frequency
similar to those observed in previous studies of {FeNO}’
derivatives of the nonheme iron hydroxylases mentioned
above.*"*>*¢ These findings, coupled with the facial coordina-
tion of the base N,O ligand to Fe', make the model complexes
studied in this work excellent magnetic models for interpreting
HYSCORE and ESEEM spectra obtained from NO adducts of
the enzymes.

The '"H HYSCORE spectra of 1'NO (Figure 4) and 2:NO
(Figure 3) show that cross peaks arising from coordinated
water ligands are resolved in a clean spectral window over a
field range from 240 mT (g = 2.9) to 300 mT (g = 2.3). At the
low-field (g = 4.0) and highfield (g = 2.0) ends of the
spectrum, the cross peaks predicted by our simulations are
found near the w, |Tl, or w, |A, |, position along the 'H
antidiagonal, where they overlap with contributions from the
more weakly coupled protons of the N,O, ligands. Both of
these observations are a consequence of orientation selec-
tion.*>*” Because the water ligands are bound cis to the Fe—
NO bond, as the resonance field position approaches g = 2,
their HYSCORE cross-peak positions are determined by A; =
—T. At the opposite end of the EPR spectrum, near g = 4, the
cross-peak contours take on the full dispersion of hyperfine
frequency combinations ranging from —T to +2T, or A; to A,
and when combined with the increase in the effective value of T
that occurs as one goes to lower field, only the contributions
near the 'H antidiagonal are predicted.zo’48 Unfortunately, for
our initial studies of PheH, ESEEM and HYSCORE data were
only collected in the g = 4 and 2 regions of the EPR spectrum,
where the contributions from bound water ligands overlap
contributions from the weakly coupled protons of the
coordinated histidylimidazole side chains, the side chain of

the glutamic acid ligand, and the surrounding protein matrix.
With this knowledge in hand, subsequent HYSCORE studies of
{FeNO} adducts of PheH, TyrH, and TauD have shown 'H
cross peaks that can be assigned to bound H,O or OH™ ligands.
The model compound work presented here was instrumental in
defining the spectral window in which these ligand hyperfine
couplings could be resolved.

Our analysis of the HYSCORE response measured for the
water ligand of 2°NO shows that the simple model depicted in
Scheme 2 and used for determining Euler angles and estimating
the strength of the dipolar coupling is reasonable. A
consequence of the narrow range of magnetic field strengths,
240—300 mT, for which cross peaks from the coupled protons
can be observed is that our analysis of the hyperfine couplings is
based on a limited set of molecular orientations. This makes it
difficult to distinguish isotropic, Ay, and anisotropic, T,
contributions to the hyperfine coupling using the cross-peak
position as the sole criterion for analysis. Simulations of the 2+
NO 'H HYSCORE data showed that the correlation
frequencies at 240, 260, and 280 mT could be predicted within
a +0.2 MHz window using A, values that varied from 0.0 to
1.3 MHz, with concomitant adjustment of T from 4.8 to 4.1
MHz. While this range of A;,, values could be compensated for
by the dipolar coupling to provide a reasonable simulation of
cross-peak positions, the values of A;, and T also determine the
curvature of the coupling ridge that gives rise to the contour
shape of the cross peaks.””*"*’ In our simulations, the interplay
between A, and T in determining the contour shape was most
evident at 240 mT, where the largest set of molecular
orientations are selected. The simulations that best accounted
for the cross-peak position and contour shape were those with
A, =00 + 03 MHz and T = 4.8 + 02 MHz (Table 1).
Simulations superimposed on the contour shapes for the
HYSCORE spectra of 2°NO that support these findings are

shown in Figure S2 in the SL
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Table 1. Spin Hamiltonian Parameters from EPR and
HYSCORE Spectral Analysis

AHx,y T ﬂmt Aﬁ

complex IE/D  (MHz) ligand (MHz) (deg) (deg)
3-NO 0.011 200,
{FeNO}'(N,03) 150

2:NO 0.011 210, water 1 48,48 23 120
{FeNO}’(N,0,) 160

(H,0)

1'NO 0.001 200, water 1 46,49 26 120
360

water 2 47,48 23 120

HYSCORE spectra collected for 1'NO show an increase in
the water 'H cross-peak intensity and a change in the contour
shape compared to data from 2:NO. Our analysis of these
changes involved adding a second water molecule and adjusting
its bond angle, 6,,4, and the dipolar coupling for the ligand’s
protons to values that would account for the contour shape of
the cross peaks assigned to bound water from 240 to 300 mT.
This was accomplished by holding Ay, at 0.0 MHz and
adjusting T so that it varied over the group of four coupled
protons from 4.6 to 4.9 MHz. This variation in the dipolar
coupling is modest because eq 4 can be used to show that it
represents a difference in the dipolar distances of just 0.05 A.
While our model accounts for the contour shapes, it also yields
simulations that show discrete cross peaks for each coupled
proton, a feature that was not observed for either 1'NO or 2+
NO. This lack of resolution likely stems from rotameric
distributions of water molecules that are frozen in when the
samples are prepared, distributions in the dipolar coupling that
are magnified by the proximity of the ligand protons to the
paramagnetic center, and variations in the ligand coordination
with respect to the Fe(N,O,) framework. This last point is
problematic for 1 because it has three open-coordination sites.
Full HYSCORE spectra collected at 280 mT are shown for all
three complexes in Figure S3 in the SI. For 3*NO and 2°NO,
well-resolved "N cross peaks are present in the (—, +)
quadrant. Using the Fe—NO bond as our reference, both of
these complexes are characterized by an equatorial coordination
of IN30, with the remaining ligand *N being trans to the Fe—
NO bond. In contrast, the HYSCORE spectrum of 1-NO
shows only a weak '*N response at 280 mT (Figure S3 in the
SI, top) making it difficult to determine the cross-peak
positions in the (—,+) quadrant. For this complex, NO can
bind so that it is cis to both '*N atoms of the ligand or in two
configurations, where one '*N atom is cis and the other trans.
Because the '*N nuclei of the N,O ligand are chemically
different, all three of these complexes will yield a different
HYSCORE response. The resulting spectral dispersion provides
a reasonable explanation for the poor quality of the "N
HYSCORE spectra observed for 1'NO. It follows that this
combination of structures also contributes to both dispersion in
the coupling parameters evident in the 'H HYSCORE response
from bound water and the increased intrinsic line-width
parameter AH, determined from analysis of the cw-EPR
spectrum (Figure 1 and Table 1).

One of the goals of this study was to use 1'NO and 2:NO to
work out a method for quantifying the number of water
molecules coordinated to {FeNO}’ adducts of nonheme iron
hydroxylases. Previous HYSCORE studies of aquo met-
myoglobin showed that the water molecule bound axially to
the S =5/ , ferric heme center gave rise to two discrete coupling
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ridges, reflecting a difference in hydrogen bonding between the
water protons and distal histidine.” Preliminary work on PheH
and TauD has shown that discrete conformations of bound
water ligands are coordinated to some of the {FeNO}’ adducts
because cross peaks are resolved for each coupled proton. For
these cases, one can distinguish the number of bound water
molecules by tracking the cross-peak movement as a function of
the field and counting the number of distinct cross peaks and
coupling ridges. The resolution of individual ridges also allows
for a more accurate assessment of A, and T that may provide
important information needed to distinguish H,O from OH™
coordination.

HYSCORE studies of TyrH have shown cross-peak
resolution that is intermediate between the cases represented
by PheH and TauD and the model complexes studied here. In
this case, the contour shapes of the cross peaks carried
information on the minimum number of coupled protons that
need be considered in the analysis, but an additional means for
quantification was needed.*® Even for cases where cross-peak
resolution is sufficient to “count” protons, complications can
occur from the presence of mixtures of {FeNO}’ species.46 In
both of these cases, an additional measure of the number of
coupled water protons can be gained from analysis of their
three-pulse ESEEM spectral amplitudes.'®> The 2:°NO and 1-
NO model complexes showed three-pulse ESEEM spectra that
were complicated by the overlap of modulations from N and
'"H couplings. The HYSCORE spectra for these two complexes
(Figures 3 and 4) indicate that the cleanest window for
performing an ESEEM amplitude analysis is over the high-
frequency portion of the 'H ESEEM response assigned to
bound water that ranges from 15 to 20 MHz. Unfortunately,
the three-pulse ESEEM data collected for these samples also
show a substantial 'H combination peak at 17.6 MHz that
complicates the analysis. Figure S4 in the SI shows a
comparison of the three-pulse ESEEM spectra collected for 2-
NO and 1-‘NO at 240, 260, and 280 mT. The amplitude of the
'"H combination peak is most intense at 240 mT and falls off in
intensity as one moves to higher field. This trend can also be
observed in the HYSCORE spectra from these complexes
because the peaks along the frequency diagonal are dominated
by three-pulse ESEEM contributions that contaminate the
spectra. The data collected for 1'NO (Figure 4) at 240 mT
show its water proton HYSCORE cross peak at (5.9, 17.6)
MHz, together with an intense combination peak along the
frequency diagonal at 17.6 MHz. At 280 mT, the situation is
reversed in that the water proton cross peak centered at (9.3,
17.3) MHz is much more intense than the combination peak
along the frequency diagonal at 17.6 MHz. Therefore, the
spectral window for using three-pulse ESEEM spectra to
determine the number of bound water molecules was chosen to
be from 15.8 to 20.0 MHz at 280 mT. Three-pulse ESEEM
spectra collected at 280 mT are shown for 1'NO and 2:NO in
Figure 9a. The time-domain ESEEM data used to obtain these
spectra were normalized by the division of a biexponential
background decay function prior to processing for the purpose
of comparing the integrated intensities from 15.8 to 20.0 MHz.
For 2'NO, we measured an integrated intensity of 20.4, while
for 1'NO, an intensity of 31.4 was found. To test how reliable
this approach might be for quantifying bound water, we also
performed three-pulse ESEEM simulations at 280 mT using the
water proton couplings and tensor orientations that were
determined by HYSCORE analysis (Figure 9b). For the
simulations, the time domain output of EasySpin was
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Figure 9. (a) Three-pulse ESEEM data collected at 280 mT (z = 84
ns) for the 1'NO complex (black) versus the 2°NO complex (red). (b)
Three-pulse ESEEM simulations done using the following spin
Hamiltonian parameters. For the 2:NO complex (red): A;, 0.0
MHz; TU?) = (4.8,4.8) MHz; B4, 30% AB, 120°% (Ghonts Prond)s (90%
0°), E, 3440 MHz. For the 1'NO complex (black): A, 0.0 MHz;
T2, (4.6, 4.9) MHz; oy 26% (Gounds Prona)s (86.5% 0°), and for the
second water, T®%, (4.7, 4.8) MHz; S0y 23% (Goonts Prond)s (90°,
90°); E, 340 MHz. Parameters common to both simulations were as
follows: microwave frequency, 9.68 GHz; S, ®/,; D, 3.00e + S MHz; 1,
84 ns.

normalized and processed in the same fashion as the
experimental data. The simulated ESEEM spectra gave an
integrated intensity over the range from 15.8 to 20.0 MHz for
2°'NO, or one water, of 162 MHz, while the two-water
simulation of the three-pulse ESEEM data obtained for 1'NO
yielded an intensity of 24.7. For both experiment and
simulation, intensity increases of a factor of 1.5 were realized
upon the addition of a second bound water molecule. This
empirical approach to quantification should be used with
caution. A comparison of parts a and b of Figure 9 shows the
dramatic effect that the contributions from N and 'H
hyperfine couplings of the N,O, ligands have on the ESEEM
spectra. These effects illustrate the importance of model
complexes studied here because they provide a reasonable
mimic of the '*N and '"H modulations arising from the ligands
of the facial triad. However, the distributions of water
orientations that are present for both 1'NO and 2:NO can
markedly affect the ESEEM intensities.”’ Therefore, it is not
clear how applicable this approach will be to studies of the
mononuclear nonheme iron sites of enzymes.

B SUMMARY

The model complex studies presented in this work provide a
straightforward protocol for detecting and analyzing water
coordination to S = 3/, {FeNO}’ adducts of MNOs. The
simple model of bound water that was employed to guide data
analysis allowed for the efficient evaluation of coupling
constants and structural information while properly considering
both ligand protons, and even a second coordinated water, in
simulations. The importance of considering contour shapes in
analysis of the HYSCORE data was also demonstrated.
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Additional HYSCORE simulations, full HYSCORE spectra,
three-pulse ESEEM spectra, and three-pulse ESEEM simu-
lations supporting arguments made in the Discussion. The
Supporting Information is available free of charge on the ACS
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