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Abstract
The substrate and active site residues of the low-spin hydroxide complex of the protohemin complex
Neisseria meningitidis heme oxygenase, HO, NmHO, have been assigned by saturation transfer
between the hydroxide and previously characterized aquo complex. The available dipolar shifts
allowed the quantitation of both the orientation and anisotropy of the paramagnetic susceptibility
tensor. The resulting positive sign, and reduced magnitude of the axial anisotropy relative to the
cyanide complex, dictate that the orbital ground state is the conventional ‘dπ’ (dxy 2(dxz, dyz)3); and
not the unusual ‘dxy’ (dxz 2dyz 2dxy) orbital ground state reported for the hydroxide complex of the
homologous heme oxygenase from Pseudomonas aeruginosa, (Caignan, G., Deshmukh, R., Zeng,
Y., Wilks, A., Bunce, R.A., Rivera, M.; J. Am. Chem. Soc. 125, 11842-11852) and proposed as a
signature of the HO distal cavity. The conservation of slow labile proton exchange with solvent from
pH 7.0 to 10.8 confirms the extraordinary dynamic stability of NmHO complexes. Comparison of
the diamagnetic contribution to the labile proton chemical shifts in the aquo and hydroxide complexes
reveals strongly conserved bond strengths in the distal H-bond network, with the exception of the
distal His53 Nε1H. The iron-ligated water is linked to His53 primarily by a pair of non-ligated, ordered
water molecules which transmit the conversion of the ligated H-bond donor (H2O) to a H-bond
acceptor (OH-), thereby increasing the H-bond donor strength of the His53 side chain.
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INTRODUCTION
Heme oxygenase, HO1, is a non-metal enzyme that uses protohemin, PH, as both cofactor and
substrate to generate biliverdin, iron and CO.1-6 HOs are widely distributed. In mammals they
maintain iron homeostasis,7 produce the precursor to the powerful antioxidant,4, 8 biliverdin,
and generate CO as a potential neural messenger.8, 9 In plants and cyanobacteria, HOs generate
the linear tetrapyrroles as precursors to light-harvesting pigments. 10 The HOs identified for
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a number of pathogeneic bacteria11-13 appear to have as their major role the “mining” of iron
to infect a host. 3, 5 Two such HOs of interest here are Neisseria meningitidis, NmHO (also
called HemO 12, 14, 15) and Pseudomonas aeruginosa, PaHO 13, 16, 17. A common
mechanism, worked out on the mammalian HOs, appears operative in the various HOs.2-4,
18 The resting-state substrate complex, HO-PH-H2O, is first reduced, after which O2 is ligated.
19 Upon adding another electron and a proton, the ferric hydroperoxy species (Figure 1A) is
formed 20-22 which attacks one of the meso-carbons to yield the initial meso-hydroxy-PH
intermediate. The hydroperoxy species as the hydroxylation agent in HO is in contrast to the
active ferryl species in cytochromes P450 and peroxidases.4, 20 The structural basis for
stabilizing the hydroperoxy species and destabilizing O-O bond cleavage is of considerable
current interest.22-24 While mechanistic studies are consistent with electrophilic rather than
nucleophilic attack on the meso carbon, 20 a free radical contribution has not been ruled out.
6, 25

Due to the instability of the oxy and hydroperoxy species at ambient temperatures,22-24, 26
structural characterization by crystallography or 1H NMR, with one exception, 26 has had to
resort to model complexes, ferrous HO-PH-NO15, 27 and HO-PH-CO28 and ferric HO-PH-
N3 and HO-PH-CN28 for X-ray crystallography and the ferric HO-PH-CN16, 29-34 (or HO-
PH-N3) complexes for NMR as models for ferrous HO-PH-O2 complex. The diverse crystal
structures of mammalian27, 28, 35, 36 and bacterial14, 15, 17, 26, 37 HOs reveal a common
fold where the placement of the distal helix close to the heme plane blocks three of the four
meso-positions from attack by Fe+3-OOH, and steric interaction of the ligand directly with the
distal helix backbone “orients/tilts” the axial ligand towards the fourth, unblocked meso-
position. The crystal structures, moreover, locate a set of three conserved, non-ligated, ordered
water molecules in the distal pocket that are implicated in stabilizing the Fe+3-OOH species
and likely serve as the proton conduit to the active site.15, 26, 27, 36 Solution 1H NMR studies
have shown31-34 that HOs possess an extended H-bond network in the distal pocket with some
stronger than usual H-bonds which serve as a scaffold for not only the three “catalytically”
implicated water, but also to numerous other ordered water molecules. Based on the sum rule
for g values applied to the ENDOR-detected HO ferric hydroperoxy species 22 and comparison
to structurally characterized model compounds, 38, 39 it has been proposed that, due to the
unusual distal H-bonding interaction,6 the low-spin HO-PH-OOH complex exists in a
‘dxy’ (dxz 2dyz 2dxy) rather than the more conventional ‘dπ’ (dxy 2(dxz,dyz)3) orbital ground
state, with the PH exhibiting significant ruffling.38-40 This “ruffling” in the ‘dxy’ ground state
could result in large unpaired spin density (observed by 13C NMR) appearing at the meso-
carbons. Such a ‘dxy’ ground state has been viewed as a unique self-activating role of PH in
HOs. 6, 40

The reactive HO-PH-OOH species is sufficiently stable for spectroscopic study only at
cryogenic temperatures.22-24 However, solution 13C NMR studies on PaHO-PH-OH
containing 13C labeled PH revealed 40 large meso-carbon spin densities indicative 38, 39 of
the dxy orbital ground state, suggesting that the HO-PH-OH complex may serve as a valid
model for the unusual distal H-bond interaction that stabilizes the ‘dxy’ ground state in PaHO-
PH-OOH. Confirming the dxy ground state by 13C NMR, however, requires selective 13C
labeling that is readily achievable for PH,40 but would require total synthesis for modified
substrates whose altered basicity would modulate41-44 the axial ligand H-bonding interaction
between the distal water molecules and H-bonding network. The ‘dxy’ ground state, however,
possesses additional magnetic resonance signatures which have more general applicability to
diverse HO complexes. Thus the ‘dπ’ and ‘dxy’ orbital ground states differ characteristically
38, 39, 45, 46 in the sign of their axial anisotropy, Δχax. While low-spin iron(III) in either
orbital state exhibits a rhombic χ tensor (or g tensor), the axial Δχax is always much larger than
Δχrh by factors ~3 and dominates the dipolar fold of the iron. The determination of the sign of
the axial anisotropy could be most directly determined by EPR, but would require single
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crystals that should allow detection at ambient temperatures. The former is difficult, the latter
not possible because of the rapid electron spin relaxation at all but cryogenic temperatures.
However, the sign (and magnitude) of anisotropy of χ can be directly determined by
solution 1H NMR using experimental dipolar shifts, δdip, induced in the protein matrix by the
anisotropic χ tensor. This shift is given by: 47-49

(1)

where x’, y’, z’ (R, θ’, Ω’) are proton positions in an arbitrary, iron-centered coordinate system,
Δχax and Δχrh are the axial (χzz- 1/2(χxx + χyy)) and rhombic anisotropies (χxx-χyy), and Γ(α,
β, γ) is the Euler rotation that converts the reference coordinates, x’, y’, z’, into the magnetic
coordinate system, x, y, z, where χ is diagonal. The anisotropies and orientation of χ can be
determined experimentally if sufficient experimental dipolar shifts can be assigned and valid
crystal coordinates are available to generate x’, y’, z’. The anisotropy and orientation of
numerous low-spin ferrihemoproteins in the conventional S = 1/2, dπ ground state have been
determined and they have the common property38, 49 of large positive Δχax > 2 × 10-8 m3/
mol, and much smaller rhombic anisotropies with |χax/Δχrh | ~3-4.

We have been engaged in a study of the functionally relevant molecular and electronic
structural information-content of the NMR spectra for a range of paramagnetic substrate
complexes of both mammalian 30-32 and bacterial 33, 34, 50 HOs. A particularly attractive
candidate is the HO from the pathogeneic bacterium Neisseriae meningitidis, NmHO, a ~210
residue enzyme.3, 12 The distal ligand in NmHO complex interacts with the distal water
molecules14, 15 that, in turn, interact with a series of amino acid residues, either as acceptor
or donors. NmHO has the desirable properties of populating essentially a single PH orientation
about the α-,γ-meso axis, that is the same in both solution 6, 34, 50 and crystals 14, 15 and
which displays superior resolution that has allowed 1H NMR characterization of a significant
fraction of the complex in both the low-spin34, NmHO-PH-CN, and the high-spin,50 NmHO-
PH-H2O, complexes. 1H NMR spectra of only one hydroxide HO complex, PaHO-PH-OH,
have been reported40 for which the heme signals were assigned by 13C labeling. No
information was provided on the protein matrix that could shed light on the sign or magnitude
of the magnetic anisotropy.

We report here on the thermodynamics and dynamics of the NmHO-PH-H2O ⇔ NmHO-PH-
OH interconversion and provide the characterization of the electronic/magnetic properties of
the latter complex. The results indicate that NmHO-PH-OH possesses large positive axial
anisotropy that dictates it exists in the ‘dπ’ ground state. In addition to characterizing the
electronic/magnetic properties of the NmHO-PH-OH complex, we investigate the manner in
which the H-bond donor in the distal pocket responds to conversion of the axial H-bond donor,
ligated water (water a in Figure 1B) to a non-ligated water b, to an axial H-bond acceptor
OH- that serves as a H-bond acceptor to water b.

EXPERIMENTAL
Sample preparation

The apo-NmHO samples used in this study are the same as described in detail previously. 34
Stoichiometric amounts of protohemin, PH (Figure 2), dissolved in 0.1 M KOH in 1H2O were
added to apo-NmHO in phosphate buffered (50 mM, pH 7.0). The substrate complex was
purified by column chromatography on Sephadex G25 and yielded samples ~3 mM in NmHO-
PH-H2O at pH 7.0. Samples in 1H2O were converted to 2H2O by column chromatography.
51 Sample pH for reference spectra in range 7.0 to 10.8 was altered by adding incremental 0.1
M KO2H in 2H2O solution to NmHO-PH-2H2O in 2H2O, 50 mM phosphate at 25°C. For long-
term (>~24 h) 2D NMR spectra, samples were buffered at the desired pH with phosphate (pH
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7.0 to 8.7) or bicarbonate (pH 9.1 to 10.8). The pH values in 2H2O are uncorrected for isotope
effects.

NMR spectroscopy
1H NMR data were collected on a Bruker AVANCE 500 and 600 spectrometers operating at
500 and 600 MHz, respectively. Reference spectra were collected in 2H2O over the temperature
range 15-35°C at both a repetition rate of 1 s-1 over 40 ppm spectral width and at 5 s-1 over a
200 ppm band width. Steady-state, magnetization-transfer (NOE or exchange) difference
spectra were generated from spectra with on-resonance, and off-resonance saturation of the
desired signals; to detect exchange with H2O, selective 3:9:19 excitation was used.52 Chemical
shifts are referenced to 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) through the water
resonance calibrated at each temperature. Non-selective T1s were determined by the standard
inversion-recovery pulse sequence and estimated from the null point. 600 MHz NOESY 53
spectra (mixing time 40 ms; repetition rate 2 s-1) and 500 MHz Clean-TOCSY (to suppress
ROESY response 54) spectra (25°, 35°C, spin lock 25 ms) using MLEV-17 55 were recorded
over a bandwidth of 25 KHz (NOESY) and 12 KHz (TOCSY) with recycle times of 500 ms
and 1s, using 512 t1 blocks of 128 and 256 scans each consisting of 2048 t2 points. 2D data
sets were processed using Bruker XWIN software on a Silicon Graphics Indigo workstation.
The processing consisted of 30°- or 45°-sine-squared-bell-apodization in both dimensions, and
zero-filling to 2048 × 2048 data points prior to Fourier transformation.

Magnetic axes determination
The location of the magnetic axes was determined by finding the Euler rotation angles, Γ
(α,β,γ), that rotate the crystal-structure based, iron-centered reference coordinate system, x’,
y’, z’, into the magnetic coordinate system, x, y, z, where the paramagnetic susceptibility tensor,
χ, is diagonal where α, β, γ are the three Euler angles. 34, 47-50 The angle β dictates the tilt of
the major magnetic axis, z, from the heme normal z’, α reflects the direction of this tilt, and is
defined as the angle between the projection of the z axis on the heme plane and the x’ axis
(Figure 2), and κ ~ α+γ is the angle between the projection of the x, y axes onto the heme plane
and locates the rhombic axes (Figure 2). In the present case, we consider the tensor to be axially
symmetric, so that Δχrh = 0, and γ becomes irrelevant. The magnetic axes were determined by
a least-square search for the minimum in the error function, F/n: 34, 47-50

(2)

with observed dipolar shift, δdip(obs) given by:

(3)

where δDSS(obs) and δDSS(dia) are the chemical shifts, in ppm, referenced to DSS, for the
paramagnetic NmHO-PH-OH complex and an isostructural diamagnetic complex,
respectively. In the absence of an experimental δDSS(dia) for the latter, it may be reasonably
estimated 56, 57 from the available molecular structure 14 and available computer programs,
56, 57 as described previously for NmHO-PH-CN 34 and NmHO-PH-H2O. 50

RESULTS
pH titration

The influence of solution pH on the resolved portions of the 500 MHz 1H NMR spectra of
NmHO-PH-H2O in 2H2O in the pH range 8.0-10.8 is illustrated in Figure 3. The loss of intensity
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in Figure 3A-3E, without concomitant line-broadening, of the assigned 50 heme methyl peaks
in the 60-80 ppm window for high-spin NmHO-PH-H2O, and the appearance of two resolved,
apparent heme methyl peaks in the 18-20 ppm window typical for the expected low-spin
NmHO-PH-OH complex, 49 dictate that the deprotonation/protonation of the exogenous ligand
is slow on the NMR time scale. 58 In concert with this observation, all signals, including ones
for inconsequentially relaxed protons and with only 0.1 ppm shift difference in the two species,
similarly exhibited slow exchange, indicating the exchange rate is <103 s-1. The sum of the
intensities of an assigned 50 low-field heme methyl peak of NmHO-PH-H2O and that of the
proposed (see below) heme methyl peak of NmHO-PH-OH in the pH titration in 2H2O remained
constant relative to the intensity of the diamagnetic envelope, within the experimental
uncertainty of ~15%. This dictates that only two species are detectably populated, and leads
to the Henderson-Hasselbalch plot in Figure 4 (open circles). The data of the strongly alkaline
pH are likely suspect due to generation of a detectable third species above pH 10.2. However,
the integration of the spectra in Figure 4 in the pH range 9.1 to 10.5 allows the estimate of the
pK as 9.8 in 2H2O. The single spectrum at pH 10.2 in 1H2O, results in the filled marker in
Figure 4, and indicates that the pK in 1H2O is ~0.4 units lower on the pH scale, or pK(1H2O)
~9.4.

The dominant NmHO-PH-OH complex at pH 10.5 and 10.8 exhibited T1s ~8-9 ms for the two
resolved low-field heme methyl peaks, and T1s ~7-10 ms for the apparent composite peak
centered near 15 ppm (data not shown), which is assumed to arise from α-protons from the
propionates and vinyl groups. At these alkaline pH values, exchange-transfer contributes
negligibly to the effective T1s, dictating that they are the true T1s in the hydroxide complex.
The upfield shoulder of the NmHO-PH-OH spectrum at pH 10.5 exhibits one rapidly relaxed
single proton peak with T1s ~12 ms (not shown, see Supporting Information) that has no
detectable NOESY cross peak. The upfield resonance position and relaxation rate are consistent
with expectations for a vinyl Hβ.49

Heme methyl assignments for NmHO-PH-OH
Saturation of the assigned low-field methyl peaks50 for the high-spin NmHO-PH-H2O
complex in 2H2O at pH 8.9 results in the saturation-transfer-difference58 spectra illustrated in
Figures 3F-3H. These lead to the unambiguous assignment of the resolved 8CH3 (Figure 3F)
and 3CH3 (Figure 3G) signals of NmHO-PH-OH, and locate the 5CH3 signal (Figure 3H) at
the low-field edge of the aromatic envelope. Saturation of the 1CH3 peak in NmHO-PH-H2O
failed to reveal any clear signal attributable to 1CH3 in NmHO-PH-H2O and it is likely under
the weak off-resonance saturation of the diamagnetic envelope resulting from the strong
saturation field necessary to saturate the high-spin complex peak. Hence we conclude 1CH3
is located within the 1-7 ppm window.

The effect of temperature (not shown, see Supporting Information) on the chemical shifts for
the resolved NmHO-PH-OH methyl peak reveals weak Curie behavior for 3CH3 peak (apparent
intercept at T-1 = 0 of 19 ppm), and weak anti-Curie behavior for the 8CH3 peak (apparent
intercept at T-1 = 0 of 30 ppm).

Residue assignment protocols
All 2D spectra (both NOESY and TOCSY) with more than ~10% NmHO-PH-OH present
(above pH ~8.5) exhibited cross peaks that were strongly dominated by chemical exchange
between NmHO-PH-H2O and NmHO-PH-OH. This strong dominance of exchange cross peaks
is obvious for resolved resonances where such cross peaks are instantly recognizable, as
illustrated for the low-field spectral window in Figure 5. Brackets above the reference trace
over the 2D map in Figure 5 connect the two sets of resonances (relative intensities ~3:1) for
NmHO-PH-OH and NmHO-PH-H2O, where the resonances of the latter complex have been
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assigned previously.50 In Figure 5, as in the following Figures 6-8, direct exchange cross peaks
are labeled by asterisks (*), with the NmHO-PH-OH and NmHO-PH-H2O frequencies marked
by solid and dashed lines, respectively. Peaks are labeled by residue number and position,
except for peptide NHs, which are labeled solely by residue number. Exchange-transferred
NOESY cross peaks (i.e., an NOE to a NmHO-PH-H2O proton i, that it is transferred to the
same proton, i, in the NmHO-PH-OH complex), are labeled by the pound marker (#). The
NOESY spectrum in Figure 5 is dominated not only by direct exchange cross peaks (marked
*), but also by exchange-transferred NOESY cross peaks (marked #) in 1H2O solution. For
example, the NmHO-PH-OH His141 NδH signal at 13.35 ppm (solid lines in Figure 5A)
exhibits a direct exchange cross peak not only to the Nδ1H in the NmHO-PH-OH complex at
~10.8 ppm, but also to the 141NH of NmHO-PH-H2O (marked by #) at 10.4 ppm.

Figures 6A-6C present the reference spectra and the pertinent portions of the NOESY spectra
for the upfield resolved spectral window as a function of increasing pH. Even at pH 7.2 (~3%
NmHO-PH-OH), exchange cross peaks can be detected (Figure 6A’), while at pH 8.7 (~12%
NmHO-PH-OH) exchange cross peaks are as intense as any intramolecular NOESY cross peaks
(Figure 6B’). At pH 10.2 (~75-80% NmHO-PH-OH; see Figure 6C’), by far the strongest cross
peaks still originate from exchange. Thus with significant population of both isomers, a typical
2D map was dominated by exchange cross peaks that strongly obscure intramolecular NOESY
cross peaks. It was not possible to identify a set of conditions (pH, temperature, mixing time)
which provided a map that is dominated by the desired intramolecular cross peaks for the
NmHO-PH-OH complex. However, the above results suggest an approach where we inspect
2D maps as a function of pH, in which the appearance of new cross peaks with increasing pH
can be uniquely attributed to exchange peaks to the same proton in the NmHO-PH-OH complex.

Low-field resolved resonances in the H-bond network
Since the NmHO-PH-H2O cross peaks have been uniquely assigned50 in NmHO-PH-H2O at
a sufficiently low pH that exchange cross peak intensity is negligible, the identical assignments
are trivially achieved for NmHO-PH-OH complex, as shown in Figure 5. It is noted that, while
most backbone NHs exhibit small to modest chemical shift differences between the two
complexes, those of several side chains, particularly the His53 Nε1H and Trp153 NεH, exhibit
substantial chemical shift differences. The chemical shifts for labile protons in NmHO-PH-OH
are listed in Table 1, where they can be compared to the previously reported 34 values for
NmHO-PH-H2O.

High-field resolved hyperfine shifted residues
The upfield portion of the NOESY spectrum with increasing pH (Figure 6) clearly leads to the
assignment in NmHO-PH-OH of each of the resolved upfield signals that had been previously
assigned 50 in NmHO-PH-H2O. It is noted that in some cases, the exchange peak (marked by
*) partially overlaps an intramolecular NOESY cross peak for NmHO-PH-H2O (i.e., Val22
γ2/β NOESY cross peak (Figure 6A’) and Val22 γ2 exchange cross peaks to NmHO-PH-OH
(Figures 6B’, 6C’)). Moreover, the appearance of very weak cross peak at pH 7.2 (Figure 6A),
which increase strongly at higher pH (Figures 6B’, and 6C’), allows the connection between
the two complexes of the two resolved methyls in the NmHO-PH-OH complex (Leu15
Cδ2H3 and MX), with an unassigned methyl peak (designated Mx) at -0.22 ppm in NmHO-PH-
OH, but 0.37 ppm in NmHO-PH-H2O. Since MX in NmHO-PH-OH exhibits insignificant
hyperfine shifts (negligible temperature dependence), its assignment was not pursued further.
The chemical shifts for residues with significant dipolar shifts (>|0.25| ppm) in NmHO-PH-
OH are listed in Table 2, and the data for the remaining assigned residues are listed in
Supporting Information.
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Non-resolved hyperfine-shifted resonances
Increasing the pH toward the alkaline region in 2H2O results in the detection of new cross peaks
(due to exchange), and intensity increases with pH, for three key, dipolar shifted, aromatic
residues assigned34 in NmHO-PH-H2O, as illustrated at pH 8.7 in Figure 7. Exchange cross
peaks (marked *) from the well-resolved ring protons of Phe125 in NmHO-PH-H2O identify
all of the protons in NmHO-PH-OH. Similar cross peaks are also observed for the CζH and
CεHs of Phe52 (marked by *); the CδHs peak was found34 very broad in NmHO-PH-H2O,
which accounts for its undetectability in Figure 7. Lastly, an exchange cross peak also identifies
the Tyr112 CδH cross peak (marked by *). It is noteworthy that the various ring chemical shifts
for each Phe52 and Phe125 in the NmHO-PH-OH complex are sufficiently close to each other
so as to preclude the resolution of the intra-ring NOESY cross peaks in the pure NmHO-PH-
OH complex. The chemical shift for residues in NmHO-PH-OH with significant dipolar shifts
(> |0.25| ppm) are listed in Table 2, and the data for the remaining assigned residues are listed
in Supporting Information.

Tyr184 ring protons exhibited very broad signals whose NOESY cross peak was marginally
detectable in the NmHO-PH-H2O complex. 50 Its exchange cross peaks to NmHO-PH-OH are
not detectable at pH 8.7, but at pH 10.5, where NmHO-PH-OH with narrower lines, is the
dominant species, the ring exchange peaks are readily detected (Figure 8A). Seven
assigned50 slowly exchanging peptide NHs of NmHO-PH-H2O in 2H2O solution (residues
112-113, 182-184) also exhibit exchange peaks at pH 10.5 to their counterparts in NmHO-PH-
OH (Figure 8).

Dipolar contacts within NmHO-PH-OH
NOESY contacts among protons within the NmHO-PH-OH complex are most readily identified
for protons first identified by magnetization exchange from NmHO-PH-H2O. The sequential
Ni-Ni+1 contacts at pH 10.5 within the NmHO-PH-OH complex for Tyr112-Glu115 and
Ala182-Tyr184 are observed (Figure 8A), once the exchange cross peaks between the H2O
and OH- complexes are identified (Figure 7). Hence, these peptide NHs exhibit long 1H
→ 2H exchange lifetimes of over a period of several days even at pH 10.5. Also shown in
Figure 8 are the exchange cross peaks for the nearly degenerate His53 ring Cδ1H and Cε2H (in
NmHO-PH-H2O50) to their well-resolved positions in NmHO-PH-OH (Figure 8A), and the
exchange cross peaks for the key His141 Cδ2H (Figure 8C).

The separate exchange cross peaks for the Tyr184 ring (Figure 8A), when projected to the
diagonal (Figure 8B), identify the intramolecular NOESY cross peak for the Tyr184 ring within
the NmHO-PH-OH complex, as well as the expected intramolecular Tyr184 CδHs to NH cross
peaks (Figure 8A). Saturation of the resolved 3CH3 peak of the NmHO-PH-OH complex at pH
10.5 (Figure 8D) yields the NOE difference-spectrum with the expected cross peaks to both
ring protons of Tyr184, as well as to the CδH of Phe52, whose exchange cross peak with the
same ring proton in NmHO-PH-H2O (marked*) is now also observed. The 3CH3 exhibited
very similar NOE patterns in both NmHO-PH-CN 34 and NmHO-PH-H2O. 50

Anisotropy and orientation of the paramagnetic susceptibility tensor χ
The magnetic anisotropy of dπ, low-spin iron(III) is large, positive 38, 45, 49 and primarily
axial (|Δχax/Δχrh|~3), with Δχax ~2.5 × 10-8 m3/mol. In contrast, the magnetic anisotropy of
high-spin NmHO-PH-H2O is also largely axial, 50 but negative with Δχax ~-2.0 × 10-8 m3/mol.
In Table 2 we list the observed dipolar shift, δdip(obs), obtained via Eq. (1) for protons on
residues with δdip(obs) > |0.25| ppm for NmHO-PH-OH, and compare these data with the
previously reported data for the high-spin 50 NmHO-PH-H2O with negative Δχax, and low-
spin 34 NmHO-PH-CN with positive Δχax. It is apparent that in each case the sign of the dipolar
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shift in NmHO-PH-OH is the same as that in NmHO-PH-CN, and opposite in sign to that in
NmHO-PH-H2O, dictating that Δχax is positive in NmHO-PH-OH.

We first address the relative importance of the Δχax and Δχrh term in describing the observed
dipolar shift for NmHO-PH-CN. The strong dominance of the axial anisotropy over the
observed dipolar shifts in NmHO-PH-CN is evidenced by the fact that the change in Δχax and
its orientation are only weakly affected by setting Δχrh = 0. Thus, a five-parameter search
(Δχax, Δχrh, α, β and κ = α + γ) (not shown; see Supporting Information) for NmHO-PH-CN
yields Δχax = 2.48 × 10-8 m3/mol, Δχrh = -0.52 × 10-8 m3/mol, α = 280 ±10°, β = 8±1°, κ = 40
± 10°. When Δχrh is set equal to zero for NmHO-PH-CN (making γ or κ irrelevant), the resulting
three-parameter search (Δχax, α and β) yields: Δχax = 2.40 × 10-8 m3/mol, α = 260±10° and β
= 4 ±1°; (data not shown; see Supporting Information). This relative insensitivity of the axial
anisotropy and its orientation to Δχrh in NmHO-PH-CN is due to the fact that the heme occupies
most of the space that is strongly influenced by the rhombic term in Eq. (1), such that the
δdip for non-ligated residues are reasonably well modeled by a solely Δχax value insignificantly
different from the true Δχax. It is reasonable that Δχax will similarly dominate the dipolar shifts
in NmHO-PH-OH.

Using the δdip(obs) for assigned protons for NmHO-PH-OH listed in Table 2 as input for a
least-square determination, of initially Δχax (Δχrh = 0, α = β = 0) normal to the heme, yielded
a good fit with Δχax = 1.04 ± 0.10 × 10-8 m3/mol (not shown). Relaxing the restriction of the
major magnetic axis normal to the heme, the three-parameter fit (Δχax, α, β) yielded essentially
the same Δχax = 1.05 ± 0.10 × 10-8 m3/mol, with a very small tilt β = 4±1° in a direction with
α = 260 ±15°, an inconsequentially reduced residual error function, and a reasonable correlation
between δdip(obs) and δdip(calc), as shown in Figure 9. Moreover, the optimized magnetic axes
do not predict any hyperfine shifted signal which should partially resolved either on the
diamagnetic envelope edges or in the small window between the aromatic and aliphatic protons.
Hence we conclude that the magnetic anisotropy of NmHO-PH-OH is predominantly axial,
clearly positive in sign, and ~40% of the magnitude of that in NmHO-PH-CN.34 These results
are consistent only with the primary population of the dπ (or dxy 2(dxz,dyz)3)ground state.

Influence on H-bond strength
Low-field bias of labile proton diamagnetic chemical shifts has been shown to correlate with
H-bond length, and hence H-bond strength. 59, 60 However, in order to compare the different
derivatives of NmHO, the observed chemical shift, δDSS(obs), must be corrected for the
contribution from the paramagnetism, δdip(calc), obtained via the magnetic axes derived above.
Hence δDSS(dia*) is obtained via:

(4)

where δDSS(dia*) reflects the H-bond effects. The δDSS(obs) and δDSS(dia*) values obtained
for assigned labile protons in NmHO-PH-OH are listed in Table 1, where they can be compared
to previously reported 50 δDSS(dia*) values for the NmHO-PH-H2O complex.

DISCUSSION
Resonance assignments

The dominance of exchange cross peaks at all pHs at which there is more than ~10% NmHO-
PH-OH dramatically limits the de-novo assignment of residues within the NmHO-PH-OH
complex at any pH where the sample is reasonably stable to degradation over 24 h. However,
because the exchange cross peaks appear only upon increasing the pH above pH 7.0, it is
possible to transfer to NmHO-PH-OH, by exchange, the assignment of peaks previously50
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assigned which are resolved or exhibit large dipolar shifts in the NmHO-PH-H2O complexes.
50 This naturally restricts residue assignments in NmHO-PH-OH to those residues which in
NmHO-PH-H2O exhibited significant dipolar shifts or exhibited stronger than usual H-bonds.
Fortunately, these are precisely the target residues for describing the magnetic properties and
H-bond interactions in NmHO-PH-OH. While assignment of residues in the homologous
PaHO complex have not been reported, the heme signals exhibit 40 similarly slow exchange
between the H2O and OH- complexes, such that a similar assignment strategy would be
applicable.

Thermodynamics/dynamics of the H2O ⇔ OH- transition
The integration of heme methyl peaks in the H2O and OH- complexes leads to the Henderson-
Hasselbach plot in Figure 4. Integration of a high-spin and low-spin resolved methyl peak
indicate that 1:1 population occurs at pH 9.8 in 2H2O (uncorrected for isotope effect), and about
0.4 units lower in 1H2O, ~9.4 (based on integration of the pH 10.2 spectra in 1H2O). The
apparent pK for NmHO is some 1.5-1.8 units higher than values reported for the homologous
PaHO complex (~8.0-8.3).13, 40 The obvious conclusion is that the H2O complex is stabilized,
and/or the OH- complex is destabilized,41 in NmHO relative to PaHO substrate complexes.
Comparison of the axial field strengths via Δχax and D, 61 the zero-field splitting parameter,
50 in the two HO-PH-H2O complexes would shed some light on potential differences in ligated
water H-bonding with the protein matrix for the high-spin complexes of PaHO and NmHO.
Such data are available for the NmHO complex, 50 but not yet for the PaHO complex. The
estimated rate of exchange <103 s-1 for the NmHO-PH complex is somewhat slower than
estimated for the PaHO-PH complex.40 Similarly slow exchange has been reported for the
PaHO-PH-H2O/OH pair,40 but such slow exchange is not typical for all such HO complexes,
as hHO exhibits slow exchange (Zhu, W; Ogura, H; Wong, J.-L.; Ortiz de Montellano, P. R.;
La Mar, G.N.; unpublished data).

Magnetic properties and orbital ground state for NmHO-PH-OH
The comparison of the sign of δdip(obs) for assigned signals of NmHO-PH-OH, with the
reported sign of δdip(obs) for S = 1/2, dπ NmHO-PH-CN 34 (Δχax > 0), and S = 5/2 NmHO-
PH-H2O 50 (Δχax < 0), in Table 2 establishes that the axial anisotropy of NmHO-PH-OH is
clearly positive. Quantitation of Δχax leads to Δχax = 1.04±0.10 × 10-8 m3/mol. The retained
sign but reduced magnitude of the axial anisotropy in NmHO-PH-CN relative to NmHO-PH-
OH is consistent with the pattern of the g-values in the EPR spectra of the same metglobin
complexes. 45 The sign and magnitude of Δχax in NmHO-PH-OH therefore support only a
predominantly ‘dπ’ orbital ground state38, 45

The resolved NmHO-PH-OH heme 3CH3 and 8CH3 peaks exhibit deviations from the general
Curie behavior of the low-field methyl peak in the ‘dπ’ orbital ground state of low-spin
cyanoferrihemoprotein 49, 62, 63 complexes. However, hydroxide is a significantly weaker
axial field strength ligand than cyanide, and the majority of metglobin hydroxide complexes
with the dominant ‘dπ’, S = 1/2 ground state, exhibit similar deviations from Curie behavior
49 because of the weak thermal population of the high-spin ferric state with its much larger
methyl contact shifts.

The present results for NmHO-PH-OH with a dπ ground state are in contrast to the ‘dxy’ orbital
ground state proposed6, 40 for the homologous PaHO-PH-OH complex on the basis of
the 13C contact shift pattern of the PH substrate. The significant difference in the pKs for the
acid-alkaline transition in PaHO and NmHO complexes would allow for significant differences
in the effective axial field strength of the OH- ligand, such that different orbital ground states
could, in principle, be populated for the two complexes. The relative values for the pKs for the
two complexes are consistent with, but not proof for, stronger H-bond stabilization of the
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ligated OH- by proton donation by a non-ligated water in PaHO than NmHO (see Figure 1C).
At this time, the 13C analysis of PH contact shifts40 has not been performed on NmHO-PH-
OH, and the sign and magnitude of the axial anisotropy have not been reported for PaHO-PH-
OH. Similar studies on both HOs may resolve this apparent paradox. The present data, however,
indicate emphatically that, the ‘dxy’ orbital ground state of the HO-PH-OH complex is clearly
not a signature of the general distal HO environment.

Dynamic stability of NmHO-PH-OH
It is remarkable that essentially all of the labile proton signals characterized50 at pH 7.0 in
NmHO-PH-H2O are still detectable at pH 10.2, since they usually exhibit base-catalyzed
exchange.64 Even more remarkable is the observation that saturation factors in 3:9:19
difference-spectra 52 between on-resonance and off-resonance saturation of the water signal
at pH 10.2 (not shown; see Supporting Information) leads to small, and essentially the same
(or smaller), saturation factors at pH 10.2 as observed at pH 7.0, where their exchange rate
with bulk solvent was shown to be extremely slow.34 Thus the high dynamic stability, as
reflected in very slow exchange rates of NHs, observed near neutral pH, appears to be retained
even in strongly alkaline medium.

Effect of H2O to OH- conversion on the distal H-bond network
Correlations of δDSS(obs) for δdip(calc) for assigned NmHO-PH-OH labile protons are listed
in Table 1. Also included are δdip(calc) values for NmHO-PH-OH which allow determination
of δDSS(dia*), and the differences in δdip(calc) between the two complex: Δδdip(calc) =
δdip(calc:NmHO-PH-H2O) - δdip(calc:NmHO-PH-OH), where δdip(calc:NmHO-PH-H2O)
values have been published previously.50, and δdip(calc) for NmHO-PH-OH are estimated by
the magnetic axes described above. It must be noted, since both the NmHO-PH-H2O and
NmHO-PH-OH magnetic axes determination are based on only Δχax ≠ 0) (i.e., Δχrh = 0), and
the magnetic axes for NmHO-PH-OH on the basis of significantly fewer experimental
δdip(obs) than from NmHO-PH-H2O, 50 the uncertainties of Δδdip(calc) increase with
increasing δdip(calc) for either complex. Hence, we conclude that differences in δDSS(dia*)
between the H2O and OH- complex are significant only if this difference is comparable to the
magnitude of Δδdip(calc).

Inspection of Table 1 shows that, while δDSS(obs) differs by as much as 1.6 ppm between the
two complexes, correction for δdip(calc) for each complex reduces the difference in δDSS(dia*)
to well under 0.2 ppm for all but a few labile protons. Hence the strength of the majority of the
H-bonds is strongly conserved upon deprotonating the axial water. Among those NHs with
significant (>0.2 ppm) differences in δDSS(dia*) in Table 1, Gln49 NεHs, and Cys113 NH,
each exhibit large |Δδdip(calc)| ~1.0 to 1.3, rendering the interpretation of ΔδDSS(dia*)
questionable. On the other hand, His53 Nε1H and Trp153 NεH exhibit lower field bias in the
OH- than H2O complex, by amounts that are close to the Δδdip(calc), and hence can be
considered significant. The data in Table 1 lead to the conclusion that the diamagnetic chemical
shift, and hence H-bond donor strengths for His53 Nε1H and Trp153 NεH, is significantly
modulated by the H2O ⇔ OH- conversion, with both H-bond donor strengths slightly greater
in the OH- than H2O complex.

Figure 10 presents a schematic of the active site of NmHO-PH-H2O 14 that depicts the ligated
H2O (Figure 10A) or OH- (Figure 10B) (both green spheres) and the three non-coordinated,
catalytically implicated ordered water molecules (yellow spheres), as well as the residues
(specifically His53) that interact directly, or indirectly, with these water molecules. The side
chains of both Gln49 and His53 are rotated 180° about the β-γ bonds from that in the crystal
structures 14, 15, as confirmed by solution NOESY cross peaks in both NmHO-PH-CN 34 and
NmHO-PH-H2O.50 Arrows depict H-bond direction for cases where the position of the donor
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and acceptor atoms are clear. Dashed lines represent the other H-bonds for which it is not
possible, based on either crystallography or 1H NMR, to uniquely ascertain the direction of
the proton donation. Conversion of the necessarily H-bond donor (Figures 1B and 10A) ligated
water#1 to a necessarily H-bond acceptor hydroxide molecule (Figures 1C and 10B) logically
leads to a stronger H-bond donation by His53 Nε1H for the ligated OH- as observed.

Trp153 NεH in NmHO-PH-H2O serves as a H-bond donor primarily to an ordered water
molecule #44, which, in turn, H-bonds to another ordered water molecule #32 that is a donor
to the carboxylate of the 6-propionate. 14 Increasing the negative change on the heme by
deprotonating the axial water could lead to the propionate anion carboxylate serving as a
stronger H-bond acceptor to the ordered water #32, with the effect further transmitted to the
Trp153 NεH. The δDSS(dia*) values for Gln49 NδHs chemical shifts, and hence H-bond
strength of the side chain, appear also to respond to H2O → OH- conversion, but the chemical
shift difference is much less than the Δδdip(calc). The further quantitation of Δχrh for NmHO-
PH-OH would assist in more accurately defining the change in H-bond strength. While
additional assignments in NmHO-PH-OH by 1H NMR may be problematical due to the high
pK and the inability to predominantly populate the NmHO-PH-OH complex, the use of electron
withdrawing substitutions is known42-44 to markedly lower the acid-alkaline pK, and hence
could allow a complete conversion to the hydroxide complex below pH 10 without danger of
degradation at the extreme pH. Similar 1H NMR studies of the hydroxide complex of a formyl-
substituted substrate are planned.

The data show that the state of the axial water is transmitted to the His53 side chain Nε1H some
10Å from the iron. Since the primary interaction of the iron ligand is with one (#37) of the
ordered water molecules, which is linked to His53 by an additional two ordered water
molecules (#243 and #77), it is reasonable that this “link” between the ligand and His53 is
transmitted via the water-chain. The small effect on His53 Nε1H, and the absence of clear
perturbations of other H-bonds in the distal network (i.e., His141, Gln49) by the H2O to OH-

conversion may be considered surprising, in view of the dramatic acid/base properties of the
alternate heme iron ligands. However, each of these residues, as well as the catalytic water
molecules shown in Figure 10, are members of a much more extended network of H-bonds,
and ordered water molecules, 15, 34 such that this highly coupled network may compensate
for a single strong perturbation within the network. The further characterization of the H-bond/
ordered water network must await planned 15N-labeling of NmHO.

CONCLUSIONS
The assignment of active site residues in ferric, low-spin, NmHO-PH-OH reveals a pattern of
dipolar shifts for active site residues that is consistent with only positive axial anisotropy for
the paramagnetic susceptibility tensor. Quantitation of the tensor yields an axial anisotropy
with ~40% of the magnitude found in the well-characterized ferric, low-spin NmHO-PH-CN
complex.34 Hence the dominant orbital ground state for NmHO-PH-OH is the common dπ,
and not the unusual ‘dxy’ orbital state suggested to be a signature of the HO active site. The
conversion of the H-bond donor ligated water to the H-bond acceptor ligated hydroxide leads
to a detectable strengthening of the His53 side chain H-bond, which is linked to the ligated
water/hydroxide through three ordered water molecules.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Geometry of a ferric porphyrin ligated: (A) hydroperoxide; (B) neutral water molecule a; and
(C) hydroxide. The latter two species are at equilibrium at any solution pH value; this
equilibrium shifts to the right with increasing pH. Non-ligated water molecule (b) in the distal
pocket provides the major interaction for the axially ligated water molecule 14 serving as a
donor to molecule b (B). Both the hydroperoxide (A), and hydroxide (C) serve as acceptors to
water b.
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Figure 2.
Schematic structure of the heme pocket of NmHO-PH-H2O, viewed from the proximal side,
showing the numbering of the protoheme (PH) skeleton, the orientation of the axial His23
imidazole plane, and the position of Tyr184 relative to pyrrole B. Also shown is the arbitrary,
iron-centered reference coordinate system, x’, y’, z’, where x’, y’ are in the heme plane passing
through pyrrole NB, NA, respectively and z’ points to the proximal side. The magnetic
coordinate system, x, y, z, for an axially anisotropic paramagnetic susceptibility tensor, χ,
where χ is diagonal, is defined by a tilt from the unique or z axis from the heme normal (z’
axis) by an angle β (not shown), and in a direction defined by the angle α between the projection
of z on the x’, y’ plane and the x’ axis.
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Figure 3.
Resolved portions of the 500 MHz 1H NMR spectrum of NmHO-PH-H2O/OH at 25°C as a
function of solution pH. The predominant NmHO-PH-H2O complex with its assigned residues
is shown at (A) pH 8.1; (B) pH 9.1; (C) pH 9.9; (D) pH 10.5 (6%:94% NmHO-PH-
H2O:NmHO-PH-OH) and (E) pH 10.8. The magnetization-transfer difference spectra for
NmHO-PH-OH upon saturating the assigned NmHO-PH-H2O heme methyl 50 (as indicated
by vertical arrow) are shown for the (F) 8-CH3, (G) 3-CH3; and (H) 5-CH3.
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Figure 4.
A Henderson-Hasselbalch plot (mole fraction NmHO-PH-OH in NmHO-PH-H2O/NmHO-PH-
OH mixtures as a function of pH) in 2H2O solution, at 25°C, as determined from the relative
intensities of the heme 3-CH3 signal in the two complexes. Data in 2H2O are shown as open
circles. The estimated pK ~9.8 in 2H2O is shown by a vertical arrow. The single data point
recorded in 1H2O solution at pH 10.2 is shown as a closed circle.
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Figure 5.
Low-field resolved portion of the 600 MHz 1H NMR reference spectrum of ~20% NmHO-PH-
H2O; ~80% NmHO-PH-OH in 1H2O at pH 10.2 and 25°C with bars to connect the position of
the two exchanging peaks, as previously assigned for the NmHO-PH-H2O complex. (A, B)
provide the pertinent portion of the 600 MHz NOESY/EXSY spectrum (mixing time 40 ms,
repetition rate 2 s-1) illustrating the NOESY, and exchange (EXSY; peaks marked by *) and
exchange-transferred NOESY peaks (marked by #) among the low-field labile protons. The
unambiguous assignment of the labeled peaks for NmHO-PH-OH is completely dependent on
the previous unambiguous assignments carried out on essentially pure NmHO-PH-H2O. 50
Again, protons in NmHO-PH-H2O are shown by dashed lines, while those in NmHO-PH-OH
are shown by solid lines. Signals are identified by residue number and position, except peptide
NHs, which are labeled solely by residue number.
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Figure 6.
Resolved upfield portion of the 600 MHz 1H NMR spectrum of NmHO-PH-H2O/OH
in 2H2O at 25°C at: (A) pH 7.2; (B) pH 8.7; and (C) pH 10.2 illustrating the conversion of
primarily NmHO-PH-H2O in A to primarily NmHO-PH-OH in C. The pertinent portions of
the 600 MHz 1H NMR NOESY(EXSY) spectra (mixing time 40 ms, repetition rate 2 s-1) are
shown in (A’), (B’), (C’) at the pH values corresponding to the reference spectra in A, B, C,
respectively. Proton frequencies are labeled by residue number and position; peptide NHs are
labeled solely by number. Dashed lines identify protons in NmHO-PH-H2O assigned
previously, while solid lines identify newly assigned protons in NmHO-PH-OH. Asterisks
identify exchange peaks and # identify exchange-transferred NOEs. Note weak exchange peak
Leu15 Cδ2H3 and MX (unassigned methyls) even at pH 7.2 (A’), which become stronger at
both pH 8.7 (B’) and 10.2 (C’). Also note diminishing intensity of intramolecular NOESY
cross peaks within NmHO-PH-H2O, and increasing intensity of exchange cross peak between
NmHO-PH-H2O and NmHO-PH-OH with increasing pH.
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Figure 7.
Aromatic proton portion of the 600 MHz 1H NMR NOESY/EXSY spectrum (mixing time 40
ms; repetition rate 2 s-1) for ~85% NmHO-PH-H2O and ~15% NmHO-PH-OH at pH 8.7
in 2H2O solution, 50 mM in phosphate at 25°C. New exchange peaks are marked by * for
assigned aromatic rings in NmHO-PH-H2O and labeled for Phe52, Tyr112 and Phe125. Protons
in NmHO-PH-H2O and NmHO-PH-OH are shown by dashed and solid lines, respectively.
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Figure 8.
Low-field portion of the 1H NMR NOESY/EXSY spectrum (mixing time 40 ms; repetition
rate 2 s-1) of ~20% NmHO-PH-H2O, ~80% NmHO-PH-OH in 2H2O, 100 mM bicarbonate, at
pH 10.5 and 25°C illustrating exchange (EXSY) cross peaks (marked by *) between NmHO-
PH-H2O and NmHO-PH-OH for slowly exchanging labile protons Tyr112-Gln115 and
Ala182-Tyr184 (A), for the His53 ring Cδ1H and Cε2H (A), Tyr184 ring proton (A) and His141
Cδ2H (C). The proton frequencies of NmHO-PH-H2O and NmHO-PH-OH are marked by
dashed and solid lines, respectively. Note that the sequential Ni-Ni+1 cross peaks within
NmHO-PH-OH are clearly observed for both helical fragments with slowly exchanging NHs.
Panel (B) shows the intra-NmHO-PH-OH Tyr184 ring NOESY cross peaks and the expected
Tyr184 CδHs to peptide NH NOESY cross peak (A). Panel (D) represents the steady-state 1D
NOE difference spectrum within the NmHO-PH-OH complex resulting upon saturating the 3-
CH3 of the NmHO-PH-OH complex at 20 ppm, and yields the expected NOEs to the ring of
Tyr184. The NOE to the Phe52 CδH arises primarily from a very strong secondary NOE via
the Tyr184 ring. Note that even at this extreme alkaline pH, EXSY cross peaks are as intense
as most NOESY cross peaks.
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Figure 9.
Plot of δdip(obs) versus δdip(calc) for the optimized anisotropy and orientation of axially
symmetric paramagnetic susceptibility tensor χ of NmHO-PH-OH at 25°C, with α = 260 ±15°,
β = 4 ± 1° and Δχax = 1.04 ±0.14 × 10-8 m3/mol. The residual error function, F/n = 0.20
ppm2.
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Figure 10.
(A) Schematic structure of the distal cavity of NmHO-PH-H2O showing the relative position
of the ligated water, H2O#1 (green sphere), the three conserved catalytically relevant, non-
ligated water molecules, H2O#243, H2O#37 and H2O#77 (yellow spheres) and several key
residues involved in the H-bond stabilization of these water molecules based on the NmHO-
PH-H2O crystal structure and the previously documented 180° rotation about the β–γ bond for
the Gln49 and His53 side chain.34, 50 The direction of H-bonds (donor → acceptor) are shown
in solid arrows between the two heteroatoms. For cases where neither the crystal structure nor
solution 1H NMR uniquely locates the position of the proton, and hence the direction of the
H-bond cannot be definitively determined, the presence of the H-bond is shown as a dashed
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line. (B) Structure of NmHO-PH-H2O retained for the NmHO-PH-OH complex, except that
the H-bond direction between water #1 and water #37 is reversed from that in A. The changed
direction of the axial ligand (green sphere) in converting H2O (A) to OH (B) is consistent with
the His53 Nε1H serving as a strong donor upon deprotonating the water.
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