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ABSTRACT: The active site electronic structure of the azide complex of substrate-bound human heme
oxygenase 1 (hHO) has been investigated by 1H NMR spectroscopy to shed light on the orbital/spin
ground state as an indicator of the unique distal pocket environment of the enzyme. Two-dimensional 1H
NMR assignments of the substrate and substrate-contact residue signals reveal a pattern of substrate methyl
contact shifts that places the lone iron π-spin in the dxz orbital, rather than the dyz orbital found in the
cyanide complex. Comparison of iron spin relaxivity, magnetic anisotropy, and magnetic susceptibilities
argues for a low-spin, (dxy)2(dyz,dxz)3, ground state in both azide and cyanide complexes. The switch from
singly occupied dyz for the cyanide to dxz for the azide complex of hHO is shown to be consistent with the
orbital hole determined by the azide π-plane in the latter complex, which is ∼90° in-plane rotated from
that of the imidazole π-plane. The induction of the altered orbital ground state in the azide relative to the
cyanide hHO complex, as well as the mean low-field bias of methyl hyperfine shifts and their paramagnetic
relaxivity relative to those in globins, indicates that azide exerts a stronger ligand field in hHO than in the
globins, or that the distal H-bonding to azide is weaker in hHO than in globins. The Asp140 f Ala hHO
mutant that abolishes activity retains the unusual WT azide complex spin/orbital ground state. The relevance
of our findings for other HO complexes and the HO mechanism is discussed.

Heme oxygenase (1-3) (HO)1 is a nonmetal enzyme that
uses protoheme (PH) as both a substrate and a cofactor to
generate biliverdin, iron, and CO via three intermediates,
mesohydroxyheme, verdoheme, and iron(III) biliverdin, as
shown in Figure 1. The biliverdin product of the majority
of HOs is further reduced to bilirubin by biliverdin reductase.
In mammals, the ∼300-residue enzyme is membrane-bound,
and the three products have key roles as precursors to the
antioxidant, bilirubin (4), in iron homeostasis (5), and as a
potential neural messenger (6), respectively. A smaller
(∼200-residue) soluble HO is found in plants and photo-
synthetic bacteria (7), where the product biliverdin is
converted to light-harvesting pigments, and in numerous
pathogenic bacteria (3, 8-10), where its prime role is to
secure iron from the host. While the HOs exhibit variable

sequence homology (9), their structures exhibit a new, but
remarkably conserved, R-helical fold (11-16). The distal
HO pocket is unique in possessing a cluster of ordered water
molecules organized within an extended H-bond network
with some much stronger than usual H-bonds (12, 13, 16-22).
Two prominent features of the HO reaction are that the ring
cleavage is highly stereospecific (3, 10, 23) and that the ferryl
species resulting from heterolytic O-O bond cleavage, which
is responsible for oxidation by cytochromes P450 and
peroxidases, is catalytically incompetent in HOs (23-25).

Control of heme stereoselectivity is rationalized by steric
blocking by the distal helix of three of the meso positions,
and the steric tilt or orientation of the exogenous ligand
toward the fourth, unblocked position; differential stereose-
lectivity is determined primarily by differential heme seating
in the active site (2, 3, 10-16, 26, 27). While the majority
of HOs are R-meso-selective, the HO from the opportunistic
pathogeneic bacterium Pseudomonas aeruginosa (28)
(PaHO) is unusual in that the product is a mixture of �- and
δ-biliverdin. Initial mechanistic studies favored electrophilic
attack on a meso position by Fe3+-OOH (3, 23-25), but
computational results suggested that this would involve an
insurmountably high energy barrier and instead proposed
(29-31) a tethered free radical mechanism in which the
heme-bound O-O bond is homolytically cleaved. The
destabilization of heterolytic O-O bond cleavage in HO has
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been attributed to H-bonding to the iron ligand by a set of
conserved, ordered water molecules (3, 12, 13, 16, 17, 29-31).
In the mammalian HO, these water molecules are H-bonded
to distal Asp140 whose mutagenesis (32, 33) perturbs the
ordered water molecule arrangement and abolishes HO
activity, yielding the inactive ferryl unit.

The preference for homolytic over heterolytic O-O bond
cleavage is unique to HOs, and early efforts were directed
to searching for a unique spectroscopic signature of the active
site of HOs that could be related to an active site environment
distinct from those of the more common heme proteins.
However, UV-visible, resonance Raman, EPR, and, until
recently (34, 35), 1H NMR spectra of HO complexes all were
comparabletothoseforthesamederivativesofaglobin(2,36-42).
NMR spectra of paramagnetic hemoprotein derivatives provide
unique information through their hyperfine shifts (42, 43) that
reflect on functionally relevant structural information not
readily gleaned from either crystal structures or other
spectroscopic methods. Low-spin ferrihemoprotein com-
plexes exhibit substrate contact shift patterns that reflect the
pattern of delocalized spin density (42, 43). For the majority
of S ) 1/2 ferrihemoproteins with relatively planar hemin,
the lone spin resides in the π-bonding dyz or dxz orbital, which,
for the geometry depicted in Figure 2A, can be delocalized
into the symmetry-adapted 3eπ(yz) (spin distribution in Figure
3A) or 3eπ(xz) (spin distribution in Figure 3B) porphyrin
molecular orbitals (42, 44, 45). For the extensively investi-
gated His/CN--ligated ferrihemoproteins, the orbital ground
state (singly occupied dxz or dyz) is determined by the axial
His imidazole plane orientation (44), as defined by the angle
φH relative to the porphyrin-based x-axis (Figure 2A). For
R-meso-selective2 HOs (i.e., with the substrate orientation
depicted in Figure 2A), φH ∼ 0, and the lone spin in dyz

delocalizes into 3eπ(yz) with large predicted (44) and
observed (18, 19, 22, 41, 46) contact shifts for porphyrin
positions 2, 3, 6, and 7 (Figure 3).

Azide and cyanide complexes of ferriglobins exhibit very
similar substrate contact shift patterns, and hence similar
orbital ground states (42). It was, therefore, surprising that
the azide complexes of both PaHO and the HO from the
pathogenic bacterium Neisseria meningitidis (NmHO) ex-
hibited (34) a switch between the two alternate orbital ground
states (i.e., molecular orbitals in Figure 3), upon substituting
azide for cyanide (22, 28), even though the axial His

imidazole orientation can be expected (12, 14) to be
unchanged. On the basis of the failure of the correlation
between the contact shift pattern and the His orientation in
the azide complex, and supported by somewhat larger
magnetic moments for the azide relative to cyanide complex,
a novel S ) 3/2, (dyz)2(dxy)1(dxz)1(dz2)1, rather than the common
S ) 1/2, (dxy)2(dxzdyz)3, ground state was proposed (34) for
HO azide complexes. This unprecedented intermediate-spin
ground state was attributed to a weaker than “normal” (i.e.,
globins) axial field strength for the azide complex. Since
donation of an H-bond to the azide will weaken its ligand
field, it was concluded (34) that the distal H-bonding to the
ligand by the ordered water molecules in HOs is stronger
than the H-bonding by distal basic side chains in globins.
The interchange between the singly occupied dxz and dyz

orbitals [with spin delocalization into 3eπ(xz) and 3eπ(yz),

2 In the case of � (or δ)-meso-selective PaHO, the substrate is rotated
in plane (15, 49) ∼90° relative to the conserved protein matrix and
imidazole orientation compared to that depicted in Figure 2A, such
that the unpaired dxz spin is delocalized into 3eπ(xz) in the
PaHO-PH-CN complex, with predicted (44) and observed (49) large
contact shifts for positions 1, 4, 5, and 8.

FIGURE 1: Sequence of intermediates in the heme oxygenase mechanism.

FIGURE 2: Structure of the (A) substrate, native protohemin (PH; R
) vinyl), and 2-fold symmetric 2,4-dimethyldeuterohemin (DMDH;
R ) CH3). The coordinate system for the iron d orbitals has the x-
and y-axes passing through the �- and δ-meso positions (and the
His25 imidazole plane) and the R- and γ-meso positions (azide
π-plane), respectively, for the substrate orientation of the R-meso-
selective hHO. The substrate contact residues are shown as squares
and circles for proximal and distal residues, respectively. The
orientations of the proximal His imidazole and distal azide π-planes
are shown as solid and dashed rectangles, respectively; the angles
between the x-axis and the proximal His imidazole and distal azide
π-planes are φH and φA, respectively. Contacts expected from the
crystal structures (11, 13) and observed by 1H NMR for the WT
hHO-DMDH-N3 complex are shown by double-sided arrows. (B)
Edge-on view from the positive x-axis that depicts the expected
Fe-N3 orientation, observed in the complex of rat HO (62).
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respectively] between azide and cyanide complexes of HOs
was suggested (34) as a feature diagnostic of a catalytically
competent heme oxygenase active site. While a spectroscopic
signature for HO activity would be very useful, it remains
to be determined whether this proposed unique property, a
switch in orbital ground states between the azide and cyanide
complexes (34), is exhibited by all HOs and, if so, exactly
what molecular/electronic structural feature is perturbed
relative to other ferrihemoproteins with ostensibly conserved
His/CN- and His/N-

3 chromophores, and how it relates to
HO activity.

For the purpose of attempting to resolve some of these
questions herein, we extend our 1H NMR studies to the azide
complex of human heme oxygenase 1 (hHO). Sequence
homology between NmHO and PaHO is stronger (9) than
that of either with hHO, particularly in the distal H-bond
network, and it is of interest to compare the NMR properties
of the azide complexes of hHO with those of NmHO (27, 34)
and PaHO (34). Unfortunately, hHO in different complexes
with the native substrate, protohemin (PH) (R ) vinyl in
Figure 2A), exhibits molecular heterogeneity (40, 41, 47)
with respect to the orientation of PH about the R,γ-meso
axis that reduces sensitivity and increases spectral overlap,
which severely complicates assignments. Instead, we employ
the 2-fold symmetric heme, 2,4-dimethyldeuterohemin
(DMDH) (R ) CH3 in Figure 2A), which was found (18) to
generate a single, homogeneous species in solution with a
molecular structure essentially indistinguishable from that
of the PH complex (20, 47, 48). To assess whether any NMR
spectroscopic anomalies are related to the distinctive HO
distal pocket environment that stabilizes hemolytic over
heterolytic O-O bond scission, we include 1H NMR data
on the Asp140Ala point mutant, D140A-hHO-PH-N3,
which abolishes mammalian HO activity (32, 33) and instead
favors heterolytic O-O bond cleavage.

We demonstrate that the switch between the alternate
orbital ground states for the azide and cyanide complexes is
apparently a general HO characteristic but that this orbital/
spin state is retained in the inactive D140A-hHO-PH-N3

mutant, indicating that this unusual property is not uniquely
correlated with HO activity. These results allow us to
formulate an alternate orbital/spin ground state for HO azide
complexes that is consistent with differences in the π-bonding
capability of N3

- and CN- and argue, contrary to previous
proposals (10, 34, 49), for stronger, rather than weaker, azide
field strength, and hence weaker rather than stronger H-
bonding to the exogenous ligands in HOs than in globins.

EXPERIMENTAL PROCEDURES

Protein Sample. Solubilized, wild-type hHO and the point
mutant D140A-hHO were prepared as reported previously
(24, 32). 2,4-Dimethylprotoporphyrin IX (DMDH) (R )
methyl in Figure 2A) was purchased from Mid-Century
Chemicals and the iron inserted by standard procedures (50).
The 1:1 molar equivalent of DMDH was titrated into apo-
hHO in 2H2O in the presence of 20 mM KN3 buffered by 50
mM phosphate (pH ∼7.1).

NMR Spectroscopy. 1H NMR data were collected on
Bruker AVANCE 500 and 600 spectrometers operating at
500 and 600 MHz, respectively. Reference spectra were
collected in 2H2O over the temperature range of 15-35 °C
at both a repetition rate of 1 s-1 over a spectral width of 40
ppm and at 5 s-1 over a spectral width of 200 ppm. Chemical
shifts are referenced to 2,2-dimethyl-2-silapentane-5-sul-
fonate (DSS) through the water resonance calibrated at each
temperature. Nonselective T1 values were determined by the
standard inversion-recovery pulse sequence and estimated
from the null point; 600 MHz NOESY spectra (51) (mixing
time of 40 ms; repetition rate of 1-2.5 s-1) and 500 MHz
Clean-TOCSY spectra [to suppress the ROESY response
(52); spin lock of 25 ms; repetition rate of 1-2 s-1] were
recorded over a bandwidth of 25 kHz (NOESY) and 12 kHz
(TOCSY) using 512 t1 blocks of 128 and 256 scans each
consisting of 2048 t2 points. Two-dimensional data sets were
processed using Bruker XWIN on a Silicon Graphics Indigo
workstation and consisted of 30° or 45° sine-squared bell
apodization in both dimensions, with zero-filling to 2048 ×
2048 data points prior to Fourier transformation.

Paramagnetic Susceptibility Comparison. Solution 1H
NMR (53, 54) was used to determine the difference in
paramagnetic susceptibility, ∆�M

between the accepted S ) 1/2 hHO-DMDH-CN complex
and the hHO-DMDH-N3 complex, to assess the potential
population of an S > 1/2 ground state for the latter complex.
A 2.0 mM hHO-DMDH-H2O solution 50 mM in phos-
phate (pH 7.1) (concentration determined with an ε of 140
mM-1 cm-1), to which was added 10 mM dioxane,3 was
split into two samples. The first solution was diluted by 10%
by volume with a phosphate-buffered 1H2O solution (pH 7.1)
400 mM in KN3 to yield a 1.8 mM hHO-DMDH-N3

solution in 1H2O. The second solution was diluted by 10%

3 Both dioxane and tert-butanol were used as susceptibility markers.
However, addition of tert-butanol significantly perturbed the hyperfine
shift pattern of the azide complex, indicating specific interactions near
the active site. Addition of dioxane left the 1H NMR spectra of both
the azide and cyanide complexes unperturbed.

FIGURE 3: Symmetry-adapted substrate 3eπ molecular orbitals that
illustrate the position of significant delocalized π-spin density on
the substrate resulting from singly occupied metal-porphyrin
π-bonding. The magnitude of the spin density, Fπ, is shown by the
size of the dashed circle. (A) 3eπ(yz), which interacts with only dyz

and results in large low-field methyl contact shifts for positions 2,
3, 6, and 7, as observed (18) for the cyanide complexes of R-meso-
selective hHO, and (B) 3eπ(xz), which interacts with only dxz and
results in large low-field methyl contact shifts at positions 1, 4, 5,
and 8, as observed in the azide complexes of R-meso-selective hHO.
The orbitals in panels A and B are similarly occupied in all R-meso-
selective HO cyanide (18, 19, 22, 40, 41, 46) and azide (34, 35)
complexes, respectively.

∆�M ) �M(hHO-DMDH-N3) - �M(hHO-DMDH-CN)
(1)
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by volume with a phosphate-buffered, 50%/50% (v:v) 1H2O/
2H2O solution (pH 7.1), 400 mM in KCN, to yield a 1.8
mM hHO-DMDH-CN solution in 95% 1H2O and 5% 2H2O.
The equimolar (1.8 mM) hHO-DMDH-CN and hHO-
DMDH-N3 solutions at identical ionic strengths were placed
in the center tube and annulus of a concentric 5 mm NMR
tube, and the chemical shift difference, ∆δ, was measured
on a 600 MHz spectrometer at 25 and 35 °C. This difference
in chemical shift is related to the difference in paramagnetic
susceptibility between the cyanide and azide complex as
given by (53, 54)

Using the essentially invariant paramagnetic susceptibility
for the established low-spin cyanide complex of ferric HO
(34), �M(cyanide complex) ∼ 3.6 × 10-8 m3/mol,
�M(hHO-DMDH-N3) can be estimated, and the effective
magnetic moment (µeff) for the azide complex can be
determined by

RESULTS

Spectral Comparison of N3
- and CN- Complexes. The

strongly low-field, contact-shifted methyl resonances indica-
tive of large π-spin density are resolved in the low-field
portion of the 1H NMR spectrum. The low-field resolved
portion of the 600 MHz 1H NMR reference spectrum of the
hHO-DMDH-N3 complex in 2H2O is shown in Figure 4A
and can be compared to that of the hHO-DMDH-CN

complex (18) in 2H2O in Figure 4A′. Assignments for the
substrate resonances are given in the Fisher notation and for
amino acid residues by residue number and position.
Noteworthy is the observation (18) that the CN- complex
exhibits two resolved methyls, while the WT azide complex
displays four methyls in this window. The nonselective T1

values (not shown) for the resolved methyls of the
hHO-DMDH-N3 complex are ∼85 ms, which is a factor
of less than ∼2 shorter than for the cyanide complex (18, 41).
The 1CH3 and 8CH3 peaks of the hHO-DMDH-N3

complex exhibit line broadening over those of the 4CH3 and
5CH3 peaks (in spite of similar T1 values), which arises from
rapid exchange (55) between alternate microenvironments
at the substrate periphery. The two remaining methyls will
be shown to appear within the diamagnetic envelope at 0-10
ppm. The DMDH methyl peaks to the low field of ∼10 ppm,
and to the high field of ∼10 ppm, in the hHO-DMDH-N3

complex exhibit very weak anti-Curie and markedly stronger
anti-Curie behavior, respectively (not shown; see Figure S1
of the Supporting Information).

The low-field resolved portion of the NMR spectrum of
the D140A-hHO-DMDH-N3 complex in 2H2O is shown
in Figure 4B. Spectra over a wide range of temperature (not
shown; see Figure S2 of the Supporting Information) reveal
four methyls, labeled CH3

a-CH3
d (intensity of approximately

three protons), and a single proton peak, He, to the low field
of ∼10 ppm similar to that for the hHO-DMDH-N3

complex. The T1 values for the methyl resonances are similar
(∼80 ms) to those for the WT complex. The methyl peaks
exhibit significant and differentially broadened resonances
at 30 °C, which are broadened further at lower temperatures
(not shown; see Figure S2 of the Supporting Information).
This behavior indicates an exchange phenomenon, as ob-
served for WT, but with a slower rate (55). Weak anti-Curie
behavior is displayed by the low-field methyls in the D140A-
hHO-DMDH-N3 complex, similar to that observed for WT
(not shown; see Figure S2 of the Supporting Information).

Assignment Protocols. We focus here only on the elec-
tronic structure of the chromophore, and hence, the only
resonances of interest are those for DMDH and sufficient
active site residues in contact with DMDH to associate each
pyrrole with a specific protein environment in the heme
pocket, as defined in the crystal structure (13). These limited
but crucial assignments were optimally pursued in a 2H2O
solution of the hHO-DMDH-N3 complex. While the hHO
azide crystal structure has not been reported, comparison of
the rat HO azide crystal structure (12) with those of rat HO
having numerous other ligands, including cyanide (14), show
that heme contact residues are unchanged in the various
derivatives. Our working hypothesis is that this is also true
for hHO.

The DMDH assignments are assigned very straightfor-
wardly by the pattern of inter-methyl and methyl-propionate
CRH NOESY cross-peaks about the substrate periphery, as
reported for the hHO-DMDH-CN (18) and NmHO-
DMDH-N3 (46) complexes. We note that DMDH, because
of its 2-fold symmetry, does not possess unique labeling for
each pyrrole substituent. However, we adopt the convention
of numbering positions [as reported for the hHO-DMDH-CN
complex (18)], which parallels that for the major solution
isomer of hHO-PH (41), as depicted in Figure 2A. Active
site residues are assigned by TOCSY detection of the spin

FIGURE 4: Resolved portions of the 600 MHz 1H NMR spectra of
(A) hHO-DMDH-N3 and (B) D140A-hHO-DMDH-N3 com-
plexes. Panel A′ reproduces the same spectral portions for the
hHO-DMDH-CN complex (18). All samples are at 30 °C in 2H2O,
50 mM in phosphate (pH 7.4). DMDH peaks are labeled by the
Fisher notation (see Figure 3), and residue peaks are labeled by
the residue number and its position within the residue.

∆δ)103M∆�M/3 (2)

µeff(hHO-DMDH-N3) ) [3kT�M(hHO-DMDH-
N3)/NAµo]

1/2 (3)
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connectivity that uniquely identifies residue type, and by the
NOESY contacts among these residues and between these
residues and DMDH, as predicted by the crystal structure
(13). The uniqueness of both scalar and dipolar connectivities
is confirmed on the basis of two-dimensional experiments
over a range of temperatures, where the natural temperature
dependence of hyperfine shifts serves as a “third dimension”
for editing the spectra. The expected, and observed, active
site residue-substrate contacts are depicted schematically
in Figure 2A. The assignments were greatly aided by the
observation of very similar dipolar shifts for heme contact
residues in the azide and the previously reported (18) cyanide
complex. Moreover, hHO possesses an extended aromatic
cluster on the distal side, conserved in both substrate-bound
and substrate-free hHO (13, 56), that predicts and allows
the observation of (18) highly characteristic NOESY cross-
peak patterns among TOCSY-detected aromatic rings with
characteristic low-field shifts, in a Phe95-Trp96-Phe47-
Phe167-Leu164-Phe166-Tyr58 pattern.

Assignment of the WT hHO-DMDH-N3 Complex. Por-
tions of the 600 MHz 1H NMR NOESY spectrum of the
hHO-DMDH-N3 complex in 2H2O illustrating the key
contacts about the DMDH periphery in the order CRH-CH3-
CH3-CH3-CH3-CH3-CH3-CRH, with weak cross-peaks be-
tween the outer and central methyl pairs and moderate cross-
peaks between the other two methyl pairs, are shown by
arrows in Figure 5. Key DMDH-residue and inter-residue
dipolar contacts are illustrated in both Figures 5 and 6. A
pair of strongly low-field shifted and relaxed geminal protons
can arise only from the remaining heme ligand, His25 C�Hs
(Figure 6C,D,F).

The NOESY cross-peak of an Ala methyl to His25 CRH
(Figure 6B), together with the Ala methyl NOESY cross-
peask to an upfield DMDH methyl (Figure 6B), uniquely
identifies Ala28 and assigns 2CH3 and 3CH3. Ala28 C�H3

NOESY cross-peaks to a Phe ring and to 2CH3 (Figure 6B)
uniquely identify Phe214, while an Ala28 C�H3 cross-peak
to another aromatic ring (Figure 6B) that exhibits cross-peaks
to 1CH3 (Figure 6A) and 8CH3 (Figure 5E) uniquely locates
the ring of Phe207. NOESY cross-peaks of a Thr to both
8CH3 (Figure 5A) and 1CH3 (Figure 5B) and a cross-peak
between an aromatic ring and both 8CH3 (Figure 5E) and
Phe207 (Figure 6E) uniquely locate Thr135 and Tyr134. The
methyls of a Val exhibit contacts to both 4CH3 (Figure 5A)
and 5CH3 (Figure 5B) that can arise from only Val146. The
expected and observed heme pocket contacts are depicted
schematically in Figure 2A, and chemical shifts of DMDH
and heme contact residues are provided in Table 1. Lastly,
characteristic NOESY cross-peaks among weak to moder-
ately dipolar-shifted rings in the aromatic cluster identify
six additional aromatic (Phe47, -95, -166, and -167, Tyr58,
and Trp96) and part of one aliphatic (Leu164) residue with
shifts listed in the Supporting Information.

The large hyperfine shifts for the hHO-DMDH-N3

methyls at positions 1, 4, 5, and 8 dictate single occupancy
of dxz, with spin delocalized into 3eπ(xz) (Figure 3A), as
observed (34) for the NmHO-PH-N3 complex (34). The
active site residues, on the other hand, exhibit dipolar shifts
very similar to those of the CN- complex (18) whose dyz

orbital [with spin delocalization into 3eπ(yz) (Figure 3B)] is
singly occupied (see Table 1 and Table S1 of the Supporting
Information).

Assignments in D140A-hHO-DMDH-N3. The methyls
on a given pyrrole exhibit very sizable NOESY cross-peaks
and numerous common cross-peaks to pyrrole contact
residues. Two methyls adjacent to the same meso-H exhibit
only a very small inter-methyl cross peak but still exhibit
common cross-peaks to the same heme contact residue.
Variable-temperature NMR spectra of the hHO-DMDH-N3

complex identify four resolved methyl peaks and one
resolved single-proton peak He (not shown; see Figure S2
of the Supporting Information). The much larger line widths,
lower concentration (∼1.5 mM), and hence strongly reduced
sensitivity relative to the WT complex preclude the detection
of the weak NOESY cross-peak within the methyl pairs on
adjacent pyrroles, 1CH3/8CH3 and 4CH3/5CH3, but should
readily allow the detection of the moderate-intensity cross-
peak within methyl pairs on the same pyrrole, 1CH3/2CH3

and 3CH3/4CH3. The excessive line width, moreover,
precludes the detection of the intraresidue TOCSY cross-
peaks for DMDH contact residues. However, one qualitative
conclusion is that there are still four low-field DMDH
methyls, as in the WT hHO-DMDH-N3 complex, and not

FIGURE 5: Portions of the 600 MHz 1H NMR NOESY spectrum
(mixing time of 40 ms, repetition rate of 2.5 s-1, sweep width of
35 ppm) of the hHO-DMDH-N3 complex in 2H2O, 50 mM in
phosphate (pH 7.4), at 30 °C, illustrating the dipolar contacts about
the DMDH perimeter, as shown by arrows (A-L). Key residue-
DMDH and inter-residue contacts are from Val146 to 4CH3 (A)
and 5CH3 (B), from Thr135 to 8CH3 (C) and 1CH3 (D), from
Phe207 to 8CH3 (E) and 1CH3 (F), from the Tyr134 ring to 8CH3

(E), and from Thr135 to CγH3 (H).
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two, as in the hHO-DMDH-CN complex (18), indicating
that the singly occupied dxz orbital is retained in the mutant
azide complex.

Portions of the NOESY spectrum of the D140A-hHO-
DMDH-N3 complex in 2H2O containing the low-field
methyl resonances are shown in Figure 7. The absence of
cross-peaks between well-separated low-field methyl peaks
excludes any of these pairs arising from methyls of the same
pyrrole. The near degeneracy of CH3

a and CH3
b prevents

detection of even a moderate-intensity NOESY cross-peak
between them; however, the absence of any common cross-
peaks to CH3

a and CH3
b over a range of temperatures

similarly discounts their positions either on the same pyrrole
or adjacent to the same meso position. Methyl peaks CH3

a

(Figure 7A) and CH3
d (Figure 7C) exhibit common NOESY

cross-peaks to an aliphatic and aromatic residue, indicating
aliphatic-aromatic residue contacts (Figure 7D,F) that are
very similar in pattern to those observed in the
hHO-DMDH-N3 complex for 1CH3 and 8CH3 with Thr135
and Tyr134, respectively, and are so assigned. Methyl peaks
CH3

b (Figure 7A) and CH3
c (Figure 7B) exhibit a common

NOESY cross-peak to an upfield-shifted methyl in a manner
similar to that observed in the hHO-DMDH-N3 complex
for 4CH3 (Figure 5A) and 5CH3 (Figure 5B) with Val146
and are so assigned; the two methyls could not be differenti-
ated. Thus, the same four methyl peaks appear in the low-
field resolved spectral window for both the WT azide and
D140A mutant azide complexes. The intense NOESY cross-
peak for peak He is consistent with it arising from the His25
C�Hs (Figure 7G). The logical conclusion from this similarity
of the NOESY pattern between the mutant and WT proteins
is that they display highly conserved active site structures.
This is further supported by the observation of very similar
NOESY cross-peaks among TOCSY-detected rings in the

FIGURE 6: Portions of the 600 MHZ 1H NMR NOESY spectrum
(mixing time of 40 ms, repetition rate of 1.5 s-1, sweep width of
17 ppm) illustrating key DMDH-residue and inter-residue contacts:
(A) from 1CH3 to the Phe207 ring, (B) from 8CH3 to the Tyr134
ring, from Ala28 C�H3 to the Phe207 ring and His25 CRH, (C, D,
and F) His25 intraresidue, (E) from 2CH3 to the Phe214 ring, and
(E) interaromatic and aromatic-aliphatic contacts involving Phe47,
Tyr58, Tyr134, Phe166, Phe167, and Leu164 in the distal aromatic
cluster. Note that in panel B, 1CH3 and 8CH3 are folded in.

Table 1: Chemical Shifts for DMDH and Key Active Site Residues for
DMDH-Azide Complexes of WT hHO and D140A-hHO

WT hHO D140A-hHO

residue proton azidea cyanideb azidea

DMDH 1CH3 15.09 8.95 19.9
2CH3 7.71 21.37
3CH3 10.07 18.25
4CH3 19.34 8.51 19.4/14.5c

5CH3 14.27 9.78 14.5/19.4c

6CRH 4.20 11.02
6CRH′ 4.85 10.24
6C�H -3.90 -0.05
6C�H′ -7.50 0.12
7CRH 3.24 13.13
7CRH′ 9.84 7.02
8CH3 17.78 8.29 12.4

Arg22 CRH 6.67 6.27 6.21
His25 C�1H 10.78 8.95 9.3

C�2H 12.68 10.75 12.3
Ala28 CRH 3.40 2.42

C�H3 -0.07 -2.14
Tyr134 CδHs 6.37 6.56 6.55

CεHs 6.05 6.25 6.13
Thr135 CRH 1.23 2.39 2.36

C�H 3.75 3.35 3.55
CδH3 -1.31 -0.10 0.07

Leu138 CRH 3.76 3.12 -
C�Hs -0.35, 0.47 -0.40, 0.55 -
CδH 0.48 0.55 -

Val146 CRH 3.88 3.76
C�H 2.26 2.32
CγH3 0.51 0.56
CγH3′ 0.47 0.71

Phe207 CδHs 6.43 6.43 -
CεHs 5.25 5.82 -

Phe214 CδHs 6.80 6.67 -
CεHs 6.35 6.35 -
C�H 6.27 6.45 -

a Chemical shift in parts per million referenced to DSS via the
residual solvent signals, in 2H2O, 50 mM in phosphate (pH 7.1), at 30
°C. b Chemical shift in parts per million referenced to DSS in 1H2O, 50
mM in phosphate. Data from ref 18. c The 4CH3 and 5CH3 assignments
could not be differentiated.

FIGURE 7: Portion of the 600 MHZ 1H NMR NOESY spectrum
(mixing time of 40 ms, repetition rate of 25 s-1) of the D140A-
hHO-DMDH-N3 complex in 2H2O, 100 mM in phosphate (pH
7.1), at 30 °C illustrating the DMDH contacts to the four low-field
resolved methyls labeled Ma-Md to key active site residues (A-C,
E, and F), as well as key intraresidue Thr135 contacts (D),
Thr135-Tyr134 contacts (F), and both inter-residue His25 (G) and
His25-Lys22 contacts (E). The peak marked with an asterisk
possibly arises from 2CH3.
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distal aromatic cluster of both proteins (not shown; see the
Supporting Information).

Comparison of Magnetic Susceptibilities of hHO-
DMDH-N3 and hHO-DMDH-CN Complexes. The split-
ting of the dioxane signal, ∆δ, is measured as 2.8 ( 0.1 Hz
at 25 °C and 3.1 ( 0.1 Hz at 35 °C, with the azide complex
exhibiting the larger �M. The ∆δ at 25 °C leads to a ∆�M of
0.81 × 10-8 m3/mol via eqs 1 and 2. The �M value for the
low-spin, cyanide complex of HO (34) indicates �M(hHO-
DMDH-CN) ∼ 3.6 × 10-8 m3/mol, such that we obtain a
�M(hHO-DMDH-N3) of ∼4.4 × 10-8 m3/mol. Equation 3
yields a µeff(hHO-DMDH-CN) of ∼2.6 µB and a
µeff(hHO-DMDH-N3) of ∼2.9 µB at 25 °C. Clearly, �M

and µeff for the azide complex are only very modestly
increased (∼20 and ∼10%, respectively) over those for the
cyanide complex.

DISCUSSION

ActiVe Site Molecular Structure of the Wild-Type Azide
Complex. The observation of all of the contacts between
active site residues and the individual methyls of DMDH
expected on the basis of both the crystal structure (13) and
the solution structure of the cyanide complex (18) confirms
an essentially conserved active site structure for the WT azide
complex. This is further supported by the observation of the
dipolar contacts among numerous rings in the aromatic
cluster of the distal side of the substrate. Crystal structures
of the azide and cyanide complexes of the highly homologous
rat HO complex have already demonstrated (12, 14) that the
active site structure is highly conserved.

The pattern of DMDH hyperfine shifts has clearly shown
(18) that dyz [with spin delocalization into 3eπ(yz) (Figure
3A)] is singly occupied for the hHO-DMDH-CN complex.
The pattern of DMDH methyl hyperfine shifts for the
hHO-DMDH-N3 complex, large low-field contact-domi-
nated hyperfine shifts for 1CH3, 4CH3, 5CH3, and 8CH3, is
consistent with only single-spin occupation of dxz [with spin
delocalized into 3eπ(xz) (Figure 3B)]. This further confirms
the original observation (34) of the switch of the orbital
grounds states between the azide and cyanide complexes of
PaHO and NmHO and supports the notion that this switch
may be diagnostic of the active site structure of HOs. For
both the PaHO and NmHO complexes, it was proposed (34),
on the basis of the assumption that only the axial His
orientation can control the orbital ground state (44), that the
singly occupied dxz (dyz) for R-meso (�,δ-meso)-selective
HOs can arise only with the unusual S ) 3/2,
(dyz)2(dxz)1(dxy)1(dz2)1 [(dxz)2(dyz)1(dxy)1(dz2)1] ground state. To
determine the orbital/spin state consistent with the present
1H NMR data on the DMDH azide complex of R-meso-
selective hHO, we will consider separately the spin and
orbital parts.

hHO-DMDH-N3 Possesses an S ) 1/2, Rather Than an
S ) 3/2, Ground State. An S ) 3/2 ground state was postulated
(34) for bacterial HOs primarily on the basis of a switch
between dyz and dxz single-spin occupation in azide and
cyanide complexes of PaHO and NmHO that is completely
inconsistent with the expected conserved axial His orienta-
tion, and the finding that the magnetic susceptibility in the
PaHO-PH-N3 complex was twice that for the S ) 1/2

cyanide complex. In contrast, we conclude that the spin

ground state for the hHO-DMDH-N3 complex is S ) 1/2,
as in the hHO-DMDH-CN complex (18), for four reasons.
(1) Nuclear T1 values, and hence electronic T1 values (57),
are within a factor of 2 for azide and cyanide complexes and
highly characteristic of S ) 1/2 ferric hemoproteins (42, 43, 57).
(2) The dispersion of chemical shifts for nonligated residues,
which arises from dipolar shifts due to anisotropy of the
paramagnetic susceptibility tensor (42, 43), is very large and
essentially the same in hHO-DMDH-N3 and hHO-
DMDH-CN complexes, as evidenced by the very similar
shift magnitude and shift pattern for nonligated residues in
the cyanide and azide complexes (Table 1). (3) Most directly,
the magnetic susceptibility difference between the azide and
cyanide complexes of hHO is only ∼0.8 × 10-8 m3/mol,
which, with the reported �M of ∼3.6 × 10-8 m3/mol for an
HO cyanide complex (34), indicates an only ∼20% increase
in �M for the azide over the cyanide complex and this
difference is a factor ∼5 smaller than the reported difference
in �M for the same pair of PaHO complexes (34). The small
increase in the µeff of the azide, ∼2.9 µB, over that of the
cyanide (∼2.6 µB) is much smaller than expected even for a
spin-only S ) 3/2 ground state. The very modest increase in
∆�M at elevated temperatures, as well as the weak anti-Curie
behavior of the hHO-DMDH-N3 methyl hyperfine shifts
(not shown; see Figure S1 of the Supporting Information),
is in complete accord with an S ) 1/2 ground state and a
very modest thermal population of the S ) 5/2 excited state,
whichiscommonlyfoundinglobinazidederivatives(42,58,59).
(4) Lastly, and very importantly, as shown below, a robust
interpretation can be offered for the switch of the singly
occupied dπ orbital of dyz in the hHO-DMDH-CN complex
to dxz in the hHO-DMDH-N3 complex within the S ) 1/2

ground state that is completely consistent with the expected
conservation of the axial His orientation and the π-bonding
properties of ligated azide. It is noted that EPR data at
cryogenic temperatures on the azide complex of rat HO have
also been interpreted as arising from a low-spin state with
eclipsed axial ligand planes (60).

The Axial Field Strength Is Stronger in hHO Than in
Globin Azide Complexes. 1H NMR studies of azide com-
plexes of globins have been interpreted (42, 59) on the basis
of an S ) 1/2 T S ) 5/2 equilibrium (58), with the low-field
bias of the methyl shifts and the degree of anti-Curie behavior
indicative of the degree of high-spin population. The azide
complexes of globins are qualitatively differentiated from
those of HOs in that their low-field methyl shifts are greater
and the degree of their anti-Curie behavior is larger. Hence,
the lower S ) 5/2 population for hHO than for globins dictates
a stronger axial field strength in the azide complexes of hHO
than in complexes of the globins. Magnetic resonance studies
have shown that the axial anisotropy increases and the
electronic T1 decreases (nuclear T1 increases), with an
increasing axial field strength in an S ) 1/2 ferrihemin or
ferrihemoprotein (42, 45). The methyl T1 values and dipolar
shift dispersion that relate to the magnitude of the magnetic
anisotropy are also much larger in hHO than in globin azide
complexes, confirming a stronger axial field in the HO
complexes. The nature of the Fe-His bonding in HOs has
been concluded (37, 39, 61) to be “normal” and not
detectably differentiated from that in globins. Hence, the
greater azide axial field strength in hHO versus that in globin
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complexes must result from a stronger bonding of the azide
ligand in hHO than in globins.

The (dxy)2(dxz)2(dxz) Orbital Ground State in hHO-DMDH-
N3 Is Determined by the Azide Orientation. The pattern of
large low-field DMDH 1CH3, 4CH3, 5CH3, and 8CH3 contact
shifts dictates a singly occupied dxz that yields the delocalized
spin in 3eπ(xz) (shown in Figure 3B), and it remains to be
shown that this not only is consistent with the expected
molecular structure (62) of the azide complex but also can
be reasonably anticipated with the presently established larger
azide axial field strength in HO than in globin complexes.
The pattern of DMDH methyl hyperfine shifts as a function
of the axial His orientation, given by the angle φΗ (shown
in Figure 2A), has been empirically predicted (44) and gives
rise to the pattern illustrated (27) in Figure 8. However, this
plot can be generalized to represent the DMDH methyl shifts
as a function of the angle, φ, to the unique π-plane of
whichever axial ligand serves as the stronger π-donor to the
iron. For His/CN- ligation, the axial symmetry of the ligated
cyanide necessarily leads to control of the orbital ground
state by the axial histidine plane (φH in Figure 2A) (42, 44).
The methyl shift pattern for the hHO-DMDH-CN complex
has been reported previously (18) with contact shift mag-
nitudes in the following order: 3CH3 ∼ 2CH3 > 8CH3 ∼
5CH3 ∼ 4CH3 ∼ 1CH3, which dictates a φ of ∼0° in Figure
8 (vertical arrow under CN-), in reasonable agreement with
the crystallographic φH of ∼0 (Figure 2A) (13).

When there are two non-axially symmetric ligands, the
orbital ground state will depend on which of the two ligands
serves as the stronger π-donor to the iron. In formulating
(34) the S ) 3/2 ground state for the azide complex of NmHO
and PaHO to account for the switch between the two
π-orbitals in Figure 3 for the azide and cyanide complexes,
the possible contribution of azide π-bonding to the orbital
ground state was discounted on the basis of the axial
symmetry of the azide ion. However, while the azide is
axially symmetric, upon coordination to iron, the axial
symmetry is broken and contributes a single π-system with
well-defined orientation relative to the heme. An orientation
of the azide terminus toward the R-meso position (i.e., as
depicted in Figure 2B) in hHO can be reasonably expected
since the bound NO in the hHO-PH-NO complex is
sterically constrained to orient toward the R-meso position
(13) as part of the stereoselectivity mechanism. The crystal
structure of the azide complex reported for the highly
homologous rat HO complex (12) shows the bent Fe-N3

unit directed toward the R-meso position as depicted in
Figure 2B. The presently observed methyl shift pattern for
hHO-DMDH-N3 is as follows: 1CH3 ∼ 4CH3 ∼ 5CH3 ∼
8CH3 > 2CH3 ∼ 3CH3, which indicates a φ̃ of 90° from Figur
8 (vertical arrow under N3

-). This φ is precisely that expected
for the orientation of the azide π-system (φA in Figure 2).
Thus, it is the azide π-bonding that determines the orbital
ground state in the azide complex of hHO, and the logical
conclusion that follows is that the azide must be a better
π-donor (stronger field) than the His imidazole in hHO.

Comparison of the Axial Field in HO and Globin Azide
Complexes. The question of whether the azide axial field
strength is generally stronger than for the His imidazole or
whether this occurs in only HOs arises. The heme methyl
1H NMR assignments of both the cyanide and azide
complexes have been reported for globins (42), and while
the low-field bias of the heme methyls at the same ambient
temperature is always larger in the azide complexes than in
the cyanide complexes, the pattern of shifts for the cyanide
and azide complexes is very similar, with the following low-
field shift magnitudes: 5CH3 > 1CH3 > 8CH3 > 3CH3. This
suggests that the imidazole π-bonding controls the orbital
ground state in both cyanide and azide complexes of globins
or that azide is a weaker π-donor than the axial His imidazole
in globins. It should be noted that, once it is recognized that
the orbital ground state in the hHO-DMDH-N3 complex
is determined by the azide, rather than the imidazole π-plane
orientation, as in globins, the conclusion that azide exerts a
stronger ligand field in HOs than globins follows directly.

Correlation between Azide Ligand Field Strength and
Distal H-Bonding. The ligand field strength of azide can be
modulated by distal H-bonding, with proton donation to either
N1 or N3 resulting in weaker Fe-N1 bonding (axial field
strength). Hence, the stronger ligand field of the azide in HO
than globins indicates that the distal H-bonding to the azide is
weaker in hHO than in globins. The key distal H-bond
interactions that involve the exogenous ligand, Tyr58, Thr135,
Arg136, Gly143, and Asp140, and two ordered water molecules,
water 1 (magenta) and water 2 (dark green), in the WT
hHO-PH-NO complex (13), are depicted in Figure 9. Since
water 1 must serve as a donor to the strong Asp140 carboxylate

FIGURE 8: Empirical plot of DMDH methyl shifts as a function of
the angle φ between the unique π-plane of the axial ligand that
serves as the stronger π-donor to the iron in an S ) 1/2, (dxy)2(dxz,dyz)3

ferrihemoprotein (27, 44). The angle, φ, is defined in Figure 2A.
The pattern of the observed DMDH methyl shifts, and the
corresponding φ, are indicated by vertical arrows under CN- (for
the cyanide complex) and under N3

- (for the azide complex).

FIGURE 9: Schematic of active site structural features for the crystal
structures (13) of the WT hHO-PH-NO complex, illustrating the
relative positions of five key residues in the distal H-bonding
network, Tyr58 (gray), Thr135 (aqua), Arg136 (light green), Asp140
(pink), and Gly143 (light blue), as well as two nonligated, ordered
water molecules, water 1 (magenta) and water 2 (dark green) (13).
The most significant structural difference in the D140A-hHO mutant
is the replacement of the Asp140 carboxylate with a new water
molecule. H-Bonds are shown as arrows.
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acceptor, it is unlikely to serve as a significant H-bond donor
to the iron ligand. A similar pocket structure can be assumed
for the azide hHO complex. Thus, water 1 and the Gly143 NH
group appear to provide H-bonds to the axial ligand much
weaker than those provided by the generally basic residues in
the distal pocket of globins (63).

ReleVance to Other Studies. The ground states for PaHO
(NmHO) azide complexes have been proposed (34) as S ) 3/2,
(dyz)2(dxy)1(dxz)1(dz2)1 [S ) 3/2, (dxz)2(dxy)1(dyz)1(dz2)1] on the basis
of the failure of the substrate methyl contact shifts to correlate
with the axial His imidazole orientation and supported by a
significant elevation of �M of the azide over the cyanide
complexes. The arguments presented above obviate the first
point. The fact that both NmHO and PaHO exhibit a switch
between the alternate singly occupied dxz and dyz orbitals for
the azide (34) and cyanide (22, 28) complexes in a manner very
similar to that presently observed for hHO suggests a common
S ) 1/2 ground state for both azide and cyanide complexes of
HOs in general and dictates that the orbital ground state is
similarly controlled in the azide complexes of all HOs. The
larger increase in �M in the azide versus that in the cyanide
complex (34) for the bacterial HOs versus the hHO complexes
likely arises from a larger population of the excited S ) 5/2
state in the bacterial HOs. Consistent with this conclusion, the
mean low-field methyl hyperfine shifts in NmHO and PaHO
azide complexes are larger than in the hHO complex, and the
methyl T1 values are larger in hHO (∼85 ms) than in bacterial
HO [∼40 ms (35)] azide complexes. Hence, the weaker azide
field strength in bacterial relative to mammalian HO indicates
stronger distal H-bonding to the azide in either PaHO or NmHO
than in hHO.

Implications for the HO Mechanism. On the basis of the
fact that hydrogen peroxide and ethyl peroxide yield R-meso-
hydroxy- and R-meso-ethoxyhemin, respectively (24, 25),
and the ENDOR detection (64) of the catalytically competent
Fe3+-OOH at cryo-temperatures upon radiolysis of the oxy
complex, the mechanism (2, 3) of reaction was proposed to
result from electrophilic attack on the R-meso carbon by the
intact Fe3+-OOH. Computational results (29) and interpreta-
tion of NMR data (10) have argued for a free radical
mechanism, in which the hydroxyl radical resulting from
homolytic O-O bond scission is tethered to the ordered
water molecule cluster over the meso position that is attacked
(31). A radical mechanism is supported by recent studies of
electrophilic versus free radical reactions with heme in
horseradish peroxidase (65).

An argument for the free radical mechanism has been
advanced (10, 34, 49, 66) on the basis of a proposed substrate
“self-activation” for free radical attack at a meso position due
to single-spin population of the dxy orbital that leads to ruffling
of the porphyrin and significant π-spin delocalization to the
meso positions. The rationale for proposing the single-spin
population of dxy was based on the premise that the exogenous
ligand [directly proposed for azide (34) and hydroxide (49),
and inferred for hydroperoxide (10)] exerts a significantly
weakened axial field in HOs relative to that in globins and that
this weakened axial field in HOs results from stronger distal
H-bonding to the ligand in HOs than in globins. The weaker
than “normal” (i.e., globins) axial field strength of hydroxide
and azide in HO was attributed to strong distal H-bond donation
by ordered water molecules. The 1H NMR data for hHO
presented here do not directly bear on the viability of the free

radical mechanism but do not confirm the premise that the axial
field strength of the exogenous ligand is weaker in HOs than
globins. To disfavor the heterolytic O-O bond cleavage in the
Fe3+-OOH complexes of the globins, a weaker distal H-bond
to azide in HOs than in globins might be reasonably expected
and is confirmed here. Consistent with these findings, EPR data
on the hydroperoxy complex of rat HO have been interpreted
on the basis of the conventional dπ ground state (60) rather than
the dxy ground state predicted (10, 49) on the basis of strong
distal H-bonding.

Influence of the Asp140 f Ala Mutation. The switch in
the S ) 1/2 orbital ground state for cyanide and azide complexes
may be diagnostic of the stronger-than-normal azide ligand field
in HOs in general, but it clearly does not correlate with HO
activity, inasmuch as the azide complex of inactive (32) D140A-
hHO similarly exhibits4 four low-field methyls with T1 values
similar to those in the hHO-DMDH-N3 complex and similar
weak anti-Curie behavior indicative of single occupation of the
dxz orbital as for the hHO-DMDH-N3 complex. The crystal
structure of the D140A-hHO-PH-NO complex has shown
(13) that the most significant structural difference between the
WT and the mutant is that a new ordered water molecule (water
3) replaces the carboxylate group of Asp140. Most importantly,
the position of water 1 relative to the ligand remains ap-
proximately the same. However, the replacement of the strong
H-bond acceptor carboxylate of Asp140 in the D140A-hHO
mutant with a water molecule (water 3) makes water 1 a better
H-bond donor to the ligand. The greater H-bond donation to
the ligand by water 1 in the mutant is sufficient to accelerate
heterolytic O-O bond cleavage, but insufficient to make the
ligated azide a poorer H-bond donor than the His imidazole,
hence the retention of the S ) 1/2, (dxy)2(dyz)2(dxz)1 ground state.

The very delicate balance between the donor strength of the
ordered water molecule (water 1) in the discrimination between
the rate of homolytic and heterolytic O-O bond cleavage is
indicated by a recent study of HO from Corynebacteria
diphtheriae (CdHO) (67). CdHO exhibits significant sequence
(9) and structural (13, 16) homology to hHO, in particular in
the distal helix and the H-bond/ordered water molecule
network (18, 19), with Tyr53, Arg132, Asp136, and Gly139
replacing Tyr58, Arg136, Asp140, and Gly143, respectively,
and an ordered water molecule (water 1) similarly bridging the
Asp136 carboxylate and exogenous ligand. However, the
D136A-CdHO mutant retains ∼50% activity (67). Preliminary
NMR evidence (not shown) suggests that the coupling between
the exogenous ligand and homologous distal H-bond/ordered
water network differs significantly between hHO and CdHO;
a more detailed comparative investigation of the hHO and
CdHO enzymes is in progress.

The NMR results for the hHO-DMDH-N3 complex
presented here indicate that the complex is primarily low-
spin with a (dxy)2(dyz)2(dxz)1 orbital ground state which is
determined by the orientation of the ligated azide ion. The
similarity of the substrate methyl contact shift patterns argues
for a conserved S ) 1/2 ground state (with variable thermal
occupation of the S ) 5/2 state) for the azide complexes of

4 The D140A-hHO-DMDH-CN complex yields chemical shifts
very similar to those of the WT hHO-DMDH-CN complex (18), with
1CH3, 2CH3, 3CH3, 4CH3, 5CH3, and 8CH3 shifts at 25 °C of 8.3,
20.0, 17.6, 7.6, 10.6, and 9.4 ppm for the former and 9.0, 21.3, 18.2,
8.5, 9.8, and 8.3 ppm for the latter, respectively.
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the pathogenic bacterial HOs (34), with the orbital ground
state determined by the proximal His ring orientation in the
cyanide complexes (22, 28) and distal azide orientation in
the azide complexes. Control of the orbital ground state in
HOs by the azide ligand rather than by the axial His is
attributed to a stronger ligand field by the azide in HOs versus
that in globin complexes. This stronger azide axial field
strength in HOs versus that in globins indicates weaker distal
H-bonding to the ligand in HOs than in globins. The fact
that this unusual orbital ground state is conserved in the
inactive Asp140f Ala mutant of hHO indicates that, while
the novel orbital ground state may be characteristic of an
orbital hole switch between the azide and cyanide all HO
complexes, it simply reflects the relatively weak distal
H-bonding to the ligand by an ordered water molecule and
doesnotcorrelatewithHOactivity.Lastly,theproposed(10,34,49)
weaker axial ligand field strength in azide-ligated HOs
compared to azide-ligated globins that would stabilize a
singly occupied dxy orbital, which favors porphyrin ruffling
that is key to the proposed free radical mechanism, is not
supported by NMR data for HOs.

SUPPORTING INFORMATION AVAILABLE

One table and six figures (Curie plots for DMDH methyls
in the hHO-DMDH-N3 and D140A-hHO-DMDH-N3

complexes, D140A-hHO-DMDH-N3 spectra as a function
of temperature, TOCSY spectra of paramagnetic and aliphatic
residues in the hHO-DMDH-N3 complex, and NOESY and
TOCSY spectra for aromatic rings in the D140A-
hHO-DMDH-N3 complex). This material is available free
of charge via the Internet at http://pubs.acs.org.
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