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ABSTRACT: Heme oxygenase, HO, from the pathogenic bacteriumNeisseria meningitidiscatabolizes heme
for the iron necessary for infection. The enzyme, labeled HemO, exhibits less sequence homology to
mammalian HO than another studied HO fromCorynebacterium diphtheriae. Solution1H NMR has been
utilized to define the active site molecular and electronic structure of the cyanide-inhibited, substrate-
bound complex for comparison with those provided by several crystal structures. Extensive assignments
by solely 1H NMR 2D methods reveal a structure that is very strongly conserved with respect to the
crystal structure, although1H/2H exchange indicates dynamically much more stable distal and proximal
helices than those for other HOs. Several residues found with alternate orientations in crystal structures
of water- and NO-ligated complexes were shown to occupy positions found solely in the NO complex,
confirming that there are structural accommodations in response to ligating the substrate complex with a
diatomic, H-bond acceptor ligand. The observed dipolar shifts allow the determination of the magnetic
axes that show that the Fe-CN unit is tilted∼10° toward theR-meso position, thereby facilitating the
R-stereoselectivity of the enzyme. Numerous labile protons with larger than usual low-field bias are identi-
fied and, in common with the other HO complexes, shown to participate in an extended, distal side H-bond
network. This H-bond network orders several water molecules, most, but not all, of which have been
detected crystallographically. A series of three C-terminal residues, His207-Arg208-His209, are not
detected in crystal structures. However,1H NMR finds two residues, His207 and likely Arg208 in contact
with pyrrole D, which in crystal structures is exposed to solvent. The nature of the NOEs leads us to
propose a H-bond between the proximally oriented His207 ring and the carboxylate of Asp27 and a salt-
bridge between the terminus of Arg208 and the reoriented 7-propionyl carboxylate. While numerous ordered
water molecules are found near both propionates in the crystal structure, we find much larger water NOEs
to the 6- than 7-propionate, suggesting that water molecules near the 7-propionate have been expelled
from the cavity by the insertion of Arg208 into the distal pocket. The conversion of the 7-propionate link
from the N-terminal region (Lys16) to the C-terminal region (Arg208) in the ligated substrate complex
both closes the heme cavity more tightly and may facilitate product exit, the rate-limiting step in the
enzyme activity.

Heme oxygenase (HO)1 is an enzyme that catalyzes the
conversion of heme toR-biliverdin, iron, and CO in a
multistep process that requires three O2, seven electrons and
nine protons (1). In mammals, two isoforms of HO,
designated as HO-1 and HO-2, have been established (2, 3).

The molecular mass of HO-1 is 33 kDa and that of HO-2 is
36 kDa. HO-2 has an extra N-terminal 20-amino acids com-
pared to the sequence of HO-1. Both enzymes are bound to
microsomes with the C-terminal hydrophobic region consist-
ing of ∼25 amino acid residues (2). The truncated form of
both enzymes with deleted hydrophobic regions are soluble,
remain fully active, and allow effective characterization of
the molecular and electronic structures and catalytic mech-
anism (for reviews, see refs3-5). HO also occurs in several
pathogenic bacteria (6, 7), where its purpose appears to be
to mine the host heme for the iron necessary for infection
(8). The soluble,∼210 residue HOs exhibit variable sequence
homology (6, 9, 10) to the more extensively studied mam-
malian HOs, with that fromCorynebacterium diphtheriae,
called HmuO (6), sharing∼35% sequence identity and high
homology, particularly in the active site, while that from
Neisseria meningitidis, named HemO (7), exhibits only
∼25% sequence identity and substantial differences in the
key distal helix. Photosynthetic systems also possess a
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soluble HO in which the product biliverdin is a starting point
for the construction of linear, light-sensing tetrapyrrole pig-
ments (11). The mechanism of action worked out (3-5, 12,
13) for mammalian HO-1 is presumed to be the same for all
HOs and has been shown (12, 14, 15) to involve a ferric
hydroperoxy intermediate, rather than the ferryl species
common to cytochromes P450 (16).

Crystal structures of both substrate-bound (17-21) and
substrate-free (22, 23) complexes of human HO-1, hHO-1,
and rat HO-1, rHO-1, as well as the substrate complexes of
the bacterial complexes of HemO (24, 25) and HmuO (26),
have been reported and reveal a common, primarilyR-helical
fold for the four HOs that account in large part for the
R-meso stereospecificity of the reaction by the distal helix
backbone sterically blocking all but theR-meso position.
Both crystallographic (18, 20, 21, 25, 26) and spectroscopic
data (27-31), moreover, show that axial ligands tilt or bend
toward theR-meso position due to steric interaction with
the distal helix, thereby providing an additional control that
favors cleavage of theR-meso position. The crystal structures
also find an unusually large number of ordered water
molecules within the enzymes (17, 18, 20, 22, 24-26),
several of which interact directly with bound ligands and
have been proposed to stabilize the hydroperoxy species and
serve as proton sources to the active site.

Parallel solution1H NMR studies of both substrate-bound,
cyanide-inhibited hHO-1 (28-30) and HmuO (31), hHO-
1-PH-CN (PH) protoheme) have revealed a strong steric
tilt of the ligand toward theR-meso position that is confirmed
crystallographically for the rat HO-1-PH-CN complex (21).
These studies also established the presence (30, 32, 33) of
an extensive H-bond network in the distal pocket, involving
both backbone and side chain labile protons, that extends
from the immediate environment of the bound ligand to the
protein surface on the opposite side of the heme binding site.
Many of the labile proton donors in the network of hHO-1
exhibited low-field chemical shifts indicative of significantly
stronger H-bonds than that found in the majority of folded
proteins (30, 33, 34).2 A very similar H-bond network was
identified in HmuO (31). Moreover, sizable, negative1H
nuclear Overhauser effects, NOEs, from water to both slowly
exchanging labile H-bond donor protons (32), and some
aromatic side chains (33) revealed the presence of numerous
ordered water molecules (35) in both hHO-1 and HmuO.
For the most part, the1H NMR-detected (32, 33) water
molecules correspond closely with those detected crystallo-
graphically (18), and include the water molecule H-bonded
to the conserved, key Asp (140 in hHO-1 (36), and rHO-1
(37)) and the distal ligand. The placement of these ordered
water molecules (18, 26, 30, 33) suggest their role as a path-
way for the controlled funneling of protons to the active site.

To date, similar1H NMR studies of a HemO complex have
not been reported. Because of the lower sequence homology
(7), including substitutions for the major portion of the
residues involved in the H-bond network and the distal helix
and the presence of many fewer vacancies (24, 25) in the
distal pocket relative to hHO-1 (18, 24), rHO-1 (20, 21) and
HmuO (26) complexes, the pattern of H-bonds and their
interaction with ordered water molecules in HemO is likely

different than that in hHO-1 or HmuO complexes. The crystal
structures of HemO-PH-H2O and reduced HemO-PH-
NO have been reported (24, 25) and reveal essentially the
same structures except for the orientations of several distal
pocket side chains. It is not known whether these structural
differences reflect the different ligands (water, a H-bond
donor, vs NO, a H-bond acceptor) or the different oxidation
state of the iron and if they are functionally relevant. Neither
the N-terminal (Met1-Gln7) nor C-terminal (His207-His209)
residues are detected in the crystal structures (24, 25). While
the former are relatively remote from the heme, the latter,
in fact, could be close to the heme and may serve a functional
role. Our goals in this study are to assign and structurally
characterize the active site of HemO-PH-CN for compari-
son with the two crystal structures, to facilitate future
comparative1H NMR studies on mutated HemO complexes,
to determine whether the Fe-CN is tilted toward theR-meso
position to facilitate stereoselectivity as in other HO com-
plexes (21, 30, 31), to provide information on the H-bonding
pattern among distal residues and the interaction between
these residues and ordered water molecules, and to probe
the heme environment near the C-terminal residues.

EXPERIMENTAL PROCEDURES

Construction of HemO Expression Vector, pMWHemO.
Plasmid purification, subcloning, and bacterial transforma-
tions were performed by standard procedures (38). A 50-
base pair double-stranded synthetic oligonucleotide with
unique restriction enzyme sites for NdeI, BstBI, SacI, BssHII,
and Hind III was ligated between NdeI and HindIII sites of
a T7-promotor-based bacterial expression vector, pMW172,
to make a plasmid tentatively referred to as pMW-A. Eight
and their complements, 79-96 nucleotides in length, were
synthesized to construct a 630-base pair synthetic gene
coding the entire HemO from the ATG initiation codon to
the TAA stop codon. Each nucleotide was phosphorylated
with T4 polynucleotide kinase then annealed with its
complement to make a double-stranded DNA (e.g., Oligo I
to OligoVIII. Oligo I and Oligo II were designed so that the
5′ end of Oligo I could be ligated to the NdeI site), whereas
its 3′ cohesive end was complementary to the 5′ end of Oligo
II. The 3′ end of Oligo II could be ligated to the BstBI site.
Similarly, the 5′ ends of Oligos III, V, and VII were designed
to ligate to the BstBI, SacI, and BssHII sites, respectively,
and their 3′ ends had sequences for ligation to the 5′ ends of
Oligo IV, VI, and VIII, respectively. The 3′ end of Oligo
IV, VI, and VIII had sequence for ligation to SacI, BssHII,
and Hind III sites, respectively. To complete the HemO
expression vector, pMWHemO, double stranded Oligo I to
Oligo VIII were ligated step by step into the restriction
enzyme sites of pMW-A. The nucleotide sequence of the
thus constructed pMWHemO was determined by an Applied
Biosystems 373A DNA sequencer.

Protein Expression and Purification.A 5-mL inoculum
in Luria-Bertani medium (+50 µg/mL ampicillin/0.1%
glucose) was prepared from a plate of transformedEscheri-
chia coli BL21 (DE3) cells carrying pMWHemO. Cultures
(500 mL) of Luria-Bertani medium (+200µg/mL ampicillin)
were inoculated with 100µL of the inocula and grown at
37 °C until A600 nm reached 0.8-1.0. The cells were grown
for an additional 16 h at 25°C, harvested by centrifugation,
and stored at-80 °C until use. The harvested cells were2 BioMagResBank (http://www.bmrb.wisc.edu).
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blue rather than green. The typical yield of cells from a 500-
mL culture was 1.3 g.

TheE. coli cells (10 g), resuspended into 90 mL of Tris-
HCl buffer (pH 7.4,+2 mM EDTA), were lysed (2 mg of
lysozyme/g of cells) with stirring at 4°C for 30 min. After
sonication (Branson 450 Sonifire) and cetrifugation at
100000g for 1 h, the resulting supernatant was covered into
a 40-65% ammonium sulfate fraction and centrifuged. The
subsequent precipitates, containing the HemO protein, were
dissolved in 20 mM K-phosphate buffer (pH 7.4) and applied
to a Sephadex G75 column (3.6× 50 cm), preequilibrated
with the same buffer. The protein fractions eluted in the
K-phosphate buffer tinged with blue were collected and
directly loaded onto a DE-52 column (2.6× 28 cm). After
washing the column with 50 mL of 20 mM K-phosphate
(pH 7.4)-50 mM KCl, the protein was eluted with 400 mL
of 20 mM K-phosphate (pH 7.4) using a linear gradient, 50-
250 mM KCl. At this step, the blue color (residual biliverdin)
was retained in the column, and the resulting eluant was a
clear, colorless solution. Collected fractions with intense 24
kDa band of SDS-PAGE were further run through a
hydroxylapatite column (2.6× 20 cm). The protein was
eluted with 400 mL of K-phosphate (pH 7.4) using a linear
gradient, 20-200 mM. Only fractions with the single band
at 24 kDa on SDS-PAGE were finally gathered. About 25
mg of protein was obtained from 1 L of culture. The protein
concentrations were estimated by Lowry’s method using
crystalline bovine serum albumin as standard (39).

Reconstitution of HemO with Hemin.To obtain the
complex of heme and HemO, we added excess (1.2-fold in
terms of molar concentration) hemin to HemO and chro-
matographed the mixture on Sephadex G-25 and DE-52
column. Samples were prepared∼2.5 mM in 95%1H2O/
5% 2H2O, 100 mM in phosphate, 30 mM in KCN at pH 7.4.
A 1H2O sample was converted to2H2O by column chroma-
tography, as described previously (34, 40).

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 both1H2O over the temperature range 15-35
°C at a repetition rate of 1 s-1 using a standard one-pulse
sequence, as well as with 3:9:19 “soft” pulse detection (41)
with and without saturation of the water solvent signal.
Steady-state NOE difference spectra were generated from
the 3:9:19 spectra with on-resonance and off-resonance
saturation of the desired signals. WEFT spectra (42) were
recorded to emphasize strongly relaxed resonances (repetition
rate 10 s-1, relaxation delay 5-50 ms). Chemical shifts are
referenced to 2,2-dimethyl-2-silapentane-5-sulfonate (DSS)
through the water resonance calibrated at each temperature.
Nonselective T1s were determined in both1H2O and2H2O
at 20, 25, and 30°C from the initial magnetization recovery
of a standard inversion-recovery pulse sequence. The
distance of a given proton,Hi, from the iron, RHi, was
estimated from the relationRHi ) R*Fe[T1*/T1i]1/6, using the
hemeR-meso-H for H* (R*Fe ) 4.6 Å andT1* ) 60 ms) as
reference. Selective T1s were estimated from the initial decay
of the diagonal peak intensity in 3:9:19 NOESY spectra
(where the solvent resonance is completely suppressed (41))
as a function of mixing time. 600 MHz NOESY (43) with
both hard-pulse and 3:9:19 detection (41) spectra (mixing
time, 40 ms; 15-35 °C) and 500 MHz Clean-TOCSY

(to suppress ROESY response (44)) spectra (25, 35°C, spin
lock 25 and 40 ms) using MLEV-17 (45) were recorded over
a bandwidth of 25 kHz (NOESY) and 12 kHz (TOCSY) with
recycle times of 500 ms and 1 s, 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 and 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 mag-
netic axes were determined by finding the Euler rotation
angles,Γ(R,â,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,ø, is diagonal whereR, â, γ are the
three Euler angles (29-31, 46, 47). The angleâ dictates the
tilt of the major magnetic axis,z, from the heme normalz′,
R reflects the direction of this tilt, and is defined as the angle
between the projection of thez axis on the heme plane and
the x′ axis (Figure 1), andκ ≈ R + γ is the angle between
the projection of thex, y axes onto the heme plane and locates
the rhombic axes (Figure 1). The magnetic axes were
determined by a least-squares search for the minimum in
the error function (30, 46-48)

FIGURE 1: Schematic representation of the heme and proximal
(rectangles), distal (circles) and equatorial (triangle) residues whose
NOESY cross-peaks (indicated by double-sided arrows) indicate
the expected (24, 25), and observed, heme contacts. Two unexpected
heme contact residues are shown in bold. The reference coordinate
system,x′, y′, z′, based on crystal coordinates, as well the magnetic
coordinate systemx, y, z, where the paramagnetic susceptibility
tensor is diagonal, are shown. The magnetic axes are related to the
reference axes by the Euler transformation,Γ(R, â, γ), with (x, y,
z) ) (x′, y′, z′) Γ(R, â, γ), whereâ is the tilt of the major magnetic
axes,z, from the heme normal (z′), R gives the direction of tilt, as
defined by the projection of thez-axis on the heme plane relative
to thex′ axis, and the angleκ ≈ R + γ defines the rhombic magnetic
axes,x, y′, relative to thex′, y axis. The-z direction correlates
with the Fe-CN tilt.

F/n ) ∑
i)1

n

|δdip(obs)- δdip(calc)|2 (1)
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where the calculated dipolar shift in the reference coordinate
system,x′, y′, z′, or R, θ′, Ω′, is given by

with ∆øax and∆ørh as the axial and rhombic anisotropies of
the diagonal paramagnetic susceptibility tensor. The observed
dipolar shift,δdip(obs) is given by

whereδDSS(obs) andδDSS(dia) are the chemical shifts, in ppm,
referenced to DSS, for the paramagnetic hHO-1-hemin CN
complex and an isostructural diamagnetic complex, respec-
tively. In the absence of an experimentalδDSS(dia), it may
be reliably estimated (29, 31) from the available molecular
structure (24, 25)

whereδtetr, δsec, andδrc are the chemical shifts of an unfolded
tetrapeptide relative to DSS (49), the effect of secondary
structure3 (50, 51), and ring currents (52) on the shift,
respectively.

RESULTS AND DISCUSSION

Comparison to Other HO-PH-CN Complexes.The
resolved portions of the 600 MHz1H NMR spectrum of
equilibrated HemO-PH-CN in 1H2O are illustrated in
Figure 2A, with the crowded low-field and high-field portions
expanded in Figures 3A and 4A, respectively. Peaks are
labeled as assigned herein. The resonances arise predomi-
nantly from one major species (>90%), with two sets of
minor component peaks detected. Those marked 3-ch3 and
2hâs (∼5%) in Figure 2A represent the heme orientation
reversed by 180° about theR-γ-meso axis (28, 31, 53) The

peak 3CH3 and 3ch3 are comparably intense upon initially
adding protohemin, followed by CN-, to apo-HemO but lose
intensity with a half-life of∼1.5 h at 25°C and pH 7.1.
Another set of peaks, marked by X in Figure 2A, appear in
variable amounts upon addition of protohemin, followed by
cyanide. Moreover, over very long times (weeks to months),
the major isomer appears to convert to this minor isomer
(not shown). The nature of this latter minor isomer is not

3 The program provided by ref51 was used to obtain theδtetr +
δsec + δrc for all but aromatic rings, whose shifts were determined by
the program described in ref50. The effect of the heme ring current
was determined by the program described in ref52 in all cases.

FIGURE 2: The resolved portions of the 6001H NMR spectrum of
(A) HemO-PH-CN, (B) HmuO-PH-CN, and (C) hHO-1-PH-
CN, all at pH∼7.4, 100 mM phosphate in1H2O at 30°C. Peaks
in A are labeled as determined herein, and those in B and C are
labeled as reported previously (29, 31). Solid vertical lines connect
the heme resonances in the three complexes and dashed lines
connect the homologous upfield, proximal helix, and low-field,
distal helix residues in the three complexes.

δdip(calc)) (24πN)-1[2∆ø
ax(3 cos2 θ′ - 1)R-3 +

3∆ørh(sin2 θ′ cos2 Ω′)R-3]Γ(R, â, γ) (2)

δdip(obs)) δDSS(obs)- δDSS(dia) (3)

δDSS(dia) ) δtetr + δsec+ δrc (4)

FIGURE 3: (A) Low-field, resolved portions of the “3:9:19” 600
MHz 1H NMR reference spectrum (41) (without water saturation,
and with the carrier at 13 ppm) of HemO-PH-CN in 1H2O, 100
mM in phosphate at 25°C and pH 7.4. Peaks are labeled as
determined herein. (B) “3:9:19” steady-state NOE difference
spectra upon saturating the water resonances at 25°C. (C) Low-
field portion of the 3:9:19 NOESY F2 slice through the water signal
at 18°C.

FIGURE 4: (A) Portion of the resolved, high-field “3:9:19”1H NMR
reference spectrum (without water saturation and with carriers at
13 ppm) of HemO-PH-CN in 1H2O, 100 mM in phosphate at pH
7.1 and at 25°C; peaks are labeled as assigned herein. (B) “3:9:
19” steady-state NOE difference spectrum at 25°C upon saturating
the water resonance at 25°C; the vertical scale is×2 relative to
the reference trace in A. (C) Upfield portions of the F2 slices
through the water signal of “3:9:19” NOESY (τm ) 40 ms) spectra
(without water saturation) at 18°C.
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understood, but has been determined4 not to represent an
alternative heme orientation in the pocket. We concern our-
selves here only with the initially found major isomer. The
spectrum of HemO-PH-CN in Figure 2A can be compared
with those of HmuO-PH-CN (31) and hHO-1-PH-CN (29,
33) in Figure 2, parts B and C, respectively. The similarity
of the spectra, particularly for heme resonances, is striking.
Moreover, the homologous distal helix residue side chain
over the heme pyrrole C,D junction (Ser142 in hHO-1,
Ser138 in HmuO, Leu119 in HemO) appear similarly upfield
shifted, while the homologous distal helix residue near the
iron (Gly143 in hHO-1, Gly139 in HmuO, and Gly120 in
HemO) are similarly relaxed and appear well downfield.
Several of the resolved or partially resolved signals in
HemO-PH-CN exhibit significant paramagnetic relaxation
(T1 < 100) ms, indicating close proximity to the iron (RFe <
5 Å). The upfield, partially resolved signals withT1 ∼ 55-
60 ms are to be identified asR-meso-H andγ-meso-H (RFe

∼4.5 Å) and three labile proton peaks at 16.1 ppm (T1 ∼ 30
ms, RFe ∼4 Å), 15.32 ppm (T1 ∼ 60 ms;RFe ∼4.5 Å) and
13.60 ppm (T1 ∼20 ms;RFe ∼4.8 Å) arise from a His NδH
and two peptide NHs, respectively, while the broad, nonlabile
proton peaks of indeterminate intensity at 19.4 ppm (T1 < 5
ms) will be shown to arise from a His ring CH.

Resonance Assignments.Target residues include the heme,
those paramagnetically influenced near the heme pocket,
those that participate in robust H-bonds, as characterized by
relatively low-field shifted labile protons (30, 34, 54), and
residues that participate in inter-aromatic or aromatic-
aliphatic contacts that probe the tertiary structure of the
enzyme. Extensive use of variable temperature 2D NMR data

greatly improve resolution (30, 47, 55) for both hyperfine
shifted and labile protons in H-bonds and confirm uniqueness
of both dipolar and scalar contacts. Crystal structures for
two derivatives have been reported (24), HemO-PH-H2O
and reduced HemO-PH-NO (25), and have shown that,
while the overwhelming majority of the structure, in par-
ticular the proximal side, are conserved, both some distal
helix residues and heme itself exhibit different side chain
orientations in the two structures. Hence, to the degree
allowed by line width and resolution, we assign resonance
sequence-specifically, independent of the crystal structure,
by their characteristic backbone connection (56), the most
prominent of which are the Ni-Ni+1, Ri-Ni+1, âi-Ni+1,
Ri-Ni+3, and/orRi-âi+3 dipolar contact characteristic of an
R-helix. Upon assignment of the heme and proximal helix,
the magnetic axes will be determined using the proximal side
δdip(obs) and proximal helix crystal coordinates as input. The
remainder of the target residues are assigned using the
predicted dipolar shifts, distance estimates from relaxation,
and the two crystal structures as guides. The chemical shift
for the heme and residues with significant dipolar shifts that
provide the magnetic axes and probe structure are listed in
Tables 1 and 2, respectively. Similar data on other assigned
residues are provided in Supporting Information. Since the
assignment protocols for similar HO complexes have been
presented in detail previously (29-31, 33), we illustrate1H
NMR data primarily to provide information of structural
difference between solution and crystal. Other 2D data are
provided in Supporting Information.

4 Liu, Y.; Zhang, X.; Yoshida, T.; and La Mar, G. N.; unpublished
data.

Table 1: Chemical Shifts for the Heme and Axial His for
HemO-PH-CN, HmuO-PH-CN and hHO-1-PH-CN

Heme HemOa hHO-1b HmuOc

1-CH3 7.90 4.95 4.91
2HR 14.48 15.68 15.63
2Hâs -5.58,-6.62 -4.22,-4.23 -4.35,-4.80
3-CH3 21.40 19.63 19.65
4HR 8.06 10.09 9.87
4Hâs -2.80,-3.38 1.77, 2.52 0.43, 0.80
5-CH3 9.62 9.04 8.09
6HRs 16.92, 1.14d 11.75, 10.62 10.12, 9.59
6Hâs -1.02,-3.38d 0.40, 0.40 -0.74,-1.00
7HRs 13.06, 5.73d 15.87, 5.68 11.64, 7.57
7Hâs -1.10,-2.17d -0.45,-0.45 -0.52,-0.66
8-CH3 10.33 10.48 10.37
R-meso-H -2.21 -5.10 -3.63
â-meso-H 8.13 7.60
γ-meso-H -1.82 3.84
δ-meso-H 6.43 7.13 7.24
Axial Hise

NpH 11.08 10.46 10.03
CRH 7.37 4.86 4.01
CâHs 11.56, 10.75 9.77, 10.31 9.24, 9.99
Ring 16.1 (Nδ), 19.4 (Cε)

a Shifts in ppm, referenced to DSS, in1H2O, 100 mM in phosphate,
pH 7.4 at 25°C. b Shifts in ppm, referenced to DSS, in1H2O 100 mM
phosphate at pH 8.4; taken from ref31. c Shifts in ppm, referenced to
DSS, in1H2O 100 mM in phosophate, pH 7.1 at 25°C, taken from ref
29. d Propionate proton closer to the adjacent methyl on the same
pyrrole. e His23 in Hem O, His20 in Hmu O, and His25 in hHO-1.

Table 2: Chemical Shifts for Residues with Significant Dipolar
Shiftsa

Residue NH Rs âs other

Thr19 8.04 5.52 5.75 1.70(γ), 5.9(Oγ)
Thr20 8.37 6.30 5.14 2.27(γ), 6.35 (Oγ)
Ala21 9.36 5.31 2.04
Val22 9.44 4.87 2.72 1.50, 1.40
Asp24 11.41 6.80 3.65, 4.30
Ser25 8.77
Val26 8.33 2.80 1.60 -1.96(γ1), 0.51(γ2)
Val30 7.87 2.46 0.40 -0.68(γ1), -0.21 (γ2)
Met31 7.29
Tyr112 8.19 6.57(δ), 6.62(ε), 11.68(Oη)
Cys113 7.40 2.60 2.32, 2.04 -0.19(Sγ)
Ala114 8.04 3.71 1.60
Glu115 9.07 4.01
Gly116 7.95 0.49, 0.55
Ser117 6.12
Asn118 8.46 7.83 3.94, 3.62
Leu119 10.54 4.72 -1.15,-0.95 -0.40(γ), -1.69(δ1),

-0.63(δ2)
Gly120 13.60 5.75
Ala121 15.32 8.52 5.44
Ala122 9.73 4.93 1.98
Phe123 8.83 4.51 3.46, 3.27 7.07(δ), 6.94(ε)
Phe125 10.00 4.47 7.50(δ), 7.40(ε)
Leu142 7.23 5.30 2.39, 2.09 0.60(δ)
Trp153 4.34 3.00, 2.90 6.37(δ1), 8.69(ε1), 7.09(ε3),

6.43(z2), 5.87(z3),
6.09(η2)

Phe181 7.82 7.25(δ), 7.72(ε), 8.87(ú)
Tyr184 5.20(δ), 5.35(ε), 7.44(OH)
His207b 4.04(e) 2.22(c), 6.81(δ), 7.63 (ε)

2.43(d)
Arg208b 3.84(e) 1.02(a), 1.54(b)

a Shifts in ppm, referenced to DSS via the residual solvent peak, at
25 °C in 1H2O solvent 100 mM in phosphate at pH 7.4.b Peaks as
labeled in Figure 6, parts A-C.
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The Heme.The complete heme, including the four meso-
Hs and stereospecific differentiation of methylene protons,
are unambiguously assigned following standard procedures
as reported for both isoelectronic globins (47, 57) and other
HO complexes (29-31). The chemical shifts are listed in
Table 1 where they can be compared with similar data for
the hHO-1 (29) and HmuO complexes (31). The pattern of
the heme substituent hyperfine shifts, which are dominated
by the contact interaction (47), is very similar to that reported
for hHO-1-PH-CN (29) and HmuO-PH-CN (31), with
largeπ spin density at positions 2, 3, 6, and 7, and is that
expected for an axial His imidazole plane oriented ap-
proximately along theâ-δ-meso line (47, 58), as observed
in the crystal structure of all three HO substrate complexes
(17, 18, 24-26). The observed (not shown; see Supporting
Information) steeper than Curie (T-1) behavior for the 2-,
3-, 6- and 7-hyperfine shifts, and the antiCurie behavior for
1-, 5-, and 8-CH3 hyperfine shifts is consistent with thermal
populations of the excited spin doublet with an in-plane 90°
rotated magnetic axes (47, 59).

The Proximal Helix.Typical backbone NOESY connec-
tions (summarized schematically in Figure 5) among TOCSY-
detected spin system reveal the helical fragment Alai-
AMX i+1-Thri+2-Thri+3-Alai+4-Vali+5-AMX i+6-AMX i+7-
(N)i+8-Vali+9, which the sequence uniquely identifies as a
part of the proximal helix 1 consisting of Ala17-Val26. An
additional fragment, (RN)j-Alaj+1-Nj+2... Leuj+4, with typi-
cal helical contacts (aromatic ring in contact with (RN)j) and
a Rj+4-Ni+1(R15-N18) NOESY peaks identifies a further
segment of the proximal helix with predicted contacts of
Phe11, Ala12, and Leu15 with Leu160, Asn161, and Val157
(see Supporting Information). AMXi+6 must arise from the
axial His23, as is confirmed by large low-field CâH contact
shifts typical for a His ligated to low-spin ferric heme (47)
(Table 1). Thr19, Thr20 and Asp24 exhibit significant
downfield dipolar shifts, and Leu15 and Val26 exhibit
significant upfield dipolar shifts. Strong dipolar contacts are

observed between the methyls of Val26 and the heme 3-CH3

and 2-vinyl, and between Val26 and axial His23 (summarized
schematically in Figure 1), as expected from the crystal
structures (24, 25). A strongly relaxed and low-field shifted
labile proton that exhibits significant saturation transfer from
water displays NOESY cross-peaks to the Asp24 CRH and
NH, as well as to the CâHs of His23 (not shown, see
Supporting Information). These contacts identify it as the
axial His23 NδH, a proton that has not been detected in either
hHO-1-PH-CN (30, 60) or HmuO-PH-CN (31) at the
same temperature and pH. Hence, the exchange rate in
HemO-PH-CN is significantly slower (> factor∼10) than
that in the other complexes. A low-field shifted and relaxed
three-spin aromatic ring exhibits NOESY cross-peaks to
His23 CâHs, the Thr19 CâH, and (weakly) to 3-CH3 and
2-vinyl, and moderately to 5-CH3 (see Figure 6F) as expected
solely for the ring of Phe181. Last, a severely relaxed (T1 e
5 ms), nonlabile proton peak of indeterminate intensity at
19.4 ppm fails to exhibit NOESY cross-peaks, but saturation
of the peak in2H2O (see Supporting Information) leads to
NOEs to the CεH and CúH of the assigned Phe181 ring, as
well as to the 5-CH3. These NOEs and the crystal structure
dictate that at least one component of this strongly relaxed
proton peak arises from the CεH of the axial His23.

The Magnetic Axes.Determination of the orientation of
the magnetic axes using the anisotropies (∆øax ) 2.48 ×
10-8 m3/mol, ∆ørh ) -0.58 × 10-8 m3/mol) previously
determined for a variety of iso-electronic cyanide complexes
of ferric globins (47, 61) and hHO-1-PH-CN (29-31, 47)
(and shown to be highly conserved among low-spin His/
cyanide-ligated ferric hemins) (47), and the proximal residue
crystal coordinates from HemO-PH-NO (IP3U; (25)) leads
to R ) 257°, â ) 10°, andκ ) 38° and a good fit between
δdip(obs) andδdip(calc), as shown in the open data points in
Figure 7. Essentially the same result is obtained when using
the HemO-PH-H2O crystal structure (not shown). We now
use theδdip(calc) for distal residues, predicted by these

FIGURE 5: Schematic representation of backbone NOESY connectivities for sequence-sequentially assigned residues of HemO-PH-CN.
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magnetic axes, to guide assignments and confirm conserva-
tion or perturbation of structural elements in the distal side
of the heme. Included in Figure 7 are similar data observed
and predicted for the distal residues of interest (closed
circles).

The Distal Helix.In the crystal structures (24, 25), the
heme is transversed by a strongly kinked distal helix that is
divided by the kink into helix 6 (Gly104-Leu119) and helix
7 (Ala122-Gln129). Characteristic sequential backbone con-
tacts (summarized in Figure 5; data shown in Figure, parts
D-F and Supporting Information) identify a fragment: (Cys/
Ser)i-Alai+1-(NR)i+2-(NR)i+3-(N)i+4, with the labile pro-
ton for Cys/Ser resolved upfield at 35°C (and lost in2H2O).
The sequence identifies this as Cys113-Gly116 and CRHs
of Ser117, a portion of helix 6, with the contacts to the 5-CH3

(Cys113 CRH, SH, Gly116 NH, and Ser117 NH; see Figures
6B and 6F) predicted by the crystal structure. The significant
upfield shifts for Cys113 and Gly116 are reasonably well
predicted by the magnetic axes (Figure 7). The NH of Ser117
is observed via the expected NOESY cross-peaks for CRH

of Gly116; the crystal structure places the Ser117 CRH < 4
Å from the iron, rendering the NH-CRH TOCSY/NOESY
cross-peaks undetectable, and the CRHCâH2 fragment is
predicted to resonate under the intense diamagnetic envelope.
A complete Trp ring with weak upfield dipolar shifts exhibits
a pattern of NOESY cross-peaks to 5-CH3 is that as predicted
for the distal Trp153 (see Figure 6F). Moreover, the NHs of
both Glu115 and Ser117 NHs exhibit the expected NOESY
cross-peaks (Figure 6D) to the Trp153 ring. Ala114 exhibits
NOESY cross-peaks to an aromatic ring (Figure 6D) that
also exhibits NOESY cross-peaks to the 4-vinyl group (not
shown), as expected solely for Phe52, and to the nonlabile
ring proton of a His, as expected solely for His53. The ring
NεH, which exhibits saturation transfer for water, is assigned
on the basis of the comparable NOEs to both CεH and CδH
of His53.

A second sequential fragment (Figure 5) is described by:
AMX j-Nj+1-(NR)j+2-Nj+3-Alaj+4-AMX j+5-(NR)j+6-
AMX j+7-(N)j+8-(NR)j+9 (with sequential dipolar contacts
summarized in Figure 5), with NHj+2 and NHj+3 exhibiting

FIGURE 6: Portions of the 600 MHz1H NMR NOESY spectrum (mixing time 40 ms) of HemO-PH-CN in 1H2O, 100 mM in phosphate,
pH 7.4 at 25°C illustrating contacts between the 8-CH3 and Arg208 (A, C), 8-CH3 and His207 (B, C, F), 5-CH3, Trp153, and Gly116 (D,
F), the sequential Ni-Ni+1 connection for distal helix residues Ala114-Phe123 (D, E, F), and the His141 to Glu49 and Phe181 to 5-CH3
connection.
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severe relaxation (Figure 2A). The sequence identifies this
as Asn118-Phe125 and part of the backbone of Asn126-
His127 (Ni-Ni+1 connectivity in Figure 6, parts D and F),
and part of helix 7. This fragment is contiguous to that
identified above, as confirmed by the observed Ni+4 (Ser117)
to Nj (Asn118) NOESY cross-peak. A complete TOCSY-
detected Leu side chain (see Supporting Information) with
upfield resolved CâHs and CδH3s (Figure 4, parts A and B)
exhibits the NOESY cross-peaks to Nj+1 and the adjacent
residue consistent with Leu119. The Leu NH is too broad
and the CRH too close to the water signal to allow detection
of the N-R TOCSY peak but is assigned by the unique
NOESY contacts (Figure 8E) to its side chain (Figure 8B).
Similarly, a strongly low-field shift Nj+2 exhibits the NOESY
contact to a low-field shifted, TOCSY-detected CHCH3 (not
shown; see Supporting Information) fragment identified the
relaxed Ala121 (Figure 6D). The strong relaxation of Gly120
NH (T1 ∼30 ms) is consistent with the placementRFe < 5
Å, and the inability to locate the CR1H peak is consistent
with its predicted extreme relaxation (i.e.,RFe < 4 Å).
NOESY cross-peaks of an aromatic ring to the backbone
AMX i+7 confirm Phe125 (Figure 6F), and contact of one of
two weakly spin coupled aromatic protons to Ni+9 locate the
His127 ring. Sizable dipolar shifts are displayed by Asn118,
Leu119, Gly120 and Ala121 (Table 2). The Asn118 CâH
dipolar contacts to Leu119 NH (not shown) are not consistent
with either of the alternate orientations of Asn118 in the two
crystal structures (24, 25) (see below). Observed, and
expected, are dipolar contacts with the heme of Leu119 with
8-CH3 and 6-propionate and 7-propionate (see below),
Gly120 to 8-CH3, Phe123 ring to 1-CH3, and Leu124 CδH3

to 3-CH3 (see Figure 1). Not expected, but observed, are
NOE of the Phe123 ring to 8-CH3 (Figure 6F) (see below).

The reasonable correlation betweenδdip(obs) for distal
helix residues andδdip(calc) from the magnetic axes is shown
as closed circles in Figure 7. The NOESY cross-peak pattern
to the heme, the dipolar shifts, and the paramagnetic
relaxation argue for the backbone distal helices 6 and 7
placements relative to the heme and each other in HemO-
PH-CN in solution that are very similar to the essentially
indistinguishable positions in the alternate crystal structures
(24, 25). The Asn118 and Leu119 side chains and the
7-propionate group, whose orientations differ in the alternate
crystal structure, are considered in a subsequent section.

Sequential Segments within the H-Bond Network.A
fragment involves low-field labile protons with inconse-
quential paramagnetic relaxation and is represented by Glyi-
Alai+1-Zi+2-AMX i+3-Zi+4, with sequential contacts
summarized in Figure 5. Dipolar contact of AMXi+3 with a
His ring CH, which is weakly TOCSY-coupled to another
CH, confirms AMXi+3 as a His and identifies the fragment
as Gly138-Leu142. The low-field (13.5 ppm) labile proton
with no TOCSY connection exhibits a strong NOESY cross-
peak to one of the two His141 ring CH, identifying it as the
His141 NδH, the adjacent CεH (8.1 ppm) and CδH (6.5 ppm).
This one-turn helix is homologous to the similar helix/loop
of Leu164-Phe167 in hHO-1 and Gly160-Tyr161 in HmuO.
An AMX spin system exhibits strong NOESY cross-peaks
to an aromatic ring and the assigned His137 CδH and
identifies Tyr133; R133-N134 and â133-N134 peaks locate
Asp134. The sequential Ni+1 connectivities for a Vali-
Vali+1-(RN)i+2 are still detected after 1 year in2H2O and
uniquely identify Val186-Val187-Leu188 (Figure 5). A
fragment AMXi-Glyi+1 is consistent with arising from
Asp147-Gly148. The correlation betweenδdip(obs) and
δdip(calc) based on the magnetic axes is shown in Figure 7
by asterisks.

FIGURE 7: Plot ofδdip(obs) andδdip(calc) for the optimized magnetic
axes orientation determined on the basis of input (δdip(obs)) data
for proximal residues and crystal coordinates for these residues of
HemO-PH-NO, with R ) 257°, â ) 10°, κ ) 38°, residualF/n
) 0.33 ppm2 and∆øax ) 2.48× 10-8 m3/mol and∆ørh ) -0.58
× 10-8 m3/mol, the highly conserved, and the anisotropies for
isostructural cyanomet myoglobin (61). Input data are shown as
open circles, predicted distal residue data are shown as closed circles
for the distal helix, and stars represent other assigned residues.

FIGURE 8: Portions of the 600 MHz1H NMR NOESY spectra
(mixing time 40 ms) of HemO-PH-CN in 1H2O, 100 mM in
phosphate, pH 7.4 at 25°C illustrating contacts among propionate
protons (A-D), between propionates protons and heme methyls
(E, F), between Leu119 and Trp153 (D, E) and between Leu119
and heme propionates and methyls (C, D, F).
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Heme Contacts and Other Residues.Having confirmed
positions of the proximal and two distal helices relative to
the heme that are the same as in the crystal structures, we
assign herein the remaining target residues on the basis of
their expected contacts to the heme and among each other
as predicted in the two crystal structures and the predicted
dipolar shifts. The starting point for all assignments is either
a sequence-specifically assigned residue or one assigned on
the basis of its confirmed contact to the heme, and assign-
ments are considered robust only if at least two alternate
routes to its assignment are observed. The pattern of predicted
and observed heme-residue contacts for assigned residues
is shown in Figure 1. The predicted, and observed, inter-
residue contacts are shown in Supporting Information. The
chemical shift for these residues are listed in Supporting
Information.

The patterns of observed NOESY cross-peaks to pyrrole
A (Val30, Met31, Phe45, Phe123, Leu124), pyrrole B
(Val26, Phe181, Tyr184), and pyrrole C (Tyr112, Cys113,
Gly116, Ser117, Trp153), are those predicted by the crystal
structures (24, 25), confirming a strongly conserved environ-
ment of these pyrroles. The 8-CH3, on the other hand, is
predicted to make contact solely to the strongly relaxed
Gly120, whose CR2H exhibits the expected NOESY cross-
peak, as well as to the backbone of the assigned Phe123.
However, the 8-CH3 exhibits NOESY cross-peaks of sig-
nificant intensity to the ring of Phe123, to numerous
unassigned hyperfine shifted (as evidenced by temperature
dependence shift) aliphatic protons (peaks labeleda-d in
Figure 6, parts A-D) and one aromatic proton (Figure 6F)
that is shown by TOCSY to arise from a His ring. Hence,
pyrrole D exhibits an environment inconsistent with either
crystal structure. The nature of this environment is treated
in a later section. Starting with the assigned contacts to the
heme and sequence-specifically assigned residues, another
40 residues were assigned (see Supporting Information) on
the basis of conserved tertiary contacts. The present effort
provides assignments for 84 of the 209 residues using solely
homonuclear NMR, and those residues probe a large fraction
of the tertiary contacts within the structure.

Distal Steric Interactions.Since theδdip(calc) for distal
helix residues, determined from the magnetic axes orientation
based solely on proximal residues, correlated reasonably well
with theδdip(obs), it is reasonable to assume that the assigned
distal pocket residues (with the exception of Asn118, Leu119,
and Arg140 side chains; see below) occupy positions that
are the same as those found in the two crystal structures (24,
25). Both the proximal and distal residue nonlabile proton
δdip(calc), with one noteworthy exception, correlate well with
the temperature gradient of theδDSS(obs), (not shown; see
Supporting Information), indicating that a single electronic/
molecular structure accounts for the hyperfine shifts (47, 61).
The Leu119 side chain shifts exhibit significant deviation
in this plot, indicating that the side chain likely exhibits a
temperature-dependent distribution of orientations. This
conclusion is consistent with the finding of different Leu119
orientations in the alternate crystal structures (24, 25).

The direction and magnitude of tilt of thez axis from the
heme normal reflects the tilt of the Fe-CN unit (29, 30, 47,
62), (-z direction projects to an angle of 77° relative tox ′
axis) which is in the general direction occupied by the
R-meso position in both the crystal (24, 25) and solution
structure of HemO (Figure 1). The∼20° tilt in the same

direction previously deduced from NMR data for hHO-1-
PH-CN (29, 30) has been confirmed in the crystal structure
for the largely isostructural rat HO-1 complex (21). Inspec-
tion of the crystal structures (24, 25) indicates that this∼10°
tilt in HemO-PH-CN would arise from steric interaction
with the distal helix backbone. The tilt of the ligand in the
general direction of theR-meso position has obvious impli-
cations for enhancing the stereospecificity of the cleavage
at a specific meso-position. It is noteworthy that the HO from
the bacteriumP. aeruginosa, PigA, is unique in exhibiting
altered (nonR-position) stereoselectivity (9) relative to all
other characterized HOs. This primarilyδ-meso cleavage (9)
for PigA results from simple in-plane∼90° rotation of the
heme (63) relative to a conserved interaction between the
distal helix and heme that sterically blocks three meso
positions and tilts the ligand toward the fourth meso position
to be cleaved (64). Thus, primarily theδ-meso position in
PigA occupies the position where theR-meso position is
found in hHO, HmuO, and HemO complexes. The variable
â- versusδ-stereoselectivity in PigA and its mutants (9, 65)
is rationalized by the expected (28, 31, 53) heme orientational
disorder about theR-γ- axis.

Comparison to Crystal Structures. The generally reason-
able correlation for distal residues betweenδdip(obs) and
δdip(calc) based on the magnetic axes support a distal
polypeptide structure conserved relative to that in the crystal
structures (24, 25) of either HemO-PH-H2O or reduced
HemO-PH-NO, with the exception of five side chains (see
below) and the pyrrole D environment. This largely con-
served distal pocket structure is further supported by the
pattern of heme-residue and interresidues NOESY cross-
peaks and by the paramagnetically induced relaxation. Two
side chain orientations found different from those described
in any of the crystal structures (24, 25) is a 180° rotation
about the Câ-Cγ bond of Gln49, as clearly evidenced by the
NH2 NOESY cross-peak to Phe45 (not shown) and His141
CδH (Figure 6F), and a 180° rotation of the His53 ring based
on the NOEs to Ala114 and Phe52. The HemO-PH-H2O
(24) and reduced HemO-PH-NO (25) crystal structures
differ in heme pocket with respect to the orientations of the
Arg77, Asn118, Leu119, and Arg140 side chains and the
7-propionate group. All but the Arg77 side chains have been
assigned, and the contacts to neighboring groups have been
characterized.

The Asn118 side chain is oriented toward the heme and
interacts with the ligated water in HemO-PH-H2O (24) but
rotates its side chain∼180° to orient away from the heme
and interact with the reoriented Arg77 side chain in HemO-
PH-NO (25). The different Asn118 side chain orientations
are characterized by one very short and one long CâH
distance to the Leu119 NH, with the two CâHs interchanging
their proximity to Leu119 NH in the alternate crystal
structures. The1H NMR data (not shown) show, in fact, that
the two Asn118 CâHs exhibit comparable NOESY cross-
peak intensities to Leu119 NH. This is consistent with either
an Asn118 side chain orientation intermediate between that
in the alternate crystal structures or comparable population
of the alternate Asn118 orientations in HemO-PH-CN. It
was not possible to differentiate between these two models.
The signals for the Arg77 side chains could not be located.

In the immediate distal heme cavity, two side chain
orientations that differentiate the alternate crystal structures
(24, 25) are a∼180° rotation about the Câ-Cγ bond of
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Leu119 and a∼180° rotation about the Cπ-CR bond of the
7-propionate group. The observation of NOESY cross-peaks
between the Gly120 CR2H and both 7-propionate Hâs (Figure
6C and Supporting Information) demands that the 7-propi-
onate group is oriented toward the distal side (as in HemO-
PH-NO (25)), rather than the proximal side (as in HemO-
PH-H2O (24)). The observed Leu119 CγH NOESY cross-
peak to 7-Hâs (Figure 6B and Supporting Information), but
not to the Trp153 ring (Figure 6C), confirm a Leu119
orientation as in HemO-PH-NO (25). Last, the Arg140 side
chain differs in the two crystal structures by a∼90° rotation
about the CR-Câ bond, with the terminal guanidyl group
closer to the distal helix, and in position to make a H-bond
with the Gly138 carbonyl solely in the HemO-PH-NO
structure. An unassigned, low-field, labile proton peak at 9.92
ppm exhibits a strong NOESY cross-peak to the CRH of
His137 and several protons in common with the Arg140 NH,
which is consistent only with the Arg140 NεH in the
orientation depicted in HemO-PH-NO (25). NOESY cross-
peaks from the Arg140 NεH to a pair of labile protons that
exhibit dynamic line broadening at elevated temperature
locate the adjacent NηH2.

Hence, we conclude that the HemO-PH-CN structure
in solution much more closely resembles the structure in the
crystal of HemO-PH-NO (25) than HemO-PH-H2O (24).
It is likely that the distal active site side chain reorientations
observed upon converting HemO-PH-H2O to HemO-PH-
NO in the crystal (or to HemO-PH-CN in solution) reflect
the process of replacing a monatomic, H-bond donor ligand
(H2O) with a diatomic, H-bond acceptor ligand (NO or CN-)
and can also be expected to characterize the reduced HemO-
PH-O2, which is too instable to allow either crystallographic
or extensive spectroscopic structural characterization.

The Role of the C-Terminal Residues.The 7-propionate
carboxylate participates in a salt bridge with the side chain
of Lys16 in the HemO-PH-H2O crystal structure (24). The
salt bridge is ruptured in the HemO-PH-NO structure (25),
with a 180° rotation of the propionate group that moves the
7-carboxylate from the proximal to the distal side, but the
crystal structure does not locate the likely donor for a salt
bridge. The1H NMR data on HemO-PH-CN provides
some insight into this alternate salt bridge. Thus, neither
crystal structure locates any side chain protons within 5 Å
of 8-CH3 except the relaxed Gly120 and the Phe123
backbone (both assigned). However, as shown in Figure 6,
parts A-C, the 8-CH3 exhibits a series of six NOESY cross-
peaks (peaksa-e) to relatively narrow resonances in the
aliphatic spectral window and one in the aromatic spectral
window (Figure 6F), the CδH of a confirmed His (with
minimal upfield δdip, as reflected in small temperature
gradient). Both the His ring CδH and the 8-CH3, moreover,
exhibit NOESY cross-peaks to two aliphatic protons (peaks
c andd), the possible backbone of the His (Figure 6, parts
B and C) (the His CδH to another aliphatic protonf in Figure
6F). The majority of the NOESY cross-peaks to the 8-CH3

in the aliphatic window exhibit moderate upfield dipolar
shifts, as reflected by the significant temperature dependence
of the shifts and identify the peaks with the strongest NOESY
cross-peaks at 4.3 ppm (peake in Figure 6C) as a CRH.

All of the His detected in the crystal structures (24, 25)
occur in regions of the protein whose structure in HemO-
PH-CN is highly conserved relative to the crystal structures,

and hence none of the His in the polypeptide sequence Ala8-
Pro206 can account for the His side chain NOESY cross-
peak to 8-CH3. However, none of the crystal structures (24,
25) detect the three C-terminal residues, His207-Arg208-
His209. The residues Gly193-Pro206 participate in two
â-turns. Even without changing the backbone configuration
of the residues Gly193-Pro206, the His207 side chain can
orient toward the heme on the proximal side to make contact
with the 8-CH3. The His207 side chain in this orientation is
in position to form a H-bond to the proximal Asp27
carboxylate. The Arg208 side chain, moreover, can readily
orient so as to place its cationic terminus on the distal side
in position to serve as a donor to the 7-carboxylate.
Stereoviews of these His207/Arg208 orientations are depicted
in Figure 9. It is noted that these His207/Arg208 orientations
place the Arg208 CRH, with a small upfieldδdip(calc)∼0.5
ppm, within 4 Å of the8-CH3 and hence account for peak
e in Figure 6D. The other side chain protons of His207 and
Arg208 are the likely origins of the aliphatic proton
responsible for peaksa-d and g in Figure 6, parts A-C,
whose chemical shifts are included in Table 2. It is of interest
that the residues homologous to Asp27 in other HOs (Glu29
in hHO-1 (17, 18) and Glu24 in HmuO (26)) are oriented
so as to serve as H-bond acceptors to the axial His ring NδH.
In the crystal structures of HemO (24, 25), the latter role is
served by the Asp24 side chain adjacent to the axial His,
freeing the Asp27 side chain for interaction with His207.
The unexpected Phe123 ring to 8-CH3 NOESY cross-peak
can be rationalized by small Phe123R-â and/orâ-γ bond
rotation, which may be in response to the insertion at Arg208
into the pyrrole D environment. Isotope labeling, consider-
ably more assignments, and additional structural data would
be needed to generate a more quantitative model.

Several potential functional roles for the His207/Asp27
carboxylate and Arg208/7-propionate interactions can be
envisaged. First, inspection of the crystal structure shows
that the 7-propionate carboxylate is oriented toward the
proximal side, as in HemO-PH-H2O (24), and leaves a
solvent opening to the surface that is sealed with the
reorientation for the 7-propionate, as found in reduced
HemO-PH-NO (25) (not shown). The interaction which
stabilizes the “closed” conformation for the 7-propionate is
the interaction with Arg208, as well as the His207-Asp27
interaction. Second, the rate-limiting step in heme cleavage
by all HOs is product release (3-5). Hence, the conversion
of the heme 7-propionate link from an interior donor near
the N-terminus (Lys16 in HemO-PH-H2O (24)) to the
mobile C-terminus Arg208 donor upon adding ligand
may be a key step in facilitating the proper “exit” of the
R-biliverdin product from the active site. In mammalian

FIGURE 9: Stereoview of the heme (red), Asp27 (violet), Leu119
(orange), His207 (green) and Arg208 (blue) as modeled by the
interaction between 8-CH3 and the two side chains. The positions
of the His207 and Arg208 side chain terminus allow H-bonds to
the Glu27 and 7-propionate carboxylates, respectively.

NMR of N. meningitidisHeme Oxygenase Biochemistry, Vol. 43, No. 31, 200410121



HO-1, theR-biliverdin is transferred to the reductase upon
forming a 1:1 complex with HO-1. The fate of the product
R-biliverdin in bacterial HOs is unknown at this time (3).
Last, the insertion of the cationic terminus of Arg208 to
compensate the anionic 7-propionate salt bridge carboxylate
should facilitate the reduction of the ligated oxy-complex.

The H-Bond Network.1H NMR studies of hHO-1-PH-
CN (30, 33) and HmuO-PH-CN (31) had shown that both
possess an extended, largely iso-structural, network of
H-bonds that involve some stronger than usual H-bonds (54,
66, 67), as reflected in the low-field bias for some dozen
labile protons relative to the same groups in the majority of
other folded proteins.2 The chemical shifts for the low-field
labile protons in HemO-PH-CN are listed in Table 3, where
the correction for theδdip(calc) based on the magnetic axes
determined above yieldsδDSS(dia*), the chemical shift the
proton would exhibit in the absence of paramagnetism. It is
δDSS(dia*), and notδDSS(obs) whose degree of low-field
bias correlates with H-bond distance (54), and hence H-bond

strength (66, 67). Some NH low-field bias arises primarily
from δdip (i.e., His23 and Asp24), while the OH of Tyr184
at 7.4 ppm experiences significant upfieldδdip and heme ring
current that suggest a stronger H-bond than indicated byδDSS-
(obs). The Table also includes the likely acceptor(s) to those
labile protons in robust H-bonds, as characterized by X-H..Y
distances/angles in the crystal structure (25).

The peptide NHs of Arg140, His141, Asp147, and Gly138,
as well as several side chain labile protons (Gln49 NεH, the
Tyr60 OH and Arg140 NεH), exhibit lower field chemical
shifts than those usually found in proteins2 and reflect
somewhat shorter (54) and hence stronger (66, 67) than usual
H-bonds. The shifts for the two His ring NHs (His53, His141)
exhibit shifts typical of ordinary H-bonds. The H-bond
described in Table 3 are part of an extended network in the
distal pocket, as depicted in the stereoviews in Figure 10.
This network includes two water molecules, one near His53
(detected in the crystal structure (25)) and another an acceptor
to the Trp110 NεH (detected in the crystal structure (25) and

Table 3: Residues Involved in H-bond Network and/or near Ordered Water

H-bond donor H-bond acceptor
nearby water (Å)gresidue δDSS(obs)a δDSS(dia*)b t1/2

c residue r(X-H..O)e ∠X-H..Of

Ala121 NpH 15.32 5× 103 #141 (4.2), #74 (4.8)
His141 NδH 13.56 13.12 102 Asp84 CO2

- 2.8 164 B (3.5)
Arg140 NpH 12.33 12.0 1.7× 104 Asp84 CO2

- 2.7 164 B (3.9)
His53 NεH 12.13 11.4 <0.1 water #25 3.2 143 #25 (3.2)
Trp110 NεH 11.52 11.5 8× 103 water#72 2.8 158 #72 (2.8)
Tyr112 OηH 10.68 11.7 <0.1 6-propionate 2.6 155 #26 (2.9)
Asp24 NpH 11.41 8.1 1.8× 103 #143 (4.4)
Asp147 NpH 11.04 10.8 ∼104 His145 Nδ 3.1 170
His23 NpH 11.08 8.8 ∼104 #8 (4.9)
His141 NpH 10.91 10.1 8× 103 Asp84 CO2

- 2.9 168 B (4.1)
Tyr60 OηH 10.43 10.4 <0.1 Glu115 CO2

- 2.8 170 #29 (2.9)
Gln49 NεH 10.14 10.1 ∼102 His141 Nε 2.9 162 #25 (3.5), #76 (3.3)
Arg140 NεH 9.92 9.8 <102 Asp81 CO2

- 2.7 150
Gly138 NpH 10.38 10.0 ∼102 Asp87 CO2

- 3.0 174 A(2.4)
Tyr42 OηH 9.17 9.2 <102 Gly138 C)0 2.7 170
Tyr184 OηH 7.44 9.1 <0.1 Gln49 Oε 2.8 159
a Observed chemical shift, referenced to DSS, at 25°C. b Chemical shift corrected forδdip(calc) to more directly reflect H-bond strength.c Half-

life for X1H f X2H exchange, in s, at 25°C. d Likely acceptor, as identified in the crystal structure of Hem O-PH-NO (25). e Donor labile proton
to nearest heteroatom acceptor, in Å.f X-H (donor)-Y (acceptor heteroatom) bond angle, in degrees.g Labile proton-O(water) distance, in Å, for
the crystal structure (25).

FIGURE 10: Stereoview of HemO-PH-NO showing the position of the relatively robust H-bonds and the water molecules sufficiently
close to slowly exchanging H-bond donors to account for the observed steady-state NOEs and/or NOESY cross-peaks. The residues and
water molecules are described in Table 3. The H-bond donors are color coded Arg140 NH and NεH (orange), His 141 NH and NδH (pink),
Gly138 NpH (green), Gln49 NεH (pale blue) and NεH Trp110 (brown). The numbered blue spheres represent water molecules found in the
HemO-PH-NO crystal structure (25) that account for the observed NOEs, while lettered spheres in pink represent water molecules observed
solely by1H NMR.
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by NMR (brown spheres), shown as pink spheres in Figure
10). The majority of the H-bonds are between two different
secondary structural elements. The strong low-field bias of
the NHs of Arg140 and His141 are rationalized by the Asp87
CO2

- as acceptor, and this strong H-bond link is homolgous
to that observed for Ala165/Phe160 to Asp92 in hHO-1 (30)
and Gly159/Phe160 to Asp83 in HmuO (26, 31). The
remaining H-bonds do not have obvious homologues in
HmuO and hHO-1.

Labile Proton Exchange and Dynamic Stability. Transfer
of HemO-PH-CN from 1H2O to 2H2O leads to gradual loss
of intensity of labile proton peaks in the low-field spectral
window, (not shown; see Supporting Information). The
approximate half-lives for exchange at 25°C are included
in Table 3. The exchange is slow enough (τ1/2 > 2 min) to
detect six peptide NHs (His23, Asp24, Ala121, Gly138,
Arg140, and His141), and two side chain NHs (NεH Trp110
and NδH of His141), the latter five of which were each shown
to participate in the distal H-bond network. In addition,
HemO-PH-CN NOESY spectra for one month in2H2O
exhibited the complete pattern of Ni-Ni+1 cross-peaks for
residues Tyr112-Ser117; the Ni-Ni+1 cross-peaks for Ala114-
Glu115 and Val186-Leu188 are still readily detected after 1
year in 2H2O (not shown). Similar1H2O-2H2O conversion
for hHO-1-PH-CN (30) and HmuO-PH-CN (33) showed
the homologous distal (Gly143 in hHO-1, Gly139 in HmuO)
and proximal helix (His25, Asp26 in hHO-1, His20, Glu21
in HmuO) are completely lost within 10 min, indicatingτ1/2

< 3 min. Labile proton exchange,kex, in folded proteins
occurs primarily through local transient unfolding (68), and
the relative rates for isostructural labile protons in the two
structuresi andj, can be correlated with the relative dynamic
stability, δ∆G, where

Hence, HemO-PH-CN exhibits significantly enhanced
dynamic stability of both the proximal and distal helices by
>2 kcal/mol, relative to those in HmuO and hHO-1. The
enhanced dynamic stability of the proximal helix is further
supported by the ready detection of the axial His ring NδH
in HemO-PH-CN, while the same proton for the axial His
is not detectable at 25° for the other HO complexes (30, 31,
33). The more compact nature of the active site of HemO-
PH-H2O/NO (4, 24, 25) relative to either mammalian HOs

(17, 19, 21-23, 36) or HmuO (26) has already been noted
in their crystal structures.

Magnetization Transfer from Water and Ordered Water
Molecules.Saturation of the water resonance in steady-state
NOE spectra, or the slice through the water signal in 2D
“3:9:19” NOESY spectra, reveals significant magnetization
transfer to both labile and nonlabile protons in HemO-PH-
CN, as shown in Figures 3 and 4. If it can be demonstrated
that this magnetization transfer to labile protons is faster than
allowed by exchange of the labile proton, and there are no
nearby protein labile protons that do exchange rapidly with
bulk water; such NOEs or NOESY cross-peaks can be
attributed to water molecules within the protein (35). The
sign of the NOE, positive or negative, indicates (35) whether
the water molecule tumbles (τr) like in liquid water (τr < 5
ns) or is partially immobilized withτr > 5 ns, respectively.

Magnetization transfer to eight slowly exchanging (k <
10-2 s-1) labile protons in the steady-state NOE difference
trace in Figure 3B or the water slices of a “3:9:19” NOESY
spectrum in Figure 3C includes the peptide NHs of His23
and Asp24, (proximal helix), Ala122 (distal helix), Gly138,
Arg140, and His141 (helix 8), and the side chain protons of
Trp110 and His141. Inspection of the crystal structure fails
to identify any other nearby enzyme labile protons that
exchange rapidly with water, dictating that the magnetization
transfer must result from NOEs by nearby, ordered water
molecules (35). Since the size of the NOEs∼-5 to -10%
to the labile proton and selectiveT1s (∼30 ms) are similar
to those reported for both hHO-1-PH-CN (32) and
HmuO-PH-CN (31), we conclude that the water is
similarly located∼4 Å from the protons exhibiting the NOEs.
The stereoviews in Figure 10 that depict the H-bond network
in HemO-PH-CN also show the positions of ordered water
molecules (pale blue, numbered spheres) in the crystal
structure of HemO-PH-NO (25) that can account for the
observed NOEs/NOESY cross-peaks to the slowly exchang-
ing H-bond donors. In the absence of any water molecules
close enough to account for the NOEs to Arg140 and His141
NHs, we propose ordered water molecules A and B (pink
lettered spheres in Figure 10). The water molecules are also
described in Table 3.

Water also leads to small, but reproducible (∼3% negative)
NOEs to all the resolved heme signals (except the much
larger NOEs to the 7-propionate; see below) (3-CH3, 2HR,
7HR (Figure 3B), and 8-CH3 (Figure 3C) in steady-state NOE

FIGURE 11: Stereoviews of the water molecules found near the heme and Leu119 in the crystal structure of reduced HemO-PH-NO (25).
The heme is shown in red, and Leu119 is shown in orange. Small spheres represent water molecules near (∼5 Å) the heme positions 1-5
and 8; numerous water molecules closer (∼<4 Å) to Leu119, and the two propionates are shown as larger spheres (P6, P7) 6-, 7-propionates,
respectively).

δ∆G ) ∆Gi - ∆Gj ) RT ln kex
i /kex

j (5)
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difference spectra (Figure 3B) (as well as in 3:9:19 NOESY
slices (Figure 3C)). In agreement with such observations,
the crystal structure finds at least one water molecule close
enough (<5 Å) to result in such small NOEs, as shown by
small spheres in the stereoviews of the heme in Figure 11.
Of greater interest are the much larger (10-15%) negative
NOEs or NOESY cross-peaks to the 6-propionate HR (Figure
3B) and Hâs (Figure 4B, 4C), as well as to the Leu119
CâHs and CδH3s (Figure 4B, 4C). Inspection of the crystal
structure of HemO-PH-NO reveals the presence of numer-
ous water molecules close (∼<4 Å) to both the 6- and
7-propionates and the terminus of Leu119, as depicted in
the large spheres in the stereoviews of the pyrrole B/C
junction and Leu119, in Figure 11. The number and distances
of water molecules to the 7- and 6-propionate Hâs in the
crystal structure (25) are similar.

The much smaller water NOEs to the 7- than 6-propionate
protons could result from the expulsion of these water
molecules near the 7-propionate by the insertion of His207/
Arg208 into the vicinity of pyrrole D. The model in Figure
9 indicates that the Arg208 terminus would overlap some
of the water molecules near the 7-propionate. A less likely
rationalization is that the ordered water molecules are more
mobile (35) near the 7- than 6-propionate. Also to be con-
sidered is the possibility that the water molecules found near
the 7-propionate in the crystal structure are, in fact, the more
localized terminal atoms of Arg208 oriented into the heme
pocket. Again, isotope labeling and much more extensive
2D/3D NMR, as well as mutagenesis, will provide a more
definitive answer.

CONCLUSIONS

Solution1H NMR of the cyanide-inhibited, substrate bound
heme oxygenase fromN. meningitidishas allowed sufficient
assignments and structural characterization by solely homo-
nuclear 1H 2D methods to demonstrate that the overall
structure is strongly conserved in solution relative to that
found in crystal structures (24, 25) and that in cases where
key distal residue orientations differ in the alternate crystal
structures, the HemO-PH-CN structure always more
closely resembled that possessing a diatomic, H-bond
acceptor (HemO-PH-NO) than a monatomic H-bond donor
(HemO-PH-H2O) ligand. These results suggest that the
orientation of Asn118, Leu119, Arg140 and 7-propionate side
chain respond to the nature of the axial ligand. The
orientation of the major magnetic axis dictates that the Fe-
CN unit is tilted in the general direction of theR-meso-points,
but to a lesser degree than in hHO-1 (29, 30) or HmuO (31)
complexes. An extended H-bond network is identified in the
distal pocket that has limited homology to that previously
described for hHO-1 and HmuO complexes, but appears to
be similarly involved in stabilizing tertiary structure and
ordering water molecules within the network. Proton lability
reveals a tighter, more dynamically stable heme pocket than
that found in other HOs. The detection of direct interaction
between pyrrole D and two terminal residues, His207, and
Arg208, not detected in the crystal structure, indicates that
these two residues may form H-bond/salt-bridges to the
Asp27 and 7-propionate carboxylates. The side chain reori-
entations and ordering of the C-terminal residues in the distal
pocket closes the heme cavity appear to expel a series of
water molecules near pyrrole D and may be involved in

facilitating exit of the product from the cavity. With the
resolution afforded by heteroatom labeling, the detailed
structure of the C-terminal residues of the enzyme should
be ideally addressable by solution NMR. The necessary steps
to initiate these approaches are under study.

SUPPORTING INFORMATION AVAILABLE

One table (observed shifts and calculated dipolar shifts
for assigned residues) and nine figures (steady-state NOEs,
NOESY connections for relaxed/hyperfine-shifted residues,
TOCSY spectrum, plot ofδdip(calc) vs d[δDSS(obs)]/d[T-1],
dipolar contacts among helices, Curie plot for the heme
resonances, and1H f 2H exchange spectra). This material
is available free of charge via the Internet at http://
pubs.acs.org.
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