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Abstract

Heme oxygenase carries out stereospecific catabolism of protohemin to yield iron, CO and biliverdin.
Instability of the physiological oxy complex has necessitated the use of model ligands, of which
cyanide and azide are amenable to solution NMR characterization. Since cyanide and azide are
contrasting models for bound oxygen, it is of interest to characterize differences in their molecular
and/or electronic structures. We report on detailed 2D NMR comparison of the azide and cyanide
substrate complexes of heme oxygenase from Neisseria meningitidis, which reveals significant and
widespread differences in chemical shifts between the two complexes. To differentiate molecular
from electronic structural changes between the two complexes, the anisotropy and orientation of the
paramagnetic susceptibility tensor were determined for the azide complex for comparison with those
for the cyanide complex. Comparison of the predicted and observed dipolar shifts reveals that shift
differences are strongly dominated by differences in electronic structure and do not provide any
evidence for detectable differences in molecular structure or hydrogen bonding except in the
immediate vicinity of the distal ligand. The readily cleaved C-terminus interacts with the active site
and saturation-transfer allows difficult heme assignments in the high-spin aquo complex.
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1. Introduction

Heme oxygenase [1], HO, a member of a class of non-metal enzymes that utilize hemin as
cofactor and substrate to convert it into iron, CO and biliverdin via the intermediates, meso-
hydroxyhemin, verdoheme and iron-biliverdin [2-6]. HOs are widely distributed and have been
characterized in detail for mammals, plants, cyanobacteria and some pathogenic bacteria. The
current understanding of the structure/function relationships for HOs has been aided
significantly by crystallographic and NMR spectroscopic structural characterization of
primarily human, hHO [7-12] and rat HO [13-17], and on the HOs from the pathogenic bacteria
Neisseria meningitidis, NmHO [18-26], Corynebacterium diphtheriae, CdHO [16,17,27,28],
and Pseudomonas aeruginosa, PaHO [25,29-32]. The diverse HOs exhibit a remarkably
conserved fold, in spite of only limited sequence homology, that consists of primarily a-helices
where the substrate binds to a conserved His near the enzyme surface. Moreover, each HO
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possesses several ordered water molecules in the distal pocket that are implicated in the HO
mechanism [4-6,33]. The stereoselectivity of the reaction(only a-meso cleavage in mammalian
HOs) is rationalized by steric blocking by the distal helix of three meso positions and steric
tilt/orientation of the activated Fe™3-OOH towards the fourth unblocked meso position. The
stability of Fe*3~OOH to O-O cleavage to yield inactive ferryl species common to peroxidases
and cytochromes P450 has been linked to the novel interaction of the exogenous ligand with
primarily ordered water molecules [7,8,13-15,18,19,27,29]. Solution *H NMR has shown [9,
10,20,23,25,34,35] that HOs possess an extended distal H-bond network that contains some
much stronger-than normal H-bonds and that several of the ordered water molecules are
imbedded within this H-bond network. The fact that mutagenesis of the same key residue within
this network of HOs [36—-38] with highly homologous distal pocket structures differentially
effects product formation, suggest that an improved understanding of the influence of the nature
of the exogenous ligand on the H-bond network is desirable.

The only readily NMR-addressable, physiologically relevant HO species are diamagnetic,
substrate-free, apo-HO, and the resting-state, high-spin ferric, substrate aquo complex.
However, while the information content of the high-spin aquo complex is very rich [21,35,
39], strong paramagnetic relaxation severely hampers resonance assignment in the absence of
isotope-labeled substrate. Since both the initial ferrous-O5 (with one exception [27]) and
activated ferric-hydroperoxy [33] species are generally too unstable to investigate at ambient
temperatures, both crystal and solution characterization have been carried out on numerous
physiologically non-relevant derivatives which model various aspects of HO species. Thus the
ferric cyanide [9,14,21,30,34] or azide [13,25] and ferrous NO [8,19,40] or CO [40] complexes
have served as models for the oxy complex, and the ferric hydroxy complex has been proposed
[5,31] to mimic the hydroperoxy species. For the purposes of NMR spectroscopy, the low-spin
azide and cyanide complexes of ferri-hemoproteins are most readily characterized due to
favorable relaxation properties that allow detailed 2D NMR characterization, large magnetic
anisotropy that facilitates signal resolution, and relatively simple but robust interpretive bases
for the hyperfine shifts in terms of functionally relevant molecular/electronic structural
parameters [39].

Our interests here focus on the azide complex of protohemin, PH, bound to NmHO for three
main reasons. The first is the anticipated set of favorable circumstances that would allow
conveniently attainable substrate resonance assignments in the azido-complex to be extended,
via magnetization-transfer [41], to the much more difficult-to-assign high-spin, ferric-aquo
complexes [25,26,32,39,42,43]. Second, azide provides an oxy model that contrasts cyanide
in several ways. Thus, cyanide, like O,, is diatomic but prefers to bind linear and normal to
the heme (while the FeOO bond is bent), and is a much weaker H-bond acceptor than O,. Azide
exhibits the bent structure like O,, and its H-bond acceptor strength lies between that of O,
and cyanide. Hence, it is of interest to characterize any differences in molecular structure and/
or H-bond strength in the H-bond network between the azide and the previously characterized
[20] cyanide complex of NmHO. Third, the structural and functional properties of NmHO are,
for the most part, typical of those of the structurally characterized mammalian and other
bacterial HOs [2-5,7,8,13,18,19,27,29,44]. However, a C-terminal tripeptide
His207Arg208His209 of NmHO, found “missing” in the crystal structures [18,19] and
attributed to disorder, was found ordered in solution for NmHO-PH-CN [20,35] and shown
to interact strongly with the substrate pocket. Moreover, this C-terminal Arg208His209 peptide
is spontaneously cleaved in solution [20,35], which suggests the possibility that the C-terminus
was also cleaved in the crystal. The “loss” of this C-terminal dipeptide by “aging” leads to an
increased rate of product biliver-din release [35], implicating the C-terminal tail in modulating
NmHO activity. It is of interest to ascertain whether the C-terminus similarly interacts with the
active site and cleaves in the azide as found for the cyanide complex [35].
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Changes in molecular structure upon ligand binding in diamagnetic enzymes are readily
detected in the perturbation of chemical shifts of the 1°N and 1H in [IH-15N]-HSQC spectra
[45]. However, changes in chemical shifts with ligands in paramagnetic enzymes do not allow
the same confident analysis due to the presence of dipolar shifts, 3, given by [39,46-48]

Saip= (24muoN,) " [3Axax (3 €082 — DR +2Ax i (sin’¢
X c0s2Q )Rl (a, B,7), (1)

where Ay, and Ay are the axial and rhombic anisotropies of the diagonal paramagnetic
susceptibility tensor, y, R, 8', Q' define the nucleus in an iron-centered, reference coordinate
system, X', y', 2’ (Fig. 1), and I'(a,B,y) is the Euler rotation that converts the reference into the
magnetic coordinate system, X, y, z, in which y is diagonal. Since the dipolar shifts are very
long-ranged, nuclei up to 25 A from the iron in low-spin ferrinemoproteins can experience
non-negligible 34j, whose magnitude can depend on the detailed electronic structure of the
iron-center (Ayax, Axrhs @, B, v in Eq. (1)), even if the molecular structure (i.e., R’, 8, Q' in Eq.
(1)) is strongly conserved. Both the anisotropy and orientation of y can be determined if a
significant portion of the active site residues are assigned and their dipolar shifts quantitated.

To date, only the substrate resonances have been assigned for NmHO-PH-N3 [25], although
both substrate and residue backbone assignments have been reported for PaHO-PH-N3 [32].
It was noted that the pattern of PH methyl hyperfine shifts in the PaHO azide complex differed
from that of the same cyanide complex, and the novel intermediate-spin, S = 3/2 ground state,
was proposed [25] to account for this. We report here on the detailed assignments of the active
site of NmHO-PH-N3, and determine the magnetic axes which indicate that, although
significant differences in chemical shifts are observed between the azide and cyanide
complexes, they are consistent with arising primarily from differences in the electronic
structure of the chromophore and not in the molecular structure and H-bond strengths.
Moreover, the C-terminus interacts with the active site and is cleaved in a manner very similar
to that reported for the cyanide and aquo complexes [22,24]. Lastly, we show that the azide
complex does provide a ready access to the elusive assignment of the substrate resonances in
resting-state HO complexes [21,35,39].

2. Materials and methods

2.1. Sample preparation

The apo-NmHO samples used in this study are the same as described in detail previously
[20]. Stoichiometric amounts of protohemin, PH (Fig. 1), dissolved in 0.1 M KOH in 1H,0,
were added to apo-NmHO in phosphate buffer (50 mM, pH 7.0). The substrate complex was
purified by column chromatography on Sephadex G25, and phosphate-buffered KNz solution
at pH 7.1 was titrated in until >95% conversion to the NmHO-PH-N3 complex was achieved
([N31~50 mM). Samples in 1H,0 were converted to 2H,0 by column chromatography [49].

2.2. 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 1H,0 and 2H,0 over the
temperature range 15-35 °C at both a repetition rate of 1 s~ over 40 ppm spectral width and
at5 st over a 200 ppm spectral width. Steady-state magnetization-transfer [41] (NOE or
exchange) difference spectra were generated from spectra with on-resonance, and off-
resonance, saturation of the desired signals; to detect exchange with H,0O, selective 3:9:19
excitation [50] was used. Chemical shifts are referenced to 2,2-dimethyl-2-silapentane-5-
sulfonate (DSS) through the water resonance calibrated at each temperature. Non-selective
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T1s were determined by the standard inversion-recovery pulse sequence and estimated from
the null point. 600 MHz NOESY spectra [51] (mixing time 40 ms; repetition rate 1-2 s™1) and
500 MHz Clean-TOCSY spectra (to suppress ROESY response [52]; 25°, 35°C, spin lock 25
ms; repetition rate 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. 2D data
sets were processed using Bruker XWIN software on a Silicon Graphics Indigo workstation.
The processing consisted of 30°- or 45°-sine-squared-bell-apodization in both dimensions, and
zero-filling to 2048 x 2048 data points prior Fourier transformation.

2.3. Magnetic axes determination

3. Results

The anisotropy and orientation of y were determined [20,23,39,47,48] by finding the Euler
rotation angles, I'(a,p,y), 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, y, is diagonal; a, B and y are the three Euler angles where B corresponds
to the tilt of the major magnetic axis, z, from the heme normal z', o reflects the direction of this
tilt, and is defined as the angle between the projection of the z axis on the heme plane and the
x"axis (Fig. 1), and x = o + y is the angle between the projection of the X, y axes onto the heme
plane and locates the rhombic axes. A least-square search was carried out for the minimum in
the error function [39,47,48], F/n

n

F/n’)" |Saip(obs) — Saip(calo)|”,
i=1 (2)

with observed dipolar shift, 5gip(0bs) given by

Odip(0bs)=0y,55 (0bS) — 6;,5¢ (dia), 3)

DSS

where dpsg(0bs) and dpsg(dia) are the chemical shifts, in ppm, referenced to DSS, for the
paramagnetic NmHO-PH-N3 complex and an isostructural diamagnetic complex,
respectively. In the absence of an experimental dpgg(dia) for the latter, it may be reasonably
estimated by the ShiftX program [53] based on molecular structure, [19] as described
previously for NmHO-PH-CN [20,21,24] and NmHO-PH-H,0 [21,23]. Error analyses were
performed with Levenberg—Marguard method, [54,55] as described previously [56]. The
ShiftX program has been shown [53] to provide reliable estimates to within one- or two-tenth
of a ppm with random deviations. Since numerous protons for NmHO-PH-N3 exhibit [34jp| in
the range 2-3 ppm, the potential error in 4i,(0bs) becomes negligible. An uncertainty of ~0.1
ppm for dgip(calc) dictates that only differences in chemical shifts between two complexes
greater than 0.2 ppm can be considered significant.

3.1. Comparison of azide and cyanide complexes

The resolved portions of the 600 MHz 1H NMR spectrum of native NmHO-PH-N3 in 1H,0
(Fig. 2A); and 2H,0 (Fig. 2B) reveal the assigned [25] three low-field heme methyl peaks in
the 18-22 ppm window, and a strongly shifted and strongly relaxed labile proton signal at 32
ppm, as well as two methyls and several single protons in the upfield spectral window.

Protohemin peaks are labeled by the Fischer notation and residue peaks by residue number for
peptide NHs, and both residue number and position for other proton signals. The minor methyl
peaks in the 19-21 ppm window, labeled with asterisks (in Fig. 2A and B), arise from a minor
species. The resolved heme methyls of native NmHO-PH-N3 exhibit nonselective T1s of ~40
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ms, and the upfield vinyl Hg display T; ~ 60 and 80 ms, while the upfield peaks labeled 26y1
and 11981 exhibit T1s ~ 50 and ~40 ms. The low-field labile proton peak labeled 121 exhibits
a Ty ~ 30 ms. The same spectral regions of NmHO-PH-CN in 1H,0, with the reported
assignments, [20] are reproduced in Fig. 2A’. The temperature dependence for the azide
complex (not shown; see Supporting Information) reveals weak anti-Curie behavior for the PH
methyls and His23 NsH and Curie behavior for other protons.

3.2. Cross-saturation between NmHO-PH-H,0 and NmHO-PH-N3

Fig. 3 illustrates the heme methyl spectral window for the high-spin [21] NmHO-PH-H,0

(Fig. 3A and B) and NmHO-PH-N3 complexes (Fig. 3A" and B’) for an equilibrium mixture
of NmHO-PH-H,O/NmHO-PH-N3 shortly after preparation (Fig. 3A and A’) and ~24 h later
(Fig. 3B and B"). The NmHO-PH-H,0 methyl peaks in Fig. 3A and B illustrate the spontaneous

conversion of the WT (designated A; Ser2-His209, peak iCHg* ) NmHOA-PH-H,0, to the
cleaved [22] (designated X; Ser2-Arg207, peak iCH3), NmHOX-PH-H,0, complexes ( Fig.
3A and B), as detailed previously [20,22]. Only the 8CH§* : 8CH§( chemical shifts can be

distinguished [22] in the high-spin complex. The conversion of A— X for the aquo complexes
(Fig. 3A and B), is also observed for the azide complex (Fig. 3A’ and B’).

The panels C-G of Fig. 3 illustrate the magnetization-transfer [41] observed for the azide
complex (Fig. 3C'-G’), as the assigned methyls [21] of the aquo complex (Fig. 3C-G) are
saturated, as indicated by vertical arrows. Saturating the SCHg‘ peak of NmHOA-PH-H,0
confirms the previously reported [25] 8CH3 peak of NmHO”-PH-N3 (Fig. 3D and D’) and
saturation of 8CH} of NmHO*-PH-H,0 identifies SCH} for NmHO*-PH-N3. Similarly,
saturation of the A/X pairwise degenerate SCH4; /SCHY, 1ICH4 /1CHY and 3CH4 /3CHY peaks
(Fig. 3E-G), respectively, leads to cross-saturation to the previously assigned [25] iCHg* fori
=1, 3, 5 of the NmHOA-PH-N3/NmHO-PH-N3, which confirms the methyl assignment for
the WT—A complex [25] and locates the same iCH} peak for NmHOX-PH-N3 (Fig. 3E'-G/,
respectively). The magnitude of the cross-saturation in a steady-state difference spectrum for
NmHO-PH-H,O/NmHO-PH-N3 is very similar to that observed in the pair metMbH,O/
metMbN3 [43]. The majority of the remaining 2D NMR characterization was carried out on
the uncleaved, native NmHO-PH-N3 complex. The absence of a superscript hereafter
designates the “A” or WT complex. The chemical shift for the assigned protohemin peaks are
very similar to that reported previously [25] and is listed in Supplementary material (Table
S1).

3.3. Residue assignment protocols

The assignment protocols for the NmHO-PH-N3 complex are the same as those previously
successfully [20,24] employed for the NmHO-PH-CN complex; sequential assignments by
the helical Nj — N; + 1, 0j-N; + 1, Bi-Nj + 1, 0j-N; + 3 and/or aj—Bj+3, NOESY connections among
TOCSY-identified spin systems [57], when allowed by resolution and relaxation. Since
relaxation is ~5-fold faster in N5 than CN™ complexes, [20] paramagnetic relaxation (T,
R %) and NOESY data are used to support assignments when line broadening obliterates
TOCSY cross-peaks. Extensive use is made of 2D data at several temperatures to establish the
uniqueness of cross-peaks. The assignments are greatly facilitated by the fact that the pattern
of dipolar-shifted, non-ligated amino acid residue resonances in NmHO-PH-N3 is very similar
to that for the NmHO-PH-CN complex [20]. This is obvious even in the reference spectra (Fig.
2), as shown for the low-field Ala121 NH and the upfield Ala26 and Leu119 methyls shifts.
Hence, we illustrate 2D data only for assigning the key proximal helix residues in NmHO-PH-
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N3 necessary to determine the magnetic axes and to identify key heme contact residues. Other
2D data are provided in Supplementary material (Table S2).

3.4. The proximal helix

Sequential a-helical contacts (illustrated in Fig. 4) among TOCSY -detected residues (not
shown; see Supplementary material; Figs. S1 and S2) locate the fragment: AMX;-Thr;j 4 1-
Thri & -Alg;j + 3-Val; 4 4-Nj + 5-AMX; 1 -N;j + 7-Val; 4+ g, which must arise from the proximal
helix residues Asp18-Val26. The key axial His23 C,H-CgH fragment is too strongly relaxed
to exhibit TOCSY cross-peaks (or NOESY cross-peaks in Fig. 4) to N + 5, but the characteristic
NOESY intra-residue cross-peaks among the strongly relaxed and strongly low-field shifted
protons are readily observed under more rapid pulsing conditions (not shown; see
Supplementary material; Fig. S3). NOESY connections of residues with PH are shown in Fig.
5. The obvious Val26 with its expected methyl NOESY cross to the 3CH3 (Fig. 5D) and
4Hgs (Fig. 5E) exhibits TOCSY connections for only a C,H-CgH-C,H3 fragment, but the
expected, and observed, resolved and relaxed (Ty ~ 50 ms) C,,H3 peak exhibits the expected
intra- and inter-residue NOESY cross-peak. The very strongly relaxed (<20 ms at low
temperature) labile proton at 32 ppm exhibits significant saturation-transfer above 20 °C, and
displays no NOESY cross-peaks. Both the relaxation and saturation-transfer are those expected
for the His23 ring NgH, as confirmed directly [20] in NmHO-PH-CN. The chemical shifts for
the proximal helix residues for NmHO-PH-Nj3 are listed in Table 1, where they can be
compared to those previously reported for the NmHO-PH-CN complex; [20] the similarity in
both the pattern of shift and the shift magnitudes is striking.

3.5. The distal helix

A three-residue helical fragment Phe;-X; + 1-Phe;j + » are observed (not shown) which is unique
to Phe123-Leul24-Phel25 of the distal helix. The distal helix is sufficiently close to the iron
that the factor ~4-5 increased relaxation rate in the azide compared to the cyanide complex
[20] obliterates many TOCSY connections and interferes with even the NOESY detection of
many N; + N; + 1 contacts. The remainder of the distal helix is approached via multiple
characteristic contacts to protohemin in the crystal structure [19] and NmHO-PH-CN solution
structure [20]. The contacts to substrate are illustrated in Fig. 5, with cross-peaks for 8CH3
(Fig. 5A) and 1CH3 (Fig. 5B) to Phe123 CgHs and ring (not shown), 5CHg to Cys113 (CyH;
Fig. 5B), Gly116 (NH, C,H; Fig. 5B), Trp153 ring (Fig. 5B), and Tyr112 ring (not shown),
and 7H, to Leu119 CsHs (Fig. 5C). The identified Gly116 NH leads to both Glu115 and Alal114
via Nj + N + 1 contacts (Fig. 4B). The TOCSY-detected CH(CHj3), fragment in contact with
the propionates Hgs (not shown) can only arise from Leu119. A pair of strongly relaxed, up-
field shifted geminal protons with NOESY contact to both the Leu119 C,H(CsH3), and a
C,H, identify the Leu119 CgHs, with the T; ~ 40 ms of the upfield peak consistent with an
iron distance a little smaller than for a PH methyl. The expected sequential N; — N; + 1
connection for Alal14-Gly116 are illustrated in Fig. 4B. The strongly (Gly120) and moderately
(Alal122) relaxed residues detected [20] in NmHO-PH-CN could not be located; neither NH
is predicted (not shown; see Supplementary material; Table S2) to be resolved in the azide
complex. However, a strongly relaxed (T1 ~ 30 ms; iron distance slightly shorter than for a PH
methyl), low-field NH, exhibits the same pattern of NOESY cross-peaks [20] (and with
approximately the same chemical shift), as Ala121 in NmHO-PH-CN, and is so assigned. The
20 ms T for the NH is consistent with iron distance slightly smaller than for heme methyl.
The Phe45 ring makes the expected contacts to Val26 and Leu48 methyls (not shown;
summarized in Fig. 1. The rings of Phe181 and Tyr184 were assigned based on the
characteristic NOESY of a peak to 4Hgs (Fig. 5E), 3CHz and 4H (Fig. 5D and E). The pattern
of observed (and expected) substrate contacts and inter-residue contacts are summarized in
Fig. 1. The chemical shifts for distal helix residues are provided in Supplementary material
(Table S2).
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3.6. The distal H-bond network

Sequential N — N;j 4+ 1 connections locate the fragment Gly138-Alal43 (not shown; see
Supplementary material (Fig. S4), with the same inter-residue connections observed in
NmHO-PH-CN, [20] with the peptide NHs of Arg140 and His141 exhibiting very strong low-
field bias. Replacing H,0 by 2H,0 leads to exchange for many peptide NHs. However,
numerous a-helical sequences (Nj — Nj + 1) are clearly observed, even a month after solvent
exchange, and the improved resolution allows the confirmation of the Alal14-Gly116
backbone connectivities, together with Alal14 contact to Phe52 and Glul15, and Glu115
contact with Trp153 (see Supplementary material; Fig. S5). Two other helical fragments are
detected in 2H,0 (not resolved in 1H,0), comprise Phe52-His53, and Ala180-Val187 (not
shown; see Supplementary material; Fig. S5). The retention of the N; — N; + 1 cross-peaks attest
to remarkable slow exchange rates, as observed previously in NmHO-PH-H,0 and NmHO-
PH-OH complexes [21,23]. The chemical shifts for these residues are listed in Supplementary
material (Table S2), where they are compared to the data [20] for NmHO-PH-CN.

3.7. The C-terminus

Crystal structures predict [18,19] only Gly120 C,H (too strongly relaxed to be detected) and
Phe123 CgHs NOESY cross-peaks to 8CHg3 (observed; [20] Fig. 5A). The contacts to the
8CH3 which are inconsistent with the crystal structures [7,8] are by the CgHs (Fig. 5A) of a
CoHCgH spin system that also makes contact to a narrow non-labile proton diagnostic of a
His CsH, and to a C,H (Fig. 5A) of another residue in a fashion very similar to that reported
for NmHO-PH-CN [20,24]. The residues are similarly assigned to His207 and Arg208;
chemical shifts are included in Supplementary material (Table S2). Qualitative modeling for
NmHO-PH-CN has indicated that the His207 peptide NH forms a H-bond with the carboxylate
of Asp27 and the Arg208 guanidyl group makes a salt bridge with the 7-propionate. [22] Each
of the His207/Arg208 NOESY cross-peaks moves upfield at lower temperatures (not shown),
indicative of sizable upfield d4jp. The observation of similar cross-peaks to 8CHj in the azide
and cyanide complexes dictates that the C-terminus interacts similarly with the substrate pocket
in the two complexes. Consistent with this conclusion, the conversion of NmHO-PH-N3 from
the native (A) to the cleaved (X) form, we observe (not shown) the loss of all His207 and
Arg208 cross-peaks to the 8CHs.

3.8. Determination of the magnetic axes

The anisotropies and orientation of y obtained from a five-parameter fit of djp(0bs) via Egs.
(1)=(3), using only non-labile proximal helix proton dgip as input, with geometric factors drawn
from the NmHO-PH-NO crystal structure [19], are: Ayay = 2.3 0.1 x 1078 m3/mol; Ay, =
—0.1+0.1x 1078 m¥/mol, a = 240 + 20°, =5+ 1° and k ~ o +y = 140 + 30°. The correlation
between dgip(0bs) and 3gjp(calc) for the optimized magnetic axes (closed markers) is excellent,
as illustrated in Fig. 6. When gjp(0bs) is plotted versus dgip(calc) for non-labile protons of
residues not utilized in determining the magnetic axes (open markers in Fig. 6), a very good
correlation is observed for all but the distal helix Alal21 residue. Leul19 has variable
orientations in both crystals [18,19] and solution [20] and hence is not included. The reported
[20] relevant parameters for NmHO-PH-CN are Ayay = 2.5 + 0.1 x 1078 m3/mol, Ay, = —0.6
+0.1 x 108 m3/mol, a =257 +10°, f =10 + 1° and k ~ o + y = 38 = 10° [20].

A large number of residues spread well over the enzyme exhibit significant 54jp, as illustrated
in a graph of 3gjp(calc) for peptide NHs as a function of sequence number as shown in Fig. 7A.
The magnitude and distribution of 3gjp(calc) for the peptide NHs for the previously reported
magnetic axes for NmHO-PH-CN are also large and distributed similarly, but not identically,
as illustrated in Fig. 7B. Thus, residues with [3gjp| > 0.2 ppm at 20 Aare common for both the
azide and cyanide complexes, so that 3gjp for each of the complexes must be considered to
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resolve any differences in molecular structure/H-bonding from differences in chromophore
electronic/magnetic properties between the two complexes.

4. Discussion

4.1. Magnetic properties and electronic structure

The anisotropies and orientation of x have been previously reported for NmHO-PH-CN [20]
and determined herein for NmHO-PH-N3. The Ay, values are very similar, with that for the
azide complex some 10% smaller than for the cyanide complex. The Ay, is significantly
smaller, and exhibits larger uncertainty, for the azide than cyanide complex. The tilt of the
major magnetic (z-) axis is correlated [9,20,39] with the tilt of the Fe—~N/C vector from the
heme normal, is smaller in the azide than cyanide complex since the azide Fe—N3 is bent (while
the FeCN unit is linear) and experiences less steric tilting by the distal helix backbone. The
Fe—N tilt in the azide complex is similar to that observed in the azide complex of rat HO
[13]. In each case the tilt (—z direction) is towards the a-meso position that is cleaved. The
magnetic properties are surprisingly similar in the azide and cyanide complexes in view of the
proposed differences [25] in the spin state for the cyanide (S = 1/2) and azide (S = 3/2)
complexes. This similarity in Ay,x values, however, does not preclude a difference in the spin
state for the two ligands.

4.2. Comparison of molecular structure in the azide and cyanide complexes

The pattern of NOESY cross-peaks between the heme and contact residues and among residues
in the presently studied azide complex, are very similar to those reported [20,22] for the
NmHO-PH-CN, which, in turn, were consistent with the NmHO-PH prediction of the crystal
structure [19], with the important exception of the 8CH3 contacts of the His207Arg208 C-
terminus (see below)and the 180° rotation of the GIn49 and His53 side chain termini relative
to those found in the crystal structures [18,19]. The NOESY contacts that differentiate the
alternate orientation for GIn49 and His53 have been considered in detail previously [20,22,
24], and have been documented in all solution NMR studies.

Comparison of data for the azide and cyanide complexes of NmHO-PH (Table 1; also see
Supplementary material; Table S2) reveals that the chemical shifts for both non-labile and
labile protons a large fraction of the residues differ significantly, even for some residues as far
as 20 A from the heme. The question that arises whether the widespread chemical shift
differences between CN™ and N7 complexes of NmHO-PH are due to primarily differences
molecular structure/H-bonding or mainly different orientations/ anisotropies of y (i.e.,
electronic structural properties of the chromophore)? The plot of dgjp(calc) versus sequence
number for the peptide NHs of NmHO-PH-N3 (Fig. 7A) and NmHO-PH-CN (Fig. 7B) reveal
large 3qip With similar but not identical distribution about the enzyme manifold. Light is shed
on this question by considering the differences in both the calculated dipolar shifts and observed
shifts between the cyanide and azide complexes. Hence, we define the difference in the
calculated dipolar shifts between the azide and cyanide complexes, Aygip(calc), as

Adgip(calc)  =0gip(calc:NmHO — PH — N3) — dgip(calc
:NmHO — PH — CH), (4)

and the difference in the observed shifts between the azide and cyanide complexes,
Axpss(obs), as

Ad 5 (0bs)=06, i (0bs:NmHO — PH — N3) — 6, (0bs:NmHO — Ph — CN), (5)
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of which the latter is equal to Aygjp(0bs) in the absence of differences in molecular structure
or H-bond strength.

We consider first the non-labile protons whose chemical shift differences could, in principle,
reflect on molecular structural differences between the two complexes. The correlation
between Aygip(calc), (Eq. (4)), versus Axpss(obs), (Eg. (5)), for all assigned, non-labile protons
for the two complexes, except Leul19 which exhibits variable orientations in both crystals
[18,19] and solution, [20] is very good, as shown in Fig. 8, although there are some deviations
in the magnitude of the difference for Alal21. However, this portion of the distal helix residue
is very close to the exogenous ligand, and small, local structural accommodation of the distal
helix not unexpected. Hence we conclude that the wide variation in chemical shift differences
for non-labile protons between the azide and cyanide complex can be interpreted primarily on
the basis of variable dipolar shifts, and that these shift differences provide no direct evidence
for detectable molecular structural accommodation upon substituting N5 for CN™ as ligand in
NmHO, but do suggest some minor local structural accommodation of the distal helix near the
exogenous ligand binding site.

4.3. Comparison of H-bonding in azide and cyanide complexes

The patterns of the peptide NH dgjp(calc) with NmHO residue number for NmHO-PH-N3 and
NmHO-PH-CN are plotted in Fig. 7A and B, respectively. Comparison of Fig. 7A and B
reveals a very similar (but not identical) pattern of nodes (change in the sign of dgjp(calc)) and
similar magnitudes for 3gjp(calc). The differences between the two complexes are emphasized
in Fig. 7C, where we plot Aygjp(calc) (with x8 vertical expansion relative to Fig. 7A and B)
for the peptide NHs of the two complexes as given by Eq. (4), as a function of residue number.
Fig. 7D provides the same plot of difference in observed peptide NH shifts between the azide
and cyanide complexes, Aypss(0bs) (Eq (5)), which, in the absence of differences in H-bonding
and molecular structure between the two complexes, should reflect the difference in 3gjp(0bs).
The very good correlation in both pattern and magnitude of the predicted difference in dipolar
shifts and difference in observed shift argues strongly that, by far the primary source of the
observed peptide NH chemical shift differences in the two complexes is the difference in the
electronic structure, and not molecular structure and/or not H-bonding, between the N5 and
CN™ complexes. The uncertainties in 3gjp(calc) for each complex preclude attributing any
significance to chemical shift differences of less than ~0.2 ppm.

This conserved backbone NH H-bond strengths are consistent with the conclusion that
molecular structure, as reflected in chemical shift for non-labile protons, differs
inconsequentially between the azide and cyanide complex, except for the distal helix in the
vicinity of the exogenous ligand. However, some local distortion of the distal helix portion
near the exogenous ligand can be expected, and also observed for non-labile protons (Fig. 8).

The plot of Adgip(calc) versus Adpss(obs) for side chain labile protons is included in Fig. 8
(crosses). Again, essentially all observed differences are accounted for by the predicted
differences in dgjp(calc), with the exception of the GIn49 N:H. The deviations in Fig. 8
corresponds to low-field bias for the N7 relative to the CN™ complex, reflecting a somewhat
stronger GIn49 N.H H-bonding in the former than the latter complex. The His53 N¢H exhibits
a 0.13 ppm lower-field bias in the azide than cyanide complexes as predicted by Addip(calc).
While this might suggest a slightly stronger H-bond in the azide complex, the difference is
well under the 0.2 ppm uncertainty and may not be significant. The crystal structure of
NmHO-PH-NO shows[19] that GIn49 (rotated by 180°, as documented by solution NOESY
cross-peaks [20,24]), is linked to the exogenous iron ligand by two ordered water molecules
(#243 and #37), while His53 is linked to the same iron ligand by three water molecules (#77,
#243 and #37). The low-field bias of the GIn49 NH in the N3 relative to the CN™ complex is
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consistent with N7 serving as a slightly stronger H-bond acceptor than CN™. The absence of
any significant difference (>0.2 ppm) in the His53 N.H shift in the two complexes likely reflects
the weaker coupling to the axial ligand because of an additional intervening water molecule.
Thus the available data provide direct evidence for a detectable difference in H-bond strength
for only one residue in the distal H-bonding network.

4.4. Relationship to other studies

Magnetic axes have not been reported for either the CN™ or N5 complexes of PaHO. However,
PaHO and NmHO exhibit significant sequence and structural homology, [3,5,19,29,44] and
backbone assignments have been reported for PaHO-PH-CN and PaHO- PH-N3 complexes
[32]. Widespread small to moderate chemical shift differences between the two complexes
were interpreted as reflecting small conformational differences within a conserved secondary
structure. [32] We note that the reported [32] patterns of shift differences (Fig. 8b in Ref.
[32]) with residue number for peptide NHs and carboxyl 13C=0 in PaHO-PH-N3 and PaHO-
PH-CN complexes are very similar to that reported here (Fig. 7C) for the peptide NHs for the
same pair of NmHO-PH complexes. The more comprehensive backbone 3D NMR assignments
of isotope-labeled PaHO in both the paramagnetic azide and cyanide complexes [32], and more
recently, in the ferrous CO complex [58] that can serve as a diamagnetic reference, provide
the data necessary to quantitate the magnetic anisotropies/orientations and resolve differences
in molecular structure/H-bonding from differences in electronic structure in the azide and
cyanide complexes of PaHO.

It has been reported that the dynamic stability, as evidenced by NH exchange [32] is
significantly greater in the N5 than CN™ complexes of PaHO, and preliminary data indicate
moderately slower NH exchanges in azide than cyanide complexes of NmHO. Such a difference
in dynamic stability does not require any ground state molecular structural difference, only a
shallower potential well for the CN™ complex [59]. Reduced dynamic stability of the CN™
complex can, in part, be rationalized by the strain induced in requiring a steric tilt of the Fe—
CN unit [20], as also observed for the cyanide complex of rat HO [13].

4.5. Interaction of the C-terminus with the active site and cleavage Arg208His209

The initially prepared NmHO-PH-N3 complex exhibits essentially the same pattern of 8CH3
NOESY cross-peak as reported [20] for NmHO-PH-CN, both of which are inconsistent with
the crystal structures, [18,19] but consistent with an interaction of His207 and Arg208 with
the active site as previously modeled [22] for the cyanide complex, where the Arg sidechain
makes a salt bridge with the 7-propionate carboxylate, and the His207 peptide NH makes a H-
bond to the carboxylate sidechain of Asp27 (see Fig. 9 of Ref. [22]). This interaction brings
the His207 CgHs and the Arg208 C,H close to the 8CHg, as observed (Fig. 5A). The “aging”
of the azide complex leads to the loss of the His207 and Arg208 8CHs contacts. The heme
methyl resonances for the cleaved NmHO-PH-N3 complex have been observed in other NMR
studies, [25] and the facile cleavage emphasizes the need to follow NmHO studies by either
NMR or mass spectrometry [24] to establish the integrity of the native NmHO. Lastly, the
electronic structure of the azide complex provides resolved substrate 1CH3 and 8CHg signals
for which it is much easier to detect and characterize the C-terminal interaction with the active
site than in the cyanide complex, where the key heme methyl peaks are only partially resolved
even in 2H,0 solution. Further studies of the C-terminal interaction with substrates in azide
complexes are in progress.

5. Conclusions

Several conclusions are indicated. (1) Saturation-transfer between the difficult-to-assign,
strongly relaxed heme methyls of high-spin HO-PH-H,0, and the more readily assigned heme
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methyls of much less severely relaxed HO-PH-N3, serves as a useful and effective route to
identify the resonances in the physiologically relevant HO-PH-H,0O complex without reliance
on isotope labeling. (2) Quantitative consideration of the anisotropies and orientations of y in
the CN™ and N3 complexes of NmHO establishes that observed sizable and widespread
chemical shift difference between the CN™ and N5 complex result primarily from the difference
in the y orientation/anisotropies. Therefore, no firm conclusions on differences in molecular
structure and H-bond strengths for the two complexes can be drawn from the available NMR
data; this conclusion may also apply to the same pair of PaHO complexes [32]. (3) The
crystallographically undetected [18,19] C-terminus interacts with the active site and the two
terminal residues are spontaneously cleaved in the azide complex in a manner very similar to
that reported for the cyanide complex [22,24].

It is important to note that, while the observed chemical shift differences between the azide
and cyanide complexes of NmHO-PH cannot be interpreted in terms of molecular structure/
H-bond differences between the two complexes, this does not preclude the presence of some
differences in molecular structure and H-bond strength. This is due to the fact that the
differences in dgjp(-calc) are so large as to mask most differences in structure/H-bonding.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

HO, heme oxygenase; hHO, human heme oxygenase #1; NmHO, Neisseria meningitidis heme
oxygenase; CdHO, Corynebacterium diphtheriae heme oxygenase; PaHO, Pseudomonas
aeruginosa heme oxygenase; NOE, nuclear Overhauser effect; NOESY, two-dimensional
nuclear Overhauser spectroscopy; TOCSY, two-dimensional total correlation spectroscopy;
PH, protohemin.
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Schematic of the protohemin (PH) and the paramagnetically influenced proximal (squares)
distal (circles) and equatorial (triangles) residues that are predicted to be, and observed, in
contact with the heme or each other. The orientation of the axial His23 imidazole plane is
shown as a rectangle. Also shown are the reference x’, y’, z', and the magnetic coordinate
systems, X, y, z. The Euler rotation, I'(a,B,y), relates the two coordinate systems, [x, y, z] =T
(0,8, V)XY, 27, where B is the tilt of the major magnetic axis, z, from the heme normal (z' axis),
a is the direction of the tilt of the major magnetic axes as given by the angle between the
projection of z’ on the X, y plane and the x’ axis; and k ~ a. + y is the angle between the projection
of the x axis on the x', y’ plane and the x’ axis.
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Fig. 2.
Resolved portions of the 600 MHz 1H NMR spectra of WT (species A) NmHO-PH-N3, 50
mM phosphate, pH 7.1 at 25 °C in: (A) H,0 and (B) 2H,0; the same portions of the spectrum
for the previously characterized NmHO-PH-CN complex [20] are shown in (A"). Heme peaks

are labeled in the Fischer notation and peaks from active site residues assigned by 2D NMR
are labeled by residue number and position, and only by resonance number for peptide NHs.
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Fig. 3.
The heme methy! spectral window for the high-spin NmHO-PH-H,0 complexes (with methyl

peak labeled iCH3 for the initial, native complex and iCHY for the “aged” or cleaved complex,
as described previously [22]) at two different times (A, B), and for the low-spin NmHO-PH-

N3 complex (methyl peak iCH4 for the initial, native complex and iCHZ for the “aged”
complex) at the same two times (A’, B"), both at 25 °C, 50 mM phosphate and pH 7.1. (C-G)
correspond to the sequential saturation of peaks

8CHY,8CHS, (SCH%, 5CH}), (1CHZ, 1CH}) and (3CH3, 3CHY)of the NmHO-PH-H,0
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complexes as indicated by vertical arrows; and (C'-G') correspond to the difference spectra
for these same resonances in the NmHO-PH-N3 complexes, respectively.
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Fig. 4.

Portions of the 600 MHz *H NMR NOESY spectrum of NmHO-PH-N3 in 1H,0, 50 mM in
phosphate, pH 7.1 at 25 °C, illustrating the a-helical (A, B) N; — N + 1, (arrows) and some o;-
N; + 1 (C, D) contacts for the hyperfine shifted residues Asp18-Val26, of the proximal helix
and the Nj — N;j + 1 contacts for the hyperfine shifted portion of Alal14-Gly116 of the distal
helix (B). Residues are labeled as described in Fig. 3 and Fig 4.
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Portions of the 600 MHz IH NMR NOESY spectrum (mixing time 40 ms, repetition rate 2
s71) of NmHO-PH-Nj3 in H,0, 50 mM in phosphate, pH 7.1 at 25 °C, illustrating the key
heme contacts and interactions among such paramagnetically influenced active site residues,
(A) 8CHjs; (B) 1CH3 and 5CHg3; (C) 6H,, and 7H,; (D) 3CH3 as well as key intra-residue
contacts, and (D) 4Hgs. The peak marked 208c. and 2078 in (A) are abolished in the “aged” or
cleaved complex.

J Inorg Biochem. Author manuscript; available in PMC 2009 August 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Maetal. Page 20

121

121

O

6dip(calc), ppm
(%]
|

| . I 2 I . | ) | .

4 2 0 2 = 6 8 10
O4ip(0DS), ppm

Fig. 6.

Plot of 3gip(0bs) versus dgip(calc) for the optimized anisotropy and orientation of y for NmHO-
PH-N3, with Ayay = 2.3 £ 0.1 x 1078 m3/mol, Ay, =—0.1% 0.1 x 1078 m3/mol, « = 240 + 20°,
B=5=1°and k = 140 + 30°. The input data (proximal helix only) are shown in closed circles,
the other, non-input data for the distal helix (open squares), the loop His137-Leul42 (open
circles), and the helical fragment Ala180-Val187 (open diamonds). Points that deviate
significantly from the ideal fit, which is represented by the solid line of unit slope, are labeled
by residue number and position.
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Fig. 7.

Plot of chemical shift data, in ppm, for peptide NHs versus residue number for NmHO-PH-
N3 and NmHO-PH-CN in *H,0, 50 mM phosphate, pH 7.0 and 25 °C; (A) dgip(calc; NmHO-
PH-N3), as determined in Fig. 6; (B) dgip(calc: NmHO-PH-CN) as reported previously, [20]
(C) Adgip(calc) = dgip(calc: NmHO-PH-N3) — dgjp(calc: NmHO-PH-CN); Eq. (4) for data
shown in A and B, respectively; (D) Adpss(0bs) = dpss(0bs:NmMHO-PH-N3z) —
dpss(0bs:NmHO-PH-CN); Eqg. (5), for assigned peptide NHs.
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0.5

Plot of Adpss(0bs) (8pss(obs; NmHO-PH-N3) — dpss(obs; NmHO-PH-CN)); Eqg. (4)) versus
Adgip(calc) (3gip(calc; NmHO-PH-N3) — 3gjp(calc; NmHO-PH-CN)); Eq. (5)), for non-labile

protons of non-ligated residues, with d4jp(calc) obtained for the optimized magnetism for
NmHO-PH-N3 (described in Fig. 6) and for NmHO-PH-CN, as reported [20] previously.
Data, are shown for the proximal helix (open circles), distal helix (open squares), fragment
His137-Leu142 (closed circles), fragment Ala180-Val187 (open diamonds). Side chain labile
protons are also included as x. Points that deviate significantly from the ideal fit, which is
represented by a solid line of unit slope, are labeled by residue number and positions.
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