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ABSTRACT: The triple mutant of the solubilized, 265-residue construct of human heme oxygenase, K18E/
E29K/R183E-hHO, has been shown to redirect the exclusiveR-regioselectivity of wild-type hHO to
primarily â,δ-selectivity in the cleavage of heme (Wang, J., Evans, J. P., Ogura, H., La Mar, G. N., and
Ortiz de Montellano, P. R. (2006)Biochemistry 45, 61-73). The1H NMR hyperfine shift pattern for the
substrate and axial His CâH’s and the substrate-protein contacts of the cyanide-inhibited protohemin and
2,4-dimethyldeuterohemin complexes of the triple mutant have been analyzed in detail and compared to
data for the WT complex. It is shown that protein contacts for the major solution isomers for both substrates
in the mutant dictate∼90° in-plane clockwise rotation relative to that in the WT. The conventional
interpretation of the pattern of substrate methyl hyperfine shifts, however, indicates substrate rotations of
only ∼50°. This paradox is resolved by demonstrating that the axial His25 imidazole ring also rotates
counterclockwise with respect to the protein matrix in the mutant relative to that in the WT. The axial
His25 CâH hyperfine shifts are shown to serve as independent probes of the imidazole plane orientation
relative to the protein matrix. The analysis indicates that the pattern of heme methyl hyperfine shifts
cannot be used alone to determine the in-plane orientation of the substrate as it relates to the stereospecificity
of heme cleavage, without explicit consideration of the orientation of the axial His imidazole plane relative
to the protein matrix.

Heme oxygenase, HO,1 is a nonmetal enzyme that uses
protohemin, PH, as both a cofactor and a substrate to produce
biliverdin, iron, and CO (1, 2), as illustrated in Figure 1. In
mammals, all three products of the∼300-residue, membrane-
bound enzyme have key roles, biliverdin as the precursor to
the powerful antioxidant bilirubin (3), CO as a gaseous neural
messenger (4), and the iron in iron homeostasis (5). In plants
and cyanobacteria, the soluble HO-cleaved tetrapyrrole serves
as a precursor to light-harvesting pigments (6), while in some
pathogenic bacteria soluble HOs appear to act primarily to
“mine” iron from host hemoglobin (7, 8). While sequence
homology is limited, all HOs appear to act via the pathway
depicted in Figure 1, except that the cleavage does not always
occur at theR-mesoposition (2, 7, 9, 10). ExclusiveR-meso
stereoselectivity is observed (2) for mammalian, cyanobac-

terial, and pathogenic bacterial HOs fromNeisseria menin-
gitidis (11) andCorynebacterium diphtheriae(12). A promi-
nent exception is the HO from the opportunistic pathogen
Pseudomonas aeruginosa, PaHO, which uniquely exhibits
mixed â,δ-stereoselectivity (13). Crystal structures of a
variety of HOs have revealed (14-20) a common HO fold
in spite of significant sequence variations. The stereoselec-
tivity of the reaction can be accounted for by two distinct
contributions, the proximity of the distal helix backbone to
the heme that blocks three of the fourmesopositions to attack
by Fe3+OOH and a distal helix backbone interaction with
exogenous iron ligands that tilts/bends/orients this ligand
strongly toward the fourth, unblockedmesoposition (14-
20). The variable stereoselectivity among HOs is accounted
for by the manner in which heme is “seated” in this
conserved active site (13-20).

Protohemin, PH, seating in HO is controlled by the
interaction of the propionate side chains with cationic residue
side chains and/or H-bond donors from the protein matrix
(14-22). A schematic depiction of the active site of hHO is
given in Figure 2; ring cleavage occurs at themesoposition
between Mb and Mc as marked with an asterisk. The
individual heme substituents are not shown, but are identified
as af h that correspond to the positions 1f 8 for the major
isomer in hHO-PH-CN in solution (23, 24) and to positions
4 f 1 and 8f 5 for the hHO-PH crystal structures (14,
15). In either case, WT-hHO places propionates at positions
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f and g, whose carboxylates participate in salt bridges
(represented by dashed lines in Figure 2) to the key cationic
termini of Lys18 and Arg183, respectively. Thus,â-versus
R-stereoselectivity results (13, 20) from an in-plane,∼90°
clockwise rotation of PH (as shown in Figure 3B) inPaHO
relative to that in the more commonR-selective HOs (as
shown in Figure 3A; methyl) M, vinyl ) V, and propionate
) P). The factors that determine the precise orientation of
the substrate in HOs, and hence the cleavage stereoselectivity,
are of significant current interest (13, 20, 25-27).

While only a single heme orientation is detected in crystal
structures (14-20), NMR studies revealed that PH, in
general, occupies two orientations (13, 23, 28, 29) differing
by a 180° rotation about theR,γ-mesoaxis, as depicted in
Figure 3A,D for hHO, which are comparably populated upon
the initial binding of substrate (23, 29). This naturalR,γ-
mesoorientational isomerism completely conservesR-stereo-
selectivity in mammalian and bacterialR-selective HOs, but
results in mixedâ,δ-stereoselectivity (13, 20) in PaHO due
to hemin rotated in-plane by 90° relative to that inR-stereo-
selective HOs. ThisR,γ-mesoorientational isomerism of PH

in HO is not detected in crystals (14-20), but it is readily
detected in NMR spectra (13, 23-32). The orientation of
PH relative to the protein matrix in WT-hHO, as represented
by the position of Ala28 and Phe207 in the crystal (14, 15)
and the major isomer in solution (23), is depicted in parts A
and D, respectively, of Figure 3.

For proper characterization of HOs with mixed and/or
altered stereospecificity, it is necessary to critically assess
and improve the physical methods which will clearly resolve
the molecular heterogeneity that is the basis for the mixed
stereoselectivity, as well as provide detailed information on
substrate seating within each isomer. The elucidation of heme
seating in solution of the cyanide-inhibited substrate-HO
complexes has been pursued by two distinct approaches. The
natural paramagnetism of these complexes leads (33) to large
hyperfine shifts,δhf, but only minor enhanced relaxation, that
allow ready assignment of both substrate and active site
proton signals by conventional1H 2D NMR (33). On one
hand, upon separate assignment of the substrate and multiple
key active site residue signals, the substrate orientation
relative to the protein matrix is established by the detailed
pattern of residue-substrate NOESY cross-peaks (23, 27,
31, 34). The hyperfine shifts simply provide improved
resolution for the target signals.

The alternate approach rests on the distinctive pattern of
substrate methyl hyperfine shifts that, in a low-spin ferric
cyanide/His hemoprotein with the (dxy)2(dxz,dyz)3 orbital
ground state, directly reflects (13, 26, 32, 33, 35) the
orientation of the axial His imidazole plane, relative to the
hemin N-Fe-N vector defined by the angleφ, as shown in
Figure 2. The pattern of methyl shifts has been semiquan-
titatively related3 (35, 36) to φ, and for the alternate
orientations of PH about itsR,γ-meso axis (where the
rhombic effects of vinyl groups must also be considered)
and for the synthetic pseudocentrosymmetric substrate 2,4-
dimethyldeuterohemin (DMDH), the patterns are illustrated2,3

in parts A, B, and C, respectively, of Figure 4. These
empirical curves in Figure 4 account reasonably well for the

2 It is important to emphasize that the relations depicted in Figure 4
require that the axis to which the angleφ is tied is not the stationary
protein matrix, but must be rotated with the substrate, as shown in the
series parts A, B, and C of Figure 3.

3 The graphs for predicted hyperfine shifts,δhf, versus the angle
between the axial His imidazole plane and the NA-Fe-NC vector,φ,
were generated using the program Shift Patterns v.2, written by
Shokhirev and Walker (35) (available from http://shokhirev.com/nikolai/
programs/prgsciedu.html, accessed Oct 16, 2006) for the essentially
centrosymmetric DMDH (Figure 4C) and adapted to the crystallographic
PH orientation (14) (Figure 4A) and dominant solution PH orientation
(23) (Figure 4B) by adding upfield bias for the methyls adjacent to 2-
and 4-vinyl groups relative to that in DMDH, as discussed by Shokhirev
and Walker (35).

FIGURE 1: The oxidation of protohemin by heme oxygenase is shown for theR-stereoselective mammalian enzyme.

FIGURE 2: Schematic depiction of the active site of an hHO-
substrate complex. The substrate substituents are not displayed;
instead their positions are labeled af h, corresponding to the PH
positions 1f 8 for the major isomer of hHO-PH-CN in solution,
or 4 f 1 and 8f 5 for hHO-PH in crystals (14, 15). In either
case, positions f and g are occupied by propionates in WT-hHO
complexes, and these propionates make salt bridges to Lys18 and
Arg183 (shown by dashed lines). Glu29, which must be mutated
(27) to allow 90° in-plane rotation of the substrate, is also shown.
The positions of key residues in contact with the substrate and the
axial His25 are shown as rectangles (proximal side) or triangles
(equatorial to the heme), and the double-sided arrows reflect the
expected (14, 15) and observed (23, 24, 34) NOESY contacts
between individual substrate positions and these residues, as well
as among these residues. The orientation of the axial His25
imidazole plane relative to the substratex-axis that passes between
positions a and b is indicated by the angleφ (∼125° in crystals).
It is important to note that thereference coordinate system is tied
to the porphyrin, and not to the protein matrix.
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observed heme methyl shifts in characterized ferrihemopro-
teins (33, 35, 37, 38). Hence, the relations in Figure 4 have
been gainfully utilized to determine the in-plane heme seating
deduced in WT-PaHO (13) and in a variety of mutants (26,
32) with perturbed protein contacts to the heme propionates.
In general, a good correlation between deduced PH orienta-
tion and biliverdin isomer production is observed. An implicit
assumption in interpreting the substrate methyl1H or 13C
hyperfine shifts in terms of hemin seating in the active site

via the angleφ is that the orientation of the axial His
imidazole plane relative to the protein matrix is completely
conserved. It is the orientation of the hemin relative to the
protein matrix, and not relative to the axial His imidazole
plane, that is the determinant of the stereoselectivity of the
HO reaction.

We have shown recently (27) that replacing the native,
cationic Lys18 and Arg183 that interact with the propionates
with anionic side chains (Glu) leads to∼50%R- and∼50%
mixedâ,δ-stereoselectiveity, indicating∼50%∼90° in-plane
reorientation of PH in the pocket. To induce dominantâ,δ-
stereoselectivity (>90%), it was necessary (27) to addition-
ally replace the native anionic Glu29, which serves as an
acceptor to the axial His ring NδH, with Lys (to generate
the triple mutant K18E/E29K/R183E-hHO≡ TM-hHO) to
stabilize propionate interactions in a∼90° in-plane rotated
PH. Solution 1H NMR spectra of TM-hHO-PH-CN
revealed (27) four equilibrium isomeric forms in the ratio
50:5:25:20, with rapid interconversion within the first and
last pairs. The orientation of PH in the major isomer was
established (27) on the basis of NOEs between PH and
characteristically (23, 24, 39) hyperfine shifted active site
residues, shown schematically in Figure 2. The NMR data
revealed that the major isomer (∼50%) orients PH about the
R,γ-mesoaxis as found in the crystal (14, 15), but exhibits
a ∼90° clockwise,in-plane rotation (27) (viewed from the
proximal side) relative to that in WT-hHO-PH-CN (Figure
3A), as shown in Figure 3B, while the PH orientation for
the minor equilibrium isomer (∼5%) was suggested to be
that in the hHO-PH-H2O crystal (Figure 3C). The other
two isomers interconverted too rapidly to be assigned but

FIGURE 3: Schematic depiction of the orientations, relative to the
protein matrix, of the substrate and axial His imidazole plane in
the WT- and TM-hHO complexes. The substrate methyl, vinyl,
and propionate substituents are shown as M, V, and P, respectively.
Shown are the conserved positions of Ala28 and Phe207, the two
key residues that define the substrate orientation relative to the
protein matrix, and the angleφ between the axial His25 imidazole
plane and the substrate N-Fe-N vector (x-axis, tied to the
substrate) that defines the His plane orientation relative to the
substrate. The two substrates of interest are PH (2V, 4V) and
DMDH (2M, 4M). Themesoposition that is cleaved in each case
on the basis of the seating in the protein matrix is labeled with an
asterisk. (A), (D), and (G) show the substrate orientation in WT-
hHO for (A) PH oriented about theR,γ-mesoaxis as in the crystal
(14) (and in the major isomer of TM-hHO), (D) PH rotated by
180° about theR,γ-mesoaxis relative to those in (A), as in the
major solution isomer of hHO-PH-CN (23), and (G) DMDH in
its unique orientation in hHO-DMDH-CN (39). The axial His25
imidazole orientation in each case is that observed in the crystal
(14). (B), (E), and (H) display the substrate rotated clockwise∼90°
in-plane and the axial His imidazole plane rotated∼40° counter-
clockwise relative to those in the WT (A, D, and G, respectively)
as the candidates for the major solution isomer in TM-hHO
complexes. (C), (F), and (I) show the substrates with conserved
orientation but with the axial His25 imidazole plane rotated∼40°
counterclockwise relative to that of the WT (A, D, and G,
respectively) as candidates for the minor solution isomers of TM-
hHO. The orientation of the substrate relative to the protein matrix
is determined by either crystallography or solution substrate-to-
protein NOEs; the orientation of the axial histidine relative to the
substrate (φ) was determined by the empirical methyl and His25
CâH δhf patterns.

FIGURE 4: δDSS(calcd) for (A) PH oriented about theR,γ-mesoaxis
as in Figure 3A-C (as in the crystal (14)), (B) for PH oriented
about theR,γ-mesoaxis as in Figure 3D-F (as in the major isomer
in solution (23)), and (C) for DMDH, labeled as in Figure 3G-I,
as a function of the angleφ between the axial His25 imidazole
plane and thex′-axis that lies along the NA-Fe-NC vector in the
crystallographic orientation of PH (Figure 3A) and along the NB-
Fe-ND vector in the solution orientation of PH (Figure 3B) and
DMDH (Figure 3G), as described3 by Shokhirev et al. (35). The
vertical dashed lines headed by WT, Mi, and mi, correspond to the
φ values that are consistent with the methylδhf pattern in the WT,
mutant major isomers, and mutant minor isomers, respectively.
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were proposed (27) to arise from the alternate orientation of
PH about theR,γ-mesoaxis (Figure 3E,F). Hence, it was
not possible to directly monitor the relative thermodynamic
stabilities (populations) of the “native” and∼90° in-plane
rotated PH. Last, we noted that the pattern of methyl
hyperfine shifts for the major isomer of TM-hHO-PH-CN
was inconsistent with the deduced 90° in-plane rotation of
PH.

This latter observation (27) demands a re-examination of
the relationships among changes in the substrate hyperfine
shift pattern, in-plane seating of substrates in HO complexes,
and the orientation of the axial His imidazole plane in TM-
hHO. We present here a detailed analysis of the substrate
and axial His hyperfine shifts of TM-hHO-PH-CN for the
two interconverting isomers whose resonances were assigned
(27) and expand our studies to the cyanide complex of the
DMDH (39) (Figure 3G-I) whose 2-fold symmetry about
theR,γ-mesoaxis obviates the usualR,γ-mesoorientational
isomerism in TM-hHO-PH-CN and hence allows direct
determination of the relative thermodynamic stabilities of
propionate-protein interactions in the native and∼90° in-
plane rotated substrate. The disparity between the in-plane
PH orientation deduced from the alternate NMR approaches
is shown to be consistent with a rotation of the axial His
imidazole plane that is conveniently monitored by the His
CâH δhf pattern.

EXPERIMENTAL PROCEDURES

TM-hHO. The triple mutant K18E/E29K/R183E-hHO
()TM-hHO) is the same as that reported previously (27).
The complex of DMDH (Figure 3G-I) was prepared by
addition to the apoprotein of a stoichiometric amount of
DMDH (39), followed by chromatography on Sephadex G25.
A 10-fold molar excess of KCN was added to yield a∼1
mM TM-hHO-DMDH-CN solution in 2H2O, 50 mM
phosphate; the pH in2H2O is uncorrected and is presented
as p2H (∼7.1).

NMR Spectroscopy. 1H NMR data were recorded on a
Bruker AVANCE 600 spectrometer operating at 600.16
MHz. Reference spectra were collected over the temperature
range 3-25 °C at a repetition rate of 1 s-1 over a sweep
width of 70 ppm. NOESY spectra (40, 41) were recorded at
3 and 5°C over a sweep width of 64-70 ppm, at a repetition
rate of 2 s-1 and a mixing time of 40 ms, and at 20°C over
a sweep width of 22 ppm, at a repetition rate of 1 s-1 and a
mixing time of 40 ms, using 512 blocks of 1024 data points.
2D data sets were processed with 45-60°-sine-squared-bell
apodization in both dimensions and zero field to 2048×
2048 data points prior to Fourier transformation.

HPLC Analysis of BiliVerdin Isomers. The regiospecifici-
ties of the reactions by hHO-DMDH and TM-hHO-DMDH
were determined in the presence of catalase and superoxide
dismutase according to published methods (27). An authentic
DMDH-biliverdin dimethyl ester mixture was prepared
directly from DMDH by coupled oxidation followed by
hydrolysis as described by Bonnett et al. (42).

RESULTS

Molecular Heterogeneity of TM-hHO Complexes of PH
and DMDH. The resonances from TM-hHO-PH at 20°C
in Figure 5A have been shown to arise from four isomers in

an approximate ratio of 50:5:25:20, with assignments re-
ported only for the first of the two interconverting pairs (27).
The methyl peaks are labeled Mi and mi for methyls (at
position i in the substrate skeleton in Figure 3A) for the
interconverting∼50% and∼5% isomers, respectively, as
reported previously (27) on the basis of spatial contacts
between PH and the assigned protein matrix for the major
isomer. The methyl peaks for the remaining two intercon-
verting isomers (25%, 20%) of TM-hHO-PH-CN were not
assigned and are simply labeled m. The 20°C 1H NMR
spectrum of TM-hHO-DMDH-CN in Figure 5B exhibits
only very broad heme methyl lines, which become progres-
sively sharper as the temperature is lowered (part Cf part
E of Figure 5), resolving two sets of interconverting
resonances, labeled Mi and mi for major and minor isomers,
respectively, with the position assignmenti as determined
below. The relative populations of the two isomers gauged
from the Mi:mi intensity ratio at 10°C is ∼3.

Substrate Seating in the Major Isomer of TM-hHO-PH-
CN. We had shown (27) qualitatively that the NOEs
experienced by M3 and M1 in TM-hHO-PH-CN were very
similar to those previously reported for M5 and M3, respec-
tively, in WT-hHO-PH-CN, indicating an approximately
90° clockwise, in-plane PH orientation in the mutant (Figure
3B) relative to the WT (Figure 3A). A more quantitative
analysis of the predicted and observed NOESY intensity
ratios between Ala28 CâH3 and substrate methyls Mb and
Mc (not shown; see the Supporting Information) confirms a
90° rotation (within(5°), i.e., ∆φ ) φWT - φTM ≈ 90°.

The predicted2,3 (35) patterns of methylδhf for PH as a
function of the angle,φ, between the N-Fe-N vector and
the plane of the His25 imidazole are shown in parts A and
B of Figure 4 for the alternate PH orientations about the
R,γ-meso axis, as found in the hHO-PH-NO crystal
structure (14), and for the dominant isomer in solution of
WT-hHO-PH-CN (23), respectively. The WT-hHO-PH-
CN substrate methyl chemical shifts are reproduced (23) in
Table 1 and exhibit the pattern M3 > M8 > M5 > M1, which
indicatesφ ≈ 135° (vertical dotted line under “WT” in Figure
4B), which is in reasonable accord (130( 5°) with the value
φ ≈ 125° observed in crystal structures (14, 15).

The methyl chemical shifts for the two assigned isomers
of TM-hHO-PH-CN are provided (27) in Table 1. The
major isomer exhibited the pattern M8 > M5 > M3 > M1,
which indicatesφ ≈ 80° (vertical dotted line under “Mi” in
Figure 4A). The methyl hyperfine shift patterns predict
differencesin φ, ∆φ, between the WT-hHO and the TM-
hHO major isomer,∆φ ≈ 130° - 80° ≈ 50° for PH. Thus,
the methyl hyperfine shift pattern alone predicts only a∼50°
difference in the in-plane rotational seatings of the PH for
the major isomers of TM-hHO and WT-hHO, in contrast to
the 90° difference determined by NOESY contacts to the
protein matrix.

Substrate Seating in the Major Isomer of TM-hHO-
DMDH-CN. DMDH does not possess a unique numbering
in the Fischer notation. However, we will assign the
numbering as shown in Figure 3G-I, which is the same as
that used to establish the assignments in the WT-hHO-
DMDH-CN complex (39). The structure of the substrate
requires the inter-methyl NOESY cross-peaks around the
substrate periphery as M8-M1 (weak, w), M1-M2 (moderate,
m), M2-M3 (w), M3-M4 (m), and M4-M5 (w). The NOESY
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spectrum at 10°C revealed the expected five dipolar
connectivities between pairs of the six methyls of the major
isomer (not shown; see the Supporting Information) and
exchange cross-peaks (43) to each of the minor isomer
methyl peaks; the methyl chemical shifts of the two isomers
are included in Table 1. Line broadening interfered with
TOCSY spectra but conserved intra- and interresidue NOE-
SY contacts among residues with conservedδhf in the major
isomer locate the signals for all key residues (not shown;
see the Supporting Information) assigned in TM-hHO-
DMDH-CN (27) except the axial His25. Chemical shifts
are listed in Table 1. The pattern of residue-DMDH NOESY
cross-peaks (not shown; see the Supporting Information) are
consistent with an in-plane,∼90° rotated DMDH relative
to the WT, which is confirmed by the ratio of Ala28 CâH3

to M1 and M8 NOESY cross-peaks (not shown; see the
Supporting Information).

The predicted (35) methyl chemical shift versusφ for
DMDH as the substrate is illustrated in Figure 4C. For the
WT complex, the DMDH methyl shift pattern (Table 1) (39)
is M2 > M3 > M5 ≈ M8 >M1 > M4, which predictsφ ≈
130° (vertical dotted line under “WT” in Figure 4C), which
is very similar to the 125° observed in the crystal (14). For
the major isomer of TM-hHO-DMDH, the observed (Table
1) shift pattern, M1 > M5 > M2 > M4 g M8 > M3, predicts2,3

φ ≈ 80° (vertical dotted line under “Mi” in Figure 4C). The
methyl hyperfine shift patterns predict differences inφ, ∆φ,
between the WT-hHO and TM-hHO major isomer,∆φ ≈

FIGURE 5: Resolved portions of the 6001H NMR reference spectra in2H2O, 50 mM phosphate, p2H 7.1, of (A) TM-hHO-PH-CN, at 20
°C, with four isomers present with methyl (single proton) peaks Mi (Hi) and mi, wherei represents the methyl (single proton) assignment
for the interconverting major (50%) and minor (5%) isomers (27) (peaks for the other two isomers are labeled simply m), and (B-E)
TM-hHO-DMDH-CN at (B) 20°C, (C) 15°C, (D) 10°C, and (E) 5°C. Methyl peaks are labeled by Mi and mi (and single protons Hi
and hi) for the major and minor isomers, respectively, wherei represents the position in DMDH as defined in Figure 3G-I or the residue
number.

Table 1: Chemical Shifts for Active Site Residues for TM- and
WT-hHO-Substrate Complexesa

PHb DMDHc

WT-hHOd TM-hHOe WT-hHOf TM-hHOg

residue Mi M i mi M i M i mi

heme M1 4.43 12.69 17.00 8.86 32.22 11.78
heme M2 22.61 19.83 8.12
heme M3 19.63 15.95 10.89 19.13 4.65 19.32
heme M4 8.12 15.54 26.16
heme M5 9.04 16.37 18.33 7.93 24.74 20.88
heme M8 10.48 25.21 12.69 9.74 14.81 21.20
His25 Câ1H 9.99 9.07 10.62
His25 Câ2H 9.24 12.04 8.88
Ala28 CâH3(M28â) -2.25 -2.15 -2.67 -2.97
Ala28 CRH 2.25 2.45 2.13 2.15
Tyr134 CδH 6.71 6.77 6.64 6.64
Tyr134 CεHs 6.45 6.60 6.14
Thr135 CγH3 0.01 -0.51 -0.32 -0.98
Phe207 CδH 6.50 5.27 5.79 4.80
Phe207 CεH 5.85 6.13 6.31 5.84
Phe214 CδHs 6.62 6.41 6.12 6.42
Phe214 CεH 6.95 6.54 6.23 6.63
Phe214 CúH 7.78 7.06 6.85 7.24

a In parts per million, referenced to the peak for DSS, in2H2O, 50
mM phosphate at p2H 7.0. b Protohemin.c 2,4-Dimethyldeuterohemin.
d At 30 °C for PH oriented as in Figure 3D (23, 24). e At 25 °C for PH
with M i and mi oriented as in parts B and C, respectively, of Figure 3
(27). f At 10 °C for DMDH oriented as in Figure 3G (39). g At 10 °C
M i and mi for DMDH oriented as in parts B and C, respectively, of
Figure 3 as determined herein.
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130° - 80° ≈ 50° for DMDH. Hence, for both PH and
DMDH complexes of TM-hHO, the orientation of the
substrate deduced from NOESY contacts to the assigned
protein matrix indicates the substrate is in-plane rotated∼90°
clockwise in TM-hHO relative to the WT-hHO complex. In
contrast, the orientations of either PH or DMDH deduced
from the patterns of the substrate methyl hyperfine shifts
indicate only a∼50° in-plane rotation of the substrate in
the mutant relative to WT-hHO. It is unlikely that the
discrepancy between the substrate in-plane orientation de-
duced from spatial contacts (NOESY connections to the
protein matrix) and the empirical correlation between the
methyl hyperfine shift pattern andφ (Figure 4) reflects a
serious shortcoming in either procedure. Rather, it suggests
that yet another variable, the orientation of the His25
imidazole plane, differentiates the WT- and TM-hHO
complexes.

Stereospecific Assignment of the Axial His25 CâH’s in TM-
hHO-PH-CN. The orientation of the axial His relative to
the protein matrix is suitably probed by the uniquely
assigned4 His25 CâH signals, which must be stereospecifi-
cally assigned. Such assignment of the His25 CâH’s in TM-
hHO-PH-CN rests on the predicted much closer proximity
of Câ1H than Câ2H to the Lys22 backbone CRH (the Ri-
âi+3 helical connection (14, 39, 44). The relative His25 CâH
to Lys22 CRH distances cannot be significantly altered for
any His25 ring orientation that maintains an iron His25 bond
on an intact proximal helix. For WT-hHO-PH-CN the two
His25 CâH’s have been shown (24) to exhibit similar shifts,
with Câ1H at lower field (by∼0.7 ppm, not shown; see the
Supporting Information) and exhibiting the expected strong
NOEs to Lys22 CRH. Portions of the NOESY spectrum of
TM-hHO-PH-CN displaying the key His25/Lys22 contacts,
depicted in Figure 6, reveal His25 CâH’s with much larger
shift differences (∼3 ppm) and with the Câ1H signal, with
the stronger contact to Lys22 CRH, resonating at higher field.
Thus, the two His25 CâH’s interchange the relative magni-
tudes of the low-field bias and are more strongly differenti-
ated in the mutant than the WT complex. The chemical shifts
for His25 are listed in Table 1.

DMDH CleaVage Stereospecificity.The P450 reductase-
catalyzed reaction of hHO-PH typically produces exclu-
sively R-biliverdin (2). Coupled oxidation of DMDH leads
to all four biliverdin isomers, for which the 2-fold symmetry
of DMDH leads to identical isomers upon cleavage of either
the â- or δ-position (Figure 7A); we describe the three
possible isomers asR-, â(δ)-, and γ-biliverdin. The WT-
hHO complex of DMDH maintainsR-selectivity (>99%)
(Figure 7B). Superoxide dismutase and catalase were in-
cluded in all of the assays to ensure that no hydrogen
peroxide was involved in the alteration of regiospecificity.
The TM-hHO-DMDH complex, with an observed ratio of
11%R- and 89%â(δ)-biliverdin (Figure 7C) favored greater
in-plane rotation than the TM-hHO-PH complex with 16%

R- and a combined 84%â- and δ-isomers (27). In the
coupled oxidation there was an effect on the regiospecificity
of the reaction similar to that observed in the P450 reductase
catalyzed reaction, except to a greater degree. The WT-
hHO-DMDH maintainsR-selectivity (Figure 7D) while TM-
hHO-DMDH produces as much as 96%â-isomer (Figure
7C), compared to a combined 90%â- andδ-isomers for the
TM-hHO-PH complex.

DISCUSSION

Heme In-Plane Rotational Preference.The relative inten-
sities of the Mi:mi peaks,∼3:1 in TM-hHO-DMDH-CN,

4 The axial His CâH’s in a large variety of His/CN--ligated
ferrihemoproteins (33) and the heme propionate CRH’s are the only
strongly coupled and relaxed protons that give rise to signals to the
low field of ∼9 ppm. The absence of NOESY cross-peaks of such a
geminal pair of protons to either the 5- or 8-methyl peak eliminates
the propionates and uniquely identifies the axial His CâH’s (33). The
most intense NOESY cross-peak to the His CâH’s in HOs is from the
CRH of the residue three residues closer to the N-terminus (39).

FIGURE 6: Portion of the 600 MHz1H NMR NOESY spectrum of
TM-hHO-PH-CN in 2H2O, 50 mM phosphate, p2H 7.1, at 5°C
depicting the His25 CâH contacts (A) to Phe207, (A, B, E, G) to
Lys22 CRH, and (D, F) between the two His25 CâH’s. The stronger
contact with Phe207 CδH and weaker contact to Lys22 CRH identify
the lower field His CâH as Câ2H in the crystal (14, 15).

FIGURE 7: Regiospecificity of hHO-DMDH and TM-hHO-
DMDH as determined by HPLC analysis of biliverdin dimethyl
esters. (A) Three isomers obtained in the coupled oxidation of
DMDH. The P450 reductase supported reaction of hHO-DMDH
produces>99%R-isomer (B), while TM-hHO-DMDH produces
11% R- and 89%â-isomers (C). The sodium ascorbate supported
oxidation of hHO-DMDH produces>99% R-isomer (D), while
TM-hHO-DMDH produces 4%R- and 96%â-isomers (E).
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indicate that, for the cyanide-inhibited complex, the∼90°
in-plane rotated (Figure 3H) substrate is 0.7 kcal more stable
than that with the propionate in the more “native” orientation
(Figure 3G,I). For PH, only two isomers have been charac-
terized, those comprising∼50% and 5%, with orientations
as in parts B and C, respectively, of Figure 3. The two
remaining, comparably populated (25%, 20%), interconvert-
ing isomers can be assumed to represent the isomers depicted
in Figure 3E,F. Thus, we can conclude that∼70%/75% of
PH in TM-hHO-PH-CN is in-plane rotated∼90° from that
found for the WT in either solution (Figure 3D) or the crystal
(Figure 3A) (the two differing only in a 180° rotation about
the R,γ-mesoaxis) and∼30%/25% of PH exists with the
propionates oriented similarly to those in the WT (Figure
3C,F, differing only in 180° rotation about theR,γ-meso
axis). Thus, the preference between the native propionate
positions and those with the substrate rotated clockwise by
∼90° is similar for DMDH and PH.

Axial His25 Imidazole Ring Rotation RelatiVe to the
Protein Matrix. ∆φ ≈ 90° for the substrate relative to the
protein matrix and a∆φ ≈ 50° orientation of the substrate
relative to the His25 ring plane in the major isomers of TM-
hHO complexes, when compared to WT-hHO complexes,
dictate that the His25 ring must have rotated counterclock-
wise in TM-hHO (Figure 3B,H) relative to WT-hHO
complexes (Figure 3A,G). To establish such a His ring
rotation, an independent probe of the orientation of the axial
His ring relative to the protein matrix is needed. The contact
shift contribution,δcon, to δhf of CâH’s for a ligated His
exhibits the characteristic angular dependence onΨ of
methylene protons attached to anyπ-spin-containing aromatic
ring given by (33, 45)

whereΨ is the dihedral angle between the Cπ-Câ-H plane
and the normal to the imidazole plane through Cπ and C
andD are constraints withD > C. The expected positiveπ
spin density (33, 45) at the imidazole Cγ will result in low-
field CâH δcon. The view along the Cγ-Câ vector of the His25
ring that allows visualization of the Cγ-Câ-H angles and
their changes upon rotating the ring is depicted in Figure 8.
In the WT-hHO crystal structure (14, 15), the two His25
CâH’s haveΨ1(Câ1H) ≈ 55° andΨ2(Câ1H) ≈ 65° (Figure
8A) for which eq 1 predicts a slightly larger low-fieldδcon

for Câ1H than Câ2H. The dipolar shift,δdip, calculated on
the basis of published (39, 46) magnetic axes reveals
comparable low-fieldδdip for the two CâH’s. The slightly
stronger low-field bias, and hence slightly largerδcon, for
Câ1H than Câ2H in the WT complex is consistent with the
crystal structure. It is noted that, in TM-hHO-PH-CN, the
pattern of the His25 CâH δhf (Figure 6, Table 1) differs
dramatically from that of WT-hHO-PH-CN (33) (Table
1; see the Supporting Information).δhf is significantly larger
for Câ2H and significantly smaller for Câ1H in the TM-hHO-
PH-CN complex than in the WT-hHO-PH-CN complex.
The decrease in Câ1H and increase in Câ2H contact shifts in
the TM-hHO-CN complex relative to the WT-hHO-PH-
CN complex dictate thatΨ1 has increased andΨ2 has
decreased in the mutant relative to the WT complex, as
depicted qualitatively in part Af part B of Figure 8.

A more quantitative use of the axial His CâH hyperfine
shifts in terms ofΨ1 andΨ2 is not possible at this time. It
would require both the relative values ofC andD in eq 1,
for which only some estimates are available (33, 45), and
the magnetic axes of the mutant to quantitateδdip, for which
the needed assignments are compromised by line-broadening
and spectral congestion. Nevertheless, the dramatically
alteredδhf pattern of His25 CâH in TM-hHO relative to WT-
hHO complexes provides clear proof for the counterclock-
wise rotation of the His25 imidazole plane, as depicted in
part A f part B of Figure 8. If we accept that relations
between substrate methyl hyperfine shifts in Figure 4 are
valid, then the magnitude of the imidazole plane rotation is
concluded to be∼40° for each of the complexes of TM-
hHO as depicted in Figure 3B,C,E,F,H,I.

It was not possible to detect (27) the intraresidue cross-
peaks for His25 CâH’s in the major isomer TM-hHO-
DMDH-CN. However, the much larger exchange contri-
bution to the line width in the DMDH than PH complexes,
together with a smaller chemical shift difference between
the two isomers for His25 CâH’s than substrate methyls,
likely places the His25 CâH’s in the intermediate chemical
exchange limit for the DMDH complex of TM-hHO and
renders their signals too broad to detect in the limited
accessible temperature range. However, the essentially
identical φ ≈ 80°, and hence∆φ ≈ 50° upon mutation,
deduced from the methylδhf pattern in both the PH and
DMDH complexes of the mutant, argues for very similar
axial His ring plane orientations in TM-hHO-PH-CN and
TM-hHO-DMDH-CN.

Estimation of the Substrate Orientation in the Minor
Isomers of TM-hHO. We note that the strong contribution
of exchange to the methyl line width of the minor isomers
in equilibrium with the major isomers of TM-hHO for both
PH and DMDH precludes a direct determination of the
orientation relative to the protein matrix. The patterns of
methyl shifts, M8 > M5 > M3 > M1 for PH and M4 > M8

> M5 > M3 > M1 > M2 for DMDH, in the minor isomers
of TM-hHO yield φ ≈ 10° (or φ ≈ 190°, not far from the

δi
con ∝ (C + D cos2 Ψi) (1)

FIGURE 8: Depiction of the influence of rotation of the axial His25
imidazole plane relative to the protein matrix on the dihedral angles
Ψ1 andΨ2 between the His25 Câ1H and Câ2H relative to the normal
of the imidazole plane (dashed line) (A) as found in the crystal
structure (14, 15) and conserved in solution (23, 24) with ø1 slightly
smaller thanø2 and hence a larger low-field contact shift for Câ1H
than Câ2H as observed (Table 1) and (B) as predicted when the
His25 imidazole plane is rotated counterclockwise∼40°, which
results in a much smallerø2 (and hence larger low-field contact
shift) for Câ2H than Câ1H, as observed (Table 1). The∼40° rotation
of the imidazole ring requires a∼5° rotation about theR-â bond
to conserve the His-Fe bond, but thisR-â bond rotation has only
a minor effect on theø1 andø2 values.
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180° shown in Figure 3C,I) for both substrates, as illustrated
by vertical dotted lines under “mi” in parts A and C,
respectively, of Figure 4. If we assume that the axial His25
imidazole ring is rotated∼40° clockwise in the minor
isomers compared to the major isomer of TM-hHO, then
the structure would be as illustrated in Figure 3C for the PH
and Figure 3I for the DMDH minor isomers. Alternatively,
the difference inφ between the major and minor isomers in
Figure 4 is∼70° for each substrate, which indicates the
minor isomers are oriented close (within 20°), but not
identical to, that in the WT complexes. In the absence of
direct NOESY contacts to the protein matrix or the pattern
of the His25 CâH hyperfine shifts, the substrate orientation
for the minor isomer cannot be more accurately described
at this time. It is risky to place much emphasis on the
observation that∆φ determined from the methylδhf pattern
for the two substrates is∼70° rather than∼90°. The
empirical correlations (35) in Figure 4, while providing a
useful framework for estimatingφ, are only semiquantitative
and based on a model (35) that requires retention of inversion
symmetry for methylδhf in the protein environment for
strictly centrosymmetric substrates, which is not observed
for a variety of such substrates (47-49).

The rapid exchange, even at 5°C, between the two
uncharacterized, interconverting isomers in TM-hHO-PH-
CN which give rise to methyl peaks labeled “m” in Figure
5A has precluded the assignment of either the PH methyl
peaks or their protein matrix contacts. However, it is
reasonable to propose their structures as those depicted in
Figure 3E,F.

StereoselectiVity of DMDH CleaVage in WT- and TM-
hHO. Two observations are notable. One is that, in WT, both
DMDH and PH yield exclusivelyR-biliverdin. This is
consistent with the observation that the in-plane orientation
of DMDH and PH in the WT-hHO-cyanide complexes
could not be differentiated by1H NMR. The second is that
the ratio of isomers for DMDH cleavage, 89%â/δ- and 11%
R-biliverdin, is qualitatively, but not quantitatively, consistent
with the 70% and 30% populations of the respective DMDH
seatings determined by1H NMR in the cyanide complex.
The latter observation reminds one that the stereoselectivity
of the substrate cleavage is determined by the isomeric
seating preference in the resting state, aquo complex, and
that previous1H NMR studies (50) have shown that the
relative stabilities of alternate PH seatings about theR,γ-
mesoaxis are different in the aquo and cyano complexes of
hHO, with the former exhibiting less orientational preference
than the latter complex. A similar difference between
biliverdin isomer distribution and PH seating preference in
the cyano complex has been noted forCdHO mutants (32).
The very broad resonances of the high-spin aquo complex
make characterization of isomer identity and distribution very
difficult, particularly for low-concentration isomers. The very
rapid (>102 s-1) interconversion of the alternate in-plane
substrate orientation precludes “trapping” the aquo isomer
distribution upon forming the cyano complex.

CONCLUSIONS

Several important conclusions are indicated: (1) The
pattern of dipolar contacts between substrate methyls and
heme pocket residues, rather than the substrate methyl

hyperfine shift pattern, is the less unambiguous indicator of
the substrate orientation. (2) The pattern of substrate methyl
hyperfine shifts in the mutant can be used to compare the
in-plane substrate orientation relevant to the stereoselectivity
of substrate cleavage only if it is established that the axial
imidazole orientation is conserved. The conservation of the
axial His orientation need not be assumed, but can be
determined from the pattern of axial His CâH δhf. (3) As
noted previously (13, 50), the distribution of in-plane
orientational isomers as detected in the1H NMR spectra of
the cyano complexes is qualitatively, but not quantitatively,
related to the product biliverdin isomer distribution, since
the in-plane seating preferences are different for the physi-
ologically relevant aquo and spectroscopically convenient
cyano complexes.

The very substantial perturbation of the axial His imidazole
plane orientation relative to the protein matrix in the TM-
hHO mutant relative to the WT has a reasonable rationaliza-
tion. Crystal structures show (14, 15) that the axial His25
imidazole NδH in WT-hHO serves as a donor to the side
chain carboxylate of Glu29. The E29K mutation in TM-hHO
abolishes this interaction with the imidazole ring, and some
His ring rotational accommodation should not be unexpected.
While the key proximal helix carboxylate side chain that is
the link to the axial His ring NδH has not been mutated in
other studies directed at modulating stereoselectivity (25, 26,
30, 32), changes in axial His imidazole planes cannot be
discounted. In hHO (14, 15) and C. diphtheriaeHO (18),
the Glu linked to the axial His NδH also makes a strong
contact to the methyl (or vinyl) at position e in Figure 2. In
mutants that induce the 90° in-plane rotation of the substrate
that accounts forδ-mesoselectivity, a propionate replaces
the methyl (or vinyl) at position e. It would be surprising if
this altered contact with the Glu would not perturb its link
to the axial His and hence the His ring orientation. Whether
this perturbation due to the introduction of the propionate at
position e is significant relevant to the determination of the
substrate orientation can be readily addressed by assigning4

the His CâH’s in the mutants. The axial His imidazole plane
orientation is likely more open to modulation by environ-
mental factors (51) than is safe to assume for the simple use
of Figure 4 to determine the substrate orientation.
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