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ABSTRACT. Heme oxygenase (HO) catalyzes heme degradation by utilizian@® reducing equivalents

to produce biliverdin IX, iron, and CO. To avoid product inhibition, the hertéO complex (heme

HO) is structured to markedly increase its affinity fop @hile suppressing its affinity for CO. We
determined the crystal structures of rat ferrous hem® and heme HO bound to CO, CN, and NO at

2.3, 1.8, 2.0, and 1.7 A resolution, respectively. The heme pocket of ferroustédas the same
conformation as that of the previously determined ferric form, but no ligand is visible on the distal side
of the ferrous heme. FeCO and Fe-CN~ are tilted, whereas the F&O is bent. The structure of heme

HO bound to NO is identical to that bound tgMN which is also bent as in the case of. Dotably, in

the CO- and CN-bound forms, the heme and its ligands shift towarddhmesocarbon, and the distal
F-helix shifts in the opposite direction. These shifts allow CO or@bind in a tilted fashion without

a collision between the distal ligand and Gly139 O and cause disruption of one salt bridge between the
heme and basic residue. The structural identity of the ferrous and ferric states of Héhedicates that

these shifts are not produced on reduction of heme iron. Neither such conformational changes nor a heme
shift occurs on NO or i binding. Heme-HO therefore recognizes CO and kY their binding geometries.

The marked reduction in the ratio of affinities of CO te for heme-HO achieved by an increase in, O
affinity [Migita, C. T., Matera, K. M., Ikeda-Saito, M., Olson, J. S., Fuijii, H., Yoshimura, T., Zhou, H.,
and Yoshida, T. (1998). Biol. Chem. 273945-949] is explained by hydrogen bonding and polar
interactions that are favorable for, ®inding, as well as by characteristic structural changes in the CO-
bound form.

Heme oxygenase (HOEC 1.14.99.3) is a microsomal heme sandwiched between the proximal (A-helix, Leu13
enzyme which regiospecifically cleaves the porphyrin ring Glu29) and distal kinked (F-helix, Leu12®et155) helices.
of heme at then-mesocarbon, producing biliverdin 1, Our recent study of the heme-free form of HO showed that
iron, and CO 1). To date, HO is the only known CO- the A-helix is disorderd and the F-helix fluctuates. We
producing enzyme in mammal;. Its structure in complgx with proposed an induced-fit model for heme binding to HED (
heme (hemeHO) consists mainly ofi-helices 2—4) with The amino acid sequence in the F-helix, the “heme oxygenase
signature” ), is highly conserved in all HOs. No dissociable
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devices that allow HO to escape inhibition by locally
produced CO.

The affinities of ligands such as CO and for the heme

Biochemistry, Vol. 42, No. 33, 2003899

complex with heme, are described elsewhéfe?Q, 21).
Ferric heme-HO was crystallized under conditions similar
to those for N"—heme-HO with a microcrystal of N —

iron in hemoproteins vary markedly depending on the heme heme-HO as the seed. Ferrous hentdO crystals were
environment. For free heme in organic solvents, the ratio of prepared by soaking ferric hemelO crystals in an anaerobic

the affinities of CO and @for the heme iron, the ratio of
the CO equilibrium constantk¢o) to the Q equilibrium
constant Ko,), is ~30000-100000 ©, 10), whereas in
myoglobin (Mb), Kco/Ko, = 25—41 (10). A number of

solution containing an excess of sodium dithionite. On
reduction, the crystal color immediately became bright red.
CN~—heme-HO was prepared by adding potassium cyanide
to a ferric heme-HO solution for a final concentration of

structural ana|yses of OXYy- and Carbonmonoxy-Mb have 10 mM, and Crystallized under the same conditions that were

shown that the discrimination between CO ando® Mb is

used for N"—heme-HO (7), the protein concentration being

primarily due to hydrogen bonding and other polar interac- 40 mg/mL in 50 mM potassium phosphate buffer (pH 7.0)

tions rather than steric hindranck0-16). Neutron diffrac-
tion crystallographic analysis of both forms of Mb indicates
that on Q binding to the heme in Mb, the d&Natom of the
distal histidine (HisE7) is protonated and, Gorms a
hydrogen bond with HisE71@), whereas HisE7 N is
protonated on CO bindinglB8). Recent site-directed mu-

containing 10 mM potassium cyanide. The €eme-HO
crystal was prepared by soaking agrNheme-HO crystal

in a CO-saturated solution until the crystal became bright
red (30 min to 2 h). The CO-saturated solution was prepared
just before the crystals were soaked; sodium ascorbate at a
final concentration of 100 mM was added to the crystalliza-

tagenesis and spectroscopic analyses, however, suggest th#en solution, and then two cycles of alternate degassing (15
HisE7 Ne is protonated and hydrogen bonded to the distal m) and CO bubbling (5 m) were carried out. The NO

ligand in both ligand-bound formsl4, 15). If so, the

heme-HO crystal was prepared by soaking the Nheme-

electrostatic field calculation of the heme pocket of Mb HO crystal in an NO-saturated solution. The crystal imme-
indicates good correlations between the electrostatic poten-diately became bright red. The NO-saturated solution was
tials of the distal ligand, the stretching frequencies of IR and prepared just before the crystals were soaked. Sodium
Raman resonance, and the dissociation rate constants of botHithionite and NOC-12, an NO donor (Dojindo, Kumamoto,

ligands in wild-type and mutant Mbsl§). Distal pocket
polarity therefore would be a key for discrimination between
polar G, and apolar CO in Mb.

Studies of @ and CO reactions with hemédO, as

Japan), were added in excess to the crystallization solution,
the gas phase of which had been replaced witiMdvance

by two cycles of alternate degassing (15 min) and an N
purge (5 min). The ferrous hem¢&lO, CO-heme-HO, and

compared with those of Mb, reported by Ikeda-Saito and NO—heme-HO crystals on the cryoloop were immediately

co-workers 17), seem exceedingly important; @ffinities
are very high Ko, = 30—80xM™1), 30—90-fold greater than
those for Mb. The @association rate constants are similar
to those for Mb Ko, = 7—-20 uM~! s71), whereas @
dissociation rate constants are remarkably slkyy € 0.25

s 1), which suggests the presence of favorable interactions

between the bound L£and protein residues in the heme

cooled with liquid nitrogen. The CN-heme-HO crystal
was soaked for a few seconds in a crystallization solution
that contained 50 mM potassium cyanide, and then the crystal
on the cryoloop was flash-cooled under a nitrogen gas stream
at 100 K. The CN—heme-HO crystals became bright red
when they were soaked in 50 mM potassium cyanide (final
pH of 9.2).

pocket. Such interactions between the distal residues in HO Data Collection and Processindiffraction data for the
and the bound ©have been proposed on the basis of ESR ferrous hemeHO crystal were collected at 100 K with an

findings (@8). In contrast, the CO affinity of hemeHO is
reported to be similar to that of ML.{). CO binding to the
heme bound to HO is biphasithe respectiv&co/Ko, ratios

FR-D rotating anode X-ray generatcr £ 1.5418 A) and
an R-AXIS IV** imaging plate system (RIGAKU). Its
crystal was oscillated by 1°%er frame at an exposure time

are 5.4 and 1.2 for the fast and slow phases, respectively.0f 20 min and a total measurement angle of°L Ziffraction
Thus, HO discriminates much more strongly against CO data for CN'—heme-HO were collected at 100 K using

binding with increased affinity for ©than Mb does.

In the study presented here, we have determined the cryst
structures of the reduced form of rat HO-1 in complex with
heme (ferrous hemeHO) (2.3 A) and the complexes bound
to CO (CO-heme-HO) (1.8 A), CN" (CN-—heme-HO)
(2.0 A), and NO (NG-heme-HO) (1.7 A). CN, an inhibitor
of HO catalysis 19), is considered a CO analogue in terms
of a similar mode of binding of CN to heme iron as

observed in other hemoproteins. We present a structural basi

that explains the conspicuously high @ffinity in heme-
HO, as well as the strong discriminating mechanism of H
against CO as compared to Mb.

EXPERIMENTAL PROCEDURES

Preparation of Ferrous HemeHO and Ligand-Bound
Crystals. The expression and purification of truncated rat
HO-1 (Metl-Pro267), as well as the preparation of its

synchrotron radiationi(= 1.000 A) at beamline BL40B2

apf SPring-8 and an ADSC Quantum 4R detector. Its crystal

was oscillated by 15per frame at an exposure time of 120
s and a total measurement angle of.@iffraction data for
CO—heme-HO and NC-heme-HO were collected at 100
K using synchrotron radiatioml (= 1.000 A) at beamline
BL41XU of SPring-8 and a MarCCD system. For €0
heme-HO, the crystal was oscillated by 2.per frame at
n exposure timefd s and a total measurement angle of
8(C°. To measure intensities of the overloaded diffractions,

o the X-ray beam was attenuated to 7%, and then the same

crystal was oscillated by 3(er frame wih a 3 sexposure.
The two data sets were scaled and merged usirglTA

data for the former and 568.5 A data for the latter. For
NO—heme-HO, the exposure time per frame své s and

the total measurement angle was 1200 collect low-
resolution data, the X-ray beam was attenuated to 25%, and
then intensity data were collected under the same conditions
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Table 1: Summary of Crystallographic Statistics

ferrous heme HO CO—heme-HO CN-—heme-HO NO—heme-HO

space zroup P3,21 P3;21 P3,21 P3,21
a=b(A) 65.3 66.0 65.7 65.4
c(A) 120.5 120.2 119.7 1211
resolution (A) 56-2.3 50-1.8 50-2.0 50-1.7
no. of unique reflections 13787 28853 20629 32251
redundancy 6.4 11.8 35 9.5
completeness (%) 99.9 (99.9) 99.7 (97.4) 99.3 (99.3) 99.8 (99.5)
Rrergé®? 0.102 (0.347) 0.067 (0.315) 0.066 (0.284) 0.052 (0.346)
R/Reed 0.186/0.220 0.195/0.214 0.198/0.223 0.201/0.227
rms deviation from ideality

bonds (A) 0.006 0.005 0.006 0.005

angles (deg) 1.14 1.24 1.19 1.12
averageB-factors (&)

main chain 24.7 235 23.7 26.5

side chain 27.2 27.2 26.8 29.5

solvent 35.6 36.7 34.2 39.6

heme 26.7 27.3 24.8 30.7

distal ligand - 24.3 20.6 32.8

aValues in parentheses are for the outermost shell:-22420 A for ferrous hemeHO, 1.86-1.80 A for CO-heme-HO, 2.07-2.00 A for
CN-—heme-HO, and 1.76-1.70 A for NO—heme-HO. ° Ryerge = ¥ n3i|li(Kl) — T(hK)IVTnaTili(hk]). € R = Y|Fo(hkl) — Fe(hki)| /3 |Fo(hKkl)|.
4 Ryee Values areR values calculated for 5% (ferrous hertdO and NC-heme-HO) and 10% (CG-heme-HO and CN-—heme-HO) of the data
set not included in refinements.

that were used for Clheme-HO. The two data sets were values of 0.201 and 0.227, respectively. In Chheme-
scaled and merged using-50.7 A data for the former and  HO, the C-terminal loop (Glu234Leu243) has become
50—-3.5 A data for the latter. These diffraction data were ordered, but the side chains of Glu234 and Arg237 are still
processed, merged, and scaled with MOSFL22) (and disordered. This loop is located at the back of the heme
SCALA (23, 24) for the ferrous hemeHO and CN— pocket. The distance (30 A) between Thr222 and Glu234
heme-HO and with HKL2000 25) for CO—heme-HO and  indicates that the disordered segment (Glu2PBr233)
NO—heme-HO. Crystallographic data and diffraction sta- assumes an extended conformation. The side chain of Lys177

tistics are given in Table 1. is disordered in each of the GO CN-—, and NO-heme-
Model Building and RefinemenBecause the CN- HO crystals. In CO-heme-HO and NO-heme-HO, the
heme-HO crystal was isomorphous with thesN-heme- side chain of Glu190 is disordered. In G@eme-HO, the

HO crystal ), its structure was determined by applying rigid - side chains of Glu19 and Glu45 are also disordered. In-NO
body, simulated annealing, and temperature factor refine- heme-HO, there are several alternate conformations for the
ments to the structure of its protein moiety using 5% gide chains on the molecular surface and an additional NO
A resolution data. The structure was revised by alternate molecule near the side chain of Arg27. In-N-heme-HO
adjustment of the model with XtalView26) and simulated 5, 5gitional azide molecule was also found to bind to the
annealing and temperature factor refinements using-50.0 same siteT). In the ferrous hemeHO structure, no electron

2.0 A resolugon data. The heme', clearly present. in the density is present on the distal side of the heme iron,
electron density map, was included in subsequent refinement.

Aft - S consistent with previous spectroscopic finding8-31).

er a few cycles of water picking and energy minimization

refinements, the electron density for the stretch of Glu234  Structural comparisons of the various forms of heme
Leu243 appeared as a separate density, and its model wablO are shown in Figure 1. The overall structure of ferrous
included in subsequent refinement. Last, the cyanide ion washeme-HO is identical to that of B —heme-HO (7) (Figure
located in theF, — F. map and included in the energy 1a) and similar to that of ferric hemedO (3), the root-

minimization refinement, in which neither the ‘F&€—N~ mean-square (rms) deviations for the. @oms being 0.13
angle nor the Fe-C distance was restrained. The structures and 0.46 A, respectively. The relatively large rms deviation
of ferrous heme HO, CO—heme-HO, and NO-heme-HO between the ferrous and ferric hemdO forms is mainly
were refined by the same procedures using 5@.@, 50.6- due to the different conformations in the-E and G-H

1.8, and 50.6-1.7 A resolution data, respectively. All the loops on the molecular surface; the rms deviation is 0.28 A
refinements were done with CNS7). Stereochemical  when these loops are excluded. The space groups of the
checks of the models were done with PROCHEQX, £8). ferrous and ferric hemeHO crystals differ, and these loops
Refinement statistics are given in Table 1. are involved in intermolecular contacts. The structural
difference in these loops therefore would be due to the crystal
RESULTS packing force. NG-heme-HO also has the same structure
Overall StructuresThe structures of the ferrous heme  as ferrous hemeHO (Figure la), the rms deviation being
HO, CO-heme-HO, CN-—heme-HO, and NC-heme- 0.13 A. The heme position remains unchanged on NO
HO have been refined at 2.3 A resolutiorR@andRy.ce values binding to the ferrous iron as it does onNbinding to the
of 0.186 and 0.220, at 1.8 A resolutionRand R values ferric iron (7). It may be concluded that neither the oxidation
of 0.195 and 0.214, at 2.0 A resolutionfRand Ry values state of the heme iron nor substitution of the distal ligand of
of 0.198 and 0.223, and at 1.7 A resolutionRand Ryee heme-HO with NO or N~ affects the HO structure.
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Ficure 1: Structural comparisons of various forms of heme-HO. (a) Plotscoatom deviations between ferrous henttO and ligand-
bound heme HOs: N;~—heme-HO (red), NO-heme-HO (green), CG-heme-HO (black), and CN—heme-HO (blue). Solid horizontal
bars represent the helices in the ferric herhk®© (3). (b) Stereodiagram of € traces of ferrous hemeHO (blue) and CG-heme-HO
(red). The models are superimposed to minimize the rms deviation of the correspordisipr@s of all the amino acid residues. This
figure was prepared with MOLSCRIPH®Y) and Raster3D46).

Superimposition of the ferrous hemelO and CG- CN~—heme-HO is taken into account, it is conceivable that
heme-HO structures (Figure 1b) shows that on CO binding the binding modes of CO and CiNnot the redox states of
the heme shifts (0.9 A) toward themesocarbon along the  the heme iron, are responsible for these conformational
o—y axis of the heme. The plot of deviations fooe.@toms changes.
between ferrous heméHO and CO-heme-HO (Figure 1a) Ligand Coordination Modesdn theF, — F. map of CO-
shows marked differences in the positions of the A-, B-, F-, heme-HO, the ellipsoidal density on the distal side of the
and G-helices which constitute the heme binding site of HO. heme iron, which can be assigned to the CO molecule, is
In CO—heme-HO, the proximal A-helix and following tilted toward thex-mesocarbon (Figure 2a). The FeC—0O
B-helix move in the direction of the-mesacarbon together  angle has converged to 158nd the Fe-C distance to 2.0
with the heme shift, whereas the distal F- and G-helices shift A by refinement. This tilt geometry is comparable to the
in the opposite direction; e.g., thex@Gtoms of His25 inthe  Fe:-C—0 angle (-16(°) obtained by infrared measurements
A-helix and Gly143 in the F-helix are located 0.5 and 1.1 (10) and recent high-resolution X-ray analysid) for CO-

A, respectively, from their positions in the ferrous heme  bound Mb. Due to repositioning of the heme and distal helix,
HO. Because no significant structural change occurs in the the distance between Gly143 N and the carbon atom of CO
heme pocket on NO binding to the ferrous heme, these hemeis lengthened to 3.5 A in comparison to the close contact
shift and conformational changes on CO binding can be (2.8 A) between Gly143 N and the iron-bound nitrogen atom
attributed to the difference in the coordination modes of the of the azide in N"—heme-HO (7). The oxygen atom of
ligands. CO is in van der Waals contact with Gly139 O (2.9 A) and

The structure of CN—heme-HO, as compared with that ~ Gly144 N (3.1 A). In the distal pocket of GEheme-HO,
of the ferrous hemeHO, also shows large deviations at the five ordered water molecules present in hetd® (2—
residues located in the heme pocket (Figure 1a). It is similar 4) and Ns~—heme-HO (7) are conserved. These water
to the structure of CGheme-HO; the rms deviation for ~ molecules are involved in the hydrogen bonding network
Ca atoms between the CO- and CMound forms is 0.29  that may be important for catalyzing hydroxylation of the
A. The heme shift, accompanied by movement of the A- a-mesaposition of heme32, 33). One of these ordered water
and B-helices, in the-mesadirection, and repositioning of  molecules is located 2.9 A from the oxygen atom of CO.
the F- and G-helices occur in CNtheme-HO as they do CN~ is coordinated to the heme iron in the same mode as
in CO—heme-HO. If the ferric state of the heme iron in  CO; the Fe-:C—N angle is 168 and the Fe-C distance
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Ficure 2: Structures of C&heme-HO, CN-—heme-HO, NO—heme-HO, and ferrous hemeHO around the heme pockets-weighted

2F, — F¢ (cyan) andr, — F. (red) maps superimposed on the wire-frame model are shown in stereoview. Dashed lines show the hydrogen

and coordination bonds involved in stabilization of distal ligand binding: (a)-8€me-HO, (b) CN-—heme-HO, (c) NO-heme-HO,
and (d) ferrous hemeHO. Each F, — F. map is contoured at 102 whereas thd-, — F. map at 5.0 was calculated by omitting the
exogenous ligand bound to the heme iron:-F&(CO) and Fe-C(CN") distances are in angstroms. This figure was prepared with

MOLSCRIPT @5), Raster3D 46), and CONSCRIPT4?).

2.1 A (Figure 2b). The tilt angle~20°) and direction of
CN~ are roughly consistent with the magnetic axis deter-
mined by NMR spectroscopy for human CNheme-HO

Interactions of Propionate Groups with Basic Residues
in the Heme PockefThe current structures of the various
ligand-binding forms of hemeHO show that the binding

(34). Cyanide anion is accommodated in the heme pocket modes of ligands affect the electrostatic interactions of the

in a manner similar to that of the CO in Cheme-HO.
The iron-bound carbon atom of CNs 3.6 A from Gly143

N, whereas the terminal nitrogen atom is in van der Waals
contact with Gly139 O (2.8 A) and Gly144 N (2.8 A). A
hydrogen bonding network is also present in Chheme-

HO, and the distance between Cldnd the nearest water
molecule is 2.6 A.

In contrast, in NG-heme-HO, NO is bent toward the
a-meso carbon of the heme; the FeN—O angle has
converged to 125and the Fe N distance to 2.1 A by
refinement (Figure 2c). This bent geometry is comparable
to the coordination of azide to the heme iron igrfNheme-

HO, in which the corresponding angle is ®1&nd the
distance is 2.2 A%7), and also similar to that of NO in NO-
bound Mb, in which the corresponding angle is #%°
and the distance is 1.9 8%). The nitrogen atom of NO is
hydrogen bonded to Gly143 N (2.8 A) and in a van der Waals
interaction with Gly139 O (2.9 A) as is the iron-bound
nitrogen of azide in A —heme-HO. The oxygen atom of
NO is 2.8 A from Gly139 O, 3.2 A from Gly144 N, and 2.9
A from a water molecule in the hydrogen bonding network.

Water molecules in such a distal hydrogen bonding
network are also present in ferrous heaiO, but the distal
ligand is lacking (Figure 2d). Electron density for five of
the six water molecules in this hydrogen bonding network
is broad (Figure 2d), indicative of fluctuation.

propionate groups of the heme with side chains that have
important roles for the correct accommodation of heme in
the active site 4, 3). Lys18, Lys179, and Argl83 are
clustered near the propionate groups in the fejS) and
ferrous heme HO complexes and in N—heme-HO (7).

The structures of these basic residues are unaffected by the
bound NO. The side chains of Lys179 in €EBeme-HO

and Lys18 in CN—heme-HO, however, have different
conformations and no longer interact with the propionates
(Figure 3). The refinement for NGheme-HO, at present,
includes only the major orientation of heme, though ad-
ditional electron density of the heme is observed as3in-N
heme-HO; the heme has two orientations related to each
other by a 180rotation about thet.—y axis. One propionate
group exposed to solvent has two conformations, both of
which are directed to the distal side. Dual orientations and
conformations are not seen in this X-ray analyses of-CO
and CN'—heme-HO. On the basis of NMR analysi84),
however, there are two orientations of heme incleme-

HO. The propionate exposed to solvent is directed toward
the proximal side in C© and CN-—heme-HO. In addition,

the a—y axis of the heme in C6 and CN'—heme-HO is
slightly rotated along the axial axis as compared toothe

axis in N\s-—heme-HO. Consequently, thé-mesocarbon
and propionate group are more exposed to the solvent.
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G-helix G-helix

F-helix F-helix

Ficure 3: Structural changes on CO binding. Stereodiagram around the heme pockets-bé@&-HO (red), CN-—heme-HO (blue),
and ferrous hemeHO (gray). The models are superimposed to minimize rms deviations ofdh&t@ns of all the amino acid residues.
The A-, F-, and G-helices are shown as €aces and Lys18, His25, Lys179, Arg183, heme, CO, and &Na wire-frame model. This
figure was prepared with MOLSCRIPBY) and Raster3D46).
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FiGURE 4: Possible model for CO coordination to the heme iron.

DISCUSSION in the crystal structure of human hemidO, with the position
o in solution more closely resembling that in the crystal
The most notable fgature of CO an.d CHinding to_the .. structure of rat hemeHO. The likely movement of the distal
heme bound to HO is gross relocation of the active site | i\ by ~0.5 A closer to the heme iror87) is consistent

qccompgnigd by a heme shift A.Itho'ugh'a heme shift on with a difference in the positions of the distal helix of the
ligand binding has been reported in dimeric clam hemoglo- crystal structures of rat and human HOs. The distance
bin, it is involved in cooperative ligand binding through between Glv143 N and the heme iron is 4.9 A in rat-CN
residues on the subunit interface that link the heme of one heme-HO i?]l this study whereas the dist;amces in the two
subunit to the proximal helix of the second subuB#)( The molecules of human hyémeHO in an asymmetric unit2)
tiling geometry of CO or.CN jn the distal pocket of heme are 5.3 and 6.0 A. NMR studies also show that the four-ring
HO woulld produce steric hindrance between CO or CN aromatic cluster (Tyr58, Tyr137, Phel66, and Phel67) moves

and the distal helix, if the locations of both the protein and ;
heme remain unchanged: the oxygen atom of CO or the closer to the heme, but no rearrangement of the aromatic
f cluster occurs in rat hemeéHO on the binding of various

nitrogen atom of CN would collide with Gly139 O (2.0 X : i

A). To avoid such steric hindrance, the heme and its ligands 192nds, including CN.

shift along theoi—y axis of the heme, and the distal F-helix Unlike CO and CN, NO coordinates to the heme iron in

shifts in the opposite direction. These shifts accompany thea bent geometry in N©heme-HO as does B in N3™—

G-helix shift. Such structural changes disrupt the salt bridge heme-HO (17). NO binding to hemeHO causes no

between the heme and protein in henitO (Figure 3). Most significant change in the conformation of the heme binding

likely, gross structural change is induced by ligands such assite or in the heme position. With respect to the-Ré—0

CO which coordinates to the heme in HO in a tilt manner, angles in the model heme compounds, there are three types

as shown in Figure 4. depending on the number of metal d-electrons plus the
Recent NMR studies of the CNbound forms of human  electron in thexr* orbitals of NO 38, 39): ~18C in six

HO in complexes with heme34) and its symmetric  (ferric heme-NO), ~14C in seven (ferrous hemeNO), and

derivative @7) show that the central portion of the distal ~12C in eight. In NO-heme-HO, as in NO-bound Mb

helix is closer to the heme in the solution structure than it is (35), NO is more bent compared to the ideal geometry,
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indicative of an increased level af-bonding between the
heme iron and NO. @also prefers a bent geometry; a
previous resonance Raman study of the oxygenated form of
heme-HO revealed that bound@ssumes a bent geometry
with an Fe-O—0 angle of~11C (40). NO—heme-HO,

as well as N~—heme-HO, therefore, would be a suitable
analogue for examining the binding mode afé&hd dioxygen
activation in the HO reaction. On account of themeso
orientation of NO, the oxygen atom of NO is in close contact
with the a-mesocarbon (3.5 A), suggesting that the distal
oxygen atom of hydroperoxide, the active oxygen species
for o-mesohydroxylation, can easily attack the-meso
carbon directly.

Generally, the main factors regulating the CO angl O
affinities of a hemoprotein are the shape of the heme pocket
(steric hindrance), hydrogen bonds, and the polarity of the
heme pocket41). Studies for @ and CO binding to heme
analogues aimed at evaluating these three effects have shown
that steric hindrance that bends the-F€O bond decreases
the binding affinity for CO, whereas the affinity for,Qs
unaffected. Hydrogen bonding to the distal ligand and the
polarity in the heme pocket, however, increase the binding
affinity for O,, whereas the affinity for CO is unaffected
(41). In the case of HO, strict discrimination between O
and CO is mainly brought about by an increase jra@inity
that is characterized by a remarkably slow dssociation
rate constant1(7). Comparison of the distal environments
of the CO- and NO-bound forms clearly shows that the
hydrogen bond between Gly143 N and NO is present in a
bent geometry, but such an interaction is no longer seen in
the tilt geometry (Figure 5). Although the biochemical data
for the affinity for NO of ferrous hemeHO are not FIGURES: Superimposition of the heme distal sides of-G@me-
available, its affinity for ferric hemeHO was reported to ~ HO and NG-heme-HO. Ball-and-stick model for heme, ligands,

. . - Gly139, Gly143, and Gly144 of N©heme-HO (carbon and iron
be higher than that of met-MBtg). The affinity of binding are black, nitrogen is blue, and oxygen is red) superimposed on

of NO to the iron atom of hemoproteins is generally much that of CO-heme-HO (transparent light gray). The dashed line
higher in the ferrous state than in the ferric statg, @4). In represents the hydrogen bond between Gly143 N and the nitrogen

addition, NO binding is stabilized by the hydrogen bond to atom of NO in NG-heme-HO. The porphyrin substituents are
water (Figure 2c). Its affinity for ferrous hem&iO would Oin'tter? dch’{ C'tarr'éyb TGh'S figure was prepared with MOLSCRIPT
be greater than that of Mb. Because of the highly bent( 5 a aster3D46).

structure for @ coordination, Gly143 N would form a
hydrogen bond with the iron-bound oxygen atom of, O

network may be canceled, at least in part, by the disruption
of the salt bridge between the heme propionate and basic

yvhlchthwoutl)d ?jtab|l|ze_thetﬁoo(rdd_|nat|(_)nt_of2@otthe he;net residue caused by the heme shifts (Figure 3). This may result
Iron, thereby decreasing the; fissociation rate constant. -, yq affinity for CO in HO being comparable to that in
Consequently, we conclude that it is the hydrogen bonding Mb

of Glyl43 N with Q which primarily controls ligand
discrimination by HO. ACKNOWLEDGMENT
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