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Abstract: Heme oxygenase (HO) catalyzes the oxygen-dependent degradation of heme to biliverdi@X

and free iron ion via three sequential monooxygenase reactions. Although the distinct active-site structure of
HO from cytochrome P450 families suggests unique distal protein machinery to activate molecular oxygen,
the mechanism and the key amino acid for the oxygen activation have not been clear. To investigate the
functionality of highly conserved polar amino acids in the distal helix of HO-1, we have prepared alanine
mutants: T135A, R136A, D140A, and S142A, and found drastic changes in the heme degradation reactions
of D140A. In this paper, we report the first evidence that D140 is involved in the oxygen activation mechanism
in HO-1. The heme complexes of HO mutants examined in this study fold and bind heme normallK.The p
values of the iron-bound water and autoxidation rates of the oxy-form are increased with R136A, D140A, and
S142A mutations, but are not changed with T135A mutation. As the wild-type, T135A, R136A, and S142A
degrade heme to verdohemelXvith H,O, and to biliverdinlXa with the NADPH reductase system. On the
other hand, D140A heme complex forms compound Il witfOk and no heme degradation occurs. For the
NADPH reductase system, the oxy-form of D140A heme complex is accumulated in the reaction, and only
50% of heme is degraded. The stopped flow experiments suggest that D140A cannot activate iron-bound
dioxygen and hydroperoxide properly. To investigate the carboxylate functionality of D140, we further replaced
D140 with glutamic acid (D140E), phenylalanine (D140F), and asparagine (D140N). D140E degrades heme
normally, but D140N shows reactivity similar to that of D140A. D140F loses heme degradation activity
completely. All of these results indicate that the carboxylate at position 140 is essential to activate the iron-
bound dioxygen and hydroperoxide. On the basis of the present findings, we propose an oxygen activation
mechanism involving the hydrogen-bonding network through the bridging water and D140 side chain.

Introduction The HO reaction proceeds via a multistep mechanism that
: A . depends on reduction equivalents provided by NADPH and
Heme oxygenase (HO), an amphipathic microsomal protein, o
catalyzes the oxygen-dependent degradation of heme (ironNADPH cyt_ochrome P450 r_e(_jl_Jctase_, as shown_ in Figure 1. In
HO catalysis, the enzyme initially binds 1 equiv of heme to

protoporphyriniX) to biliverdiniX, CO, and free iron ioA™* . ’ . .
The enzyme exists in two isoforms with essentially identical form a ferric heme-HO complex: The first step of the reaction

activity, the inducible HO-1 being primarily involved in heme IS an Q-depend_ent OX|da_t|on of_heme to fertiemeso-hydroxy-
catabolism at liver and spleen and the constitutive HO-2 heme. The ferric heme in HO is reduced to a ferrous complex
primarily serving as a source of CO, a putative messenger by the reductase, and the ferrous complex bingl$odorm an

B : . . . : -form8 The oxy-form is then reduced to a ferric hydroper-
molecule in various physiological functiof8. Despite the oXy-1o . .
difference in physiological function, the two isoforms have oxide intermediate by the electron from the reductaBee iron-

homologous secondary structures and spectroscopic propertie?éo_lér_‘d hiﬁlroperomde gf thte l;errlcfhy(_jroperox;]dz mte;‘medlate
suggesting a similar catalytic mechanism. Xidizes Ihea-meso carbon to form ferria-meso-nydroxyheme.
In the second step of the reaction, femianeso-hydroxyheme

* To whom correspondence should be addressed. Telephb8g:564- is converted to ferrous verdohemelXvith the concomitant
55}ﬁggt'u't:é”]f(‘;f/lljéiﬁ'lgfgéseﬁbg'ma"' hiro@ims.ac.jp. formation of CO from the hydroxylated-meso carbon by

S Yamagata University. molecular oxygen and the electron from the reductase. The

igOhOK\;JVUnivergty- Universi reaction of synthetic ferric-meso-hydroxyheme in HO-1 has

ase Western Reserve University. H

(1) Tenhunen, R Marver, H. S.: Schmid, R Biol, Chem1969 244 revealed the requwer_nent _of molecular oxygen and the electron
6388-6394. from the reductase in this stéf.In the third step, ferrous

(2) (a) Yoshida, T.; Kikuchi, GJ. Biol. Chem1978 253 4224-4229. verdoheme is cleaved in an NADPH- ang-@ependent manner
(b) Yoshida, T.; Kikuchi, GJ. Biol. Chem1979 254, 4487-4491.

(3) Maines, M. D.FASEB J.1988 2, 2557-2568. (6) Yoshida, T.; Noguchi, M.; Kikuchi GJ. Biol. Chem.198Q 255

(4) Maines, M. D. InHeme Oxygenase-Clinical Applications and  4418-4420.
Functions CRC Press: Boca Raton, FL, 1992. (7) Davydov, R. M.; Yoshida, T.; Ikeda-Saito, M.; Hoffman, B. Nl
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Figure 1. Reaction intermediates in the heme degradation by heme
oxygenase.

to give ferric biliverdinlXo.. From the reaction of synthetic

ferrous verdohemelX in HO-1, this step also contains the

activation process of molecular oxygen by verdoheme iron and

the electron from the reductase, such as the first'$tEmally,

biliverdiniXo and free iron are released from the enzyme upon Figure 2. Conserved amino acid residues in the distal sides of ferric

the reduct.lon_of the ferric iron of fem_c biliverdinkx . heme complex of cytochrome P450 and HO-1. (A) Cytochrome P450
The activation of molecular oxygen is the key process in HO (qata from PDB accession code 1DZ9). (B) HO-1 (data from PDB
reaction. Although both HO and P450 activate the iron-bound zccession code 1QQ8).

dioxygen by electron donation from the reductase, the active-

site structures and the proposed reaction intermediates of thesgjjsta| protein machinery is present in HO. To elucidate the HO
enzymes are different (Figure 2). In cytochrome P450, cysteine oxygen activation mechanism, we have mutated highly con-
binds to heme iron as a proximal ligatdThe strong push effect  served polar amino acid residues in the distal helix of HO
of the thiolate ligand assists to activate the iron-bound dioxygen. isoform-1 (HO-1), threonine-135 (T135), arginine-136 (R136),
Furthermore, highly conserved threonine and aspartate in theaspartic acid-140 (D140), and serine-142 (S142), (Figure 2),
distal side form a proton relay system, which provides protons and their enzymatic activities have been examined. We have
to activate the iron-bound dioxygen. This protein machinery found loss of or drastic decrease in the HO activity with the
serves to produce a high-valent oxo-iron species such asmuytation of D140, which is located 7.5 A away from the heme
compound | as an active oxidizing species. On the other hand,jron in the heme distal pockét.In this paper, we report the
the proximal ligand in HO is histidine, which is a much weaker fjrst evidence that D140 is the key functional amino acid for
electron donor than cysteité!® In its distal heme pocket, &  the oxygen activation by HO. The mutations of D140 show that
a-helix named the distal helix is placed with# A from heme  the carboxylate functionality at position 140 is essential to
plane, and the closest amino acid residues to the heme are twQctivate the iron-bound dioxygen and hydroperoxide. On the
glycine residues (G139 and G143)which have no side chain.  pasis of the present results and the crystal struétwe, propose
Thus, different from P450, the HO protein-machinery may not gn oxygen activation mechanism by HO and discuss the
be designed to form the high-valent oxo-iron species but appearsgifference in oxygen activation mechanism between HO and
to be consistent with the ferric hydroperoxide intermediate to cytochrome P450.
oxidize the heme.

The differences in the active-site structure and the active Experimental Section

species between HO and cytochrome P450 imply that unique Materials. The wild-type and mutants of truncated water-soluble

(8) Mansfield Matera, K.; Takahashi, S.; Fuijii, H.; Zhou, H.; Ishikawa, forms of recombinant rat HO-1 (30 kDa) and their heme complexes
K.; Yoshimura, T.; Rousseau, D. L.; Yoshida, T.; Ikeda-Saito JVBiol. were prepared as described previod$lyhe mutations were confirmed
Chem.1996 271, 6618-6624. by DNA sequencing. The homogeneity of each purified enzyme was

(9) Migita, C. T.; Fujii, H.; Mansfield Matera, K.; Takahashi, S.; Zhou,  monitored by SDS-PAGE. The heme complexes of HO-1 and its

H.;(I(S))sl\r}lli(g;i‘tgglsl)shll:najiiB:-?.Pr:(y:érﬁ\c?;a?'?glktt?;%szggzl\lf.manuscript ., mutants were purified by Sephadex G-25 and DEAE cellulose column

preparation chromatography with 0.1 M phosphate buffer (gH7.0) after mixing
(11) Sono, M.; Roach, M. P.; Coulter, E. D.; Dawson, JGHem. Re. 1.2 equiv of heme to the enzyme. NADPH cytochrome P450 reductase
1996 96, 2841-2887. used in this work was a recombinant human enzyme using the gene

(12) (a) Ito-Maki, M.; Ishikawa, K.; Mansfield Matera, K.; Sato, M.;  obtained from Dr. F. Gonzalez of NIH.All other chemicals were
Ikeda-Saito, M.; Yoshida, TArch. Biochem. Biophysl995 317, 253—
258. (b) Sun, J.; Wilks, A.; Oritz de Montellano, P. R.; Loehr, T. M. (14) Mansfield Matera, K.; Zhou, H.; Migita, C. T.; Hobert, S. E;
Biochemistryl993 32, 1415%-14157. (c) Ishikawa, K.; Mansfield Matera, Ishikawa, K.; Maeshima, H.; Katakura, K.; Yoshida, T.; Ikeda-Saito, M.
K.; Zhou, H.; Fujii, H.; Sato, M.; Yoshimura, T.; Ikeda-Saito, M.; Yoshida, Biochemistryl997 36, 4909-4915
T. J. Biol. Chem1998 273 4317-4322. (15) (&) Yamano, S.; Aoyama, T.; McBride, O. W.; Hardwick, J. P.;

(13) Schuller, D. J.; Wilks, A.; Oritz de Montellano, P. R.; Poulos, T.  Gelboin, H. V.; Gonzalez, F. Mol. Pharma.1989 36, 83—88. (b) Zhang,

L. Nature Struct. Biol1999 6, 860-867. X.; Yoshida, T. manuscript in preparation.
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purchased from commercial sources and used without further purifica-
tion.
Spectroscopy UV —visible absorption spectra were recorded on a

Shimadzu MultiSpec-1500 spectrometer. EPR spectra were obtained

by a Bruker ESP-300 spectrometer operated at 9.45 GHz equipped with
an Oxford liquid He flow cryostatH NMR spectra were obtained by

a JEOL JNM-LA500 spectrometer at 26. CD spectra were obtained

on a JASCO J720W spectrometer. Resonance Raman spectra wer:
measured on a Ritsu Oyo Kogaku, DG-1000 spectrometer equipped
with a Princeton Instrument liquid4\ooled CCD detector. Excitation
sources consisted of a krypton laser (406.7 nm, Spectra Physics,
BeamLok 2060) with 2 mW for ferric heme complexes and a hetium
cadmium laser (441.6 nm, Kinmon Electronics, CD4805R) for ferrous
deoxy complexes. Spectra were collected in agattering geometry

on samples at room temperature with a collection time of 5 min.
Frequencies were calibrated relative to indene.

Rate Constants of the HO ReactionsSingle-turnover HO reactions
of the wild-type and the mutants were monitored by stopped flow using
a Hi-Tech SF-43 equipped with an MG 6000 diode array spectrometer.
In general, syringe A of the stopped flow instrument containedNI5
ferric heme complex of HO-1 or its mutants as well as 038
NADPH-cytochrome P450 reductase in 0.1 M phosphate buffer (pH
7.0). Syringe B of the stopped flow instrument contained 0.75 mM
NADPH in the same buffer. The £zoncentration in the reaction was
taken to be 25Q:M calculated for air-saturated solution. All of the
measurements were performed at €5 and spectra were recorded
over the range of 3806740 nm at logarithmic time interval for 96 s.
The kinetic time traces for individual wavelength between 380 and
740 nm were also recorded with the diode array detector. The data
analyses were followed as in the previous repbithe absorption
spectral changes from the ferric heme complex to verdoheme were
analyzed as a sequential two-phase reaction, from the ferric heme
complex to the ferrous oxy-form and from the ferrous oxy-form to
verdoheme. The rate constant of each reaction was obtained by fitting
the absorption change at 420 and 555 nm recorded with a logarithmic
time interval with a double-exponential function.

The reduction of the ferric heme complexes of HO-1 and its mutants
by sodium ascorbate under CO atmosphere was monitored using
Shimadzu MultiSpec-1500 spectrometer at°5 In a sealed quartz
cuvette, 3 mL of 1Q:M ferric heme HO-1 complex was degassed well
by vacuum, and then CO gas was introduced in the cuvette. Sodium
ascorbate (1aL, 1.0 M) was added by syringe, and the spectral change
was monitored at 10 s interval. The reduction rate constant was
determined by fitting the absorption spectral change at the Soret band
(405 nm) with single-exponential function.

Results

Mutations of Conserved Amino Acid Residues in the
Distal Helix. The X-ray crystal structure of the hemEelO-1
complex has revealed that highly conserved glycine-139 (G139)
and glycine-143 (G143) in the distal helix are the closest amino
acids to the heme irol?. Although no polar amino acid side
chains are in position to form a hydrogen bond to the heme
iron-bound ligands, threonine-135 (T135), arginine-136 (R136),
aspartic acid-140 (D140), and serine-142 (S142) are highly
conserved polar amino acids placed near the heme in the distal
helix (Figure 2). To investigate the function of these polar amino
acids in the HO activity, we prepared alanine (A) mutants of
T135, R136, D140, and S142: T135A, R136A, D140A, and
S142A. The purified mutants bind heme with a 1:1 ratio to form
ferric heme complexes. The absorption spectra of the heme
complexes of the mutants are very similar to those of the wild-
type complex. The far-UV CD spectra of the ferric heme
complexes of these mutants are identical to those of the wild-

type. These data indicate that ferric heme complexes of theser .

HO mutants are folded properly and they are water-bound, six-

(16) Liu, Y.; Ortiz de Montellano P. R1. Biol. Chem200Q 275 5297
5307.

J. Am. Chem. Soc., Vol. 123, No. 27, 8001

Table 1. Apparent Reaction Rate Constants, Auto Oxidation Rates,
and K, values of Wild-Type HO-1 and Its Mutants in 0.1 M
Phosphate Buffer, pH= 7.0 at 25°C?

ko ky autooxidation
(s1x10) kiky (s1x 10

Ky

enzyme (s!x 10 (s1x 10 pKa

wild-type  6.49 (1.00) 1.78 (1.00) 3.65 1.59 (1.00) 1.50 7.9
T135A 6.25(0.96) 1.63(0.92) 3.86 1.03(0.65) 2.97 8.0
®136A  3.73(0.57) 0.88(0.49) 4.24 1.95(1.23) 19.1 8.5
D140A 17.59(2.71) 1.81(1.02) 9.72 1.30(0.82) 38.2 8.6
S142A 5.12(0.79) 1.20(0.67) 4.27 0.54(0.34) 13.6 8.8

2 The reaction conditions are described in Experimental Section. The
numbers in parentheses indicate the ratio to the wild-type.

1564

1500 1600 1700

Wavenumber / cm”’
Figure 3. High-frequency region of the resonance Raman spectra of
ferric heme complexes of wild-type and mutants in 0.1 M phosphate
buffer, pH= 7.0. (a) Wild type. (b) T135A. (c) R136A. (d) D140A.
(e) S142A.

1400

coordinate high-spin species as is the wild-type heme complex.
The high-spin absorption spectra of the heme complexes of these
mutants exhibit pH-dependent reversible changes to the hydroxide-
bound species at alkaline pH, as seen for the wild-type complex
(see Supporting InformatioAY.The estimated g, values of the
iron-bound waters for these mutants are summarized in Table
1. While the K, value of the acid/base transition of the iron-
bound water in T135A is similar to that (7.9) of the wild-type,
those of R136A, D140A, and S142A are shifted to alkaline
region with the mutations. The mutations of R136, D140, and
S142 to alanine alter the polarities of the distal heme pockets
and the hydrogen-bonding network with the iron-bound water
in the heme pocket.

The coordination of water to the ferric heme irons of these
mutants are also supported by resonance Raman spectra. As
Ishown in Figure 3, resonance Raman spectra of the ferric heme
complexes of the mutants are similar to those of the wild-type.
The v, and v3 bands, which are distinct frequencies for five-
(1570-1575 and 14961500 cnr?l, respectively) and six-
coordinate high spin complexes (1560565 and 14751485
cm~1, respectively)81° are observed at 1562 and 1482 ¢dm
for the wild-type and the mutants, respectively. These resonance
Raman spectra are consistent with water coordination to the

(17) Takahashi, S.; Wang, J.; Rousseau, D. L.; Ishikawa, K.; Yoshida,
Host, J. R.; Ikeda-Saito, Ml. Biol. Chem1994 269, 1010-1014.
(18) Kincaid, J. R. InThe Porphyrin HandbogkAcademic Press: San
Diego, 2000; Vol. 7, pp 225291.

(19) Takahashi, S.; Wang, J.; Rousseau, D. L.; Ishikawa, K.; Yoshida,
T.; Takeuchi, N.; Ikeda-Saito, MBiochemistryl994 31, 5531-5538.
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ferric heme iron to form six-coordinate state for the mutants, 1.5 —

as established for the wild-tygé. . (@)
Autoxidation Rates of the Mutants. To investigate the effect

of the mutations on the stability of the ferrous oxy-form, we 1.0 — :

have measured the autoxidation rates of the oxy-forms of the
wild-type and the mutant heme complexes. The results are
summarized in Table 1. The autoxidation rate of the oxy-form 0.5 -
of the wild-type heme complex is found to lhgys = 1.4 x

104 s71, which is much higher than that of myoglobir 10>

s™1) or hemoglobir?! The autoxidation rate of the oxy-form of 0.0
T135A heme complex is the same as that of the wild-type heme
complex. On the other hand, the autoxidation rates of the oxy-
forms of R136A, D140A, and S142A heme complexes are
drastically increased. The autoxidation rate of the oxy-form of
D140A heme complex is about 25 times faster, and those of
R136A and S142A heme complexes are about 10 times faster
than that of the wild-type complex. Increase in the autoxidation
rate has been observed for myoglobin mutants in which the distal
histidine (His-64) is substituted with nonpolar amino acids and
for a cytochrome P450 mutant in which threonine-252 is
replaced by an alanine and have been due primarily to the
changes in the hydrogen-bonding interaction of the bound
dioxygen with distal proton&-22R136, D140, and S142 residues 0.0
appear to be involved in stabilizing the HO oxy-form. 300 400 500 600 700 800

Single Turnover HO Reactions by HO,. Previous studies Figure 4. Absorption spectral changes in the HO reactions of the wild-
have shown that HO degrades heme in the wild-type to type HO in 0.1 M phosphate buffer, pk 7.0, at 23°C. (a) With
verdohemelX with H,0,.22 The heme oxygenase reaction of hydrogen peroxide. Broken line: ferric resting state, concentration: 10

the wild-type heme complex with 40, is shown in Figure 4a. uM, dotted line: immediate after addition of 3 equiv of hydrogen
With addition of 3 equiv of HO,, heme in the wild-type is peroxide, solid line: after 5 min. (b) With cytochrome P450 reductase
e . and NADPH. Broken line: ferric resting state, concentration:u)
changed to verdohemedX which has the Soret band with ddotted line: immediate after addition of 3.5 equiv of NADPH and 0.08
12

reduced intensity around 400 nm and a broad absorption around, \; of the reductase, solid line: after 20 min

650 nm, within 5 min. To examine the HO activities of T135A,

R136A, D140A, and S142A HO-1 mutants, we have carried and 553 nm and no further spectral change is observed. Presence
out the reactions of the heme complexes of these mutants withof excess 1O, results in bleaching of the heme, and no HO
H20,. Figure 5 shows absorption spectral changes of heme reaction takes place for D140A with addition ob®. The
complexes of the mutants with addition of 3 equiv o4 As absorption spectrum of the new species is identical to that of
shown in Figure 5a, 5b, and 5d, the reactivities of T135A, an oxo ferryl species (compound 1) of HOThe formation of
R136A, and S142A with bD, are similar to those of the wild-  the oxo ferryl species by the reaction of D140A heme complex
type. With addition of 3 equiv of kD,, the Soret bands decrease yjith H,0, is further confirmed by the reproduction of the
their intensities and new absorptions appear around 650 NM.siarting heme complex by reduction of the ferryl oxo species
Within 5 min, the absorption spectra of the heme complexes \yith sodium ascorbate. All of these findings indicate that the
are changed to those of the verdohemeldomplexes. These  neme in D140A is not degraded to verdoheme byDH but
spectral changes.irydicate that T135A, R136A, and S142A retainfgms a ferryl oxo species (compound #)The mutation of

a normal HO activity toward bD.. D140 to alanine completely loses HO activity to®3.

On the other hand, the drastic effect of the mutation has been  Single Turnover HO Reactions by NADPH Reductase
found in the reaction of D140A heme complex (Figure 5c). The System.The mutations also cause drastic changes in the HO
absorption spectrum of the D140A heme complex quickly activity for the physiologically relevant NADPH-cytochrome
changes to a new one having the absorption peaks at 418, 528450 reductase system. Figure 4b shows the absorption spectral
change of the wild-type heme complex after addition of

(20) Recently, resonance Raman spectra of ferric heme complexes of _ :
human-D140 mutants have been reported by Lightning ed.aki¢l. Chem. NADPH-cytochrome P450 reductase and 3.5 equiv of NADPH

2001, 276, 10612-10619). Although they report that the water ligand was uUnder air. The wild-type heme complex immediately forms
lost from the heme iron to form five coordinated structure in human-D140A ferrous oxy-form upon addition of the reductase and NADPH,

and -D140F mutants, our resonance Raman spectra of the rat-HO-1 mutant; g then changes to biliverdintXwith the decrease in the Soret

clearly indicate that the water ligand is present on the heme iron. To further band d the i . b ti d 650 Th
investigate this inconsistency, we prepared heme complex of human-D140A. and an € Increase in an absorption aroun nm. €

The heme complex of human-D140A prepared in our group shows the HO heme in wild-type HO is completely degraded to biliverdiglX
activity similar to theirs. However, the resonance Raman spectrum of our within 20 min. Figure 6 shows the absorption Spectra| Changes

ferric heme complex of human-D140A indicates the presence of the water - .
ligand on the heme iron, like in rat-D140A (See Supporting Information). of the heme complexes of the HO mutants with addition of

Therefore, the reason for the discrepancy is not clear at present. NADPH-cytochrome P450 reductase and NADPH (3.5 equiv).

(21) (a) Brantely, R. E., Jr.; Smerdon, S. J.; Wilkinson, A. J.; Singleton, As observed for the wild type, T135A and S142A degrade heme
E. W.; Olson, L. SJ. Biol. Chem1993 268 6995-7010. (b) Springer, B.

05— |

A.; Sligar, S. G.; Olson, J. S.; Phillips, G. N., hem. Re. 1994 94, (24) To investigate the change in the fashion of the-G bond

699-714 cleavage: homolysis versus heterolysis, the reactions of ferric heme
(22) Martinis, S. A.; Atkins, W. M.; Stayton, P. S.; Sligar, S. I Am. complexes of the wild-type and D140A with cumene hydroperoxide were

Chem. Soc1989 111, 9252-9253. carried out. The HPLC analyses of the reaction products indicate that the
(23) Wilks, A. and Oritz de Montellano, P. B. Biol. Chem1993 268, ratio (3.3) of cumyl alcohol (heterolysis) over acetophenone (homolysis)

2235722362. for D140A is close to that (3.0) for the wild-type.
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Figure 5. Absorption spectral changes in the HO reactions of the HO mutants with hydrogen peroxide in 0.1 M phosphate baff@rQpbt
23°C. Broken line: ferric resting state, concentration: A\, dotted line: immediate after addition of 3 equiv of hydrogen peroxide, solid line:
after 5 min. (a) T135A. (b) R136A. (c) D140A. (d) S142A.
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Figure 6. Absorption spectral change in the HO reactions of the HO mutants with NADPH and NADPH cytochrome P450 reductase in 0.1 M
phosphate buffer, pi= 7.0, at 23°C. Broken line: ferric resting state, concentration: (2@, dotted line: immediate after addition of 3.5 equiv
of NADPH and 0.08:M of the reductase, solid line: after 20 min. (a) T135A. (b) R136A. (c) D140A. (d) S142A.

to biliverdinlXa within 20 min, indicating normal HO activity.

More drastic change is found in the HO reaction by D140A
On the other hand, heme in R136A is degraded to biliverdiflX

(Figure 6c¢). As for the wild-type enzyme, the absorption
but the reaction is much slower than the wild-type, and more spectrum of the D140A heme complex rapidly changes to its

than 30 min is required to consume 3.5 equiv of NADPH. The oxy-form with addition of 3.5 equiv of NADPH and the
absorption spectrum after consumption of 3.5 equiv of NADPH reductase. However, subsequent heme oxygenase reaction does

indicates that approximately 90% of heme is changed to not proceed effectively, and the oxy-form is accumulated in the
biliverdinlXo, and more than 3.5 equiv of NADPH is required

reaction mixture. The decrease in the absorption at 340 nm
to degrade all of heme to biliverdinkx indicates that NADPH is consumed normally, although the
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reaction does not lead to the heme degradation. The oxy-form 1564
is oxidized to the initial ferric complex by air after all of
NADPH is consumed. Finally, only 50% of heme is degraded
by the reaction. The absorption at 639 nm resulting from
verdohemelX CO complex in the spectrum suggests that the
degradation of verdohemej}Xis also slowed by the D140A
mutation. The remaining heme could be degraded to biliver-
diniXa by further addition of NADPH. All of these results
indicate that the heme oxygenase activity is drastically lowered
by the mutation of D140 to A.

Apparent Reaction Rates for Single-Turnover HO Reac-
tions. To further investigate the effects of the mutations on each
reaction step of the HO reaction, we measured apparent rates
of the reaction steps from heme complex to verdoheme complex
for the present HO mutants by a stopped-flow technique. The
changes in the absorption spectrum between 380 and 740 nm
were monitored by the stopped-flow spectrophotometry when
the ferric heme complexes of the wild-type and the mutants 1400 1500 1600 1700
was mixed with cytochrome P450 reductase and NADPH. As Wavenumber / cm
in the previous report, the reactions for the wild-type and the Figure 7. High-frequency region of the resonance Raman spectra of

mutants appear to go through two phases and can be describefffic heme complexes of wild-type and D140 mutants in 0.1 M
by the two-step model as shown in edel. phosphate buffer, pi 7.0. (a) Wild type. (b) D140E. (c) D140N. (d)
D140F.

ferric heme comple>$(—l> ferrous oxy heme comple?g we further prepared mutants by replacing D140 with glutamic

verdohemelX (1) acid (D140E), phenylalanine (D140F), and asparagine (D140N).
D140E, D140F, and D140N mutants bind heme with a 1:1 ratio
Table 1 shows the apparent reaction rates from the ferric hemeand the absorption spectra of these heme complexes are very
complex to ferrous oxy heme compleg)and from the ferrous  similar to that of the wild-type complex. The absorption spectra
oxy heme complex to verdohemieX by NADPH cytochrome of the ferric heme complexes of D140E and D140N show pH-
P450 reductase and NADPH. We have also measured thedependent reversible changes, as the wild-type heme complex.
apparent rates from the ferric heme complex to ferrous CO Ferric heme complexes of these D140 mutants exhibit far-Uv
complex by sodium ascorbatky) and the results are included CD spectra similar to those of the wild-type heme complex,
in Table 1. Since @and CO binding rates to the ferrous heme suggesting that these mutants fold and bind heme properly. The
complex are much faster than the reduction rate of ferric heme resonance Raman spectra of the ferric heme complexes of
complex to ferrous heme complékboth k; and k' values D140E, D140F, and D140N are shown in Figure 7. As observed
reflect the reduction rate of the ferric heme complex by the for D140A, these complexes exhibit the spectra typical to the
reductase and sodium ascorbate, respectively. six-coordinate high-spin ferric heme compR&xThese spectral
As expected from the single-turnover HO reaction,khand data indicate that a water molecule binds to the heme iron of
ko values for T135A and S142A are similar to those of the wild- these mutants.
type. The reaction steps of the HO reactions for T135A and  The absorption spectral changes of the heme degradation
S142A are not changed by the mutations. Howeverkivalues  reactions for D140E, D140F, and D140N are shown in Figures
of R136A and D140A are smaller and larger than that of the g and 9. As the wild-type, D140E degrades heme b@4br
wild-type, respectively. The electron transfer from the reductase NADPH and the reductase. The spectral change indicates that
is not efficient for R136A, but efficient for D140A. Interestingly,  the HO activity of D140E is almost the same to that of the
theki’ values for R136A and D140A are close to those of the \yjjg-type complex. The HO activity is retained even though
wild-type, suggesting that the mutations of R136 and D140 the carboxylate side chain at position 140 is changed from
hardly change the redox potentials of the ferric heme. As aspartate to glutamate. On the other hand, D140N heme complex

observed fork;, the kp value for R136A is also smaller than  spows reactivity similar to that of D140A heme complex. The
that for the wild-type. Thus, the ratio &f andk, for R136A is D140N heme complex quickly forms the ferryl oxo species

close to that of the wild-type (Table 1). On the other hand, while (compound I1) with addition of KO, and no heme degradation

thek, for D140A is much larger than that of the wild-type, the 5 spserved. When NADPH and the reductase are added to the
k value for D140A is similar to that of the wild-type. Therefore, 140N heme complex, the oxy-form is accumulated, as
the ratio ofky and ke for DMOA IS much sr_naller than that of  hqeryed for D140A. Although the oxy-form is accumulated,
the wild-type. Since the ratio ¢4 andk; indicates the oxygen  \aAppH is consumed as same as the wild-type. The HO activity
activation rate relative to the iron reduction rate, these results of D14ON is not as low as that of D140A and approximately

suggest that the D140 side chain is involved in the oxygen 70% of heme are finally degraded by 3.5 equiv of NADPH.
activation process of HO reaction but the T135, R136, and 5142Interestingly, D140F loses heme degradation activity both for
side chains are not. _ _ H,0, and NADPH reductase system. Like D140A and D140N,
Carboxylate Functionality of D140 residue on HO Activ- the D140F heme complex forms a ferryl oxo species with
ity. To investigate the carboxylate functionality at position 140, 4qgition of HO,, and no heme degradation occurs. Furthermore,
— - - - - - _ the oxy-form is immediately produced when NADPH and the
Fuﬁ?ﬁ,_ﬁ"%ﬁ‘ﬁmﬁh;; TM ;agﬁgﬁ',wifgﬁd‘;; %Ifeéﬁ[_sgﬁgh'\fggglggg’ I reductase are added to the D140F heme complex, but no further
945-949. heme degradation is observed. About 90% of starting ferric
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Figure 8. Absorption spectral changes in the HO reactions by D140 300 400 500 600 700 800
mutants with hydrogen peroxide in 0.1 M phosphate buffer=H0, Figure 9. Absorption spectral changes in the HO reactions by D140

at 23°C. Broken line: ferric resting state, concentration: /A0, dotted mutants with NADPH and NADPH cytochrome P450 reductase in 0.1

line: immediate after addition o_f 3 equiv of hydrogen peroxide for phosphate buffer, pH= 7.0, at 23°C. Broken line: ferric resting

D140E and D140N and 10 equiv of hydrogen peroxide for D140F, giate concentration: 1M, dotted line: immediate after addition of

solid line: after 5 min. (a) D140E. (b) D140N. (c) D140F. 3.5 equiv of NADPH and 0.08M of the reductase, solid line: after
20 min. (a) D140E. (b) D140N. (c) D140F.

the electronic state of the heme in D140A are similar to those
of the wild-type complex.

Structural similarity between D140A and the wild-type has
een observed for the ferrous heme complex. The resonance
Raman spectrum shows that the irdmistidine-stretching mode
of ferrous deoxy complex of D140A is observed at 214 &m
which is close to that (218 cm) for the wild-type deoxy

heme complex is recovered after consumption of NADPH. Ten
percent of heme in D140F would be decomposed nonenzymati-
cally in the reaction. NADPH would be consumed by the

reduction of the ferric complex of D140F formed by the b
autoxidation of the oxy-form, as the case of D140A and D140N.
Heme degradation activity is lowered with increase in the size
of side chain of D140. All of the present findings clearly

demonstrate a crucial role of the carboxylate anion at position complext” The resonance Raman spectrum of ferrous CO form
140 in HO a_ct|v_|ty. of the D140A heme complex also resembles that of the wild-
Characterization of D140A Mutant Heme ComplexesTo type CO complex. The FeCO and G-O stretching bands and

investigate the active-site structure of the heme complex of o Fa-cO bending band are observed at 502, 1962, and 570
D140A,*H NMR spectrum of the cyanide form of D140Aheme 11 respectively. These are close to those (503, 1958, and

complex was examined. As in the previous report, two sets of 574 cnt?) of the wild-typel® We have examined resonance

heme methyl proton signals are observed for both wild-type gaman spectrum of the oxy-form of D140A complex, but could
and D140A heme complexes. These two sets of signals are,: ohserve the spectrum because of low stability.

interpreted by the rotational disorder of heme in HO around its 14 active-site structure of the D140A heme complex is
—y axis26 i i -

a—v axis>The chemical shifts of the heme methyl signals for ¢ ther investigated by EPR spectroscopy. The EPR spectrum

the D140A heme complex are close to those of the wild-type o the D140A heme complex exhibits a typical ferric high-spin

heme complex, suggesting that the coordination structure andspectrum, but it is a mixture of axial-type spectrumz0%)

(26) Herrimdez, G.; Wilks, A.; Paolesse, R.; Smith, K. M.; Ortiz de  and rhombic-type.spectrumeo%), suggesting the equilibrium
Montellano, P. R.; La Mar, G. NBiochemistryl994 33, 6631-6641. of two conformations at low temperatures.
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Discussion D140A suggest that the oxy-form is accumulated in the
o reaction,and this is confirmed by the stopped-flow experiments.

Heme Oxygenase Activities of the HO MutantsWe have | contrast to R136A, thky value for D140A is increased with
mutated polar amino acid residues, T135, R136, D140, and the mutation. This is not due to the increase in the reduction
S142, in the distal helix of HO-1 to nonpolar alanine. All mutant potential of ferric heme in D140A since the' is decreased
proteins examined in this study are folded properly and bind yjth the mutation. The increase in tlke value would result
heme normally. The single-turnover HO reactions and the fom efficient electron transfer from the reductase, probably due
stopped flow measurements clearly show that T135 and S142t5 high affinity of D140A to the reductase. Although thevalue
residues are not essential to the HO reaction. is drastically increased with the D140A mutation, thevalue

R136A degrades heme normally with®}, but slowly with is not increased at the same fraction, leading to the decrease in
NADPH and NADPH-cytochrome P450 reductase. The stopped the ratio of thek; andk, values. This results in the accumulation
flow results show that the slow HO catalytic reaction for the of the oxy-form, as observed. The drastic decrease in the ratio
reductase system results from the decrease inkihend k, of the k; andk; for D140A indicates that the reaction process
values. Since @binding rate to the ferrous heme complex is from the ferrous oxy complex to verdohemeiXs hampered
much faster than the reduction rate of the ferric heme complex by the D140-to-A mutation. The electron from the reductase
to ferrous heme complex, the decrease inkhelue for R136A would be consumed with the re-reduction of the ferric heme
is due to the slow reduction of the ferric heme to ferrous heme formed from the autoxidation of the oxy-form. Thus, large
by the reductase. The slow reduction of the ferric heme complex excess of NADPH is required to convert all of heme in D140A
for R136A would come from the low affinity of R136A to the  to biliverdin.

reductase rather than the decrease in the reduction potential of Functionality of Distal Hydrogen-Bonding Network through
the ferric heme, because tig value for R136A is slightly D140 Residue.The present mutations of polar amino acid
larger than that of the wild-type. This is consistent with the residues in the distal helix clearly demonstrate the intrinsic
slow consumption of NADPH for R136A. With rapid autoxi-  function of the carboxylate anion of D140. The present findings
dation, the oxy-form formed during the HO reaction is oxidized for D140 mutants would be explained by an oxygen activation
to the ferric complex before reduction to a hydroperoxide mechanism proposed in Figure 10. We have modeled a bound
complex by the electron from the reductase. The electron from dioxygen into the crystal structure of the ferric hent¢O
NADPH would be consumed to re-reduce the ferric complex complex!® Although the D140 side chain is not close enough
to the oxy-form. Therefore, more than 3.5 equiv of NADPH is  to a modeled heme-bound dioxygen to interact with it directly,
required to degrade a molecule of heme to biliverdmlIX its side chain allows interaction with the bound dioxygen via a
Although overall HO reaction for R136A is slower than that of bridging water molecule that is found in the distal pocket on
the wild-type, the rate of the oxygen activation procesy i§ the crystal structure (Figure 2 For example, the oxygen atom
not changed by the R136-to-A mutation. This is supported of the bridging water is found at 2.78 and 2.76 A away from
by the finding that the ratio ok; andk; for R136A is close  the D140 side chain and 2.70 and 3.15 A far from the carbonyl
to that for the wild-type; thex; andk, are both decreased at  oxygen of T135 main chain in molecule A and B, respectively.
the same fraction with the mutation. The present results show Furthermore, another water molecule is placed in the hydrogen-
that, as well as the T135 and S142 residues, the R136 residueéhonding distance from this water. The hydrogen-bonding
is not involved in the activation of the iron-bound oxygen interaction of the bound dioxygen has been shown by our
directly but is important for the electron transfer from the previous EPR results of cobalt-substituted oxy-B$OThis
reductase. hydrogen-bonding network stabilizes the bound dioxygen against
On the other hand, the mutation of D140 to alanine causes autoxidation and also allows the bridging water to donate a
drastic changes in the HO activity. D140A cannot degrade hemeproton to the bound dioxygen. Thus, the oxy-form of the wild-
but forms an oxo ferryl species with,8,. The same result has  type complex is efficiently reduced to a hydroperoxide inter-
been observed for D140N and D140F. These results indicatemediate, which further oxidizes-meso carbon to form-meso-
that the hydroperoxide complex formed in the D140 mutants hydroxyheme. However, when D140 is mutated to A, N, or F,
cleaves its @-O bond before reacting with the heme normally. the bridging water moves its position due to the loss of the
The formation of the oxo ferryl species with,8; has been hydrogen-bond interaction with D140 side chain and the change
also reported for G139L, G139F, and G139D mutants and in the polarity in the distal pocket. Therefore, the proton donation
explained by the steric effect of the amino acid residue from the bridging water would be unfavorable and would only
introduced at position 139.However, this is not the case for happen slowly. The loss of the hydrogen bond with the bound
D140A because G139A degrades heme normally and D140dioxygen leads to increase in the autoxidation rate of D140A
residue is located much farther than G139 residue from the and to decrease in the reduction rate of the bound dioxygen to
heme. Furthermore, the D140E, having a longer side chain athydroperoxide. This idea is supported by the present finding
position 140 than D140A, retains normal HO activity. Thus, that the HO activity is decreased with increase in the hydro-
the present results including D140N and D140F clearly indicate phobicity of the D140 side chain, # A > N. The hydrogen-
the functionality of the carboxylate at position 140 to activate bonding network in the distal side would be disrupted partially
iron-bound hydroperoxide properly. The details of the function for D140A and D140N and completely for D140F.
of the carboxylate will be discussed in the next section. The hydrogen-bonding effects of the bridging water would
D140A also changes the HO reaction mediated by NADPH- also explain the altered reactions of D140A, D140N, and D140F
cytochrome P450 reductase. The single turnover HO reactionWith Hz02. H>0; binds ferric heme iron to form a hydroperoxide
shows that D140A degrades only 50% of heme with 3.5 equiv intermediate. The iron-bound hydroperoxide would be fixed at

of NADPH. The absorption spectra of the HO reaction for the position suitable to oxidize the-meso carbon by the
hydrogen-bonding interaction with the bridging water, as the

(27) Liu, Y.; Lightning, L. K.; Huang, H.-W.; Moene-Loccoz, P.;
Schuller, D. J.; Poulos, T. L.; Loehr, T. M.; Oritz de Montellano, PJR. (28) Fuijii, H.; Dou, Y.; Zhou, H.; Yoshida, T.; Ikeda-Saito, M. Am.
Biol. Chem.200Q 275 34501-34507, Chem. Soc1998 120, 8251-8252.
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Figure 10. Schematic view of proposed mechanisms for the oxygen activation in HO and cytochrome P450. (a) HO, (b) cytochrome P450CAM.

case of the reduction of the oxy-form. Since the formation of positions to those of T252 and D251 in cytochrome P450-CAM,
the oxo ferryl species does not lead to the heme degradation respectively. However, D140 carboxylate side chain interacts
the hydrogen-bonding interaction with the bridging water would with the bridging water, and the T135 alcohol residue in HO
stabilize the hydroperoxide not to break the-O bond. The  directs opposite to the heme pocket. Thus, it is quite reasonable
hydrogen-bond interaction of D140 with the bridging water that the mutation of T135 to alanine for HO does not affect
would decrease its acidity, which suppresses the formation of heme degradation activity, while the drastic change in the
the oxo ferryl species. On the other hand, the bound hydrop- enzyme activity is observed by the mutation of T252 to alanine
eroxides in the D140A, D140N, and D140F are not fixed at the for cytochrome P450-CAM.

proper position due to the loss of the hydrogen-bonding
interaction with the bridging water. Thus, the-© bond of
the bound hydroperoxide is cleaved with the aid of the proton
donation from a free water before the oxidation of theneso
;:;r:}a;gpt:;ee;place, which results in the formation of the oxo the peroxide formed by the reduction of the bound dioxygéh,

The hydrogen-bonding network proposed for HO in Figure but in HO it does not. This difference would result from the
10 is contrasted to that for cytochrome P450-CAM. The number of hydrogen bonds to the iron-bound dioxygen and the

mutations of polar amino acids in the active site of cytochrome acidity of the bridging water. In cytochrome P450, the bound
P450-CAM showed two functional key amino acids, threonine dioxygen interacts both with the protons of T252 side chain
(T)-252 and aspartic acid (D)-251, to carry out the proton and the bridging water (Figure 10b). The double hydrogen bonds
donation!12%-31 T252 side chain has been proposed to form a would enhance the heterolytic-@ bond cleavage of the iron-
hydrogen bond to the iron-bound oxygen moigtgnd D251 bound peroxide due to the favorable structure for the elimination
side chain has been thought to function as a carboxylate switchas a water molecule. Furthermore, the acidity of the bridging
between solvent accessible residue and catalytic water mol-water is increased with the interaction of amide N; the acidic
ecules®®3° The recent crystallographic study of the oxy-form water also assists the-@D bond cleavage through acid catalysis.
demonstrates the hydrogen bonds of the iron-bound dioxygenThe double hydrogen-bond interactions of the iron-bound
with T252 side chain and a water molecule that interacts with hydroperoxide with the T252 residue and the acidic water result
amido N-H of D251, not with D251 carboxylate side chain in the formation of high-valent iron oxo species, an active
(Figure 10b)? D251 side chain, rather, directs opposite to the species of substrate oxygenation by P450. On the other hand,
heme active site. In HO, T135, and D140 are placed at similar the bound dioxygen in HO interacts only with the bridging

(29) Imai, M.; Shimada, H.; Watanabe, Y.; Matsushima-Hibiya, Y.; Water, and the bridging water is lowered its acidity by the

The function of the hydrogen bonds of the bound oxygen
molecule in HO is also contrasted to that in cytochrome P450.
The hydrogen-bond interaction of the bound dioxygen in
cytochrome P450 assists a heterolytie O bond cleavage of

Makino, R.; Koga, H.; Horiuchi, T.; Ishimura, YProc. Natl. Acad. Sci. interactions with D140 carboxylate side chain (Figure 10a).
U.S.A.1989 86, 7823-7827. . Although this hydrogen bond assists to reduce the iron-bound
(30) Gerber, N. C.; Sliger, S. @. Biol. Chem1994 269 4260-4266. dioxygen to peroxide, it does not lead to the-O bond cleavage

(b) Gerber, N. C.; Sliger, S. G. Am. Chem. S0d992 114, 8742-8743. yg p , . g
(31) Vidakovic, M.; Sligar, S. G.; Li, H.; Poulos, T. LBiochemistry of the peroxide due to the single hydrogen bond and lower
1998 37, 9211-9219. acidity of the bridging water. This single hydrogen bond in HO

2) Schiichting, I.; B ; Chu, K.; Stock, A. M.; M . " )
A'.(?ée)nzgn g, S\;Ve;regldﬁr."%r;gg . ﬁetsstfg C A ’S“gg\r'e;’. 2 would rather stabilize the bound hydroperoxide, not to break

Science200Q 287, 1615-1622. the O-O bond before the meso oxidation, and allows the
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oxidization of thea-meso carbon by the terminal oxygen of Supporting Information Available: Absorption spectra of
the bound hydroperoxide to form-meso hydroxyheme. ferric heme complexes of HO-1 mutants in 0.1 M phosphate
) buffer between pH 6 and 10 (Figure S1), resonance Raman
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