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ABSTRACT: Heme oxygenase regiospecifically oxidizes heme atothmesoposition to give biliverdin

IXa, CO, and iron. The heme orientation within the active site, which is thought to determine the oxidation
regiospecificity, is shown here for the human enzyme (hHO1) to be largely determined by interactions
between the heme carboxylic acid groups and residues Arg183 and Lys18 but not Tyr134. Mutation of
either Arg183 or Lys18 individually does not significantly alter the NADPH-cytochrome P450 reductase-
dependent reaction regiochemistry but partially shifts the oxidation t6/thmesagpositions in the reaction
supported by ascorbic acid. Mutation of Glu29 to a lysine, which places a positive charge where it can
interact with a heme carboxyl if the heme rotates8§0°, causes a slight loss of regiospecificity but
combined with the R183E and K18E mutations results primarif§/érmesooxidation of the heme under

all conditions. NMR analysis of heme binding to the triple K18E/E29K/R183E mutant confirms rotation
of the heme in the active site. Kinetic studies demonstrate that mutations of Arg183 greatly impair the
rate of the P450 reductase-dependent reaction, in accord with the earlier finding that Arg183 is involved
in binding of the reductase to hHO1, but have little effect on the ascorbate reaction. Mutations of Asp140
and Tyr58 that disrupt the active site hydrogen bonding network impair catalytic rates but do not influence
the oxidation regiochemistry. The results indicate both that the oxidation regiochemistry is largely controlled
by ionic interactions of the heme propionic acid groups with the protein and that shifts in regiospecificity
involve rotation of the heme about an axis perpendicular to the heme plane.

Heme oxygenase is a microsomal enzyme that catalyzesunclear (5, 16). The two major isoforms differ not only in
the oxidation of hemieto biliverdin IXa, carbon monoxide,  primary sequence but also in organ distribution. Thus, HO1
and free iron. Biliverdin is subsequently reduced to bilirubin is primarily localized within the liver and spleen and can be
IXa, glucuronidated, and excreted in the bile 2). Heme induced by a wide variety of stimuli, including UV, heavy
oxygenases modulate diverse biological functions through metals, and hyperoxid{, 18). One common characteristic
the action of one or more of their heme degradation products,of most of these stimuli is their ability to cause oxidative
including angiogenesis3( 4), antiinflammation $, 6), and stress. Characterization of human HO1 has been greatly
anti-apoptosis 1—9). Both biliverdin and bilirubin are  facilitated by expression ifEscherichia coliof a water-
potential antioxidants 10), while carbon monoxide is a  soluble but fully active truncated form (amino acids265,
gaseous signaling molecule akin to nitric oxidé{13). The denoted as hHO1) that lacks the 23 C-terminal amino acids
free iron is reutilized and is the major source of this metal (19). HO2 exists predominantly in the brain and testis and
in the body (4), so that heme oxygenase is important for may be involved in CO signaling pathwaysl( 20). It has
maintaining iron homeostasis. also recently been reported to function as an oxygen sensor

Three isoforms of heme oxygenase, HO1, HO2, and HO3, for a calcium-sensitive potassium channel in carotid cells
have been reported in humans, although the catalytic activity (21).

of HO3 is very low and its physiological role, if any, remains The oxidation of heme by heme oxygenases is a multistep

reaction (Figure 1). First, heme is hydroxylatedotanese
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Ficure 1: Oxidation of heme by heme oxygenases. Bhé, v,
and 6-mesopositions are labeled.

conditions with ascorbic acid, a process that is termed
coupled oxidationZ3). Under these conditions, the heme is
oxidized at approximately the same rate at all of its four
mesopositions, resulting in the formation of an approxi-
mately equimolar mixture of the four biliverdin isomers ¢iX
IXB, IXy, and 1X5). The oxidation of heme by heme

oxygenase can also be supported by ascorbic acid in the

Wang et al.
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FicUrReE 2: Active site structure of the human hemeHO-1

absence of cytochrome P450 reductase, but in this systemtomplex with bound NO (PDB accession code 10ZW, ref 29),

the oxidation only occurs at the-mesocarbon, just as it

showing (A) interaction of hHHO1 with the heme propionate groups;

does in the normal reaction supported by cytochrome P450(B) distal hydrogen bonding network.

reductase (Figure 1). The product in this instance is
exclusively biliverdin X
In the crystal structure of the complex of hHO1 with heme

controlling the regiospecificity. Asp140 on the distal helix
of human HO1 forms a hydrogen bond through a water

(24, 25), the heme is sandwiched between two helices, one molecule with the distal oxygen of the Fe(HQOH. The

of which is termed the “proximal” helix and the other is
termed the “distal” helix. The proximal helix contains the
axial iron ligand, His25, whereas the distal ligand is a water
molecule. The binding site for Oas well as the site of

crystal structure of the Fe(ll)-NO hHO1 complex, in which
NO mimics oxygen binding, clearly shows that the distal
hydrogen bonding network includes Asp140, Tyr58, Thr135,
and Arg136 29, 30) (Figure 2B). This network has been

catalysis is the pocket above the heme defined by the distalproposed to stabilize the Fe(HQOH reactive specie29—

helix. Analysis of the currently available structures of
complexes of various ligands with hemleHO1 suggest that

32).
A number of bacterial heme oxygenases have been

steric interactions between the distal helix and heme-boundcharacterized, including HmuO froi@. diphtheriae(33),

dioxygen promote oxidation at the-meso carbon. In

HemO fromNeisseria meningitide§34), PigA and BphO

addition, the structure of a dioxygen-bound heme oxygenasefrom Pseudomonas aeruginogas, 36), and HemS from

from Corynebacterium diphtheriademonstrates that steric
constraints direct the dioxygen ligand toward tfteneso
carbon 26). Nevertheless, it is remarkable that a substituent
on thea-mesocarbon can alter the reaction regiospecificity
(27, 28). Although a-mesemethylheme is still exclusively
cleaved at thex-mesocarbon despite the presence of the
substituent on the same carbom;meseformylheme is
oxidized only at the nonsubstitut@desopositions. The fact
that methyl and formyl groups differentially direct the

Yersinia enterocolitica(37). Like the mammalian heme
oxygenases, all of these enzymes, except for PigA, oxidize
heme exclusively at the-mesoposition. However, PigA,
which has 37% amino acid sequence identity with HemO,
oxidizes heme to biliverdin 1X (70%) and IX5 (30%) @35,

38). This novel d/p-regiospecificity of PigA is due to an
unusual seating of the heme in which it is rotatecN0C®
counterclockwise relative to its position in other heme
oxygenases. This rotation places thenesocarbon in the

reaction regiospecificity suggests that electronic factors may position normally occupied by the-mesocarbon 89).

contribute to control of the regiospecificity.
Direct interactions between the protein and the active
oxidizing species, Fe(IlfPOH, may also play a role in

Furthermore, a 180flip of the heme about thet,y-meso
axis places thg-mesocarbon at the same position. NMR
data clearly demonstrate that this 18l of the heme can
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occur even in mammalian HO, but it has no consequencesampicillin resistance, and the mutations were then confirmed
on the regiospecificity of the reaction so long as it occurs at by sequencing. Plasmids were extracted using a QlAprep
the a-meso carbon 40). Disruption of the interactions  spin miniprep kit. Purification of the enzyme and reconstitu-
between the heme propionate groups and heme oxygenaséon with heme were performed by published proceduds (

by mutagenesis can alter the regiospecificity of the PigA The heme oxygenase concentration was determined from the
reaction to favor the formation adi-biliverdin (41). The extinction coefficient (140 mM cm™Y) at the Soret absorp-
interactions of the heme propionate groups with the protein tion maximum. Human NADPH-cytochrome P450 reductase
thus appear to play an important role in correct alignment (45) and rat biliverdin reductase4§) were purified as

of the heme. reported. SOD and catalase were from Sigma-Aldrich (St.

In human HO1, three amino acids (Arg183, Lys18, and Louis, MO).
Tyr134) interact via hydrogen bonds with the heme pro- UV—Visible Spectra of HemehHO1 in the Ferric,
pionate groups (Figure 2A). In previous work, we have Ferrous, and Ferrous-CO StateSodium dithionite powder
demonstrated that mutation of Arg183 to a glutamic acid Was added to a heméHO1 solution after purging with
(42) does not alter thex-regiospecificity of the normal ~ argon to generate ferrous hHO1. The CO-ferrous hHO1
reaction supported by cytochrome P450 reductase. Howevercomplex was generated by passing CO gas through the
in the coupled oxidation reaction supported by ascorbate, ferrous hHO1 solution. All spectra were performed on a
up to 20% biliverdin X6 and a trace of 1§ were produced ~ Hewlett-Packard 8452A Diode Array spectrophotometer in
(42). Here we have mutated Arg183, Lys18, and Tyr134 in 0.1 M potassium phosphate buffer (pH 7.4) at room
efforts to completely remove the interactions between the temperature<25 °C). Since all the reactions in this study
protein and the propionate groups that anchor the heme.were carried out in 0.1 M potassium phosphate buffer (pH
Furthermore, if the heme were to rotate to an orientation = 7.4), this buffer is referred to as the standard buffer.
that would place thé- or S-mesacarbon at the site originally HPLC Analysis of Bilierdin Isomers A solution of
occupied by the--mesocarbon, one of its propionate groups heme-hHO1 (10 nmol), cytochrome P450 reductase (1
would be located close to Glu29. We have therefore also mol), and NADPH (0.8umol) in standard buffer was
mutated Glu29 to a Lys to introduce a stabilizing rather than incubated fo 3 h atroom temperature. The reaction volume
repulsive interaction and thus to favor rotation of the heme Was 50QuL. To extract the biliverdin products, one drop of
(Figure 2). Finally, to evaluate the contribution of the distal hydrochloric acid (37%) plus a few drops of acetic acid were
hydrogen bonding network to control of the regiospecificity, added before extracting the reaction mixture with Q0
we have mutated Asp140 and Tyr58 to disrupt this network. of CH:Cl>. The organic phase was washed with 3Q00f
Analysis of the oxidation regiochemistry and catalytic rates Water and was then evaporated under a stream of air. The
of these mutants in the reactions supported by both cyto- resulting residue was dissolved in 500 of methanol (5%
chrome P450 reductase and ascorbate, in conjunction withH2SO: v/v) and was maintained at“C for at least 16 h in
NMR analysis of the heme seating in a triple mutant with the dark. The dimethy! esterified biliverdins were extracted
almost completely altered regiochemistry, clarifies the With 200uL of CHCIs. The organic phase was washed with
determinants of the regiospecificity of human heme oxy- Water and was then evaporated to dryness under a stream of

genase. air. The residue was dissolved in 70% methanol for further
analysis.
EXPERIMENTAL PROCEDURES Coupled oxidations were carried out by incubating heme
hHO1 (10 nmol) with sodium ascorbate (4.5 mg) in standard
Materials. Ampicillin, sodium ascorbate, isopropgto- buffer for 3 h atroom temperature. Some reactions were

thiogalactopyranoside, adenosine, riboflavin, hemin, 2,5- performed in the presence of 150 units of catalase and SOD.
AMP, deferoxamine mesylate, and NADPH were purchased The reaction volume was 5Q@.. The biliverdin products
from Slgma or Aldrich (St LOUiS, MO) Sodium dithionite were extracted as described above.
was from Mallinckrodt Baker, Inc. (Phillipsburg, NJ) and  The biliverdin dimethyl esters were loaded onto a YMC
methanol (HPLC grade) was from Fisher Scientific. Qua- ODS-AQ column (S-5, 120 A, 4.6 250 mm). Solvents A
ternary ammonium cellulose (QA52) was purchased from and B were water and methanol, respectively. The HPLC
Whatman International Ltd. (England). Hydroxyapatite Bio- running conditions were as follows: flow rate, 1.0 mL/min;
Gel HTP Gel was obtained from Bio-Rad Laboratories 309 B for 5 min, 36-70% B in 0.1 min, 76-95% B in 25
(Hercules, CA). The QIAprep Spin Miniprep Kit was from  min, 95% B for 7 min, 95-30% B in 1 min, and finally
QIAGEN Sciences (Valencia, CA). The Quikchange site- 300 B for 20 min. The eluent was monitored at 375 nm
directed mutagenesis kit and Déiompetent cells were  and was referenced against the absorption at 598 nm. The
purchased from Stratagene (La Jolla, CA). The YMC ODS- standards of the biliverdin dimethyl esters were prepared as
AQ column (S-5, 120 A, 4.6« 250 mm) was from Waters  published elsewheret®). The ratio of biliverdin isomers
Corporation (Milford, MA). produced was calculated from the areas of the corresponding
EnzymesTruncated human heme oxygenase-1 (hHO1) peaks in the HPLC traces.
lacking the 23 C-terminal residues was used in these studies. Bilirubin Formation in the Presence of Bilerdin Reduc-
Mutations in this protein were generated with the Quikchange tase.The activity assays were performed in triplicate at room
site-directed mutagenesis kit. The required oligonucleotidestemperature in standard buffer. Each assay (@0pcon-
were synthesized by Life Technologies, Inc., through the Cell tained 5uM hHO1, 30uM heme, 4uM biliverdin reductase,
Culture Facility of the University of California, San Fran- 2 mM deferoxamine, 50&M NADPH, and either 1uM
cisco. Bacterial transformation was carried out by a standard NADPH-cytochrome P450 reductase or 10 mM sodium
procedure 43). Transformants were initially screened by ascorbate. The initial rate of bilirubin formation was moni-
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Table 1: Soret Absorption of Wild-Type and Mutant hHOL1 in the Table 2: Regiospecificity of Wild-Type and Mutant hHOL1 in the
Ferric, Ferrous, and Ferrous-CO States Reaction Supported by Cytochrome P450 Reduétase
enzyme Fe(ll) Fe(ll) Fe(ll)-CO biliverdin isomers (%)
wild-type 204 430 418 enzyme hHO1+ P450 reductas¢ NADPH
Y58A 404 430 420 a p 0
Y58F 404 428 420 wild-type 100
D140A 404 430 420 D140A 100
D140H 412 426 420 D140H 81.8+ 6.7 9.3+ 1.0 8.9+ 6.6
D140K 408 426 420 D140K 96.5+ 0.4 1.2+0.1 23+ 04
D140AY58A 406 430 420 Y58F 100
K18A 406 430 420 Y58A 100
K18E 404 428 418 Y58A/D140A 100
E29K 404 424 418 K18A 100
R183A 404 430 418 K18E 100
R183E 404 430 418 E29KP 98.9+ 0.5 0.6+ 0.3
Y134F 406 430 418 R183A 100
K18A/R183E 404 430 418 R183E 100
Y134F/R183E 404 428 418 Y134F 100
K18A/Y134F/R183E 402 428 418 Y134F/R183E 96.@: 0.1 4.0+ 0.6
K18E/R183E 404 430 418 K18A/R183E 84.3t 3 1.7+15 14.0+ 2.6
K18E/E29K/R183E 404 430 418 K18E/R183E 48.5- 2.6 51.5+2.6
2 Referenced2. K18A/Y134F/R183E  85.3 6.4 0.7+ 1.2 13.7+ 4.7

K18E/E29K/R183E 16.x1.2 7.3£0.3 76.4£ 0.9

. . . a All experiments were repeated at least three tifi€&29K mutant
tored at 468 nm and calculated using an extinction coefficient g0 generated 0% 0.3% of biliverdin IXy, which was not observed

of 43.5 mM*tcm™. for the other mutants. Referencet2.

NMR Analysis The protoheme (PH) complex of hHO1
K1BE/E29K/R183E i 0 was exchanged 1,0, 57 mM absorption at 412 nm. Resonance Raman spectroscopy
KP; pD = 7.23, 13 mM KCN using a Sephadex G-25

. ) studies of the D140H mutant have shown that His140
co!umn. The_ resulting _solufuon was concentrat_ed t°/2'7'0 . replaces the distal water ligand and becomes the sixth ligand
using an Amicon ultrafiltration cell, and placed in a Shigemi to the heme iron atonvé)
tube before the NMR measurements. The final protein ) o ) ) . )
concentration was 1 mMH NMR data were collected ona _Regiospecificity of hHO1 with Modified Heme Seating
Bruker AVANCE 600 spectrometer operating at 600.16 'Ntéractions.To facilitate isolation and identification of the
MHz. Reference spectra were collected?#,O over the biliverdin isomers, they were first dimethyl esterified. The
temperature range of 30 °C at a repetition rate of 14 ~ HPLC conditions employed in this study readily separate
using a standard one-pulse sequence with saturation of thehe four biliverdin dimethyl esters. In the reaction supported
water solvent signal. Chemical shifts are referenced to 2,2- by cytochrome P450 reductase (termed the normal reaction),
dimethyl-2-silapentane-5-sulfonate (DSS) through the water Wild-type hHO1 exclusively produces biliverdin éX(Figure
resonance calibrated at each temperature. Nonselective spin 3, Table 2). The single mutations K18A, K18E, R183A, and
lattice relaxation rates were estimatedfyO at 12-30 °C Y134F have no discernible effect on thisregiospecificity.
from the null point of a hard-pulse inversienecovery pulse ~ Combining two of the mutations in the K18A/R183E double
sequence. NOESY specti7} (mixing time 40 ms; 13-25 mutant results in production of 8423 3% of biliverdin 1Xa,
°C) and Clean-TOCSY spectrum8) (spin-lock duration 14.0+ 2.6% of biliverdin 1X5, and 1.7+ 1.5% of biliverdin
25 ms; 25°C) using MLEV-17 @9) were recorded over a  IXf. Simultaneous mutation of the positively charged Lys18
bandwidth of 22-65 kHz (NOESY) and 12.5 kHz (TOCSY) and Arg183 to negatively charged Glu residues results in
with a recycle rate of £2 s1, using 512 t1 blocks of 224 equal production of biliverdin D& and 1Xd, with no 1Xj3
456 scans, each consisting of 2048 or 4096 t2 points. Two-isomer being detected. However, in another double mutant,
dimensional data sets were processed using Bruker XWIN Y134F/R183E, the regiospecificity is only slightly altered,
software on a PC running the Hummingbird Exceed X yielding 96.0+ 0.1% of biliverdin IXa and 4.0+ 0.6% of
Window emulator. The processing consisted of 30 d-45 hiliverdin IXd. This clearly suggests that Lys18 and Arg183
sine-squared-bell apodization in both dimensions, and zero-are the more important residues for proper seating of the

fill to 2048 x 2048 or 4096x 2048 data points, prior to  heme. Tyrl34 plays a minor role even though it forms a
Fourier transformation. hydrogen bond with one of the heme propionate groups. As
might be expected from these results, the triple mutant K18A/
RESULTS Y134F/R183E gives results very similar to those of the
UV—Visible Spectra of Wild-Type and Mutant Heme  double K18A/R183E mutant. Interestingly, the E29K mutant
hHO1 ComplexesWild-type heme-hHO1 complex in the ~ can oxidize heme at not only the but also thed andy
ferric state has a Soret absorption at 404 nm. The absorptionpositions, even though only traces of biliverdimiénd IXo
red-shifts to 430 nm in the ferrous state and to 418 nm in were observed~0.5%). In comparison with the K18E/
the ferrous-CO complex. Most of the mutants have similar R183E mutant, the triple KI8E/E29K/R183E mutant sig-
Soret absorptions with shifts of less than 4 nm, suggesting nificantly increases the production of biliverdindand X3
that the mutations have an insignificant effect on the heme to 76.4+ 0.9% and 7.3t 0.3%, respectively, and decreases
environment (Table 1). The biggest change is observed forbiliverdin IXa formation to 16.3+ 1.2%. No IXy isomer
the D140H mutant in the ferric state, which has a Soret was observed.
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Ficure 4: Regiospecificity of mutant hHO1 involved in unseating
Wild-type hHO1 cleaves heme only at themesaocarbon heme. HPLC analysis of biliverdin dimethyl esters isolated from
. L L the reactions supported by sodium ascorbate in the absence of
in the coqpled omda@tlo'n process. In coupleq OX|de}t!o_n, all superoxide dismutase and catalase.
the mutations had similar effects on the regiospecificity of
the reaction as was observed in the normal reaction, excepiof the K18E/E29K/R183E triple mutant, cleavage at the
to a greater degree (Figure 4, Table 3). The single mutants,a-mesocarbon becomes a very minor process relative to
K18A, Y134F, and R183A only had small effects on the cleavage at thé- and g-positions. As already noted, the
regiospecificity, with biliverdin X representing>95% of overall results are consistent with those obtained for the
the products in all cases. Mutation of the positively charged normal reaction except that the effects of the mutations on
Lys18 to a negatively charged Glu produced 9+.6.7% regiospecificity are amplified in the reactions under coupled
of biliverdin 1Xa, 1.2+ 0.2% of X3, and 7.2+ 4.7% of oxidation conditions.
IX 6. Coupled oxidation of heme by the single E29K mutant ~ Our previous study of the R183E mutant suggested that
occurs at all the foumesocarbons, yielding 83.8 0.8% hydrogen peroxide contributes to the generation of biliverdin
biliverdin 1Xa, 6.7 + 0.4% 1X3, 8.4+ 0.3% IX6 and 1+ IX3 and IXd isomers in the coupled oxidation reactict).
0.1% IXy. A greater shift in regiospecificity is observed with  Therefore, for the mutants that produce significant amounts
the Y134F/R183E double mutant, which produces 78.3  of biliverdin IX$ and IXd, the reactions were also carried
6.4% of biliverdin IXa and 25.04+ 5.3% of biliverdin 1X9, out in the presence of catalase and SOD (Table 3). SOD
and for the K18A/R183E double mutant and the K18A/ and catalase were only found to modestly alter the re-
Y134F/R183E triple mutant, which generates approximately giospecificity of two single mutants, E29K and K18E. In
equal amounts of biliverdin IX and biliverdin 1X5. Even the case of E29K, the formation of both biliverdingXnd
greater change is seen with the K18E/R183E double mutant,IX d was reduced 3-fold and no biliverdin }X¥vas observed.
which increases biliverdin 1Xto 76.9+ 3.6% and decreases For the K18E mutant, biliverdin IX formation was de-
biliverdin IXa to 20.5+ 3.7%. Combination of this latter creased at least 2-fold, but no significant effects were
double mutation with an E29K mutation significantly observed on the formation of biliverdin &Xand 1X5.
increases biliverdin 18 to 12.9+ 3.9% while decreasing Regiospecificity of hHO1 with Mutants that Disrupt the
biliverdin IXa to 8.0+ 2.7%. Thus, in coupled oxidation  Distal Hydrogen Bonding NetworRsp140, through a water
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Table 3: Regiospecificity of Wild-Type and Mutant hHO1 in the Reaction Supported by Sodium Ascorbate in the Absence or Presence of
SOD and Catalase

biliverdin isomers (%) biliverdin isomers (%)

enzyme hHO1+ sodium ascorbate hHO1+ sodium ascorbate- SOD+ catalase
o p o] o s 0

wild-type 100 100
D140A 94.0+ 1.5 2.7+ 0.6 33+15 94.7+ 2.3 2.0+ 0.1 3.3+ 1.7
D140H 83.0+ 10.5 7.0£4.2 10.0+£ 6.0 90.4+ 4.4 41+ 1.5 55+ 4.2
D140K 91.7+ 15 3.3+21 5.0+ 2.6 96.5+ 0.6 1.3+ 0.6 2.2+1.0
Y58F 99.3+ 0.6 0.3£0.5 0.4+ 0.3 N. Dd N. D. N. D.
Y58A 100 N. D. N.D. N.D.
Y58A/D140A 96.7+ 1.5 1.3+ 0.6 2.0+ 0.6 N. D. N. D. N. D.
K18A 99.5+ 0.6 0.5+ 0.5 N. D. N. D. N. D.
K18E 91.6+ 4.7 1.2+ 0.2 7.2+ 4.7 97.5+ 0.2 1.5+0.2 1.5+0.1
E29KP 83.8+0.8 6.7+ 0.4 8.4+ 0.3 95.6+ 0.4 2.3+0.3 2.2+0.2
R183A 96.7+ 2.5 3.3+ 25 N.D. N. D. N. D.
R183E 80.0+ 3.6 0.7+ 0.5 19.3+ 3.1 91.2+1.0 0.8+ 1.0 8.0+ 0.8
Y134F 99.7+ 0.6 0.4+ 0.5 N.D. N. D. N. D.
Y134F/R183E 73.3 6.4 1.7+1.2 25.0£ 5.3 76.7+ 3.8 4.0+ 2.0 19.3+ 2.9
K18A/R183E 51.0£ 1.7 2.3+ 0.6 46.7+ 1.5 55.7+ 0.6 2.0+ 0.1 42.3+0.6
K18E/R183E 20.5: 3.7 2.6+0.2 76.9+ 3.6 21.1+1.8 2.5+ 0.0 76.4+ 1.8
K18A/Y134F/R183E 49.6- 4.5 3.0+ 1.0 48.0+ 5.1 52.7+ 1.5 3.0+ 0.1 443+ 1.5
K18E/E29K/R183E 8. 2.7 12.9+ 3.9 79.1+ 5.7 10.2+£ 0.5 3.4+0.3 86.4+ 0.5

2 All experiments were repeated at least three tifié&29K mutant also generated 1410.1% of biliverdin Xy, which was not observed for
the other mutants. Referencet2. ¢ N. D. = not determined.

molecule, can form hydrogen bonds with the terminal oxygen

atom in the Fe(IlBOOH active species. It also forms
hydrogen bonds with Tyr58. To disrupt the resulting
hydrogen bonding network, we mutated Asp140 to His, Lys,
and Ala. The crystal structure of D140A shows that the ol
solvent structure in the distal pocket is altered although Tyr58 . 160
can still interact through a water molecule with the oxygen o b o
atom of the Fe(ll)-OOH. To eliminate this interaction, we WT
mutated Tyr58 to an Ala or Phe and simultaneously mutated o[ °
both Asp140 and Tyr58 to an Ala. Among these single and .t 1907
double mutants, the regiospecificity of the reaction supported | 1;0 |
by NADPH-cytochrome P450 reductase was only slightly 0 0 Y58A
altered by the D140H and D140K mutations. The D140H 180]- 20
mutant produced 81 & 6.7% of biliverdin IXa, 9.3+ 1.0% 120 140
of IX and 8.9+ 6.6% of 1Xd, and the D140K mutant 60| ol
generated 96.5= 0.4% of biliverdin IXa, 1.2+ 0.1% of  E 0 YSoF
IXp and 2.3+ 0.4% of IX5 (Figure 5, Table 2). Under 1w 180
coupled oxidation conditions, the D140H and D140K £ so| 120
mutants generated roughly the same ratio of biliverdia,IX 2 = 60 D140A
fB, ando isomers as in the normal reaction (Table 3). For E o 13
the other mutations, only small amounts of biliverdingliX 2100 o
ando were observed (Figure 5, Table 3). To investigate the 10 -
involvement of hydrogen peroxide and superoxide, coupled o % D140H
oxidations of D140H, D140K, and D140A were also 180 e
performed in the presence of SOD and catalase. These two | w0l
antioxidant enzymes had no significant effect on the ratios ol o
of the biliverdin isomers, suggesting that hydrogen peroxide I D140K
is not involved in the alteration of regiospecificity (Table 72_ 20
3) 150 [
NMR Studies of Heme Seating in K18E/E29K/R183E .| o] D140A
hHOL We have usedH NMR to directly determine the ) o Y58A
orientation of the heme in the active site of the K18E/E29K/ x 7w » N M 7 BB B

R183E triple mutant of hHO1, the protein that shows the Retention time (min)

greatest shift in regiospecificity of oxidation from the to FiGURE 5: Regiospecificity of mutant hHO1 involved in disrupting
the 8/6-mesepositions. The position of the heme within the the distal hydrogen bonding network. HPLC analysis of biliverdin
protein matrix can be established in solution by NMR of d"(;‘a?y' esltef[s |sglatedd_ from theb rﬁact!op]ts supported by P450
diamagnetic or low-spin ferric paramagnetic derivativiEs.( reductase (left) and sodium ascorbate (right)

The potential presence of four isomers for the complex of superior resolution due to hyperfine shifts. The resolved
interest requires the ferric cyanide complex because of theportions of the 600 MH2H NMR spectrum of K18E/E29K/
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FicurRe6: Resolved portion (A, B, C) of the 600 MHE NMR spectra of K18E/E29K/R183E-hHO1-PH-CN34d,0, 57 mM in phosphate,

pH 7.23 at 25°C. The resonancesiHs,, Ms, M3 are shown at 18C as inset Athat allows estimation of the population of the isomer

with peaks mi. NOESY data were collected over a 46 ppm window for all panels except H, for which a 26 ppm window was used. The
chemical exchange peaks between the two methyl resonance jsetar\M are labeled # in (K), while those between the two methyl sets

m* < m;*, are labeled by § (Figure 2G, 2K). Peaks are labeled Mi, (Hi) mi where i represents the pyrrole methyl (single proton) position
in the Fisher notation. Intraheme contacts for the major isomerKiylare illustrated in panels K, N, intraresidue cross-peaks are shown

in panels F, H, K (H2p-H25;'), interresidue contacts are shown in panels E, G, |, and heme-residue contacts are labeled in panels D, G,
J, L, and M). Dotted circles indicate cross-peaks observed either at lower contour or at other temperatures.

R183E-hHO1-PH-CN iH,0 are presented in Figure 6A m* and m" peaks that it precludes detection of sufficient
C. Approximately three times as many resonances areNOESY cross-peaks for assignment of resonances. The
resolved to low-field as for the wild-type comple&(, 57), exchange cross-peaks are considerably weaker for the M
with most exhibiting temperature-dependent NOESY cross- <= m; than m* <= m;* pairs. For the M-m; pairs, moreover,
peak intensities due to chemical exchang® @s shown in NOESY cross-peaks are quite strong and sufficient to allow
Figure 6G,K. Four sets of resonances, corresponding to fourunambiguous determination of the seating of the heme within
isomers, exist that exclusively show pairwise chemical the protein matrix. Heme structural characterization is
exchange. The obvious methyls for the four complexes arerestricted to the major isomers with methyl peaks iM
labeled M, m, m*, and m (i represents the position on Figure 6. The chemical shifts for the heme methyl for isomers
heme, if assigned) and represent relative equilibrium popula-M; and m are compared to those for wild-type hHO1-PH-
tions of ~50:05:25:20 for M/m/m*/mi. The exchange cross- CN in Table 4.

peaks for the pair M= m; are labeled by #, while those All four heme methyls, M(i = 1, 3, 5, 8) are resolved
between m*~ m* are labeled by 8. For the pairiMmn, it for the major isomer, as are the single low-fields,(Hand

is possible to locate all four methyls in both isomers. For two upfield (Hys) single protons of a vinyl. A weak NOESY
the pair m*, nt, only a single cross-peak is observed between cross-peak between the methyls at 25.2 and 12.3 ppm (Figure
resolved resonances (i.e.*,m* in Figure 6A,K). Since the  6K) identifies them uniquely as the 1-Gi8-CHs pair but
populations for nt and ny* are quite similar, it is not even  does not distinguish between them. The resolved vinyl
possible to unequivocally differentiate m* from™npeaks exhibits moderate intensity fANOESY cross-peaks to one

in all cases. However, exchange is so strong between themethyl at 16.0 ppm and a weak, ldross-peak to the methyls
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Table 4: Heme Methyl Chemical Shifts in K18E/E29K/
R183E-hHO1-PH-CN and Wild-Type hHO1-PH-EN

isomer®  isomer £  wild-type® isomers C/B4
(M) (my) (isomer CY (m*,m™)

12.69 (M) 17.00(m)  4.43 (M)  8.94/26.23

15.95 (M) 10.89 (m) 19.63(My)  5.22/25.03

16.37 (M) 18.33(m)  9.04(My)  7.08/4.19

2521 (M) 12.69 (m) 10.48 (M)  22.11/13.33 (51, m;*)

a Chemical shifts, in ppm, referenced to DSSHtO solution~60 AN
mM in phosphate, pH 7.2 at 28C.°A, B, C, D represent the :_\“_, N
protohemin seatings described in Figure-7B. ¢ Data taken from refs
41and51 9 Because of spectral overlap that prevents accurate intensity
determination, the four methyl peaks for the individual isomer could
not be uniquely determined.

at 16.8 ppm, dictating that the two methyls and one vinyl
must originate from either the set 3-@h+vinyl/5-CH; or
1-CHy/2-vinyl/3-CHs. Since 1-CH is identified as one of
the other pair at 12.6 or 25.2 ppm, we uniquely identify
3-CH; and 5-CH at 16.0 and 16.3 ppm, with 4Hat 16.8

shifted 2-vinyl or propionate &1 peaks precludes a direct
differentiation of 1-CH and 8-CH. However, contacts
between the heme methyls/vinyls and the protein matrix lead
to the distinction between 1-GHand 8-CH and uniquely
seat the heme in the protein matrix.

To characterize the isomers with peaks, Me take
advantage of a highly conserved HO fold with electronic/
magnetic properties that invariably result in characteristic FIGURE 7: Schematic depiction, as viewed from the proximal side,
hyperfine shifts for residues in direct contact with substrate SJhtgreeportg)r(‘iﬁ‘;sgﬁg”(%sﬁ;ﬁ):gtsi3‘3?se;npgr:?agewéi‘fg"l’stg‘fg)f(ig'l"l?"i'
in not only hHO1 @1, 53) but al_s_o the ana_logous ba<_:ter|al are shopwn as rectangles and circles, respectively. The double-sided
HO complexes4, 55). The position of residues relative to  arrows indicate expected (in A), and observed (in B), dipolar
PH in the wild-type crystal structure are depicted in Figure contacts. (A) PH seated as found in the wild-type crystal structure
7A. Characteristic upfield shifted and resolved resonances(24), the orientation giving rise to methyl peaks m; (B) PH in the
are expected5@—55) for the proximal helix Ala28 GHs, crystal is rotated clockwise about the PH normal by approximately

. ) . 90°, as found in the major isomer of the triple mutant complex,
the distal helix Thr135 (Hs; and Serl42 Hs, in contact the species gives rise to methyl peak M; (C) the alternate seating

with pyrrole A, the pyrrole A/D junction and the pyrrole  of PH in the wild-type which is rotated 18@bout thea-y-meso
C/D junctions, respectively, the latter with strong relaxation axis; this is the major isomer in solutioAQ, 51 and gives rise to

(T1, ~30—80 ms). The only characteristic downfield shifted methyl peaks m (or m’); (D) The PH orientation rotated clockwise
nonlabile resonances arise from the axial Hi#HE 53— by ~90° about thhe IPH normal §relatlve+to that in C; the species
55). Three additional key residues are a moderately upfield gives rise to methyl resonances for m).
shifted Phe207 ring in contact with the axial His25, Ala28, shown; observed at lower contour) exhibits NOESY cross-
and Thr135, and the pyrrole A/D junction, a weakly shifted peaks to Ser142 4Eis, the position occupied by the pro-
Phe214 in contact with Ala28 and pyrrole A, and a weakly pionate GHs in the wild-type. Hence, pyrroles B and C (and
shifted Tyr134 ring in contact with both Thr135 and pyrrole hence pyrroles A and B) of the major solution isomer are
D (53). These expected contacts in the wild-type complex necessarily oriented in the HO matrix as shown in Figure
are depicted in Figure 7A. Each of these residues is readily 7B. The 1-CH/8-CH; peaks are differentiated in that only
identified for the mutant by the TOCSY connectivity (not 1-CH; can be close to both the Phe214 ring (Figure 6L) and
shown; see Supporting Information), characteristic hyperfine Ala28 GHs (Figure 6M). The NOESY cross-peak pattern
shift (Table S1 in Supporting Information), paramagnetic to Phe214/Ala28 for the 1-CHand 8-CH peaks in the
relaxation (not shown), and interresidue contacts (2D datamutant is essentially the same as reported for the 2-vinyl
in Figure 6D-N and schematic summary in Figure 7A,B). and 3-CH, respectively, of the wild-type comple®1, 53).
Also assigned by TOCSY and NOESY are the ring protons Thus, the NOESY contacts between the heme and the
of a prominent aromatic cluster in the distal pockeg, 56). conserved active site residues establish that the heme seating
The hyperfine shifts for these key residues, which are in the major isomer form (with methyl Mn Figure 6A) of
sensitive indicators of both molecular and electronic struc- the mutant is~90° in-plane rotated clockwise, as viewed
tures, are very similar in the mutant (Table S1, Supporting from the proximal side (Figure 7B), relative to that in the
Information) and wild-type complexes. wild-type crystal 24) (Figure 7A). It is known that a 90
The assigned 3-CHat 16.0 ppm in the mutant exhibits in-plane rotation of the heme in low spin hemin results in
NOESY cross-peaks to the rings of Phe207 and Tyrl34 interchange between methyls with large and small hyperfine
(Figure 6L) as well as the ®&H; of Thrl35 (Figure 6M), shifts 38, 41, 57, 58). Hence, a strongly off-diagonal
dictating that it occupies the position held by 5-£H the exchange cross-peak to the minor isomer, argues for a
wild-type. Similarly, the 5-CH (Figure 6M) and 4K (not ~90° difference in the heme in-plane with orientation as in
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Table 5: Relative Bilirubin Formation Rates for Wild-Type and Mutant hHO1

NADPH/P450 reductase sodium ascorbate
rate (nmol of bilirubin relative rate (nmol of bilirubin relative
enzyme min~t mg) rate % min~t mg™) rate %
wild-type 60.2+ 1.5 100+ 4 7.4+0.7 100+ 13
Y58A 27.5+ 0.6 46+ 2 6.9+ 0.1 94+ 9
Y58F 226+ 1.6 38+3 49+0.3 66+ 7
D140A 129+ 1.5 21+ 3 1.5+ 0.3 20+ 4
D140H 0.30+ 0.06 0.5+0.1 0.12+0.10 2+1
D140K 4.3+ 0.5 7.1+ 0.8 0.5+ 0.2 T+2
Y58A/D140A 8.0+ 1.2 13+ 2 2.0+ 0.2 27+ 4
K18A 68.94+ 0.1 114+ 3 85+0.1 115+ 10
K18E 55.2+ 2.9 92+ 5 8.2+ 1.5 111+ 22
E29K 15.6+ 0.6 26+ 1 3.0+£0.2 41+ 4
R183A 14.2+ 0.9 24+ 2 7.1+0.9 96+ 15
R183E 1.7+£0.2 28+ 04 9.2+ 0.4 125+ 13
Y134F 46.0+ 9.7 76+ 16 10.8+1.1 146+ 20
K18A/R183E 1.8£0.3 20+0.1 6.9+ 1.2 93+ 18
Y134F/R183E 172401 2.8+ 0.2 8.6+ 1.0 116+ 17
K18A/Y134F/R183E 1.2 0.4 2.0+ 0.7 6.4+ 0.7 87+ 12
K18E/R183E 1.8:0.3 3.0+ 0.6 6.0+ 0.4 81+ 9
K18E/E29K/R183E 0.£0.1 1.2+0.2 58+11 78+ 16

wild-type in Figure 7A. The strong exchange contribution The Aspl140 mutants disrupt the distal hydrogen bonding
between methyls in isomers m*,'npreclude determination  network and heme oxygenase activity and promote peroxi-
of the seating. However, the strongly off-diagonal shift dase activity 46). In our assays, their heme oxygenase
differences are consistent in originating from two in-plane activities with either reductant were equally disrupted;
~90° interconverting heme seatings with the heme rotated D140A, shows 20% of wild-type activity, D140K, 7%, and
~180 about thex-y-mesaaxis relative to that in the crystal, D140H was the least active, with as little as 0.5%.
as depicted in Figure 7C,D. Of the mutations to residues involved in ionic interactions
Relative Catalytic Actiities of the IsoformsThe coupled ~ Wwith the heme, the single mutants, K18A, K18E, and Y134F,
assay with biliverdin reductase was used to compare relativeshowed activity similar to wild-type. The mutants containing
rates of biliverdin formation among the mutants. A previous R183E had an activity of£3% of wild-type activity in the
study showed that rat liver biliverdin reductase has a much P450 reductase catalyzed reaction but retained wild-type
higher affinity for biliverdin IXo than for the other isomers,  levels of activity in the coupled oxidation reaction. The triple
resulting in an apparent rate of biliverdindXeduction that ~~ K18E/E29K/R183E mutant is the least active with 12
is only 7% that of biliverdin IX. (59). In our assays, we  0.2% wild-type activity. In the crystal structure, Glu29 is in
used a significant excess of biliverdin reductase to ensureclose proximity and is hydrogen bonded to the proximal
complete conversion of the biliverdin isomers into their histidine ligand to the heme iron. Thus, mutation of this
corresponding bilirubin isomers. Controls were performed residue to Lys shows a significant loss in activity of 26
under the conditions described with sodium ascorbate in 1% and 41+ 4% for the P450 reductase and ascorbate
which biliverdin reductase was added to the assays aftercatalyzed reactions, respectively.
significant biliverdin had been produced (10 min). The
maximal apparent rate of bilirubin formation from reduction DISCUSSION
of the hiliverdin isomers produced by the KI8E/E29K/R183E  The heme in heme oxygenases is sandwiched between two
triple mutant, in the approximate ratio of 8:13:79 biliverdin  helices. In human hHO1, three positively charged residues,
IX/IXBNIX S, was 20% that of wild-type, but was still 5-fold  Lys18, Tyr134, and Arg183, form hydrogen bonds with the
greater than the maximal apparent rate observed in assaygropionate groups of the heme. These ionic and hydrogen
containing biliverdin reductase. As shown in Table 5, the bonding interactions help to hold the heme in the correct
mutants catalyze the formation of biliverdin with varying position and orientation. We have recently reported that
degrees of efficiency. A constant concentration of the ferric mutation of Arg183 to Glu183 does not alter the regiospeci-
iron chelator deferroxamine (desferrioxamine) was added to ficity of heme oxidation in the cytochrome P450 reductase
the assays to compare relative rates of biliverdin formation supported reaction but, as reported earlier by othéty, (
in the normal cytochrome P450 reductase-dependent reactiorsome loss of specificity is observed in the coupled oxidation
and the ascorbate catalyzed coupled oxidation reaction. Thisreaction 42). The crystal structure of the R183E mutant
was necessary to liberate the biliverdin that accumulates inshows that Lys18 and Tyr134 still form hydrogen bonds with
the Fe(lll)-biliverdin intermediate 60), not only in the  the propionates and sufficiently anchor the heme to preserve
ascorbate catalyzed reactions but also in the P450 reductasgéhe normal regiochemistry of the reactiat®). In the present
catalyzed reaction with a number of mutants, namely, E29K, study, we therefore mutated these two residues to alanine/
and all of the R183E containing mutants. Wild-type hHO1 glutamic acid and alanine/phenylalanine, respectively, to
activity in the P450 reductase catalyzed reaction was 30%investigate their role in controlling the reaction regiochem-
higher in the presence of deferroxamine than in its absence jstry. In the cytochrome P450 reductase-dependent reaction,
The mutants involved in the distal hydrogen bonding none of the single mutations significantly altered the re-
network that behave like the wild-type are Y58A and Y58F. giospecificity (Table 2). However, mutation of all three
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residues simultaneously (K18A/Y134F/R183E), which com- by the crystal structure of the R183E mutant, which also
pletely suppresses the normal interactions between the proteirshows little difference from that of the wild-type enzyme
and the heme propionate groups, results in the formation of (42). Detailed examination of the NMR data establishes that
13.7% biliverdin 1% and a trace of I} in addition to the in the predominant isomer the heme has rotated from its
usual IXa isomer. The K18A/R183E double mutant has the position in the wild-type crystal structure by approximately
same effects as the above triple mutant (Table 2), indicating 90° about an axis through the iron and perpendicular to the
that Lys18 and Argl83 are important for maintaining the heme.
orientation of the heme, whereas the contribution of Tyr134 The orientation of a heme relative to the axial His can
is relatively minor. Mutation of both Lys18 and Arg183 to also be estimated from the heme methyl hyperfine shift
glutamic acids, which introduces negative charges in the pattern itself 88, 57). The data for the major isomer;Nh
region adjacent to the heme propionic acid groups, further Table 4 suggest a protoheme rotation oftd®°, relative to
increases the formation of biliverdin §&to 51.5%. It appears  wild-type, a value that is only qualitatively consistent with
that the repulsive force between the negatively charged Gluthe ~90° based on protohemin to protein matrix. The
and the propionate carboxylate groups promotes rotation ofexchange is too rapid for the minor isomers with methyl
the heme about an axis through the iron and perpendicularprobes m* and m to allow determination of the heme
to the heme plane. orientation in those isomers. However, on the basis of
To complement the repulsive interactions introduced by strongly off-diagonal exchange cross-peaks reflectu®g®
the K18E and R183E mutations, we have mutated Glu29 to in-plane rotation relative to the axial His, the two isomers
a lysine, thus introducing a positive charge into the region most likely originate from the two heme seatings illustrated
occupied by a heme carboxylate group if the heme rotatesin Figure 7C,D. In these orientations, the heme is flipped
by approximately 990 (Figure 2). The E29K mutation by by 180 about theo-, y-mesoaxis relative to its orientation
itself only resulted in the formation of a trace of biliverdins in the crystal and 90in-plane-rotated orientations (Figure
IX6 and IXy, but in combination with the K18E/R183E 7A,B).
mutations it increased the formation of biliverdin dXo If the distribution of heme orientations observed by NMR
76.4% and )6 to 7.3% in the P450 reductase dependent was to directly determine the distribution of biliverdin
reaction (Table 2). These results suggest that electrostatidsomers formed, one would expect a selectivity of 50%
interactions, both positive and negative, contribute critically 25-30% o, and 25-20% f3, in contrast to the 76:16:07,
to orientation of the heme in the hHO1 active site. respectively, actually observed with P450 reductase (Table
Our previous study of the R183E mutant demonstrated 2) and 86:10:03 observed with ascorbate in the presence of
that the normal heme oxygenase reaction supported bySOD and catalase (Table 3). These product regioisomer
NADPH-cytochrome P450 reductase has a more stringentdifferences are not surprising for three reasons. First, it is
regiospecificity than the reaction that occurs under coupled known that the equilibrium protoheme seating preference in
oxidation conditions42). This difference is not detected with  the wild-type about the.-y-mesoaxis differs significantly
the wild-type enzyme, but becomes apparent when the R183Ein the cyanide relative to the aquo complex@®)(such that
mutation is introduced, as this mutation results in a small the equilibrium isomer distribution for the cyanide complex
loss of regiochemical specificity in the coupled oxidation will not necessarily correspond to that for the resting state
but not in the normal reaction. The same trend is observedaquo complex nor to that for the activated hydroperoxy
in these more extensive studies. In the coupled oxidation species. Second, the “rotated” position of the protohemin in
process, the influence of the mutations on the reaction the different isomers of the mutant may not correspond
regiospecificity is similar to that observed in the normal precisely to a 90 difference, so that not all heme seatings
reaction, but the magnitude of the changes is greatermay place anesoposition in the “most reactive” position
(compare Tables 2 and 3). In a few instances, this increasedelative to the blockage of thremmeseHs and the steric
loss of specificity is caused by hydrogen peroxide generateddirecting of the Fe-OOH toward the fourttmesoposition.
in the ascorbate-supported reaction. Thus, for the single K18EFinally, as illustrated by comparison of the data for the P450
and R183E mutants, SOD and catalase reduce the amounteductase- and ascorbate-dependent reactions, the small
of biliverdin 1X¢ that is formed by 24-fold. However, for differences in the active site associated with electron delivery
the multiple mutants including mutations of either Lys18 or by these two different agents are sufficient in some instances
Arg183, SOD and catalase have little effect on the biliverdin to significantly alter the regiochemistry of the oxidation.
isomer ratio. The crystal structure of R183E shows that the Thus, the NMR results clearly demonstrate that the principal
predominant orientation of the heme in this mutant is the orientation of the heme involves an in-plane rotation, even
same as that in wild-typedR). These results suggest that if they cannot precisely predict the ratio of heme oxidation
the ascorbate-dependent transfer of electrons to the reactiorat the fourmesopositions.
center of hHO1 is more permissive and may occur with  Arg183 and a number of other positively charged residues
protein conformations/heme orientations that do not allow lining the edge of the heme binding crevice play a role in
electron transfer from cytochrome P450 reductase. the binding of P450 reductase to hH@B(64). Replacement
Analysis by NMR of the orientation of the heme in the of Arg183 by a glutamic acid or even alanine is shown here
K18E/E29K/R183E hHOL1 active site indicates the existence to have a marked effect on the P450 reductase-dependent
in solution of a 50:05:25:20 mixture of heme orientations in but not ascorbate-dependent catalytic activity (Table 5).
the protein. The conserved hyperfine shifts and interresidue Therefore, Arg183 not only plays a role in properly orienting
contacts observed for the active site confirm that the active the heme but also facilitates electron transfer between
site of the triple mutant is largely conserved and closely cytochrome P450 reductase and the heme iron atom. In
resembles that of the wild-type enzyme. This is supported contrast to the wild-type reaction, the K18E/R183E double



Heme Oxygenase Regiospecificity Determinants Biochemistry, Vol. 45, No. 1, 200671

and K18E/E29K/R183E triple mutants produced a greater CONCLUSIONS
amount of biliverdin in the coupled oxidation process than

in the normal reaction (Table 5). Our previous studies have
established that the binding of hHO1 to cytochrome P450
reductase is determined, at least in part, by electrostatic

charge mteractlor@@. The _b'nd_'ng site identified on heme by ionic interactions of the heme propionic acid substituents
oxygenase for this interaction includes Arg183 and Lys18 i ionic residues lining the active site cavity. Particularly
(63). Mutation of each of these two positively charged mportant in this context are interactions with Lys18 and
residues to negatively charged glutamic acids introduces aArg183, as mutations of these two cationic residues to
potentially repulsive interaction in binding of the reductase. anjonic ones results in a major shift of the oxidation to the
The decreased yield in the reductase-dependent reaction fop- andd-mesapositions. The shift in stereochemistry reflects
the R183E-containing mutants may reflect this lowered a~90° rotation of the heme about the iron-ligand axis, which
binding affinity of hHO1 for cytochrome P450 reductase. places the- (or by a 180 flip, the -) mesocarbon at the
Furthermore, from the crystal structure, Glu29 is hydrogen position normally occupied by the-mesocarbon. The shift
bonded to the proximal histidine (His25) through its side in the regiochemistry of oxidation can be enhanced by
chain and GIn38 through its backbone (Figure 2). These introducing a cationic residue at a position that can interact
interactions may contribute to formation of the heme pocket with the heme carboxyls if the heme undergoes +8¢°
that keeps the heme in a tightly bound position. Loss of rotation. NMR studies of the triple K18E/E29K/R183E
Glu29 may prevent formation of this tightly bound state and mutant, in which thes/-oxidation regiochemistry is opti-
facilitate unwanted side reactions such as peroxidase activity,mized, directly confirm the proposed rotation of the heme.
accounting for the somewhat lower activity of the E29K In view of the fact that ionic interactions of the propionate

mutant under both normal and coupled oxidation conditions. c@rboxyl groups with protein residues determine the heme
oxidation regiochemistry not only by human hHO1, as

Additional basic residues within the vicinity of the heme  jemonstrated here, but also by the analogous enzymes from
propionates include Lys22 anq Lys179. Their role in bln.dlng P. aeruginosa38) and C. diphtheriae(26), indicates that
cytochrome P450 reductase is evident from the elevation inthjs is a general property of this class of enzymes presumably
their K4 values observed when these residues are mutated tgyssociated with the basic protein fold.
alanines. However, their specific role in binding the pro-  As we found in our earlier study®), stereospecificity is
pionates has not been investigated. In the structure of themore read”y lost in the Coup|ed oxidation Supported by
heme-hHO-1 depicted in Figure 2, K22 and K179 are 10.6 ascorbate than in the normal P450 reductase-dependent
and 6.3 A, respectively, from the heme 7-propionate group. reaction. In the case of Argl83 mutants, the rate of the
In fact, the crystal structure of R183E hHO-1 shows Lys179 ascorbate reaction is little affected, but that of the P450
occupying a position witmi 4 A of the propionates. The  reductase dependent reaction is severely diminished, a finding
remaining alpha specificity of the triple mutant may originate consistent with our earlier demonstratid#8) that Arg183
from this favorable electrostatic interaction. However, ad- is involved in docking of P450 reductase to the hHO1 protein
ditional structures also show Lys179 facing away and at surface. The finding of heme rotation as a mechanism for
greater distance from the propionates. It remains to be seershifting the oxidation regiospecificity is consistent with
whether this residue contributes to the maintenance of alphastudies of the modified regiospecificity of the heme oxy-
regiospecificity. genase fromP. aeruginosa(38), and C. diphtheriae(65),

and a chimeric heme oxygenase frdinmeningitide$66).
In the distal heme oxygenase site, an extensive hydrogen v gitide<66)
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