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ABSTRACT. Despite the essential biological importance of reactions that involve heme, mechanisms of
heme reactions in enzymes like nitric oxide synthase (NOS), heme oxygenase (HO), and cytochrome
P450s (CYP450s) are still not well-understood. This Perspective on NOS, HO, and CYP450 mechanisms
is written from the point of view of the heme chemistry. Steps in the classical heme catalytic cycle are
discussed based on the specific environment within each of these enzymes. Elucidation of the mechanisms
of NOS inactivation by some substrate analogues provides important mechanistic clues to the NOS catalytic
mechanism. On the basis of mechanistic studies of NOS inactivation by amidine analogteagioine

and other previous mechanistic results, a new mechanism for NOS-catatgrgihineNC-hydroxylation

(the first half of the catalytic reaction) is proposed in this Perspective. The key step in the second half of
the NOS catalytic reaction, the internal electron transfer between the substrate and heme, is discussed on
the basis of mechanistic results of NOS inactivatiomNgyallyl-L-arginine and the structures of the substrate
intermediates. Elucidation of the mechanism of NOS inactivation by amidines, which leads to heme
degradation, also provides important mechanistic implications for heme oxygenase-catalyzed heme
catabolism. Focusing on theesehydroxylation step during inactivation of NOS by amidines as well as

the HO-catalyzed reaction, the essential nature of the heme-oxygen species responsible for porphyrin
mesehydroxylation is discussed. Finally, on the basis of the proposed heme degradation mechanism during
NOS inactivation and the HO-catalyzed reaction, the mechanism for the formation of the monooxygenated
heme species in P450-catalyzed reactions is discussed.

I[ron-containing protoporphyrin IX, known as hem®),( in nitric oxide synthase (NOS}{2) and mediating oxidative
is one of the more significant molecules in biochemistry. metabolism of xenobiotics and drugs in cytochrome P450s
Heme plays a vital role in a wide range of biologically (CYP450%) (3). The degradation of heme itself, a process
important reactions in humans, such as regulating the catalyzed by the non-heme-containing enzyme heme oxy-
formation of the cell signaling small molecule, nitric oxide, genase (HO), displays both beneficial and deleterious effects
depending on the circumstance$.(The mechanisms of
heme-containing enzymes, such as NOS and P450s, have
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Scheme 1: The Classic Oxidative Catalytic Cycle of Heme
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been studied extensively, while the mechanisms of heme
regulation are still elusive despite the fact that the heme
catalytic cycle (Scheme 1) has been known for a long time
(5). As shown in Scheme 1, the Fe(lll) atom of hernigié
reduced to Fe(ll), which then binds a molecule af Ohe
Fe(ll)-O, complex is converted to ferric superoxida),(
which is further converted to ferric hydroperoxid® @fter

one electron reduction to ferric peroxid8) (followed by
protonation. The highly oxidative ferryl species (iron oxo
species or Compound ), which is formed by ferric
hydroperoxide dehydration, reverts to ferric heme after
oxygen atom insertion.

O by,

1. PERSPECTIVES ON THE CATALYTIC
MECHANISM OF NITRIC OXIDE SYNTHASE
(NOS)

As shown in Scheme 2, there are two distinct steps in the
NOS reaction: the formation df®-hydroxy+ -arginine (-
NHA, 7) from L-arginine ) (the first half) and the
conversion of -NHA (7) to L-citrulline (10) and NO @) (the
second half). The heme cofactor in NOS is proposed to
directly regulate these two steps using, @rotons, and
electrons from NADPH &).

The first half of the NOS catalytic mechanism involves
hydroxylation at the guanidins®-position of the substrate
(Scheme 2, box), whose mechanism was proposed to be
similar to that of the reaction catalyzed by cytochrome P450,
involving heme, @, and NADPH, with electron transfer
through the flavoprotein reductase doma#). (The ferryl
species %), which is well established to be the active
monooxygenation intermediate in the cytochrome P450-
catalyzedC-hydroxylation reactiong), was proposed to be
directly responsible for the NOS-catalyzehydroxylation
reaction in the formation of-NHA (7). However, there is
no direct evidence supporting the involvementsah this
hydroxylation step. In fact, the existing evidence suggests
that5 is not directly involved in this half of the mechanism
(see below). In this Perspective, a new mechanism is
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Scheme 2: Proposed NOS Catalytic Mechafism
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aThe fifth ligand of the heme iron in NOS is a cysteine residue.

philic attack by the peroxide on the guanidino carbon of
L-NHA*" (8) (8). Subsequent collapse of the tetrahedral
intermediate generates NO)(and L-citrulline (10). A
stoichiometry of 0.5 equiv of NADPH (the first reducing
equivalent) is needed for the second half of the mechanism.
A key question in this half of the NOS catalytic reaction is
the source of the second reducing equivalent delivered to
the heme to reduce the ferric superoxi@g, formed after

proposed for the heme-dependent NOS-catalyzed guanidineone-electron reduction from 0.5 equiv of NADPH and

N-hydroxylation step that is consistent with all of the known
mechanistic information.

The second half of the NOS catalytic mechanism involves
a one-electron oxidation of-NHA (7), followed by the
conversion of theN®-OH-guanidine group to NO9j and
L-citrulline (10) (7). There is evidence to support the
involvement of the heme cofactor in this conversion. As
shown in Scheme 2 (bak), it was proposed that the ferric
hydroperoxide4) is generated from a two-electron reduction
of heme and @ This intermediate then undergoes nucleo-

binding of Q to the nucleophilic ferric peroxide specieg.(
This has been proposed as the abstraction of theHN
hydrogen atom from-NHA (7) by ferric superoxide ),
forming L-NHA** (8) and the ferric peroxide specie$) (7,

8). The formation of this substrate radical sets the stage for
the release of NO9) after collapse of the tetrahedral
intermediate. This proposed NOS mechanism predicts a
stoichiometry of 1.5 equiv of NADPH whenarginine 6)

is the substrate and 0.5 wherNHA (7) is the substrate,
which is supported by experimental resulé. (
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Many aspects of the proposed NOS mechanism (Scheme
2) are still unclear, including the following: (1) In the first
step, which residue in the active site donates the proton to
dehydrate the ferric hydroperoxid4)(generating the ferryl
species®)? (2) If the ferryl speciesd) is directly responsible
for the oxygen atom insertion into the guanidine-N bond
of L-arginine @) in the first step, why is it not supported by
current experimental result&, 17) (see below)? (3) In the
second step, is it a hydrogen atom abstraction from thélO
bond or from the N-H bond of theN®-OH-guanidine group
that functions as the source of the second electron for the
formation of the ferric hydroperoxidet)(?

1.1. The Acidic Residue in the First St€pystallographic
studies show that the active site region of all three isozymes
of NOS around the-arginine binding site is hydrophobic
(10, 11). The crystal structures of the NOS oxygenase domain
with the amidine analogues ofarginine N°>-(1-iminoethyl)-
L-ornithine (-NIO; the methyl amidine of-arginine) and
N-(3-(aminomethyl)benzyl)acetamidine (1400W), bound show
that both amidino methyl groups face inward toward the
heme peroxide, making the active site even more hydropho-
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bic. A water molecule that is observed between the guanidino HO_'_'Te_
group of bound.-arginine and the proline residue in the 5 N\ S\

active site of endothelial NOS (eNOS) is not present in the L-Arg o-meso-hydroxyheme
complex between eNOS aneNIO, presumably because of l(

the increased hydrophobicity, when the amidine is bound t\CO

(20). On the basis of crystallographic studies, Poulos and H——Fe= verdoheme
co-workers proposed that the protonated guanidine group of S\
L-arginine acts as the proton source for the ferric peroxide 1 biliverdin

species 10), which is supported by our mechanistic studies Ficure 1: Comparison of the reaction of NOS witharginine
of inducible NOS (iNOS) inactivation by amidine analogues bound (A) and the proposed mechanism whexlO or 1400W is
of L-arginine,L-NIO and 1400W {2, 13). When the amidine bound (B). The guanidine Niyroup oft-arginine is both the site
replaces the guanidino group, there is no longer a proton of metabolism and proton source.
source for the conversion of the heme hydroperoxitjeof iodosobenzene (Scheme 4, pathwayl#).(Second, hydro-
heme peroxyl aniord] to the iron oxo species; consequently, gen peroxide was shown to channel the conversion of the
the enzyme appears to resort to an alternative heme oxygeferric hydroperoxide from ferric heme directly with cyto-
nase-like reaction (Figure 1). This leads to the formation of chrome P450 (Scheme 3, pathway b). However, the NOS
o-mesehydroxyheme, which then is converted to verdoheme L-arginine system is completely unreactive with hydrogen
and biliverdin by further oxidation. Thus, both the crystal- peroxide (Scheme 4, pathway H¥j. One interpretation of
lographic studies and experimental data support the notionthis negative result for the hydrogen peroxide reaction is that
that the guanidine NFgroup ofL-arginine is both the site  H,0O, cannot gain access to the active site; however, the
of metabolism and the proton source for catalytic turnover. observation that kD, supports.-NHA oxidation (the second
1.2. The Ferryl Mystery and a New Mechanisrhe first half of NOS reaction)17) suggests that #D, can enter the
half of the NOS catalytic reaction is monooxygenation of active site. Furthermore, crystallographic studies show that
the hydrophilic guanidine NH bond. The mechanism for  there is a molecule of ¥D close to the center of the active
this step is directly borrowed from another enzyme that site whent-arginine binds, which suggests the hydrophilic
catalyzes monooxygenation, cytochrome P4508)( which level of the active site is amenable foe®} to access the
catalyzes monooxygenation of-& bonds, N-H bonds, as active site. The size of #, should not be a problem because
well as other functional group44). In the classic monooxy-  L-arginine and.-citrulline can get in and out of the active
genation mechanism of cytochrome P450 chemistry (Schemesite as the catalytic reaction proceeds. Marletta and co-
3), the ferryl species5] is formed after dehydration of the  workers observed the formation afcitrulline and N©-
ferric hydroperoxide4). The highly reactive ferryl species  cyanoornithine (CN-Orn), when-NHA is the substrate for
inserts an oxygen atom into the-@& bond of the substrate  NOS using HO; as the oxidizing ageni.{). It was proposed
(R-H) to form R-OH §,15. that HO, channels the generation of ferric hydroperoxide
Marletta and co-workers tested the existence (and the role)(responsible for the formation af-citrulline), which can
of the ferryl species) in the NOS mechanism with similar ~ subsequently undergo dehydration to the iron oxo species
experiments that were used to establish the cytochrome P45@responsible for the formation of CN-Orn) directly from ferric
mechanism 16, 17). First, iodosobenzene was shown to be heme. Therefore, ¥, should also support the formation of
able to replace NADPH, § and H" to facilitate the these two active intermediates whenrarginine is the
cytochrome P450 monooxygenation reaction in the first step substrate, yet no turnover is observed. These mechanistic
(Scheme 3, pathway a)l®). However, in the NOSL- results lead to the following dilemma in the NOS mecha-
arginine system,-NHA (7) formation is not supported by  nism: NOS is believed to be a hemoprotein that catalyzes a
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Scheme 3: Proposed Mechanism for the Cytochrome P450-Catalyzed Reaction Is Supported by an lodosobenzene Experiment
(a) and a Hydrogen Peroxide Experiment (b)
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Scheme 4: Proposed Mechanism for the First Step of the NOS-Catalyzed Reaction Is Not Supported by an lodosobenzene
Experiment (Pathway a) and a Hydrogen Peroxide Experiment (Pathway b)
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monooxygenation reaction similar to that of cytochrome the proton delivery network)1Q). As shown in Figure 2 for
P450s with the involvement of the heme cofactor, but the the complex between substrate (or inactivator) and heme,
existing experimental data do not support a direct involve- when there is only one proton available (from the protonated

ment of the heme iron oxo species in the finsf- guanidine NH group) for the ferric peroxide species to
hydroxylation step ). abstract, the catalytic pathway can proceed, but when there

As implicated by the results of our mechanistic studies of are two protons (one from4®, and one from the substrate),
iINOS inactivation by amidine analoguesierginine (2), no substrate conversion occurs.

the proton source around the heme iron (and iron peroxide) To reconcile all of the mechanistic information, we
is crucial for heme regulation. Since the active site of NOS propose a new mechanism for NOS-catalyzeuatginineNC-

is very hydrophobic, a proton can only be directly donated hydroxylation, as inspired by thid-hydroxylation reaction
from the substrate or substrate analoguesA@ s present of pyridine by organic peroxy acids. As shown in Scheme
between the carbonyl oxygen of a Pro residue and the5, the terminal oxygen anion of ferric peroxyl specisan
guanidine nitrogen of substrate; this® might be part of remove the proton from the guanidine nitrogen atom.
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Ficure 2: The number of protons available in the active site affects heme chemistry.

Scheme 5: Proposed New Mechanism for NOS-Catalyzed Guarfitfiriéydroxylation
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Because of the unavailability of a proton source, this nitrogen catalyzed N-H monooxygenation reaction because of the
atom will stay in the unprotonated state with the lone pair lack of a second proton source to activate the ferric peroxyl
electrons available for attack on the-@ bond of the ferric speciesy) and generate ferryl specibsThe active catalytic
hydroperoxide 4). This attack leads t&N®-hydroxylation. heme species in the NOS-catalyzed guanidifehydroxy-

Cytochrome P450s also catalyzBshydroxylation (\- lation reaction is ferric peroxide anid@) which is hydrogen
oxygenation) of many other substratdd)( Mechanisms of  bonded to a substrate guanidinium proton, thereby activating

cytochrome P450-catalyzdd-oxygenation reactions seem it to ferric hydroperoxided. This intermediate undergoes a
to involve different heme intermediates. Previous mechanistic rapid N-hydroxylation of the free guanidine group because

studies suggest that iron oxa9), ferric superoxide Z0), of the lack of an additional proton source required to allow
and ferric hydroperoxide2(l) can all serve as oxidizing dehydration ofi to ferryl specie®. In addition to the specific
species in different cytochrome P450-catalyiedxygen- binding site forL-arginine, the essential basis for NOS

ation reactions. Mechanisms for individugtoxygenation chemistry is the hydrophobic nature of the active site and
reactions are not fully elucidated. The new mechanism the hydrophilic guanidino Nkof the substrate.

proposed for NOS-catalyzed guanidiéhydroxylation 1.3. The Internal Electron Transfer in the Second Step.
provides insights applicable to cytochrome P450-catalyzed The second step of the NOS reaction, the conversion from
N-oxygenation reactions as well. L-NHA (7) to NO (9) andL-citrulline (10) (Scheme 2]I),

If cytochrome P450s and NOS both use a heme cofactoris more clearly understood. NADPH provides only one of
and catalyze the same reaction, why does the former classwo electrons needed for the formation of ferric hydroper-
of enzymes have such broad specificity, but NOS has suchoxide specie (7). The second electron was proposed to
narrow specificity? The new mechanism shown in Scheme derive fromL-NHA. It was shown that kD, can replace
5 may answer this question. As depicted by this mechanism,NADPH, O,, and the proton source to support the formation
the ferryl species (Scheme), which is directly responsible  of the ferric hydroperoxide species, which is believed to
for the majority of cytochrome P450-catalyzed monooxy- attack the guanidino carbon with its nucleophilic terminal
genation reactions, is not an intermediate in the NOS- oxygen, thereby leading to the final products of tkerginine
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blocking this hydrogen atom abstraction with a tert-butyl
or 3-methylbutenyl group does not block catalytic reaction

Ficure 3: Replacement of thil-hydroxyguanidino &-H hydrogen by other groups does not affect the catalytic reaction

reaction (6, 17). The HO,-supported reaction gives-
citrulline and NO (instead of N©), which is consistent with
the proposed mechanism (Schemel2, becausa-NHA
(7) is not oxidized to.-NHA** (8) by ferric superoxide2)
prior to nucleophilic attack by ferric peroxick and therefore
the extra electron leads to N@ormation instead of to NO
(16). BesidesL-citrulline and NO, N®-cyanot-ornithine
(CN-Orn) is also found to be a product of the®4-supported
L-NHA reaction. The formation of CN-Orn was proposed
to support the existence of a ferryl specigsifl the NOS-
L-NHA—H,0, system 7).

to the nitrogen: the hydrogen atom of the-N in L-NHA
(7) is ultimately lost as a proton, while the allyl group in
N-allyl-L-NHA (11) is transferred to the heme as an allyl
radical (instead of an allyl cation).

Previous mechanistic data show that substituting the
hydrogen atom of the ©H bond witht-butyl or 3-methyl-
butenyl groups does not block the catalytic reaction (Figure
3) (26). These data support the hypothesis thatHNbond
cleavage is more relevant to the catalytic mechanism,
although one could argue that the blockage of theHbond
cleavage forces the ferric superoxide to switch to theHN

It has been proposed that direct hydrogen atom abstractionbond for the hydrogen atom abstraction. Revisiting the

from the O-H bond or the N-H bond of L-NHA (7) by
ferric superoxide leads to an internal electron transfer with
formation of reduced ferric hydroperoxidé and one
electron-oxidized -NHA (L-NHA**, 8), which sets the stage

mechanistic results for NOS inactivation By®-allyl-L-
arginine reveals that the blockage of N cleavage prohibits
hydrogen atom abstraction by internal electron transfer (ferric
superoxide does not switch to-® bond cleavage). Inter-

for the release of NO after collapse of the tetrahedral pretation of the data from both the-® and N—-H blockage

intermediate (Scheme 8,) (22). Similar to the first half of
the mechanism, the formation of ferric hydroperoxdd#goes

experiments, together with results from the density functional
theory calculations?3), crystallographic studie24), and

not require an extra proton donor. Density functional theory ENDOR spectroscopic studie®X), clearly supports the
calculations indicate that the product of hydrogen atom mechanistic role for the NH bond cleavage in the conver-

abstraction from the NH of L-NHA (7) is similar in energy
to the product of hydrogen atom abstraction from thetD
(23). However, crystallographic studie24) and ENDOR
spectroscopic studie2) suggest that NH cleavage is more
favored than ©-H cleavage in this internal electron transfer.

sion of N®-OH-L-arginine toL-citrulline and NO.

1.4. The Match-Up between the Oxygen Radical of the
Heme-Oxygen Species and the-M of the Substrates.
Finally, another interesting aspect of the NOS mechanism
concerns ferric superoxidz which occurs in both steps of

Furthermore, mechanistic studies showed that direct hydro-the NOS mechanism and appears to have two different

gen atom abstraction from the-} bond is not relevant to
this internal electron transfer (Figure 26j. Experimental
support for the direct involvement of-\H cleavage in heme-
regulated.-NHA degradation would be desirable.

Previous mechanistic studies of nNOS inactivatioriNSy

mechanistic roles. In the first step, ferric superoX@decepts
an external electron to become ferric peroxiglewhich

abstracts a proton from the-NH bond of the substrate
guanidino group, but in the second step,abstracts a
hydrogen atom from the NH bond of theN®-OH-guanidino

allyl-L-arginine proposed that the inactivation results from group. This suggests that the heme-oxygen species prefers

irreversible heme modification by attack of an allyl radical

to take an electron from the substrate (or intermediate)

(direct detection of the allyl radical has not been achieved) preferentially to exogenous electron donors, such as tetrahy-
(27). Reuvisiting the previously reported mechanistic data drobiopterin and NADPH. Therefore, in the first half of the

provides support for direct involvement of-M cleavage.
TheN-hydroxylation product oN®-allyl-L-arginine N®-allyl-
NCG-OH-L-arginine (allylt-NHA, 11), is an analogue of
L-NHA (7) with the N—H bond cleavage blocked by an allyl

catalytic reaction, when-arginine is the substrate, two
electrons from NADPH are needed for the conversion to
product; in the second half-reaction, whHéf-OH-L-arginine

is present, only one electron from NADPH is needed because

substituent. As shown in Scheme 6, when the hydrogen atomferric superoxide2 takes an electron from the intermediate

of the N—H bond is substituted by allyl, the substrafel

(6). An explanation for this difference in mechanism for the

cannot provide the hydrogen atom to the oxygen radical of two steps is that the OH group on the guanidine impacts the

ferric superoxide2 for the internal one-electron transfer,

N—H scission pattern. Density functional calculations indi-

which results in an external one-electron transfer from 0.5 cate that the positive charge on the nitrogerN§fOH-L-

equiv of NADPH needed for reducing the superoxidpt6
hydroperoxide 4). If the hydrogen atom of the ©H group

arginine that contains the hydroxyl group is not delocalized
into the entire guanidine group, but is localized on that

were somehow abstracted, then the external electron wouldnitrogen @3). As shown in Figure 4, when the guanidine is
not be needed, and an allyl cation, not radical, would be not hydroxylated i(-arginine), the positive charge of the
transferred to the heme. This difference between the internalprotonated guanidine is delocalized through the guanidine
(top reaction wheiT is substrate; 0 net electron) and external group. In this highly delocalized protonated guanidine,

electron-transfer mechanisms (bottom reaction wheis

homolytic scission to thé&l-centered radical by superoxide

substrate; 1 net electron) is responsible for one important abstraction is disfavored because attachment of carbonyl
difference between the metabolic fates of the groups attachedgroups is known to destabilize the amino radical cer8y. (
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Scheme 6: Formation of the Allyl Radical in nNOS InactivationNif§rAllyl- L-arginine
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Ficure 4: Comparison of the hydrogen atom abstraction by the oxygen radical of iron oxo and ferric superoxide. The OH group on the

guanidine nitrogen atom impacts the-N scission pattern.

Therefore,

in the first half of the NOS reaction, the OH-L-allylarginine when the allyl group blocks-N\H bond
superoxide cannot abstract the hydrogen atom from thecleavage; Scheme 6, bottom). After the guanidino group is

guanidine N-H bond, and it has to get the next electron hydroxylated (in.-NHA), the OH group lowers thelf, of
from NADPH (just like the ferric superoxide does witl¢-

the adjacent nitrogen and provides a radical-stabilizing group
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Scheme 7: Ferric Hydroperoxyheme-Facilitated HexrmeseHydroxylation
N H N o

0O-meso-hydroxylation

COOH COOH COOH COOH
1 12 o-meso-hydroxyheme

COOH COOH COOH COOH
14 biliverdin IXo 13 verdoheme

(28), which leads to a less ionicNH bond that can more NADPH and Q. It is known that NOS is inactive with
easily undergo homolytic scission to provide a hydrogen L-arginine when iodosobenzene angdi are the oxidants,
atom to the ferric superoxide (the second step in NOS although heme is likely to form the iron oxo species with
reaction). Previous computational resuR8)( X-ray studies iodosobenzene and.8, (16). If EPR spectrometry detects
(24), and ENDOR spectroscop2%) suggest the protonated the formation of the iron oxo species, then it confirms the
form of L-NHA is the bound form in the NOS active site, proposed mismatch between the guanidineHNbond and
and the CG-NH(OH) bond is notably longer than the other the iron oxo species, which will disfavor the old mechanism
two C—N bonds with significant single bond character (litle (Scheme 4) and favor the new mechanism (Scheme 5). As
or no resonance with the other nitrogens), which supportsthe failure to see the iron oxo species could have many
our hypothesis that the NH bondiirNHA can more readily causes, probably a more robust strategy would involve
undergo homolytic cleavage and is less ionic than the NH extensions of the cryoreduction EPR/ENDOR appro@&h (
bond inL-arginine.

Previous studies suggest that thgOx shunt experiment
with NOS leads to the formation of the iron oxo ;pectb's.( OXYGENASE AND DURING NITRIC OXIDE
WhenL-NHA (7) is the substraté\®-cyanot-omithine (CN- o\ AGE INACTIVATION BY AMIDINES
Orn) is formed from the reaction of the iron oxo intermediate
andL-NHA (7). As discussed earlier, wherarginine is the Heme oxygenase exists as two isoforms, HO-1 and HO-2
substrate, the iron oxo intermediate also forms. The unre-(30). In both isoforms, the fifth ligand to the heme is a
active NOS-H,O,—L-arginine system suggests a “mismatch” histidine, and the distal ligand is a water molec®#® (Heme
of the iron oxo intermediate and the guanidine N bond, oxygenase is very unusual in that it uses heme as both its
which implicates a high-energy barrier between the proto- substrate and prosthetic group. The heme oxygenase-
nated guanidine NH bond and the oxygen radical of the catalyzed reaction consumes @nd reducing equivalents
iron oxo intermediate, despite the high reactivity of the iron provided by NADPH-cytochrome P450 reductase. The first
0x0 species. This mismatch further supports the hypothesisstep is a regiospecific hydroxylation of the porphysirmeso
that the OH group on the guanidine nitrogen atom impacts carbon (Scheme 7), which leads to the well-established heme
the N—H scission pattern (Figure 4). It also disfavors a degradation intermediate,-mesehydroxyheme 12) (32).
cytochrome P450-like NOS mechanism for guaniditfe The a-regiospecificity of thismesehydroxylation step ac-
hydroxylation, in which hydrogen atom abstraction of the counts for the regiospecificity of the product (biliverdindX
protonated guanidine NH bond by the oxygen radical of  14) (33).
the iron oxo species followed by OH radical rebound leads 2.1. The Controersy Regarding the Polarity of the Heme
to N-hydroxylation (Scheme 4). As shown in Scheme 5, the Hydroxylation SpeciesAs shown in Scheme 7, thimese
proposed nevN®-hydroxylation mechanism does not involve hydroxylation reaction is carried out by ferric hydroperoxy-
the iron oxo species, which is consistent with the hypoth- heme ), which undergoes reaction with the aromatic
esized “mismatch” between the iron oxo intermediate and porphyrinmesocarbon to substitute the hydrogen atom with
the guanidine N-H bond. An interesting, but partial, test of a hydroxyl group. Porphyrin is a macrocyclic aromatic
this hypothesis and the new mechanisms (Scheme 5) wouldmolecule known to be versatile in accommodating different
be to use EPR spectrometry in an attempt to detect theattacking species at iteesepositions 84). In the porphyrin
formation of the iron oxo intermediate in the NO& center cavity, the iron-bound peroxide is also capable of
arginine system when iodosobenzene ofOH replaces catalyzing very different reactions3%). Therefore, the

2. PERSPECTIVES ON THE HEME
MESO-HYDROXYLATION REACTION IN HEME
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Scheme 8: Possible Mechanisms for HemmeseHydroxylatior?
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a A: Electrophilic aromatic substitution. B: Nucleophilic aromatic Substitution. The radical mechanism is not shown.

electronic interaction between the iron-bound peroxide and scheme 9: The Steric Issue for Internal Reduction of the

the porphyrinmeseposition, resulting in porphyrimese Nucleophilic Mechanism
hydroxylation, is unclear. The direction of electron flow in geometrically
this hydroxylation step could occur in three ways: (1) the . /“ unfavorable
mr-electrons of the porphyria-mesecarbon could attack the o

electrophilic G-O bond of the ferric peroxide, leading to a CO H OHVN
positively charged porphyrin intermediate with a'[FeO~] F/efwg_"' — Leﬁ’@H —*— Le%}"“
species in its central cavity (Scheme 8A); (2) the lone pair N N
electrons of the terminal oxygen of the ferric peroxide could 2.2. The Electrophilic Mechanisnin the electrophilic
attack the p-orbital of the porphyrim-mesecarbon, leading mechanism, the-electrons of the porphyrin-mesecarbon

to a negatively charged porphyrin intermediate with dfFe attack the ©-O bond of the ferric hydroperoxide (Scheme
O]™ species in its central cavity (Scheme 8B); (3) homolysis 8A). In the porphyrin central cavity, Pe-O—OH is reduced

of the O—-0 bond, leading to a radical reaction (not shown). to Fe"—O~, which can be easily protonated to recover the
Therefore, for the ferric hydroperoxyheme-facilitated heme fairly stable F&—OH coordination state. A positively
o-mesehydroxylation, regardless of whether it is a stepwise charged porphyrin intermediatd5) is also formed. The

or concerted mechanism, the ferric hydroperoxide could positive charge of this key intermediate can be distributed
undergo either a heterolytic or a homolytic cleavage to over the porphyrin macrocyclic conjugated system; however,
generate three different species (QHDH~, OH), which in 16 the positive charge is on a six-electron nitrogen atom.
could attack the porphyrirmeso carbon. The different  This makesl6 a highly unstable resonance structure. This
mechanisms for this hydroxylation step depend on the is similar to electrophilic aromatic substitution with pyridine,
polarities of the attacking species: (1) electrophilic aromatic which is highly disfavored36). Therefore, the electrophilic
substitution (electrophilic mechanism) features'[F& - mechanism seems to be disfavored in that it leads to a
-OH™]; (2) nucleophilic aromatic substitution (nucleophilic  positively charged high-energy porphyrin intermediate, which
mechanism) features [lte-O*---OH]; (3) radical aromatic ~ minimizes resonance stabilization. A basic amino acid residue
substitution (radical mechanism) features'[F@---*OH]. nearby can remove the proton from themesecarbon in
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15 to recover the porphyrin aromaticity. carbon as a nucleophile (in the NOS-catalyzed decomposi-
The electrophilic mechanism was implicated by the finding tions of N®-OH-guanidine) §), or (3) add onto the porphyrin
that ethyl hydroperoxide (EtOOH) can mimic hydrogen a-mesecarbon, which leads to hensemesehydroxylation
peroxide (HO,) in HO-1 heme reaction${). Two previous (in NOS inactivation by amidines)Lp). This suggests that
mechanistic studies using porphyrin analogues with elec- the terminal hydroxyl group of the heme hydroperoxide
tronically diversemesecarbons that favor the electrophilic  ([F€"—0O—0—H]) is nucleophilic (because it is attracted by
mechanism were based on either a controversial enzymeprotons and carbonyl carbons). The porphytimesecarbon
model study (in which it is hard to attribute the observed resembles the electronic properties of the other two competi-
regioselectivity to steric effects within the enzyme active site tors (H, carbonyl carbon) and is electrophilic. Therefore,

or to the electronic difference of the porphyrimese the hemea-mesehydroxylation that occurs during iINOS
positions) 88) or close theoretical calculations of the inactivation by amidines should favor a nucleophilic mech-
electronic properties of the porphyrmesecarbons 89), anism. Furthermore, as we observed from NOS inactivation
which led to an inconclusive hemmesehydroxylation by Ne-allyl-L-arginine, a reduced hemallyl adduct @max
mechanism. 280 nm) forms that was proposed to result from allyl radical

We recently reported a nonenzymatic model study with attack on hemeigax 400 nm) followed by a one-electron
the porphyrin macrocyclic system?t@). Iron-bound 2,4- reduction 27). This heme porphyrin reduction supports the
diacetyldeuteroporphyrin, whose founesecarbons are  electrophilic properties of the porphyrin aromatic conjugation
dramatically different in their electronic effects (tfeand system, which also favors nucleophilic attack on the por-
y-mesopositions are much more nucleophilic than e phyrin. We hesitate to use these implications to argue against
andd-mesapositions), and coupled oxidation conditions that an electrophilic mechanism in heme oxygenase-catalyzed
avoid the complications of steric effects of the heme hememesehydroxylation or, conversely, in borrowing an
oxygenase active site were employed to elucidate theelectrophilic mechanism from heme oxygenase for heme
mechanism. Mass spectral and deuterium-labeling experi-mesehydroxylation during NOS inactivation by amidines
ments indicated that the porphyrmesepositions that are  because, although heme degradation during NOS inactivation
at higher z-electron densities in ferric 2,4-diacetyldeu- by amidines shares the same general pathway as the heme
teroporphyrin are selectively attacked by the ferric hydrop- oxygenase reactiond?, 32), the mechanisms may differ in
eroxide, which supports an electrophilic aromatic substitution the two enzyme systems. Enzymologists tend to employ the
mechanism for heme oxygenase-catalyzed porphygse mechanism of a well-known enzyme with a less studied
hydroxylation @1). enzyme that catalyzes a related reaction as a starting point

2.3. The Nucleophilic Mechanisnin the nucleophilic to study the new mechanism. The relationship between NOS
mechanism, the lone pair electrons of the terminal oxygen (the lesser known mechanism) and heme oxygenase (with
atom of the ferric hydroperoxide attacks the p-orbital of the respect to the hem@mesehydroxylation mechanism) might
porphyrin a-mesecarbon (Scheme 8B), which leads to a resemble the relationship between NOS (the lesser known
negatively charged porphyrin intermediat&)(with a [FeV= one) and cytochrome P450s (with respect toXHeydroxy-

O]** species in its central cavity. The negative charge can lation mechanism of the substrates). However, NOS may not
be distributed over the porphyrin macrocyclic conjugation invoke mechanisms from either of these well-known en-

system and is further stabilized on the electronegative zymes.

nitrogen atom inl8, which has an octet of electrons. The As we discussed above, the highly hydrophobic active site
negatively charged porphyrin systemlinis, therefore, much ~ of NOS when amidines bind leaves the ferric peroxide

more stable than the positively charged counterpatGn unprotonated. Although the electrophilic mechanism appears

The controversy in the nucleophilic mechanism comes to be convincingly established for-mesehydroxylation in
from the fate of key intermediat&7, which has a [Fé= heme oxygenase, it seems to be inappropriate for the similar
O]J** species in the porphyrin central cavity and a negatively reaction that occurs during NOS inactivation by amidines,
charged porphyrin system. The [FeO]** species (iron oxo  because the terminal oxygen anion of ferric peroxide'{[Fe
intermediate or Compound 1) is a strong oxidant, which is O—O7]) is an electron-rich nucleophile, and it cannot be
responsible for many monooxygenation reactid@)s\(Vvhen attacked by another nucleophile, such as the porphyrin
a monooxygenation substrate is not available in the hemea-mesop-electrons.
oxygenase system, two extra electrons are needed to reduce On the basis of the above considerations, an alternative
this highly reactive [F&€=0]" species to a more stable nucleophilic mechanism is proposed for hemesehy-
[Fe"—0O] species, which is not consistent with the nature droxylation during NOS inactivation by amidines. Hydroxy-
of the heme oxygenase reactions. The negatively chargedation is initiated by nucleophilic attack of the ferric peroxyl
porphyrin system needs to eliminate a hydride ion)(kb anion on the porphyrii-mesecarbon (Scheme 10; nucleo-
recover its aromaticity, which is not very common in philic aromatic addition). The negative charge can be
enzymatic reactions (although NAD(P)H is known to lose stabilized by the porphyrin aromatic system (Scheme 8,
H~ to give aromatic NAD(P)). It is tempting to propose  bottom), and thex--mesehydrogen of the bicyclo intermedi-

that the hydride at the-mesecarbon reduces the [Fe= ate can be removed by a nearby basic amino acid residue
O]* in the central cavity, but the geometric improbability (the crystal structure of iNOS shows that a tryptophan residue
of this reduction is obvious (Scheme 9). is near thex-mesecarbon (1)) followed by cleavage of the

Above we discussed the versatility of the heme peroxyl O—0O bond. The negatively charged keto intermediate can
species ([F€—0—0—H] or [F€""-0—0"]) in NOS mech- then undergo “keteenol” tautomerization followed by
anisms: it can (1) get protonated and dehydrate to the ironprotonation to produce-mesehydroxyheme. In this mech-
oxo speciesR), (2) attack the electron-deficient carbonyl anism the pair of electrons of themeseC—H bond cleaves
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Scheme 10: Proposed Mechanism for the Formation-ofeseHydroxyheme during Amidine Inactivation of NOS
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the O-0 bond of the peroxide. This proposed mechanism oxygenase reaction while a nucleophilic mechanism is
is just a modification of well-known nucleophilic mecha- favored for amidine inactivation of NOS. The active hy-

nisms of peroxides, such as ferric peroxide-facilitated de- droxylating intermediates in the two systems are actually the
formylation by P450s42) and peroxy acids or hydroperoxide- same ferric peroxides, but at different protonation states (with

facilitated Baeyer Villiger oxidations of ketones43). different distal residues), as determined by the hydrophilic
2.4. Coexistence of the Electrophilic and the Nucleophilic level in the heme environments.
MechanismsFor the same hemmesehydroxylation step, A study that supports this mechanistic difference is the

an electrophilic mechanism is supported for the heme observation that kD, drives heme degradation in heme
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oxygenase (Scheme 11, bottorY), but not in the inactiva- We also have tried to emphasize the value of known tenets
tion of INOS by amidines (Scheme 11, top}4]. This regarding studies of enzyme mechanisms: (a) elucidation
difference is consistent with the proposed difference in the of an inactivation mechanism of an enzyme can often provide
hydrophilic level of the heme binding sites: the highly important insights regarding its catalytic mechanism; (b)
hydrophobic active site of the NOG&midine complex crystallographic studies are important tools for elucidation
prevents the access of®;. The different fifth ligands bound  of enzyme mechanisms; (c) seemingly different enzymes may
to heme might also contribute to the different mechanisms. utilize very similar reactions, although seemingly similar
In NOS, the fifth ligand of the heme iron is a cysteine enzyme-catalyzed reactions may have different mechanisms.
residue, while in heme oxygenase the fifth ligand is a  As always, enzyme mechanisms are rarely, if ever, proven.
histidine residue. The electronic properties of the ferric Reasonable mechanisms are proposed to explain new ex-
peroxides are proposed to be affected by the fifth ligands perimental data and can often lead to new experiments to
(45). The electronic properties of the porphyrin conjugation test hypotheses. It is hoped that the insights and proposed
system are also likely to be influenced by the fifth ligand. new mechanisms presented here will promote the design of
Therefore, the fifth ligand is expected to play a significant new experiments to explore heme regulation mechanisms in
role in dictating the different mechanisms for the two enzyme a wide range of enzymes.

systems, besides the impact from the hydrophilicity levels
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