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I. Introduction

Reactions of dioxygen with ferrous ion and its
complexes occur widely in nature. In biology, the best
known and probably most studied systems are proteins
that contain one or more iron—porphyrin units, examples
being hemoglobin and cytochrome P-450. Anotherlarge
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and diverse category of proteins contains non-hemeiron,
especially the ubiquitous iron-sulfur clusters. Sum-
maries of the chemistry of iron—porphyrin and iron—
sulfur proteins are available elsewhere.!- Inthe present
review, we describe the chemistry of non-heme iron(II)
centers with dioxygen. (Hereafter we exclude iron—
sulfur complexes from this category.) Like their heme
counterparts, proteins containing these units transport
dioxygen and oxygenate a variety of substrates. Iron-
(I)-dioxygen reactions also mediate the controlled
generation of protein and nucleic acid radicals as well
as the assembly of the mineral core in the iron storage
protein ferritin.

As information about biological non-heme iron
systems has emerged, chemists have prepared models
to mimic their structures and functions. These models
have in turn enhanced our understanding of the physical
properties and reactivities of the biological iron centers.
Such knowledge has practical applications in chemical
industry as well as the health sciences. One example
of this applicability is methane monooxygenase (MMO),
which has the unusual ability to oxidize hydrocarbons
and halocarbons, among other substrates. Because of
their broad range of substrates, methanotrophic
bacteria have been used in bioremediation of the
environment, for example, to remove chlorinated
hydrocarbons from drinking water and oil from con-
taminated beaches.”® Functional mimics of this
chemistry could provide an economical source of
methanol for use as an alternative fuel or as new
catalysts for use in water purification and the cleanup
of toxic waste. Important insightsinto developing such
catalysts could arise from learning how dioxygen and
methane are activated in the biological system. Apart
from such practical applications, however, the selective
oxidation of methane to methanol is fundamentally
difficult to achieve under mild conditions. The desire
to unravel how nature has solved this challenging
problem in methane monooxygenase systems is in itself
sufficient incentive for scientific investigation.

Most of the previous reviews of non-heme iron focused
primarily on structural and physical properties, with
less emphasis on dioxygen reactivity.l-18 Inthe present
article we approach the topic from a mechanistic point
of view, paying special attention to the reactions of
iron(II) centers with dioxygen. Structural properties
are discussed and tabulated, but mainly to illustrate
how they affect the reactivity of the iron center under
consideration. Although oftensynthetically useful,%-4
reactions of iron complexes with reduced forms of
dioxygen (superoxide and peroxide) are treated only if
generated in a reaction of ferrous precursors with
dioxygen. A similar comment applies to the use of oxo-
transfer reagents to mimic postulated high oxidation
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state intermediates in the reaction of iron(II) species
with dioxygen. No effort is made to provide compre-
hensive coverage of small molecule catalysts. Instead,
we present a few key systems that react by different
mechanisms to illustrate the types of reactivity ob-
served. Therelevance of this chemistry tothe biological
systems will be noted.

Our discussion begins with a summary of the redox
properties of dioxygen and iron including autoxidation
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reactions of aquated ferrous iron and complexes with
chelating ligands. Next we examine biological systems,
classifying them on the basis of their iron core structures.
Three categories are delineated, mononuclear centers
in 4-methoxybenzoate O-demethylase, extradiol cat-
echol dioxygenases, isopenicillin N synthase, pteridine-
dependent enzymes, and a-keto acid-dependent en-
zymes; dinuclear centers in hemerythrin, methane
monooxygenase and ribonucleotide reductase; and
polynuclear centers in ferritin. The antitumor anti-
biotic bleomyecin is covered next and serves to bridge
our discussion of proteins and model compounds. We
treat model systems in the final section, beginning with
the most stable dioxygen adducts formed in the reaction
of ferrous compounds with dioxygen then moving to
autoxidations and catalytic reactions that proceed
through transient dioxygen intermediates. Wherever
possible, we attempt to relate chemical reactivity to
molecular structure.

Several enzymes that utilize the chemistry of non-
heme iron, and for which redox chemistry has sometimes
been invoked, have been explicitly excluded. Soybean
lipoxygenase is not discussed because recent evidence
indicates that the functional form of the enzyme is the
ferric state.?’ The chemistry of intradiol catechol
dioxygenases is also not treated because the predomi-
nant evidence favors substrate rather than dioxygen
activation.?®-?® Iron-dependent superoxide dismutase
has been omitted because it acts on a reduced form of
dioxygen.?* The recently discovered dinuclear iron
protein A-9 desaturase is not discussed because at
present there is insufficient knowledge of its mechanistic
chemistry.3! Finally, we do not cover non-enzymatic
lipid peroxidation involving ferrous ions. The iron
chemistry does not differ substantially from that
involved in the oxidation of aqueous ferrous ions except
that the radical generated is intercepted by an organic
substrate.3238

I1. Redox Properties of Dioxygen and Iron

A. Kinetic, Thermodynamic, and Structural
Properties

Life on earth depends upon the kinetic stability of
the O, molecule with respect toits reactions with organic
compounds, which are quite exothermic. The origin of
this stability is the spin-triplet ground state of
dioxygen.?*% Since organic and biological molecules
usually have paired electrons and singlet ground states,
their reactions with dioxygen are spin forbidden. This
kinetic barrier to reactivity can be surmounted by
exciting the O; molecule to one of its singlet states, by
a free-radical pathway, or by complexation with a
paramagnetic metalion. The first processis endergonic,
requiring 22.53 or 37.51 kcal/mol for excitation to the
lowest (1A,) or second lowest (1Z,*) lying singlet states,
respectively.3® It is usually accomplished photochemi-
cally.?” Radical mechanisms circumvent the spin
restrictions by producing two doublet molecules, but
the processes by which radicals are generated are usually
quite endothermic and inaccessible at ambient tem-
peratures.®® Metal ions can also overcome the spin
barrier and provide a low-energy pathway for oxidation
reactions. Thus metal ion cofactors are often used in
biology for reactions involving dioxygen. When the
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Figure 1. A qualitative MO scheme for the bonding in a
hypothetical mononuclear iron—-dioxygen complex, showing
both ¢ and = interactions between iron and coordinated O,.
When A > pairing energy, this scheme is analogous to the
Fell(Qy)-FelV(0,2) valence-bond resonance hybrids. (Adapt-
ed with permission from ref 35.)

dioxygen molecule binds to a metal ion, its 2p electrons
interact with the d orbitals of the metal as shown, for
example, for a hypothetical FellL; species in Figure 1.
Depending on the energy separation A, the adduct can
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have either a singlet or a triplet ground state. Re-
gardless of the ground spin state of the adduct, its low-
lying excited states can usually facilitate a spin-allowed
reaction with singlet molecules. Although the beneficial
use of such metal-dioxygen complexes in biology will
dominate the ensuing discussion, the toxicity of the O,
molecule can also be traced to the formation of highly
reactive oxygen species that are similarly produced in
reactions with metal ions.3839

A second salient feature of metal ions with respect
to their ability to mediate biological oxidations is the
availability of multiple redox states. Inthe caseofiron,
the biologically relevant oxidation states are most often
+2 and +3. That iron is required by an enzyme does
not necessarily imply a redox role in dioxygen activation,
however.2® For example, some oxygenases, such as
catechol 1,2-dioxygenase, use the Lewis acidity of iron-
(ITI) toinduce substrate activation of dioxygen. Inthese
cases, iron redox chemistry does not appear to be
directly involved. The best way to establish a redox
function is to observe oxidation state changes during
enzyme turnover. Less direct evidence is the require-
ment of the reduced, ferrous state for activity. In
addition to the common oxidation states, ferryl
(FelV=0) and perferryl (FeV=0) units have been
invoked in several iron—-dioxygen systems discussed
below. Such species might arise from two-electron
oxidation of iron(II) in a manner analogous to well-
precedented chemistry of iron(II) porphyrins.44l In
these systems, high oxidation state iron is stabilized by
electron delocalization from the porphyrin ring, which
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Figure 2. Standard reduction potentials (in volts) for dioxygen species in water. Formal potentials are given for O, at 1 atm
or (in parentheses) at unit activity. (Reprinted from ref 362. Copyright 1988 Plenum.)
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forms a cation radical.224%4 For non-heme iron, the
ability of ligands to act in a similar manner is less
obvious. Insome of the model complexes, metal-bound
pyridyl radicals could be invoked as a means of reducing
the formal oxidation state of the iron center from +4
to+3. Asecondiron center can also delocalize and sta-
bilize the charge of the perferryl unit, as will be shown.

One important property of the dioxygen molecule is
its propensity to accept electrons in pairs. Single
electron transfer reactions, available at an energetic
price, are less frequently encountered. This thermo-
dynamic preference is manifest by electrochemical
potentials of the dioxygen molecule in aqueous solution
(Figure 2). An examination of the diagrams in this
figure shows that reduction of dioxygen to superoxide
in a one-electron step occurs at a potential ~0.5 Vmore
negative than the two-electron reduction at the same
pH. Evenmore negative electronic barriers are required
for the one-electron reduction of hydrogen peroxide
relative to its two-electron reduction. This property
strongly influences the chemistry of iron(II) with
dioxygen. Since the common redox step for Fe(Il) is
oxidation to Fe(IIl), there is a natural mismatch
between the electron-transfer preferences of the metal
ion and dioxygen. One solution is to combine two
ferrous ions into a single unit. Such species, formerly
designated as diiron oxo units because of the occurrence
of (u-oxo)diiron(III) cores in several non-heme iron
proteins,!116 are more appropriately referred to as diiron
carboxylates on the basis of recent structural revela-
tions.#54 Reaction of such a diiron carboxylate center
inits reduced form with dioxygen can generate a diiron-
(III) peroxide species. Alternatively, four-electron
reduction of the O, molecule can yield two Fe(IV) ions
and two HyO molecules. In mononuclear systems it is
less certain how two-electron redox reactions are
accommodated. Since an external reductant such as
ascorbate, NADH, or [2Fe-2S] is usually required for
both mono- and dinuclear iron systems, it is possible
that the mononuclear iron center cycles through two or
more one-electron steps during each round of catalysis.
Another possibility is that the ferrous ion is oxidized
to an iron(IV) peroxide which then accepts electrons
from an exogenous reductant. A third option is that,
since many of the proteins are multimers, long-distance
electron-transfer pathways might supply electrons from
remote iron centers to the mononuclear catalytic site.
Finally, a protein side chain such as that of tyrosine or
cysteine could provide the required electron.

Apart from these kinetic and thermodynamic prop-
erties, the chemistry of iron and dioxygen is character-
ized by the favored modes of coordination of the O,
molecule to mono- and dinuclear centers. Figure 3
presents several known and postulated binding modes.
Three of these geometries have been structurally
characterized, the bent end-on coordination (h) found
in hemoglobin,* the syn-terminal mode (e) of hem-
erythrin,*” and the u*mode (j) found in [Feg(02)(0)s-
(OBz)15,(H20)2] (1), the only crystallographically char-
acterized ferric peroxide model complex.4®# Which ones
are likely to be found in metalloproteins? By com-
parison to copper—dioxygen systems, which have been
more thoroughly investigated, binding modes a-e might
be expected for dinuclear centers,*® whereas g and h
are known for dioxygen complexes of other transition
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Figure 3. Potential dioxygen binding modes for mono- and
dinuclear iron compounds. The number of resonance Raman
(RR) bands refers to the 0-0 or Fe-O stretching frequencies
when using 1%0-120.

metals.?43% The 1,2-bridging peroxide model has been
proposed for several iron systems to be discussed
below.5%-52 Some of these coordination geometries can
be experimentally distinguished by vibrational spec-
troscopy, especially with the aid of isotopically labeled
dioxygen (160-180) 53,54

Theoretical calculations favor end-on binding of
dioxygen to an iron atom.56 Experimental evidence on
ferrous and ferric dioxygen adducts formed by matrix
isolation techniques indicate predominance of the side-
on geometry (g), for which »(0-0) = 956 cm~1.5557 These
studies employ “naked” metal ions and are extremely
crude models for biological or even small molecule
analogs of non-heme iron. The steric and electronic
effects of other ligands in the coordination sphere on
the binding modes and reactivity of dioxygen are likely
to be quite significant. This property is exemplified
by the different chemical reactivities of hemerythrin,
methane monooxygenase, and ribonucleotide reductase,
all of which contain similar diiron carboxylate cores.

B. Autoxidation Reactions of Iron(II)

As an introduction to the reaction chemistry of
dioxygen with iron(II), we first discuss the autoxidation
of aqueous ferrous ion in the absence and presence of
chelating ligands. These processes have been inves-
tigated for many years, and although they appear
deceptively simple, the reactions are in fact extremely
complex and difficult to define mechanistically. We
begin with this discussion because it raises key issues
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that will appear later in our treatment of the chemistry
of the biological and model systems. Formally, autox-
idation has been defined as a spontaneous and self-
catalyzed oxidation reaction.?® In this review, we use
the term specifically to denote reactions with dioxygen
that result in its complete reduction to water without
diverting oxidizing equivalents toward an external
substrate. Inthe case of autoxidation involving Fe(Il),
the reaction is given in eq 1.

4Fe! + 0, + 4H* — 4Fe™ + 2H,0 (1

When autoxidation occurs in biological systems or
small molecule mimics, it is usually an undesired side
reaction proceeding in parallel with the main oxidation
process and resulting in the loss of catalytic activity. In
biological systems, autoxidation often leads toinactive,
or met, forms of a protein. In vivo there are usually
specific reductases present to reduce the iron atoms to
their functional oxidation states and restore activity.
Formation of the met form of a purified protein in vitro,
however, usually terminates the reaction. In a similar
manner, catalytic systems that consume O, can also
undergo autoxidation leading to loss of activity.

Several issues are important to raise at the beginning
of our discussion of the reactions of non-heme iron(II)
systems with dioxygen. One is whether O, and O,-
coordinate directly to iron during the reaction. The
issue of inner- versus outer-sphere mechanisms attains
special importance during our treatment of reactions
involving coordinatively saturated species such as
[Fell(EDTA)]2-. Other points of general interest are
the extent to which pH influences the course of the
reaction and whether radicals derived from dioxygen
are present as intermediates in the chemistry. These
last two properties are controlled in non-heme iron
proteins by the choice of ligands and the composition
of the protein pocket surrounding the active site.

1. Reactions of Aquated Iron(II)

Iron(II) reacts with dioxygen in water by multiple
pathways. Early workers assumed that the reaction
occurs by a mechanism in which ferrous ion is first
oxidized to the ferric state with concomitant reduction
of dioxygen to superoxide ion (Oz) (eq 2).% The

Fe'+ 0, = Fe'" + 0, (2)
0, + H" = HO, 3

Fe' + HO, — Fe' + HO," @
HO, + H" = H,0, (5)

superoxide produced in this step was then postulated
toreactimmediately with another equivalent of ferrous
ion yielding, upon protonation, hydrogen peroxide and
a second equivalent of ferric ion (eqs 3-5). Hydrogen
peroxide reacts rapidly with iron(II) via the Haber—
Weiss scheme (Fenton’s reaction), ultimately yielding
water and more ferricion (eqs 6-8).% Thestoichiometry
of the net reaction is given in eq 1. The rate constant
for the oxidation of [Fe(H20)¢l?* by dioxygen in the
first step is several ordZ‘s of magnitude less than the
back-reaction (eq 2).6! From this observation and a
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Fe + H,0, > Fe'" + OH"+ OH: (6)
Fe" + OH. — Fe' + OH- Q)
OH +H' = H,0 (8)

theoretical analysis it was concluded that dioxygen must
coordinate to the metal ion in order to be activated.t?
Interestingly, such a conclusion is similar to that reached
in later work on inner- and outer-sphere electron-
transfer pathways®® and requires modification of the
mechanism postulated in eqs 2-8.

Support for an inner-sphere electron-transfer path-
way was provided by the effects of counterions and
chelating agents on the rate law for the autoxidation
reaction.’? Depending upon the pH and the choice and
concentration of counterions, the reaction can be either
first or second order with respect to the concentration
of iron(I) (eqs 9 and 10).626467 At constant pH, the

Fenton
chemistry

d[FeIH] / II
—— = K[Fe"[0,] ©)
d F IIT
[ -~ ! prety?0,) (10)
t
d F I
[ di L K/ [Fel(L)][0,] +

k”[Fe™)?[0,] (L™ = bound anion) (11)

rate of oxidation decreases in the series pyrophosphate%
> phosphate® > chloride® > sulfate®’® > perchlo-
rate.8 Two parallel reactions occur, the relative
importance of which depends on the binding constant
of the anion for the aquated ferrousiron. The complete
rate law (eq 11) could be accounted for by the
mechanism depicted in eqs 12-20. Anion binding favors

[Fe'(H,0),1%* = [Fe'(H,0),(0H)]* + H* (12)
[Fe'(H,0)4]*" + L~ = [Fe""(H,0),(LH]* + H,0 (13)

[Fe''(H,0),]** + 0, =
[Fe'(H,0),(0,)1% + H,0 (14)

[Fe''(H,0)5(0)1%* = [Fe'(H,0),(0,)1%* (15)

[Fe'(H,0),(0,)1** + [Fe''(H,0),]*" —
[(H,0),Fe™(0,5)Fe™(H,0),1** + H,0 (16)

[(H,0);Fe™(0,")Fe™(H,0),1** + 2H* + 2H,0 —
2[Fe™(H,0),1%* + H,0, (17)

[Fe™(H,0),(0,)1* + H* + H,0 =
[Fe(H,0),1** + HO, (18)

fast

[Fe''(H,0),]** + HO, —
[Fe(H,0),(HO,)1%* + H,0 (19)

[Fe'(H,0),(HO,)1%** + H* + H,0 —
[Fe"™(H,0),)%* + H,0, (20)
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the pathway that is first order in iron(II), depicted in
eq 9, whereas the second-order pathway (eq 10)
dominates for species containing no bound anion. 82656671
The equilibrating species shown in eqs 12 and 13 should
be considered to be present in each of the subsequent
reactions even though they are not explicitly indicated.
Hydrogen peroxide formed by eqs 17 and 20 will react
rapidly with more Fe(II) as indicated in eqs 6-8. These
equations (9, 10, 12-20) differ from those previously
proposed (eqs 2-8), owing to dioxygen coordination to
iron(II). As indicated above, the result is electron
transfer by an inner rather than an outer-sphere
mechanism. The anion-dependent rate acceleration
arises from stabilization of ferric species, including those
postulated in the transition state.®®

The pH dependence is more complex than expected
on the basis of a shift in the redox potentials and can
be rationalized in a manner similar to the effects of
anion binding. At higher pH values, one of the
coordinated water molecules is deprotonated, again
stabilizing iron(III). Because of the insolubility of ferric
species with increasing pH, studies have been limited
to pH values < 2. Moreover, the reactions were usually
followed for only a fraction of a half-life, with the
analyses being based on initial rates. This limitation
results from the relatively sluggish reaction velocities.
For example, k ~ 3.1 X 10®to 1.4 X 10* M atm-!s!
for Fe(SO,) in water at 140-180 °C, [Fe]o = 1.0 — 30.0
mM, 1 atm O,,% corresponding to t;/2 ~ 6600-9000 h.

The high dielectric constant of water makes it an
extremely good solvent for, stabilizing the charge
separation required by solvated ion pairs. By shifting
from water to solvents with lower dielectric constants,
the effects of anion binding to iron are enhanced. For
example, the ability of chloride ion and solvent to affect
the autoxidation of FeCl; in alcohols has been stud-
ied.’278 A large solvent-dependent rate enhancement
and overall third order kinetics were observed (eq 10),
consistent with formation of a diferric peroxide inter-
mediate and increased anion binding.”

2. Reactions of Chelated Iron(I1) Complexes

Several workers have examined the effects of chelat-
ing ligands on the autoxidation of Fe(II).817478 In the
presence of chelating agents suchas EDTA, a two-term
rate law was obtained (eq 21).7* These results were

d[FeIII]
dt

= k,[Fe''(HZ)][0,] + k,[Fe"(Z)]*10,] (21)

[Fe'(Z)}* + HY = [Fel'(HZ)] (22)

interpreted as evidence for an equilibrium involving
the parent chelate and its monoprotonated form (eq
22), the latter providing an open coordination site on
iron. Both forms react with dioxygen, but at different
rates. The fact that the &, > &, in every case suggested
that a vacant coordination site on iron, provided by the
dissociation of a single arm of the chelating ligand,
accelerated the reaction rate by removing steric hin-
drance to the attacking O; molecule.” From an
electronic point of view, this trend is counter-intuitive
since protonation reduces the negative charge of the
ligand and should stabilize the iron(II) form. It should
also be noted that ferric ion can become 7-coordinate,
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as in the crystallographically characterized [Felll-
(EDTA)(OH2)]- complex.” Thus, a site might be
available for O, coordination regardless of the ligand
protonation state. An alternative possibility is that
the protonated arm of the ligand facilitates hydrogen
ion transfer to bound superoxide, releasing HO,.™
Formation of free HO; was not definitively demon-
strated, however. Analysis of the pH dependence of
the reaction showed the maximal rate to occur at pH
3, with high and low pH limits determined by the values
at which ligand dissociation occurred.”

The kinetics of this process were more recently
examined in greater detail.®! It was concluded that the
mechanism involved only outer-sphere pathways (eqs
2-7). The pH dependence of the reaction would then
arise from protonation of free superoxide ion and
attendant changesinitsredox potential. Inthisscheme,
reactions with hydrogen peroxide are rapid, so only egs
2 and 4 affect the observed rate law and rate constant.
Radical trapping studies of this autoxidation reaction
revealed multiple species including superoxide ion,
hydroxyl radical, and buffer-based radicals.’®® The
exact origin of their formation was not demonstrated
experimentally, although radical chain mechanisms
initiated by OH* or O, were proposed.” Unfortunately,
the ability to trap radicals is consistent with either inner-
or outer-sphere mechanisms. Other studies contradict
these findings and support inner-sphere oxidation
pathways.’>™” Furthermore, a dioxygen adduct of Felll-
(EDTA) was prepared by addition of superoxide to the
ferrous chelate complex at high pH'? or of hydrogen
peroxide to the ferric chelate.! The isolation of such
an adduct provides strong evidence for binding, at least
at high pH, but does not provide any insight into what
might be happening under other conditions.

Tosummarize, the primary finding from these studies
is that chelation significantly increases the rate of
autoxidation. Autoxidationreactions have beenstudied
for more than 40 years and are deceptively simple when
written in the form of eq 1. The detailed mechanism
is still being debated, and in view of the conflicting
evidence, it is difficult to determine whether an inner-
sphere or outer-sphere pathway predominates. Most
likely, both pathways are available, and by varying
reaction conditions, one may observe either mechanism.
These considerations raise an important point regarding
the interpretation of kinetic data. Although compari-
sons are frequently made among studies from different
laboratories, unless the experimental conditions are
identical it may be impossible to reconcile discrepancies.

111, Reactions of Biological Iron(11) Centers
with Diloxygen

Protein systems that use the reaction of dioxygen
with Fe(Il) are functionally quite diverse. They can be
divided into general classes, mononuclear, dinuclear,
and polynuclear according to the number of iron atoms
in the active site. The ferroxidase center in ferritin,
which loads iron into the mineral core of the protein,
is classified here as polynuclear. On a functional level,
however, it falls somewhere between the other two
classes. Asdiscussed below, itsredox chemistry follows
multiple pathways, one of whi¢h results in the formation
of mononuclear and dinuclear intermediates. A non-
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Table 1. Spectroscopic Properties of Putidamonooxin and Protocatechuate Dioxygenase

reduced

PMO + PMO + PMO + reduced 4,5-PCD +
NO,no (4-NH;)OBz + (4-OMe)OBz + oxidized reduced 4,5-PCD + substrate + oxidized
parameter substrate NOe NO? PMO 3,4-PCD 4,5-PCD substrate NO 4,5-PCD
Méssbauer D, cm-! 12 -1.8 -2 12
E/D 0.01 0.05 0.03 0.02
AFq, mm s! -14 0.55 -0.5 2.22 2.33 -1.67
2.80
7 0.2 0.15 0.07
Ao/gnpn, T¢ -23.5 -21.05 -32
T, mms-! 0.30 0.30
8, mm s-! 0.68 0.50 0.44 1.28 1.27 0.66
1.22
T, K 1.5-4.2 4.2-20 4.2 4.2 4.2
EPR g1 4,162 4.170
& 4,093 4.08 4101
82° 3.975 3.99 3.960
g8 3.892 3.882
g3, g° 2.0 2.0 2.0
g silent 4.35 4.21 6.4
3.7 5.5
1.99 4.3
2.0
ref 94 94 94 94 365 101 101 101 101

s Uncoupling substrate. b Tight coupling substrate. ¢ The parameter Ay/gnBn is in units of internal field per spin 1, where 4, = A,
= A, = A, gn is the nuclear g factor, and Sy is the nuclear magneton. 9 Indicates spectral species with large tetragonal distortion.

¢ Indicates spectral species with small tetragonal distortion.

protein system, iron—-bleomycin, is presented at the end
of this section because it is a natural product used in
medicine as an antitumor agent. In our discussion of
each system we focus on the reaction of iron(Il) with
dioxygen. Sufficient background will be presented to
place the dioxygen reaction in context; for greater detail,
however, the reviews cited should be consulted. As
stated above, several non-heme iron enzymes have been
excluded from discussion. Reviews on these systems,
which include iron-dependent superoxide dismutase,3082
lipoxygenases,® and intradiol catechol dioxygenases, 2627
are available elsewhere.

A. Mononuclear Enzymes

1. 4-Methoxybenzoate O-Demethylase
(Putidamonooxin)

In addition to methanotrophs which require methane,
there are numerous other bacteria that consume aro-
matic hydrocarbons as their sole carbon and energy
source.®* Like MMO, the enzymes used by these
organisms are of interest for their potential application
in the bioremediation of chemical waste. One such
enzyme, obtained from Pseudomonas putida, is 4-meth-
oxybenzoate O-demethylase (putidamonooxin, PMO),
which contains both a [2Fe-2S] cluster and a mono-
nuclear non-heme iron site.85% This enzyme catalyzes
the conversion of 4-methoxybenzoic acid into 4-hy-
droxybenzoic acid and formaldehyde (eq 23). Many
other substrates can bind to the enzyme,®! however,
some of which get hydroxylated and others of which do
not. Substrates falling in the former category are
termed “coupled”, whereas “uncoupled” substrates are
competitive inhibitors that bind to the active site and
allow enzyme turnover, but are not oxidized in the
process. In the latter case, reductant is consumed and
dioxygen is converted stoichiometrically to hydrogen
peroxide.’8 When 3- or 4-hydroxybenzoate is used, the
hydroxylation reaction affords the corresponding cat-

echol (eq 24).92 This chemistry is similar to the F208Y
R2 mutant, described in detail below, which oxidizes
atyrosyl residue to dopamine on exposure of its ferrous
form to dioxygen. In PMO, dioxygen reacts with the
mononuclear ferrous center, and a ferric peroxide has
been postulated as the active species.? NADH donates
electrons by way of the iron-sulfur cluster during
turnover. It should be noted that, in certain cases, the
observed product of the catalytic reaction is the result
of further rearrangement after the hydroxylation step.2

O, + H" + NADH H;0

(e}
oo Sl
HO PMO
O, o
OH + 23
Ho>—< >— AN, @

O, + H" + NADH H0

OH
0 : i 0

)——@—OH OH (24)
HO PMO HO

The structure of the non-heme iron center of PMO
is less well defined than those of many other iron
enzymes. Data obtained from EPR% and Méssbauer®
spectroscopic studies, summarized in Table 1, are
similar to those for the iron center in 3,4-protocate-
chuate dioxygenase discussed below,?¢but further work
is required to establish the identity of the two enzyme-
active sites. The only certainty regarding the iron
coordination sphere in PMO is the availability of
exogenous ligand binding sites, which was demonstrated
by the effect of 14NO binding on the EPR spectrum.
NO mimicked the dioxygen binding step but did not
turn over the enzyme.% Addition of coupled substrates
to the NO-enzyme complex significantly altered the
EPR spectrum, but uncoupled substrates caused no
change. This result indicates that coupled substrates
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either bind directly to the metal center or induce
structural rearrangements in the active site. The
ferrous ion is bound quite loosely to the enzyme. In
the absence of substrate, the equilibrium is such that
%/3 of the iron is free in solution.®® The binding of both
substrate and NO to the metalloenzyme stabilizes the
iron center, preventing dissociation of ferrous ion.
Equation 25 sets forth a scheme for the dioxygen
chemistry of PMO,% in which the iron-sulfur clusters
feed electrons to the non-heme iron center one at a
time. Species B-D are postulated to be EPR silent,
and E and F never form in sufficient quantities to detect
under turnover conditions.®* With NO, D’ (the NO

+e- +0, +e
Fe™ — Fel' — Fen—02 e Fem—OQ' -
A B C D

Fe'-0,” — Fe-0,> (25)
E F

analog of D) has been observed. Although D’ should
have a partially reduced [2Fe-2S] cluster, its EPR signal
was unaffected by addition of NO.

On the basis of results obtained with 4-vinylbenzoate,
a ferric peroxide intermediate was postulated as the
active hydroxylating species.® By using 120, it was
found that both oxygen atoms in the product, 4-(1,2-
dihydroxyethyl)benzoate, were derived from the di-
oxygen molecule. The ability of the enzyme to function
as a dioxygenase rules out the possible involvement of
a ferryl species, the formation of which would require
one of the oxygen atoms to be lost to solvent.

Any complete mechanism for this enzyme must also
account for the high proportion of NIH-shifted product
observed during turnover.%® This property is usually
interpreted as evidence for opening of an epoxide
intermediate at either of its two C-O bonds. Itisunclear
at present whether ferric peroxides are capable of
catalyzing such reactions without first decomposing
heterolytically into a perferryl species. The intermedi-
ate in such a non-ferryl mechanism might be a dioxe-
tane, a four-membered cyclic peroxide, which could lead
to significant NIH shifts by a ring-opening mechanism
analogous to that of an oxirane.

2. Extradiol Catechol Dioxygenases

Catechol dioxygenases are important enzymes in-
volved in the catabolism of aromatic compounds. They
catalyze the cleavage of aromatic rings to form linear
unsaturated diacids or acid—aldehydes (Figure 4). The
extradiol catechol dioxygenases, such as protocate-
chuate 4,5-dioxygenase, catechol 2,3-dioxygenase, and
many others, are not nearly as well studied as their
intradiol counterparts, catechol 1,2-dioxygenase and
protocatechuate 3,4-dioxygenase.26:273697 The intradiol
enzymes use a novel substrate activation mechanism
in which catechol binds to a ferric site that does not
undergo redox chemistry during turnover.26:27.36,97-100 Ty
these enzymes, dioxygen reacts directly with the
substrate-bound ferric form of the enzyme rather than
with the ferrous form. The extradiol catechol dioxy-
genases, on the other hand, require the ferrous form of
the enzyme.262" This finding was an initial indication
that an iron—dioxygen intermediate was involved in the
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Figure 4. Reactions of extradiol and intradiol catechol
dioxygenases.

enzyme mechanism. For simplicity, we focus our
discussion on the chemistry of protocatechuate 4,5-
dioxygenase (4,5-PCD) from Pseudomonas testosteroni,
the best studied of the extradiol enzymes.

4,5-PCD contains a single ferrous site per a8
tetramer (MW = 52.3 kDa),1%! the nature of which has
been examined spectroscopically (Table 1). Méssbauer
studies on the Pseudomonas testosteroni enzyme
revealed a high-spin octahedral ferrous ground state (6
= 1.28 mm s, AEq = 2.22 mm s at 4.2 K).1%
Mossbauer parameters for 4,5-PCD from other organ-
isms are slightly different but still characteristic of a
high-spin ferrous center.12 One of the most interesting
findings is that the Mossbauer parameters shift upon
addition of substrate, providing evidence, although not
proof, for inner-sphere coordination. Longer range
interactions due to side-chain reorganization upon
substrate binding can also lead to spectral changes for
the iron center. In the presence of catechol, the data
revealed two quadrupole doublets assigned to substrate
bound and free forms of the enzyme.!®! In both the
presence and absence of substrate, NO binding also
affected the iron Méssbauer spectrum.19!

A series of EPR experiments has been carried out on
this enzyme. The ferrous form was EPR silent, but
after oxidation to Fe(III) species several signals ap-
peared (g = 6.4, 5.5, 4.3) and were assigned to a
heterogeneous mixture of products.!®® Once again,
substrate and NO binding affected the spectra, further
supporting the existence of a ternary (E-S-0,) complex
in which each component is bound to the iron center.103
The use of isotopically labeled water (1"OH,) indicated
that at least two, and possibly a third, iron coordination
sites contained bound water in the absence of substrate
and dioxygen.!% Detailed studies of the electronic
structure of the iron center in catechol 2,3-dioxygenase
using MCD were interpreted by a slightly different
model having a 5-coordinate, square pyramidal active-
site geometry.19

A postulated mechanism for the reaction is shown in
Figure 5.1 Following enzyme-substrate complex
formation, dioxygen binds to the ferrous form of the
enzyme without oxidizing it to a ferric superoxide
intermediate. This conclusion was based on the
observation that autoxidation of the enzyme is slow.
Whereas most ferrous enzymes must be kept strictly
anaerobic to prevent such oxidative inactivation, 4,5-
PCD must be oxidized with hydrogen peroxide or some
other suitable oxidant to inactivate it completely.l%
This property indicates that, in the absence of substrate,
the ferric—superoxide species is not thermodynamically
favored in this system. A dioxygen adduct, although
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Figure 5. Proposed mechanism for the oxidation of proto-
catechuate by protocatechuate 4,5-dioxygenase. (Adapted
with permission from ref 103.)

not detected in the absence of substrate, is inferred
from the NO complex mentioned above. In addition,
in the presence of substrate, the binding constants for
NO and other exogenous ligands are significantly larger,
an effect similar to the one discussed above for
PMO.104105 The exact cause of such substrate effects
is not known, but substrate binding may change the
redox potential of the iron center, making it more
susceptible to oxidation by dioxygen.l%107 In the
presence of substrate, the bound dioxygen molecule is
postulated to attack the coordinated catecholate leading
ultimately to ring opening, as indicated in Figure 5.103
This reaction amounts to a nucleophilic attack on a
benzene ring. If C-5 were to acquire semiquinone
character during oxidation of iron(Il) to iron(IIl),
however, a radical attack of the coordinated dioxygen
might be possible. More work is required to establish
the mechanism.

3. Pteridine-Dependent Reactions

This class contains three known iron enzymes that
utilize dioxygen, phenylalanine hydroxylase (PAH),
tyrosine hydroxylase (TH), and tryptophan hydroxylase
(TRH). The reactions catalyzed, shown in Figure 6,
are all used in mammalian amino acid metabolism. The
product of the TH-catalyzed reaction, the catechola-
mine L-DOPA, is especially important because it is the
precursor of the neurotransmitters epinephrine and
norepinephrine. Most workinthis area has been carried
out on PAH, primarily because of its ease of isolation.
We therefore focus our discussion on this enzyme, since
others in the class are likely to behave similarly.18 The
pteridine used naturally by these systems is tetrahy-
drobiopterin (H,BP), which gets oxidized to quinonoid
dihydrobiopterin (H;BP) during turnover.l® Many
analogs of this reductant are active in the catalytic
system and their use has been instrumental in deter-
mining the enzyme mechanism.!®® Complete reviews
on all the pterine-dependent enzymes are available
elsewhere 109,110
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Figure 6. Reactions of the pteridine-dependent non-heme
iron enzymes. PAH = phenylalanine hydroxylase; TH =
tyrosine hydroxylase; TRH = tryptophan 5-hydroxylase; H,-
BP = tetrahydrobiopterin.

The nature and structure of the iron site in PAH
have been somewhat neglected. Our ability to make
reasonable interpretations regarding structure-function
relationships in this system is therefore hampered. A
discussion of the chemical properties of the system will
allow comparisons to be made with other reactions of
ferrous iron with dioxygen, however. When more
structural information is available, a reanalysis will be
necessary.

By analogy to flavin systems, it was originally
proposed that dioxygen reacts directly with the or-
ganic cofactor to generate 4a-hydroperoxy-tetrahydro-
biopterin (4a-O0H), which decays to form the active
oxidant. Substantial evidence has been acquired in
support of this hypothesis.199.111112 According to this
mechanism, iron(1I) would react with the peroxidated
cofactor, rather than with dioxygen itself, forming an
iron(II) peroxypterine (Fe-00-4a) adduct. Heterolytic
decomposition of this intermediate is proposed to yield
4a-OH and a ferryl species that is the active oxidant.
This theory appeared to be supported by the existence
of what was believed to be a PAH that contained no
metal ion isolated from Chromobacterium violaceum,!13
since the heterolytic cleavage of hydroperoxides is
known to occur under certain metal-free conditions. In
such a case, OH* would be the active species. It was
subsequently shown, however, that a Cu(I) cofactor had
been overlooked.!* Thus, all known enzymes of this
class require reduced metal cofactors for activity.ll4e

This fact raises the possibility that a reaction between
reduced metal and dioxygen precedes formation of the
4a-O0H intermediate. The strongest evidence for such
arole for iron in PAH is the diminished oxidation rate
of the cofactor in its absence. Were the synthesis of
the 4a-O0OH intermediate independent of protein-
bound Fe(Il), the unstable peroxide should still form
rapidly, although its decomposition would be altered
by the lack of functional protein. On the basis of
chemistry observed in other enzymes and model systems
and the clear requirement for reduced iron, it may be
that aferric-superoxide/ferrous—dioxygen adduct forms
initially which then peroxidizes H,BP. The reaction
would yield the same Fell-00-4a cofactor adduct
discussed above and possibly result in the same
heterolytic decomposition pathway. The current ex-
perimental data unfortunately cannot differentiate
these two pathways. Recent NMR studies on the active
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site of TH have measured the distance between the
phenylalanine C3/C4 positions and the metal center at
6.8+ 1.2 A.115 This constraint positions the amino acid
in approximately the right place for a perferryl oxo or
ferric peroxide to act upon it during enzyme turnover.
If the activation steps are based on iron chemistry,
release of superoxide or hydrogen peroxide might be a
potential side reaction. There is conflicting evidence
regarding HyQ; formation during the coupled and
uncoupled reactions.111,118117 Superoxide dismutase is
more effective than catalase in preventing damage to
the enzyme,!'” and small amounts of released superoxide
have been detected during turnover.!’! Both of these
results are consistent with a ferric-superoxide inter-
mediate. These findings support an active role for the
iron center in a reaction with O, but could also be
explained by nonspecific ferrous ion activity.

4. a-Keto Acid-Dependent Reactions

The a-keto acid-dependent enzymes, of which there
are at least eight variants, comprise one of the largest
classes of non-heme iron proteins.?® These enzymes
are characterized by their requirement for Fe(II),
ascorbate, dioxygen, and an «-keto acid, usually o-
ketoglutarate (2-KG). In one example, (p-hydroxy-
phenyl)pyruvate hydroxylase, the keto acid moiety is
an integral part of the substrate. The generalreaction
catalyzed by these enzymes hydroxylates substrate and
decarboxylates 2-KG, with one oxygen atom from O,
being transferred to substrate and the other to the
carboxylate group of the newly formed succinate (eq
26).11811% The best studied system to date is prolyl

O

Enz-Fe'! + O
HOOC/\/U\COOH + RH %—

AscH, dAsc

COOH
Hooc” ™~ + ROH + €O, (26)

4-hydroxylase which oxidizes proline residues of pre-
collagen, but again, since all the enzymes in this class
are expected to function similarly, discussion can be
generalized to the other systems. Two reviews are
available,120.121

The mononuclear iron center in these enzymes has
arather accessible coordination sphere. Instudies with
cofactor analogs, it was found that both 2-KG and
ascorbate bind directly to iron, and it was assumed that
there must also be an available coordination site for
dioxygen.120121 Binding of 2-KG to the apoenzyme
prevented subsequent incorporation of iron, so it was
postulated that 2-KG occludes the metal binding site.122
In prolyl hydroxylase, iron binding to the enzyme was
proposed to require three ligands, at least one of which
may be cysteinyl thiolate.1?+126 The identity of the
other ligands is unknown and much work remains to
be done. The only biophysical data available for the
iron center come from EPR studies. In the absence of
substrate or 2-KG, a signal appears at g = 4.3, typical
of high-spin ferric ion.!?” Upon addition of 2-KG, the
amplitude of this signal increases, possibly indicating
stronger coordination of ferric ion to the enzyme in its
presence. Upon further addition of AscH,, the g = 4.3
signal decays with concomitant growth of a signal at g
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= 2. The role of ascorbate therefore appears to be to
reduce the ferric form of the enzyme.

Despite the lack of detailed information about the
coordination environment of the iron center in prolyl
hydroxylase, a mechanism consistent with all the
experimental evidence has been proposed (Figure 7).120
The mechanism consists of five main steps: (1) dioxygen
binding to form ferric superoxide; (2) attack of super-
oxide on bound 2-KG; (3) decomposition of 2-KG into
CO; and a succinate-bound ferryl; (4) attack by ferryl
on the C-4 of proline; and (5) product release. Under
normal turnover conditions, the iron returns to its
original ferrous state at the end of the catalytic cycle.
Several lines of evidence support this mechanism. First,
substoichiometric amounts of ascorbate are consumed
during turnover, whereas, in the absence of substrate,
1 mol of ascorbate is consumed per mole of CO,
produced.!28-130 If the enzyme is reconstituted with
ferrous ions, the initial rate of oxidation is constant
whether or not ascorbate is present, but falls off within
the first minute.!3! This behavior indicates two parallel
pathways, a productive one leading to hydroxylated
substrate and regenerated ferrous ion, and a nonpro-
ductive one that leaves the enzyme stranded in the ferric
state unless ascorbate is present to reactivate it. Such
a stepwise mechanism is consistent with kinetic and
EPR data showing a multiphase reaction, including an
initial activation step and CO; release at different rates
than the appearance of dehydroascorbate.!2%130 Fur-
thermore, the mechanism explains the very small
observed intermolecular deuterium kinetic isotope
effect. The rate-determining step involves enzyme
binding and release of the cofactors and substrates,
none of which is involved in the C-H bond-breaking
step.120 The active ferryl species turns over whether or
notsubstrate is in place, leading to the substoichiometric
reduction of AscH,.132 Additional work to reveal the
structural features of this and other 2-KG enzymes is
necessary to understand fully the attributes of this
system that are responsible for its robust nature and
widespread use in biology. Furthermore, the enzymes
are good targets for potential trapping of non-heme
ferryl species through adjustments in the cofactor-
enzyme interactions. Several cofactor analogs have
already been studied in detail from a kinetic perspec-
tive,122129.133 hut do not appear to have been used in
attempts to obtain spectroscopic evidence for this
elusive high-valent iron species. Model studies using
ferrous benzoyl formate complexes have been able to
duplicate the 2-keto acid decarboxylation reaction with
concomitant oxidation of phenols to biphenols.134135
The nature of the active intermediate has not yet been
determined, however.

The portion of the mechanism that remains murky
pertains to the reaction of the ferryl species with
substrate. For prolyl hydroxylase, it is difficult to
approach this question because the substrate is a
protein, typically (Pro-Pro-Gly),, in the in vitro as-
says.!3¢ Possibly this phase of the mechanism might
be clarified through investigation of alternative enzymes
such as thymine 7-hydroxylase.l¥” This enzyme hy-
droxylates the exocyclic methyl group of thymine, but
recent work has shown that it can epoxidize olefins,
oxidize thiol ethers to sulfones and sulfoxides, and
demethylate the 1-methyl group of 1-methylthymine. 38
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Figure 7. Proposed mechanism for the oxidation of proline by prolyl hydroxylase. Ligands L;, Ls, and L3 are amino acid
residues. R; and R; are the peptide attachments of the proline substrate. (Adapted with permission from ref 120.)

It therefore mimics all the activities associated with
the putative ferryl species of the heme system cyto-
chrome P-450.4# Currently, only an outline of this
activity has been elucidated, but the mechanistic results
are sure to add greatly to our understanding of species
involved in the reactions of non-heme iron proteins with
dioxygen.

5. Isopenicillin N Synthase

The final mononuclear enzyme to be discussed is
isopenicillin N synthase (IPNS), a polypeptide with a
molecular weight of 37-40 kDa depending on the species
from which itis isolated.!3%-14! Thisiron(II)-containing
enzyme differs substantially from those previously
discussed in that, although dioxygen is consumed in
the reaction, the substrate, §-[5-amino-5-Chydroxycar-
bonyl)pentanoyl]-L-cysteinyl-D-valine (ACV), is not
oxygenated. Instead, a process called desaturative
cyclization occurs in which the loss of hydrogen atoms
results in ring closure.!3%-141 Theoverall reaction shown
in eq 27 results in the stereospecific formation of both
the 3-lactam and thiazoline rings. The tworing-forming
steps occur with retention of configuration, and the
complete process consumes 1 equiv of dioxygen.142:143

o]

O,
Ho)Kg/\/\’rNj;/SH %
NH, o) N\/l\
° '!‘éOOH 2H0
ACV
o)
HOJ\./\/\N/N S
NH, o Hf @)
o
COOH
Isopenicillin N

Since two covalent bonds are formed, the transforma-
tion results in no net change in iron oxidation state
although transient, high-valent species are proposed
as discussed below.

Whereas many of the mononuclear iron(II) enzymes
discussed above have poorly understood metal centers,
extensive spectroscopic data on IPNS provide as clear
a picture of the active site as possible without a crystal
structure. Mbossbauer,44145 EPR,144-146 NMR,146.147
EXAFS,148149 and optical spectroscopy,!4+14 sum-
marized in Table 2, have been used to construct a model
(Figure 8) in which the low-spin octahedral iron(II)
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Table 2. Spectroscopic Properties of Isopenicillin N Synthase*
parameter  IPNS, no substrate IPNS + NO, no substrate IPNS + NO + ACV IPNS + ACV

Méssbauer D, cm! _ 14 14
E/D 0.015 0.035
AEq, mm s! 2.70 -1.0 -1.2 3.40
7 0.1 1.0
8, mm s! 1.30 0.75 0.65 1.10
T,K 4.2 4.2 4.2 4.2
EPR g n.o. 4.09 4.22 n.o.
3.95 3.81
k 2.0 1.99
E/D 0.015 0.035
S 3/q 3y
optical A, nm none > 280 340 508 (1600) none > 280
(¢, M1 cm™) 430 720
600

¢ Data from refs 144 and 145. n.o. = not observed.
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His ‘I’,Fl \\“. His
e
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His "’lFle \‘“.His

(HJHO

Figure 8. Proposed structure of the isopenicillin N synthase (IPNS) active site in its native, substrate bound, and nitrosyl
forms. The relati_ve positions of the ligands around the iron center are arbitrary. (Adapted with permission from ref 145.)

center is coordinated to one aspartate and three conserved cysteine residues that affect the reactivity
histidine residues in the resting state. There are two of the enzyme, but are not essential to catalysis, as shown
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Figure 9. Mechanism proposed for the desaturative cy-
clization of ACV by isopenicillin N synthase. Steps 1 and 2
refer to processes affected by isotopic labeling of the depicted
hydrogen atom. The shunt pathway is written as a branch
between steps 1 and 2, but is generally not observed for the
ACV substrate. The existence of this pathway is postulated
on the basis of studies using substrate analogs and deuterated
ACV. (Adapted with permission from ref 159.)

by mutagenesis experiments.15151 Upon addition of
substrate, spectroscopic changes occur at the iron center
consistent with direct coordination.!4+-14? It has been
postulated that, under anaerobic conditions, the peptide
substrate coordinates through the cysteinyl sulfur.
Binding of NO has been used to probe the structures
of the O; and substrate adducts formed immediately
prior to turnover, with somewhat conflicting re-
sults. 46147 NQO is postulated to displace either a
histidine!¥” or an aspartate residue.l#5 In either case,
coordinated water or hydroxide occupies the remaining
coordination site(s).

The foregoing spectroscopic studies have not provided
much evidence regarding the nature of the enzyme
mechanism, however, and in work with the natural
substrate, no intermediates, such as a monocyclic
peptide, have been observed.!¥ On the other hand,
substrate analogs and isotopic labeling experiments
have revealed several features of the reaction mech-
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anism,140.152-159 A cuyrrent model, which is comprised of
multiple steps, is presented in Figure 9. Two hydrogen
atom positions exhibit large kinetic isotope effects when
deuterated substrate is used. Cleavage of these two
C-H bonds, designated as steps 1 and 2 in Figure 9, is
therefore important in initiating the respective ring
closurereactions. Asindicated, four-electronoxidation
of the substrate—iron complex occurs prior to the closure
of either heterocycle. Two of the oxidizing equivalents
are used to oxidize the cysteinyl sulfur of the substrate
while the other two electrons convert Fe(II) to ferryl,
Fe(IV). An internal rearrangement then occurs to
generate a monocyclic intermediate bound to the ferryl
through the sulfur atom. Evidence for this intermediate
can be derived from so-called “shunt” substrates that
fail to undergo closure of the thiazolidine ring. These
tripeptide substrates fall into several classes including
some deuterated at the valine C-3 position or others
containing homocysteine instead of cysteine.14015 The
ferryl complex is then proposed to insert into the
carbon-hydrogen bond at the valine C-3 position to
form the organo—iron species shown in Figure 9. This
intermediate then cleaves the Fe—C bond homolytically
to eliminate, after rearrangement, product and water,
while returning the enzyme to its initial iron(II)
oxidation state.

The participation of a ferryl in this phase of the
reaction has been supported by several experiments
using amino acid analogs in place of valine. One of
these derivatives, designed to show the role of a ferryl
through the interception of the radical intermediate,
contained a cyclopropyl group attached to the sub-
strate.!5%180 Upon incubation with IPNS and dioxygen,
a 3:1 ratio of ring-opened to unrearranged products
was observed, indicative of a radical intermediate. An
intermediate containing a weak iron—carbon bond
capable of radical dissociation could explain these
results and has been proposed.!5216! Certain other
derivatives, notably those containing allylglycine resi-
dues in place of valine, were oxygenated by IPNS in
reactions remarkably similar to those of cytochromes
P-450.140 In these cases, the incorporated oxygen atom
derived primarily from dioxygen.

B. Proteins with Dliron Centers
1. Hemerythrin

Hemerythrin (Hr) is the oxygen-carrier protein in
marine invertebrates including sipunculids, annelids,
priapulids and brachiopods. It functions in a manner
directly comparable to the mammalian proteins myo-
globin and hemoglobin.12:1454162,163 Tn mogt species, the
protein is an octamer although monomeric and other
oligomeric forms are known. Each subunit, ranging in
molecular weight from 13.5-13.9 kDa, contains two
ligand-bridged iron atoms.* There are two major
classes of hemerythrins, those exhibiting cooperative
binding of O; and those that do not. Unless otherwise
specified, all studies mentioned here refer to non-
cooperative hemerythrins.

The crystal structures of oxyhemerythrinl® and
higher resolution structures of oxy, deoxy, met, and
azidomet forms of the protein have been solved.47.165-168
This extensive structural work revealed that the basic
three-dimensional motif of the protein is evolutionarily
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a

His101

Figure 10. (a) MOLSCRIPT3® drawing of azidometHr
showing the active site and protein fold and (b) schematic
diagram of the diiron center in azidometHr.

conserved!®® and confirmed many predictions made
based on a variety of biophysical studies. Together
with the available spectroscopic,!”-17 kinetic,!77-18 and
thermodynamic!’"178 data on the reaction of the di-
nuclear iron center in Hr with dioxygen, the structural
details make this protein one of the best understood of
all non-heme iron systems,1214162,163,182

The structure of Hr is shown in Figure 10. The
dinuclear iron center, which residues within a 4-helix
bundle, has several distinguishing features. In the
reduced, deoxy form, the core is asymmetric, having
one 5-coordinate and one 6-coordinate iron atom. Two
protein carboxylates and one solvent-derived hydroxide
bridge link the two iron atoms. In the met and oxy
forms, the bridge is deprotonated. Terminal ligation
sites are filled by nitrogen atoms donated from the
imidazole side chains of five histidine residues and, in
the met and oxy forms, by an additional, exogenous
ligand. Keydistancesand angles are presented in Table
3. One of the more important findings of the structural
work was proof that, upon reaction of dioxygen with
the diiron(II) core, hydroperoxide coordinates in a bent,
end-on fashion to one of the ferric ions. Binding of
dioxygen to deoxyHr is a two-electron transfer reaction,

Feig and Lippard

Table 3. Average Bond Distances (A) and Angles (Deg)
in the Different Forms of Hr2

deoxy oxyHr metHr azidometHr
Fel-Glu58 2.33 2.20 2.26 2.17
Fel-His73 2.23 2.22 2.22 2.24
Fel-His77 2.21 2.18 2.15 2.20
Fel-His101 2.24 2.21 2.15 2.22
Fel-Aspl06 2.17 2.13 2.08 2.15
Fel-O 2.15 1.88 1.92 1.80
Fe2-His25 2.15 2.14 2.07 2.21
Fe2-His54 2.28 2.25 2.23 2.24
Fe2-Glu58 2.140 2.20 2.04 2.25
Fe2-Aspl106 2.14 2.15 2.08 2.09
Fe2-0 1.88 1.79 1.66 1.79
Fel-Fe2 3.32 3.27 3.25
Fel-0-Fe2 111 125 127 135
O-peroxy O 2.80
Fe2-peroxy O1 2.15
Fe2-N1 2.34

@ Data taken from refs 47 and 166. See Figure 10 for labeling
scheme.

predicted as early as 1955 on the basis of extraction
studies with iron chelators.!8 More conclusive evidence
was later provided by spectroscopic work (Table 4).
Mossbauer spectra of deoxyHr display a single quad-
rupole doublet at 4.2 K with isomer shift (6 = 1.14 mm
s71) and quadrupole splitting parameters (AEq = 2.76
mm s1) indicative of high-spin Fe(II).1# The spectrum
of oxyHr, on the other hand, has two distinct doublets
with similar isomer shifts (6 = 0.51, 0.52 mm s) but
different quadrupole splitting parameters (AEq = 0.91,
1.93 mm s!), consistent with an asymmetric, antifer-
romagnetically coupled diferric site.!#13 Resonance
Raman spectroscopy revealed the presence of a vgo
stretching band at 844 e¢m-!, characteristic of bound
peroxide ion.!” Assignment of this band was further
verified by isotopic labeling experiments.7%171

The bent peroxide moiety in oxyHr can have two
extreme orientations relative to the iron core, syn or
anti, binding modes e and f, respectively, in Figure 3.
The crystal structure of oxyHr revealed exclusively the
syn orientation, which allows for hydrogen bonding
between the hydroperoxide ligand and the oxo bridge.
The O--0 distance between these two units is 2.8 A,#7
well within the range of hydrogen-bonding interactions.
Proof for the existence of a hydrogen bond to the
coordinated hydroperoxide was provided by resonance
Raman studies of oxyHr. Spectra of samples prepared
in Hy0 versus D;O were compared. The v, (Fe—O-Fe)
bend in oxyHr shifts by 4 cm! toward higher energy
in D;0.172 With the sole exception of hydroxymetHr,
a derivative that can also use a proton to form a
hydrogen bond with the oxo bridge, no other form of
the protein exhibited such a deuterium isotope effect.
The reaction of deoxyHr to form oxyHr can therefore
be written as indicated in eq 28, in which a proton from
the hydroxo bridge is shuttled to the newly formed
peroxide upon binding and reduction of dioxygen.

H—O
. _ S. \o
Fen/o"‘ Fell * O Fell 7 "‘Fem' (28)

The protonation state of the bound peroxide in oxyHr
has some interesting consequences. Protonation re-
moves electron density from the oxygen p orbitals, which
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Table 4. Spectroscopic Properties of the Different Forms of Hr

deoxyHr oxyHr metHr azidometHr ref
Raman v5(Fe-0-Fe), cm-! 486 510 507 366
v(Fe-O-Fe), cm-! 753 750 768 366
¥(0-0), cm-! 844 20500 170
v(Fe~L), cm-! 503 375 12
optical 8A; — ‘T (*Q) 750 (210) 680 (190) 12
A, nm (¢, M1 cml)
8A; — ‘T (4G) 990 (10) 1010 (10) 12
A, nm (¢, M- cm-1)
charge transfer 500 (2200) 445 (3700) 12
(¢, M-l cm™)
magnetics J,em1? -15 -90 -130 12
D CD max, nm (A¢, M-! cm™?) 520 (-2.5) 500 (-4.3) 12
excitation max, nm 525 490 12
Massbauer Fel §, mm s! 1.14 0.51 0.46 0.51 14
Fel AEq, mm s! 2.76 091 1.57 1.96 14
Fe2 6, mm s! 0.52 0.51 14
Fe2 AEg, mm s! 1.93 1.47 14
EPR silent silent 12

¢ »(N-N), from ref 171. ¢ These values are reported using the convention # = —2JS5:Ss.

otherwise might form #-bonds to the metal d orbitals.
Such weakening of the w-interaction might facilitate
dissociation of dioxygen and return to the ferrous, deoxy
form of the protein.!” Non-cooperative hemerythrins
do not exhibit any pH-dependent kinetic or thermo-
dynamic changes in their dioxygen-binding properties.
This striking insensitivity to pH has been ascribed to
the internal proton transfer mechanism of eq 28.18

Kinetic studies of the dioxygen-binding reaction have
been carried out for several forms of Hr.177-181 Kinetic
constants measured by temperature-jump relaxation,
stopped-flow, and laser-photolysis techniques are in
relatively good agreement with one another. A sum-
mary of the results is given in Table 5, together with
corresponding values for the oxygenation reactions of
hemoglobin and myoglobin for comparison purposes.
The rate of Hr oxygenation is limited by the diffusion
of O; to the diiron(II) binding site.” As expected for
an oxygen transport or storage protein, oxyHr has good
stability (K4 ~ 10-%), and oxidation to the inactive met
form is highly disfavored. Some of the early studies on
the kinetics of oxygenation reported biphasic behavior
that was ascribed to multiple binding geometries or
sample heterogeneity;'” for these cases, initial reaction
velocities were measured. Biphasic kinetics were also
observed in laser photolysis investigations of Hr and
attributed to solution viscosity effects.!8 In at least
one experiment significant changes in the kinetic
parameters occurred under different salt conditions,178
The enthalpy and entropy of the oxygenation reaction
have been measured for some hemerythrins (Themiste
zostericola, Siphonosoma nudus, and Golfingia gouldii)
and are in reasonably good agreement.!?-179

Kinetic isotope effect (KIE) experiments carried out
on the oxygenation reaction revealed an interesting
difference from results for hemoglobin and myoglo-
bin.18 In Hr, only the dissociation rate constant (kos)
was affected by changing to DO as solvent (ky/kp =
1.2); kon was unaffected. Inthe heme systems, both the
binding and the dissociation rates had KIE values of
~1.2.18 These small isotope effects are consistent with
hydrogen-bonding interactions stabilizing the oxygen-
ated forms of the proteins, but equally well could reflect
internal proton transfer reactions within the active site.
The lack of a KIE for the O, binding reaction in Hr

indicates that the proton-transfer step is more impor-
tant for dioxygen release than uptake by the protein.

One puzzling aspect of Hr oxygenation chemistry is
the nature of the cooperativity displayed for certain
species. This behavior is pH dependent. Lowering the
pH results in a sharp loss of cooperativity between pH
7.6 and 7.0,'% implying that cooperativity depends upon
a specific protonation event. The cooperative versus
non-cooperative oxygenation reaction rate is strikingly
different for T. zostericola (Table 5). The rate of
binding is 10 times faster for the non-cooperative form
of the protein. This difference in activity has been
ascribed to a two-state model for allostery,!® suggesting
that the rate of interconversion between the two affinity
forms is much slower than the rate of dioxygen binding.
More recently, it was shown that, although the subunits
were initially thought to be identical, in the cooperative
species they are in fact not s0.13” The source of the
cooperativity is therefore presumed to be an interaction
at the subunit interface. Studies of the allostery by
resonance Raman spectroscopy revealed a shift in the
0-O stretching frequency as a function of pH in
cooperative systems.!”> No such shift was observed for
non-cooperative hemerythrins nor was a pH dependent
effect observed for the Fe~O stretching vibration. In
each case, cooperativity was observed only at higher
pH values under dioxygen saturating conditions.!”
From this evidence, it was proposed that the cooper-
ativity reflects a structural change that takes place after
0. binding, in contrast to the nature of the cooperativity
found in hemoglobin where the binding affinity of the
deoxyHb is affected by a structural change.188

The specific model for cooperativity postulated to
explain these results is shown in Figure 11. In this
model, a hydrogen bond from the bound hydroperoxide
to an unidentified protein residue is responsible for the
shift to a high affinity form of Hr. This hydrogen
bonding arrangement is preferred to one involving the
hydroperoxide ligand and the oxo bridge because a
change in the latter interaction would be expected to
alter the Fe-O stretching vibration, which was not
observed. Furthermore, no cooperative effects occurred
in other oxidized forms of the protein such as azi-
dometHr. The model is consistent with this behavior
since it depends upon the specific geometric relation-
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B-Helix

A-Helix

Figure 11. Schematic model for the dinuclear iron center in
a cooperative oxyHr. The A- and B-helices of the a-subunit
are assumed to be in contact with the A- and B-helices of the
B-subunit. The unknown residue X is postulated to form a
hydrogen bond to the bound hydroperoxide as discussed in
the text. (Adapted with permission from ref 175.)

ships between the hydrogen-bond donor and acceptor
pairs of the hydroperoxide ligand and protein residue.

The foregoing proposals to explain the nature of the
cooperativity are compatible with one another. Hy-
drogen-bond formation between the protein side chain
and the bound hydroperoxide should be fast, but
propagation of the structural changes down the a-helix
might not be as rapid. The nature of the changesin the
coordination environment of a diiron(II) site transmit-
ted to another subunit is uncertain and likely to be
subtle. The motion of the helix following the formation
of the proposed second hydrogen bond to the coordi-
nated hydroperoxide might result in a more favorable
alignment of the equivalent hydrogen bond at a distant
site, but there is no experimental evidence to support
such a proposal. Further work on the nature of the
cooperativity is required to define the reorganization
involved and could be approached by site-directed
mutagenesis experiments.

As a final consideration, we now address the specific-
ity of the reaction of deoxyHr with dioxygen. A problem
common to most dioxygen-utilizing ferrous proteins is
oxidation to the inactive, ferric (met) form. Inthe case
of Hr, such oxidation can result from dissociation of
hydrogen peroxide from oxyHr. The dissociation rate
of HO;~ has been estimated to be approximately 1.0 X
10-5 s-1.12 This slow dissociation rate is postulated to
be a result of the extremely hydrophobic nature of the
hemerythrin dioxygen-binding pocket. Reactions of
hemerythrins with alternative oxidants are quite slow
in the absence of anionic ligands but significantly
enhanced by their presence.!® The semimet, FellFelll,
form has also been investigated, but is unstable with
respect to disproportionation without an external
reductant or oxidant. This instability reflects the
preference of the diiron core in Hr to undergo two-
electron redox steps,'2 a feature that is both interesting
and important. The propensity of dioxygen to be
reduced in two-electron steps was mentioned above,
and we now see that this preference is shared by the
dinucleariron center in Hr. Inthissystem, theelectron-
transfer properties of the dinuclear metal site and the
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exogenous ligand are beautifully tuned to accommodate
one another. Asdiscussed below, not all dinuclear iron
sites in proteins and models present metastable mixed-
valent forms.

The foregoing discussion illustrates several impor-
tant features about the reaction of O, with a diiron(II)
center. DeoxyHr reduces dioxygen tothe peroxidelevel
and the resulting hydroperoxide is stabilized by the
protein sheath. As will be shown, most of the other
systems use all four oxidizing equivalents of the O,
molecule. The stability of the ferric hydroperoxide
complex in Hr results in part from hydrogen bonding
to the oxo bridge, inaccessibility to reactive diiron(II)
units in adjacent subunits, and possibly the nitrogen-
rich histidine ligand environment of the core. These
features render Hr unique among non-heme iron
systems and are shared to some extent by the coordi-
nation spheres of the reversible dioxygen-binding heme
proteins Hb and Mb. As will be discussed, one small
molecule system, the hydroxo-bridged diiron(II) com-
plex [Fes(MesTACN)2(OH)(OAc);]*, mimics several of
the structural and spectroscopic properties of the
deoxyHr core quite accurately. It lacks an open
coordination site on iron(II) ion for dioxygen binding,
however. Kinetic studies on its oxidation (discussed
below) indicate that, following a carboxylate shift
reaction to free an O,-binding site, the compound reacts
with dioxygen but fails to do so in a reversible manner
because the oxygenated intermediate attacks a second
equivalent of the diferrous complex to form, ultimately,
2[Fes(MesTACN)2(0)(0Ac)o]2+.190-192  These results
show that simply recreating the coordination environ-
ment of iron in the Hr core is not necessarily sufficient
to model the activity of the protein. Secondary
interactions such as hydrogen-bonding relationships
might be necessary to stabilize properly a peroxide
species, rendering it less reactive toward reductive
decomposition.

2. Methane Monooxygenase

This enzyme system is currently one of the most
intensively studied non-heme iron proteins. Recent
investigations of the three-dimensional structure of the
hydroxylase component and its catalytic mechanism
have yielded significant insights into the workings of
this enzyme. MMO is a mixed-function oxidase; one
atom of O, is transferred to substrate and the other
forms water. Asindicated in eq 29, the system converts

CH, + 0, +H" + NADH —
CH,0H + H,0 + NAD" (29)

methane to methanol in a process that is coupled to the
oxidation of NADH. Several forms of MMO exist
including soluble and membrane-bound varieties.193.194
Only the soluble form contains iron, the other having
copper as its redox active metal ion. Most studies have
focused on MMO isolated either from Methylococcus
capsulatus (Bath) or Methylosinus trichosporium
(OB3b), which differ in the temperature at which they
operate (45 °C versus ambient, respectively), their
morphology, and metabolic pathways following meth-
ane hydroxylation. The active-site structures and
hydroxylation mechanisms of MMOs from the two
different organisms share many common features, but
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Table 6. Spectroscopic Properties for the Different Forms of MMO Hydroxylase

M. trichosporium (OB3b)

M. capsulatus (Bath)

Heq ); H, ref Hyq Hy, H,, ref

optical Amazx, M 282 201 280 208
magnetics J,0 cm! 0.35 -30 -7x3 371-373 -32 208
Mossbauer Fel §, mm s-! 1.3 (4.2) 0.48 (150) 0.51 (4.2) 371 1.30 (80) 0.50 (80) 208

(T, K)

Fel AEg, mm ! 3.10 -1.3 1.16 371 3.014 1.05

Fe2 8, mm s! 1.3 1.19 0.50 371

Fe2 AEg, mm s! 2.4-3.0 24 0.87 371
ENDOR A, MHz 13-23% 213 14-30° 212
EPR g 1.94 211 1.92 208

8y 1.86 211 1.86 208

g 1.75 211 17 208

Bav 16 1.85 4.3 211 1.83 207
redox potentials E°, mV vs NHE 21 220 -135 48 202

E°, mV vs NHE + -115¢ -52¢ 220 <1009 202

additives

¢ These values are reported using the convention # = -2JS;:S;. ® This signal arises from the hydroxide bridge; other resonances
not listed (see text). ¢ Potential in the presence of B. ¢ Two electron addition in the presence of B, reductase, and substrate.

there are some interesting differences manifest in the
mechanistic studies to be discussed below. One of the
current goals in this field is to define the unifying
features of the reaction and to understand or reconcile
conflicting results,195-199

The MMO enzyme system contains three proteins,
a hydroxylase, housing two dinuclear non-heme iron
centers, a reductase containing one FAD and one [2Fe-
28] cluster, and protein B, a coupling unit that facilitates
electron transfer from the reductase to the hydroxylase
and modulates the properties of the latter.200-203 In
this review we focus primarily on the dinuclear iron
core in the hydroxylase and its reactions with dioxygen.
For more general discussions, other recent works can
be consulted.?12-15199-208

The hydroxylase protein has an as8yys composition
with a molecular weight of 251 kDa.201.209 The crystal
structure of the oxidized M. capsulatus (Bath) enzyme
has recently been solved to 2.2 A,% confirming, and
considerably elaborating on, the structure that had been
proposed based on spectroscopic and other evidence
(Table6). AsshowninFigure 12,the diiron(III) centers
reside in the o subunits, which are related by a
noncrystallographic 2-fold symmetry axis, at a distance
of 45 A from one another. The distance between iron
atoms in each dinuclear coreis 3.4 A, in good agreement
with EXAFS studies of the oxidized hydroxylase.2¢
The two iron atoms are bridged by a glutamate side
chain, E144, a hydroxide ion, and an acetate ion from
the crystallization buffer. The terminal ligands are
comprised of two histidine nitrogens (H147 and H246),
three carboxylate oxygen donors (E114, E243, and
E209), and a water molecule which is hydrogen bonded
to E114 and E243.

The presence of a hydroxo, rather than an oxo, bridge
in the ferric enzyme was initially suggested from op-
tical, EXAFS and magnetic studies. These experi-
ments revealed the absence of the visible absorption
band, short Fe-Fe distance, and large antiferromag-
netic exchange coupling, features characteristic of
diiron(ITI) centers containing oxo and carboxylate
bridges. 207208210213 The identity of the monoatomic
bridge was recently established by ENDOR studies of
the mixed-valent form of the hydroxylase which
revealed spectra displaying anisotropic coupling of the

unpaired electron to an exchangable proton assigned
to hydroxide ion.2122!3 The proton ENDOR results also
indicated the coordination of at least one water molecule
to the dinuclear iron center, a feature also revealed by
the X-ray structure of the M. capsulatus (Bath)
hydroxylase.

The dinuclear iron center is positioned in the center
of a 4-helix bundle in the a-subunit. The [Fe;(OH)15*
moiety is bound by two Glu-X-X-His sequences, an i,
i + 3 motif found in many metalloenzymes.?14215 The
exogeneous acetate bound to the diiron center may
indicate the site at which dioxygen, substrate, or
methoxide product interacts with the core, and further
studies are in progress to address these questions. The
carboxylate side chain of E243, hydrogen bound to the
coordinated water, is properly situated to undergo
carboxylate shift chemistry upon redox cycling of the
system in a manner analogous to that observed in RR
(see below).2162!7 The hydrophobic pocket adjacent to
the active site of the hydroxylase is larger than the one
found in R2 (see below) and contains a cysteine at the
position corresponding to the location of Y122 in R2,
Entry of substrate to this pocket may occur through
the a-subunit where there are several contiguous
hydrophobic cavities. The canyon that straddles the
non-crystallographic 2-fold axis on one face of the
enzyme is a possible site for binding component B.
Docking of B along canyon walls comprised of two of
the helices involved in iron coordination would allow
the modulation of activity as discussed below.

Investigations of the redox properties of the diiron
center in MMO hydroxylase reveal three accessible
oxidation states, FelllFelll, FelllFell, and FellFell 218 Ag
isolated, the enzyme is in the fully oxidized state,
whereas the reduced form is the one that reacts with
dioxygen. The mixed-valent hydroxylase is inactive,
but has important physical properties, such as the
ENDOR spectrum mentioned above, that have been
used to characterize the protein. Forthe M. capsulatus
(Bath) hydroxylase, the iron redox couples occur at
+48 and -135mV versus NHE22 and are shifted toward
slightly more negative potentials upon addition of
substrate. Addition of a 1:1 mixture of protein B and
reductase had a striking influence on the redox proper-
ties of the diiron core, however. In the presence of the
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a CHy
0, +2H*

H,O CH30H

NADH

NAD* + H*

acetate

Figure 12. (a) Schematic drawing showing the quaternary
structure of the active MMO hydroxylase-reductase—protein
B complex from M. capsulatus (Bath); (b) MOLSCRIPT363
ribbon drawing showing the protein fold of the MMO
hydroxylase protein and the diiron center from M. capsulatus
(Bath); and (c) schematic representation of the diiron center.

fully constituted protein system without substrate, the
iron could not be reduced by dithionite in the presence
of mediators even at ~200 mV. In the presence of
substrate, however, reduction occurred, and the po-
tentials of the two redox steps were altered such that
it was easier to add the second electron than the first.
The system thus bypassed the inactive mixed-valent
form of the hydroxylase; substrate binding triggered
the reduction of iron and primed the enzyme for
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oxidation chemistry. Since alkanes are unlikely to bind
directly to the dinuclear iron center, the effect must be
indirect. Forexample, substrate binding might displace
a bound water molecule or lead to a carboxylate shift.219
Related studies have recently been reported for the M.
trichosporium OB3b system, for which iron redox
couples of +76 and +21 mV were obtained.220 The
addition of protein B shifted the reduction potentials
of thedinuclear iron center by—132mV. Inthe presence
of B and reductase, there was no difficulty in reducing
the protein with dithionite and mediators and the shift
from a one-electron to a two-electron process was less
clearly apparent, in contrast to the results for the M.
capsulatus (Bath) protein. The differences between
the two studies must be addressed by further work.
The redox properties of MMO just discussed are quite
different from those described above for Hr. The most
notable difference is the relative stability of the mixed-
valent species of the hydroxylase. Once generated, this
FellFellspecies can be purified and studied even though
it is catalytically inactive.

Several general features of the MMO hydroxylation
mechanism are understood. Dioxygen reacts with the
reduced form of the enzyme, probably leading to the
formation of a diiron(III) peroxide intermediate (Figure
13). One of the oxygen atoms then gets incorporated
into substrate by a sequence of events currently being
probed by several different experiments. Theroles that
substrate radicals and/or a ferryl intermediate might
play are of primary interest. When no reductase is
present, the reduced hydroxylase alone will function in
a single turnover experiment yielding stoichiometric
amounts of product and the diiron(III) form of the
enzyme. The reductase is thus essential only for
recycling the enzyme. It has become clear, however,
that important effects are occurring which render the
hydroxylase more efficient in the presence of the other
two proteins.202203 Protein B, in particular, greatly
accelerates the rate of hydroxylation. Elucidating the
details of these interactions will require more work.
One of the current approaches to this problem is to
study the enzyme kinetics during single turnover
experiments. This work has begun to yield information
regarding discrete steps of the hydroxylation process.
Previous studies using multiple turnover conditions
revealed that electron transfer from the reductant to
the diiron(III) hydroxylase is faster than the rate of
hydroxylation.24205 The reduction step is therefore
not rate limiting, leaving substrate binding, substrate
release, or some step in the oxygenation as potential
rate-limiting processes of the complete catalytic system.

Elaboration of the MMO hydroxylase mechanism is
usually written in a manner that mimics the rebound
mechanism postulated for cytochrome P-450 (Figure
13, path C)#0.195221-228 hecause of similarities in the
overall stoichiometry and substrates for the two sys-
tems. Bothhydroxylate a wide variety of hydrocarbons
and incorporate oxygen atoms from the dioxygen
molecule with minimal solvent exchange. For the M.
trichosporium hydroxylase, there is some evidence to
justify the comparison with the generally accepted, if
unproven, cytochrome P-450 mechanism. Radical clock
studies using 1,1-dimethylcyclopropane gave ring-
opened products consistent with the formation of both
radical and carbocation intermediates.!® Althoughthe
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Table 7. Percentage Distribution of 3H Label in the
Methylene Group of the
(2R)-2-Acetoxy-2-phenylethanoate Derivative of the
Samples Generated by MMO*

%H % in methylene group

RO RO RO RO
product /k /k /Lg /L‘gu
Me! TD Me HT Me DT Me T
(8) (R) (R) S

substrate

T

)& 53 12 26 9
.,
Me H

D retention = 68% inversion® = 32%
(R)

/Lﬂ 27 7 52 14
Me' D

H inversion® = 36% retention = 64%
S)

¢ Inversion/retention data have been corrected for the enan-
tiomeric purity of the substrates. Data taken from ref 196,
b Indicates configurational inversion is due to flipping of the
intermediate radical.

yield of the ring-opened species was small, this result
could be attributed to the use of a relatively sluggish
radical clock. It was therefore proposed that the
mechanism of MMO hydroxylation was similar to, but
more complicated than, a simple rebound process. The
mechanistic proposal from this study is shown as
pathway B of Figure 13. Following generation of a high-
valent ferryl intermediate, a hydrogen atom is ab-
stracted to yield a substrate radical which is then
oxidized by one electron and oxygenated. The rate
constant measured for this rebound reaction is 2 X
1010 8_1.195

Further support for a substrate radical intermediate
was provided from studies using chiral ethane.!® In
this work, the stereochemistry of the hydroxylation of
(R)-and (S)-[1-2H,1-3H]ethane by the M. trichosporium
enzyme was examined. Retention of configuration
predominated, but 35% inversion also occurred and an
intramolecular deuterium kinetic isotope effect (KIE)
of 4.2 was measured (Table 7).1% The result supports
a role for a substrate radical constrained within the
enzyme-active site, but does not provide additional
evidence for or against the possible presence of a
carbocation. In addition, the observed KIE indicates
a role for C-H bond cleavage in the rate-determining
step of the hydroxylation reaction. This value falls
outside the KIE range of 7-14 reported for P-450
systems.*® By using a value of 0.5 kcal/mol for rotation
around the C-C bond in the ethyl radical, one can
calculate a radical rebound rate on the basis of the
percentage of inversion, which yields a value of 6 X 1012
§-1.224 This rate is significantly faster than that
measured from the aforementioned radical clock study.

In another study, trans-1,2-disubstituted and 1,2,2-
trisubstituted cyclopropanes, some of the fastest known
radical clock substrates, were used to measure radical
rebound rates for both the M. trichosporium and the
M. capsulatus (Bath) enzymes.’® No evidence was
obtained for radicals or carbocations with M. capsulatus
MMO, although some previous studies using EPR spin
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traps had reported radical species.?? The extremely
fast ring opening rates [(4-5) X 10! s!] for the
substituted cyclopropyl radical clocks makes them ideal
for studying putative short-lived intermediates in the
oxidation pathway. The ratio of the rearranged to the
unrearranged product alcohol is used to calculate the
recombination rate for a potential substrate radical and,
in this case, gave a maximum lifetime for the inter-
mediate of 2.5 X 10-145.1%8 The rebound must therefore
take place in less than the duration of a single vibration,
an unrealistically fast reaction rate for a cytochrome
P-450 type mechanism. It is possible that binding of
the radical clock substrate to the enzyme somehow slows
down the rate of the ring opening, but this caveat was
deemed unlikely on the basis of a semiquantitative
analysis using Marcus theory and the fact that neither
trans-2-phenyl- nor 2,2-diphenylmethylcyclopropane
gave ring-opened products.!® Through the use of
specifically deuterated substrates in this study, inter-
molecular and intramolecular KIE values were also
measured for the M. capsulatus (Bath) system. The
KIEiyi.: value was 1.0 and KIE;y., was 5.1. The latter
value can be compared to the intramolecular KIE of
4.2 £+ 0.2 obtained for MMO from M. trichosporium!%
and the 7-14 range of cytochrome P-450.40

Use of the diphenylmethylcyclopropane radical clock
substrate probe with the M. trichosporium OB3b
hydroxylase enzyme showed a small amount of rear-
ranged product indicative of a radical intermediate.
The calculated rebound rate constant was (6—10) X 1012
s, a value consistent with the chiral ethane experiments
discussed above.'% The consistency between the M.
trichosporium radical clock and chiral ethane datalends
credence to the interpretation of the experimental
findings for the M. capsulatus MMO.

Unlike ribonucleotide reductase (see below), no stable
enzyme-bound radical has been observed for the MMO
hydroxylase. Recent freeze-quench, chemical-quench,
and low-temperature stopped-flow optical spectroscopic
studies of the M. trichosporium hydroxylase have
detected several intermediates.!971972 One was assigned
as a symmetric FelV-FelV compound on the basis of its
isomer shift (5 = 0.17 mm s-!) and single quadrupole
doublet (AEq = 0.53 mm s!) at 4.2 K.1¥ Magnetic
Moéssbauer experiments revealed this transient to be
diamagnetic.l®’ A subsequently formed intermediate,
obtained in the presence of nitrobenzene, was assigned
as the enzyme-product complex.!92 Although argu-
ments to exclude a diiron(III) assignment for the first
intermediate were presented, an 52,72-peroxide-bridged
diiron(III) structure, similar to that of oxyhemocya-
nin,?? is an alternative that should be considered. If
the diferryl assignment can be verified, then pathway
C in Figure 13 would be a good candidate for the
mechanism.

Another similarity between the M. trichosporium
MMO hydroxylase reaction and the P-450 mechanism
is the ability of peroxide ion to activate the chemistry
through a shunt pathway (Figure 13). This property
provides strong support for the postulated diiron(III)
peroxide intermediate in the reaction of the reduced
enzyme with dioxygen. For the M. trichosporium
enzyme, this peroxide shunt afforded hydroxylation
products, but only at very high hydrogen peroxide
concentrations.??2 Peroxide was consumed at a rate
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Figure 14. Twospeculative diradical mechanisms for the activation of methane by the MMO hydroxylase that involve reductive
activation of dioxygen by the active-site cysteine residue. Pathway a involves concerted cleavage of the C~H bond. Pathway
bis a form of the standard rebound mechanism, modified to facilitate formation of the C-O bond according to ref 230. Although
the oxyl moiety is depicted as bridging the two iron atoms, alternative structures in which it occupies a terminal position are

not excluded.

that varied with the ratio of H;O, to substrate, indicating
the presence of an uncoupled reaction that did not lead
to product formation. Furthermore, in the presence of
protein B, the product ratio differed for oxidation of
propane; the dioxygen reaction showed 3-fold greater
selectivity for hydroxylation at the primary carbon
relative to the hydrogen peroxide-induced reaction.203
These results raise the question of whether the hy-
droxylation mechanism with the diiron(III) enzyme and
H.0; is identical to that operating when O, is added to
thereduced enzyme. Appropriate controls were run to
assure that the reaction occurred within the protein-
active site, but were insufficient to prove that the
enzyme reentered the normal catalytic mechanism. T'o
verify such a convergence of mechanisms, parallel KIE
or stereochemical selectivity experiments would be
required. Itshould alsobe noted that other oxo-transfer
agents such as iodosylbenzene, sodium periodate,
sodium chlorite, and tert-butyl hydroperoxide, all of
which are active in the P-450 shunt mechanism, are
ineffective in initiating hydroxylation chemistry in
MMO.227 This result raises doubts about the possible
participation of a ferryl intermediate in the reaction
mechanism. Attempts to hydroxylate substrates via a
peroxide shunt mechanism by addition of HyO; to the
oxidized M. capsulatus enzyme gave only low product
yields.227.228

Several alternative pathways consistent with the
radical trap and KIE data for the M. capsulatus
hydroxylase have been set forth (Figure 13, pathways
A, D, E, and F). Pathways D-F are examples of
hydroxylation mechanism that might employ a ferryl
intermediate, but do not require the intermediacy of

asubstrateradical. Pathway A is an alternative in which
the ferryl intermediate is also omitted. The ability of
an n?,n?-diferric peroxide to hydroxylate alkanes has
not been definitively proven. Precedence exists for
similar reactivity (hydroxylation of arenes) in dicopper-
(I) dioxygen chemistry, however.2??

Another scheme that might be considered for the
hydroxylation chemistry is set forth in Figure 14. In
particular, these mechanisms suggest the possible
participation of aradical involving Cys-151. Thisamino
acid occupies the equivalent region of space as the
tyrosyl radical of RR, as indicated by sequence homol-
ogy and recent X-ray crystallographic results.45:46
Pathway a considers a diradical mechanism similar to
one discussed below for ribonucleotide reductase. One
radical is Cys-151 and the other is postulated to be an
iron-bound oxyl, a seven-electron oxygen atom, distinct
from the six-electron oxene of the ferryl species. The
two units, Fe'-0° and Fe!V=0, are likely to have quite
different reactivities. Mechanism a depicted in Figure
14 would account for the lack of rearranged products
in the radical clock study for M. capsulatus MMO
because the C-H bond is broken in a concerted manner
yielding a coordinated alcohol and the cysteine thiol.
The small amount of rearrangement observed in the
M. trichosporium system could result from misalign-
ment of the substrate within the active site such that
C-Hbond cleavage proceeds in two fast sequential steps
with a transient substrate radical intermediate. Since
only a small fraction of the product is formed from a
substrate radical intermediate, the remainder resulting
from the concerted attack, less rearranged alcohol is
produced than would be expected from a purely radical
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Figure 15. Postulated mechanism for ribonucleotide reductases involving radical cation intermediates. (Adapted with permission

from ref 233.)

process. This characteristic would artificially inflate
the rate constants for the rebound step measured in a
radical clock study. Pathway b in Figure 14 is similar
tothe classic rebound mechanism except that the sulfur
radical facilitates recombination of the bound oxyl and
alkyl radicals. Similar steps have recently been pos-
tulated for dopamine 8-monooxygenase,?® but with a
tyrosyl rather than a cysteinyl radical. There is
currently no experimental evidence to support or refute
these mechanisms.

To summarize, there is currently no mechanism that
explains all the data from the two MMO systems. The
results may depend on substrate, protein B, and
temperature. The M. capsulatus (Bath) enzyme oper-
ates at 45 °C, whereas the M. trichosporium enzyme
has good activity at 30 °C. Because the systems can
hydroxylate a variety of substrates, the active site must
be large, as indicated by the X-ray study, and relatively
flexible. Cytochromes P-450 behave very differently
in this regard. There are many variants of cytochrome
P-450, most tuned for a single substrate.®* The broad
specificity of the MMO hydroxylase might lead to
variable alignment of the substrate and active oxidant.
Without a highly confining substrate binding pocket
in the active site, variable experimental results might
be observed. As further evidence accrues, it is reason-
able to expect that a single unifying mechanism will be
found. In proposing new mechanisms, care should be
taken to address what are currently contradictory
findings for the systems. Contacts between the protein
components of the quaternary system are likely to be
important, and elucidating the role of the coupling
protein should enhance understanding of how these
protein—protein interactions modulate the hydroxyla-
tion chemistry at the dinuclear iron active site.

3. Ribonucleotide Reductase

In methane monooxygenase, the diiron center actively
participates in substrate oxidation. The role of the
metal cofactor in ribonucleotide reductase (RR) from
Escherichia coli is quite different, however, despite

structural and chemical similarities in the active sites
of the two enzymes. As the name implies, RR reduces
ribo- to deoxyribonucleotides in the first committed
step in DNA biosynthesis.2!6.231-235 The chemical
transformation and a model for its mechanism are
depicted in Figure 15. Note that no metal cofactor is
involved in the dehydroxylation reaction, which is
catalyzed by a protein radical designated X located on
subunit R1 of the enzyme. The dinuclear iron cofactor
is involved in the activation step by which this radical
is generated in the E. coli enzyme and is located on a
different protein subunit known as R2. This subunit
houses a stable tyrosyl radical that is generated by
reaction of dioxygen with the diferrous core, the process
of interest in the present context.

The X-ray crystal structure of the R2 protein has
been determined in both the reduced and oxidized (met)
forms.21%:236:237 The protein structure and coordination
geometry of the dinuclear iron center are shown in
Figure 16. The latter resemblesthe Hr and MMO cores,
but with several distinguishing features. Althoughboth
Hr and R2 contain an oxo-carboxylato-bridged di-
nuclear iron center, Hr has a total of five histidine
ligands, whereas there are only two histidines coordi-
nated to the dinuclear iron center in R2. The rest of
the coordination sphere is composed of oxygen donors.
In this respect, the active site is identical to that of the
MMO hydroxylase. In its reduced form, R2 lacks the
hydroxide bridge that links the ferrous ions in deoxyHr
(Figure 16b). Oxidation to met- or oxyHr is ac-
companied by only very small RMS displacements of
the iron atoms and ligand side chains.#’” In the R2
protein, however, oxidation leads to a distinct carbox-
ylate shift for Glu-238. One oxygen atom dissociates
such that the carboxylate becomes a terminal rather
than a bridging ligand (Figure 16b). Like those in Hr
and MMO, the R2 diiron center is surrounded by
hydrophobic residues, with the exception of the func-
tionally important tyrosine residue located 5.3 A from
Fel. The differences in the iron coordination environ-
ments of Hr and R2 centers are undoubtedly of
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Figure 16. (a) MOLSCRIPT®8 diagram of the ribonucleotide
reductase R2 protein showing the protein fold and (b) active-
site structure of oxidized and S211A mutant reduced R2
protein from E. coli. Distances are given in angstroms.
(Adapted with permission from ref 216.)

functional significance,* as discussed further below.

The presumed function of the non-heme iron center
in R2 is to generate the tyrosyl radical through a redox
cycle such as that depicted in Figure 17. This figure
also shows interconversions among the apo, reduced,
met, and active forms of the enzyme. Spectroscopic
characteristics of the dinuclear iron center in each of
these states are presented in Table 8. During normal
enzyme turnover, the iron remains in the diferric state
while the tyrosyl radical appears to be responsible, either
directly or indirectly, for the catalytic activity.233-235
Generation of the tyrosyl radical from inactive forms
of the enzyme can be accomplished by addition of
dioxygen toreduced R2.23! The net reaction, described
by eq 30, requires four electrons, three of which come

Feig and Lippard

Y122-H + 2Fe" + O, + ¢ + HY —
Y122 + Fe™-0-Fe'™ + H,0 (30)

from the tyrosine and two ferrous ions and the fourth
from another source. This fourth electron can be
contributed by an external reductant such as ascorbate
or by a third equivalent of ferrous ion.23-240 Since
ascorbate is capable of reducing ferric to ferrous ions,?!
it is possible that Fe(II) is always the electron donor.
In the presence of excess ascorbate, however, ferric ion
generated in the process is reduced before it can be
detected to confirm this mechanism.

Further elaboration of the mechanism of tyrosyl
radical formation has come from kinetic studies that
have identified two spectroscopic intermediates.?® The
system lends itself nicely to kinetic analysis because of
its many spectroscopic features. The tyrosyl radical
has a strong visible absorption band at 412 nm, the
(u-oxo)diiron!! core has absorption bands at 320 and
365 nm, and an intermediate (U) with an absorption
maximum at 565 nm has been observed. A mutant
Y122F, which lacks the key tyrosine residue and is
therefore incapable of forming the active form of the
enzyme, is also available.?*® When this mutant was used
in the kinetic studies, U was still observed at 565 nm,
but the band due to the stable tyrosyl radical at 412 nm
was no longer present. This experiment proved that U
could be generated independently from the tyrosyl
residue of the active enzyme. The second intermediate
(X) was discovered through freeze-quench EPR studies.
A sharp, isotropic signal at g = 2.00 distinct from the
tyrosyl radical signal was observed. This EPR spectrum
exhibited quadrupolar broadening when 5"Fe was used,
indicating that it was derived from a radical bound to
theiron center. The EPR signal assigned to the tyrosyl
radical grew in at the same rate that X disappeared.
These observations were interpreted by the mechanism
shown on the right hand side of Figure 18. The
measured rate constants for each process indicated in
the scheme are all kinetically competent. Intermediate
U was originally assigned as a diferric peroxide species
on the basis of comparison of its optical spectrum with
those of several (u-1,2-peroxo)diferric model com-
pounds,5-242 although a u-1,1 structure has also been
suggested.!”®24 These models are discussed in more
detail below. An alternative assignment for this
intermediate, supported by recent Méssbauer experi-
ments,?¥ is a protonated tryptophan cation radical, a
species that has an optical absorbance maximum at
560 nm.2* W48 is in a position suitable to partake in
the reaction. In such a pathway, the diferric peroxide
would still be a transient intermediate that decays into
the diferric diradical enzyme species without being
observed. The proposed radical ligand species (Z*) has
not yet been assigned. Perhaps it is a coordinated oxyl
radical, as proposed for the MMO hydroxylase in Figure
14.

Regardless of whether species U is a peroxide or a
tryptophan radical, the mechanism shown in Figure 18
does not require a high-valent iron—oxo intermediate.
Furthermore, freeze—quench Mdossbauer experiments
of intermediate X indicated a spin-coupled diferric
site.2® Most of the mechanisms for the decay of
putative diferric peroxide intermediates invoke het-
erolytic O-O bond cleavage leading to a perferryl
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Figure 17. Redox states of the diiron core of ribonucleotide reductase from E. coli. (Adapted with permission from ref 240.)

Table 8. Spectroscopic Properties for the Different
Forms of Ribonucleotide Reductase R2

R2rd R2uctive  R2met ref(s)

Raman v.(Fe—?—Fe), 496 496 12
cm-
vas(Fe—0O-Fe), 756 756 235
cm™!
optical A, nm a 325 (9400) 12
(e, M1 cm™) 370 (7200)
500 (800)
600 (300)
magnetics —J, cm-1? 10 110 12
Méssbauer Fel §, mm s-! 1.26 0.53 12, 235
Fel AEq, 3.13 1.66 12, 235
mm §!
Fe2 §, mm s-! 0.44 12
Fe2 AEq, 2.45 12, 231
mm s!
EPR g 2 4.3 12

4.3

¢ Same transitions as R2,,,; plus an additional band at 412 nm
(e = 4100 M-1 s-1), b # = -2J8:8,.

species. 243246247 Qupport for this mechanism is based
on experiments using peroxides, peracids, and other
oxygen atom donors to activate metR2, a process that
would bypass intermediate U of the dioxygen dependent
reaction.?*” Resonance stabilization of the FeV-Felll
species is afforded through the FelV-O-Fe!V form, as
postulated for MMO (Figure 13). The two working
hypotheses could be reconciled if the peroxo interme-
diate were to decay heterolytically to generate a ferryl
species that rapidly afforded X by the influx of a single
electron either from the tyrosine (pathway A, Figure
18) or from an external reductant (pathway B, Figure
18).28 This concept leads to a difficult question
regarding the dioxygen activation chemistry, namely,
when do the electrons actually enter the system? Does

the O-0 bond break because an electron is added from
an external source such as tyrosine, ascorbate, or a third
mole of Fe(II) when excess iron is present, or does the
diferric peroxide unit disproportionate, generating a
species that abstracts an electron from whatever donor
is closest? Future work is required to determine the
true sequence of events. No structural evidence exists
for a ferryl species in reactions of dioxygen with reduced
RR R2 protein nor from ferrous model compounds (see
below); however, if the decay of such a species were
more rapid than its rate of formation, the chance of
observing it spectroscopically would be small. Spectra
assigned to a non-heme iron—oxo (ferryl) complex have
been reported in the reaction of hydrogen peroxide with
a ferric model compound,?® although recent work
indicates that the species is more complex than orig-
inally believed.?4®

The reaction of the reduced form of an R2 mutant,
F208Y, with dioxygen provides additional detail about
O; activation by ribonucleotide reductase.216250.251 n
this mutant, a tyrosine replaces phenylalanine-208 in
the hydrophobic pocket surrounding the dinuclear iron
binding site. Uponaddition of dioxygen, a strong visible
absorption band at 720 nm appeared and the enzyme
became inactivated. Crystallographic and chemical
analyses proved that the mutant had tyrosine hy-
droxylase activity such that Y208 was oxidized to 3,4-
dihydroxyphenylalanine (DOPA) upon exposure to
dioxygen (Figure 19). It was postulated that decom-
position of the diferric peroxide produeed a ferryl
species that activated Y208 by two-electron oxidation
followed by nucleophilic attack of water or hydroxide
ion or that Y208 had been directly oxygenated by an
oxene mechanism.?5! These results imply that the
chemistry used to generate the stable Y122 radical in
the native enzyme is nonspecific and is directed by the
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relative positioning of reactive species in the active site.
Attempts to trap hydroxyl radicals, potential electron
shuttles during the reaction, have been unsuccessful
and there is no evidence for OH* inactivation of the
protein. Therefore, a direct electron-transfer mecha-
nism from the iron center to the site of radical
abstraction is preferred.

;Tyfzos
Tyruz@—OH HO
Gluy,g
2 oH,
Asp&l‘< o o i
Q- uFeH Fe' I,l

ASPzgl\o """""" H,N

% \NZ g,/u (;TZ\K

Feig and Lippard

Having discussed the F208Y mutant and its interest-
ing tyrosine oxidase activity, we conclude our treatment
of the R2 protein with a few comments about how the
structure of the metal center might affect the reactivity
of its ferrous form with dioxygen. For Hr, it has been
proposed that the hydrophobic nature of the core
stabilizes a hydroperoxide diiron(III) adduct.!z2 A
similar situation probably contributes to the stability
of the tyrosyl radical in the R2 site. The ability of the
F208Y mutant RR to be hydroxylated, however, is
consistent with the notion that its diiron site function-
ally resembles that of the MMO hydroxylase core more
than that of Hr. MMO hydroxylase and RR have
similar coordination spheres dominated by oxygen
rather than histidine nitrogen donors. This coordina-
tion environment affects the reduction potentials of
the iron atoms,2%” but it has not yet been shown
unequivocally through model studies that oxygen donor
atoms favor hydroxylation activity. In fact, many of
the functional hydroxylation catalysts have pyridyl
ligands or are inactive when pyridine is omitted from
the solvent mixture.?2 In addition, the ability of the
Hrstructure to stabilize diferric hydroperoxide through
internal hydrogen bonding does not seem to be possible
in RR and may not be for the diiron site of MMO
hydroxylase either. It is unclear at present whether
the diiron(III) peroxide unit is stabilized in Hr because
of the difficulty of oxidizing iron to the +4 state (redox
related) or whether the Hr core simply does a more
effective job of stabilizing the potentially reactive
species, trapping it in a low energy, inactivated state.

C. Ferritin—A Polynuclear Iron Protein

Ferritins are a family of iron storage proteins found
in many organisms. Detailed accounts of their chem-
istry and biology can be found in recent reviews,253.254
Ferritins are composed of a mineral iron(IIl) oxide/
hydroxide core, similar to ferrihydrate [FeO(OH)-H,01,
containing up to 4500 iron atoms in microcrystalline
particles approximately 65-70 A in diameter surrounded
by a protein shell. The ferritin protein provides an
extremely soluble and concentrated store of intracellular
ferric ions and is a fundamental component of iron
homeostasis. The apoprotein from horse spleen Ft has
been crystallographically characterized. It consists of
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Figure 19. Proposed mechanism for the phenylalanine hydroxylase activity of the R2 F208Y mutant. The structure of the
reduced form is a model adapted from the crystallographically characterized Mn(II) derivative of the native protein. (Reprinted

from ref 251. Copyright 1993 American Chemical Society.)
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Figure 20. Structure of apoHoSF. (a) Stereoview of the quaternary structure viewed down the 4-fold axis. (Reprinted from
ref 256. Copyright 1390 Plenum.) (b) MOLSCRIPT?®8 diagram depicting the hydrophobic channel along the 4-fold symmetry
axis. (c) MOLSCRIPT36 diagram depicting the hydrophobic channel along the 3-fold symmetry axis. (d) MOLSCRIPT363

ribbon representation of the structure of a single subunit.

24 subunits made up of H and L polypeptide chains,
the ratio of which varies greatly from species to
species.25325¢ In general, ferritins with a greater pro-
portion of H subunits display more rapid iron uptake?35
while those composed predominantly of L. subunits
sequester greater quantities of iron in their cavity.2%¢
The structure of horse spleen apoFt is shown in Figure
20. Theinterior regions of the chains are predominantly
hydrophobic with the exception of a conserved group
of closely spaced hydrophilic residues located on the H
polypeptides. Ironis generally assumed to bind apoFt
as iron(II) that is catalytically oxidized at a center on
the Hsubunits. Ithasbeen proposed that the conserved
regions define the active site for this ferroxidase
activity.%7-28 Iron(II) also binds to hydrophilic residues
onthe L chains, as evidenced by slow packing of apoLF,
but the oxidation step involved in core formation is
uncatalyzed. Recent X-ray structural analysis has
revealed that the quaternary structure of Ft is preserved
in other species.?® Distinct channels in the protein
coat have been postulated as entry points for diffusion
of Fe(Il) into the cavity.28® The ferroxidase activity
data support such potential roles for the channel,
although other plausible entry routes have been dis-
cussed.?! The oxidation of ferrous ions by dioxygen at
such sites results in the initial deposition of the mineral
core and is the focus of our present discussion. Itshould
be noted that L chains in heterogeneous ferritins
modulate the H-chain ferroxidase activity.262 There-
fore, the comparisons between species must be made
with appropriate caution, especially when the H/L
composition varies.

Early studies in vitro revealed that the only way to
pack iron into ferritin was to supply Fe(II) and an
oxidant.28326¢ In the case of partially loaded Ft,
alternative oxidants could be employed, but only
dioxygen was effective with the apoprotein.?®® The
reaction proceeds by an oxidation-hydrolysis mecha-
nism whereby ferrous ions are first oxidized to the ferric
state and then packed into the crystalline core during
a hydrolytic process. For complete loading of ferritin
the stoichiometry is approximately 4Fel:10,.25 The
stoichiometry of the oxidation reaction at low iron-
loading levels appears variable, however, with reported
values ranging from 1.5-4.0 Fe:0,.265 These disparate
results for HoSF were explained by careful studies of
the stoichiometry at different iron loading levels, from
which a unifying explanation emerged.?5 In particular,
there appear to be competing pathways, as illustrated
in eqs 31-35 where eq 33 is the sum of eqs 31 and 32.

Fe** + 0, + 2H,0 — Fe**O(0OH) + HO, + 2H* (31)

Fe** + HO, + 2H,0 —
Fe**O(0H) + H,0, + 2H* (32)

2Fe** + 0, + 4H,0 —
2Fe**O(0OH) + H,0, + 4H* (33)

4Fe** + 0, + 6H,0 — 4Fe**O(0H) + 8H* (34)

Fe** + H,0, + H,0 —
Fe**O(OH) + OH- + 2H"' (35)
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Figure 21. Stoichiometry of Fell uptake into apoHoSF
measured as a function of initialiron loading. The conditions
were as follows: 1 mM Fell, 1 uM to 42 uM apoferritin, 0.1
M MOPS, 0.15 M NaCl, pH 7.22, Oy/Fell ratio = 2.10. (Data
taken from ref 265.)

At low iron loading, the stoichiometry of the oxidation
is 2 mol of Fe(Il) per mole of O, (eq 33), but under
conditions of higher iron loading the ratio shifts to 4:1
(eq 34). This shift in stoichiometry can be seen quite
clearly in Figure 21, where the stoichiometry is plotted
as a function of iron loading for HoSF. At low iron(I)
concentrations, where nucleation of the core occurs, a
bimolecular reaction takes place between Fe(II) and
0, generating a (u-oxo)diiron(III) species and hydrogen
peroxide. This pathway is discussed in detail below
for it pertains to the catalytic ferroxidase activity of

Feig and Lippard

ferritin H chains. The second pathway for oxidation
is proposed to be a heterogeneous reaction catalyzed
on the surface of growing ferrihydrite crystallites. In
this reaction, ferrous ions are stoichiometrically oxidized
to ferric ions with the consumption of 4Fe(II) ions per
dioxygen molecule, but much less is known about the
details,263:265

The ferroxidase activity of ferritins has been studied
by Méssbauer, EPR, and optical spectroscopy. A (u-
oxo)diiron(IIl) intermediate along the oxidation-hy-
drolysis pathway was detected by freeze—quench Moss-
bauer and UV difference experiments.258.266.267 EPR
studies on HoSF identified two intermediates, a mono-
nuclear ferric species and a mixed-valence diiron(1l,-
III) complex.?® By optical spectroscopy, a ferric
tyrosinate complex was observed in recombinant bull-
frog erythrocyte H-ferritin (rHF).25%269270 The burst
kinetics of the latter species were sufficiently fast to
have precluded detection by the oximetry techniques
employed in earlier studies.2622’1 Following the iron
tyrosinate burst, a slow relaxation is observed (=12 h
for full relaxation) before a second burst of equal
magnitude occurs. Together with structural and spec-
troscopic work on rHF mutants lacking the proposed
ferrous binding sites on the H chains, these spectro-
scopicinvestigations led to a model for the initial phases
of ferritin core formation, the nature of which is
illustrated schematically in Figure 22. It should be
noted that this model incorporates kinetic and spec-
troscopic data from homogeneous (rtHF) and hetero-

a. observed observed
dinucear mixed diferric u-oxo
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Figure 22. Diagrammatic representation of a model for the initial phases of ferritin loading via the ferroxidase center of
H-chain ferritins based on spectroscopic data from rHF and HoSF, among others. A, B, and Y refer to the binding sites
identified and discussed in the text. Site B is depicted as being empty, but an alternative mechanism could be drawn in which
the iron transits from A to B before oxidation. The observed intermediates in core formation are noted. Pathway c refers to
the major route of oxidation after the initial nucleation phase.
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helix C

helix B

Figure 23. Identification of possible loci for the A, B, and
Y iron-binding sites in recombinant H-chain ferritin.

geneous (H/L) ferritins as well as mutant H strains and
may be a simplification of the actual events. Itisuseful
nonetheless in helping to reconcile the differences
observed in the varying ferritin systems currently under
study.

There appear to be three specificsites for the binding
of iron to Ft at low iron-loading levels, designated A,
B, and Y. They were assigned, in part on the basis of
the binding of Th(III), an inhibitor of iron uptake,2%3
tothese locations in the crystal and are shown in Figure
23. Oxidation of iron(II) is proposed to occur at the A
and Y sites. Kineticstudies using optical spectroscopy
revealed the formation of a ferric tyrosinate complex
that absorbed at 550 nm.259269.270 [njtial burst kinetics
monitored at this wavelength revealed much faster rates
than for the formation of other intermediates in the
ferritin loading reaction. This ferric tyrosinate species
then decayed at a rate kinetically competent for the
formation of the (u-oxo)diiron(III) intermediate ob-
served in the Méssbauer spectrum.2® Site-directed
mutagenesis experiments provided further support for
these functional domains. Modification of any of the
residues involved in stabilizing the dinuclear complex
(FeA-FeB) resulted in significant losses in catalytic
activity and recovery of L-chain-like behavior, as
measured by optical spectroscopy.?®® Studies using
oximetry to monitor the kinetics revealed that ferritin
molecules mutated at site B (E61A, E64A, E67A) did
not lose significant levels of ferroxidase activity, whereas
site A mutants (E62K, H65G, K86Q) lost most of their
activity.262 Ferritins with mutations at both sites lost
all of their ferroxidase activity.?2 Mutation of the
tyrosine residue did not affect the formation of the
dinuclear species or the total amount of Fe(II) oxidized,
but the yield of total ferrihydrate was diminished.25?
Asexpected, the Y34F mutant did not display a tyrosine
— iron(III) charge-transfer band at 550 nm prior to
dimer formation. Since the mutation of tyrosine did
not inhibit dimer formation, there must be alternative
ways to catalyze ferrousion oxidation, albeit more slowly
than at the Y site. Possibly, all the iron is oxidized at
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Table 9. Kinetic Parameters for the Ferroxidase
Activity of rHF, HLF, and HoSF=

rHF?® HLF® HoSF¢

K0, kM 6+2 60 £ 12 140 + 30
K pe, kM 80+10 50 £ 10 350 £ 10

cat-oxs 81 34+£0.2 0.52 £ 0.01 1.3 £ 0.06
kcgf,m, 5_1 920 + 50d
Fell/O, 21£01 <27x0.1 2.0+0.2¢
E,, kJ/mol 26.4@0.1 67.3£0.5 36.6 £ 1.3
AH?*, kdJ/mol 23.9+0.1 64.8 £ 0.5 34213
AS*, J/mol K -136.0+04 -11.0£1.6 -108 £ 5
ref 262 262 271

@ rHF = recombinant H chain ferritin HLF = human liver
ferritin; HoSF = horse spleen ferritin. Kcat.or refers to oximetry
measured Rea. Rcattyr refers to the ke for iron(III) tyrosinate
formation. ® Conditions: 0.1 M NaCl, 50 mM MOPS, pH 7.05,
T = 20 °C. The composition of the HLF was 4% H and 96%
L subunits. ¢ Conditions as in footnote a, but the protein used
consisted of 16% H and 84% L subunits. ¢ Conditions: 0.2 M
NaCl, 0.1 M MOPS, pH 7.0, T' = 25 °C. Data point from ref 265.
¢ Data point from ref 270.

Y and then migrates to the A and B sites in the wild-
type rHF. A recycling time of approximately 12 h is
required to see comparable initial burst effects, how-
ever.2’0 This recovery time is not observed in other
ferroxidase intermediates and supports a model in
which parallel oxidation reactions at the A and Y sites
are involved. Ferritin core packing also did not seem
to be affected by mutation of the tyrosine residue. The
distance between the A and Y sites is at least 7 A, too
long to be linked by a bridging ligand derived from a
single dioxygen molecule. None of the current evidence
requires simultaneous oxidation of the two ferrous ions,
and oxidation by one-electron steps would explain the
observations of mononuclear ferric complexes and
mixed valence species.?® All of these data are consistent
with the chemical transformations discussed above (eqs
31-35).

Kinetic parameters for the ferroxidase activity of
several apoferritin species have been measured and are
compiled in Table 9. The activity of the human liver
ferritin (HLF) species was substantially higher than
expected on the basis of its subunit composition and
the current understanding that catalytic ferroxidase
activity derives from a site on the H subunit. The large
negative activation entropy for both recombinant
H-chain ferritin (' HF) and horse spleen ferritin (HoSF)
suggest substantial ligand reorganization following iron-
(II) binding. From the kinetic studies, it was concluded
that oxidation occurs via two one-electron steps, as
previously shown in eqs 31-33.262

Attempts to observe superoxide or hydroxyl radicals
during F't core formation have been made by using spin-
trapping agents.?62'2 Very low concentrations of
trapped radicals were observed, but it was not possible
to identify definitively the particular species. The low
concentration, 1 trapped radical per 5000 Fe(II) atoms,
was explained by noting that radical formation occurs
within the protein shell, an environment favoring
reaction of radical species with iron via Fenton and
Haber-Weiss mechanisms.®® One of the functional roles
of the protein shell may be to react with the oxygen
radicals so generated and prevent oxidative damage to
other more sensitive biomolecules.38272 Because of the
inability to trap superoxide ion as dissociated HO,, a
diferric peroxide intermediate was proposed. Such a
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mechanism would imply that the dinuclear mixed-
valent species results from the oxidation of iron(II) in
site A followed by binding of Fe(II) at site B, rather

than by transfer of iron(III) from the Y site as postulated
by others.254258259,269,270

Few reliable kinetic studies on the rate of packing
iron into partially loaded ferritin are currently available,
partly because of the multiple steps and competing
pathways for core formation. Since these pathways
depend upon the extent of iron loading, it is difficult
to evaluate the published data. Individual intermedi-
ates have been studied by different techniques, and a
particularly good kinetic investigation on ferritin-
catalyzed iron oxidation has appeared.?’”® One especially
significant finding from this study was the observation
that phosphate anions greatly accelerated the rates of
ferrous ion oxidation, intermediate decay, and core
formation. The phosphate-dependent oxidation ac-
celeration is reminiscent of the autoxidation reactions
of aqua—iron(II) species discussed previously and might
arise for similar reasons. The rate of the ferroxidase-
catalyzed reaction is several orders of magnitude more
rapid than the uncatalyzed reaction, however. Alter-
natively, phosphate ions might facilitate the formation
of core particle crystallites, and the effect of phosphate
on the oxidation reaction may simply be to clear out
ferric intermediates from the catalytic sites.2?

A final point concerning the ferritin core loading
reaction is the fate of the oxygen atoms derived from
the dioxygen molecule. Labeling studies using 180, have
conclusively shown that, under both high (1200-1900
Fe/molecule) and low (220-240 Fe/molecule) loading
conditions, the oxygen atoms from dioxygen do not
appear in the ferritin core with greater than 3-4%
efficiency.2® Thus, the hydrolysis step leading to
ferrihydrite formation is distinct from the oxidation
process. Inaseparatestudy at low iron concentrations,
it was shown that hydrogen peroxide wasreleased during
the oxidation process on the basis of the ability of
catalase toalter the Fel:0, stoichiometry of the reaction
from 2:1t04:1.285 Since the oxygen atoms from dioxygen
are lost to diffusible hydrogen peroxide, this finding
supports the premise that the oxygen atom in the (u-
oxo)diiron(IIl) intermediate as well as the oxide ions
in the ferrihydrite core result from hydrolysis or
protonolysis of the ferric peroxide species. A question
that might be raised at this point is why is the ferric
peroxide intermediate formed in the early stages of
ferritin core deposition unstable toward loss of hydrogen
peroxide, whereas a similar species in oxyHr is perfectly
stable? One possibility is that the nonpolar nature of
the peroxide coordination environment in Hr retards
release of the HOO- anion, whereas the hydrated
environment within the ferritin core leads to proto-
nolysis of the hydrogen peroxide.22% Furthermore,
there does not appear to be any clear mechanism for
the stabilization of the hydroperoxide. A related
question is why, under low iron-packing conditions, is
O, not converted to water but instead departs as
hydrogen peroxide?

If this oxidation reaction occurs in independent one-
electronsteps at the A and Y sites, superoxide ion might
also be produced. Since HoSF has weak superoxide
dismutase activity, free O;~ produced will be converted
to dioxygen and hydrogen peroxide before detection.?”

Feig and Lippard

When superoxide was added to apoF't, the SOD activity
converted it to dioxygen before iron(II) oxidation was
observed. Therefore, the inability to observed free
superoxide does not preclude its generation. Addition
of exogenous bovine SOD had no effect on either the
kinetics of O, consumption or iron oxidation, and it
was postulated that O;- produced remained bound to
iron or was dismutated before leaving the confines of
the ferritin shell.2”1

D. Bleomycin—A Metallopeptide with Biological
Activity

Bleomycin (BLM) is an anticancer antibiotic used
clinically in the treatment of squamous cell carcinomas
and malignant lymphomas.?’s Its structure is shownin
Figure 24. Studies using synthetic analogs have helped
to define functional roles for the three domains of BLM,
the central one of which, consisting of a pyrimidine, a
(-aminoalanine and a 8-hydroxyimidazole, is involved
in metal binding.262"7 The other domains are thought
to facilitate DNA binding and the specificity of uptake
by cells.?76-278  Although BLM strongly coordinates
many transition metal ions, it is the ferrous complex
that is considered to be the functional form of the
drug.2’9-281 In the presence of dioxygen, ferrous
BLM is transformed into “activated-BLM” that is cap-
able of DNA strand scission.?®2-28 Activated-BLM
can also oxygenate substrates such as olefins and
phosphines.28-292 A primary step in the chemistry
leading to DNA damage is abstraction of the 4’
hydrogen atom of the deoxyribosering. Transformation
of ferrous-BLM into the activated-BLM is less well
understood, but the process is relevant to mechanisms
discussed above for non-heme iron enzymes. Features
of this reaction are also found in the dioxygen chemistry
of nonbiological ferrous complexes, as discussed in the
next section.

Structural information about the ferrous and ferric
forms of bleomycin is based on analogy to the copper-
(I1), zinc(II), and cobalt(III) derivatives which have been
characterized by X-ray crystallography (Cu) and NMR
spectroscopy (Zn, C0).2623 Since the X-ray structure
determination was carried out on a peptide precursor
of BLM, and not the final antibiotic, it lacks information
about the potential metal-binding roles of the sugar
and bithiazole moieties.?32%¢ Spectroscopicsimilarities
between the copper derivative of the peptide precursor
and the parent molecule, however, suggest that the
former is a valid model.?® As indicated in Figure 24b,
the ligands in the equatorial plane afford a coordination
environment that resembles porphyrinsystems. Infact,
the spectroscopic and reactivity properties of metal
BLM derivatives are often compared to those of heme
systems, especially chloroperoxidase.? The compari-
son extends to axial ligand effects so prominent in
tuning the chemistry of iron porphyrins.#276 Although
the saccharide portion of the molecule is usually
neglected in discussions of BLM metal ion binding,
this domain might have a functional role in the
activation of dioxygen.? Weaker EPR signals and
reduced reactivity toward DNA for the deglyco-BLM
versus native BLM under identical conditions were
attributed to diminished stability of the activated BLM.
Moreover, the deglyco-BLM-Felll complex did not
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Figure 24. (a) Structure of bleomycin-B,, where the B, refers to the nature of the specific terminal amine attached to the
bithiazole moiety and (b) the proposed structure for BLM-Fell-Q,. (Adapted with permission from ref 290.)

undergo the pH-dependent high spin to low spin
transition that occurred in the parent Fell-BLM
complex.2® It was therefore suggested that the sugar
residues provide stabilizing hydrogen-bonding interac-
tions with the dioxygen moiety of activated BLM, but
further work is required to test this hypothesis.
BLM has proved to be a remarkable system for
studying reactions of non-heme iron(II) with dioxygen
because of the ability to characterize several interme-
diates, first observed through a combination of EPR
and visible spectroscopic studies.?8228 These species
and their relationships to one another are shown
diagramatically in Figure 25 together with the relevant
spectroscopic parameters. Intheferrousform,the BLM
complex can reversibly bind several dioxygen analogs
(NO, CO, RNC) in a manner similar to iron—porphyrin
complexes.?8 The initial reaction of the Fell-BLM
complex with dioxygen results in the formation of a
pink, EPR-silent species. It forms according to the
rate law shown in eq 36 with a ¢;; of 0.2 s at 2 °C.2%2
The rate of this reaction is independent of pH from 6-8

and, from Moéssbauer studies, the pink intermediate
was proposed to be a Felllsuperoxide complex.285 A

dlc] I
_dt_ = kl[Fe —‘BLM] [02] (36)
second intermediate (¢’), having an indistinguishable
optical spectrum but a different EPR spectrum from
that of ¢, has been reported.?®” It is not clear what the
relationship between these two species is, but since they
both decompose to the same product, it is possible that
they are coordination isomers of one another, where
the mode of O; bonding affects both the stability and
EPR parameters. This intermediate (c¢) can also be
intercepted by the addition of nucleophiles such as ethyl
isocyanide, which can bind the ferric center, leading to
the displacement of dioxygen and formation of a
completely inactive ferrous-BLM-isocyanide com-
plex.2# The ability of ethyl isocyanide to affect the
bleomycin chemistry only occurs at this stage of the
reaction; once the dioxygen has been reduced to the
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Figure 25. Proposed mechanism for the activation of Fel-BLM. (Adapted with permission from ref 284.)

peroxide level, the energy barrier for reoxidizing it to
Q. is prohibitive. The decay of ¢, which has a half-life
of 6 s and follows the rate law in eq 37, affords activated-

d[activated-BLM]
dt

BLM.?% This species appears to be a one-electron-
reduced form of ¢ and has been designated a ferric
peroxide.284285 The Mossbauer and EPR studies de-
finitively rule out an Fe(IV) assignment, since these
spectra require the iron center to have an odd number
of electrons. 28428 The electron donor needed to form
activated BLM in the absence of reducing agents has
been proposed to be another equivalent of Fel-
BLM.2%8228¢ The use of a second ferrous ion to effect
the thermodynamically preferred two-electron reduc-
tion of dioxygen is similar to the autoxidation reactions
of ferrous ions discussed above as well as the mechanism
of tyrosyl radical formation in RR. This reaction is
influenced slightly by the presence of DNA, asrevealed
by EPR studies on 5Fe-enriched samples, indicating
direct interaction between the product, activated-BLM,
and DNA.2% Ag an alternative to the dioxygen route,
activated BLM can also be generated by addition of
H,0, to FelBLM in a manner analogous to the
peroxide shunt mechanism of iron-porphyrin and MMO
systems. 10.222,276,298,299

In the absence of DNA, activated-BLM undergoes
autoxidation, leading to complete inactivation within
several minutes.?8¢ The resulting species can be only
partially reconstituted by addition of ferrous iron. This
behavior contrasts with that of the ferric BLM product
resulting from the reaction of activated BLM with DNA
which, upon addition of fresh ferrous ions, is fully
functional.?®4 The stoichiometry of this autoxidation
reaction, starting from ferrous iron, is 4 mol of Fe(II)
per mole O; consumed, once again similar to the
oxidation reactions of aquated iron(II).3® When 180,
isused, the label is found almost quantitatively in water,
showing that the active species undergoes inactivation
via a ligand oxidation rather than an oxygenation
process. Were metallo-BLM to decompose by self-
hydroxylation, labeled oxygen would be incorporated
into the molecule and less would appear in the water.
Oxygenation followed by hydrolysis is not ruled out,
however.3%

= k,[c] 37

Inthepresence of DNA, activated BLM immediately
initiates cleavage chemistry by abstracting the 4’-H
atom of the ribose ring. With the use of [4’-3H]DNA,
kinetic isotope measurements revealed this reaction to
be involved in the rate-determining step.3! The sugar
radical then decomposes as indicated in Figure 26 to
form free nucleic acid bases or base propenals.?? The
oxygen molecule in pathway a of Figure 26 has been
distinguished from dioxygen involved in BLM activa-
tion by pulse chase experiments.?6.302 The overall DNA
cleavage reaction follows Michaelis—Menten kinetics
with a K, = 1.8 mM and Vy,; = 5000 mol min-! Fe-
(I1).303 Tt has a half-life of 8 s, making the formation
of activated BLM kinetically competent to carry out
the reaction.

Early work proposed hydroxyl radicals or superoxide
ion to be the active species involved in BLM-mediated
DNA degradation, 3304305 hyut such a mechanism seems
unlikely on the basis of the low yields of trapped
hydroxyl radicals and the inability of small molecule
superoxide dismutases to intercept the chemistry,3%
More recently,?? the reaction has been envisioned to
occur by arebound mechanism similar to that proposed
for cytochrome P-450.42%8 Further evidence has cast
doubt on this hypothesis, however. Whereas cyto-
chrome P-450 and its models incorporate oxygen atoms
from O; into the substrate, the products of BLM
cleavage receive their oxygen atom from solvent water
under anaerobic conditions using H,0; as the activating
agent.3” A rebound mechanism need not be invoked
in this chemistry. For the hydrogen abstraction step
to be rate determining, formation of the proposed ferryl
ion must be faster than abstraction and therefore it
would be expected to build up to some steady-state
concentration. A ferrylspecieshasnever been observed
spectroscopically, however.?®2 If the oxygen atoms of
activated-BLM were exchanging with solvent, the
rebound mechanism would still be plausible, but
experiments have shown that such is not the case.?®?

When provided with an alternative substrate to DNA,
BLM oxidation chemistry ensues in a manner similar
to that of cytochrome P-450 and its models. Another
similarity between Fe-BLM-catalyzed oxidation chem-
istry and P-450 systems is the ability to initiate the
chemistry with a variety of alternative oxidants and
oxo-transfer agents in place of dioxygen and a reduc-
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Figure 26. Proposed mechanism for the degradation of DNA by activated-BLM. Pathway a predominates under aerobic
conditions and b under anaerobic conditions. (Adapted with permission ref ref 276.)

tant.28829% ]t should be noted, however, that the
distribution of products is not always identical for the
dioxygen reactions and these shunt pathways. This
point is clearly illustrated by studies using cis-stil-
bene.?®® The dioxygen-promoted reaction yields solely
benzaldehyde with complete incorporation of isotopic
label. Hydrogen peroxide affords predominantly the
cis-epoxide, and other oxo-transfer agents (PhIO,
NalO,, ROOH) yield a mixture of the cis- and trans-
epoxide, benzyl phenyl ketone, and benzaldehyde.
Furthermore, the isotopic distribution of the products
is a function of the reductant used to initiate the
reaction. These results imply that a bleomycin ferryl
species can be generated, but raises serious concerns as
to whether the oxo-transfer agents follow the same
chemical mechanism as the dioxygen reaction. To
generate 2 equiv of labeled benzaldehyde from stilbene
and dioxygen, a cyclic peroxide is likely to be a key
intermediate.2”® This intermediate cannot form under
anaerobic conditions, and the mechanistic pathway will
certainly be altered. Activated bleomycin might be
capable of decomposing to a ferryl species, but for the
case of stilbene oxidation at least, it appears that a
dioxygen insertion reaction is operative.

The above discussion has presented evidence that
argues against the involvement of a ferryl-induced
rebound mechanism or diffusible oxygen-derived radi-
cals in the reaction of BLM with DNA. The challenge
is to provide a plausible mechanism that fits all the
observed data. It is still possible that activated-BLM
decomposes to generate a ferryl intermediate that
effects the chemistry by hydrogen atom abstraction in
such a way that the substrate (or DNA) radicals
produced react faster with water than with the FelV-
OH unit. One of the roles of the protein in P-450
systems might be to prevent such a water molecule from
interacting with substrate radicals, but porphyrin model
systems no bulkier than BLM exist which afford
products attributed to ferryl species formed by the same
mechanism. Direct reaction of a BLM ferric peroxide
intermediate with DNA has rarely been invoked, but

is one of the remaining contenders. When viewed with
the benefit of information provided by studies of the
small molecule catalysts, such as the Gif system
discussed below, it seems possible that such a species
may be reactive enough to catalyze the observed DNA
degradation chemistry. In fact, early work on the Gif
systems proposed ferryl intermediates before they were
excluded by subsequent experimental work.308:309

IV. Reactions of Biomimetic Iron(I1I) Complexes
with Dioxygen

The systems discussed in this section were devised
in various attempts to mimic the biological structures
and functions described above. We present this work
in three subsections according to the relative stability
of the oxygenated species formed in the initial reaction
of a ferrous precursor with dioxygen. The first section
treats the most stable complexes, which form dioxygen
adducts detected spectroscopically, usually at low
temperature. A summary of the spectroscopic data on
these compounds is provided in Table 10. The second
section covers autoxidations of model compounds,
reactions having transient intermediates but which do
not function to hydroxylate a substrate molecule. The
last section discusses systems known to oxidize a
hydrocarbon for which iron-dioxygen species have been
inferred on the basis of the measured catalytic proper-
ties. We make no attempt to include every catalytic
reaction involving ferrous—dioxygen chemistry, for such
atreatment would be prohibitively broad. Instead, we
present selected reactions, chosen to illustrate the
general scope, breadth, and versatility of ferrous—
dioxygen systems as oxidation catalysts. Reactions of
hydrogen peroxide or superoxide ion with ferric com-
plexes to form active oxygenation species are not
explicitly treated, although they are mentioned in a
few cases where the information was found to be
insightful.
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Table 10. Visible and Raman Spectroscopy of the Dioxygen Adducts of Non-Heme Iron Model Compounds

Amas, DM binding

compound solvent (e, Mlem ) p(Fe-0)(¥0) »(0-0)(120) mode  ref

1 THF 534 (1590) 853 ut 48

2/0, toluene/pyridine 99:1 529 310

4/0, acetone/pyridine/water (3:1:1) 523 (3200) 313

10b water 540 (187) 327

12b toluene 679 (3454) 418 (409) 876 (827) u-1,2 50

14a/H,0; water 560 (2200) 476 (457) 895 (854) u-1,2 336

15b CH.Cl, 588 (1500) 476 (460) 900 (850) 1,2 51

16b CH,Cly/DMSO 562 (3200) w12 51
91, v/v

16b CH.ClyDMSO 572 (2060) 453, 481 (444) 877,893 (834) u-1,2 51
8:2, v/v

[Fex{HB(3,5-iPrypz)s}e(0OBz) (OH)}/O, pentane =~ 700 335

[Fez(5-Me-HXTA)(02)(0Ac)}- DMSO or MeOH 480 (2370) n.o. 884 u-1,2 375

[Fe(PhzP0),12(02) MeCN 576 (3540) n.o. 884s u-1,2 376

[Fe(OEP)O.}- n.o. 806 (759) 7? 377

[Fe(EDTAH)O,]3* water 520 (530) n.o. 815 (794) 7? 81

oxyHr water 500 (2300) 503 (480) 844 (797) 7t 366

¢ Raman spectrum taken in the solid state as a KCl mull.

A. Stable Dioxygen Adducts

1. Pseudo-Heme Systems

Several mononuclear non-heme ferrous complexes
in this class have been synthesized as models for the
chemistry of porphyrin systems (Figure 27). Some bind
dioxygen to form relatively stable mononuclear or
dinuclear adducts.310-815 Geometric information about
these dioxygen adducts is not available and even their
exact coordination modes are not well known. All but
one of these compounds contain a N, donor macrocyclic
ligand occupying the equatorial positions of the octa-
hedral ferrous ion in the absence of dioxygen. Such a
rigid planar coordination geometry is uncommon among
non-heme systems, as manifest by the structural
features of the biological molecules discussed above.
Unlike the porphyrins, however, these macrocyclic
ligands are not fully conjugated, a property that may
destabilize the ferryl species. In this respect their
reactivity may be more comparable to non-heme iron
centers.

Some of the complexes shown in Figure 27 bind O,
reversibly. Even these reversible systems undergo
irreversible autoxidation, however (eq 38). This in-
stability is minimized at low temperatures where the
reversible binding of dioxygen still takes place.

slow
LFe" + 0, = LFe"'-0,” —
irreversible oxidation (38)

Early workers®® approached the construction of a
non-heme iron reversible dioxygen carrier by the
strategy that proved successful for heme analogs.316-318
In the latter systems, the dioxygen adducts decompose
in a bimolecular reaction involving a (u-1,2-peroxo)-
diiron(III) porphyrinato complex that has been thor-
oughly characterized.?1932 By constructing ligands with
sufficient geometric bulk to prevent formation of the
peroxide-bridged diiron(III) complex, such as capped
or picket fence porphyrins,317321.322 the desired 1:1
adduct was stabilized. In a similar manner, sterically
encumbered non-heme ligands and their respective
ferrous complexes (2 and 3, Figure 27) were prepared

having two different pocket depths (5 and 2.2 A
respectively). Asexpected, in the presence of pyridine
as an axial base, the more sterically crowded ligand
afforded reversible dioxygen binding at temperatures
below —50 °C. A 1:1 stoichiometry was demonstrated
by dioxygen uptake experiments, and the adduct
exhibited an optical band at 529 nm. Unfortunately,
neither resonance Raman nor Méssbauer spectroscopy
was used to characterize this compound, but its
presumed mononuclear nature is consistent with the
presence of a ferric-superoxide unit similar to that of
Hb and synthetic iron-porphyrin—dioxygen complexes.4
Compound 3, having a shallower pocket, was rapidly
and irreversibly autoxidized at ~78 °C with the con-
sumption of 0.5 equiv of 0231 Clearly, ligand control
of the environment around the dioxygen binding site
attenuates the reactivity of the adducts.

The comparison of the reactivity of these two
compounds, similar in all respects except for the depth
of their Os-binding pockets, reveals the importance of
steric constraints in determining the course of the
reaction of dioxygen with ferrous complexes. A second
example of this property is afforded by the mononuclear
cyclidene complexes.?13-315 Unlike the previous mol-
ecules, which had a simple cleft, these ligands are
bicyclic, enclosing pockets of defined size based upon
the length of the R! spacer (compounds 4-8, Figure
27). Because of their versatility and ease of substitution
at the different sites, iron complexes of these cyclidenes
display a range of chemical reactions, for which complete
and up-to-date reviews can be found elsewhere,323324

Upon exposure of 4 to dioxygen at low temperature,
an optical absorption band around 520 nm appears as
well as less intense features in the 500~650-nm region.313
The spectrum is quite similar to that of 2 discussed
above. Gas uptake experiments revealed the new
species to be a 1:1 adduct, which was diamagnetic and
EPRsilent.3!® This complex can best be formulated as
a low-spin ferric superoxide complex. The effect of
axial bases on its dioxygen affinity parallels that of the
porphyrin dioxygen carriers, with Cl- < py < 1-MeIm.33
When steric bulk was added to the R2 and R3 sites
while maintaining a constant R1 bridge, the autoxi-
dation process was retarded without affecting the
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Figure 27. Pseudo-heme ferrous complexes 2-9 which bind dioxygen to form stable adducts.

oxygen binding properties of the molecule.?4 The most
stable adduct was formed with compound 5, which
bound dioxygen reversibly even at room temperature
because of its slow (t12 = 24 h) autoxidation process.
The thermodynamic values for the reaction of this
complex with dioxygen are AH = -17.5 = 0.4 kcal/mol,
AS = -76 £ 2 eu, Ko, = 0.050 Torr1.31* Although the
reaction enthalpy is similar to values for Hr, the entropy
is significantly more negative for this model compound.
Such a large negative reaction entropy is consistent
with the properties of other “lacunar” metal com-
plexes.314

Because the autoxidation rate could be altered
without changing the dioxygen binding properties of
the iron center, this system provided a unique op-
portunity to carry out comparative mechanistic studies
of the autoxidation and dioxygen binding reactions of
the ferrous complexes. A series of ferrous cyclidene
complexes with different exterior R groups and pocket
sizes, including some with pockets too small for O,
binding, was investigated.323:325.3% For systems capable
of binding dioxygen in the pocket, usually 4, it was
concluded that a ferric-peroxide species formed during
autoxidation and that parallel, competing inner- and
outer-sphere redox processes were involved. The

binding and autoxidation reactions are shown in eqs 39
and 40, and the rate law derived from this competition
is given in eq 41. Potential chemical routes to the
peroxide species are listed in eqs 42-45.32332%6 An EPR

Ko,
LFe + 0, = LFe-0," (39)
kl
LFe" + 0, —~LFe + 0, (40)
rate, . = __k’[Fen] [O,] 41)
wtex T ] + Ko, [0,]
LFe" + HO, — LFe™-(HO,") (42)

LFeIII_(OZ-) + H02 — LFeIH"(HOZ_) + 02 (43)
LFe" + HO, — LFe' + HO, 44
LFe™ + HO,” — LFe™-(HO,) (45

spectral feature at g = 2.00 was assigned to the peroxide
complex for experiments conducted in acetonitrile/
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Figure 28. Plots of the observed rate constants for autoxidation as a function of dioxygen pressure for (A) compound 6, (B)
compound 7, (C) compound 8, and (D) hemoglobin. (Reprinted from ref 325. Copyright 1993 American Chemical Society.)

pyridine/water and acetonitrile/1-Melm solutions.??
This signal was not observed in certain other solvent
systems, however, and it is not clear whether the
proposed intermediate was simply more reactive under
such conditions, and therefore not observed, or whether
its formation was somehow solvent specific. Although
the process outlined for the autoxidation of 4 is
chemically reasonable, spectroscopic evidence for the
existence of the peroxide is weak.

In the work just discussed, it was postulated that the
autoxidation step occurs by a separate pathway, parallel
to the route leading to reversible dioxygen binding. The
nature of this parallel reaction was approached by
studying the effect of cavity size on autoxidation.3?
The species compared in this study were the tri-, tetra-,
and the pentamethylene-bridged cyclidene compounds
6-8 (Figure 27). The cavity sizes in these complexes
are such that the smallest does not even allow O; to
approach the iron center, whereas the largest allows
access of both O, and solvent molecules. The effect of
dioxygen concentration on the rates of autoxidation
was dramatically different among these three systems,
as shown graphically in Figure 28.3% These results are
consistent with the interpretation that autoxidation is
a parallel pathway to dioxygen binding for the (CHy);
(6) and (CH_)4 (7) cases (eqs 39-41). For the trimeth-
ylene-bridged compound, Ko, approaches zero and the
rate law for autoxidation simplifies to a pseudo-first-
order reaction. The extremely complicated behavior
for the (CHy)s complex (8), as for Hb, is explained by
a solvent-dependent competition for the dioxygen
binding site (eqs 46-48). Since the cavity in the (CHg),
species (7) is only large enough to allow dioxygen access,
solvent competition is removed and normal saturation
behavior is observed.

ky
LFe'+ 8 = LFe'- (46)
1
k
LFelS + 0, — LFel’S + 0, A7

k,(ky/k_)[Fe"1[S1[O,]

te =
(ky/k_K( 0,0 + {(Ry/k 1) + K 3O, + 1
(48)

As a final note on the reversible O;-binding behavior
of the cyclidene complexes, we mention the dinuclear
variant, compound 9 (Figure 27).3%* Complexes of this
ligand undergo a different reaction with dioxygen, one
not necessarily based on metal coordination. The two
ferrous ions are separated by 8-15 A, depending on the
length of the linker arms, and the iron atoms are
postulated to act completely independently.35 Super-
oxide is produced in the reaction but does not appear
to coordinate to the metal ions. Autoxidation severely
hampers the study of this system. To minimize this
side reaction, very low oxygen tension was used to
prevent the buildup of appreciable quantities of O;.
Interestingly, dioxygen binding in these dinuclear
cyclidenes showed an inverse first-order dependence
on the concentration of added nitrogenous base. Since
no metal-binding site was required for the electron-
transfer event, this result probably reflects changes in
the redox properties of the ferrous center that ac-
company the base on/off equilibrium. For example,
addition of excess pyridine to acetonitrile solutions
shifted the Fe(ILIII) couple by approximately -100mV.,
Addition of 1-Melm shifted it by —300 mV, the more
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negative value arising from stronger binding to iron-
(I11) than to iron(Il) of imidazole relative to pyridine.
In less coordinating solvents, the magnitude of the
pyridine-initiated shift of the redox potentials was
greatly enhanced.?’s Since the ferrous form of the
complex is stabilized by the binding of a base, the driving
force for the outer-sphere redox reaction is diminished,
accounting for the inverse order in base concentration.

Although the effects of added base are well defined
in reactions of porphyrins with dioxygen,* in non-
porphyrin systems they are more difficult to observe
and torationalize. For heme iron the base effect results
from coordination at the proximal site, trans to the
dioxygen binding position. The composition of the
coordination spheres varies greatly among non-heme
iron oxygenases and oxygen carriers, whereas variations
in the ligand environment in porphyrin systems occur
mainly in the axial sites. Therefore, in the non-heme
systems, there are more states than simply base-on and
base-off such that both the basicity of the ligand and
its position in the coordination sphere will affect the
reactivity of the iron site. The consequences of these
considerations are largely unknown at present, however.

2. Non-Heme Systems

Very few ferrous complexes having non-porphyrin
ligands react with dioxygen to form stable ad-
ducts,35,60-52.242,327-330  Several claimed dioxygen ad-
ducts?31-33 could not be substantiated or were proved
to be incorrect.?® Unlike the pseudo-heme model
complexes, all of these adducts appear to be peroxo
rather than superoxo species. This behavior parallels
that of heme versus non-heme dioxygen carrier proteins.
For diiron complexes, this result was not unexpected,
but the formation of stable dinuclear peroxides from
mononuclear iron(II) precursors was a surprise, al-
though very similar bridging peroxide motifs had been
observed as intermediates in the chemistry of porphyrin
models with dioxygen.319320 Figure 29 displays the
known or postulated structures of diiron(II) complexes
and their corresponding (u-peroxo)diiron(III) adducts
to be discussed in this section.

When compound 10a was exposed to dioxygen,3?” a
violet species 10b formed having Apex = 540 nm (e = 187
M- em-1). The adduct irreversibly decayed at room
temperature over a period of 5h. For the corresponding
ligand in which the pyridine ring was replaced by an
aliphatic amine 11a the dioxygen adduct was much
shorter lived.3?” Upon exposure to dioxygen a red-
purple adduct 11b formed, but immediately faded as
the colorless oxidized end product was generated.3?
Kinetic studies of the formation of 10b indicated a
process first order in both [0:] and [LFe] and
polarographic studies of dioxygen uptake revealed a
stoichiometry of 2Fe:10,. The kinetic results were
adequately fit by a simple two-step mechanism for the
formation of the complex, where the first step is rate
limiting. The rate constant for this reaction in water,
(I=0.2M,pH8.0)at25°Cis (1.4 +0.2) X 102 M1g-1,327
The reaction was sensitive to pH, showing a 6-fold rate
increase over the pH range 8.0-9.5. No explanation for
this behavior was provided.

Another mononuclear complex that binds dioxygen
and rapidly forms a dinuclear peroxide adduct is 12a.50:52
The precursor is a 5-coordinate ferrous ion bound to a
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Figure 29. Structures of the non-heme ferrous complexes
10a-16a and their dioxygen adducts 10b—-16b.

sterically demanding tridentate, facially coordinating
ligand {HB(3,5-iPrypz)3} and a chelating carboxylate
ligand. The structure of the precursor has been
crystallographically determined. On exposure to di-
oxygen in non-coordinating solvents at temperatures
below —20 °C, 12a reacts to form a dark blue-green
(Amsz = 680 nm) 2:1 dioxygen adduct, 12b.% Below -50
°C, the binding is irreversible, but between —50 and
-20°C, the ferrous starting material can be regenerated
by application of vacuum or purging with an inert
gas.50%2 This system can be cycled at least 10 times
with only minimal loss of activity. In coordinating
solvents, 12b is not formed at any temperature.’
The nature of the 2:1 adduct has been studied by a
variety of physical methods in an attempt to determine
its structure.’? The resonance Raman spectrum re-
vealed an O—O stretching band at 876 cm-., in the region
for peroxide, and the assignment was supported by 180,
isotope shifts.’® Unlike the pseudo-heme dioxygen
adducts discussed above, this product was paramagnetic
(S = 5/5) and exhibited modest (J = —33 cm-!) anti-
ferromagnetic coupling. EXAFS data supported the
assignment of the structure as a (u-1,2-peroxo)di-
iron(III) unit with a dihedral angle at the O-O bond of
approximately 90° and an Fe-Fe distance of 4.3-4.4
A52 Dinuclear ferrous derivatives of 12a also bind
dioxygen, but the adducts appear to be less stable.3%
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It is unclear whether solution equilibria lead to the
formation of the same dioxygen adduct or whether the
species are structurally different.

Compound 12b is one of the more robust non-heme
iron dioxygen complexes. Itsautoxidation mustbeslow
to explain reversible O; binding. The steric bulk of the
hydrotris(diisopropylpyrazolyl)borate is probably re-
sponsible for the added stability, the reasons being
similar to those discussed above for the phenyl- and
benzyl-substituted cyclidene complexes. The electronic
properties of the carboxylate ligand do not significantly
affect the chemistry; changing the carboxylate ligand
shifted the broad charge transfer band of the dioxygen
adduct slightly, but did not alter its temperature
sensitivity.52

A final class of stable ferric dioxygen adducts to be
discussed form in the reaction of dioxygen with ferrous
complexes of ligands derived from N,N,N’,N'-X,-2-
hydroxy-1,3-diaminopropane, where X is one of several
nitrogeneous bases. Most extensively studied are
complexes where X = 2-benzimidazolylmethyl (HPTB)
(13a), (N-ethyl-2-benzimidazolyl)methyl (Et-HPTB)
(14a), 2-pyridylmethyl (HPTP) (15a) and (6-methyl-
2-pyridyl)methyl (HPTMP) (16a). As a series, the
diferrous compounds 13-16 nicely illustrate how ligand
alterations can affect the reactivity of the metal center.

The first dioxygen adduct generated for this class
was with the HPTB system.32® The starting material
was reportedly [Fellb,(HPTB)Cl;], but was largely
uncharacterized. Later studies of the oxygenation
reactions employed up-carboxylato analogs.51:33¢ The
bridging carboxylate group renders the model more
biomimetic, although an alkoxo bridge has not yet been
observed in a non-heme iron protein. The steric bulk
of the benzimidazolyl rings prevented coordination of
a second carboxylate to the dinuclear ferrous center,
providing some indication of the crowding around the
iron atoms.

At low temperature (T' < -80 °C), the HPTP-,
HPTMP-, and Et-HPTB-diiron(II) complexes all
formed stable dioxygen adducts quite readily. Only
the HPTMP adduct exhibited reversible behavior,
however, with Py, = 42 Torr (CF3COO- complex) and
6 Torr (PhCOO- complex) at —35 °C in CH,Cl,,329:330
The Et-HPTB complex is relatively symmetric, having
two 5-coordinate square pyramidal ferrous ions.51:242
The more sterically demanding HPTMP complex, on
the other hand, is solvated and has one octahedral and
one square pyramidal iron atom. The higher coordina-
tion number results in a lengthening of the Fe-N bonds
and helps alleviate the steric clash. This asymmetric
solvation probably indicates more flexibility for this
complex than for 13a, a property that could facilitate
the binding of small molecules to the metal center.

The three complexes differ not only in the degree to
which formation of their O, adducts is reversible, but
also in the stability of the adducts toward irreversible
decomposition. Compound 14b is indefinitely stable
in methylene chloride or acetonitrile at—60 °C and forms
transiently at room temperature before decomposing.5!
Formation of the HPTMP adduct 16b is reversible at
—-20 °C, and the product is completely stable at —60
°C.32%% The HPTP-0; adduct 15b is exceedingly reac-

tive, however, and cannot be formed at —-40°Cin MeCN

or at ~80 °C in CH,(Cl,.513%® The addition of small
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amounts of DMSO or other polar aprotic solvents has
a stabilizing influence on this entire series of dioxygen
complexes, although the reason for this effect is
currently unknown.5!

The chemical reactivities of the diiron(III) peroxide
species have been studied only preliminarily. Sub-
stoichiometric oxo transfer to PPh; occurred for all three
compounds, with the HPTP complex showing the
greatest activity.5132 The degree of oxo-transfer ca-
pability follows the relative temperature stabilities of
the adducts (HPTP > HPTMP > Et-HPTB, HPTB).
The HPTP complex can also oxidize phenols, but none
of these complexes shows any propensity to hydroxylate
or oxygenate substrates such as alkanes, which are much
poorer oxo transfer acceptors.5137 The lack of oxo-
transfer reactivity of 14b contrasts with a report in
which [Felll,(HPTB)(OH)]4+ was able to catalyze the
oxidation of 2,4-di-tert-butylphenol to 3,5-di-tert-
butylcatechol by hydrogen peroxide.?? Presumably,
quite similar diferric peroxide complexes are present
in both reactions, although the carboxylate ligand is
absentin the reported catalyticsystem. Reinvestigation
of the latter may be required to resolve the inconsis-
tency.

Recently, a kinetic investigation of the reactions of
14a-16a with dioxygen has been undertaken.33 The
first step of the reaction, formation of the (u-peroxo)-
diiron(II) species, was studied by stopped-flow spec-
troscopy at low temperature. The results revealed a
much larger activation barrier for the reaction of 16a
with O, relative to the other two compounds. The
significantly larger activation enthalpy and less negative
entropy of activation arise from a postulated internal
ligand rearrangement required to open a coordination
site for dioxygen.

Peroxide derivatives of 13-16 were formed from the
reaction of the diiron(IIl) species with hydrogen
peroxide, 21222932833 The wavelengths of the absorption
maxima often differed slightly from those of complexes
formed in the reaction of the diiron(II) complexes with
0., however.2151328 The variations might arise from
solvent system differences, since addition of aqueous
hydrogen peroxide introduces protons that are not
present in the dioxygen reactions carried out in dry,
aprotic organic solvents.

B. Non-Catalytic Oxidation of Iron(I1)
Complexes Following Unstable Dioxygen Adduct
Formation

The oxidation kinetics of a well-characterized model
compound, [Fe'(MesTACN),(OH)(OAc);]1(ClO,); (17a),
which does not form a stable peroxide adduct have
recently been investigated.!92 The reaction is shown in
eq 49. The goal of this work was to elucidate intrinsic
factors involved in the oxidation of dinuclear iron(II)
centers similar to those found in the biological systems
but without the surrounding protein sheath. The
reaction consumed 0.5 molar equiv of dioxygen, all of
which was used to form the oxo bridge in the product,
as verified by 180-labeling experiments.!®2 The kinetics
of the oxidation reaction could be explained by propos-
ing a preequilibrium step that afforded an open
coordination site prior to dioxygen binding. In par-
ticular, the order in dioxygen depended upon the choice
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of solvent. In chloroform, the rate law followed eq 50,
with a first-order dependence on [O;], whereas in
methanol, the reaction was independent of dioxygen
concentration (eq 51). This behavior was readily

rate = k, [0,1[17a}? (50)

exp

rate = k,,,[17a]® (51)
explained by proposing an equilibrium for 17a in which
a carboxylate ligand shifts from bidentate bridging to
monodentate terminal with concomitant coordination
of methanol to the site vacated on one of the ferrous
ions. This intermediate accounts for the more rapid
rate of oxidation in methanol compared to chloroform.
The transition state was postulated to be a mixed-valent
tetranuclear »2,n2-peroxide-bridged complex!9? (Figure
3j). Such a tetranuclear species, besides accounting
for the kinetic data, has precedence in the only
structurally characterized non-heme iron—peroxide
model complex.#® The tetranuclear intermediate is
presumed to be the complex in which the critical 0-O
bond cleavage step occurs, but since its formation and
not its decomposition was the rate-limiting step, direct
observation of bond scission was not possible.

The results of this study recall one of the main
findings of the iron-EDTA oxidation studies,’ namely,
that coordination of dioxygen to the metal is required.
Inreactions of 17a with dioxygen, the need for a vacant
coordination site is manifest by equilibria that precede
the actual oxidation steps. The kinetic behavior of this
complex is very different from that of the non-heme
diiron proteins, where the diiron cores cannot approach
one another to form the tetranuclear peroxide-bridged
intermediate. The decomposition of this intermediate
is analogous to the decay of iron porphyrin intermedi-
ates postulated to form during their reactions with
dioxygen.319:320

The lesson learned from this kinetic study is one
recognized by porphyrin chemists many years ago. To
mimic the biological reactions, bulky ligands must be
employed to avoid the kinetically favored bimolecular
decay pathway. Dinucleating ligands provide some of
the stability and bulk required, but many of the existing
diiron(IT) complexes in this class contain non-biomi-
metic bridges such as alkoxides or aryloxides. More-
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over, in complexes of these dinucleating ligands, the
RO- bridge impedes access of O; to the dinuclear core
from the direction typically found in proteins such as
Hr. The search for alternative dinucleating ligands is
an area of active research.

C. Catalytic Hydroxylation Reactions with Fe(II)
and O, Involving Translent Fe-0, Intermediates

In many oxidations, the active species are too short-
lived to be observed. Insome cases, information onthe
active oxidants can be obtained indirectly from kinetics
investigations, the distribution of products, or the
identification of a decomposition product. Even when
the spectroscopic signature of a species formed during
thereaction can be monitored, it must be demonstrated
tobe onthereaction pathway. Unless the intermediate
can be synthesized separately and shown to be capable
of entering the reaction in the absence of its precursors,
its proposed role is not definitively established.

The chemistry discussed in this section uses the
reaction of dioxygen with a ferrous compound to
oxygenate or oxidize an organic substrate in a catalytic
manner. Commonly employed substrates include cy-
clohexane, cyclohexanol, cyclohexene, adamantane, and
cis-stilbene. Information about the mechanism is
gathered from relative reactivity at primary, secondary,
and tertiary aliphatic carbon positions, the ratio of
alcohol to ketone products, the ability to form epoxides
from alkenes, and isomerization taking place during
the reaction. Together these features provide clues
about the transient oxygen species involved in the
reaction mechanism.

1. Udenfriend’s Reaction

A catalytic system for synthesizing phenols, catechols,
and epoxides using ferrous ions, EDTA, ascorbic acid,
and dioxygen at neutral pH was first reported by
Udenfriend.?® This reaction has been well studied
because of its similarity to that of many mononuclear
monooxygenases. The actual species responsible for
the activity, however, is still being debated 40 years
after the original discovery.34-34 The reaction is
mechanistically related to many of the autoxidations
of chelated iron(II) discussed above (eqs 21 and 22).
Two features differentiate the autoxidation and cata-
lytic reactions, however. The first is the presence of a
substrate, which reacts with one of the activated
dioxygen intermediates, and the second is the presence
of ascorbate, which reduces the ferric ions back to their
ferrous form, closing the catalytic cycle. The oxidation
and reduction phases of the reaction can be separated
onthe basis of work investigating the catalytic oxidation
of ascorbate by dioxygen and iron.241345346 [n the
absence of an oxidizable substrate, Udenfriend’s reac-
tion and the catalytic oxidation of ascorbate are
identical. Iron(II) chelates are autoxidized to their iron-
(III) form, which then are reduced back to iron(II) by
an intermediate iron(III)-ascorbate complex. This
similarity is analogous to the coupled and uncoupled
reactions discussed above for the pterin- and «a-keto-
glutarate-dependent enzymes. No evidence was found
for a complex between ferrous ions and ascorbate.346:347
Instead, ferric ions produced by oxidation of iron(II)
interact with ascorbate in a separate reaction, leading
to the reduction of the iron. Udenfriend’s catalytic
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cycle can therefore be roughly approximated by eqs 52
and 53, where the former is the functional step and the

2LFe'+ O, + ArH + 2H* —
2LFe™ + ArOH + H,0 (52)

2LFe™ + AscH, — 2LFe" + dAsc + 2H*  (53)

latter reactivates the catalyst. Further support for the
functional separation of these steps is the ability to
substitute alternative reductants for ascorbic acid, a
property also shared by many biological systems.3¢1:348
The efficiency of the Udenfriend reaction is extremely
poor, however, often affording oxidized product yields
of 5~10% on the basis of reductant.?¥® Since the active
oxidant is extremely reactive, a rate constant of k =
(3.9 £ 0.6) X 10° M-! 57! having been measured for the
Udenfriend reaction on thymine,* the low yield is
probably based on a nonproductive reaction with solvent
or, more likely, autoxidation of the reductant. This
problem is circumvented in biological systems by
rendering the iron(II) center inactive in the absence of
bound substrate and through the use of a separate
reductase protein (see above discussion).

The active species in Udenfriend’s reaction may or
may not involve free hydroxyl radicals. The general
methods used to approach this issue are to run parallel
Fenton reactions, while attempting to trap the radical,
or observe a rearranged substrate probe. The assump-
tion here is that Fenton chemistry generates only free
hydroxyl radicals and that a significant decrease in the
amount of radical-generated products would indicate
an alternative mechanism for Udenfriend’s reaction.
Product distribution studies revealed the presence of
additional species formed in the Fenton chemistry and
the ratios of common products formed by the two
reactions were different, 34034134 [t was therefore
concluded that the active oxidant in Udenfriend’s
reaction was not the same one as in Fenton chemistry.
Onthe other hand, use of a radical quenching technique
to examine the effects of alcohols on the two systems
gave identical results.?** None of these investigations
is totally convincing, however. Product distributions
can be influenced by extremely small variations in
reaction conditions or contaminants and, just because
two chemical species are quenched at the same rate,
does not necessarily mean that the reactive species are
identical.

2. Gif Chemistry

One of the most studied catalytic reactions is the
so-called Gif system.309:350.351 Although there are many
varieties of Gif chemistry, some using oxidants other
than dioxygen, there are several (Gif™!, GiftV, and Gif-
Orsay) which rely on the reaction of ferrous iron with
dioxygen in a pyridine/acetic acid solvent. Some
systems thought to use HyO; as the oxygen donor were
subsequently found to utilize dioxygen. When run
under an atmosphere of 180,, the products contained
exclusively 180-labeled oxygen.?52 In spite of extensive
work on these systems, many of the mechanistic details
remain murky. Thestructures of several intermediates
proposed in the following discussion are quite specula-
tive and have not been observed directly. They have
been proposed in the primary literature to explain the
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observed products and isotopic distributions. The
postulated mechanisms should therefore be viewed as
working hypotheses.

Gif catalysts react with alkanes, affording primarily
ketones along with small amounts of alcohols and other
minor products, depending on the conditions. Fur-
thermore, the preference for secondary over tertiary
carbons has been measured to be as high as 22:1, but
more typically the ratio is around 1.3® A key piece of
information regarding the nature of the Gif reaction
was the observation of a cyclohexyl hydroperoxide
intermediate.3%8352 In the absence of an oxidant, this
hydroperoxide decomposed in the presence of catalyst
to form the ohserved ratio of products. Since the
hydroperoxide affords both the major and minor
products, it must lie along the reaction pathway at a
point that precedes the divergence of products into
alcohols and ketones, Mechanistic studies on other
alkane activation systems employing iron catalysts have
also proposed the intermediate formation of alkyl
hydroperoxides and/or metal bound alkyl perox-
ides.35335%4 Ag currently formulated, the Gif mechanism
does not involve direct reaction of dioxygen with a
ferrous species in any of the mechanistically important
steps (Figure 30); instead, O; oxidizes the Fe(II)
precatalyst to a (u-oxo)diiron(III) compound and
hydrogen peroxide. These species then continue as if
hydrogen peroxide and ferric ion were added ini-
tially.363093% Recent work, discussed below, may require
that these Gif mechanistic proposals be altered, how-
ever, 252,356 '

The picolinate (PA) and dipicolinate (DPA) systems,
termed oxygenated Fenton reagents,®.37 are quite
similar to the Gif chemistry. The reactions are run in
pyridine/acetic acid solutions with comparable product
distributions, although the yields are higher. Instead
of using Fe(IIl) and peroxide, as in the Gif! system, the
PA and DPA reactions employ Fe(II) and hydrogen
peroxide. Anaerobically, this mixture would be ex-
pected to undergo basic Fenton chemistry,® generating
pyridyl or substrate radicals from hydroxyl radical. In
the presence of dioxygen, however, the reaction is
drastically modified.2523513% Ingtead of cyclohexylpyr-
idine being the primary product when cyclohexane is
used as the substrate, cyclohexanone is produced.3%
The relative reaction rates of ferrous material with
dioxygen and peroxide were measured, revealing a 1000-
fold kinetic preference for reaction with the latter.3¢
It was therefore proposed that a ferrous~hydroperoxide
species reacts with dioxygen before decomposing via
Fenton chemistry. A scheme delineating this hypoth-
esisisshownin Figure 31. Theactive agent for hydrogen
abstraction in this system is the ferric-peroxy-super-
oxide complex which, by analogy to Gif chemistry, leads
to formation of a metallo—alkyl peroxide, the decom-
position of which yields products. Minor products can
arise from simple Fenton chemistry or alternative modes
of peroxide decomposition.

The Gif mechanism should be re-analyzed in light of
these results and the 180,-labeling studies discussed
above. The dioxygen affinity of ferrous ions is con-
siderably greater than that of ferric complexes. Bio-
logical systems that carry out such hydroxylations with
iron usually require the reduced state of the enzyme.
In one mechanism (Figure 30), oxygenation results from
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Figure 30. Proposed mechanism for the catalytic cycle of Gif oxidations. (Adapted with permission from ref 309.)
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Figure 31. Proposed mechanism for the oxidation of alkanes by Fe!l(PA);. (Adapted with permission from ref 356.)

dioxygen insertion into the iron~carbon bond of an
organometallic intermediate. Insertionreactions of this
type are precedented in organometallic chemistry, but
alternative routes to a metallo—alkyl peroxide species,
such as the one in Figure 31, can be envisioned and
must be explored further. Whether one of these
mechanisms, or some totally different route, is eventu-
ally accepted will have to await more detailed study of
the reactions. To aid in that process, better defined
catalysts will be helpful. The number of potentially
equilibrating species in the parent Gif reactions is large,
and elucidation of any rational mechanism is likely to
be difficult until the system is simplified. The use of
PA and DPA provides some stability for the metal
complex resulting from chelation effects, and presum-
ably the ligands remain coordinated during catalysis.
These complexes are therefore a step toward better
characterization of these reactions. Asthe fullreaction
schemes from the published work indicate, however,
the chemistry still has little specificity and slight

changes in conditions lead to new and different
products.356

In the absence of peroxide, the ferrous compound
Fell(DPAH),, will also react catalytically with dioxygen
to convert cyclohexane to cyclohexanone. It has been
postulated that the reaction results from in situ
generation of hydrogen peroxide as shown in eq 54.252

[Fe''(DPAH),] + O, =
[(DPAH)(DPA)Fe" (OOH)] + L,Fe" —
HOOH + 2[(DPA)(DPAH)Fe™] (54)

Support for this mechanism, which is inconsistent with
the common dinuclear intermediate observed for the
autoxidation of porphyrins and several non-heme iron
compounds discussed above,319320327 comes from elec-
trochemical experiments where a (u-oxo)diiron(III)
species, the normal product of the diferrous reaction
pathway,isnot observed. Itisunclear why this complex



800 Chemical Reviews, 1994, Vol. 94, No. 3
Fe' + O,

L~ O

Fe'(0y)

/

PhNHNHPh

Fel"(OOH)(PhNHNHPh)
j/ \
Fe'(OH) + R+ + PAN=NPh + H,0 Fe'H,0,) + PAN=NPh

(

\ PhNHNHPh

Fe'' + ROH [Fe'(OH)PhNHNPh] + H;,O

Fe! + PAN=NPh + H,0

Figure 32. Proposed mechanism for the oxidation of alkanes
by Mimoun’s system. (Reprinted from ref 359. Copyright
1988 Pergamon.)

reacts with dioxygen differently from other typical
ferrous complexes or why the commonly observed and
thermodynamically stable (u-oxo)diiron(III) species is
not formed.

3. Mimoun’s System

Whereas Udenfriend’s reaction can be written as two
distinct steps, oxidation and reactivation as discussed
above, a separate class of oxidations has been described
in which an iron species coordinates simultaneously to
both dioxygen and the reducing agent. As a result,
more concerted redox steps can be envisioned. Several
of the biological systems discussed employ a similar
strategy in which multienzyme or multisubunit ag-
gregates join the oxidizing and reducing functionalities.
The interactions between subunits can then control
the biochemistry to time the influx of electrons and
avoid wasteful consumption of reductant. A model
system of this type, capable of hydroxylating alkanes,
alkenes, and arenes, was first described by Mimoun?358
although other similar systems are known. Thereaction
is written in eq 55, where diphenylhydrazine is reduced

el cat.

RH + PhNHNHPh + O,
PhCOOH

ROH + PhN=NPh + H,0 (55)

to diazobenzene concomitant with substrate oxidation.
This system tends to give alcohols rather than ketones
and, like many other catalytic systems, is characterized
by low yields and small turnover numbers.3¥® As
expected, the system exerts less control over the
autoxidation of the reductant than its biological
counterparts and greater than stoichiometric consump-
tion of reductant is usually observed. The secondary/
tertiary oxidation ratio is typically around 1,3%°
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Kineticstudies of this system have led to the proposal
that an iron-hydroperoxide~hydrazine complex is the
active species in the hydroxylation chemistry.3® Elec-
trochemical studies of Fel'/diphenylhydrazine/hydro-
gen peroxide solutions support this finding, revealing
that, in the presence of the disubstituted hydrazine,
normal Fenton chemistry is subverted by an alternative
reaction that leads to catalytic monooxygenation.36® A
proposed mechanistic scheme derived from kinetic
studies is presented in Figure 32, but unfortunately no
spectroscopic evidence has been obtained for any of
the postulated intermediates. Structurally similar
intermediates with different formal oxidation states
areinvoked in a [Fel(DPAH),]-catalyzed system, where
diphenylhydrazine was used as the reductant.3¢! Inthe
latter study, greater oxidative selectivity was observed
compared to Fenton chemistry. Much work remains
to be done on systems of this kind before their reactivity
is fully understood or the chemistry is rendered
synthetically useful.

V. Conclusions and Future Directions

The foregoing discussion reveals the diversity of
biochemical and biomimetic oxygenation reactions
carried out by non-heme iron centers. Our under-
standing of these reactions is far from complete and
examples of contradictory and confusing results have
been included to illustrate the nature of the debate on
the mechanisms of these reactions.

Over the past few years, the greatest advances have
been in understanding the chemistry of dinuclear iron
cores in Hr, RR, and MMO as well as their small
molecule models. The extensive structural and spec-
troscopic detail available for these three proteins has
helped to unravel their individual reaction mechanisms,
and we are beginning to understand why Hr reacts
differently from RR and MMO. The lower coordination
numbers, preponderance of oxygen versus nitrogen
donor atoms and possibly the involvement of amino
acid-derived radicals in RR, and perhaps MMO, activate
dioxygen for O-O bond cleavage. Another key factor
may be that Hr, like Hb and Mb, has a well-defined site
for monodentate binding of O,, whereas both RR and
MMO have the potential to form bridging peroxides.
Perhaps such a species is a required precursor for
oxygenation reactions in non-heme proteins.

As a whole, there is less structural information
available about mononuclear systems, and this area
deserves more attention. Like MMO and RR, the
coordination environments of the mononuclear non-
heme iron enzymes are flexible, with multiple sites of
attachment for small molecules. The systems exhibit
features that do not appear to play an important role
in the chemistry of the dinuclear enzymes. The ability
of substrates to activate the iron site toward dioxygen
is of particular interest because the nonspecific oxida-
tion of the reductant is one of the major drawbacks in
most model catalytic hydroxylation reactions. In the
enzymes, this property prevents the oxidation of the
iron center when substrate is absent. In dinuclear
systems such as MMO, binding of the other components
and possibly the substrate can affect the hydroxylase
reactivity. Understanding the structural changes at
the iron center that occur upon substrate and coupling
protein binding will lead to more sophisticated design
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of model compounds and small molecule catalysts,
allowing the greater tuning of the dioxygen reactivity
of the ferrous ion.

For the modeling chemist, these systems provide a
particular challenge. On the one hand, extreme bulk
seems to be necessary to prevent the unwanted bimo-
lecular decay reactions of the active intermediates. At
the same time, the ligand cannot be so sterically
encumbered that dioxygen cannot bind; moreover, there
must be room for a substrate to approach the active
species. To accomplish these seemingly contradictory
aims with anything less than a protein is a daunting
task, but one that might be surmountable through the
application of innovative ligand design. The functional
models for the catalytic hydroxylation reactions cur-
rently have little resemblance to their biogenic pro-
genitors. The path toward the marriage of structural
and functional modeling lies ahead.
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VII. Abbreviations

1-Melm 1-methylimidazole

2-KG 2-oxoglutarate, a-ketoglutarate

5-Me- N,N’-(2-hydroxy-5-methyl-1,3-xylylene) bis (V-
HXTA carboxymethylglycine)

ACV 5-[5-amino-5-(hydroxycarbonyl)pentanoyl]-L-

cysteinyl-D-valine

AscH, ascorbic acid

BLM bleomycin

dAsc dehydroascorbate

DMSO dimethy! sulfoxide

DNA deoxyribonucleic acid

DOPA dihydroxyphenylalanine

DPA dipicolinate

DPAH dipicolinic acid

EDTA ethylenediaminetetraacetate

ENDOR electron nuclear double resonance

EPR electron paramagnetic resonance

Et-HPTB  N,N,N’,N’-tetrakis(N-ethyl-2-benzimidazolyl-
methyl)-2-hydroxy-1,3-diaminopropane

EXAFS extended X-ray absorption fine structure

FAD flavin adenine dinucleotide

H,BP dihydrobiopterin

H.BP tetrahydrobiopterin

HB(3,5- hydrotris(3,5-diisopropylpyrazol-1-yl)borate

iPrypz);

Hb hemoglobin

HLF human liver ferritin

HoSF horse spleen ferritin

HPTB N,N,N’,N'-tetrakis(2-benzimidazolylmethyl)-2-
hydroxy-1,3-diaminopropane

HPTMP N,N,N’ N'-tetrakis[ (6-methylpyrid-2-yl)methyl]-

2-hydroxy-1,3-diaminopropane
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HPTP N,N,N'",N’-tetrakis(2-pyridylmethyl)-2-hydroxy-
1,3-diaminopropane

Hr ‘hemerythrin

IPNS isopenicillin N synthase

KIE kinetic isotope effect

Mb myoglobin

MCD magnetic circular dichroism

MeCN acetonitrile

Me;TACN  1,4,7-trimethyl-1,4,7-triazacyclononane

MMO methane monooxygenase

MOPS 4-morpholinepropanesulfonic acid

NADH nicotinamide adenine dinucleotide

NHE normal hydrogen electrode

NMR nuclear magnetic resonance

OAc acetate

OBz benzoate

OEP octaethylporphyrin

PA picolinate

PAH phenylalanine hydroxylase

4,5-PCD protocatechuate 4,5-dioxygenase

PhIO iodosylbenzene

py pyridine

PMO putidamonooxin (4-methylbenzoate O-demeth-
ylase)

rHF recombinant H chain ferritin

rLF recombinant L chain ferritin

RMS root mean squared

RR ribonucleotide reductase

SOD superoxide dismutase

TH thymine hydroxylase

TRP tryptophan hydroxylase
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