Chem. Rev. 2000, 100, 235-349 235

Geometric and Electronic Structure/Function Correlations in Non-Heme Iron
Enzymes

Edward I. Solomon,* Thomas C. Brunold, Mindy I. Davis, Jyllian N. Kemsley, Sang-Kyu Lee, Nicolai Lehnert,
Frank Neese, Andrew J. Skulan, Yi-Shan Yang, and Jing Zhou

Department of Chemistry, Stanford University, Stanford, California 94305-5080

Contents

. Introduction 235
[Il. Mononuclear Non-Heme Iron 237
A. Spectroscopic Methodology 237
1. Fe' 237

2. Fe! 243

3. Quantum Chemical Calculations of 251

Molecular Properties

B. Substrate Activation 251

1. Lipoxygenases 251

2. Intradiol Dioxygenases 257

3. Comparison of Strategies 263

C. O Activation 264
1. Extradiol Dioxygenases 264

2. Pterin-Dependent Hydroxylases 269

3. o-Ketoglutarate-Dependent and Related 273

Enzymes

4. Rieske-Type Dioxygenases 278

5. Bleomycin 281

6. General Strategy 285

D. O, Intermediates and Analogues 286

1. Model Systems 286

2. Intermediates 290

[Il. Binuclear Non-Heme Iron 294
A. Spectroscopic Methodology 294
1. [Fe"], 294

2. [Fe", 300

B. Reversible O, Binding to Hemerythrin 306
C. O Activation 311
1. Methane Monooxygenase 311

2. Ribonucleotide Reductase 318

3. A° Desaturase 324

4. General Strategy 328

D. O; Intermediates 329
1. Peroxo Intermediates 329

2. High-Valent Intermediates 331

3. Conversion of Peroxo Intermediates into 333
High-Valent Fe—Oxo—Fe Species

IV. Concluding Comments 336

V. Abbreviations 336

VI. Acknowledgments 337

VII. References 337
. Introduction

In recent years, significant progress has been made
in understanding the geometric and electronic struc-
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tures of the active sites of non-heme iron enzymes
and the contributions of these sites to molecular
mechanisms. Tables 1 and 2 present fairly complete
lists of the presently known key classes of mono-
nuclear and binuclear non-heme iron enzymes. As
indicated in the tables, these enzymes participate in
a range of reactions as extensive as those found in
heme chemistry but are generally much less well
understood. For most of the enzymes one of the
reactants is dioxygen. The uncatalyzed reactions of
O, with organic substrates are thermodynamically
favorable but kinetically slow since they are spin
forbidden and the one-electron reduction potential of
O; is low. In the mononuclear non-heme iron en-
zymes, these reactions are catalyzed either by a high-
spin ferrous site which is involved in dioxygen
activation or by a high-spin ferric site which activates
substrates. For some of the ferrous enzymes, an
additional organic cofactor, a-ketoglutarate or pterin,
participates in a coupled reaction with dioxygen
where both the substrate and cosubstrate are oxy-
genated. Thus far, the only well-characterized oxygen
intermediate is that for bleomycin, activated bleo-
mycin, which is kinetically competent to cleave DNA
in a hydrogen-atom abstraction reaction. In the
binuclear non-heme iron enzymes, a diferrous site is
involved in reversible O, binding to hemerythrin and
O activation in ribonucleotide reductase, methane
monooxygenase, and A° desaturase. These show
interesting structural differences which could con-
tribute to differences in reactivity (vide infra). Hem-
erythrin has five histidine ligands, while methane
monooxygenase, ribonucleotide reductase, and A°
desaturase are rich in donor oxygen ligands. It had
been thought that the strong donor ligation in the
latter enzymes activates the sites for dioxygen reac-
tivity; however, a series of membrane desaturases
and monooxygenases has recently been determined
to have binuclear iron sites which appear to be rich
in histidine ligation. Dioxygen binding to hemeryth-
rin involves transfer of two electrons and a proton
to O, binding at a single iron center, and oxygen
intermediates P, Q, and X (vide infra) have been
observed in ribonucleotide reductase, A° desaturase,
and methane monooxygenase. An oxygen intermedi-
ate has also been observed at the binuclear ferrooxi-
dase site in ferritin, which appears to have structural
and functional similarities to the binuclear iron site
in rubrerythrin. Mononuclear non-heme iron sites are
also involved in superoxide dismutation (SOD, Fe'
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and Fe'), hydrolysis (deformylase, Fe''), and hydra-
tion (nitrile hydratase, low-spin Fe'""), and a binuclear
non-heme iron center catalyzes phosphate ester hy-
drolysis (purple acid phosphatase, Fe'!''Fe'!).
Crystal structures are now available for many of
these classes of enzymes (vide infra) and provide the
starting point for an in-depth understanding of
function. Spectroscopy plays a key complementary
role in obtaining molecular-level insight into catalytic
mechanisms, but spectroscopic features have been
much less accessible for the non-heme iron enzymes
relative to the heme enzymes. Non-heme iron active
sites have imidazole, carboxylate, water-derived, and,
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in some cases (the intradiol dioxygenases and purple
acid phosphatases), phenolate ligation and do not
exhibit the intense ligand ;= — * absorption features
of heme sites. The reduced (Fe'") sites do not exhibit
charge transfer (CT) transitions and are generally not
detectable by electron paramagnetic resonance (EPR),
and while the oxidized sites (Fe''") do exhibit EPR
signals reflecting spin Hamiltonian parameters and
CT features, their information content has not been
developed. The binuclear sites have the additional
structural feature of bridging ligation (carboxylate
and oxo or hydroxo) which complicates the ground-
state properties and contributes to the two-electron
reactivity.

This review develops the methodologies required
to study ferrous (magnetic circular dichroism spec-
troscopy) and ferric (electron paramagnetic reso-
nance, magnetic circular dichroism, resonance Ra-
man, and electronic absorption spectroscopies) active
sites and then applies these to obtain geometric and
electronic structural insight into the reactions of
many of the mononuclear non-heme iron enzymes
contained in Table 1. On the basis of these studies,
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Table 1. Mononuclear Non-Heme Iron Enzymes
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Table 2. Binuclear Non-Heme Iron Proteins
review

reaction type representative enzyme

catalytic reaction section/ref

reversible dioxygen binding  hemerythrin

hydroxylation? methane monooxygenase
1-e~ oxidation

desaturation stearoyl—acyl carrier protein

A°-desaturase
hydrolysis of phosphate ester purple acid phosphatase
NADH peroxidation

ferroxidation

rubrerythrin
ferritin

ribonucleotide diphosphate reductase

[FellFe!l] == [Fe!lIFe!!']—OOH 11.B.1
O;

[Fe''Fe!'] + CH, —= [Fe''Fe!!'] + CHyOH/H0 n.c1
O

[Fe'Fell] + Tyr+—2>[Fe“'Fe(')”] +Tyr 1n.c.2

+
[Fe''Fe!'] + stearoyl ACP —= [Fe!l'Fe!'] + oleoyl ACP 111.C.3
+H,0
[Fe''Fe!l"] + ROHPOs - [Fe!lFe!ll] + H3PO, 12
[Fe''Fe!'] + H20. o [Fe'''Fe!'l] 3-5
+0,
[Fe''"Fe'] — [Fe'l'Fe'] 6—9

@ There is also an alkene monooxygenase which contains a binuclear non-heme iron active site and a Rieske-type [2Fe—2S]

cluster. The final products are epoxides (ref 10).

a general mechanistic strategy utilized by many of
the non-heme ferrous enzymes has developed which
is summarized in section 11.C.6. We then describe the
new electronic structural features associated with
binuclear iron sites with bridging ligation and con-
sider these contributions to the reactivity of the
enzymes listed in Table 2. Geometric and electronic
structure contributions to the dioxygen reactivity of
the binuclear ferrous enzymes are summarized in
section 111.C.4. As a general theme of this review, we
consider what is presently known about oxygen
intermediates in the proteins and related non-heme
iron model complexes. The focus is on possible
parallels to O, activation by heme systems, which are
thought to involve heterolytic cleavage of the O—0
bond of peroxide to generate a high-valent iron—oxo

intermediate (compound I; Fe'V=0, porphyrin radi-
cal), and whether such a high-valent iron—oxo inter-
mediate would be stable in the different non-heme
protein environments.

[I. Mononuclear Non-Heme Iron

A. Spectroscopic Methodology

1. Fe!

The electronic structure of octahedral high-spin Fe'!
centers is described by the left-hand side of the d®
Tanabe—Sugano diagram in Figure 1. The ground
state is 5Ty (with S = 2). Since d — d transitions are
parity forbidden one anticipates observing only elec-
tronic transitions to spin-allowed excited states. For
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Figure 1. The d® Tanabe—Sugano diagram. Quintet states
providing spin-allowed transitions are in bold.
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Figure 2. Theoretical LF splittings of d-orbitals for
different Fe!' coordination environments.

Fe'l, this is the SE4 state which is at 10Dq. For
biologically relevant nitrogen and oxygen ligation,
10Dq is approximately 10 000 cm™t. Both the °E,
excited state and the T4 ground state are orbitally
degenerate and will split in energy in the low-
symmetry environment of a non-heme protein active
site. The splittings of the T,y and °E, states are
directly related to the lifting of the degeneracy of the
tyg (dy, dy;, dy) and ey (dz, dye-y?) orbital sets,
respectively, in low-symmetry environments. This
splitting is given by ligand-field (LF) theory as
summarized in Figure 2.1171* In distorted six-coordi-
nate (6C) sites the °Eq state will split by up to 2000
cm~. Removal of one ligand produces a five-coordi-
nate (5C) square-pyramidal environment and a LF
splitting of the °E state of ~5000 cm™, producing
transitions at >10 000 and ~5000 cm~*. Distortion
to a trigonal-bipyramidal 5C structure changes the
LF and lowers the energy of the transitions to
<10 000 and <5000 cm™2. For a four-coordinate (4C)
distorted-tetrahedral environment, 10Dq(Tg) ~ —4/9
10Dq(On), and thus, there are only low-energy LF

Solomon et al.

excited states resulting in transitions around 5000
cm™1. The splitting of the 3-fold orbital degeneracy
of the octahedral 5Ty ground state in low symmetry
is considered later in this section. From Figure 2 it
can be seen that the LF transitions are diagnostic of
active-site structure. However, these transitions are
weak and in the 12000—5000 cm~* (near-IR) range
and will be obscured in absorption due to contribu-
tions from buffer and protein vibrations. Alterna-
tively, high-spin Fe'! is paramagnetic withan S = 2
ground state and will exhibit a C-term magnetic
circular dichroism (MCD) signal which at low tem-
perature (LT) is 2—3 orders of magnitude more
intense than the MCD signals associated with the
diamagnetic background.

This can be seen from the general expression for
MCD intensity>~18

—of C
AEA = const-ﬁH[Al(%) + (BO + k—T")f(E)] 1)

where AA is the difference in absorbance of left (A))
and right (A) circularly polarized light (AA = A, —
A)), E is the energy of the incident light, j is the Bohr
magneton, H is the strength of the applied magnetic
field,!® and f(E) is the absorption band shape. The
three terms Az, By, and Cy describe the three different
mechanisms giving rise to MCD intensity. Note that
eq 1 is valid only when the thermal energy (kT) is
larger than the energy splittings of the sublevels of
the ground state. For the Aj;-term, the following
equation has been derived®>—18

Ay =25 (DI Rl AJM P = M)
. @)

Here, |J0is the excited state of the corresponding
MCD transition and |Alis the ground state where
da is the ground-state degeneracy, uz is the Zeeman
operator (uz = L, + 2S;) and the Mj's are electric
transition dipole moments for left (M) and right (M-)
circularly polarized light, respectively. According to
eq 2, the system needs either a degenerate ground
or excited state for A-term intensity. Since in eq 1
of(E)/0E is the first derivative of the absorption band,
the A-term signal has a derivative shape. The Bo-
term is given by the equation'>~18

2 D], KD
B, =—Re — (MMM, -
da kfza AEy;
K|u,|AC

M AT M) + ; ——— (MMM -
K;K=J

KA
MM (3)

B-term intensity arises from field-induced mixing
with an intermediate state, |KL]which must be close
in energy to either the ground or the excited state in
order for this mechanism to be effective. Since the
B-term signal is proportional to f(E), it has an
absorption band shape. Note from eq 1 that both A-
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Figure 3. LT MCD spectra of representative structurally
defined Fe!" model complexes. (A) 6C, octahedral [Fe(H,0)g]-
(SiFe). (B) 5C, square-pyramidal [Fe(HB(3,5-1Pr,pz)s)(OAC)].
(C) 5C, trigonal-bipyramidal [Fe(tris(2-(dimethylamino)-
ethyl)amine)Br]*. (D) 4C, tetrahedral [Fe(HB(3,5-1Pr,pz)s)-
(Ch]. (Adapted from ref 14.)

and B-terms are temperature independent. The
expression for the Co-term has the form?>-18

Co=gr Y BUlAUM P ~ M) (@

Importantly, a degenerate ground state is necessary
for the occurrence of C-term intensity corresponding
to a paramagnetic system. As with the B-term, the
C-term has an absorption band shape; however, from
eq 1, the C-term intensity is proportional to 1/T. This
leads to a great enhancement of C-term intensity at
LT compared to A- and B-term signals. For para-
magnetic transition-metal complexes, the observed
MCD intensity may be due to all three mechanisms
but at LT the C-term dominates.?°

We have now studied 25 structurally defined fer-
rous model complexes with LT MCD and found
experimental spectra consistent with the LF predic-
tions in Figure 2.'* From Figure 3A, distorted 6C
sites exhibit two LF transitions split by less than
2000 cm™? in the ~10 000 cm™? region. Five-coordi-
nate square-pyramidal sites exhibit LF transitions
in the >10 000 and ~5000 cm™* regions (Figure 3B).
For trigonal-bipyramidal 5C sites, these transitions
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Figure 4. (A) Field dependence of MCD signal. (B)
Saturation magnetization MCD for an S = 1/2 Kramers
doublet; signal as a function of field and temperature. Inset
shows Kramers doublet in a magnetic field and MCD
transitions. (C) Saturation magnetization MCD for an S
= 2 non-Kramers doublet with signal as a function of field
at 5 K.

shift to <10 000 and <5000 cm™? (Figure 3C) and the
distorted tetrahedral complexes exhibit only low-
energy LF transitions in their LT MCD spectra
(Figure 3D).

We next use the temperature and field dependence
of the MCD signal to probe the splitting of the 5Ty,
ground state.!*1321 |n accordance with eq 1, Figure
4A shows that, at LT, increasing the magnetic field
increases the MCD signal. This MCD intensity is
plotted as a function of increasing field and decreas-
ing temperature in Figure 4B. From Figure 4B, the
MCD signal of a paramagnetic center first increases
as temperature decreases ([J1/T) or magnetic field
increases; however, this signal eventually levels off
at high field and LT and is saturated. The origin of
this saturation magnetization behavior (not included
in eg 1) can be easily understood from consideration
of the C-term MCD behavior of a Kramers doublet
(Figure 4B inset). Both the ground and excited states
are S = 1/2 and will split into Ms = —1/2 and +1/2
levels with increasing magnetic field. The selection
rules for MCD predict two transitions of equal
magnitude but opposite signs (i.e., left- and right-
circularly polarized) to a given excited state. At high
temperature and low field, these will mostly cancel
and one observes a weak MCD signal. As tempera-
ture decreases and field increases, Boltzmann popu-
lation of the higher sublevel decreases, cancellation
no longer occurs, and the C-term MCD signal in-
creases in intensity. Eventually only the lowest
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rhombic  axial axial  rhombic

+ZFS (D>0) -ZFS (D<0)
Figure 5. Energy splittings of the S = 2 sublevels for

+ZFS (left) and —ZFS (right). (Adapted from refs 13 and
21))

component of the ground state is populated and the
signal no longer increases with decreasing temper-
ature or increasing magnetic field; this leads to the
nonlinear and eventual saturation magnetization
behavior observed in Figure 4B.

For a Kramers doublet, the saturation behavior can
be expressed by the following Brillouin-like function
which includes orientation averaging!?1317.22.23

2 -
_ 7/2C0S” ¢ SIN ¢
Ae = Asat{ .

M, a2sin® ¢ T8H
*/illeyfo e ngtanh[mdqﬁ 5)

TAH] 5 —
gy X tanh[ZkT]dd)

where Age IS the maximum C-term intensity at
saturation, ¢ is the angle between the applied
magnetic field and the g-tensor's?* principal (z) axis
(vide infra), g, and gp are effective g-values of the
doublet with g, being the g-value along the z-axis,
M, and M,y are the polarizations of the MCD transi-
tion, and T is defined as

T = /(g cos ¢)* + (g, 5in ¢)? (6)

As anticipated by eq 5, the saturation magnetization
curves for an S = 1/2 ion obtained at different
temperatures with increasing applied magnetic fields
superimpose when plotted as a function of fH/2kT
as shown in Figure 4B. This, however, is not the case
for high-spin ferrous active sites.’*"13 As shown in
Figure 4C, saturation magnetization data obtained
at different temperatures do not overlay but instead
form a nested set of curves.?® This nesting derives
from the non-Kramers nature of the S = 2 ground
State_ll,lS,ZG

This ground state is 5-fold degenerate in Ms values
(0, +£1, +2), and this sublevel degeneracy will split
in the low-symmetry protein environment due to
zero-field splitting (ZFS). An axial distortion produces
the DS;? term in the spin Hamiltonian in eq 7?7

H=D(S~ ;8 +ES,2~S,) 7)

with D and E being the axial and rhombic ZFS
parameters, respectively, and the S are spin opera-
tors. For a +ZFS state, corresponding to a strong LF
along the z-axis, the Ms = 0 sublevel is lowest in
energy and +1 is at D and +2 is at 3D energy units
above this (Figure 5, left). For a —D (weak axial LF)
case, the Ms = £2 is lowest in energy (Figure 5,
right). For a rhombic site, as anticipated for a non-
heme protein environment, the rhombic ZFS param-
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Figure 6. (A) Data from Figure 4C replotted as a function
of 1/KT for fixed magnetic fields. (B) Rhombic and magnetic
field splitting and mixing of an Ms = £2 non-Kramers
doublet. (Adapted from refs 13 and 21.)

eter E is nonzero and this will split the degeneracy
of the Ms = 42 sublevels by an amount 6 even in
the absence of a magnetic field. This splitting will
occur only for a non-Kramers doublet and often leads
to the lack of an EPR signal. It is also the origin of
the nested saturation magnetization curves in Figure
4c_11,13

This can be observed from a replot of the data in
Figure 4C to separate the effects of temperature and
magnetic field. Figure 6A shows the increase in the
MCD signal with decreasing temperature for a series
of fixed magnetic fields. At LT (right side of Figure
6A) the signal saturates, indicating that only the
lowest component of the ground state is populated.
It is important to note that at increasing fields the
MCD saturation intensity at LT increases in a
nonlinear fashion and eventually levels off at high
magnetic fields. This indicates that the wave function
of the lowest component of the ground state is
changing with magnetic field. This is exactly the
behavior expected for a non-Kramers doublet. As
shown in Figure 6B, rhombic ZFS both splits the
energy of the Ms = £2 and mixes these wave
functions. As the magnetic field increases, the sub-
levels split in energy by the amount g, 3H due to the
Zeeman effect. The wave functions also change and
become pure Ms = —2 for the lowest energy sublevel
and +2 for the higher energy sublevel and thus MCD
active at high magnetic field.?®

One can take this non-Kramers doublet model and
allow for orientation averaging for a frozen protein
solution to fit the nested saturation magnetization
data, Figure 4C. For a xy-polarized MCD transition,
for example, the appropriate expression is!t 13

a2 COS® ¢ Sin ¢
\
T8+ (gBH cos ¢)

6% + (g,BH cos ¢)?
tanhD/ KT ¢ (8)

Ae = A

g,8H x
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Figure 7. LF theory for the 5T, ground state of a —ZFS
system. Inset expands region indicated and includes the
magnetic field effects given by the last term in eq 7.
(Adapted from ref 13.)

Applying eq 8 to the variable-temperature, variable-
field (VTVH) MCD data in Figure 4C, the spin
Hamiltonian parameters (6, gy) for the non-Kramers
doublet ground state can be derived. Thus, we have
used an excited state to obtain EPR parameters for
an EPR nondetectable non-Kramers ground state.

We are then interested in the information content
of these spin Hamiltonian parameters in terms of the
orbital energy splitting of the 5T, state by the LF of
the protein active site. From Figure 7, the 3-fold
orbital degeneracy of the 5T,4 state (corresponding to
the extra electron in the d,y, dy, or dy, orbital) gives
an orbital angular momentum contribution to this
ground state. This will spin—orbit couple (SOC) to
the S = 2 spin state to produce a splitting of the 5Ty
state in octahedral symmetry into 7-, 5-, and 3-fold
degenerate spin—orbit levels (the last being lowest
in energy on the left of Figure 7 where 4 is the many-
electron SOC parameter). The orbital degeneracy of
the 5Tyq state will also split due to the low-symmetry
protein environment, with A defining the axial split-
ting of the d,, relative to the dy, and d,, orbitals (the
latter lowest for a weak-axial interaction) and V
defining the rhombic splitting of dy, relative to dy,.
Combining these d-orbital splittings with SOC in LF
calculations with the Hamiltonian®®

HCT,) = A(L-S) + AL — ;L7 +
V(LE = L) + BluHy + ugHy + 1,H,) (9)

(neglecting spin—spin interactions which are ex-
pected to be small; ui = L; + 2S;) leads to the energy
diagram on the right side of Figure 7 with a rhom-
bically split non-Kramers doublet ground state (Fig-
ure 7, inset). Using this model we can calculate g
and ¢, the spin Hamiltonian parameters of the non-
Kramers doublet, as a function of the axial (A) and
rhombic (V) splitting of the tyg set of d-orbitals. This
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Figure 8. Relationship between 6 and g, and the LF
parameters —A and V for the 5T,4 ground state of a system
with —ZFS. (Reprinted with permission from ref 13.
Copyright 1995 Elsevier Science.)

gives the diagrams in Figure 8. These diagrams allow
experimentally obtained values of 6 and g, to be used
to determine A and V and thus the splitting of the
tyg set of orbitals by the LF of the ferrous site. At
this point it should be noted that observation of
reduced nesting in the VTVH MCD saturation mag-
netization data (e.g., Figure 4C) indicates a smaller
value of 6. This in turn is associated with an increase
in the value of A (Figure 8) and hence an increase in
the axial splitting of the tyy orbitals, as would be
observed, for example, in going from a 6C to a 5C
site.

The above analysis has considered a weak axial
distortion giving a —ZFS. For the +ZFS case, the Mg
= 0 sublevel is lowest in energy and the Ms = +1
are at an energy D in the absence of a rhombic
splitting (Figure 5, left). The VTVH MCD data for a
+D case are similar to that for a —D but with a very
large nesting (Figure 9A). This derives from the fact
that when the magnetic field is not parallel to the
z-axis, the Ms = 0 and one component of the Ms =
41 behave very much like the Ms = +2 non-Kramers
doublet: they split with g ~ 8 and the wavefunctions
change in the same way with the applied magnetic
field (Figure 9B). The major difference is that at zero
magnetic field the splitting is the axial parameter D
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Figure 9. (A) z-Polarized (H||y) saturation magnetization
data for the +D complex FeSiFs-6H,0. (B) Magnetic field
(H|ly) splitting of a +ZFS system. (Adapted from ref 21.)

16—y T T T T T T T T T 1

14 N W S - : E/D = 0.333
- - - E/D =0.25

12 JEEEPEREEE ED=0.175 |

ED=0

| i1 . L
0 400 800 1200 1600
1Al (cm™)

i i i
2000 2400 2800

O'(()).oo 0.04 008 0.12 0.16 0.20 0.24 028 0.32
IVII2A
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Science.)

rather than the rhombic 6 and D is much larger
leading to the increased nesting (i.e., compare Figure
9A to Figure 4C).2® Thus, from the nature of the
saturation magnetization data, one can recognize a
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Figure 11. Experimentally determined LF splittings for
the complexes shown in Figure 3. (Adapted from ref 14.)

+D (strong axial) case and use the +D model in
Figure 9B with orientation averaging for the frozen
protein solution to obtain the spin Hamiltonian
parameters. Figure 10 gives the correlation of D and
E to the axial (A) and rhombic (V) splittings of the
tyg set of d-orbitals.

Thus, for the compounds in Figure 3, the VTVH
MCD data allow one to obtain the experimental LF
splittings of the five d-orbitals at the non-heme
ferrous active site.'* The corresponding state split-
tings are given in Figure 11. The LF splittings
provide a direct probe of active-site geometric and
electronic structure and can be used to obtain mo-
lecular-level insight into the catalytic mechanism. A
more detailed development of the Fe!' MCD meth-
odology is presented in ref 13.

Additional spectroscopic methods that have been
applied to the study of non-heme Fe'' active sites
include Mossbauer and X-ray absorption spectroscopy
(XAS). The isomer shift (dre) is characteristic of
s-electron charge density at the nucleus and is
typically found for high-spin Fe'' in the range from
0.8 to 1.6 mm s . In addition, for low-symmetry
environments, large quadrupole splittings AEq are
observed.?® In the case of non-heme iron systems
with N- and O-based ligands, Jre is expected to be
>1.2 mm s~ for 6C or 5C Fe' sites and <1 mm s™!
for 4C Fe' sites.?! dg decreases if N or O ligands are
replaced by a more covalent ligand such as S.
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Table 3. Mossbauer Parameters for Fe!' Enzymes
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Fe'' enzyme coord. no. Ore (MM s71) AEq (mms™) temp (K) ref
bleomycin 6 1.22 2.83 4.2 34,35
isopenicillin N-synthase 6 1.30 2.70 4.2 36
isopenicillin N-synthase, substrate-bound 5 1.10 3.40 4.2 36
lipoxygenase, soybean 6 1.10 3.08 4.2 37
phenylalanine hydroxylase 6 1.23 2.85 4.2 38
protocatechuate 4,5-dioxygenase 5 1.28 2.22 4.2 39
protocatechuate 4,5-dioxygenase, substrate-bound 5 1.27 2.33 4.2 39
tyrosine hydroxylase 5/ 1.26 2.68 1.8 40—-42
Table 4. XAS Pre-edge Parameters for Fe!' Enzymes

Fe'' enzyme coord. no. pre-edge energy (eV) pre-edge area® ref
bleomycin 6 7111.4/7113.6 43
catechol 2,3-dioxygenase 5 10.1 44
catechol 2,3-dioxygenase, substrate-bound 5 11.1 44
isopenicillin N-synthase 6 7112 8 45
isopenicillin N-synthase, substrate-bound 5 7112 12 45
lipoxygenase, soybean 6 7111.5/7113.1 8.4 46
lipoxygenase, rabbit 6 7111.8/7113.1 8.2 46
lipoxygenase, human 6 7111.7/7113.3 8.4 46
phenylalanine hydroxylase 6 7111.7/7113.6 9.9 47
phenylalanine hydroxylase, substrate-bound 6 7111.8/7113.6 8.2 47
protocatechuate 3,4-dioxygenase, chemically reduced 6 7111.8/7113.4 8.8 48
tyrosine hydroxylase 5/6 6.9 41

@ Pre-edge intensities may vary slightly due to different spectral fitting procedures employed in different laboratories.

Examples of Mdssbauer parameters for some Fe'
enzymes are listed in Table 3. In the X-ray absorption
spectra the 1s — 3d pre-edge transition energy and
intensity distribution over the d"*! final state multi-
plets are characteristic of oxidation state and geom-
etry.3233 Six-coordinate Fe'' complexes have a low
total pre-edge intensity with a pre-edge shape that
is broad and flat. This intensity derives solely from
an electric quadrupole mechanism. In contrast, 5C
and 4C Fe'" sites typically have two pre-edge peaks
with a higher total pre-edge intensity. These can be
distinguished by the intensity distribution over the
pre-edge region: distorted tetrahedral structures
show two intense peaks, while square-pyramidal
structures have one intense and one weak peak with
the weak transition at higher energy. This intensity
increase and its distribution over the peaks reflects
symmetry-specific 4p mixing in a noncentrosymmet-
ric environment. XAS pre-edge results for selected
non-heme Fe'!' proteins are summarized in Table 4.

2. Fell

The Tanabe—Sugano diagram in Figure 12 gives
the energies of the different LF states of Fe'" relative
to the ground state as a function of the LF parameter
10Dq(Or), both axes normalized to the electron—
electron repulsion parameter B.*° For the free Fe''l
ion, B is about 1050 cm™! %0 but it is reduced in
coordination compounds due to covalency. For Figure
12, a reasonable value of B = 750 cm™! has been
applied. The free Fe'"' ion has a d® electron configu-
ration which leads to a S atomic ground state and a
large number of quartet and doublet excited states
(atomic terms, Figure 12, left) which differ in electron
distribution among the d-orbitals and hence in elec-
tron—electron repulsion. In an octahedral LF, the five
d-orbitals are split into a 3-fold degenerate t,4 set and
a 2-fold degenerate e4 set by an energy equal to the
LF parameter 10Dg. Going from the left to the right

80

Biological :
High-Spin Fe(l11) : ,/' g
‘ 7

7

40 | ¢
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® v U -

20 | SN
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Figure 12. The d°® Tanabe—Sugano diagram. Typical LF
strengths of biological non-heme ferric centers are indi-
cated.

in the Tanabe—Sugano diagram, 10Dq increases
continuously, which leads to an increasing splitting
of the d-functions and hence an energy splitting of
the orbitally degenerate excited atomic terms. When
10Dq is small (<26 B), the Fe'!"' remains in the high-
spin 8A;4 ground state corresponding to a (tzg)3(eq)?
electron configuration with maximum multiplicity
(all five d-orbitals are singly occupied). Typical LF
strengths for biological high-spin Fe''' sites are
10000—-16000 cm™* (Figure 12). At 10Dg ~ 20 000
cm™1, the 2T,4 state corresponding to a low-spin (tzg)°
configuration crosses the high-spin %A, state and
becomes the ground state. Only a few biologically
relevant non-heme low-spin Fe!'' systems are known;
for example, bleomycin (BLM) exhibiting a 10Dq
value of 20 600 cm™ (i.e., 10Dg/B = 27.5), therefore
being close to the spin-crossover region. Another
known low-spin non-heme Fe''' enzyme is nitrile
hydratase which also has sulfur-based ligands. A
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Figure 13. Axial ZFS for high-spin ferric centers with D
> 0 and Zeeman splitting of the resulting doublets with H
parallel and perpendicular to the z-axis of the ZFS tensor
and D > hv of the microwaves (~0.33 cm~! at X band).
(Adapted from ref 169.)

+ Magnetic Field

classic example of a low-spin system is hexacyano-
ferrate(l111) having a 10Dq of about 30 000 cm™1.

a. High-Spin Fe!''. 1. Ground-State Properties.
The 5A4 ground state of high-spin Fe''' has a total
spin S = 5/2 corresponding to a Kramers system and
can be probed with EPR spectroscopy. Its 6-fold
degeneracy in Ms values can be split in energy even
in zero magnetic field (due to SOC with excited
states, vide infra). In the case of an axially distorted
octahedral system, three doubly degenerate states
result corresponding to the magnetic spin quantum
numbers Ms = £5/2, £3/2, £1/2. This ZFS is given
in terms of the parameter D in eq 7 and Figure 13.
Applying a magnetic field removes the remaining
degeneracy and splits the corresponding Ms = +5/2,
+3/2, +1/2 doublets proportional to the strength of
the field, |H|. Generalizing eq 7 to include the Zeeman
effect gives?’

H = SDS + SHgS (10)

where D is the ZFS tensor, S is the spin operator, 8
is the Bohr magneton, H is the magnetic field
strength, and g is the g tensor. Assuming coaxial D
and g tensors, eq 10 can be written as®’

H=D(S, - ;8% + E(S — S/ +
BAHS, + 9,H,S, +g,H,S,) (11)

Here, D and E are again the axial and rhombic ZFS
parameters which are related to the elements of the
diagonalized D tensor by eq 12 (a “proper coordinate
system” is chosen such that 0 < E < 1/3D)

D=D, - l/Z(Dxx + Dyy) E= l/Z(Dxx - Dyy) (12)
The sign of the axial splitting parameter D is directly
related to the geometry of the complex (vide infra).
Note that for Kramers doublets the degeneracy of the
+Ms doublets is not lifted in a rhombic field (E = 0,
vide supra). Applying the spin Hamiltonian (eq 11)
to the S = 5/2 system gives a 6 x 6 matrix whose
solutions (eigenvalues and eigenfunctions) depend on
the strength and orientation of the magnetic field.
Hence, for an exact solution, the spin Hamiltonian
matrix must be diagonalized at every field. This leads
to a rather complex pattern of the resulting terms.5-53
In case that |D| > gpH, a useful approximation is to
solve the field-free spin Hamiltonian matrix (setting
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Figure 14. Resonance positions observed in high-spin

ferric EPR spectra as a function of the E/D ratio. (Adapted
from ref 169.)

H to zero) and treat the resulting three doublets as
three independent pseudo S' = 1/2 systems. Each
doublet is then subjected to a magnetic field and the
Zeeman splittings are calculated. Figure 13 (right)
includes the results in a schematic way for an axial
system with the field parallel and perpendicular to
the principal (z) axis of the ZFS tensor.

These ground-state splittings can be probed with
EPR spectroscopy, which allows the detection of
magnetic dipole transitions in the microwave region.
Note that the splittings induced by the magnetic field
are in the range of 0—1 cm™%, whereas typical D
values for Fe''' high-spin systems are found between
—2 and 2 cm™1. Using the model of three independent
pseudo S’ = 1/2 doublets, the EPR transition energies
are expressed as effective g-values (ge = @) calculated
from the resonance energy with the relation § =
0.7147vIHs, Where v is the operating frequency of
the EPR spectrometer and H.s is the resonance
position of the field in Gauss. Figure 14 shows the §
values of the three doublets as a function of the E/D
ratio (0 < E < ¥3D), and Figure 15 contains typical
EPR spectra observed for pure axial (E/D = 0),
distorted axial (E/D = 0.05), and rhombic (E/D = 1/3)
systems. Since the splittings are small compared to
the thermal energy (KT) even at liquid nitrogen
temperature, the EPR spectra normally contain
contributions of all three doublets and the temper-
ature dependence of the different signals can be used
to calculate D. For each doublet, three § values
corresponding to the three principal axes (x, y, z) are
observed in (frozen) solutions due to the random
orientation of individual molecules relative to the
direction of the external magnetic field, H.

Origin and Interpretation of Zero-Field Splittings
in High-Spin Ferric Complexes. Compared to the
ZFSs of high-spin ferrous centers developed in section
11.A.1, the interpretation of the D tensor in high-spin
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169.)

ferric centers is rather more subtle.5*~56 Since for the
high-spin d° configuration the lowest term is Ay,
there is no in-state orbital angular momentum and
no LF excited states of the same multiplicity are
present. Therefore, the SOC interaction is not large
in contrast to the case of the ferrous centers where
the triply degenerate (or barely split) 5Tyy term is
lowest. Consequently, the g shifts are very small
(<0.01) and the ZFSs are usually moderate for non-
heme ferric sites (-2 to 2 cm™). This may be
compared to ZFSs of high-spin ferric hemes which
are about 10 cm~1.57 The lowest-energy LF excited
states that are available for SOC interactions with
the ground state in high-spin ferric centers are of
quartet multiplicity (see Tanabe—Sugano diagram in
Figure 12, left). In cubic systems these are 4T,y and
4T,q states, both triply orbitally degenerate. Of these
two states, only “T;4 can SOC to the A4 ground state
and thereby gives rise to the observed ZFS.5* How-
ever, for exact cubic symmetry, the three principal
values of the D tensor are necessarily equal and,
therefore, no splitting is observable by EPR spectros-
copy.®® Thus, the observed ZFS as expressed by the
parameters D and E/D reflects a rather subtle
interplay between various interactions that lift the
cubic symmetry of the electronic wave functions. The
most important of these are (a) low-symmetry one-
electron orbital energy splittings that give rise to 4Ty4
state splittings and thus slightly different SOCs of
the 4T,y components with the %A, ground state and
(b) differential covalencies of the d-orbitals that
individually change SOC matrix elements by at-
tenuating the metal contribution to the SOC. Low-
symmetry splittings arise from geometric distortions
and can be rationalized with standard LF theoretical
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Table 5. Geometry Contribution to the Sign of D in
High-Spin Ferric Complexes

contribution

site symmetry distortion toD
octahedral (Op) weak-axial Dan positive
strong-axial Dgp negative
tetrahedral (Tq) flattened-tetrahedron Dyqg positive
elongated-tetrahedron Dyg negative
trigonal-bipyramidal similar to strong-axial O negative
(Dsn)
square pyramidal best viewed as positive
(Cav) weak-axial On
L ]
. 1 f ° f
I o
3dz2’

PR 3dxz,yz
g #:::::ﬁ%"’ """ ﬁ 3dxy

3dxz,yz

T, v.2)

Figure 16. Relationship between the electronic structure
of a high-spin ferric center (energy splittings of the d-
orbitals and of the “T; LF excited state) and the sign of D.
Left: weak axial-ligand case. Right: strong axial-ligand
case. (Adapted from ref 169.)

arguments, while the covalency effects require mo-
lecular orbital approaches. Often the two effects work
in opposite directions such that the prediction of the
sign of D from theory is difficult. For low-symmetry
distortions, the splittings of the g-antibonding orbit-
als usually dominate and give rise to the patterns
collected in Table 5 and illustrated in Figure 16 for
the case of a distorted octahedron. In many cases
these distortions will dominate the D values. How-
ever, in cases of highly covalent bonds, i.e., with
electronically soft ligands, the covalency effects may
reverse the sign of D. An example of this behavior is
the complex Fe(SR),~ where the observed distortion
would imply D < 0 but the observed D is clearly
positive.5>%9 Another example is the [Fe(EDTA)(O2)]3~
complex® that will be analyzed in section 11.D.
Mossbauer Spectroscopy. High-spin Fe''" has char-
acteristic Mossbauer features with an isomer shift
Ore from about +0.1 to +0.5 mm s~ (vs metallic iron).
Since all five d-orbitals are singly occupied, the
quadrupole splitting AEqg is 0 mm s™! in cubic
symmetry. However, in low-symmetry environments,
a quadrupole splitting may be induced by anisotropic
covalency and/or the net charges of surrounding
ligands.?®3° Applying Modssbauer spectroscopy in a
magnetic field, the ZFS parameters as described
above can be probed by temperature- and field-
dependent experiments.3! Moreover, the iron hyper-
fine parameters can be determined with this method.
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Table 6. LF Transition Energies (in cm™?!) (Adapted from ref 63)
High-Spin Fe''!
coord. no. compound sym.? T “Tog 4Aag ‘Eq
6 [Fe(urea)e]®t On 12 500 17 100 23100 23 400
[Fe(H20)s]*" On 12 600 18 500 24 300 24 600
[FeFe]®~ On 14 200 19 700 25400
5 [Fe(N3)s]?~ Dan® 14 000 16 100
4 [FeCly]™ ¢ Tq 12 890(z) 15 210(2) 18 200
14 240(xy) 16 050(xy)
Low-Spin Fe'!
coord. no. compound sym.2 T Tog 2Pogl?T1g =
6 [Fe(CN)g]®~ On 20 000 28 740 31000 36 600

a |dealized symmetry of the metal and its first coordination sphere. ° In the trigonal-bipyramidal system, the lowest energy LF

states are “E" and “E’, respectively. ¢ See ref 64.
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Figure 17. Frontier orbitals of important amino acid (i.e., endogenous) ligands in non-heme environments. (Reprinted
with permission from ref 699. Copyright 1996 American Chemical Society.)

2. Excited-State Properties. From the weak-field
side of the Tanabe—Sugano diagram in Figure 12 all
LF transitions to excited states are spin-forbidden
and, hence, have low intensities with € below 1 M~
cm~. Table 6 shows typical LF excitation energies
for high-spin complexes with 10Dg values comparable
to the biological non-heme systems including differ-
ent geometries. Note that the energies of the first
excited states “T14 and 4T,q are inversely proportional
to the LF strength: when 10Dq is lowered, these
states are raised in energy. Since the corresponding
transitions appearing around 12 000 cm~! have such
low intensities, they cannot be observed in absorption
in diluted protein solutions and it is difficult to make
unequivocal assignments from MCD spectra.*? There-
fore, in contrast to Fe'!' systems, the LF transitions
are not useful as a probe of the electronic structure
of high-spin Fe'" centers.

Due to the fact that the ferric ion has a high effec-
tive nuclear charge, the d-orbitals become substan-
tially stabilized compared to Fe". Thus, ligand-to-
metal CT (LMCT) transitions are much lower in

Scheme 1
e, t €y t
4 hv 4
TQQ -L _ ng 'L
= 4
r-donor #—&- n-donor 4—

energy and frequently fall in the visible region of the
spectrum.5! These transitions are spin- and electric
dipole-allowed and have large intensities of ¢ > 1000
M=t cm™t. Figure 17 shows the valence orbitals of the
most important endogenous ligands in non-heme iron
proteins. All four amino acids have z-donor orbitals
at high energy which interact with the iron ty4 func-
tions, and this will lead to reasonably intense 7 —
tyg CT transitions as illustrated in Scheme 1. In case
of histidine, for example, the corresponding CT ab-
sorption is observed at about 350 nm. Importantly,
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the intensities of electronic transitions are directly
related to the transition density of the molecular orbi-
tals involved. Considering a transition between two
orbitals with one being the bonding and the other
being the antibonding combination of two fragment
orbitals (for example, one fragment function could be
a metal-d and the other one a ligand-donor orbital),
the intensity of the corresponding absorption has its
maximum when the interaction between the frag-
ment orbitals is largest. This means both resulting
bonding and antibonding functions have equal con-
tributions of both fragments. Alternatively, if the
interaction between the fragment orbitals is zero, the
CT transition has zero intensity. Thus, the CT inten-
sity is a probe of metal—ligand covalency. Evaluation
of the corresponding absorptions is especially useful
in a series of related compounds in order to determine
relative covalencies.®? It is also possible to calculate
the metal—ligand covalency by ab initio electronic
structure methods (section 11.A.3). Comparison with
experimental data along a series of complexes can
then be used for band assignments or, alternatively,
to evaluate bonding descriptions. This is of special
interest for the characterization of intermediates
(section 11.D).

VTVH MCD and Determination of CT Polariza-
tions. As pointed out in section 11.A.1, MCD spec-
troscopy in the LF region has developed into a major
tool for the study of spectroscopically difficult mono-
nuclear Fe' sites. A similar utility has not been dem-
onstrated for high-spin ferric sites mainly because
the spin-forbidden LF bands are very weak in MCD
spectra and do not correlate as strongly with the ge-
ometry of the site relative to the ferrous case. Atten-
tion is therefore focused on the information content
of the spin-allowed CT transitions. Since the MCD
spectrum is a signed quantity the technique is partic-
ularly powerful in resolving distinct electronic transi-
tions under broad absorption envelopes. At LT the
MCD spectra are dominated by the temperature-de-
pendent C-term contribution. The variation of the
C-term intensity for a given band as a function of the
magnetic field and temperature for a sample of ran-
domly oriented molecules with a general spin ground
state S has recently been shown to be given by®®

IMCD

Y
= %I‘/‘ZNi(IZ[SZWXy + Iy[SyENIxz +
105,5M,,) sin 6 do dg (13)

E

Here, E is the photon energy and y a collection of
constants. The summation i is over all sublevels of
the ground state with Boltzmann population N; and
spin expectation values [$[l The I's are the direction
cosines that describe the orientation of the applied
magnetic field in the molecular coordinate system
with the angles 6 and ¢. The M’'s are effective
transition dipole moment products that depend on
the electronic structure of the complex and the
particular transition studied (vide supra). Equation
13 is a convenient parametrization of MCD data
because the Boltzmann populations and spin expec-
tation values can be easily generated from a spin
Hamiltonian (eq 11) which fits the EPR data, and
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Figure 18. Dependence of the VTVH MCD behavior of a
high-spin ferric center as a function of the sign and
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Figure 19. Dependence of the VTVH MCD behavior of a
high-spin ferric center as a function of absorption band
polarizations. (Adapted from ref 65.)

the only unknowns (fit parameters) are therefore the
transition dipole moment products. Test calculations
have shown that in the case of high-spin d° systems,
the MCD C-term response is a weak function of E/D,
a strong function of the sign of D, and only moder-
ately sensitive to the absolute magnitude of D as
illustrated in Figure 18.%56 The transition dipole
moment products that can be of either sign, however,
strongly influence the MCD behavior and can give
rise to an extremely complex pattern (an example is
given in Figure 19). This will vary with the band
being studied for a given ferric site, and this is also
observed experimentally. This strong dependence
allows one to obtain the polarizations of optical
transitions in samples of randomly oriented mol-
ecules in frozen solutions. Therefore, VTVH MCD
data fit by eq 13 can give insight into the assignment
of the observed CT features, the properties of which
are directly related to the specifics of metal—ligand
bonding and thus to the chemical properties of the
site. In the limit of large ZFS (relative to the Zeeman
energy), eq 13 reduces in the linear regime to

MCD
jMe y

E 475

BH @ ~ (d ~ (d
Zadﬁ{ gz( )Mxy + gy( )sz + gx( )Myz}
(14)
where oy is the fractional population of the dth
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Kramers doublet and §x, @ are the known effective
g-values of the dth Kramers doublet. Equation 14
shows that the effective g-value perpendicular to the
plane of polarization of the transition determines the
slope of the MCD magnetization curve in the linear
limit. Similar equations have been used by several
workers to obtain information about the ground-state
spin Hamiltonian parameters.?35” The microscopic
interpretation of the transition dipole moment prod-
ucts requires a detailed analysis of SOC and when
carried through allows prediction of C-term signs
that give further information about the electronic
structure of the complex and aids in band assign-
ments. There are three physically distinct mecha-
nisms that contribute to C-term intensity:55% (a) SOC
of the ground state A to the excited state J that is
studied, (b) SOC of the ground state with intermedi-
ate excited states K of the same spin, and (c) SOC of
the excited state J with intermediate excited states
K of the same spin. Mechanism a is generally weak.
Since the CT states in high-spin ferric complexes are
usually relatively high in energy (>15000—20000
cm™1), mechanism c will usually dominate their MCD
spectra. This mechanism leads to a sum rule that
states that the SOC between states J and K gives
rise to oppositely signed C-terms for the transitions
A — J and A — K. Therefore, positively as well as
negatively signed bands are expected and commonly
the MCD spectra of high-spin ferric complexes show
rich structure. For the interpretation of the effective
polarization it is important that the underlying spin
Hamiltonian is formulated in the principal axis
system of the D tensor such that the polarizations
according to eqs 13 and 14 are expressed in this
coordinate system. Experimentally, this coordinate
system can, in principle, be obtained from single-
crystal EPR measurements. However, because this
information is usually not available, theoretical
procedures have been devised that allow the deter-
mination of the D and E/D values and the D tensor
orientation from semiempirical configuration interac-
tion (CI) calculations.®

Determination of Excited-State Distortions with
Resonance Raman Spectroscopy. Absorption of a
photon excites a molecule to a high-energy state, and
the following geometric relaxation leads to a change
of its structure which can be expressed by displace-
ments along the different ground-state normal coor-
dinates. Importantly, these displacements lead to
vibrational progressions on absorption bands (i.e., the
band shape) and the resonance Raman (rR) effect.®®
Therefore, rR is a powerful tool for determining
structural changes in excited states relative to the
ground state. Since in the case of solids or liquids
absorption bands usually show little vibrational
structure, rR is the best source of information about
these structural distortions. To access the informa-
tion contained in rR spectra, excitation profiles have
to be recorded. The displacement of the excited-state
energy surface along each normal mode is individu-
ally probed by measuring the relative intensity of the
corresponding mode compared to an internal stan-
dard at different excitation energies in the region of
absorption (for an example, see section 11.D). Once
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an absorption spectrum and the rR profiles for a
compound are obtained, the time-dependent theory
developed by Lee, Tannor, and Heller’>-73 can be used
to determine the excited-state distortions along the
different normal modes. Compared to the time-
independent formalism based on the quantum theo-
retical dispersion formula developed by Kramers,
Heisenberg, and Dirac,’”*~77 Heller theory has the
advantage of being much simpler to compute.

The formulation of the rR effect in the time domain
is based on the overlap between a propagating (in
time) wave packet in the displaced excited state
which is created by the electronic excitation and the
vibrational functions of the electronic ground state.
The explicit multidimensional expression for the in-
tensity of an electronic absorption can be written as”

[ABS ELZMOﬁjZ f+°°e[i(EL*EOj)t*rﬂtl]/h.
|

—00

|_|e—(llzxApi)Z[l—exp(—iwp‘ﬂ dt (15)
p

where E_ is the energy of the incident light, Mo is
the transition dipole moment, and Ey; is the energy
of the pure electronic transition from 0 — j, Ij
describes the homogeneous line width of this transi-
tion, Ayl is the dimensionless displacement of normal
coordinate p in the excited state j which is related to
the Huang—Rhys parameter S,i by Syl = 1/,(A)?, and
hwp is the energy of the pth normal mode. The
corresponding expression for the rR intensity of the
fundamental transition (0 — 1) in the kth normal
mode is given by”®

IkrR D ELES3 zMO_.j4j(;)+°°e[i(EL—Egj)t—Fj\t\]/h(l/4Akj).
J

_ ) . 2
(elwkt . 1)|_|e_(1/2)(Ap])2[l—exp(_|0)pt)] dt| (16)
p

where Es is the energy of the scattered light. Equa-
tions 15 and 16 depend on the approximations that
all potentials are harmonic and the normal coordi-
nates and their vibrational frequencies of the ground
and the excited state are identical. The effect of small
deviations should, in general, be negligible. Fitting
the experimental data (absorption spectrum and rR
profiles) simultaneously with egs 15 and 16 allows
the determination of the displacements A,/ along each
normal coordinate p in the excited state j. An exam-
ple of the application of the Heller theory is given in
Figure 20. Panel A shows the rR data of the complex
[Fe(EDTA)(O2)]® (which is evaluated in detail in sec-
tion 11.D.1) and panel B the absorption spectrum both
along with their simultaneous fits using egs 15 and
16.5° With knowledge of the mass-weighted eigen-
vectors I, from a normal coordinate analysis (NCA),
the actual displacement ¢; along an internal coordi-
nate i (bond length, bond angle, or dihedral angle)
in the excited state can be calculated from the dimen-
sionless but signed parameter Ay with the equation

oA (17)
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Figure 20. Simultaneous fit of rR profiles (panel A) and
absorption spectra (panel B) with Heller theory”™7 using
the example of [Fe(EDTA)(O,)]* . Circles: experimental
resonance profile of »(OO); triangles: experimental profile
of v(FeO). The dotted lines represent the fitted curves using
the electronic absorption features indicated in (B). (Re-
printed with permission from ref 60. Copyright 1998
American Chemical Society.)

with v, being the vibrational frequency and 4, the
eigenvalue of normal mode p from NCA. In this way,
the geometry of the excited state relative to the
ground state can be evaluated.” This derives from
the change in electronic structure associated with the
transition. Thus, rR probes the nature of the elec-
tronic transition responsible for the resonance en-
hancement.

b. Low-Spin Fe!''. 1. Ground-State Properties.
EPR spectra of low-spin ferric complexes frequently
show a rhombic pattern (gx #= gy = g,) with very large
g shifts in the range ~1—4. The theory for this
behavior was first developed by Griffith and elabo-
rated by others, mainly in the context of low-spin
heme ferric sites.5%78-8 Griffith’'s model focuses on
the three orbital components of the low-symmetry
split 2T,y ground term (Tanabe—Sugano diagram;
Figure 12, right) which undergoes in-state SOC that
dominates the g shifts. An orthorhombic low-sym-
metry distortion will lift the degeneracy of the ty
orbital set in a way that can be described by the two
LF parameters V and A that are defined in Figure 7.
A convenient relation between the g shifts, V, A, and
the one-electron SOC constant g, has been developed
by Taylor.8 In this model the LF parameters are
obtained from the g-values as

Vo % 9
Cre Oxt09, 9,0

A Oy 9, 1V

=2 = + -2 18

CFe g, + 9y Oy — Ok 2 CFe (18)

Plots of A/Cre versus V/A have been used to charac-
terize the axial ligands of low-spin ferric hemopro-
teins.8385-88 Another use of these equations is to pre-
dict approximate energies for the positions of the first
two LF bands that correspond to transitions within
the low-symmetry split 2T,q ground term. A reason-
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able estimate for the SOC constant of free Fe''' is
about 460 cm~1,8% which is reduced to 380—400 cm™!
in complexes by covalency effects. Another result of
the theory is the relation g2 + g,> + g,2 < 16 that
may be used to estimate the position of the third
g-value if only two are experimentally observed and
to quantify low-spin ferric EPR spectra.®® However,
0<% + 9,2 + g2 > 16 sometimes occurs for reasons that
remain to be elucidated. Note that in cases where the
lowest Kramers doublet is close to being orbitally
degenerate, the g-values can be both positive and
negative (page 363 in ref 50 and ref 91); ambiguities
about the signs of the g-values arise, and additional
information is necessary to establish the LF param-
eters.818 There are less data available for low-spin
non-heme ferric sites. A representative collection of
heme and non-heme low-spin ferric g-values is given
in Table 7 together with values for A/Cre and V/A.
Many of the non-heme sites have significantly larger
values for A/¢g. than the heme systems, particularly
the complexes with Schiff-base ligands and the non-
heme peroxo complexes. Interestingly, activated BLM
(ABLM) and its analogue [Fe(PMA)(OOH)]* show the
smallest value for A/¢ge. among the alkyl- and hydro-
peroxide complexes. This behavior is a direct conse-
guence of the unique electronic structure of activated
bleomycin and will be discussed in section 11.D.

Mossbauer Spectroscopy. Typical isomer shifts for
low-spin Fe'"" range from —0.2 to +0.1 mm s 12930
In a perfect octahedron, the quadrupole splitting is
zero because the hole in the tyy shell is delocalized
among all three corresponding d-orbitals. When the
degeneracy of the d-functions is lifted (as required
by the Jahn—Teller theorem), a quadrupole splitting
occurs. In addition to the contributions already
discussed for the high-spin case, there is also an
electronic contribution since now the hole is localized,
leading to an anisotropic distribution of d-electron
density. Thus, quite large quadrupole splittings may
appear for low-spin Fe'"" relative to corresponding
high-spin complexes. Similar to the high-spin case,
Mossbauer spectroscopy in a magnetic field can be
used to determine g-values (to complement EPR) and
iron hyperfine parameters.

2. Excited-State Properties. The right-hand side of
the Tanabe—Sugano diagram presented in Figure 12
gives the LF excited states of low-spin Fe!"', which
has a 2T, ground state in a strong octahedral LF.
Since the first two excited states are quartets (*Tyq
and “T,g), the corresponding transitions are spin-
forbidden and have low absorption intensities and,
hence, should be difficult to detect, especially in dilute
protein solutions. Since non-heme Fe!"" low-spin
systems have LF strengths very close to the spin-
crossover region, the transitions to the quartet states
should have energies very similar to those of Fe'!
high-spin systems (vide supra). The lowest energy
excited doublet states (A4 and 2T;4) corresponding
to a (tag)*(eg)* configuration give rise to spin-allowed
transitions which appear above 25 000 cm™. These
absorptions can also be difficult to detect since
complexes with strong s-donors have intense CT
bands in this energy region, masking weaker transi-
tions. In this case, MCD is the proper method to
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Table 7. g-Values and Deduced Crystal-Field Parameters for a Representative Collection of Non-Heme and Heme

Low-Spin Ferric Model Complexes and Active Sites

compound? ligation g: Oy Ox AICEeP V/AP ref
Small Inorganic Complexes
Fe(CN)s 6CN~ 2.35 2.10 0.91 1.34 1.23 92
Fe(phen); 6N 2.69 2.69 1.51 1.28 2.00 93
Fe(bpy)2(CN), 4N, 2CN~ 2.63 2.63 1.42 1.22 2.00 94
Fe(cyclam)z(Ns), 4N, 2N3~ 2.40 2.31 1.91 3.84 1.33 95
Schiff-Base Ligands
Fe[N4](Meim), [N4]2~(Meim), 2.10 2.04 1.99 32.96 0.57 96
Fe[N202](im), [N4]Z=(im), 2.40 2.10 1.94 12.93 0.38 97
[Fe(ADIT),]* 4N, 2S 2.19 2.13 2.01 12.56 0.97 98
[Fe(PyPep).]~ 4N, 2S 2.22 2.14 1.98 9.64 0.97 99
Biomolecules
FeBLM 5N, 10H~ 241 2.18 1.90 6.49 0.71 100
nitrile hydratase 2S, 3N, 10 2.28 2.14 1.97 10.18 0.72 101
Peroxo Complexes
activated bleomycin 5N, 100H~ 2.26 2.17 1.94 6.65 1.08 100
[Fe(TPA)(OH,)(O0'Bu)]2* 4N, 10, 100R"~ 2.19 2.14 1.98 8.82 1.20 102
[Fe(N4Py)(OOH)]>* 5N, 100H~ 2.17 212 1.98 10.15 1.14 103
[Fe(PMA)(OO!BU)]* 5N, 100R~ 2.28 2.18 1.93 6.22 1.07 104
[Fe(L)(OOH)1?+ 5N, 100H~ 2.15 2.13 1.98 8.29 1.56 105
[Fe(L?)(OOH)?* 5N, 100H" 2.19 2.12 1.95 8.69 1.06 106
Heme Models
Fe(TPP)(Ome), P, 2-Ome 2.49 2.165 1.91 8.27 0.50 107
Fe(TPP)(imH), P, 2imH 2.92 2.30 1.56 3.24 0.61 108
Fe(TPP)(im), P, 2im 2.73 2.28 1.76 4.25 0.63 108
Heme Proteins
myoglobin—CN~ P, His, CN~ 3.45 1.89 0.93 3.30 0.27 109
myoglobin—OH~ P, His, OH~ 2.61 2.19 1.82 5.85 0.53 110
myoglobin—N3~ P, His, N3~ 2.80 2.25 1.75 4.70 0.52 110
myoglobin—SH~ P, His, SH™ 2.56 2.24 1.84 5.03 0.69 109
Cyt ¢ (horse heart, pD = 6.6) Met, His 3.07 2.23 1.26 2.66 0.55 109
Cyt c (horse heart, pD = 11) Lys, His 3.33 2.05 [1.13] 3.25 0.35 109
Cyt Puso P, Cys, 10 241 2.26 1.93 5.15 0.99 111
Cyt bs P, 2His 3.03 2.23 1.93 9.26 0.25 110
sulfite reductase P, His, Cys 2.44 2.36 1.77 2.55 1.52 112

aim = imidazole; imH = protonated form of imidazole; Meim = methylimidazole; [N4]?>~, [N20,]>~ = macrocyclic Schiff-base
ligands depicted in ref 113; P = porphyrin-type ligand; TPP = tetraphenylporphyrin; bpy = bipyridine; phen = phenanthroline;
PyPep = N-2-mercaptophenyl-2'-pyridinecarboxamide; ADIT = 6-amino-2,3-dimethyl-4-azahex-3-ene-2-thiolato.  All g-values have
been assumed positive in the calculation of A/ir. and A/V, and some of the complexes are not in a “proper” coordinate system in
the sense discussed by Taylor in ref 81. For this reason, Fe(phen)s; and Fe (bpy)2(CN). have V/A = 2 instead of 0.

probe the LF excited states since they distinctly gain
intensity compared to the CT absorptions in the MCD
experiment.'* Moreover, CT transitions can be iden-
tified using rR spectroscopy since LF excited states
are weaker in intensity and exhibit smaller struc-
tural distortions relative to the ground state and,
therefore, do not give rise to significant resonance
enhancement.

In low-symmetry environments, the degeneracy of
the d-orbitals is lifted, leading to a splitting of the
electronic states. The tyy splittings can easily be
probed with EPR spectroscopy (vide supra) and the
corresponding parameters A (axial distortion) and V
(rhombic distortion, Figure 7) can be determined.
Moreover, an axial distortion also leads to a splitting
of the e4 orbitals which is expressed with the param-
eter Aey. Figure 21 illustrates the effect of A, V, and
Aeg 0N the lowest-energy LF states. On the left side,
part of the Tanabe—Sugano diagram (Figure 12) is
reproduced, showing the term energies as a function
of increasing 10Dg. At the spin-crossover point, 10Dq
is left constant (at 21 000 cm™?) and the splittings of
the terms induced by the parameters A, V, and Agqg
are successively shown as indicated on the x-axis of
Figure 21: first, A is introduced (range 0—3000 cm™1),
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Figure 21. Energy splitting of the lowest-energy excited
doublet states of a low-spin ferric center as a function of
the parameters A, V, and A (see text).

then V (at A = 3000 cm™%; range 0—2000 cm™?), and
finally A (at A = 3000 cm™%; V = 2000 cm™%; range
0—2000 cm™2). Since V and A are independently fixed
by EPR experiments (vide supra), the observed LF
pattern is basically determined by the two fit param-
eters 10Dqg and A¢q. Thus, provided that a number of
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LF excited states are observed, a complete experi-
mental picture of the ferric d-orbital splittings can
be obtained.

Since low-spin Fe''' has a ?T,4 ground state corre-
sponding to a (tz)° configuration, CT transitions
exciting one electron to the ty4 orbitals, as illustrated
in Scheme 2, lead to a completely filled t4 final state.
In principle, these CT absorptions are similar to the
high-spin case, as described above (Scheme 1), but
there is now only one hole in the ty levels, meaning
that the number of CT transitions into these orbitals
is reduced. Only one intense absorption feature
should appear. In low-symmetry environments where
the orbital degeneracy of the ground state is lifted,
the VTVH MCD data of these absorptions show
typical S = 1/2 behavior. In contrast, CT excitation
into the g4 orbitals lead to multiplets and thus a more
complex absorption pattern. Since these transitions
are higher in energy by 10Dg (about 20 000 cm™1),
they are well separated and do not complicate the
analysis of the ligand &= — tg CT transitions.

3. Quantum Chemical Calculations of Molecular
Properties

For high-spin ferrous centers the d-manifold is well
separated from the ligand valence orbitals. Thus, the
covalency is low and energy splittings are well
described by LF theory. For ferric sites, the higher
effective nuclear charge (and spin polarization for the
high-spin case) greatly lowers the energy of the
d-manifold into the region of the ligand valence
orbitals, leading to high covalency and requiring
molecular orbital approaches to describe electronic
structure.

Quantum chemical calculations are very useful for
determining the electronic structure of molecules and
their properties: bonding schemes, covalencies, ge-
ometries, vibrational frequencies, transition energies,
and intensities as well as magnetic coupling param-
eters. Moreover, reaction mechanisms or structure/
reactivity relationships can be evaluated by calcu-
lating transition states or complete reaction pro-
files.115-118 Once a quantum chemical method (a
theoretical method combined with a basis set) has
proven to be reliable for the calculation of specific
properties, it can be applied to related systems where
experimental data are limited. However, as should
be stressed at this point, the comparison with experi-
ment is absolutely necessary. This is especially
important when extrapolations to reaction mecha-
nisms are involved.

Many different quantum chemical methods are
available for the calculation of transition-metal com-
pounds. For ground-state properties such as geom-
etries or vibrational frequencies, the various density
functional methods (DFT) are most favorable since
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Hartree—Fock (HF) calculations normally give a
much too ionic bonding description, and on the other
hand, the correlated methods such as ClI or coupled
cluster (CC) are still too time-consuming for large
systems. Geometries with average errors in bond
lengths of +0.05 A are obtained from calculations
using gradient-corrected exchange and correlation
functionals.1!6119120 For vibrational frequencies, Becke's
three-parameter hybrid functional (B3) combined
with a gradient-corrected correlation functional gives
very good results.*?1122 The calculation of transition
energies is a more severe problem, which, in prin-
ciple, requires the CI formalism. In this area, the
semiempirical ClI methods such as INDO/S-CI have
proven to be very useful, giving good results at low
time consumption.” On the other hand, transition
energies can be calculated with DFT using the Slater
transition state!?® or time-dependent perturbation
theory,'?* but these treatments are still restricted to
single-determinantal wave functions and therefore
cannot correctly be applied to multiplet problems
such as LF transitions.

For reaction mechanisms and transition states
where experimental data are often limited and
calculations are the only source of information, it is
of critical importance to make sure that the partici-
pating species are treated well by the chosen theo-
retical method. For the calculation of reaction ener-
gies, kinetic barriers, or thermodynamic properties,
B3 combined with a gradient-corrected correlation
functional has given good results.'?> Compared to
this, the other density functional methods are slightly
inferior but have also been successfully applied to
problems in transition-metal chemistry.

B. Substrate Activation

1. Lipoxygenases

Biochemical Characterization. Lipoxygenases
(LOs, EC 1.13.11.12) are non-heme iron dioxygenases
that catalyze the regio- and stereospecific hydroper-
oxidation of 1,4-Z,Z-pentadiene-containing polyun-
saturated carboxylic acids (Table 1).125712% LOs occur
in all plants and animals and some lower organisms
(alga, molds, and corals) but have not yet been found
in bacteria or yeast.’®® LOs are usually classified
according to their positional specificity for arachi-
donic acid, a major substrate of LOs in mammalian
systems. 5-LOs are involved in the biosynthesis of
leukotrienes and lipoxins which are mediators of
anaphylactic and inflammatrory disorders.??8 5-.Os
or their products may also be important for tran-
scription regulation.’®® 15-L.Os initiate organelle
degradation by pore formation in organelle mem-
branes, which are important during differentiation
of specific cell types such as reticulocytes.'®? 12-LOs
may play a role in tumor cell metastasis.** Therefore,
specific inhibitors of various LOs would be important
in the therapy of asthma and other inflammatory
diseases which are aspirin-insensitive.’3*135 An un-
derstanding of the structure of the LOs and the
mechanism of the reaction they catalyze forms the
basis for rational drug design.

The predominant substrates of LOs in plants are
generally linoleic and linolenic acids. The products
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Table 8. Experimental Enzyme Kinetic Parameters (Reprinted with permission from ref 143. Copyright 1998

American Chemical Society)

enzyme Keat (571) Km (mM) Keat/Km (57t mM™2) (Keat/Km) P/ (Keat/Km)P Ki (mM oleic acid) ref
WT SLO-1 280+ 8 114+2 25+ 5 48 + 5 22+ 2 144,145
WT 15-HLO 6.2+0.1 7.8+£05 0.79 + 0.06 50+ 6 not determined 146
N694H SLO-1 10+2 4+1 25+11 60+ 9 8+1 143

Table 9. Summary of Rate and Equilibrium Constants for Scheme 3 (Adapted from ref 151 and references

therein)
k1 (Sfl) ka2 (Mil Sfl) ks (Sfl) Ka (Sfl) Ks (uM) Ks* (uM) Kp (uM) Kp* (uM)
200—-350 ~10° 2400 250 20 15-23 16 24
of the plant LOs are further metabolized by an array Scheme 32
of enzymes to produce jasmonic acid and other plant K, K,
hormones which are involved in plant growth and E-P E E-S
development, senescence, and responses to wounding g
and pathogen infection.’?® The three isozymes iso- ksl
lated from mature soybean seeds are designated as o O
soybean LO-1 (SLO-1), SLO-2, and SLO-3.2%6 They k/ E-S \\ k
have different pH profiles for activity and different N

regiospecificity. Due to its abundance in soybean
seed, ease of purification, and stability, SLO-1, a 15-
LO, has been used in the majority of studies of LO
kinetics and mechanism.

All LOs are monomers containing one iron atom.
The plant LOs have a higher molecular weight (MW
~ 96 kDa) than their mammalian counterparts (MW
~ 75 kDa).'?” Sequence alignment of known LOs
shows the conservation of a set of histidines which
are clustered in a His(X)4His(X)4His(X)17His mo-
tif.13” The highlighted histidines correspond to His499
and His504 in SLO-1 and His 361 and His366 in 15-
rabbit LO (15-RLO) where the former have been
identified as Fe'" ligands by site-directed mutagen-
esis.’®8 Near the C-terminus, there is another highly
conserved region which contains a His(X)3(His/Asn)
motif. The first histidine is at position 690, followed
by an asparagine at position 694 in SLO-1, and in
15-RLO they are His541 and His 545.13°7141 This
asparagine is conserved in all plant LOs with one
exception, all mammalian 5-LOs, murine platelet 12-
LO, and human platelet 12-LO, but is replaced by a
histidine in the rest of mammalian 12-LOs and all
mammalian 15-L0s.'¥” The C-terminus is an isoleu-
cine which is conserved among all LOs except rat
leukocyte 5-LO, where it is replaced by a valine.14?
The fact that the members of the LO family share
high sequence homology around the iron-binding site
indicates that SLO-1 may serve as a reference for the
iron-binding site in all LOs.

Kinetics. Table 8 lists the ks and Ky, from steady-
state Kkinetic studies for SLO-1, 15-human LO (15-
HLO), and N694H SLO-1, the latter being a mutant
of SLO-1 where the Asn694 has been replaced by a
histidine.'*® The k. for 15-HLO is significantly lower
than that for SLO-1, and K¢t for N694H SLO-1 is an
intermediate between the two.

Insight into the catalytic mechanism of LO mostly
derives from detailed steady-state and pre-steady-
state studies on SLO-1.147"1%2 These results are
summarized in Scheme 3, and the associated kinetic
parameters are listed in Table 9. As isolated, LO
contains a single ferrous ion, which is stable under
aerobic conditions. Treatment of Fe'' LO (E in Scheme

E*S E*-P

Ks*\> E*/Kp‘
P Pred
g

a Abbreviations: E and E*, Fe!' and Fe'"' LO, respectively; S,
substrate; P, product; S and Pred, oxidized and reduced forms of
S and P (radical compounds); Ks, Kp, Ks*, and Ky*, equilibrium
dissociation constants of E—S, E—P, E*-S, and E*—P, respec-
tively; k1, ks, and ks, monomolecular rate constants; k, bimolecular
rate constant (Reprinted with permission from ref 150. Copyright
1993 American Chemical Society.)

3) with hydroperoxide product, 13-(S)-hydroperoxy-
9,11-(E,Z)-octadecadienoic acid (13-HPOD, P in
Scheme 3), results in the oxidation (k,) of Fe'' LO to
Fe'"" LO (E*). The E* catalyzes the first step of the
reaction, namely, hydrogen-atom abstraction from S
to form the radical S°* (k;). In the second reaction
step, insertion of O, at C-1 or C-5 of the pentadiene
system leads to the formation of P (kz). Hydrogen
abstraction is coupled to reduction of the Fe'" to Fe'",
while O, insertion is accompanied by its reoxidation
to Fe"''. S and P compete for a single binding site on
both Fe'" and Fe'"' LO. Under anaerobic conditions,
the radicals S°¢ dissociate from the enzyme and
dimerize (ks). This model can explain the lag phase
present in steady-state kinetic experiments with
SLO-1. This is due to the fact that Fe'' LO does not
react with substrate. However, the as-isolated en-
zyme contains a small amount of active ferric sites.
Upon aerobic treatment with substrate, these few
ferric sites generate the hydroperoxide product which
then oxidizes the remaining ferrous to active ferric
enzyme. Hence, the lag-phase is due to this initial
build-up of active ferric enzyme.

The reaction of the ferric SLO-1 with the hydrop-
eroxide product HPOD leads to a species with an
absorption maximum at 580 nm (purple SLO-1) and
a lifetime of several minutes at 4 °C. Although
stopped-flow spectrophotometric experiments have
been performed,’*8 it is still a matter of discussion
whether this purple species is directly involved in the
catalytic cycle. This would require a reorientation of
the fatty acid peroxyl radical in order for the peroxyl
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oxygen to interact directly with the iron center, which
is necessary for the occurrence of the 580 nm CT
band. Alternatively, purple LO could be the dead-
end enzyme—product complex.

The hydrogen abstraction rate constant k; in
Scheme 3 has a large isotopic effect at the C-13
position of linoleic acid.1#4153-155 A number of steps
are partially rate-limiting at room temperature:
substrate binding, a H,O/D,0-sensitive step, and
C—H bond cleavage.*** At lower temperatures, the
solvent-sensitive step dominates the reaction, whereas
at higher temperatures, the hydrogen abstraction
step is rate-limiting. Most recently, this isotopic effect
has been separated into the primary and secondary
components using singly deuterated linoleic acid as
the substrate.'®® These results have been interpreted
in terms of a tunneling mechanism of hydrogen-atom
transfer.144.156

Structure. Crystal structures are available for the
ferrous form of two of the SLOs. SLO-1 has been
characterized by Boyington et al. at 2.6 A resolution
at room temperature (PDB ID: 2SBL)'° and by
Minor et al. at 1.4 A resolution at 100 K (PDB ID:
1YGE).'*° Recently, the structure of SLO-3 has been
obtained by Skrzypczak-Jankun et al. at room tem-
perature at a resolution of 2.6 A (PDB ID: 1LNH).157
For mammalian LOs, one structure is available for
the inhibited ferrous form of reticulocytic rabbit 15-
LO (15-RLO) obtained by Gillmor et al. at 2.4 A reso-
lution at liquid N, temperature (PDB ID: 1LOX).14
In the following, the structures of SLO-1 and SLO-3
are discussed and then compared with that of 15-
RLO.

The two structures of SLO-1, 2SBL and 1YGE, give
a uniform description of the proteins’ overall struc-
ture: its spatial shape is an ellipsoid of dimensions
90 x 65 x 60 A with two domains. Domain | (146
amino acids) is an eight-stranded antiparallel g-bar-
rel containing the N-terminus. Since it has been
found that S-barrels are essential in proteins that
bind to lipids,4%158 this part of the enzyme could be
important for molecular recognition in catalysis and/
or proteolysis.'>” Domain Il (693 amino acids) is only
loosely connected to Domain | and consists of a
bundle of 20 (1YGE) or 23 (2SBL) helices, respec-
tively. This domain contains the active site of the
enzyme with one bound iron cofactor and the sub-
strate-binding cavity.

The structure of the iron-binding site in SLO-1 is
different in 2SBL and 1YGE. This could be related
to the different conditions for crystallization or the
effect of having a mixture of site structures on the
refinement of the data (vide infra). There are also
differences in the definition of an acceptable Fe''—
ligand bond length. In 2SBL, the iron atom is
surrounded by three histidine ligands (His499, His504,
and His690) bound with their e-N and the C-terminal
isoleucine (11e839) bound with one carboxylate oxygen
leading to a highly distorted octahedral coordination
sphere with two open sites (Figure 22A). In addition,
an asparagine (Asn694) occupies one of the open
positions with its carbonyl oxygen but at a nonbond-
ing distance of 3.2 A. In 1YGE, an additional water
ligand is found at 2.6 A and the Asn694 is about 3.1
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His499 Hisa99

1YGE

His690

His361 Inhibitor

1LOX

Figure 22. Structures of the active site of ferrous LO.
Panel A: SLO-1 according to Boyington et al.'3° with a 4C
iron site. Panel B: SLO-1 according to Minor et al.14° The
oxygen atoms of Asn694 (A, B) and a water molecule (B)
are >2.5 A away from iron. Panel C: 15-RLO according to
Gillmor et al. with an inhibitor bound. (Structures were
generated using the crystallographic coordinates from PDB
files 2SBL, 1YGE, and 1LNH, respectively.)

A away from the iron. This asparagine is therefore
regarded as a weak ligand, resulting in a distorted
octahedron with a 6C Fe'' site as shown in Figure
22B. The water molecule is stabilized by a hydrogen
bond with the unbound carboxylate oxygen of 11e839.
Both crystal structures show two possible channels
for substrate access to the active center. The larger
of these two cavities (Il) is thought to be the fatty
acid binding site.1° It is bent by ~120° as it passes
the water ligand of Fe!' with His499, His504, and
11e839 being directly adjacent to its interior. Asn694
and His690 have no direct contact, but Asn694 is
connected to cavity Il by a hydrogen-bonding chain
including GIn697 and GIn495.

SLO-3 and SLO-1 share 72% sequence identity,
and their overall structures are very similar; again,
two domains are observed for 1LNH which have
similar properties as those described for SLO-1. The
iron binding site of SLO-3 consists of three histidines
(His518, His523, and His709) and the carboxylate
oxygen of the C-terminal 11e857. Another two poten-
tial ligands are Asn713 (pointing with the carbonyl
oxygen to iron) and a water molecule both found at
nonbonding distances of ~3 A. Therefore, the Fe!
atom has a distorted octahedral coordination envi-
ronment with two vacant positions which is inter-
mediate between the two SLO-1 structures described
above. Note that Asn713 and the water molecule can
move to a bonding distance with iron without any
disturbance of their environment. In SLO-3, three
channels approaching the active site are found; two
are very similar in shape to cavities I and 11 of SLO-
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Figure 23. CD (277 K) and MCD (5 K, 7 T) spectra of SLO-1. (A) CD of resting SLO-1 with Gaussian components shown
in dashed lines. (B) CD of SLO-1 in 50% (v/v) glycerol-ds; (C) A — (0.6 x C) and renormalized. (D) MCD of SLO-1 in
saturated sucrose with Gaussian fitting components shown in dashed lines. (E) MCD of SLO-1 in 50% (v/v) glycerol-d. (F)
Spectrum D — (0.6 x E) and renormalized. (Reprinted with permission from ref 46. Copyright 1995 American Chemical

Society.)

1, although some sequence differences occur. The
additional cavity 11 and cavity Il are believed to be
involved in substrate delivery to the active site. This
greater flexibility of substrate binding in SLO-3 could
account for the different regio- and stereoselectivity
of SLO-3'5" which produces 9- and 13-hydroperoxides
(diastereomers), whereas SLO-1 gives predominantly
the 13(S)-hydroperoxide.'5°

Although the sequence identity between mam-
malian and plant LOs is only about 25%, the spatial
shape of 15-RLO is very similar to soybean LOs but
its overall structure is much more compact. 15-RLO
consists of two domains: one small N-terminal -bar-
rel domain (115 amino acids) and the C-terminal
domain (548 amino acids) which contains the active
site and the substrate-binding cavities. The Fe'' atom
is coordinated by four histidine ligands (His361,
His366, and His541 with their e-N atoms and His545
with its 6-N atom) and the C-terminal carboxylate
oxygen of 11e663. Importantly, the asparagine ligand
in the plant LOs is substituted by a histidine at a
bonding distance of 2.3 A (His545, Figure 22C). No
water molecule is observed in the vacant sixth
coordination position of the octahedral environment
of iron. Importantly, the crystal structure 1LOX has
an inhibitor bound blocking that position (Figure
22C), which allows identification of the substrate-
binding pocket in 15-RLO. The orientation of this
channel with respect to the active site is analogous
to cavity Il in SLO-1 and SLO-3.

Further insight into important substrate—amino
acid residue interactions upon binding has been
obtained by site-directed mutagenesis.’*® Mutagen-
esis has also been used to propose a model for the
positional specificity of the mammalian 5-, 12-, and
15-L0s.**! In 1LOX, two amino acids with large
residues have been identified on the bottom of the
boot-shaped substrate-binding pocket: 11e418 and
Met419. By substitution of these amino acids in 15-

LO with the corresponding residues of 12-LO, the
former is endowed with 12-LO properties.*®® There-
fore, positional specificity seems to be due to the
volume of the binding site, especially the length of
the cavity determining how deep the substrate pen-
etrates into the pocket and, hence, which carbon atom
is oriented toward the iron active site.!*
Spectroscopy. There have been a limited number
of spectroscopic studies aimed at defining the geo-
metric and electronic structure of the ferrous site of
SLO-1. Magnetic susceptibility measurements show
that the ferrous active-site ground state is high-spin
with S = 2.161 X-ray absorption®? and Mdssbauer
studies®” predicted a distorted octahedral geometry;
however, these studies now appear to have been
complicated by solvent effects (vide infra). Figure 23A
shows the near-IR CD spectrum of resting SLO-1.46
There is a low-energy feature at <5000 cm~! and a
second feature at 10 700 cm~! with a shoulder at
~8000 cm~*. The near-IR MCD spectrum of resting
SLO-1 is shown in Figure 23D and has three positive
peaks at <5500, 9200, and 10 500 cm™?. Since no LF
geometry of a single high-spin ferrous site can give
rise to more than two d — d transitions in the 4000—
13000 cm™?! region (section 11.A.1), resting SLO-1
must exist as a mixture of more than one form.
Anaerobic addition of substrate linoleate or the
addition of methanol, ethanol, ethylene glycol, or
glycerol to resting SLO-1 produces a dramatic change
in the near-IR CD spectrum, as shown in Figure 23B,
and results in the LT MCD spectrum shown in Figure
23E. Simultaneous Gaussian fitting of the CD and
MCD spectra indicates a positive band at 8600 cm~?
and a negative band at 10300 cm™! in the CD
spectrum and two positive bands in the MCD spec-
trum, which are consistent with a 6C ferrous site
with distorted octahedral geometry. Subtraction of
60% of the 6C species signal intensity from the
resting spectra and renormalization gives the CD and
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Figure 24. (A) Near-IR MCD spectraat 6 T and 4.2 K of
resting 15-RLO in 20 mM sodium phosphate, pD 7.0 +
50%(v/v) glycerol-d; (dashed line (x2)) and near-IR MCD
spectra at 7 T and 4.2 K of resting 15-HLO in 20 mM
sodium phosphate, pD 7.0 + 50%(v/v) glycerol-ds. (B) Near-
IR MCD spectraat 7 T and 5.0 K of resting N694H SLO-1
in 50 mM CHES, pD 9.0 + 50%(v/v) glycerol-ds. (Reprinted
with permission from refs 46 and 143. Copyright 1995 and
1998 American Chemical Society.)

MCD spectra shown in Figure 23C and F, respec-
tively. The spectra of this species, also present in
resting SLO-1, have two positive d — d bands at
~5000 and 10 600 cm~! which are consistent with a
5C square-pyramidal geometry. Therefore, CD and
MCD studies show that resting SLO-1 exists as an
~40/60% mixture of 5C and 6C species. The addition
of monoprotic alcohols, polyprotic alcohols, or sub-
strate linoleate to resting SLO-1 shifts the 5C-plus-
6C mixture of resting SLO-1 to a purely 6C form.

CD and MCD studies on human recombinant 15-
LO (15-HLO), rabbit reticulocyte 15-LO (15-RL0O),%
and N694H SLO-1'* provide further information
about the protein ligand responsible for this coordi-
nation flexibility at the Fe" active site. In contrast
to SLO-1, glycerol does not perturb the near-IR CD
spectra of resting 15-HLO, 15-RLO, or N694H SLO-
1. Their LT MCD spectra are shown in Figure 24.
For 15-HLO and 15-RLO, a band at ~8700 cm~* with
a shoulder at ~10 500 cm™! indicates a 6C ferrous
site. The similar MCD spectrum of N694H SLO-1
(band at ~9000 cm~* and shoulder at ~11 000 cm™1)
is also consistent with a 6C ferrous site in the
enzyme. Therefore, substitution of asparagine with
histidine leads to a pure 6C Fe! site in these
mammalian LOs and N694H SLO-1.

VTVH MCD studies of resting SLO-1 (6C species)
and N694H SLO-1 give almost the same ground-state
properties (Figure 25A,B), which are very different
to those of 15-HLO and 15-RLO (Figure 25C).46:143
The SLO-1 and N694H SLO-1 data show a much
larger degree of nesting than that observed for 15-
RLO. Analyses of these data give 6 = 13cm™, § =8
for the 6C species of SLO-1 and N694H SLO-1 and 6
=4 cm™ § = 9 for 15-RLO. The 6 values are
consistent with the t,q orbital splittings shown in the
insets of Figure 25, and the difference can be at-
tributed to a stronger histidine ligand in the mam-
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Figure 25. VTVH MCD data for (A) resting SLO-1
obtained for the 8600 cm™%; (B) resting N694H SLO-1
obtained at 9090 cm~%; (C) resting 15-RLO at 8600 cm~1.
The insets give the 5T,y ground-state splittings obtained
from the saturation magnetization data. (Reprinted with
permission from refs 46 and 143. Copyright 1995 and 1998
American Chemical Society.)

malian enzymes replacing the asparagine ligand in
SLO-1 at the axial direction of the Fe'' site. However,
this histidine in N694H SLO-1 is a weaker ligand
than that in the mammalian enzymes, as shown by
the larger nesting behavior of its VTVH MCD data,
indicating that it is not in its most favorable confor-
mation for binding to the Fe" atom in SLO-1. This is
likely due to its evolutionary optimization for aspar-
agine. Fe K-edge XAS and extended X-ray absorption
fine structure (EXAFS) studies of Fe'' SLO-1, 15-
HLO, and 15-RLO in glycerol® and the solvent effect
on Fe" in SLO-1'%3 are also consistent with the above
results from CD and MCD studies.

Correlating the spectroscopic studies to the two
crystal structures of SLO-1, the potential ligand that
would show coordination flexibility is Asn694041,
which is 3.2 A away in 2SBL and 3.1 A away in 1YGE
from the Fe'. Spectroscopically, both of these dis-
tances place Asn6940461 too far from the ferrous ion
to be a reasonable ligand. There is significant disor-
der in the distance between the side chain amide
oxygen of Asn694 and the Fe! ion in the crystal
structure.**® This would be consistent with the CD
and MCD studies of resting SLO-1, which show that
the enzyme exists as a mixture of 5C and 6C species.
Substitution of the weak asparagine ligand by a
stronger histidine ligand, as in mammalian 15-LOs
and N694H SLO-1, would result in a pure 6C
environment with histidine bound more strongly to
the Fe'" ion. This is experimentally observed from the
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Figure 26. EPR spectra of ferric LO. (A) SLO-1; (B)
N694H SLO-1 mutant; (C) 15-RLO. (Adapted from refs 12,
170, and 143.)

CD, MCD, and X-ray absorption results on 15-HLO,
15-RLO, and N694H SLO-1. The stronger Fe!'—His
bond is also seen in the X-ray crystal structure of 15-
RLO (vide supra).'*! Finally, the side chain of Asn694
in SLO-1 is related to the substrate-binding cavity
through a hydrogen-bonding network (vide supra).
The binding of substrate or alcohols in this cavity
could interrupt this network and result in a stronger
interaction between the Asn694 amide oxygen and
the Fe' ion, thus shifting the 5C-plus-6C mixture to
a pure 6C species.

As developed in section 11.A.2.a.1, the ground-state
properties of Fe''' can be probed with EPR spectros-
copy. Figure 26A shows the EPR spectrum of the
ferric form of wild-type (WT) SLO-1 in sodium borate
buffer at pH 9.12 Signals at effective g-values of 7.33,
6.21, 5.84, and 4.28 are observed which determine
the ferric ion to be in the high-spin state. This has
also been shown by magnetic susceptibility®* and
Mossbauer spectroscopy.3” Moreover, the occurrence
of multiple EPR signals indicates the presence of
more than one Fe'!"! high-spin species. For the more
rhombic component (§ ~ 7.3—7.5)aD valueof 2 + 1
cm~! has been determined!®® with E/D = 0.065,% and
the axial species (§ ~ 6.2, 5.8) has been fitted with D
= 1.7 £ 0.5 cm™1 1218 gnd E/D ~ 0.01.12166 In both
cases, the Ms = +1/2 doublet is lowest in energy (D
> (), giving rise to transitions with effective g-values
as shown in Figure 14. The species at § ~ 4.3 has

Solomon et al.

been attributed to impurities.'®” The relative amount
of the axial and the more rhombic component associ-
ated with the enzyme depends on the type and
concentration of buffer, pH, purification, and storage
time.’%6 A freshly prepared sample of ferric WT
SLO-1 in 0.2 M phosphate buffer at pH 6.8, for
example, contains 93% of the more rhombic species.
The fact that all EPR features have very large line
widths has been taken as evidence that each observed
signal itself could be associated with more than one
species.'® In summary, WT SLO-1 shows a complex
EPR pattern with multiple contributions of iron
centers with slightly different environments. Never-
theless, all signals are more or less axial, which is
surprising for an iron center in a low-symmetry non-
heme environment. In this case one would expect a
rhombic signal due to the complete lifting of the
degeneracy of the “T; state. However, because the
Asn694 ligand is very weak (Figure 16), the z
component of T is greatly separated in energy from
the x and y components and D predominates over the
rhombic splitting E. In addition, using ’O-labeled
water, it has been found from EPR spectroscopy that
in WT SLO-1 at least one water-derived ligand is
bound to the ferric site.%® The ground-state proper-
ties of LO have also been probed with XAS/EX-
AFS,162.163.169 \which indicates the existence of one
short Fe—O bond in ferric SLO-1 (1.88 A)!63 that has
been assigned to a coordinated hydroxide.

In the mammalian 15-LOs, the weak asparagine
ligand is replaced by histidine, which should give rise
to a stronger interaction with Fe"". Figure 26C shows
the corresponding EPR data of WT rabbit 15-RLO
in 10 mM bis-Tris, 0.2 M NaCl buffer at pH 6.8.170
The spectrum is dominated by a rhombic Fe'"! species
(E/D = 0.32, quantitated to about 80%) with signals
at § = 4.3 and 9.5 (weak). In addition, small features
around § = 6—7 are observed which account for about
20% of iron and are attributed to oxidized sites that
also have product bound. For the rhombic species a
ID| value of about 1.0 cm~! has been determined.”®
The fact that the iron site in WT 15-RLO has a
rhombic EPR spectrum shows that histidine is also
a stronger ligand than asparagine at the Fe''" oxi-
dized state of the enzyme. Thus, all three components
of the 4T, excited state are approximately equally
split in energy.

The EPR spectrum of N694H SLO-1 in 100 mM
borate, 0.2 M NaCl buffer at pH 9.2 is shown in
Figure 26B.'* Signals are found at effective g-values
of 7.7, 6.0, and 4.3 which are fitted with axial (§ = 6,
D estimated to ~2 cm™*, E/D = 0), more rhombic (§
=77,D=241cm™% E/D = 0.08), and rhombic (§
= 43, ID|] = 1 £ 0.2 cm™, E/D = 0.33) species.
Quantitation of the EPR features shows that as in
case of WT SLO-1, the signals close to the axial limit
dominate (about 90% for the axial plus more rhombic
components).'*® This indicates that the histidine in
N694H SLO-1 is not as strong a ligand as in WT 15-
RLO, which is in accordance with modeling studies’*
and a crystal structure of the corresponding Fe'' form
of this mutant!”:172 showing that due to the orienta-
tion of the protein chain, His694 is at a distance of
2.8 A from iron, which indicates a weak interaction.
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In case of WT Fe''' SLO-1, weak LF transitions
have been observed in the MCD spectrum?? but their
information content in terms of the coordination
environment of iron is not as high as in case of Fe'!
(vide supra). A prominent spectroscopic feature in
ferric LOs is an absorption feature around 350 nm
that is observed when ferrous enzyme is oxidized.
This band is attributed to an imidazole (His) to Fe!"!
CT transition.'? To resolve this transition from the
protein envelope, UV—vis CD spectroscopy has been
applied showing features at 425 (WT SLO-1) and 400
nm (N694H SLO-1).143173 The energies of these CD
bands reflect the ease of reduction of the iron center
and thus provide a probe of the relative reduction
potentials (E°) of the metals in both enzymes (vide
infra).

Molecular Mechanism. As isolated, LO contains
a single ferrous ion which is activated to ferric by
the hydroperoxide product. The intermediate formed
by the reaction of the ferric enzyme with substrate
has not been characterized, although most of the
researchers favor a mechanism of homolytic cleavage
of the C—H bond to produce a substrate radical and
a ferrous species.'®® Heterolytic cleavage of the C—H
bond to produce a carbanion coordinated to the ferric
center and a hybrid mechanism in which the forma-
tion of an organoiron complex follows the hydrogen-
atom abstraction step have also been proposed.174-176

This hydrogen-atom abstraction reaction is the key
step of the LO mechanism and is shown in Scheme
4, where the ferric hydroxide species () abstracts a
hydrogen atom from linoleic acid, generating the
ferrous—water species (11) and the substrate radical
which subsequently reacts with oxygen to form the
hydroperoxide product. The driving force of the
hydrogen-atom abstraction can be related to the
strength of the OH bond produced in the abstraction
intermediate (species I1), which through a Born
scheme is related to the reduction potential of the
Fe'''/Fe" couple (E°) and the pK, of the abstracted
proton in the ferrous species [1.143169177 A high
reduction potential and a high pKj, of the bound water
in the reduced species Il increases the hydrogen-atom
abstraction driving force and thus the catalytic rate.
The structural changes observed in the spectroscopies
of SLO-1, 15-HLO/RLO, and N694H SLO-1 can
strongly affect the reduction potentials and the pKy's
of the reduced species Il and hence kg Increasing
the donor ability of the varied axial ligand will reduce
the effective nuclear charge on iron and thus the
inductive effect on the coordinated water in species
Il and hence raise the pK,. MCD studies on the pH
dependence places a lower limit of the pK, of the
coordinated water in the ferrous species Il of 11.5in
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WT SLO-1. For N694H SLO-1 and 15-HLO, replace-
ment of the asparagine with the stronger histidine
ligand, which is a better donor, should raise the pK,
of the coordinated water in the ferrous species 11 even
further, which would increase k., opposite to what
is observed (Table 8). Therefore, the reduction po-
tentials of the three enzymes must overcome the pKa,
change in determining the catalytic rate. Reducing
the donor ability of the varied ligand on the iron
should destabilize the oxidized site more than the
reduced site and raise E°. The EPR studies show that
the interaction of the axial Asn ligand with the ferric
ion in WT SLO-1 is very weak as the signal is close
to the axial limit. In contrast, interaction of the
corresponding histidine ligand is strong in 15-RLO
based on its rhombic Fe'"' EPR signal. N694H SLO-1
has a 6C Fe'! site as determined from MCD spectros-
copy. Nevertheless, the mutant has a weaker axial
histidine interaction than the mammalian enzymes
based on the larger nesting behavior of its VTVH
data and its more axial EPR signal. Thus, one would
expect that the ferric site in WT SLO-1 is easiest to
reduce (highest E°, >600 mV)*"® and that 15-RLO has
the lowest E° with N694H SLO-1 in between. The
trend in E° can also be evaluated from the relative
energies of the His-to-Fe'"' CT bands in the CD
spectrum. The LMCT band is found to be at higher
energy for N694H SLO-1 (~400 nm (25 000 cm™1))
as compared to WT SLO-1 (~425 nm (23 800 cm™1)),
signifying a shift to lower reduction potential (E®) for
N694H SLO-1. This CT energy increase correlates
to a ~100 mV change, which would decrease kgt by
a factor of ~50, consistent with the fact that kea: =
10 s~ for N694H SLO-1 is 28 times lower than that
of WT SLO-1 (keat = 280 s71). As expected, Keat iS
smallest for the mammalian 15-LOs (K¢ for 15-HLO
= 6.2 s71).14 Recently, two ferric model complexes
have been found to carry out similar hydrogen-atom
abstraction chemistry.179.180

The pentadienyl radical generated from the hydro-
gen abstraction step should react with dioxygen on
the side of the substrate that is opposite to iron. A
peroxy radical is formed which would oxidize the
ferrous site back to the active ferric state and be
reduced to the hydroperoxide product.’® Under anaer-
obic conditions, the pentadienyl radical would diffuse
out of the protein and dimerize as is observed.8?

2. Intradiol Dioxygenases

Biochemical Characterization. Aromatic ring-
cleaving dioxygenases occur predominantly in aerobic
soil bacteria but are also found in vertebrates. These
enzymes, which are important in the degradation of
lignin, terpene, tannin, and xenobiotic pollutants in
bacteria and in tryptophan and tyrosine catabolism in
mammals, insert both atoms from dioxygen into the
substrate aromatic ring leading to ring cleavage.!82-18
This class of enzymes is divided into intra- and
extradiol dioxygenases based on the position of ring
cleavage, which correlates to the metal ion oxidation
state as shown in Scheme 5. From sequence homology
comparisons, the intra- and extradiol dioxygenases
have evolved independently;8-188 however, there is
at least one case where a slow substrate (3-chloro-
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catechol) was cleaved by an intradiol dioxygenase in
an extradiol fashion indicating that the redox state
is not the sole determining factor in specificity.8°

Intradiol dioxygenases cleave a more limited set of
aromatic substrates than do extradiol dioxygenases.
The most well-studied intradiol dioxygenases are pro-
tocatechuate 3,4-dioxygenases (3,4-PCD, EC 1.13.11.3),
which have been characterized by extensive crystal-
lographic studies; catechol 1,2-dioxygenases (pyro-
catechase; 1,2-CTD, EC 1.13.11.1); and chlorocatechol
1,2-dioxygenases (1,2-CCD, EC 1.13.11.1). These
enzymes cleave catecholic substrates to produce
muconic acid derivatives. The 3,4-PCD enzymes,
found in divergent bacterial sources, usually consist
of 4—12 ofFe'"" protomer units.1881%0-193 The g- and
f-subunits exhibit a high degree of sequence homol-
ogy, including conserved iron-binding residues, and
a range of molecular weights from 22 to 24 kDa for
the o-subunit and from 25 to 40 kDa for the S-sub-
unit. 1,2-CTD and 1,2-CCD (also referred to as Type
I and Type Il 1,2-CTDs, respectively) have two
subunits, usually azFe;, azFe, or occasionally afFe,,
and have conserved active-site residues.19271% 1 2-
CCDs have evolved to cleave chlorinated catechol
rings, a class of enzymes being studied for their
potential use in bioremediation.1%>1% The subunit
molecular weights are 34—40 kDa for 1,2-CTDs and
27—30 kDa for 1,2-CCDs. Comparison of 3,4-PCD to
1,2-CTD and 1,2-CCD indicates that there is high
sequence homology and likely a common ancestor for
these intradiol dioxygenases.192:193.197

Kinetics. Steady-state kinetics of 3,4-PCD reveals
an ordered mechanism whereby substrate binding
must precede O, reactivity (inner reaction cycle of
Scheme 6).1%° 3,4-PCD preferentially cleaves 3,4-
dihydroxyphenylacetate (protocatechuate, PCA), and
the addition of a CH, or CH,CH, group between the
ring and the carboxylate of PCA (yielding homopro-
tocatechuate, HPCA, or dihydroxyphenylpropionate,
DHPP, respectively) leads to a drop in the reaction
rate to <1%.1°8 3,4-PCD binds catechol very poorly,
and turnover is at the limit of detection.*%1% Electron-
donating groups on the substrate accelerate dioxygen
attack (vide infra).'?° For 3,4-PCD from Pseudomonas
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Scheme 6. Kinetics Scheme for 3,4-PCD (inner
circle) and for Y447H 3,4-PCD (outer circle)
(Reprinted with permission from ref 211.
Copyright 1998 American Chemical Society)
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putida, Kn(O,) is 43 uM, Kyn(PCA) is 30 uM, and
Keat/Km for PCA is within 2 orders of magnitude of
the diffusion-controlled limit.2°° The reaction of the
substrate-bound forms of 3,4-PCD and 1,2-CTD with
dioxygen is dependent on the concentration of O, and
was studied further using transient kinetics.190.201.202

From stopped-flow studies, the reaction of the 3,4-
PCD—PCA with dioxygen occurs with the formation
of two intermediates, ESO, and ESO,*.19.1%¢ ESQO,
forms and decays in milliseconds, and ESO,* forms
with the same rate as the decay of ESO,. ESO,*
decays slowly, at the turnover rate of the enzyme,
indicating that it is the rate-determining step. Chemi-
cal quenching experiments suggest that it is the
enzyme—product complex, making product release
rate-determining (~36 s7).2%° Two intermediates are
also observed in the catalytic cycle of 1,2-CTD from
Pseudomonas arvilla and exhibit some differences
relative to 3,4-PCD.201.202

The active site of 3,4-PCD contains an axial ty-
rosine that dissociates upon substrate binding, as
indicated by X-ray crystallography (vide infra). Mu-
tagenesis studies in which this axial tyrosine was
replaced by histidine (Y447H) led to a stable and
active mutant, which has provided additional mecha-
nistic insight. Compared to the WT enzyme, K(Oy)
is lower (<6 uM), Kn(PCA) is 10-fold lower, Keat/Knm
for PCA decreases 45—50-fold, and the turnover
number decreases by 600-fold at 25 °C.?%° The sub-
strate-binding step slows down significantly and
becomes the rate-determining step. Several interme-
diates are observed in the substrate-binding process
for Y447H (outer reaction cycle of Scheme 6).2°° The
absorption spectrum of the final substrate-bound
form is nearly identical to that of the ES complex of
the WT enzyme. It is believed that the WT enzyme
also proceeds through at least some of these inter-
mediates, which are not observed due to the fast
binding of substrate to the WT enzyme. The substrate
complex of Y447H reacts rapidly with O, and pro-
ceeds in a fashion similar to the native enzyme up
to ESO,* formation.?® The decay of ESO,* is 100-
fold slower and occurs in two phases.?®® These
intermediates may also occur in the WT enzyme but
at rates too rapid for detection.

To gain further insight into the substrate-binding
process, the potent inhibitors 2-hydroxyisonicotinic
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acid N-oxide (INO) and 6-hydroxynicotinic acid N-
oxide (NNO) were studied (Scheme 7).2947206 These
tautomeric inhibitors preferentially bind to 3,4-PCD
in their ketonized form, i.e., with the hydroxyl CO
group as a double bond.?% The reaction of dioxygen
with the substrate ring is spin-forbidden, and it has
been proposed that substrate ketonization, with some
charge donation to the iron, would allow the dioxygen
to attack the aromatic ring and cleave it in an
intradiol fashion. If ketonization of the substrate
occurs, then INO and NNO are excellent transition-
state analogues. INO and NNO proceed through at
least three enzyme-associated states before forming,
essentially irreversibly, complexes with 3,4-PCD.
EPR hyperfine broadening shows that Fe''-bound
water dissociates and then reassociates during these
steps.?

Structure. There are numerous crystallographic
results available for 3,4-PCD from P. putida. Struc-
tures of the substrate-, inhibitor-, transition-state
analog-, and small molecule-bound forms have been
instrumental in elucidating potential structures for
the intermediates of the intradiol dioxygenases. The
crystal structure of 3,4-PCD at 2.15 A resolution
indicates that the enzyme is highly symmetric with
numerous 2- and 3-fold axes. There is a narrow
solvent-filled channel through the 3-fold axes at the
interface of the two subunits that leads to the solvent
binding site on the iron and allows for solvent
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exchange. A solvent-filled pocket adjacent to the
active site appears ready to orient the plane of the
incoming substrate to coordinate along the axial
direction. The active site occurs at the subunit
interface; however, all of the ligands originate from
the $-subunit. 3,4-PCD has a 5C distorted trigonal-
bipyramidal active site with Tyr447 and His462
coordinated in the axial positions, and His460, Tyr408,
and water (i.e., hydroxide) are coordinated in the
equatorial plane (Figure 27A).2072% The largest dis-
tortion from trigonal bipyramidal is in the equatorial
plane: the angle between the equatorial Tyr408 and
His460 is reduced from 120° to ~93°, while the angle
between this histidine and OH™ is ~141°.

To understand the substrate-binding steps, a series
of coordinated inhibitors and substrates were struc-
turally characterized. It is believed that the substrate
may bind initially to 3,4-PCD in a monodentate
fashion before forming the stable bidentate complex
(vide infra). The crystal structure of the enzyme
complex with the low-affinity monodentate inhibitor,
3-iodo-4-hydroxybenzoate (IHB), indicates that the
inhibitor replaces the equatorial OH~, forming a 5C
complex (Figure 27B).2% In contrast, the high-affinity
monodentate inhibitor, 3-fluoro-4-hydroxybenzoate
(FHB), binds associatively in the equatorial plane
forming a 6C complex (Figure 27C).2%° These differ-
ences in geometry have been proposed to be due to
different hydrogen-bonding interactions in the active
site.?0?

The crystal structure of the PCA complex of 3,4-
PCD shows that the substrate binds to the iron in a
bidentate fashion, replacing the axial Tyr447 and the
equatorial OH™ (Figure 27D).?% The plane of the PCA
ring is rotated ~18° relative to the plane of the FHB
inhibitor. The site becomes square pyramidal with
the open position trans to His460. Tyr447 rotates
~100° and is stabilized by hydrogen bonding to
nearby Tyrl6 and Asp413. There are a number of
conserved residues in the substrate-binding pocket
thought to be important in stabilizing the sub-
strate.?% The plane of the substrate is aligned in the

H447 F
H460

carbonate

Y408

H462

Figure 27. Active-site X-ray crystallographic structures of (A) 3,4-PCD, (B) 3,4-PCD—IHB, (C) 3,4-PCD—FHB, (D) 3,4-
PCD—PCA, (E) 3,4-PCD—INO—CN, and (F) Y447H 3,4-PCD. (Structures were generated using crystallographic coordinates
from PDB files 2PCD, 3PCI, 3PCF, 3PCA, 3PCL, 3PCD, respectively. Adapted from ref 211.)
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pocket by hydrophobic residues: Gly14, Prol5, Trp449,
and 1le491. Two of these, Prol5 and 1le491, are
reported to prevent the formation of a planar five-
membered chelate, perhaps stabilizing the asym-
metrically bound substrate (vide infra).2°6 The sub-
strate has hydrogen bonds from the carboxylate to
Tyr324 and from the O3 to Arg457. There is a
spherical cavity adjacent to the substrate and the
iron with the rotated Tyr447 forming the top. If
dioxygen enters this cavity, it could align along the
substrate bond to be cleaved.

The slowly metabolized substrate HPCA has been
an important replacement for PCA in many of the
spectroscopic studies. The X-ray crystallographic
structure of HPCA bound to 3,4-PCD shows that, like
PCA, it forms a 5C complex.?’® The two possible
orientations of HPCA (via the O3 or 04 of the
substrate trans to Tyr408) could not be resolved in
the 2.4 A resolution crystal structure, but rR studies
show that both PCA and HPCA align in a similar
manner in the active site.?!® Both substrates bind
asymmetrically, with the longer bond (~0.3 A longer)
trans to the equatorial Tyr408. This bonding differ-
ence is thought to be due to the stronger trans effect
of Tyr408 relative to His462.

The asymmetry in substrate—iron bonds, which
has been proposed to be due to ketonization, was
explored with the substrate analogues, INO and
NNO. These analogues bind to the active site of 3,4-
PCD in a bidentate fashion and retain the bound
solvent forming a 6C site.?% The rings of INO and
PCA overlay in the active site. INO is also bound
asymmetrically with the long bond (2.43 A) trans to
the equatorial tyrosine and with the short bond (2.01
A) trans to His462. The retention of the bound
solvent has been suggested to be required to maintain
the charge neutrality of the active site, a theme which
is emerging as an important attribute of the intradiol
dioxygenases.*8211

To model the dioxygen intermediate, the structure
of the CN~ complex of 3,4-PCD—INO was deter-
mined.?°® CN~ replaces the bound water, and the
Fe—CN angle is quite bent (145°) compared to the
usual preferred linear binding mode. This appears
to be due to the constraints of the active-site cavity
whereby the distal end of the CN~ is hydrogen-
bonded to Tyrl6 and water (Figure 27E).2% This
bent structure weakens the Fe—CN bond based on
the lack of hyperfine coupling from *CN.2* Assuming
the geometry of CN™ binding is a good model for that
of O, binding, preference for adopting a bent angle
for small molecules would be expected to aid the
reaction with dioxygen proposed to proceed via an
Fe—O—O—PCA peroxy intermediate (vide infra).?

The 3,4-PCD Y447H mutant, important in eluci-
dating additional kinetic steps, has also been crys-
tallographically characterized (Figure 27F).2°° The
axial His447 does not bind to the iron center and
appears to be replaced by (H)CO;3;™. Since substrate
replaces Y447 and hydroxide in the WT enzyme and
in the Y447H mutant these positions are substituted
with a bidentate carbonate, the kinetics of substrate
binding should be changed as discussed above.
Whether the additional kinetic steps observed for the
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Figure 28. UV-vis spectra of 3,4-PCD, 3,4-PCD—PCA,
and the two intermediates, labeled E, ES, ESO,, and
ESO,*, respectively. (Reprinted with permission from ref
190. Copyright 1981 American Society for Biochemistry and
Molecular Biology.)

Y447H mutant occur in the WT enzyme remains to
be evaluated.

There are currently no crystal structures of 1,2-
CTD enzymes, but comparison of their sequences
with those of the crystallographically characterized
3,4-PCDs provides insight into substrate specificity.
Tyr324, which hydrogen bonds to the carboxylate of
PCA, is replaced by phenylalanine or tryptophan in
most 1,2-CTDs. The positively charged residues
Argl33, Lys325, and Arg450 are replaced by acidic
residues in most 1,2-CTDs. These substitutions sug-
gest that Types | and Il 1,2-CTDs would have
increased affinity for hydrophobic substrates.'8 The
residues of the putative O, binding cavity (Gly14,
Prol5, Tyrl6, Trp400, Tyr447) are conserved in all
3,4-PCDs and related enzymes, although in some 1,2-
CTDs Tyr16 is replaced by leucine.

Spectroscopy. Spectroscopy was important in
identifying the active-site ligands prior to crystallogra-
phy.191:205212-216 Now spectroscopic data can be used
in conjunction with crystallography to obtain geo-
metric and electronic structure insight into the
reaction mechanism. 3,4-PCD from Brevibacterium
fuscum was used for most of these spectroscopic
studies. 3,4-PCD has a very sharp rhombic (|JE/D| =
0.33) S = 5/2 EPR signal at g = 4.3 and a much
weaker signal at g = 9.67.2'7 From the temperature
dependence of the g = 4.3 EPR signal, |D| is 1.6 cm™!
for 3,4-PCD from P. putida and 1.2 cm™* for 3,4-PCD
from B. fuscum.199:217.218

3,4-PCD has a distinctive burgundy color (Amax =
460 nm, € = 2.9—-3.2 mM~1 cm~! Fe 1)!°! character-
istic of tyrosine-to-Fe'"' CT transitions (Figure 28).
The Raman spectra taken in resonance with this
band show features characteristic of the two tyrosine
ligands: vco of 1254 and 1266 cm™! and dcn of 1172
and 1180 cm™! (Figure 29, inset).?*? rR profiles show
that the two vco and two dcn features have different
enhancement profiles (Figure 29). The higher fre-
quency modes (1266 and 1180 cm™!) show a maxi-
mum enhancement near 500 nm (20 000 cm™1), while
the lower frequency modes (1254 and 1172 cm™)
show a maximum enhancement near 450 nm (25 000
cm™1). The higher frequency Raman modes show an
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Figure 29. rR profiles of axial dcn (O), axial veo (@),
equatorial dcy (O), and equatorial vco (M) for 3,4-PCD
overlaid on the absorption spectrum. Inset is rR spectrum
using excitation at 514.5 nm with the four profiled peaks

labeled. (Reprinted with permission from ref 212. Copyright
1992 American Chemical Society.)

isotope shift upon replacement of H,O with D,O and
by addition of exogenous ligands. The 500 nm band
is assigned to a LMCT transition from the axial
tyrosine since this residue is more solvent-accessible,
consistent with X-ray crystallography.?07208212 This
assignment of the 500 and 450 nm LMCT transitions
as arising from the axial and equatorial tyrosines,
respectively, has recently been confirmed using a
combination of absorption, CD and MCD spec-
troscopies, and theoretical calculations.?!®

Utilizing the high-spin Fe""' VTVH MCD and ZFS
methodologies recently developed (section 11.A.2),56:65
a detailed understanding of the geometric and elec-
tronic structure of the active site is emerging and
should provide insight into the nature of Fe!''—
tyrosinate bonding and dioxygenase reactivity.?'® The
valence orbitals of a phenolate are the three oxygen
2p orbitals. One does not significantly participate in
bonding to the iron because it is involved in the C—0O
o-bond and is therefore at much lower energy. The
other two O valence orbitals, which are perpendicular
to the C—O bond, the in-plane (7i;) and out-of-plane
(7rop) OXygen p-orbitals, are split in energy due to the
differences in conjugation into the ring (Figure 17).
The 7o, is at slightly higher energy than the i,
orbital for a free phenolate. For Fe''" in a trigonal-
bipyramidal LF, the d-orbitals split in energy with
d2 > dy-2,dyy > dy;,dy, with the degenerate orbitals
further split in the low-symmetry protein site. The
donor interaction of the phenolate with the ferric site
is determined by the overlap of the i, and 7o, Orbitals
with these d-orbitals and will depend on the
Fe—O—Cy, angle and the Fe—O—C—Cy, dihedral
angle. From protein crystallography, Fe—O—Cyyr axial
~ 148° and Fe—O—Ciyr equatorial ~ 133° and both of the
dihedral angles are ~24—26°. Thus, the mj, and 7
orbitals will be involved in both o- and z-donor
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Scheme 8. Reduction Scheme for 3,4-PCD
(Reprinted with permission from ref 48. Copyright
1999 American Chemical Society)
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interactions with more than one d-orbital. Elucidat-
ing details of these bonds now requires quantitative
correlation of spectroscopy and electronic calcula-
tions.?%?

In addition to the two tyrosinates, the two coordi-
nated histidines and bound solvent can be observed
spectroscopically. The Fourier-transformed EXAFS
data show a prominent outer-shell peak at 3.3 A,
indicative of histidine ligation. Solvent ligation was
implied by EPR hyperfine line-broadening with H,’O
and by relaxation in the 'H NMR 205214216 Twpqo
separate EXAFS studies indicated three ligands at
1.88—1.90 A and two at 2.08—2.10 A %8215 The three
short ligands were assigned to the two phenolates
and the solvent and the longer bonds to the two
histidines. The short bond length of the solvent is
most consistent with the solvent being deprotonated
(i.e., OH7) and hence a neutral active site. 1,2-CCD
and hydroxyquinol 1,2-dioxygenase (1,2-HQD) were
both found to be 5C and similar to 3,4-PCD by
XAS.220

Chemical reduction of 3,4-PCD produces a high-
spin ferrous center. LF CD and MCD spectra indicate
that the site is 6C with an excited-state °Eg splitting
of 2033 cm™1.%8 XAS pre-edge intensity distribution
and splitting pattern also indicate that the site
increases in coordination number upon reduction.*®
A model for the reduced site was proposed, where an
additional solvent coordinates and at least one of the
ligands (i.e., hydroxide) becomes protonated, suggest-
ing that the retention of charge neutrality and
dynamic changes in the active site are important
features of this enzyme class (Scheme 8). Protonation
of one of the ligands and an increase in coordination
number upon reduction is also observed for the other
mononuclear enzyme involved in substrate activa-
tion, LO (section 11.B.1). In both enzymes the active-
site hydroxide presumably protonates upon reduc-
tion, decreasing its ligand donor strength, which is
compensated for by the increase in coordination
number.

Upon anaerobic substrate binding to ferric 3,4-
PCD, a new broad low-energy feature appears at
~600 nm (Figure 28) and there are changes in the
high-energy region, as seen in the UV—vis absorp-
tion, CD, and MCD studies.'®® Raman excitation into
the new low-energy band indicates that it arises from
catecholate-to-iron CT.?%® rR spectra of 3,4-PCD—
HPCA taken at 514 and 580 nm show new features
at 544, 560, 640, 1320, and 1470 cm~! which have
been shown to be indicative of chelated Fe'''-
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catecholate.??-224 EPR, Mossbauer, and XAS spec-
troscopies indicate that the 5C substrate-bound site
has become more axial but remains ferric.199215218
The 3,4-PCD—PCA complex is very heterogeneous
and consists of species with |E/D| ranging from 0 to
0.33 with |D| = 1 cm~1.1%9218 The complex with HPCA
is much more homogeneous, with 90% of the sample
consisting of a species with |E/D| = 0.33 and 5%
consisting of a species with |E/D| = 0.02. Proton NMR
spectra of 4-methylcatechol bound to 3,4-PCD and
1,2-CTD exhibit large downfield shifts of the methyl
resonances to 50 and 100 ppm, respectively. This
indicates a large amount of spin delocalization into
the ring.??5226 The difference in the 'H NMR shift of
the substrate resonances for the two enzymes, 3,4-
PCD and 1,2-CTD, has been attributed to monoden-
tate binding of substrate to 1,2-CTD and needs
further study.??5%?6 XAS of 1,2-CCD and 1,2-HQD
substrate-bound complexes showed that they too
remain 5C upon substrate binding.??°

The intermediate ESO, is characterized by a
bleached optical spectrum (Amax = 400 nm), while the
product complex ESO,* is purple (Amax = 540 nm)
(Figure 28).1% The absorption spectrum of the com-
plex with INO resembles that of ESO, and not ES.
Small-molecule binding studies were used to gain
spectroscopic insight into the intermediate and to
correlate with the mechanistic order observed in the
kinetics. Chemically reduced 3,4-PCD binds NO to
form an S = 3/2 species. The EPR spectrum of 3,4-
PCD—NO is the same as that of 3,4-PCD—NO—PCA
(where NO is added before PCA) but is different
from 3,4-PCD—PCA—NO (where PCA is added be-
fore NO).2?” This indicates that substrate does not
bind to the site once NO is bound. There is much
larger rhombicity in 3,4-PCD—PCA—NO than in
3,4-PCD—NO (|E/D| = 0.055, D not determined for
3,4-PCD—NO; |E/D| = 0.175, D = +3-5 cm™? for
3,4-PCD—PCA—NO). In the 3,4-PCD—PCA—NO com-
plex, EPR hyperfine broadening is observed when the
substrate C4 hydroxyl group is labeled but not when
the label is at the C3 position, indicating that the
substrate may be bound in a monodentate fashion
in the NO complex.??” Whether this change from the
chelated substrate complex observed in the crystal-
lography (Figure 27D) to the monodentate substrate
observed in the presence of NO is mechanistically
relevant remains to be evaluated.

Molecular Mechanism. The reaction of the in-
tradiol dioxygenases shows a sequential order, with
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substrate binding before dioxygen. The range of
conformations seen for inhibitors and substrates, the
series of steps observed in the Y447H mutant, and
the heterogeneity of rapidly frozen 3,4-PCD—PCA
samples has led to the proposal that 3,4-PCD binds
substrate in three steps. These steps in Scheme 9 are
the initial weak binding though PCA 04 similar to
IHB, then a rotation deeper into the binding pocket
similar to FHB, and finally the chelated structure
seen in the 5C substrate-bound forms.?1228 The first
step is supported by computer modeling that assumes
no change in the active site, which suggests that only
04 would bind and O3 would point into an adjacent
pocket which contains residues to stabilize it.?! Since
substrate has been established to bind as a dianion,
two protons must be absorbed by the active site (pK,
~ 8.8, 11.7).?*° The most convenient bases are the
departing tyrosinate and hydroxide. The lack of the
active-site base would be a possible reason that the
binding of substrate in the Y447H 3,4-PCD mutant
is slower.

In the resulting 3,4-PCD—PCA complex (discussed
in detail below) there is a pocket capable of binding
small molecules. If O, binds here it would be aligned
along the bond to be cleaved. A tribridged peroxide
intermediate (Scheme 9) was proposed on the basis
of some very interesting [Ir''(triphos)(substrate)]*
and [Rh"'(triphos)(substrate)]* model complexes.?30-233
These complexes have been shown to reversibly bind
oxygen. EPR spectra indicated that the Rh""' complex
formed a semiquinone—superoxide species.?®®* The
[Ir"'(triphos)(O0)(phenSQ)]* complex was crystallo-
graphically characterized and shown to be a peroxide
intermediate bridged from the substrate to the metal
center with an Ir—O—0 angle of 111—114°.2% In
contrast to the ES complexes, the substrates in these
model complexes are not bound very asymmetrically
and the reaction rate is quite slow. In the protein,
dioxygen is expected to react with substrate first and
then the distal O could bind to the open coordination
position on the iron, which has been found to coor-
dinate small molecules such as CN~. This would
allow the second O from dioxygen to be retained as
required by the reaction stoichiometry. The peroxide
intermediate would be expected to have a bent
Fe—O—0O—PCA angle consistent with the shape of
the cavity, the bent angle of Fe—CN (145°), and the
bent angle observed in 3,4-PCD—NO EXAFS studies
(<160°).2%* Whether the substrate remains chelated
as in the Ir'"'" model complex or becomes monodentate
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as seen in the 3,4-PCD—-PCA—NO EPR studies, the
1,2-CTD 'H NMR studies, and some model EPR
studies?3® remains to be determined.

There are two proposed reactions of the peroxy-
bound species to form products, which proceed through
either a dioxetane or an anhydride intermediate.?17:2%
If the reaction proceeded through a dioxetane inter-
mediate, 100% retention of the label would be ex-
pected, but there is a loss of label in studies on 1,2-
CTD or 3,4-PCD (~26% and ~50%, respectively) with
the slow substrate pyrogallol.?37238 (Note that no label
is lost using catechol with 1,2-CTD; this has been
attributed to the rapid reaction rate not allowing
sufficient time for exchange.?®!) The loss of label has
been used to argue for an anhydride intermediate
where the Fe—OH group (Scheme 9) can exchange
with solvent. This anhydride intermediate could then
form product via a Criegee rearrangement.?3® How-
ever, the formation of an 1,2-epoxide has also been
proposed and is not ruled out by the labeling stud-
ies.182

Returning to the substrate complex, 3,4-PCD—PCA,
it has been shown that electron-donating substitu-
ents on the substrate ring accelerate the rate of
reaction for the intradiol dioxygenases.®%2%! This is
consistent with several possible substrate activation
mechanisms (brackets in Scheme 9): Fe!'—semi-
guinone formation with dioxygen attack on the iron,
Fe!'-semiquinone formation with dioxygen attack on
the substrate, and Fe'"'-ketonized substrate formation
with dioxygen attack on the substrate. Some insight
has come from protein and model studies.

The structure/activity relationship for the rate of
conversion of C4-substituted catechols by 1,2-CTD
from P. putida has been examined.?®® Substituents
(methyl, fluoro, chloro, bromo) at C4 or C4 and C5
decrease the rate of conversion. The reaction rates
were compared to the energy of the highest occupied
molecular orbital (Enomo) of the substrates since from
frontier molecular orbital theory this is one contribu-
tion to the reactivity of nucleophiles. The charge on
the catechol oxygen atoms was fixed at —0.8 per
oxygen, and only the monoanionic form of the sub-
strates were considered. A linear relationship was
obtained between In(kt) and the calculated Epomo.22°
This was interpreted to indicate that the rate-
determining step of the reaction is dependent on the
nucleophilic reactivity of the substrate, consistent
with the structures in the brackets in Scheme 9.
However, since the rate-determining step for this
enzyme and for 3,4-PCD has been shown to be
product release,%0201.202 how this trend relates to the
oxygen reactivity is not clear.

Functional ferric model complexes have been syn-
thesized, some of which afford both intra- and extra-
diol cleavage products while others yield just intra-
or extradiol products.?*°~247 This again demonstrates
that the redox state is not the sole determinant of
intradiol versus extradiol dioxygenase reactivity. The
high-spin [Fe'(L)DBC]* model series (where L =
series of tetradentate tripodal ligands) are 6C with
the doubly deprotonated catechol derivative, di-tert-
butylcatechol (DBC), bound in a bidentate fash-
ion.24824% The reaction rate increases as the center
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becomes more Lewis acidic and as the half-wave
potential, E,;», increases. The increased rate is as-
sociated with a decrease in the energy of the cat-
echolate-to-iron LMCT transition.?*® One member of
this series [Fe'''(TPA)DBC]" is very reactive, al-
though the difference between the two Fe—substrate
bond lengths is very small (0.1 A) compared to the
protein site (0.3 A, vide supra). X-ray crystallography
and proton NMR spectroscopy suggest semiquinone
character in the bound substrate and a strong iron—
catecholate interaction, indicating perhaps some
Fe''—semiquinone character (left resonance structure
in Scheme 9).2492%0 Spin delocalization onto the
substrate was quantified by the contact shifts of the
4-H and 6-H resonance in 'H NMR. As the iron center
becomes more Lewis acidic, the isotropic shifts of the
protons become more like a semiquinone. Corre-
sponding Ga''' complexes, with approximately the
same Lewis acidity, do not exhibit fast rates or high
specificities.?*® Therefore, Fe''' plays more of a role
than just that of a Lewis acid.

The substrate asymmetry observed in the pro-
tein EXAFS and X-ray crystallographic studies in-
dicates that there may be some substrate ketoniza-
tion.206:210234251 Ths s supported by the high binding
affinity of the transition state analogues, INO and
NNO.2%5 Additionally, the UV—vis absorption spec-
trum of ESO, resembles that of 3,4-PCD—INO.1%0:205

Despite the wealth of information provided by the
crystallographic, spectroscopic, and model studies,
there are still a number of key points that must be
elucidated to understand intradiol dioxygenase ca-
talysis on a molecular level. The role of the tyrosine
that dissociates may be to raise E° and partly
modulate the CT from the catechol to the iron
(inducing an Fe''—semiquinone character). The elec-
tronic structure of the site may lead to the asym-
metric binding of catechol via the trans effect. The
effect on activity of ketonization and charge donation
from the catecholate to the iron needs further study.
The nature of the intermediate and whether it is a
tribridged peroxy species as in the Ir'"' model complex
or a doubly bridged peroxy complex as suggested by
the monodentate substrate—NO studies remains to
be demonstrated. Furthermore, the factors that lead
to intradiol versus extradiol cleavage products are yet
to be fully understood.

3. Comparison of Strategies

Both the lipoxygenases and intradiol dioxygenases
activate substrate with a non-heme ferric site. How-
ever, these sites are very different, and this is
consistent with the differences in type of substrate
and thus the molecular mechanisms of activation. In
the lipoxygenases, the substrate is a fatty acid with
no heteroatom for lone pair coordination to the metal
ion. While there has been some consideration of the
possible formation of organometallic intermediates
in LO catalysis,”*~17¢ most researchers consider this
site to function through H-atom abstraction from a
noncoordinated fatty acid substrate. Thus, the role
of the metal ion is to abstract efficiently the H atom
using an Fe'""-OH~ to Fe!"-OH, couple. The elec-
tronic features which drive this reaction are the pK,
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Table 10. Representative Extradiol Dioxygenases and Related Fe!' Enzymes
enzyme MW (subunit structure) source? ref

catechol 2,3-dioxygenase 140 (oFe)s P. arvilla 260,261
3-methylcatechol 2,3-dioxygenase 140 (aFe)s P. putida UCC2 262
chlorocatechol 2,3-dioxygenase 135 (aFe)s P. putida 263
protocatechuate 4,5-dioxygenase 150 (03)Fe P. testosteroni 39
protocatechuate 2,3-dioxygenase 140 (oFe)s B. macerans 264
homoprotocatechuate 2,3-dioxygenase 140 (aFe)s P. ovalis 265
3,4-dihydroxyphenylacetate 2,3-dioxygenase 140 (aMn), A. strain Mn-1 255
2,3-dihdroxyphenylpropionate 1,2-dioxygenase 134 (aFe)s E. coli 266
2,6-dichlorohydroquinone dioxygenase 36 (aFe) S. chlorophenolica 267
2,2',3-trihydroxybiphenyl dioxygenase 32 (aFe) S. sp strain RW1 268
2,3-dihydroxybiphenyl 1,2-dioxygenase 265 (aFe)s P. sp strain LB400 269
1,2-dihydroxynaphthalene dioxygenase 264 (aFe)s P. paucimobilis 270
homogentisate 1,2-dioxygenase ~380 P. fluorescens 271
gentisate 1,2-dioxygenase 160 (aFe)s P. acidovorans 272,273
3-hydroxyanthranilate 3,4-dioxygenase 33 (aFe) Homo sapiens 274

a P, = Pseudomonas, S. = Spingomonas, B. = Brevibacterium, A. = Arthrobacter.

of the coordinated H,O and, in particular, the redox
potential of the site, both of which must be high.
These are achieved by a ligand environment that
involves weak-to-moderate asparagine, histidine, and
carboxylate donors. Such low donor interactions are
reflected by the lack of significant ligand-to-Fe'"' CT
intensity in the visible absorption spectrum of the
LOs. The coordination flexibility of the asparagine
ligand further decreases its bonding interaction with
the oxidized site. These weak donor interactions
destabilize the oxidized relative to the reduced site
and lead to the high potential required for a large
driving force for the H-atom abstraction reaction.

In contrast, the substrates in the intradiol dioxy-
genases have catecholate groups which are strong o-
and s-donor ligands to Fe''2%2 and do directly
coordinate to the ferric site in the ES complex. The
endogenous ligation of the intradiol site includes two
tyrosines which exhibit intense phenolate-to-Fe'"' CT
transitions in the visible region of the absorption
spectrum, indicating strong s- and o-donor interac-
tions with the ferric site (vide supra). These strong
donor interactions stabilize the oxidized site and lead
to a low reduction potential. Thus, the Fe'" state is
stabilized by the protein ligation to provide the strong
bonding interactions with the catecholate substrate
required for catalysis. Several electronic structure
mechanisms have been proposed for how this bonding
interaction activates the catecholate for reaction with
dioxygen (presented in section 11.B.2) and for how loss
of the tyrosine upon substrate coordination modu-
lates this electronic structure. Detailed spectroscopic
studies are required to experimentally evaluate the
electronic structure of the ES complex and its role
in activating the intradiol dioxygenation reaction of
catecholate.

C. O, Activation
1. Extradiol Dioxygenases

Biochemical Characterization. Extradiol dioxy-
genases, isolated from many divergent soil bacteria
(Pseudomonads), have an Fe'' active site?® (or rarely,
Mn')254-25%6 gand catalyze the insertion of both atoms
of dioxygen into catechol (CAT) derivatives, leading
to the formation of the ring-cleavage product 2-hy-

droxymuconaldehyde acid.182:228.247.2557 The extradiol
dioxygenases can be further divided into proximal or
distal dioxygenases depending on the position of ring
cleavage relative to the substituent (Scheme 5). A
large effort has focused on the directed evolution of
various extradiol dioxygenases for degradation of
specific pollutants, such as the recalcitrant polychlo-
rinated biphenyls (PCBs).184258 The bacteria appear
to quickly evolve to degrade new substrates, which
is likely due to the location of the gene on a plasmid,
rather than in the chromosomal DNA, which evolves
more slowly.?®® This has led to a plethora of extradiol
dioxygenases with divergent substrate preferences,
some of which are listed in Table 10.

Extradiol dioxygenases can be divided into one- and
two-domain enzymes.?’> The two-domain enzymes
are believed to have originated from a single gene
duplication and then divergence to become monocy-
clic- and bicyclic-cleaving dioxygenases.?’>2’® The
majority of extradiol enzymes (including the Mn"
enzymes) are two-domain enzymes with the Fe'
bound in the C-terminal domain. However, there are
two-domain enzymes that are believed to bind the
iron in the N-terminal domain.?”” The representative
bacterial extradiol dioxygenases, 2,3-dihydroxybiphe-
nyl 1,2-dioxygenase (1,2-DHBD, EC 1.13.11.39), cat-
echol 2,3-dioxygenase (2,3-CTD, EC 1.13.11.2, also
called metapyrocatechase), and protocatechuate 4,5-
dioxygenase (4,5-PCD, EC 1.13.11.8) which have
(aFe)s, (aFe)s, and ayf.Fe quaternary structures,
respectively, will be the focus of this review,39278-280

Sequence alignments of 35 extradiol dioxygenases
show that there are nine strictly conserved resi-
dues.?’® The three metal ligands, His146, His210, and
Glu260 (numbering from 1,2-DHBD from Pseudom-
onas cepacia LB400), a motif found in other iron
enzymes (vide infra) and referred to as the 2-His-1-
carboxylate facial triad,?8! are strictly conserved.
Mutagenesis studies of the Mn'' enzymes also indi-
cate a 2-His-1-carboxylate facial triad.?®> His195,
His241, and Tyr250 are conserved residues in the
active-site pocket whose functions are not yet known.
The other three conserved residues (Gly28, Leul65,
Pro254) are at the N- and C-term interface and are
proposed to play a role in protein structure or
folding.?’®
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Other non-heme iron aromatic ring-cleaving dioxy-
genases that have different substrate specificities but
are often grouped with the extradiol dioxygenases
have been isolated from bacteria and in some cases
also mammals. Two enzymes, homogentisate and
gentisate 1,2-dioxygenases (1,2-HGTD, EC 1.13.11.5,
and 1,2-GTD, EC 1.13.11.4, respectively), are in-
volved in tyrosine metabolism.?71272283 They contain
Fe!' and cleave aromatic rings with para-hydroxyl
groups (Scheme 10). 1,2-GTD cleaves the C1—C2 bond
of gentisate (2,5-dihydroxybenzoate), and 1,2-HGTD
cleaves the C1—C2 bond of homogentisate, in which
a CH, group separates the carboxyl group from the
ring.?’2 In humans, a defect in 1,2-HGTD (usually due
to a missense mutation) leads to alcaptonuria, a dis-
ease characterized by arthritis and urine discolor-
ation.?4285 Another non-heme Fe'' enzyme, 3-hydroxy-
anthranilate 3,4-dioxygenase (3-HAO, EC 1.13.11.6,
Scheme 10), is involved in tryptophan metabolism
and the biosynthesis of pyridine nucleotides in hu-
mans, and its product, the toxin quinolinic acid, may
be linked to neuronal damage after neurological or
inflammatory distress (epilepsy, Huntington’s dis-
ease, brain trauma, or AIDS).2”* While this enzyme
is only ~12% homologous to the extradiol dioxyge-
nase 2,3-hydroxyphenylpropionate 1,2-dioxygenase
(1,2-DHPPD), there is strong conservation in the
region believed to be important for iron binding.?
All of these enzymes contain one non-heme Fe'!' and
cleave aromatic substrates using dioxygen with no
other cosubstrates or cofactors.

Kinetics. Steady-state kinetics on 2,3-CTD indi-
cate a bi-uni mechanism, implicating a ternary
enzyme—substrate—0, complex.?” Consistent with
this ordered mechanism, the rate of auto-oxidation
of the ferrous site by dioxygen is slow relative to the
reaction rate but can vary from enzyme to en-
zyme.268.288.289 The rate of reaction with dioxygen is
fast once substrate is bound.3*2% Single turnover
kinetics are consistent with substrate binding before
dioxygen reactivity, and no intermediates have been
resolved. In addition to increased dioxygen sensitiv-
ity, the substrate complexes of 2,3-CTD and 4,5-PCD
more strongly bind NO and N3~ (Table 11).2°* Expo-
sure to H,O, or ferricyanide inactivates these en-
zymes due to oxidation of the iron, and re-reduction
leads to only a partial recovery of activity;3288.292 the
reason for this is unknown. For 2,3-CTD, K,(CAT)
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Table 11. Kinetic Parameters for 2,3-CTD and
1,2-DHB (Adapted from ref 291)

enzyme Km(O2) K4(NO) for E  Ky(NO) for ES
2,3-CTD 7—9 uM 0.2-2mM 3—4 uM
1,2-DHBD  54—303 uM 360 uM 3uM

= 1.87 uM, Kn(Oy) = 7.45 uM, and Kz = 278 571,29
For 1,2-GTD, the kinetic parameters are Kea/Km =
430 x 10* s7* M™%, K, = 85 uM, and the turnover
number is 22000—38500 min~* site1.272

Both reversible competitive substrate inhibition
and mechanism-based inactivation (suicide inhibi-
tion) have been observed in 1,2-DHBD.?® This inac-
tivation is gradual; the reaction velocity for 1,2-
DHBD decreases to zero prior to the complete
exhaustion of either the substrate or dioxygen.?® This
phenomenon of suicide inhibition has also been
observed in 2,3-CTD.?®*"2% |n both enzymes, inacti-
vation is more prominent with slower substrates. An
understanding of this process may be relevant to the
mechanism of these enzymes and may also aid the
development of new enzymes that metabolize slower
substrates.

Structure. Crystal structures of 1,2-DHBD have
been reported for the following forms: active ferrous
(1.9 A resolution), inactive ferric (1.8 A resolution),
substrate-bound ferrous, and substrate-bound ferric
(2.6 A).278.298-300 Recently, the structures of ferrous
2,3-CTD (2.8 A resolution), ferric 4,5-PCD (2.2 A
resolution), and substrate bound to ferric 4,5-PCD
(2.2 A resolution) have also been determined.301.302

Despite the low sequence homology between 1,2-
DHBD and 2,3-CTD, both contain an eight-stranded
mixed fS-sheet surrounding a large funnel-shaped
space lined with hydrophobic residues which forms
the putative substrate channel.?’83%2 The active site
lies in the center of this channel.3%? It was noted that
this channel is narrower in 2,3-CTD than in 1,2-
DHBD;3%? this may help define their different sub-
strate specificities. Also note that 4,5-PCD has a
significantly different three-dimensional structure.3%

Despite global structural differences, the active
sites in all of these enzymes consist of the 2-His-1-
carboxylate facial triad,?! in which the monodentate
carboxylate is a glutamate residue; however, the
exogenous ligands differ. As indicated by spectroscopy
(vide infra), the active site of ferrous 1,2-DHBD is a
square pyramid with two exogenous water ligands,
His210 and Glu260 as the four equatorial ligands,
and His146 as the axial ligand?’® (Figure 30A). The
two waters have unequal bond lengths of 2.41 and
2.12 A, with the longer bond length trans to His210.
The other bond lengths are 2.15 and 2.25 A for the
two histidines and 1.96 A for the glutamate. Aerobi-
cally oxidized ferric 1,2-DHBD has the same active-
site coordination geometry as the reduced site but
with slightly altered bond lengths.?® The waters have
bond lengths of 2.1 and 2.5 A. The two histidines have
bond lengths of 2.2 and 2.3 A, and the glutamate is
at 2.1 A. It is interesting to note that in contrast to
the intradiol dioxygenases, the change of redox state
does not significantly alter the geometry of the site.
Ferrous 2,3-CTD has only one exogenous acetone
from the buffer bound to the active site, forming a
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Figure 30. (A) Active-site X-ray crystallographic structure
resting ferrous 1,2-DHBD. (B) Active site of ferrous sub-
strate complex 1,2-DHBD—DHB; note that the water
ligand has a long bond length of 1.42 A. (Structures were
generated using the crystallographic coordinates from the
PDB file 1HAN and from ref 299, respectively.)

distorted tetrahedral site.3%? Oxidized 4,5-PCD also
has only one exogenous ligand, a water molecule.30t

The crystal structure of substrate-bound ferrous
1,2-DHBD (1,2-DHBD—-DHB, DHB is dihydroxybi-
phenyl) shows a 6C active site in which the solvent
trans to Glu260 has a long bond length of 2.42 A
(Figure 30B).2?° Both of the hydroxyl groups of the
substrate bind to the iron; one binds to the open axial
position of the resting site (Figure 30A) and the other
displaces the equatorial water trans to His210. The
substrate is bound asymmetrically (1.98 and 2.35
A): the Fe—Ogupstrate bond trans to His210 and fur-
thest from the site of ring cleavage is longer; this
substrate hydroxyl group is proposed to be proto-
nated (vide infra). The crystal structure of ferric
1,2-DHBD—DHB shows that the site is 5C but is
trigonal bipyramidal rather than square pyrami-
dal.?®® Ferric 1,2-DHBD—3-methylcatechol and fer-
ric 4,5-PCD—PCA have structures that are similar
to ferric 1,2-DHBD—DHB.298:301

Spectroscopy. Spectroscopy has been important
in identifying the active-site ligands and geometry
prior to the crystallography. Spectroscopy continues
to provide insight into the molecular mechanism as
described below. NMR studies indicate that 2,2',3-
trihydroxybiphenyl 1,2-dioxygenase has two solvent-
exchangeable protons in the active site which are
from the two histidine ligands.3®® CD and MCD
studies of 2,3-CTD show two d — d transitions, one
at 11 240 cm~! and the other at 5220 cm™! (Figure
31), indicative of a 5C square-pyramidal Fe'" active
site.304305 XAS pre-edge features and EXAFS results
for 2,3-CTD are consistent with a 5C site with two
histidine ligands and average metal—ligand bond
lengths of 2.09 A.# Another XAS and EXAFS study
found that there are six N/O ligands at 2.05 A.3% The
lack of a split in the shell is surprising, since the
crystal structure predicts a separation between the
longest and shortest bonds of 0.45 A. VTVH MCD
data show nesting which fit to a Ms = 42 non-
Kramers doublet splitting of 6 = 4.0 cm™* and g, =
8.9 (Figure 32A). Analysis of the parameters using
the 5T,y Hamiltonian (section I1.A.1) provide LF
ground-state splitting parameters of A = 600 cm™!
and |V| ~ 300 cm™2.
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Figure 31. CD spectrum of resting 2,3-CTD (—) and MCD
spectrum of resting 2,3-CTD (- - -) (Adapted from refs 304
and 305.)
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Figure 32. VTVH MCD spectra of (A) 2,3-CTD taken at
890 nm, (B) 2,3-CTD—CAT at 750 nm, and (C) 2,3-CTD—
CAT—Nj3; at 680 nm. The data are represented by points
and the fits to the data by lines. The derived LF splitting
of 5Ty is included as an inset on each plot. (Reprinted with
permission from ref 304. Copyright 1990 American Chemi-
cal Society.)

Magnetic Mossbauer studies of 4,5-PCD reveal that
the site remains high-spin ferrous upon substrate
binding and that there are no large changes in the
active-site parameters.®® Proton NMR experiments
on 2,2',3-trihydroxybiphenyl 1,2-dioxygenase suggest
that both histidines remain bound but that the site
does change.3®® From XAS pre-edge and EXAFS
studies, the substrate complex, 2,3-CTD—CAT, is 5C
with one atom at 1.93 A and four atoms at 2.10 A 44
This splitting of the first shell is attributed to the
asymmetric binding of the substrate as a monoanion
by analogy to monoanionic model complexes.®%” An-
other XAS/EXAFS study indicates that the site was
6C with a split shell.3%® Further CD and MCD studies
reveal that while the active-site geometry remains
square pyramidal, the splittings of the 5T,y and °Eq
orbitals differ from that of the resting enzyme,
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indicating the formation of a different square-
pyramidal complex.®%* VTVH MCD data show much
less nesting with 6 = 2.6 cm~! and g, = 8.4, leading
to a large °T,4 ground-state orbital splitting of A =
1100 cm™! and |V| = 704 cm™! (Figure 32B). From
an analysis of the destabilization of the d,>-,?, d,y, and
dy. orbitals upon substrate binding, the substrate was
predicted to be bound through both hydroxyl groups,
with one in an axial and the other in an equatorial
position (relative to the geometry of the resting
enzyme, Figure 30A).278.29%8.304 |f the weak water lig-
and observed in the crystal structure®® is the ligand
that has no significant bonding interaction with the
Fe' in these solution studies, then the square pyra-
mid that is formed (Figure 30B) has Glu260 as the
new apical ligand and has the substrate bound in the
equatorial plane of the ES complex (relative to the
geometry of substrate bound form).

Small-molecule binding studies have been impor-
tant in providing mechanistic insight into the di-
oxygen reactivity. Azide, as monitored by CD and
MCD, does not bind to 2,3-CTD but does bind to
2,3-CTD—CAT, leading to a new square-pyramidal
species.3** The doublet splitting parameters obtained
from the VTVH MCD (Figure 32C) are 6 = 1.8 cm™1,
gy = 8.3, thus yielding LF splitting parameters of A
= 1500 cm~! and |V| = 500 cm~1. This dramatic in-
crease in affinity for small molecules upon substrate
binding was also observed with NO.?°t NO should be
a good model for dioxygen binding in the extradiol
dioxygenases since it is a neutral molecule which
undergoes a redox reaction; the change in its affinity
upon the binding of various substrate analogues
directly correlates with changes in the rate of oxida-
tion of the iron center by dioxygen.3%® Addition of NO
to either the resting or substrate-bound forms yields
an S = 3/2 species, resulting from the antiferro-
magnetic coupling of high-spin S = 5/2 Fe'"' with the
S = 1 NO".3%0 The EPR spectrum of 2,3-CTD—NO
differs from that of 2,3-CTD—CAT—NO:?*! the nearly
axial g = 4 signal with |E/D| = 0.016 is replaced by
two major species with |E/D| = 0.064 and 0.037. This
indicates that unlike the intradiol dioxygenases (vide
supra), in the case of the extradiol dioxygenases sub-
strate binds independently of NO, implying that they
do not compete for the same binding site. The EPR
spectra of 2,3-CTD—NO and 4,5-PCD—NO show line-
broadening by H,"O, thus showing that they retain
at least one bound solvent molecule.?®* No H,*"O line-
broadening was observed upon binding substrates
and NO, indicating the displacement of both water
molecules. By using substrates in which the hydroxyl
groups were selectively 17O-labeled, it was observed
that both oxygen atoms of the substrate can bind to
the iron in the ES—NO complex. This suggests that
there are three iron binding sites available to exog-
enous ligands.3® XAS pre-edge and EXAFS studies
suggest that NO binding to 2,3-CTD—CAT leads to
a 6C complex with a new short bond of 1.74 A4

EPR studies on 1,2-GTD, employing selective la-
beling of each of the substrate (gentisate) substitu-
ents with 70, demonstrate that substrate coordina-
tion occurs via the carboxyl and adjacent hydroxyl
groups in 1,2-GTD—gentisate—NO, forming a six-
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membered chelate ring. As in the extradiol dioxyge-
nases, the affinity for NO increases 100-fold upon
substrate binding.?3

Molecular Mechanism. Despite the fact that the
extradiol dioxygenases are 5C in the resting ferrous
form, in the absence of substrate they are not highly
reactive toward dioxygen. An understanding of the
electronic structure of the extradiol dioxygenase
active site will undoubtedly provide insight into this
lack of dioxygen reactivity of a coordinatively unsat-
urated ferrous center.

Like intradiol dioxygenases, the extradiol dioxy-
genases and related enzymes appear to have an
ordered mechanism in which substrate binds before
dioxygen.287:291.304 |n the first step of the mechanism
(Scheme 11), the substrate binds as a monoanion in
a bidentate fashion in the open coordination position
and both water molecules dissociate, resulting in a
new open coordination position on the Fe'. In the
next step of the mechanism, dioxygen reacts with the
enzyme to form a ternary complex (Scheme 11).
Presumably, O, binds at the open coordination posi-
tion, although studies of azide binding to the ES
complex by MCD/CD suggest that this ternary com-
plex may be 5C.3% Similar to the dioxygen reaction,
the affinity of the enzyme for azide and NO also
increases substantially upon substrate binding (vide
supra).?®:3% There are at least three possible mech-
anisms that would account for this observation: (1)
a modulation of the redox potential of the iron center
when the substrate binds (i.e., catechol coordination
may lower the redox potential);?*” (2) the change in
orientation of the open coordination position may
allow dioxygen better access to the iron or lead to a
more favorable O, binding pocket due to H bonds or
other factors; or (3) the change in the electronic
structure upon substrate binding changes the frontier
molecular orbital involved in dioxygen reactivity. A
change in redox potential, while likely, would not
explain the increased binding affinity for azide since
this is not a redox process. The other two possibilities
have not been evaluated.

It has been proposed that the reaction of dioxygen
with the ES complex leads initially to a superoxide
species. Two possibilities have been considered for
the reduction of the bound dioxygen to superoxide:
the extra electron could come from either the sub-
strate or the Fe". The first possibility would lead to
an Fe''-semiquinone—superoxide species which could
undergo radical coupling of the semiquinone and
superoxide (Scheme 11, center). The second possibil-
ity leads to a monodeprotonated Fe'''—catecholate—
superoxide which could undergo nucleophilic attack
by superoxide on the ring (Scheme 11, right).182.228
The formation of a superoxide species is supported
by the fact that superoxide dismutase decreases the
rate of suicide inactivation in 2,3-CTD by 3-fluoro-
catechol.?% The possibility of a semiquinone—super-
oxide intermediate was probed by use of a substituted
catechol (R of Scheme 11 is a cyclopropyl group, cis-
and trans-2,3-dihydroxyphenyl cyclopropane 1-car-
boxylic acid).®®* Formation of a cyclopropylmethyl
radical during the reaction is expected to lead to fast
ring opening and isomerization.3*? These substrate
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Scheme 11. Possible Mechanism for the Extradiol Dioxygenases (Adapted from refs 182, 228, and 315)
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analogues are cleaved by 1,2-DHPPD, and fast isomer-
ization was observed, thus indicating the opening of
the cyclopropane ring.3' Since 2H,O experiments
ruled out deprotonation and reprotonation of the
cyclopropyl ring, the cis/trans isomerization was
consistent with a semiquinone radical intermediate
(Scheme 11, center).3!* The nucleophilic mechanism
is also not supported by the observation that sub-
strates with both electron-donating and -withdrawing
functional groups such as hydroxide, chloride, meth-
yl, and methoxy are cleaved by these enzymes 185313
Additionally, 4-nitrocatechol is a competitive inhibi-
tor of 4,5-PCD,%'* and electron-donating groups that
can tautomerize appear to be required for 1,2-GTD.?%3
The nucleophilic mechanism does, however, provide
a possible explanation for the specificity for extra-
diol cleavage since the position ortho to the long
Fe—Osubstrate bONd would be expected to have more
partial positive charge and be activated for nucleo-
philic attack (Scheme 11, right).??8

Both possible electronic mechanisms would lead to
an aryl peroxy intermediate. Depending on the
formulation of the aryl peroxy intermediate, this can
undergo a number of possible reactions (Scheme
11): (1) the formation of an epoxide with subsequent
rearrangement to form a lactone, (2) the formation
of a peroxy species to the carbon ortho to the hydroxyl
group with subsequent rearrangement to a dioxetane,
(3) the formation of a peroxy species to the carbon
ortho to the hydroxyl group followed by an acyl
migration leading to a lactone, (4) the formation of a
peroxy species to the hydroxyl carbon with subse-
quent rearrangement to a dioxetane species, or (5)
the formation of a peroxy species to the hydroxyl
carbon followed by an alkenyl migration to form a
lactone species.'8? Attack at the carbon adjacent to

the hydroxylated carbon would seem to afford control
over the specificity, whereas a peroxy bridge to the
hydroxylated carbon could be envisioned to provide
intradiol cleavage products as well. Alternatively, the
regiospecificity of O, attack on the ring was proposed
to be controlled by the steric requirements of the
active site.’®” For 1,2-DHPPD, '80-labeling of both
water and its substrate, with subsequent analysis of
label insertion into the products, was used to examine
these possibilities.3'> When water was labeled, there
was some insertion of label into the carboxylate of
the product, suggesting that the reaction probably
occurred through a lactone with subsequent exchange
of the bound hydroxyl group with bulk solvent
(Scheme 11).3® Consistent with this, when labeled
dioxygen was used, there was some loss of label in
the product.3'® However, in similar studies with 1,2-
GTD, no label is lost.?8® A seven-membered lactone
analogue was in fact hydrolyzed very slowly by the
enzyme.315

The mechanism of the extradiol dioxygenases and
related enzymes is currently not as well understood
as that of the intradiol dioxygenases. The lack of O,
reactivity for a 5C Fe'"' site and why the affinity for
small molecules increases so dramatically upon sub-
strate binding are not clear. Assignment of the
electron distribution in the ternary ESO, complex
and the mechanism of subsequent attack on the ring
remain to be determined. The suicide inactivation is
not yet well understood and may provide insight into
the molecular mechanism. The study of intermedi-
ates observed in the reaction of the model complex
(n-butyIN)4[(CHsCN)Fe'"P,W15NbzOg,] with dioxygen
and DBC may provide insight into the protein mech-
anism.3!% As indicated above, the ferric model com-
plex, [Fe(TACN)(DBC)CI]*, will do extradiol cleavage,
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Table 12. Reactions of the Pterin-Dependent Hydroxylases
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enzyme reaction references
Phenylalanine hydroxylase
(phenylalanine 4-monooxygenase) 317-319

EC 1.14.16.1

Tyrosine hydroxylase
(tyrosine 3-monooxygenase)
EC 1.14.16.2

Anthranilate hydroxylase®

~ood

HoN H2N.
—— - ‘s
Y\© 00C H H

HoN HoN. H
w2 . 320
“oo¢ H ooc H
OH OH
HoN
0 —
“00C

(anthranilate 3-monooxygenase) -00C 321,322
EC 1.14.16.3 OH
H
Tryptophan hydroxylase HN HN
(tryptophan 3-monooxygenase) ‘ooc)q*\“\/p — o H 0 323,324
EC1.14.164 H
Glyceryl-ether monooxygenase H
EC 1.14.16.5 OH/\/\O/\('%/me OH/\(\Oiﬂﬁ.w 337-339
OH OH
Mandelate hydroxylase HQ H HQ H
(mandelate 4-monooxygenase) 'oo§\© _— ‘oocczs\©\o 325
EC 1.14.16.6 H

a Two NADH/NADPH-dependent enzymes are also often referred to as anthranilate hydroxylase: anthranilate 1,2-dioxygenase
(deaminating, decarboxylating), EC 1.14.12.1, the enzyme from A. niger requires Fe' while the enzyme from T. cutaneum is a
flavoprotein; and anthranilate 3-monooxygenase (deaminating), EC 1.14.13.35, also an Fe'!' enzyme.

indicating that oxidation state is not the sole deter-
mining factor for specificity.?** Also, the substrate-
bound forms of 1,2-DHBD and 3,4-PCD (section
11.B.2) have congruent structures. How the specificity
of the position of ring cleavage for the intradiol and
extradiol dioxygenases with their preferred sub-
strates is controlled has not yet been determined.
Molecular insight into the mechanism should allow
the rational design of mutant enzymes and model
complexes to degrade specific pollutants.

2. Pterin-Dependent Hydroxylases

Biochemical Characterization. Several tetrahy-
dropterin-dependent monooxygenases have been iso-
lated and are listed in Table 12. Five of these
enzymes also require mononuclear Fe'" for function:
phenylalanine hydroxylase (PAH),317~31° tyrosine hy-
droxylase (TyrH),3?° anthranilate hydroxylase,3?%:322
tryptophan hydroxylase (TrpH),%%3324 and mandelate
hydroxylase.®? Very little research has been done to
characterize the anthranilate and mandelate en-
zymes; however, the three amino acid hydroxylases
(PAH, TyrH, and TrpH) are known to share many
physical, structural, and catalytic properties.38326-328
PAH, expressed primarily in the liver and Kidney,
catalyzes the conversion of L-phenylalanine to L-
tyrosine in the rate-limiting step of phenylalanine
catabolism. TyrH functions in the rate-limiting step

of catecholamine biosynthesis in the brain, catalyzing
the hydroxylation of L-tyrosine to 3,4-dihydroxyphen-
ylalanine (L-Dopa). TrpH hydroxylates L-tryptophan
to 5-hydroxytryptophan in the rate-limiting step in
the biosynthesis of serotonin, also in the brain.
Disruption of TyrH function is suspected to play a
role in several neurological disorders, including schizo-
phrenia and Parkinson’s disease, while dysfunction
of PAH leads to severe mental retardation (phenylke-
tonuria, PKU). Of the PKU-inducing PAH mutants
characterized to date, most appear to affect protein
stability.32°7334 The three enzymes share extensive
sequence homology in their catalytic domains, and
it is believed that they have similar hydroxylation
mechanisms. It should also be noted that a PAH
enzyme has been isolated from Chromobacterium
violaceum, and the metal requirement for this en-
zyme is unclear.335336

Of the three amino acid hydroxylases, PAH has
been the most extensively studied due to its relative
stability and ease of purification; consequently, this
review will focus on PAH with secondary emphasis
on TyrH. PAH exists as a dimer or tetramer of
identical 51.7 kDa subunits, each of which contains
a non-heme iron atom that is required for cataly-
sis.3%0341 The enzyme is tightly regulated by both
L-phenylalanine and pterin cofactor. L-Phenylalanine
allosterically activates the enzyme from the resting,



270 Chemical Reviews, 2000, Vol. 100, No. 1

Scheme 12
(0] OH
H phe  tyr H
4 Ns R U 0 N LR
HN3 % oy @ — N am
2l | o ), Fe'PAHiO, |l
HoN N~8a H HoN N H

4a-hydroxy-BH4
l\\. H.0O

o]
N. LR
N - i
P
HN" NN
H

quinonoid BHy (g-BHy)

R = (CH2OH)>CH3z
tetrahydrobiopterin
BH,)

low-affinity state (PAHT) to the activated, high-
affinity state (PAHR) through cooperative binding to
an allosteric effector site that is distinct from the
enzyme’s catalytic site.?4>=3* The T — R activation
is accompanied by a significant structural rearrange-
ment of the protein and promotes tetramer forma-
tion.344346 Alternatively, activation can be accom-
plished by using detergents (e.g., lysolecithin),
proteases (e.g., a-chymotrypsin), or sulfhydryl-mod-
ifying reagents (e.g., N-ethylmaleimide).347—34° Ad-
ditionally, phosphorylation of PAH appears to sen-
sitize the enzyme to allosteric activation by L-phenyl-
alanine.®* In contrast, allosteric activation is inhib-
ited by the cofactor tetrahydrobiopterin (BH,4; Scheme
12), although pterin analogues lacking the dihy-
droxypropyl side chain do not inhibit activation.350:351
The regulatory mechanisms of TyrH and TrpH are
markedly different from that of PAH, possibly indi-
cating that while the three enzymes share similar
catalytic domains, the regulatory domains evolved
separately to suit the particular physiological role
and location of each enzyme.

Kinetics. As isolated, the active site of PAH is in
the Fe'"' oxidation state, which may be an artifact
of purification. BH, and analogues reduce the en-
zyme from the Fe''' to the catalytically active Fe'l
state.34335273% This reduction is postulated to occur
at a site distinct from either the regulatory or
catalytic sites.3®® The reduction reaction may play a
role in vivo to avoid the accumulation of inactive
Fe'"PAH as the enzyme becomes oxidized once in
every 150—200 catalytic turnovers.3%%3% The stoichi-
ometry of reduction depends on enzyme activation:
reduction of Fe'"PAHT consumes two electrons per
enzyme subunit, with one electron transferred to Fe'"
and one to Oy, while reduction of Fe'""PAHR requires
only one electron per subunit.3183%:357 Very little is
known about the reduction mechanism.®

Despite many years of effort, the hydroxylation
mechanism of PAH and its related enzymes is also
poorly understood. Fe'!, reduced pterin cofactor, and
O, are required to hydroxylate the appropriate amino
acid. A crucial early step toward elucidating the
mechanism of PAH was determination of the pterin
product, initially thought to be the quinonoid BH, (g-
BH.,). g-BH; is actually produced by dehydration of
the initial product of the coupled hydroxylation of
PAH, 4a-hydroxy—BH, (4a-carbinolamine), as shown
in Scheme 12.3%8 180, studies further demonstrated
that dioxygen is partitioned by PAH such that the
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hydroxy group added to the 4a-hydroxy-BH, and the
hydroxylated amino acid comes directly from O,.359:360
On the basis of regulatory constraints, an ordered
sequential mechanism is observed for the resting
enzyme with its natural substrates: L-Phe + BH, +
0,.%8351 Using preactivated enzyme, substrates can
be added in at least a partially random order. Steady-
state analysis has indicated that the binding order
for TyrH, however, is BH; + O, + L-Tyr,%! although
this does not require that O, be activated before
L-tyrosine binds. Both enzymes have an absolute
requirement for binding of all three substrates before
any coupled hydroxylation product is released. For
lysolecithin-activated PAH, the K, for catalytic bind-
ing of L-phenylalanine is 180 «M, within a factor of
2 of the Kgapp (110 uM) for the allosteric activator
site.318346 The K, for BH, is 3—21 uM,347:3%5362 de-
pending on assay conditions, while the K, for 6-meth-
yltetrahydropterin (6MPH,) is 45—61 uM.31834¢ PAH
isolated from rat liver has a Viax 0f 22 s71 subunit=.3%
It is notable that for TyrH the K,,’s for tyrosine and
for oxygen are dependent on the structure of the
pterin cofactor used in the assay.3?° This is consistent
with the ordered mechanism above and may indicate
a role for the pterin in amino acid binding.

PAH inhibitor studies have generally not been
informative since most reversible inhibitors are actu-
ally poor substrates that cause significant uncoupling
of the PAH reaction, i.e., only the pterin is oxidized.
Such alternative substrates range from L-methionine
and L-norleucine to ortho-, meta-, and para-substi-
tuted L-phenylalanine derivatives, requiring oxygen-
atom insertion into alkane and aromatic C—H bonds
as well as oxygen-atom transfers to form epoxides or
sulfoxides.® The mechanism of this uncoupled hy-
droxylation is poorly understood. Although it is
generally assumed that the oxidizing species for the
uncoupled reaction would be the same as that for the
coupled hydroxylation of both cosubstrates,¢ there
is no evidence that this is in fact the case. Completely
uncoupled turnover (e.g., with L-tyrosine as sub-
strate) may also have a different mechanism from
partially uncoupled turnover (e.g., with para-substi-
tuted L-phenylalanine derivatives).® The pterin prod-
uct g-BH; is formed from uncoupled hydroxylation,
and such turnover also results in oxidation of the iron
to the Fe''! state.3%53% The 4a-hydroxy-BH, product
has also been observed, although it is not clear
whether this is actually a product of the uncoupled
reaction in a partially coupled mechanism,356:363:364
Production of H,0O, rather than complete reduction
of O, to H,O during uncoupled pterin oxidation is also
controversial.356:364

Structure. Several crystal structures have re-
cently appeared on truncated forms of both PAH and
TyrH.%?” The first structure published of PAH con-
sists of the catalytic and C-terminal tetramerization
domains of the enzyme, minus the N-terminal regu-
latory domain. This truncated form of the enzyme
represents a fully activated state (*PAHR) in which
activity does not increase upon addition of L-phenyl-
alanine. The dimeric form of the enzyme is stabilized
through interactions of both the catalytic and tet-
ramerization domains,®®® while tetramerization oc-
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Figure 33. (A) Structure of the active site of Fe''"PAH.
(B) Structure of the active site of Fe!""TyrH with cofactor
analogue 7,8-BH,. (The structures were generated using
the crystallographic coordinates from PDB files 1IPAH and
2TOH, respectively.)

curs via a “domain swapping arm” that interacts with
the other monomers to form an antiparallel coiled-
coil structure.®%® Within each monomer, the active
site is lined primarily with hydrophobic residues and
contains one 6C Fe'" in a distorted octahedral
geometry.3%> Site-directed mutagenesis had previ-
ously determined that His285 and His290 were
required for iron binding;3¢7 in the crystal structure,
the iron atom is coordinated to these ligands as well
as to Glu330 (monodentate) and three H,O ligands
as shown in Figure 33A. The active-site structure is
consistent with the “2-His-1-carboxylate facial triad”
postulated to be a common motif for non-heme Fe'!
enzymes.?8! Further studies on an alternative trun-
cated form of PAH, with the catalytic and regulatory
domains but without the tetramerization domain,
indicate that the core of the regulatory domain is far
from the active site; however, the N-terminal arm
does extend across the catalytic domain to restrict
access to the active site.368

Chemical Reviews, 2000, Vol. 100, No. 1 271

The overall protein structure and Fe""' coordination
of PAH is very similar to that determined for trun-
cated Fe'"TyrH, although in Fe"TyrH one of the
water ligands appears to be missing.?®® A crystal
structure has also been reported for truncated Fe''-
TyrH with an oxidized BH, analogue, 7,8-dihydro-
biopterin (7,8-BH,), bound at the active site.3”° The
pterin does not bind to the iron, and the closest
contact between the pterin and the iron is the C4
carbonyl oxygen at a distance of 3.6 A as indicated
in Figure 33B. A hydroxylated phenylalanine residue
was also observed in this structure, and it was
proposed to play a role in substrate specificity.3?7:370
Hydroxylation of the phenylalanine, however, was
recently shown to be the result of crystallization
conditions, and it is not required for full enzyme
function.®”* The pterin overlaps with the binding site
of catecholamine inhibitors, as determined by crystal
structures of truncated Fe'''"PAH,*2 although the
aromatic rings of the pterin and catecholamine are
90° to each other. In general, catechols are competi-
tive inhibitors with respect to the pterin cofactor and
are noncompetitive inhibitors with respect to sub-
strate. When bound to the enzyme, they give rise to
a blue-green protein solution with LMCT bands
around 700 nm, indicating that the catecholamines
coordinate to the Fe'" center.373374 This is confirmed
by the crystal structures, where each catecholamine
displaces two of the water ligands to bind in a
bidentate fashion to the Fe''' atom.

Spectroscopy. As with the crystal structures,
most of the spectroscopic data on the iron site of PAH
have been collected on the Fe!"! form of the enzyme
rather than the catalytically relevant Fe!' oxidation
state. The EPR spectrum of the resting Fe''' enzyme
with no substrates bound at the active site (PAHT[ ])
has axial (gefr = 6.7 and 5.4) and rhombic (gesr = 4.3)
components consistent with an S = 5/2 system.346.353
CD and MCD studies provided the first direct analy-
sis of the Fe' site of resting PAHT[ ] and showed two
d — d transitions split by ~1600—1950 cm~! and
centered slightly <10 000 cm~* (10Dq ~ 9400—9850
cm™1) as presented in Figure 34A.#” This is indicative
of a distorted-octahedral, high-spin Fe'' active site
with a first coordination sphere comprised of signifi-
cant oxygen ligation, consistent with Mdssbauer
spectroscopy,3® XAS/EXAFS,* and with subsequent
analysis of the Fe'""PAH crystal structure.®®® VTVH
MCD data in Figure 34B show limited nesting and
were fit with a Ms = £2 doublet splitting of 6 = 2.9
cm~t and g, = 8.9.87® The small value of ¢ is unusual
for a 6C site; it can be associated either with z-back-
bonding, which is not relevant for the endogenous
ligands of PAH, or with a site that is relatively axial.
Analysis of the spin Hamiltonian gives 5T,y LF
ground-state splitting parameters of A ~ —250 cm™!
and |V| ~ 70 cm™! (|V/2A| ~ 0.14), as shown in Figure
341. Activation of the enzyme by nonphysiological
activators does not perturb either the MCD*’ or the
EPR?38 spectra of Fe!'"PAH[ ] and Fe'""PAH[ ], respec-
tively, indicating that the active site is not affected
by activation despite the other structural changes in
the enzyme discussed above.
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Figure 34. (A) MCD spectrum PAHT[ ] (—) with Gaussian fit (- - -) and components (— —). (B) VTVH MCD recorded at
8500 cm~1 for PAHT[ ]. The best fit (—) to the data (®) was generated by the parameters described in the text. (C) MCD
spectrum of PAHT[5-deaza-6-MPH,]. (D) VTVH MCD recorded at 8805 cm~! for PAHT[5-deaza-6-MPH,]. (E) MCD spectrum
PAHR[L-Phe]. (F) VTVH MCD recorded at 9000 cm~1 for PAHR[L-Phe]. (G) MCD spectrum PAHR[L-Phe, pterin]. (H) VTVH
MCD recorded at 6055 cm~! for PAHR[L-Phe, pterin]. (I) Experimentally determined d-orbital energy levels. (Adapted

from refs 47 and 375.)

CD and MCD spectra of the cofactor analogue
5-deaza-6-MPH,4 bound to Fe''PAH (Fe'"PAHT[5-deaza-
6-MPH,]) show two d — d bands with ASE4 ~ 1600—
1900 cm™! and 10Dg ~ 9300—-9850 cm™! (Figure
34C).%"> VTVH MCD data in Figure 34D gave 6 =
2.9 cm™t and g, = 9.2, yielding A = —300 cm~! and
V| = 80 cm™! (Figure 341). Again, activation of the
enzyme by nonallosteric methods does not affect the
CD/MCD spectra. These results are almost identical
to those for Fe!'"PAH] ], above, and demonstrate that
pterin binding does not perturb the 6C active site.
This is in agreement with the crystal structure of 7,8-
BH, bound to Fe'"TyrH,*° along with Mossbauer and
XAS results indicating that pterin is close to but not
coordinated to the iron.*

Binding of substrate L-phenylalanine to Fe!'"PAH,
however, does affect the active site. The two d — d
bands observed by CD/MCD shift to slightly higher
energy, as shown in Figure 34E, with 10Dq = 9980—
10450 cm~! and ASE4 = 1450—2000 cm~1.47 Activation
does not affect the substrate-bound site, as the
spectra are the same for both Fe!'PAHT[L-Phe] and
Fe''"PAHR[L-Phe]. The VTVH MCD data show greater
nesting (Figure 34F) with 6 = 3.7 cm~* and g, = 9.5,
leading to greater ground-state orbital splittings of

A = =500 cm~ and |V| = 180 cm™* (Figure 341).37
This reflects a perturbation of the 6C iron site with
an increase in LF strength attributed to a rearrange-
ment of the active-site ligation, presumably to allow
for proper orientation of substrate in active site. Such
a ligand rearrangement is also indicated by EXAFS
analysis, showing a shift in the relative number of
ligands from the outer to the inner subshell of the
first coordination sphere of the Fe' site upon sub-
strate binding.*” These results contradict 'H NMR
studies on the Fe'!"! enzyme, concluding that a water
molecule is displaced from coordination to the iron
upon substrate binding,®’® although another NMR
study placed the aromatic ring of the phenylalanine
in the second coordination sphere of the Co'l-
substituted enzyme.?”” EPR spectra of either Fe''-
PAHR[L-Phe] or Fe""PAHT[L-Phe] show the disap-
pearance of the axial signals at g = 6.7 and 5.4
characteristic of the resting enzyme, with a new
signal appearing at gesr = 4.5.346

Addition of both substrate L-phenylalanine and
pterin cofactor to Fe'"PAH has also been studied by
CD and MCD spectroscopy. For the Fe''PAHR[L-phe,
pterin] species, a dramatic change is observed in both
excited-state and ground-state spectral features. One
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Scheme 13. Possible Mechanistic Scheme for PAH
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of the higher energy bands (at ~10 000 cm™1) disap-
pears and a new, low-energy band (<6500 cm™) is
observed in Figure 34G.3" This Fe'" site with 10Dq
<8900 cm~! and ASE4 > 3100 cm~t is 5C, indicating
that the iron has lost a ligand. Additionally, the
VTVH MCD data shown in Figure 34H have much
greater nesting relative to the other PAH species
(Figure 34B, D, and F). Analysis determined that this
is due to +ZFS in Fe""PAHR[L-phe, pterin], with D =
8.7 cm™! and |[E| = 1.4 cm™%, whereas all other Fe'-
PAH forms studied have —ZFS as outlined above.
This leads to ground-state orbital splittings of A ~
+825 cm™! and |V| ~ 315 cm™! as shown in Figure
341. For a 5C site, the e4 orbitals have a relatively
small splitting; combined with +ZFS, this is consis-
tent with a strong-axial square-pyramidal structure.

Molecular Mechanism. The formation of such a
5C site upon substrate and cofactor binding directly
implicates the iron in coupled hydroxylation and is
also consistent with the ordered mechanism of PAH
wherein substrate and cofactor must be present
before any product is released.®®35! The open coordi-
nation position observed for PAHR[L-phe, pterin]
suggests initial reaction of O, with Fe" and possible
coordination of a peroxy—pterin intermediate to the
iron, as indicated in Scheme 13.3’> The ligand lost
relative to the resting enzyme in Figure 33Ais likely
one of the H,O molecules. A 4a-peroxy—BH, species
has been proposed as an intermediate for PAH,38 but
such an intermediate has not been observed. It would
be possible to form a formally Fe!'-OO—pterin in-
termediate that subsequently heterolytically cleaves
to yield 4a-hydroxy—BH, and Fe'V=0, which could
then react with the amino acid. A recent study of a
non-heme model complex shows evidence for an
Fe'V=0 intermediate in the hydroxylation of a phenyl
group.’”® In the crystal structure of TyrH with
oxidized pterin (Figure 33B), the distance from the
iron to the pterin C4a atom is 5.6 A, which would
allow for O, interaction with both the iron and pterin
as a peroxy intermediate.®’° Although it is generally
assumed that the initial reactive species is formed
using the pterin cofactor, there is no evidence for this.
It should also be noted that the first product released
by TyrH is the amino acid product, L-Dopa.36!

180 isotope effects were studied as a function of
amino acid substrate, pterin derivative, and pH; large
effects (*¥(V/K) ~ 1.0175) were seen for TyrH under
all conditions.®® This was interpreted to be consistent
with a change in the oxygen bond order as the rate-
determining step in catalysis. These studies also
suggested that formation of an iron—dioxygen species
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is not rate determining. Steady-state and ?H kinetic
isotope effect (KIE) experiments on TyrH have also
ruled out amino acid C—H bond cleavage and product
release as slow steps in catalysis and indicate that
formation of the hydroxylating intermediate is the
rate-limiting step.%61381 The NIH shift, where the
tritium atom in L-[4-*H]Phe migrates to the meta
position in the tyrosine product, was originally
documented in PAH.382 Although an arene oxide is
usually suggested to be an intermediate in such
migration reactions,3’8 there is no evidence that this
must be the case for PAH.3:31° |n fact, experiments
using 4-methyl-phenylalanine indicated that a meta-
carbocation is formed.3%° Proposed mechanisms gen-
erally involve electrophilic attack of an oxygen species
at the para-position of the aromatic ring.

While progress has been made in establishing and
understanding the kinetic order for PAH and TyrH,
more research is necessary to further elucidate the
molecular mechanism of the pterin-dependent hy-
droxylases. In particular, the nature of the hydrox-
ylating intermediate and the role of the iron in
catalysis have yet to be established. As the mecha-
nism of action of these enzymes is defined, the
diseases induced by enzyme mutations will be better
understood at a molecular level.

3. a-Ketoglutarate-Dependent and Related Enzymes

Biochemical Characterization. A large class
of mononuclear non-heme iron enzymes requires a-
ketoglutarate (a-KG or 2-oxoglutarate) as a cosub-
strate.38373% They are present in animals, plants, and
microorganisms, where they play key roles in an
array of primary and secondary metabolic pathways.
Prolyl 3-hydroxylase (EC 1.14.11.7), prolyl 4-hy-
droxylase (EC 1.14.11.2), and lysyl hydroxylase (EC
1.14.11.4) are involved in posttranslational process-
ing of collagen in animals.® Prolyl 4-hydroxylase
from plants is critical in the synthesis of hydroxypro-
line-rich glycoproteins which regulate the extensibil-
ity and digestibility of the cell wall.3®" Aspartyl
pB-hydroxylase (EC 1.14.11.6) catalyzes the posttrans-
lational hydroxylation of aspartyl residues in several
epidermal growth factors in mammalian systems.388
Two o-KG dependent non-heme iron enzymes, e-N-
trimethyl-L-lysine hydroxylase (EC 1.14.11.8) and
y-butyrobetaine hydroxylase (EC 1.14.11.1), are criti-
cal in the fatty acid biosynthesis.?8%:3% Thymine
7-hydroxylase (EC 1.14.11.6) and pyrimidine deoxy-
ribonucleoside 2'-hydroxylase (EC 1.14.11.3) are im-
portant enzymes in pyrimidine metabolism.39%:392 2 4-
Dichlorophenoxyacetic acid (2,4-D)/a-KG dioxygenase
(TfdA) catalyzes the first step in catabolism of the
broadleaf herbicide 2,4-D to form 2,4-dichlorophenol
and glyoxylic acid, a reaction thought to proceed via
hydroxylation at the 2,4-D methylene group followed
by spontaneous breakdown of the hemiacetal prod-
uct.3%33% Most a-KG-dependent iron enzymes are hy-
droxylases; they catalyze the coupled reaction of
hydroxylation of an unactivated C—H bond in a sub-
strate and the oxidative decarboxylation of the co-
substrate a-KG, leading to succinate and CO,. One
atom of dioxygen is incorporated as the hydroxyl
group of the product and the other into the carbox-
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ylate group of succinate (Scheme 14). However, some
members of this class can catalyze other oxidative
reactions of substrate and some are multifunctional.
In addition to hydroxylation of thymine to 5-hy-
droxymethyluracil, thymine 7-hydroxylase catalyzes
the following two oxidation steps to form 5-formyl
uracil and uracil-5-carboxylic acid.3913% Deacetoxy-
cephalosporin C synthase (DAOCS) catalyzes the first
committed step in the biosynthesis of antibiotic
cephalosporin, the expansion of the five-membered
thiazolidine ring of penicillin N to deacetoxycepha-
losporin C which contains the characteristic six-
membered cepham ring.2% Another important a-KG-
dependent iron enzyme in antibiotic biosynthesis is
clavaminate synthase 2 (CS2), which catalyzes three
reactions: (1) the normal hydroxylation of deox-
yguanidinoproclavaminic acid (DGPC) to guanidino-
proclavaminic acid, (2) oxidative cyclization of pro-
clavaminic acid (PC), and (3) desaturation of dihydro-
clavaminic acid to clavaminic acid (Table 1).39773% In
the non-oxygenation reactions, one atom of dioxygen
is reduced to water with the two-electron oxidation
of the substrate (Scheme 14).

All a-KG-dependent non-heme iron enzymes re-
quire ferrous ion, a-KG, and O, for reactivity but
have different quaternary structures.® Prolyl 4-hy-
droxylase from all animal sources consists of af-
subunits with MW = 64 and 60 kDa, respectively.38¢
Each a-subunit contains one catalytic active site
while the role of the g-subunit is complex and
multifunctional. Lysyl hydroxylase is a homodimer
(o) with a total MW = 85 kDa.% The active form of
DAOCS is a monomer with MW = 34.5 kDa.*® CS2
is @ monomer of MW = 36 kDa.40%:402

Amino acid sequence alignment among the o-KG-
dependent iron enzymes shows that only a subclass
of these enzymes share high sequence homology.385403
A common motif HisXAspX(53—57)His is found in
this subclass. Utilizing site-directed mutagenesis,
this motif has been identified as part of the iron-
binding site.%374% About 10 amino acid residues from
the second histidine in this motif the residues
ArgXSer are highly conserved and may be part of the
0o-KG binding site.*%374%5 These common motifs are
also conserved in two non-heme iron enzymes which
are not dependent on o-KG: isopenicillin N-synthase
(IPNS) and 1-amino-1-cyclopropane carboxylic acid
(ACC) oxidase (ACCO, also known as ethylene-
forming-enzyme, EFE).4%3

IPNS plays a key role in antibiotic synthesis in a
variety of microorganisms. It catalyzes the transfor-
mation of a tripeptide J-(L-a-aminoadipoyl)-L-cys-
teinyl-D-valine (ACV) into isopenicillin N.#%6497 |n this
reaction, substrate ACV is oxidized by four electrons
with ring closure and one molecule of dioxygen is

Solomon et al.

reduced to two water molecules (Table 1). Ethylene
is an important messenger molecule in higher plants
involved in the wounding and senescence of leaves
and flowers, seed germination, and fruit ripen-
ing.4084%° The final step in the biosynthesis of ethyl-
ene is catalyzed by ACCO.#0411 Substrate ACC is
oxidatively fragmented to form ethylene with con-
comitant oxidation of the cosubstrate ascorbate to
dehydroascorbate (Table 1).412

Kinetics. No pre-steady-state Kinetic study has
appeared for this class of enzymes. Steady-state
kinetic studies on prolyl hydroxylase favor an ordered
sequential mechanism with the binding of Fe'!" fol-
lowed by the sequential binding of a-KG, O,, and sub-
strate.**3414 In contrast, similar studies on thymine
hydroxylase also indicate a sequential ordered mech-
anism but with substrate binding before 0,.3%1:3% This
difference may be due to the fact that prolyl hydroxyl-
ase can catalyze the uncoupled o-KG decarboxylation
reaction (vide infra) in the absence of substrate,*3415
which complicates the kinetic analysis. Thymine
7-hydroxylase is unable to catalyze the uncoupled
reaction unless a substrate analogue is present.39416

Many enzymes in this class catalyze the reaction
where a-KG decarboxylation is uncoupled from the
substrate oxidation, either in the absence of substrate
or in the presence of a substrate analogue.#13415-418
This uncoupled reaction can also occur to a significant
extent in the presence of substrate, as demonstrated,
for example, by the fact that the formation of CO;
from decarboxylation of o-KG exceeds substrate
formation by 20% for human y-butyrobetaine hy-
droxylase.**® The uncoupled reaction usually leads to
enzyme deactivation. The deactivation has an un-
known mechanism but possibly results in the oxida-
tion of Fe" to the inactive Fe'" form.*'® Ascorbate is
usually added in vitro to obtain full catalytic activity,
possibly by acting as an alternative electron source
in the uncoupled reaction, thus preventing deactiva-
tion. It is consumed substoichiometrically in the
normal reaction*'>420 and stoichiometrically*'® in the
uncoupled reaction.

Structure. The first crystal structure of an a-KG-
dependent iron enzyme was recently reported for
DAOCS.*?! Three forms have been published (Figure
35): apo (i.e., metal removed) DAOCS (PDB ID:
1DCS), the DAOCS complex with Fe!' (PDB ID:
1RXF), and the complex of DAOCS with Fe'' and
o-KG (PDB ID: 1RXG). The overall folding of a jelly
roll flanked with helices is the same for all three
structures, except that the apo DAOCS exists as a
trimer but dissociates into monomers when Fe'' and/
or o-KG bind. In the DAOCS/Fe'!' complex, the Fe'
is 6C, ligated by His183, His243, Asp185 (monoden-
tate), and three water molecules. In the DAOCS/Fe'!/
o-KG, the cosubstrate binds in a bidentate manner
through its 1-carboxylate and 2-oxo groups, replacing
two of the water molecules in a new 6C species,
consistent with spectroscopic studies on CS2 (vide
infra). The 5-carboxylate group of a-KG forms a salt
bridge with Arg258 and is H-bonded to Ser260. Both
the Fe'' endogenous ligands and the a-KG anchors,
Arg258 and Ser260, are consistent with sequence
alignment.*03
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the apoenzyme; (B) the complex of DAOCS/Fe!; and (C)
the complex of DAOCS/Fe!'/a-KG. (Reprinted with permis-
sion from Nature (ref 421). Copyright 1998 Macmillan
Magazines Ltd.)

Crystal structures of the Mn''-substituted IPNS
(PDB ID: 1IPS) as well as structures of the IPNS/
Fe''Y/ACV (PDB ID: 1BKO) and IPNS/Fe!''/NO/ACV
(PDB ID: 1BLZ) complexes have been reported.403422
IPNS and DAOCS share a common jelly roll g-strand
motif where the active site is located. In the IPNS/
Mn!" structure (Figure 36A), the metal is coordinated
by His214, Asp216 (monodentate), His270, GIn330,
and two water molecules. In the IPNS/Fe!'/ACV
structure (Figure 36B), ACV is bound rigidly and is
held in a conformation approaching that required for
pB-lactam formation. The thiolate group of ACV binds
directly to the Fe'' ion, replacing GIn330. Further, a
water molecule trans to Asp216 is lost and Fe'' goes
5C. The open coordination site is protected from the
binding of a water molecule by the ACV-derived
valine isopropyl group. The carboxylate of the valine
residue of ACV is H-bonded to Arg279 and Ser281,
which through sequence alignment correspond to
Arg258 and Ser260 in DAOCS (vide supra). In the
IPNS/Fe!'/NO/ACV complex (Figure 36C), the NO
molecule occupies the open coordination position of
the IPNS/Fe!'/ACV complex. The oxygen atom of the
NO molecule is at an equal distance from both the
valine nitrogen and the cysteinyl g-carbon, which
must each lose one hydrogen atom to close the
pB-lactam ring. There is no crystal structure presently
available for ACCO.

Spectroscopy. Early EPR studies of prolyl hy-
droxylase showed an EPR signal at g = 4.3,4?3 which
most certainly came from the inactive high-spin Fe'"
form of the enzyme. EPR and electron spin—echo
envelope modulation (ESEEM) studies on Cu'-
substituted TfdA were interpreted as the Cu'" oc-
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Figure 36. Structure of the active site in IPNS. (A) The
complex of IPNS/Mn'!. (B) The complex of IPNS/Fe!'/ACV.
(C) The complex of IPNS/Fe!''/ACV/NO. (Structures gener-
ated using the crystallographic coordinates from PDB files
1IPS, 1BKO, and 1BLZ, respectively.)

cupying the Fe'!' binding site and coordinated by two
endogenous histidine ligands and four other endog-
enous or exogenous ligands.*?* CD and MCD studies
on CS2 provide the first direct spectroscopic informa-
tion about the nature of the catalytically relevant Fe'"
active site in an o-KG-dependent iron enzyme.*?5 A
near-IR CD titration demonstrated stoichiometric
binding of Fe'' to the apo enzyme (K, > 5000 M1).
Near-IR MCD of the CS2/Fe'' complex (Figure 37A)
showed two d — d bands at ~9000 and 11 000 cm™1,
indicating a distorted 6C ferrous active site. This was
subsequently supported by X-ray crystallographic
studies on DAOCS/Fe'' (vide supra).

The interaction of a-KG with CS2 was also studied
by CD titrations, which showed that the affinity of
a-KG binding is higher when Fe'' is present.*?®> The
CS2/Fe"/a-KG complex shows two d — d bands at
~8700 and 10 400 cm™t in the near-IR MCD spectra
(Figure 37B) and a broad CT band from 16 000 to
26 000 cm™! as well as an o-KG n — z* band at
28000 cm™! in the UV-—vis absorption/CD/MCD
spectra (Figure 38). VTVH MCD of this complex
(Figure 37E) showed a smaller ZFS than resting CS2/
Fe'' (Figure 37D) and thus a larger 5T,4 ground-state
splitting, indicating the presence of a strong =
interaction between o-KG and Fe!' (Figure 37G). The
metal-to-ligand CT (MLCT) absorption intensity in
Figure 38 requires direct orbital overlap between
ao-KG and Fe'', which requires that a-KG must bind
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Figure 37. (A) MCD spectrum and its Gaussian components of CS2/Fe'!. (B) MCD spectrum and its Gaussian components
of CS2/Fe"/a-KG. (C) MCD spectrum of CS2/Fe''/a-KG/DGPC. (D) VTVH MCD data at 9200 cm™! (@) and its best fit (—)
for CS2/Fe'l. (E) VTVH MCD data at 8550 cm~? (®) and its best fit (—) for CS2/Fe''/o-KG. (F) VTVH MCD data at 6060
cm~! (@) and its best fit (—) for CS2/Fe!'/a-KG/DGPC. (G) The d-orbital energy level diagram for the complexes of CS2/
Fe!l, CS2/Fe"/a-KG, and CS2/Fe''/a-KG/DGPC. (Adapted from refs 425 and 429.)

directly to Fe". The MLCT intensity also indicates
that there is 7-back-bonding from the Fe'' t,4 orbitals
into the a-KG #* orbital. This back-bonding may play
a role in activating o-KG for reaction with oxygen
by imparting some radical character. The n — z*
transition of o-KG shifts from 29 000 to 28 000 cm™*
upon Fe'' binding (Figure 38B), which indicates that
the a-keto carboxylate moiety of a-KG becomes much
more planar when a-KG binds to Fe'. The above
analysis and the comparison with model complexes*?®
demonstrate that o-KG binds to Fe'' in a bidentate
fashion producing a new 6C site. Early biochemical
studies*?7428 using a series of a-KG analogues specu-
lated this binding mode, which has also been con-
firmed by the later crystallographic studies on DAOCS
(vide supra). EPR and ESEEM studies on the o-KG
interaction with TfdA/Cu' indicated a monodentate
binding mode of a-KG.*?*

Insight into substrate interactions with the Fe'
active site also comes from CD/MCD studies.*?® When
a-KG is absent, binding of the hydroxylation sub-
strate DGPC does not perturb the CD/MCD spectra
of the iron site, but when o-KG is present, dramatic
changes occur to the spectra: a new d — d band at
~5200 cm™! and another at ~8800 cm™! appear
(Figures 39 and 37C), indicating the formation of a
5C species. The VTVH MCD data of the complex of
CS2/Fe"/a-KG/DGPC (Figure 37F) are best described
by a +ZFS model, which indicates that the 5C site is
a strong axial, square-pyramidal Fe'' site. The MLCT
and n — x* transitions remain, indicating that a-KG
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Figure 38. UV—vis absorption (A), CD (B), and MCD (C)
spectra of apo-CS2 (light solid line), the complex of CS2/
a-KG (dashed line), and the complex of CS2/Fe!/a-KG

(heavy solid line). (Adapted from ref 425.)
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strate binding with the CS2/Fe!'/a-KG complex at 277 K.
Inset: corresponding CD titration spectra in the UV—vis
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still binds to Fe" in a bidentate fashion when the
DGPC substrate is bound to the active site (Figure
39, inset). From the asymmetrical shape of the high-
energy d — d band at ~8800 cm™! (Figure 37C) and
the different VTVH behavior observed for the two
sides of this band (data not shown), it is concluded
that a small amount of 6C Fe' species is also present
upon substrate binding.*3 This may correlate to the
fact that the uncoupled reaction occurs even in the
presence of substrate at saturating concentration.
The effect of PC cyclization substrate binding on the
Fe'' active site is similar to that of DGPC: a similar
5C site is formed where a-KG remains bound in a
bidentate mode.**° This suggests that the hydroxyl
group of PC does not coordinate directly to the Fe'l
and a similar 5C site is formed for both the hydroxy-
lation reaction and the cyclization reaction. There is
also a small amount of 6C component present upon
PC substrate binding.

Mdossbauer spectroscopic studies demonstrated that
resting IPNS/Fe' is 6C high-spin Fe'!'.3 NMR studies
on Fe''- or Co"-substituted IPNS identified three ni-
trogen ligands and a carboxylate ligand.*3* Two histi-
dine residues were observed by ESEEM on the Cu'!
complex of IPNS.*3 The IPNS/Fe''/NO complex shows
a S = 3/2 EPR signal (E/D = 0.015) which becomes
more rhombic (E/D = 0.035) when ACV substrate
binds.3® The absorption spectrum of the IPNS/Cu'/

product, CO,,
succinate

+ a-KG ‘ _ o
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ACV complex shows a strong 390 nm band which is
assigned as a thiolate-to-Cu'' CT transition, indicat-
ing ACV may directly bind to the metal.*3®* EXAFS
on the complex of IPNS/Fe''/ACV indicated a sulfur
scatterer at 2.3 A, and EXAFS studies on the IPNS/
Fe!''/ACV/NO complex showed evidence of a 1.76 A
scatterer which is assigned to the bound NO.*3* These
results demonstrate that substrate directly binds to
Fe" through the thiolate ligand, which was confirmed
by later crystallographic studies (vide supra).*®3

The first spectroscopic study on ACCO has recently
been published using EPR and electron nuclear
double resonance (ENDOR) on the ACCO/Fe!"'/NO/
ACC complex.*®® The data indicate that in contrast
to the o-KG-dependent enzymes, substrate ACC
binds directly to the iron through both the amino and
the carboxylate groups, in a bidentate mode. Cosub-
strate ascorbate does not directly bind to the Fe''.

Molecular Mechanism. As early as 1982, when
information on the Fe'' coordination environment was
very limited, a hypothetical molecular mechanism
was proposed for prolyl hydroxylase.*®¢ In light of the
recent spectroscopic data on CS2425429.430 gnd crystal-
lographic studies on DAOCS,*?! a detailed catalytic
mechanism of the a-KG enzymes can be developed
(Figure 40). Fe" binds at the active site to form a 6C
distorted octahedral site with a coordinatively satu-
rated environment so that it is relatively unreactive
toward dioxygen. Cosubstrate o-KG binds in a bi-
dentate fashion to Fe'' through its 1-carboxylate and
2-keto groups, forming a nearly planar five-mem-
bered ring with the iron. The Fe'' site is still 6C and
relatively unreactive toward O,, thus limiting the
rate of the uncoupled reaction. Prior to the O,
reaction, substrate binds to the active site in the
proximity of the Fe'' ion and the interaction of
substrate with the protein matrix results in the
dissociation of an Fe'' ligand, forming a 5C site with
an approximately square-pyramidal geometry. The
fact that the open coordination position at the Fe'"
site only becomes available when both substrate and
cosubstrate are present supplies a critical coupling
mechanism for the decarboxylation of o-KG and
hydroxylation (or oxidation) of substrate. Substrate
analogues which bind in a similar manner as the
substrate but cannot be hydroxylated or oxidized
could also result in an open coordination position,
thus facilitating the uncoupled reaction.

Figure 40. Possible catalytic mechanism for o-KG-dependent non-heme iron enzymes.
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O, would then react at the open coordination
position on the 5C Fe'" in a coupled reaction. There
would be partial electron transfer (ET) from Fe'' to
O, giving O, some superoxo radical anion character
(O27). This would activate O, for nucleophilic attack
at the a-keto carbon, as indicated by oxygen isotope
labeling. This process is facilitated by the low-energy
lowest unoccupied molecular orbital (LUMO) z* of
the planar a-keto—carboxylate moiety of o-KG in the
coordinated structure. The resulting bridged inter-
mediate (Figure 40, bottom right) could undergo a
concerted decarboxylation of a-KG and a heterolytic
cleavage of the O—0O bond, forming an oxo—ferryl
(Fe'V=0") intermediate. The formation of CO, is
probably the first irreversible step and the driving
force up to this stage of the reaction. An oxo—ferryl
intermediate could abstract a hydrogen atom from
the substrate and then hydroxylate it in a rebound
mechanism or abstract a second hydrogen atom from
the substrate, thus producing water and a desatu-
ration product.®®* In this model, the hydrogen-atom
abstraction step follows the decarboxylation, which
is consistent with the deuterium isotopic effects
observed for thymine 7-hydroxylase which indicate
that an irreversible step (or steps) occurs prior to the
C—H bond breaking.3® It has also been shown for
prolyl 4-hydroxylase that a substrate-derived radical
is generated in the reaction, which is consistent with
a rebound mechanism.#¥" It is important to point out
that no oxygen intermediate (i.e., bridged superoxo
or oxo—ferryl) has been observed for any o-KG-
dependent enzyme. This warrants future theoretical
and experimental study.

A detailed molecular mechanism has been proposed
for IPNS based on spectroscopic and crystallographic
studies.*??> Resting IPNS/Fe!" is also 6C and thus
relatively stable toward dioxygen. Substrate ACV
binds directly to Fe'' IPNS through its thiolate group,
providing an open coordination position at the Fe''.
0O, can then react to form an Fe'''—superoxo inter-
mediate. This intermediate is suggested*?? to perform
the first hydrogen-atom abstraction step and close
the g-lactam ring, resulting in the formation of the
first water molecule and generating an Fe'V=0""
intermediate, which completes the second ring-
closure process by hydrogen-atom abstraction form-
ing a thiazolidine ring.

Previously proposed mechanisms of ACCO involved
direct binding of cosubstrate ascorbate to the iron
before O, as part of the oxygen activation pro-
cess.*%439 The EPR and ESEEM studies of the NO
complex of ACCO suggested a quite different molec-
ular mechanism for ACCO.*®® An Fe'''—superoxo
intermediate is proposed. Whether it is preceded by
a 6C — 5C process with substrate binding is pres-
ently under study.**° This intermediate is thought to
initiate a radical process by single hydrogen-atom
abstraction or electron-coupled proton transfer (PT)
from the bound amino group. The resulting substrate
radical may undergo spontaneous conversion into
products. The role of cosubstrate ascorbate is pro-
posed to reduce the toxic peroxo byproduct to water.
Alternatively, the two-electron reduction of Fe'''—
superoxo by the cosubstrate ascorbate could result
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in an Fe'V=07" intermediate which initiates the
radical reaction.*3®

4. Rieske-Type Dioxygenases

Biochemical Characterization. The Rieske iron—
sulfur center is a two iron—two sulfur cluster ([2Fe—
2S]) which has a 2His (on one iron), 2Cys (on the
other iron) coordination environment, instead of the
4Cys present in plant ferredoxins. It plays a key role
in the electron transport pathway in membrane-
bound cytochrome complexes as well as in some
dioxygenases.**! The latter are mainly comprised of
two protein components: a reductase containing
flavin and a ferredoxin [2Fe—2S], and a terminal
oxygenase containing a Rieske [2Fe—2S] cluster and
a non-heme iron active site.**? Except for the recently
reported alkene monooxygenase that has a binuclear
iron site in its terminal oxygenase,’® most of the
Rieske-type oxygenases have a mononuclear iron site,
which is believed to be the site of dioxygen activation
and substrate oxygenation.42443 The majority of the
Rieske-type mononuclear non-heme oxygenases form
a family of enzymes which are aromatic-ring-hydrox-
ylating dioxygenases. These catalyze the regio- and
stereospecific cis-dihydroxylation of an aromatic ring
using dioxygen and NAD(P)H (Table 1). Examples
include benzene dioxygenase (BDO, EC 1.14.12.3),**
phthalate dioxygenase (PDO, EC 1.14.12.7),%5 tolu-
ene dioxygenase (EC 1.14.12.11),%*¢ and naphthalene
1,2-dioxygenase (NDO, EC 1.14.12.12),*’ which ini-
tiate the aerobic degradation of aromatic compounds
in the soil bacteria and are targets for bioengineering
in bioremediation. This step is the first step in the
pathway that ultimately leads to ring cleavage by the
intra- and extradiol dioxygenases (sections 11.B.2 and
11.C.1).4* Besides these bacterial dioxygenases, other
Rieske-type mononuclear non-heme oxygenases in-
clude anthranilate 1,2-dioxygenase (EC 1.14.12.1),*48
which deaminates and decarboxylates the substrate
to produce catechol; chlorophenylacetate 3,4-dioxy-
genase (EC 1.14.2.13),**° which converts substrate to
catechol with chloride elimination; and 4-methoxy-
benzoate O-demethylase (putidamonooxin),*>° which
catalyzes the conversion of 4-methoxybenzoic acid to
4-hydroxybenzoic acid and formaldehyde.

The reductase component is usually a monomer
(MW = 12-15 kDa) and utilizes flavin to mediate
ET from the two-electron donor NAD(P)H to the one-
electron acceptor [2Fe—2S] cluster and is specific to
each terminal oxygenase; other electron donors do not
support efficient oxygenation.**? The crystal structure
of phthalate dioxygenase reductase is available.*5!

The terminal oxygenases are large protein ag-
gregates (MW = 150—200 kDa) containing either
multiples of o subunits (BDO a,, PDO a4) or an
equimolar combination of a and  subunits (toluene
dioxygenase ay82, NDO «a3f3).**? The a subunits
contain a Rieske [2Fe—2S] cluster and a catalytic
non-heme Fe'' center. § subunits do not seem to be
involved in the catalytic function (vide infra).

Kinetics. Steady-state kinetic studies coupled with
various rapid reaction studies of the partial reactions
of PDO allowed Ballou et al. to propose a kinetic
scheme (Scheme 15).443 On the basis of steady state
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a Abbreviations: POR, pthalate oxygenase reductase; S, sub-
strate, and S(OH),, product; ne, electrons at POR, n = 2, 3. (Taken
from phthalate oxygenase, a Rieske iron—sulfur protein from
Pseudomonas cepacia, by Ballou, D.; Batie, C. In Oxidase and
Related Redox Systems; Alan R. Liss, Inc.: New York, 1988.
Reprinted with permission from Wiley-Liss, Inc., a subsidiary of
John Wiley & Sons, Inc.)

studies employing varying concentrations of each
component, it is found that the reduced form of the
reductase binds to PDO. The substrate binds to PDO
after the Rieske cluster is reduced by the bound
reductase, which is consistent with the fact that PDO
is reduced by the reductase at a similar rate whether
substrate is present. Dioxygen reacts after substrate
binds, which is consistent with the fact that PDO is
relatively unreactive toward dioxygen in the absence
of reductase and substrate.

Recent biochemical studies on NDO found that
H,O, was released when benzene was used as a
substrate analogue, indicating an uncoupling of the
reduction of O, and substrate dihydroxylation.*%?
Similar uncoupling reactions are observed for both
pterin- and a-KG-dependent non-heme iron enzymes
(sections 11.C.2 and 11.C.3, respectively).

Structure. The structure of NDO (PDB ID: 1NDO)
was solved at 2.25 A resolution.*5® The enzyme is a
hetero hexamer (a3f33) and has an overall mushroom
shape; the three 5 subunits form the stem, while the
three a subunits form the cap (Figure 41A). Each a
subunit contains both a Rieske [2Fe—2S] cluster and
a mononuclear Fe site, the distance between which
is about 44 A (Figure 41A). In the Rieske cluster, Fel
is coordinated by Cys81 and Cysl0l1 and Fe2 by
His83 and His104 through their N6 atom (Figure
41B), consistent with various spectroscopic studies
(vide infra). The mononuclear iron, whose oxidation
state was not determined, is coordinated by His208,
His213, a bidentate Asp362, and a water molecule
in a distorted octahedral geometry with one ligand
apparently missing (Figure 41B). Interestingly,
Asn201 is located along the open ligand position at
a distance of 3.75 A. Asn201 is at the bottom of a
narrow gorge, which is lined by hydrophobic residues
and is proposed to function in substrate binding. In
a recent report,*® the refinement of the structure
showed that an indole-oxygen intermediate occupies
the substrate-binding channel and directly coordi-
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Figure 41. (A) Schematic overall protein structure of NDO
showing a and 3 subunits and the inter- and intra-subunit
distance between the Rieske site and the non-heme iron
site. (Reprinted with permission from ref 1010. Copyright
1999 Data Trace Publishing Company.) (B) Schematic
structure of the Rieske site, the non-heme iron site, and
the proposed route of ET between them in NDO. (Adapted
from ref 453. Revised by the author.)

nates to the iron atom, whose oxidation state is
unknown. Asp205 is H-bonded to the non-heme iron
ligand His208 in the same o subunit, as well as to
the His104 ligand at the Rieske [2Fe—2S] cluster in
a neighboring subunit (Figure 41B). The distance
between the Rieske cluster and non-heme iron of the
neighboring subunit site is about 12 A (Figure 41A).
From site-directed mutagenesis,**®> Asp205 plays a
key role in ET from the Rieske center to the non-
heme iron center during catalysis. A depression close
to the Rieske cluster was proposed to be the site for
reductase docking.*>3

Spectroscopy. Many spectroscopic studies have
been published on the Rieske cluster in PDQ#%6-461
and BDO.*62463 The oxidized Rieske cluster [Fe'! -
Fe'''l has strong antiferromagnetic coupling between
the two Fe'"! atoms and thus is diamagnetic (Sit =
0) and EPR silent (section 111.A.1). The reduced
Rieske cluster is paramagnetic (St = 1/2) due to
antiferromagnetic coupling of the localized [Fe!!,Fe'"]
center (S; = 5/2, S, = 2) and shows an EPR signal
with g, =2.01-2.02, gy = 1.91-1.92, and g, = 1.72—
1.80.#4r Mossbauer spectroscopy*®* on the reduced
Rieske cluster suggested that two noncysteine ligands
coordinate to the Fe"', which ENDOR?*® indicated to
be two histidine residues, consistent with the X-ray
structure of NDO (vide supra). EXAFS and XANES
spectroscopies demonstrated that the Rieske cluster
was different in the reduced and oxidized states but
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Figure 42. (A) LT MCD spectrum of FePDO. (B) MCD spectrum of the corresponding apoPDO with the Rieske site oxidized.
(C) Difference MCD spectrum of FePDO minus apoPDO with the best Gaussian fit. (D) MCD spectrum of the complex of
FePDO/phthalate (5 equiv). (E) MCD spectrum of the complex of apoPDO/phthalate (5 equiv) with the Rieske site oxidized.
(F) Difference MCD spectrum of FePDO + 5 x phthalate minus the apoPDO/phthalate (5 equiv) with the best Gaussian

fit. (Adapted from ref 468.)

not affected by substrate or iron binding at the non-
heme site.460:461

Less spectroscopy has been done on the mono-
nuclear non-heme Fe'' site. This reflects the fact that
the high-spin Fe' site is less spectroscopically acces-
sible than the Rieske cluster and is obscured by the
cluster's dominant spectroscopic features. EXAFS
and XANES on Co'-substituted (at the non-heme
site) PDO indicated a 6C site for the metal ion and
that the oxidation state of the Rieske center has only
a very small effect on the non-heme site.*%¢ Recent
EPR studies on Cu'-substituted (at the non-heme
site) PDO using 3Cu and N enabled analysis of the
Cu'"" superhyperfine structure which identified two
histidine ligands coordinated to the metal.*¢” MCD
is complicated by the reduced Rieske center which
is paramagnetic and has an intense MCD C-term
(vide supra). However, the diamagnetic oxidized
Rieske center exhibits no MCD C-term and allows
the measurement of the temperature-dependent MCD
spectra of the non-heme iron center. The MCD
spectrum of the non-heme Fe!' LF region could then
be obtained by subtraction of the temperature-
independent Rieske background. This was achieved
by using the spectrum of the corresponding apo-
enzyme (non-heme site depleted) with its Rieske
center oxidized as reference.*® Figure 42 shows the
MCD spectra of PDO with its oxidized Rieske center
(A), apo PDO with the non-heme site depleted and
the Rieske center oxidized (B), and the difference
spectrum (C). The difference spectrum shows two
bands at ~8850 and 10 600 cm™! indicating that the
resting enzyme contains a 6C mononuclear high-spin

Fe" ion. Also shown in Figure 42D—F are the
corresponding spectra for the addition of pthalate
substrate under anaerobic conditions. The difference
spectrum shows the presence of three peaks at
~5000, 9070, and 11 500 cm™%, which indicates that
two different 5C species are formed upon substrate
binding. This is consistent with the fact that in XAS
studies of Co"-substituted PDO the preedge feature
increases in intensity upon substrate binding.#6®
From the MCD studies, it was found that azide
binding to Fe' is affected by the binding of the
substrate, which indicated a close interaction of the
substrate with Fe''.%68 Nuclear magnetic relaxation
dispersion (NMRD) studies on Cu''/Mn'-substituted
PDO indicated that there is a water molecule coor-
dinated both in the absence and presence of sub-
strate.*6°

Mechanism. The crystal structure and spectro-
scopic results provide the basis for molecular-level
insight into the catalytic mechanism of this class of
enzymes (Figure 43). From the spectroscopy, the
resting Fe' site in PDO is 6C. In the crystal structure
of NDO, this site appears to be 5C with an asparagine
as a distant sixth ligand. This difference may reflect
experimental conditions (solution vs crystal) but may
also relate to the oxidation state of the metal ion.
Upon substrate binding, the MCD spectrum shows
that the iron site goes 5C. It is possible that it is the
neutral asparagine ligand that dissociates, as ap-
pears to also be the case for IPNS. This is in
agreement with a recent crystallographic result on
a possible intermediate that occupies the substrate-
binding pocket near the open coordination position.*
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Figure 43. Possible molecular mechanism for PDO. R'd: reduced Rieske center. R oxidized Rieske center.

The open coordination site on Fe'' upon substrate
binding appears to be critical for O, activation and
the hydroxylation of the substrate. The O, reaction
at this open coordination position could allow two-
electron transfer (one from Fe!' and another from the
reduced Rieske cluster) to form a peroxo or hydroper-
oxo intermediate at the non-heme site. The peroxo
intermediate may be activated either for direct attack
on the unactivated aromatic ring or for heterolytic
cleavage to produce an oxo-ferryl intermediate with
a bound hydroxide,*? resulting in cis-dihydroxyla-
tion.

5. Bleomycin

Biochemical Characterization. Investigation of
bleomycin (BLM) as a cancer chemotherapy agent
began in 1965, and this antibiotic was found to have
therapeutic benefit against squamous cell carcinoma
and malignant lymphoma.*”® Much research has been
done since then to characterize the drug clinically and
chemically, and there are several extensive reviews
on the latter.#’*~477 Although BLM is isolated from
Streptomyces verticillus as a copper complex, it is
administered clinically in a metal-free form to reduce
irritation and is believed to cleave DNA as an Fe'
complex in vivo.*"® (For a summary of BLM reactivity
with other metals, including Cu, Co, Mn, Ru, and V,
see ref 476.) The structure of this glycopeptide
antibiotic is typically described as having three
domains (Figure 44): the bithiazole tail, which
intercalates into DNA; the sugar moiety, believed to
be involved in drug uptake into cells; and the s-ami-
noalanine, pyrimidine, and -hydroxyhistidine groups,
collectively known as the metal-binding region. Metal
ligands are shown in bold in Figure 44, although
there is some controversy regarding the s-aminoala-
nine and/or mannose carbamoyl ligands (vide infra).
Several BLM congeners that differ in the structure
of the bithiazole tail terminal amine have been
isolated and/or synthesized; the structure of this tail
seems to affect the cytotoxicity of the drug. Tissue
susceptibility to BLM is apparently dependent on
levels of the detoxifying enzyme bleomycin hydrolase,
which removes the carbamoylamine from the S-ami-
noalanine moiety.*"®
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pyrimidinyl NH, N
\
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Figure 44. Structure of BLM.

BLM attacks DNA, RNA,*80481 cell walls,*®? and
small organic molecules in vitro,*83484 although its
major cytotoxic effect is through DNA degradation.
There are two pathways of BLM-induced DNA cleav-
age, as shown in Figure 45.485-488 Both pathways
begin by reaction of an activated BLM species (vide
infra) with the C4'—H of the deoxyribose to yield a
radical centered on the sugar. This radical then
reacts with O, in pathway A: the DNA strand is
cleaved and the final products are 3'-phosphoglyco-
late and base propenal.*®® Pathway B is O,-indepen-
dent and yields free nucleic base and the ring-opened
sugar.*854% At this point the DNA strand is intact
and pathway B results in strand scission only under
basic conditions.

BLM preferentially cleaves duplex DNA at GpC
and GpT (GpY) sites,*°1492 where the purine 2-amino
group of the DNA strand is critical to site recognition
by the BLM metal-binding head.*®® Other sites are
also cleaved, in the general order of efficiency pu-
rine—pyrimidine > purine—purine > pyrimidine—
pyrimidine > pyrimidine—purine.** Sequence speci-



282 Chemical Reviews, 2000, Vol. 100, No. 1

PO o B Immediate PO B
" DNA cleavage 4o
HO-0"\! —
7 (Criegee (o) |
PO Rearrangement) ,
(O op N
(i) Oo OoP fo)
(i) e, H*
PO o B
o(4'

PO -e,+H0
&\Oz independent

PO B (i) Immediate PO
jﬁ Base release ;\_/=o
N — 0 =
(i) Alkali-labile

PO DNA cleavage -oP
Figure 45. Pathways of DNA cleavage. (A) Immediate
strand cleavage to produce base propenal and 5'-phosphate.
(B) Free-base release with DNA cleavage under basic
conditions, producing 3'-phosphate. (Reprinted with per-
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ficity, however, does appear to depend at least
partially on reaction conditions.*”® Closely spaced
lesions in opposite strands of duplex DNA typically
have strong GpY specificity in one strand but not in
the other;*® thus, location of the second lesion is a
consequence of the first. A mechanism has been
proposed where partitioning of single-strand versus
double-strand cleavage occurs from a common inter-
mediate and for double-strand cleavage BLM must
be reactivated to achieve the second break.%4%7 For
RNA degradation, fewer sites are cleaved than in
DNA, not all sites have the preferred GpY sequence,
cleavage is less efficient, and the mechanism of
cleavage is less well understood than that of
DNA.476,480

Kinetics. Fe!'"BLM alone is not competent to cleave
DNA. Addition of O, to Fe!"BLM forms an intermedi-
ate, O,—Fe'"BLM or ‘O, —Fe'"BLM, referred to as
oxygenated BLM (ty, = 6 5).354% The rate of forma-
tion of oxygenated BLM is 6.1 Mt s71, and the
reaction shows first-order dependence on Fe!'BLM
and O,.%%® In the presence of excess DNA, the rate of
formation increases by approximately 3-fold and the
oxygenated complex is effectively trapped.*®® Con-
sumption of oxygenated BLM is through a dispropor-
tionation reaction, where one oxygenated complex is
reduced to activated BLM (ABLM), HOO—Fe!"BLM
(vide infra), and one is oxidized to Fe'"BLM +
0,.500-503 ABLM is the species capable of cleaving
DNA, with t;» ~ 2 min at 4 °C.1% The formation of
ABLM is a first-order reaction in oxygenated BLM,
indicating that the bimolecular step in this dispro-
portionation reaction is not rate-limiting.

BLM has an association constant with DNA on the
order of 105 M~1,504505 while estimates of the ratio of
DNA base pairs to BLM in the cell nucleus are 105°8:
1.506507 This makes it likely that once BLM enters
the nucleus, virtually all of it is bound to DNA and
it is the DNA-bound species that is activated.*”> The
rate of decay of ABLM is not influenced by the
presence or absence of DNA.1®° ABLM can also be
formed by the reaction of Fe'"BLM with peroxides!®
or other reductants®8-510 or Fe!'"BLM with superox-
ide.5!! Alternative reductants to oxygenated BLM are
likely the source of ABLM in vivo.

Solomon et al.

DNA cleavage by ABLM can be broken down into
several different events. ABLM reacts with the
C4'—H of the deoxyribose, forming a C4' radical on
the sugar.>'? The 2'-pro-R-H from the deoxyribose is
then rapidly released into solvent (t;, = 1.8 min).513
Continuing pathway A from Figure 45, DNA strand
cleavage follows (ty» = 2.5—5 min), arising from a
combination of C3'—C4' and C1'—(ring-O) bond cleav-
ages, with subsequent release of base propenal (t
= 6.7 min) and formation of the 5'-phosphate (ti, =
7.4 min).5* Additional O; is required for formation
of the 3'-phosphoglycolate terminus, while the extra
oxygen incorporated into base propenal comes from
H,0.515 For pathway B, the sugar radical formed after
C4'—H attack becomes oxidized to the C4'-hydroxide,
with the oxygen coming from H,O.516 This rearranges
with loss of nucleic base and formation of the ring-
opened sugar with a C4'-ketone. Under basic condi-
tions the damaged sugar can undergo backbone
cleavage.509517

Structure. The three-dimensional structure of
BLM has been interpreted from the crystal structures
of the Cu'" complex of the BLM synthetic precursor
P-3A and model complexes (Cu", Co'", Zn")518-523 gnd
from multinuclear NMR studies with and without a
bound oligonucleotide.54~543 No crystal structure has
been obtained on the complete BLM molecule. It is
generally agreed that an imidazole nitrogen of -hy-
droxyhistidine, the amide of g-hydroxyhistidine, a
pyrimidine nitrogen, and the secondary amine of the
p-aminoalanine fragment are bound to the metal in
a square-planar arrangement. In terms of how the
ligand wraps around the metal, two screw senses
have been proposed that depend on the face upon
which the axial ligand is positioned on the square
plane. The identity of the axial ligands remains
controversial, with much of the analysis coming from
NMR studies and molecular dynamics modeling on
BLM bound to metals other than Fe'" (typically Co'"
and zZn'). Several of the proposed binding arrange-
ments are reproduced in Figure 46. In general, either
the primary amine of the g-aminoalanine or the
mannose carbamoyl nitrogen is proposed as an axial
ligand, with solvent or another bound molecule
occupying the sixth site. In contrast, CD and MCD
studies on Fe''BLM derivatives have indicated that
the primary amine significantly affects the iron
coordination sphere and the mannose carbamoyl
group also alters the coordination environment of the
metal.>** NMR analyses of OC—Fe!"BLM and Co'-
BLM have also implicated the mannose carbamoyl
as a sixth ligand along with the f-aminoalanine
primary amine.524545

Along with experiments to elucidate the structure
of BLM in solution have come studies on BLM com-
plexed with small DNA oligomers, again using primar-
||y non_FeII BLM CompIexes.477’528'531'532'534'535’537’540‘543
The bithiazole tail binds via partial intercalation with
no specific interactions between the tail and the
DNA. As previously indicated by experiments with
BLM analogues,®#6547 it is the metal-binding domain
that confers sequence specificity rather than the
bithiazole tail. Several hydrogen bonds orient the
BLM metal-binding domain for reactivity, including
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Figure 46. Three-dimensional structures proposed for
BLM. Coordinated to the metal centers are the imidazole
nitrogen N1 (IN), the amide of s-hydroxyhistidine (NH),
the pyrimidine N5 (PN), the secondary amine of S-ami-
noalanine [AN(2°)], the primary amine of f-aminoalanine
[AN(1°)], and/or the mannose carbamoyl nitrogen (MN).
Crystallographically derived structures (boxed) for several
model compounds: (1) Cu"P-3A, ref 520, N-Melm = N-
methylimidazole; (11) ref 522; (111) ref 518; (VI) ref 519.
Structures derived from molecular-dynamics calculations:
(IV) HOO—Co'"PEPLM, ref 536; (V) HOO—Co"'BLM, refs
530 and 534; (VI1) Zn"BLM, refs 526, 528, and 531; (VIII)
CO—Fe!"BLM, ref 527; (1X) HOO—Co''"-deglyco-PEPLM,
ref 536; (X) Zn''—deglyco-BLM, ref 542. (Reprinted with
permission from ref 542. Copyright 1998 American Chemi-
cal Society.)

two bonds between the BLM pyrimidine and the
DNA guanine as shown in Figure 47A 535541548
Spectroscopy. Several other spectroscopic tech-
niques have been used to focus on the iron center to
determine the geometric and electronic structure of
Fe'""BLM and subsequent intermediates. Absorption,
CD/MCD, XAS/EXAFS, and rR spectroscopies have
been used to characterize Fe'"BLM. The Fe'' site is
high-spin S = 2, and the near-IR CD/MCD spectrum
in Figure 48A shows two d — d bands split by 2650—
3950 cm™, with 10Dq ~ 10730—11080 cm™*. This is
indicative of a 6C distorted octahedral geometry, and
the large ASEq suggests that one axial ligand interac-
tion is weak. The VTVH MCD data have an unusu-
ally small nesting for a 6C Fe'' site (0 = 2.4 cm™,
Figure 48B) that can be attributed to a strong metal—
ligand m-back-bonding interaction. EXAFS analysis
indicated that a relatively short Fe—N bond is
present (2.06—2.08 A, versus other Fe—N/O bonds at
2.19 A), which would also be consistent with s-back-
bonding.*® The presence of z-back-bonding is con-
firmed by the presence of low-energy, MLCT transi-
tions in the UV—uvis region (Figure 49A,B) that are
normally not observed in non-heme Fe'! active sites
but are common for heme systems. From the strong
resonance enhancement of the pyrimidine normal
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Figure 47. (A) Hydrogen-bonding interactions between
BLM and DNA. The P moiety of Co"'BLM forms hydrogen
bonds with the guanine of DNA. (B) Position of the
hydroperoxide oxygens of Co''"BLM “green” relative to the
C4'—H of cytosine, the site of DNA cleavage. For the BLM
structure: P = BLM pyrimidinyl propionamide, A =
p-aminoalanine, H = g-hydroxyhistidine, T = threonine,
V = methylvalerate, GM = gulose and mannose sugars,
and VTBS = peptide linker and tail. For DNA: G =
guanine and C = cytosine. (Reprinted with permission from
ref 535. Copyright 1996 American Chemical Society.)

modes in the Raman spectrum, these transitions
were assigned as Fe'' — pyrimidine MLCT transi-
tions (Figure 49C).*43

This pyrimidine z-back-bonding was investigated
further using CD/MCD spectroscopy to probe several
structural derivatives of BLM and its congener
PEPLM (Figures 44 and 48; the CD/MCD spectra of
PEPLM are identical to BLM?>*), including iso-
PEPLM (with the mannose 3-O-carbamoyl substitu-
ent shifted from the 3- to the 2-hydroxyl group) and
depyruvamide (DP)—PEPLM (without the S-ami-
noalanine moiety).>** The MCD spectra and VTVH
MCD data are shown in Figure 48. Both the energies
of the d — d bands and the intensity ratio of the two
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Figure 48. (A) LF MCD and (B) VTVH MCD recorded at
12 000 cm™*. (C) LF MCD and (D) VTVH MCD recorded
at 12 000 cm~1 for Fe'liso-PEPLM. (E) LF MCD and VTVH
MCD recorded at 12 350 cm~* for Fe!'DP—PEPLM. The
best fits (—) to the VTVH data (®) were generated by the
parameters in Table 13. (Adapted from refs 43 and 544.)

Z 1

bands are altered in these derivatives (Figure 48C,E);
the splittings (ASEy) and 10Dg are summarized in
Table 13. Additionally, the VTVH MCD data show
increased nesting for the iso- and DP—PEPLM de-
rivatives (Figure 48D,F); since w-back-bonding is the
source of the unusually small nesting for Fe''BLM,
the increase in nesting indicates that back-bonding
is reduced in these derivatives. This is also reflected
in changes to the CT bands observed in the UV—vis
spectra. Finally, titrations of Fe''BLM and the de-
rivative complexes with the Oz-analogue N3~ indi-
cated that there is a single exchangeable site for
exogenous ligand binding.5*

While Fe'"BLM is normally a low-spin (S = 1/2)
complex, at low pH or in phosphate buffer it is high
spin (S = 5/2). When bound to DNA, Fe'"BLM is low-
spin S = 1/2 with EPR g-values of 2.45, 2.18, and
1.89.100475.4%8 Binding to DNA also causes changes in
the rR spectrum that suggest conformation changes
to the drug’'s metal-binding site.>*® Preliminary CD/
MCD studies have indicated that the spectral changes
may reflect a conversion of the Fe' site from 6C —
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Figure 49. (A) Absorption and (B) MCD spectra of the
Fe''BLM CT region. (C) Room-temperature absorption
spectrum (—) of the BLM model complex [Fe''PMA]" and
rR profiles of the 680 (v), 744 (W), 1519 (O), and 1542 (®)
cm~! vibrations. (Adapted from ref 43.)

5C upon binding to DNA.%*° Oxygenated BLM is
EPR-silent and was originally thought to be an O,—
Fe!'BLM complex; however, Mdssbauer experiments
demonstrated that the diamagnetic iron site is low
spin with a quadrupole splitting consistent with an
Fe'"' oxidation state.®® Consequently, oxygenated
BLM may be better described as a ferric superoxide
complex, ‘O, —Fe''"BLM.

Initial studies on ABLM using EPR,*° Maoss-
bauer,® and redox titrations®* were consistent with
this intermediate being a low-spin Fe!" species, either
a peroxide complex (end-on or side-on) or a mMonooxy-
genated species analogous to peroxidase compound
I (formally Fe'"'Q%. The XAS preedge region shows
an intensity and band ratio consistent with a 6C
octahedral Fe"' species with no severe distortion
around the iron site.%? This indicates that a short
Fe—O bond (~1.65 A) is not present, as would be
expected for an Fe'V=0 species, and was supported
by EXAFS analysis, indicating that ABLM has Fe—
N/O bond lengths of 1.89—2.03 A. Electrospray mass

Table 13. Ground- and Excited-State Parameters for Fe!'BLM Derivatives (Adapted from ref 544)

complex CD/MCD ASEq (cm™1) 10Dg (cm™1) o (cm™1) ai A (cm™) V| (cm™1)

Fe''BLM CD 3950 11 080

MCD 2640 10 730 2.4 9.3 —800 280
Fe''PEPLM CD 3950 11 075

MCD 2630 10 685 2.4 9.3 —900 280
Fe''iso-PEPLM CD 3050 10 525

MCD 2980 10 190 4.8 9.0 —600 380
Fe''DP—PEPLM CD 4100 10 450

MCD 4150 10 275 4.4 9.2 —600 400
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Scheme 16. Possible Mechanistic Scheme for BLM
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spectroscopy further established that when ABLM is
formed from H,'80,, the activated species contains
both labeled oxygen atoms; the mass-to-charge data
were also consistent with a hydrogen nucleus ac-
companying the two peroxide oxygens.®** X- and
Q-band ENDOR using BLM activated in the presence
of 70O, demonstrated hyperfine coupling only to one
oxygen, consistent with end-on ligation of hydroper-
oxide.%% Taken together, these results show that the
structure of ABLM is low-spin HOO—Fe!"BLM (dis-
cussed further in section 11.D.2.b).

Molecular Mechanism. As outlined above, the
degradation of DNA by BLM begins with the reaction
of Fe''BLM and O; to form oxygenated BLM (*O, —
Fe'"BLM), which subsequently picks up one electron
to form ABLM (HOO—Fe!"BLM) (Scheme 16). The
reductant can be another molecule of oxygenated
BLM, which oxidizes to Fe'"BLM + O,, or one of
several different reductants including peroxides and
superoxides. The reactivity of BLM and its oxygen-
bound species is modulated by z-back-bonding to the
pyrimidine ring, which decreases the extent of CT to
the O, in oxygenated BLM. This leads to reversible
binding of O, in oxygenated BLM and stabilization
of this species, the reduction in activity of BLM
derivatives with reduced back-bonding interactions,>
and the formation of low-spin Fe''BLM complexes
with NO and other strong-field ligands.?4553 Such
complexes are more typical of heme rather than non-
heme systems. The Fe'"BLM MLCT transitions (Fig-
ure 49), however, are less intense and at higher
energy relative to heme systems,>** indicating that
there is less back-bonding to the BLM framework
than is observed for the heme tetrapyrrole macro-
cycle. These characteristics make BLM an important
bridge between the chemistry of non-heme and heme
active sites.

ABLM, HOO—Fe'"BLM, is the species which ini-
tiates the cleavage of DNA, and experiments with 3H-
labeled DNA showed that C4'—H abstraction from
the deoxyribose sugar initiates DNA degradation.5%®
Alternatively, 180, isotope experiments indicated that
ABLM decays through O—0 bond cleavage at a rate
consistent with DNA cleavage.??> For HOO—Co'"'-
BLM *“green”, a possible structural analogue to
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Figure 50. General strategy for mononuclear non-heme
O,-activating enzymes.

activated FeBLM, the distal oxygen of the hydro-
peroxide is 2.5 A away from the C4'—H of cytosine
(Figure 47B).5% There are also several hydrogen
bonds between the hydroperoxide and the “peptide
linker” region of BLM that may assist in positioning
the hydroperoxide for H-atom abstraction. This pro-
vides a structural basis for the reaction of ABLM with
the C4'—H of the deoxyribose to initiate DNA cleav-
age. ABLM abstracts the H atom, going through
either heterolytic O—O bond cleavage to form O=
Fe'VBLM* + H,0 or direct reaction of the hydroper-
oxide to yield O=Fe!VBLM* and the deoxyribose C4'
radical. Section 11.D.2.b contains further discussion
on the nature of ABLM and the mechanism of DNA
cleavage.

6. General Strategy

From the results summarized in the above section,
it is clear that a common strategy for dioxygen
activation by ferrous sites is emerging, Figure 50. For
most of these enzymes the resting ferrous site is 6C,
coordinatively saturated, and fairly stable in the
presence of O,. Upon binding of substrate to the
active-site pocket or both cosubstrates in the cases
of the cofactor-dependent enzymes, the ferrous site
becomes 5C. This provides an open coordination
position for the dioxygen to interact with the Fe'' to
generate a highly reactive iron—oxygen intermediate
for the direct hydroxylation of substrate or for the
coupled hydroxylation of cosubstrates in the cofactor-
dependent enzymes. The 6C — 5C conversion in the
presence of a substrate(s) has thus far been observed
in PAH, CS2, IPNS, and the Rieske-type oxygenases
and also appears to occur in ACCO*° and BLM.5°
Only the extradiol dioxygenases have a 5C ferrous
center present in the resting enzyme. However, this
is also unreactive with dioxygen in the absence of
substrate. The molecular basis for this must still be
elucidated (section 11.C.1).

As might be anticipated for ferrous active sites, the
ligation (except for BLM) is two histidines, carboxyl-
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Table 14. Fe'''-Alkyl- and Hydroperoxo Model Systems and Comparison with Intermediates
CT: Amax (nm) g and E/D

complex spin La [e M~tcm™h)] values Raman shift (cm™) refs
[Fe(EDTA)(O2)]*~ hs N0, 520 [530]; 287 [6100] E/D =0.21 459 (FeO); 816 (OO) 60,557,558
purple LO hs 585 [1300] g=43 559—-561
[Fe(bPPa)(OOBu)?* hs  P3NO; 613 [2000] E/D = 0.067 873; 838; 629; 469 562
[Fe(6-MesTPA)(OH,)(OOBU)]?"  hs P3N 562 [2000] g=43 877;842; 637; 468 102
[Fe(TPA)(OH2)(O0BuU)** Is P3N 600 [2200] 2.19; 2.14;1.98 796; 696; 490 102
[Fe(PMA)(OOBu)]* Is IPrN;N~ 2.28;2.18;1.93 104
[Fe(BLM)(OOH)]* Is IPrN;N~  365; 384 2.26;2.17;1.94 100
[Fe(TPA)(solvent)(OOH)?* Is PsN 538 [1000] 2.19;2.15;1.97 789; 626 563,564
[Fe(N4Py)(OOH)]>* Is PsN 530 [1100] 2.17;2.12;1.98 790; 632 103
[Fe(PMA)(OOH)T* Is  IPrNaN- 2.27;2.19;1.94 104
[Fe(L)(OOH)1?+ Is Ps 592 2.15; 2.13; 1.98 105
[Fe(L5)(OOH)?* Is P3N, 537 [1000] 2.19;2.12;1.95 106,565
[Fe(L®)(02)]* hs PN, 740 [500] E/D = 0.08 565

a Ligation in the cases of special polydentate ligands: P = pyridine; N = amine; O = carbonyl oxygen; O~ = carboxylate oxy-
gen(—); I = imidazole; Pr = pyrimidine; N~ = amide(—). For lipoxygenase (LO) and bleomycin (BLM), see sections I1.B.1 and

11.C.5, respectively.

ate, and waters. In IPNS and perhaps the Rieske-
type dixoxygenases there is a carbonyl oxygen from
an amide residue. These are all relatively weak
donors which would favor a high reduction potential
for the site, which should be further increased by the
6C — 5C conversion. Since the E° for the O, — O,
couple is low (—0.33 V), one would not expect signifi-
cant CT from the Fe'' to O, and thus there should be
little superoxide character in the initial O,—Fe reac-
tion intermediate. The change in ligation associated
with substrate coordination to the iron center would
modify this charge donation. In three of these en-
zymes the substrate or cosubstrate directly coordi-
nates to the Fe'': bidentate a-KG, bidentate cate-
cholate, and the thiolate of ACV. The latter two are
strong donor ligands (indicated by low-energy LMCT
transitions) which should decrease the potential of
the iron and increase the superoxide character in the
initial O,—Fe reaction intermediate. The aKG—Fe'
bond still needs to be defined.

Since the reduction potential of the O, — H,0;
couple is fairly high (+0.281 V), the two-electron
reduction of O, to peroxide is considered in many of
the possible reaction mechanisms summarized in this
section. In BLM, the second electron derives from an
exogeneous reductant (which may be another BLM
molecule); in the Rieske-type dioxygenases this is
supplied by the Rieske center, and in the other
enzymes considered here either the substrate (cat-
echolate) or the cofactor (BH4 or aKG) can provide
the second electron. The only observed catalytic oxy-
gen intermediate is ABLM, which is a low-spin ferric
hydroperoxide complex (vide supra). In the Rieske-
type dioxygenases the two-electron reduction might
be expected to generate a high-spin Fe'''—peroxide
or —hydroperoxide complex. In the other non-heme
ferrous enzymes, a substrate—peroxy intermediate
bridged to the iron center is generally invoked. The
electronic structure/reactivity correlations of these
species are considered below.

D. O, Intermediates and Analogues

The non-heme iron enzymes discussed above react
with O, to give intermediates that have been thought
to parallel those in heme systems. The reactivity of

heme-based oxygenases and oxidases involves high-
valent iron—oxo species which are thought to be
generated from heterolytic O—0O bond cleavage of an
Fe'''—hydroperoxo precursor to form the catalytically
active Fe'V=0P** species and a water molecule. The
porphyrin ligand (P) is oxidized, which helps to
stabilize the high formal charge (FeY) on iron. Since
no such ligand is present in non-heme environments,
the occurrence of such a highly oxidized intermediate
is questionable (for a detailed comparison of heme
and non-heme reaction mechanisms, see section
11.D.2.b). Alternatively, Fe'V=0 species may occur in
non-heme environments, as recently proposed for
model systems.556

In case of non-heme iron enzymes, purple LO is
the only potential oxygen intermediate that has been
spectroscopically characterized (section 11.D.2.a). For
other enzymes, spectroscopic information about in-
termediates is quite limited or missing. In the case
of 3,4-PCD (section 11.B.2), an enzyme—substrate
complex with bound O, (ESO,) has been observed but
decays in milliseconds.1?0200211 Accordingly, spectral
insight into the nature of this intermediate has been
limited. In addition to these enzyme species, the
catalytically relevant non-heme oxygen intermediate
ABLM has been investigated in detail (section
11.D.2.b). In contrast to the limited information
available in the enzymatic reactions, a large number
of model complexes with coordinated peroxo (0,27)
and substituted peroxo (ROO~, R = H, organic
residue) ligands have been reported (see Table 14).
The latter serve as potential models for the peroxo
intermediates described above. These systems show
a rich variety of reactions that have been character-
ized and correlated with enzymatic activity.?*” The
systematic evaluation of the various models allows
the determination of the electronic and spectroscopic
properties of the different coordination modes of
peroxide and how this relates to reactivity.

1. Model Systems

In 1956, Cheng and Lott discovered that reaction
of Fe'"-EDTA with H,0, gives the 6C ferric peroxo
(0227) complex [Fe(EDTA)(O2)]*.5%¢ The Fe'""-EDTA
system catalyzes a number of reactions including
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superoxide dismutation,>7:567 decomposition of H,O,,
and organic substrate oxidation (in the presence of
H,0,) at pH < 10.5%87572 rR spectroscopy with mixed
isotope perturbation has shown that the peroxide
ligand is bound in a side-on (»?) fashion.5® A number
of end-on Fe'"'—alkylperoxo complexes with non-heme
ligand sets have recently been synthesized.*%4°62 Que
and co-workers reported the synthesis of a series of
6C end-on tert-butyl- and cumylperoxo complexes
[Fe(TPA)(OH,)(OOR)]?*.573575 Using the unsubsti-
tuted TPA ligand (TPA = tris(2-pyridylmethyl)-
amine), an Fe'"' low-spin complex is formed. Intro-
ducing steric hindrance by substitution of the TPA
ligand (e.g., 6-Me3TPA) leads to the corresponding
high-spin complex.1%? In this case, steric crowding
lowers the LF felt by the Fe'"" relative to the unsub-
stituted system, an effect which is well-known from
spin-crossover compounds.>6577 Both the high-spin
and low-spin complexes exhibit characteristic spec-
troscopic features which are discussed below. In the
case of hydroperoxide, an end-on low-spin [Fe(TPA)-
(solvent)(OOH)]?* complex is obtained.>63564 Making
use of pentadentate ligands with nitrogen donors, a
number of similar hydroperoxo complexes have been
synthesized and characterized.!03-106:564.565578.579 A]|
these systems have low-spin Fe''' centers with very
similar spectroscopic properties as the corresponding
low-spin end-on alkylperoxo complexes, and there-
fore, it is reasonable to assume that the hydroperoxo
ligand is also coordinated end-on (section 11.D.1.b).
Most recently, there has been evidence in one system
that by deprotonation the end-on-coordinated hydro-
peroxo ligand can be transformed into a side-on
peroxo species.>®® This formally connects the end-on
hydroperoxo systems to the [Fe(EDTA)(O,)]*~ com-
plex (section I11.D.1.a). None of these iron alkyl- or
hydroperoxo complexes has yet been structurally
characterized, but X-ray data have been obtained for
a number of Mn 580 Co,581-586 Cy,587-5%0 gnd Rh5%?
systems.

Numerous ferrous and ferric complexes exhibit
catalase activity®®? with H,0,,%9%5% C—H bond cleav-
age and alkane oxidation reactions,>®%5% or epoxida-
tions of olefins,5” but in most of the cases the

corresponding intermediates have not been identified.
Insights into these reactivities have been obtained
from the above characterized model systems. For the
iron—alkylperoxo complexes with the TPA ligand
(vide supra) which show H-atom abstraction reac-
tions from alkanes yielding alcohols and ketones, two
mechanisms have been discussed in early studies: (a)
one similar to P450 chemistry involving a high-valent
ferryl [FeV=0] complex as the active species (Scheme
17A, left)57359%8-600 gand (b) a radical mechanism based
on Haber—Weiss decomposition of the alkylhydroper-
oxide,5°78%1 which in this case is not bound to the
iron center. Accordingly, the metal only serves as a
catalyst in different redox reactions generating alkyl-
peroxo and alkoxo radicals which then undergo vari-
ous chain reactions as shown in Scheme 17B. Most
recently, new mechanistic insight has been developed
in two ligand systems (PMA%4 and TPA3795%) |ead-
ing to a third possible mechanism based on O—-0
bond homolysis. This generates a high-valent Fe'V=0
species and an alkoxo radical which attacks the
alkane and, hence, starts a series of radical reactions,
as shown in Scheme 17A (middle). In accordance with
the mechanistic insight developed from the study of
activated bleomycin (section 11.D.2.b) and as specu-
lated before,%° the coordinated alkylperoxo ligand
itself could also be the active species by directly
attacking the hydrocarbon and abstracting an H-
atom. This would directly generate an alkyl radical
and a ferryl [Fe'V=0] species (Scheme 17A, right).
In any case, the further course of the different
reactions observed (hydrocarbon oxidations, olefin
epoxidations, etc.) is not clear, especially since there
is some variation depending on the nature of the
model system involved. The hydroperoxo complexes
described above show similar reactions, but the
guestion remains whether they follow a comparable
mechanism. Variations could arise from the reduced
stability of the hydroxo radical relative to alkoxo
radicals or distinctly different activation barriers for
homolytic O—O bond cleavage (section 11.D.2.b). Since
some of these low-spin hydroperoxo complexes also
have DNA degradation capabilities,594602-604 they are
considered as model systems for FeBLM. This is
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especially the case for the [Fe(PMA)(OOH)]* complex
of Mascharak and co-workers with the PMA ligand,>"8
which is a structural model of BLM. The side-on
peroxo ligand only has a low reactivity toward
organic substrates, but as pointed out recently,® this
could be greatly enhanced by protonation of the O,?~
moiety (section 11.D.1.a).

a. Side-On Peroxo Complexes. As mentioned
above, the purple Fe'"-EDTA peroxide system was
probably the first non-heme iron oxygen intermediate
discovered and remains one of the most intensely
studied.60557,558,566,569,605-607 Since the spectral features
of the 1:1 adduct between Fe'"EDTA and H,0, at
elevated pH (>10) are now reasonably well under-
stood, it provides an important reference for a mono-
nuclear non-heme ferric peroxide complex with a
side-on (1?) peroxide binding mode.5%8

In an octahedral LF, the five d-orbitals of iron are
split into a set of three t,g and two ey functions, which
in general form z- and o-bonds with ligand orbitals,
respectively. The free peroxide(2—) ion has a HOMO
set of two s* orbitals, the degeneracy of which is lifted
in the side-on structure by interaction with the
d-functions of iron, as illustrated on the right side of
Scheme 18; one of the " orbitals mediates a d-bond
(labeled m,*) whereas the other interaction is of
o-type (7,* orbital). The electronic structure of the
side-on ferric peroxide complex [Fe(EDTA)(O,)]®" is
dominated by this o-bond formed between the Fe dyy,
and peroxide m,* orbitals (Figure 51A). The bonding
contributions of 7- and d-symmetry are weak. Im-
portantly, there is no back-bonding between the Fe
3d and peroxide o* orbitals that would contribute to
a weakening of the O—0O bond (Figure 51B). Thus,
the O—0O bond is significantly stronger than that in
the side-on-bound dicopper—peroxide complexes where
such a back-bonding interaction has been estab-
lished.®%® This is due to the high effective nuclear
charge on the ferric ion®® and the substantial ex-
change stabilization of the high-spin d°® configura-
tion.%1% Thus, the Fe 3d orbitals are energetically
much closer to the filled peroxide orbitals than to the
high-lying empty o* orbital. This weak z-/strong
o-bonding pattern is directly reflected in the CT
spectrum of 12-0,2~—Fe!"!, which shows weak inten-
sity in the visible region and strong CT intensity in
the near-UV region (Figure 52, upper left panels Il
and I, respectively). The CT intensity in the visible
region (Il) originates primarily from z,* — Fe CT
transitions, which are weak (¢ = 500 M~ cm™1) due
to the low covalency of the donor and acceptor
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Figure 51. Important orbitals of side-on bound peroxide
illustrating the in-plane interaction between Fe''' and 0,2~
calculated for [Fe(EDTA)(O2)]*". (A) dy interaction with
a*,. B: 02 o* orbital with essentially no metal character.
(Reprinted with permission from ref 60. Copyright 1998
American Chemical Society.)

molecular orbitals, while the strong CT intensity (e
= 6000 M~ cm™) in the UV region (I) reflects a
highly covalent o-bond (section I1.A.2.a.2). This in-
terpretation is supported by a quantitative analysis
of rR excitation profiles using time-dependent theory
of electronic and rR spectroscopy.”® The analysis
shows that the O—O vibration (816 cm™) is strongly
enhanced in the visible region (I1), indicating fer-
rous—superoxide-like excited states, while the UV
absorption (region 1) leads to little enhancement of
the O—O0O stretching vibration but strong enhance-
ment of the Fe—O stretch (459 cm™!), which is
consistent with a transition from a strongly bonding
to a strongly antibonding molecular orbital (MO).5°
The vibrational assignments (Table 14) were con-
firmed by isotope substitutions, and a normal coor-
dinate description classified the O—O and Fe—0O
stretching vibrations as almost pure modes with little
mechanical coupling. Variable-temperature EPR spec-
troscopy has been used to establish a —ZFS which
derives from the high covalency of the Fe—0, o-bond
(Figure 51A) which attenuates the magnetic moment
in the z-direction. VTVH MCD spectroscopy in con-
junction with the newly developed methods for the
computation of the orientation of the D-tensor and
the analysis of the MCD saturation data (section
11.A.2.a.2) were used to establish the polarizations
of the CT transitions for a detailed spectral assign-
ment (Figure 52, bottom panels).

This electronic structure description® indicates
that the O—0 bond of #?-0,?"—Fe''" is not activated
for cleavage, consistent with its low reactivity toward
organic substrates.5° Alternatively, it is rather nu-
cleophilic and strongly activated toward protonation,
which would greatly increase the electron affinity of
the peroxide and generate a highly reactive species.
This could undergo either direct electrophilic attack
on substrate or reductive cleavage of the O—0O bond
through H-atom abstraction. This point requires
further study.

b. End-On Alkyl- and Hydroperoxo Com-
plexes. The different high- and low-spin end-on
alkylperoxo complexes summarized in Table 14 ex-
hibit very characteristic absorptions at about 550—
600 nm with an ¢ of about 2000 M~ cm™2. Clearly,
these UV—vis absorptions are ligand-to-metal CT
transitions from peroxide to iron. In case of the TPA
ligand system, a comparison between related Fe'"
high-spin and low-spin alkylperoxo complexes is
possible (Figure 53). Although the intensities of the
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Figure 52. Optical absorption spectra (panels | and 11, top), MCD data (panels 1—I11, bottom), and rR spectra (panel 111,
top) measured at two different excitation wavelengths of [Fe(EDTA)(O)]*~. Circles and triangles give experimental rR
profiles of »(OO) and v(FeO), respectively, and solid lines are fits of these profiles to Heller theory. Dashed curves in the
bottom panels are Gaussian fits of the MCD bands. (Reprinted with permission from ref 60. Copyright 1998 American

Chemical Society.)
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Figure 53. Absorption spectra of [Fe(6-Me; TPA)(OH,)(OO0-
Bu)]?* (high-spin, hs) and [Fe(TPA)(OH,)(O0Bu)]>* (low-
spin, Is). (Reprinted with permission from ref 102. Copy-
right 1997 American Chemical Society.) Superimposed is
the spectrum of purple LO (pLO, dashed line).
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absorptions are quite similar, the transition of the
high-spin system is blue-shifted by more than 1000
cm~L. For the low-spin hydroperoxides, the corre-
sponding absorption appears in the same spectral
region (530—600 nm) but with a lower molar extinc-
tion coefficient (¢ ~ 1000 M~* cm™1).

The electronic structures of ferric alkyl- and hy-
droperoxo complexes are less well developed than
that of the side-on peroxide system described above.
Nevertheless, a comparison of the corresponding
UV—vis spectra (Figure 53 to Figure 52) indicates
that the bonding descriptions of these systems are
fundamentally different. In case of the side-on coor-
dination mode, the out-of-plane m,* orbital forms a
0-bond with the d-orbitals of iron as shown in Scheme
18, right top; hence, due to small overlap, the
experimental CT intensity in the visible region is low

(e ~ 500 M~t cm™1, section 11.A.2.a.2). Compared to
free peroxide, the degeneracy of the two 7* functions
is lifted by interaction with R in the free ROO™ ligand
(R = H, organic residue). The orbital orthogonal to
the R—O—0 plane labeled z,* is very similar to the
corresponding orbital of free peroxide (Scheme 18,
left). In contrast, 7, now overlaps with a o-type
function of R leading to a decrease of this orbital in
energy and a change in its coefficient on the coordi-
nating O. Therefore, 7,* is expected to mediate a
weaker bonding interaction with the metal than 7,*.
Depending on the dihedral angle of the M—O—0O—R
moiety, m,* forms a o or & bond with the ey or ty
orbitals of the metal, respectively. Assuming a dihe-
dral angle of 180° as observed in the structurally
defined Cu complex,®®” the bonding scheme depicted
in Scheme 18, left, results. In this case, 7,* mediates
a strong & interaction with the metal. On the basis
of this bonding description, the visible absorption
band of the alkyl- and hydroperoxo complexes is
assigned to a ligand-to-metal CT transition from the
out-of-plane peroxide m,* function to the properly
oriented tyy orbital of iron as shown in Scheme 18.
This transition is more intense for the end-on coor-
dination mode relative to side-on due to better orbital
overlap.

The high- and low-spin end-on alkylperoxo com-
plexes in Table 14 have Raman features at about
800—900 (high-spin) and 700—800 cm™* (low-spin),
respectively, which are sensitive to 80 substitution
of the alkylperoxide. The Raman spectra cannot
unequivocally be assigned because the O—0O and
C—0 stretch of the alkylperoxide are both around 800
cm~! and strongly mixed. Therefore, two correspond-
ing features are observed which both shift on 2O
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substitution. Nevertheless, the energies of these two
peaks are characteristic of Fe!'' in high-spin versus
low-spin complexes, as can be seen from Table 14.
The hydroperoxides exhibit only one isotope-sensitive
peak in the 800 cm~? region which therefore can be
attributed to the O—O stretch. Note that the appear-
ance of this vibration below 800 cm™! also seems to
be characteristic for the low-spin Fe''' hydroperoxo
complexes. The assignments of the other isotope-
sensitive features are not clear, but it seems most
probable that the peaks around 600 cm™* belong to
the Fe—O stretch. For comparison, Table 14 also in-
cludes the corresponding features of the [Fe(EDTA)-
(O2)]*~ system.

2. Intermediates

a. Purple Lipoxygenase. Purple LO is formed
when substrate (linoleic acid) and oxygen or the
alkylhydroperoxide product (13-HPOD, section 11.B.1)
is added to the active, ferric form of the enzyme at
reduced temperature. The formation of purple LO is
associated with the appearance of an absorption band
at 585 nm (e ~ 1300 M~* cm™1, Figure 53) and a
rhombic EPR signal at ges = 4.3.559:560611 |n addition,
carbon-centered radicals®? and peroxyl radicals®!?
have been detected by EPR spectroscopy in such
reaction mixtures (vide infra). Moreover, the appear-
ance of the purple color is associated with dramatic
changes in the CD spectrum.”® On the basis of the
spectroscopic properties of related models (vide su-
pra), these results strongly suggest that purple LO
is an end-on high-spin ferric alkylperoxo complex of
the 13-HPOD product coordinated to the iron active
center. Detailed investigations of Nelson and co-
workers on the properties of the organic radicals
mentioned above have led to mechanistic insight into
the formation of purple LO.5146 When ferric LO is
treated with 13-HPOD anaerobically, the solution
turns purple and LT EPR shows a sharp signal with
g ~ 2. Using isotope-labeled 13-HPOD (deuterated
on the fatty acid backbone or 17O labeled peroxide),
the EPR spectrum indicates that the g = 2 signal
belongs to the pentadienyl radical of the fatty acid.
If the experiment is performed in an oxygen atmo-
sphere, the peroxyl radical of 13-HPOD is detected
with g-values of 2.035/2.008/2.003. At 4 °C, the 585
nm band of purple LO and this g ~ 2 signal exhibit
the same slow decay behavior over several minutes,
proving that both species are related. Importantly,
from the isotope-labeling experiments, this peroxyl
radical exchanges with O,. Since the EPR spectra of
both the pentadienyl and the peroxyl radical show
very sharp signals compared to the corresponding
free species, it is most probable that they are in an
enzyme-bound state which eliminates most confor-
mational degrees of freedom. This is also apparent
from the very slow decay of the peroxyl radical (vide
supra) and the fact that addition of ethanol to purple
LO (ethanol is known to bind close to the LO active
site) leads to an immediate loss of the EPR signals
of the radicals whereas the purple color remains.

Taking these observations together, the formation
of purple LO seems to be an equilibrium reaction as
shown in Scheme 19. First, the alkylperoxo complex
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Scheme 19
[(LOJFe"] + 13-HPOD

[(LO)FE"-O0R] (purple LO)

I

[(LOJFe'] +{ROO  (peroxyl radical)

e,

@ (pentadienyl radical)

D enzyme-bound radicals,
detectable with EPR

is generated which is metastable toward formation
of Fe" and a corresponding peroxyl radical. This
species loses dioxygen, forming a pentadienyl radical
which then reversibly binds O,. Therefore, depending
on the O, concentration, the pentadienyl or peroxyl
radical is the dominant species observed in the EPR
spectrum. Finally, the alkylperoxo complex is recov-
ered by reaction of the peroxyl radical with the Fe"
center. Most recently, Nelson and co-workers have
shown that by photolysis the alkylperoxo complex can
be reversibly split at 77 K forming an EPR-silent
metal center and a new oxygen-containing radical
with different properties than the peroxyl radical.>6!
As discussed in section 11.B.1, the role of the purple
intermediate in the catalytic cycle of LO is not clear;
it could either be an enzyme—product complex or
formed by a side reaction that is not directly involved
in catalysis.

b. Activated Bleomycin. As presented in section
11.C.5, two oxygen intermediates are observed for
BLM. When the Fe'!' complex of BLM is exposed to
air, a short-lived intermediate is formed called oxy-
genated BLM, [Fe(BLM)(0,)].1°° This compound is
EPR-silent, but Mdssbauer spectroscopy shows that
the iron is in the low-spin Fe"' oxidation state.3®
Therefore, oxygenated BLM is described as an Fe'''—
superoxide complex with both the Fe'"' and O,
having S = 1/2, which are antiferromagnetically
coupled leading to a diamagnetic ground state. ABLM
has the ability to cleave DNA and is quickly formed
from the oxygenated BLM precursor by one-electron
reduction. Since ABLM is to date the only non-heme
iron—oxygen intermediate that is stable enough for
detailed spectroscopic analysis, its electronic struc-
ture and reactivity is of considerable interest for the
understanding of non-heme iron sites in general. This
species has been studied by UV—vis and EPR spec-
troscopy (Table 14),190616 Mossbauer spectroscopy,®
electrospray mass spectrometry,! and XAS.%2 All
these results demonstrate that activated bleomycin
is a low-spin end-on Fe'''—hydroperoxo complex, [Fe-
(BLM)(OOH)]. Recently, the spectroscopic protocols
described in section 11.A.2.b were applied to this
intermediate, and the results provide fundamental
insight into the mechanism of DNA cleavage by
FeBLM.

The ground-state studies focus on simulation and
analysis of the EPR spectra of Fe''"'BLM and ABLM
that have been described by a number of au-
thors.19059% The g-values were analyzed through a
low-spin d® LF model (section 11.A.2.b) corrected for
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Figure 54. Optical absorption spectra (top panels) and MCD data (bottom panels) of Fe!'"BLM (left: A, C) and ABLM
(right: B, D). Inserts give the NIR MCD spectra at increased sensitivity. Gaussians are simultaneous fits of absorption,

CD, and MCD spectra.

covalency.>%3617 The analysis provides the splitting
of the ty4 set of d, orbitals.5” This splitting can be
evaluated experimentally from the near-IR MCD
data which show the highest energy component of
the low-symmetry-split (tzg)° 2Toq ground state (inset
in Figure 54C,D). A combination of absorption, CD,
and LT MCD spectra, Figure 54, allow the LF
transitions to be separated from the CT transitions
through their Kuhn anisotropy factors in CD and C/D
values in MCD. The data in Figure 54 allow the
assignment of bands 2—7 as LF transitions to states
deriving from the (tyg)*(eg)’ and (tzg)3(eg)? excited
configurations where a LF analysis then gives ex-
perimental values of 10Dq, B, and the low-symmetry
splitting of the eq4 d, orbitals (section 11.A.2.b). To-
gether, these ground- and excited-state spectral stud-
ies give the experimental LF splitting of the five
d-orbitals of the low-spin ferric active site and how
this changes with hydroperoxide binding in ABLM.5%7
The results are shown in Figure 55 and indicate that
the LFs of the ferric ion in Fe'"BLM and ABLM are
fairly similar. ABLM has a slightly higher 10Dq
value, and its tyy orbital set shows a more axial
splitting pattern that is also reflected in the EPR
spectra of Fe'""'BLM and ABLM. The CT transitions
(bands 8 and above in Figure 54) can then be
analyzed to probe specific ligand—metal bonding
interactions. rR spectra on Fe'"BLM in this region
show dominant contributions from the pyrimidine
and deprotonated amide ligands.f'® rR excitation
profiles through this CT region allow the dominant
CT band (band 9, Figure 54A) to be assigned to a
deprotonated amide-to-iron CT transition.6?” The
considerable intensity of this band (¢ ~ 3200 M™*
cm~1) shows that the redox-active tyy orbital in
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Figure 55. Comparison of Fe!'"BLM versus ABLM orbital
energies. The singularly occupied molecular orbital has
been set to 0 eV, and all energies are relative to this. The
d-orbital energies were fixed from the LF analysis.

Fe'"BLM must be oriented toward the deprotonated
amide ligand, which is therefore the dominant sz-do-
nor ligand in the BLM donor set. Strikingly, from
Figure 54B and D, the absorption and MCD spectra
show only limited change upon hydroperoxide bind-
ing. This implies that the deprotonated amide domi-
nates over the hydroperoxide as a = donor and also
determines the orientation of the redox orbitals in
Fe'"BLM and ABLM. Therefore, the overlap of the
hydroperoxide m,* orbital with the hole is poor, which
explains the lack of an intense CT band from the
hydroperoxide in ABLM. This is an important dif-
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Cprotonated
Mide
Figure 57. Plot of the SOMO of ABLM showing that the
singly occupied ty4 orbital of iron mainly interacts with the
deprotonated amide ligand.

ference with respect to the low-spin Fe'''—hydroper-
oxo complexes (Table 14), indicating that the z-donor
bonding of OOH™ in ABLM is different.

This analysis is further supported by electronic
structure calculations. Energy minimization at the
NDDO/1 level gave the structure shown in Figure
56A. Alternative structures that differ from Figure
56A were ruled out by comparison of the calculated
spectroscopic properties at the INDO/S level. INDO/
S, gradient-corrected DFT, and hybrid DFT calcula-
tions all predict the redox-active orbital to be mainly
m antibonding with the deprotonated amide ligand
(Figure 57), in agreement with the analysis of the
experimental data. Taken together this allows the
construction of the experimentally calibrated bonding
scheme for ABLM shown in Figure 55, left.6”

The experimentally evaluated calculations were
then extended to address the reactive species in
ABLM chemistry that attacks DNA. The accepted
mode of reactivity is a hydrogen-atom abstraction
from the C,' position of the DNA ribose sugar 472474476
Three possible scenarios have been evaluated: (a)
heterolytic cleavage of the O—0O bond that would lead
to a high-valent, formally FeV=0, intermediate that
attacks DNA, (b) homolytic cleavage of the O—0O bond
that would lead to a high-valent, formally Fe'V=0,
intermediate; and (c) direct reaction of the low-spin
Fe'''-OOH species with DNA to give a DNA radical,
H,0, and an Fe'V=0 species. To date, unambiguous
data have not been reported that would allow one to
distinguish the three possible mechanisms of DNA
cleavage. As is the case for P450 chemistry, the
reactive species may be very short-lived and not build
up to a sufficient level for direct detection.

Possibility a corresponds to the widely accepted
mechanism for cytochrome P450 reactivity5°~622 and
has also frequently been assumed to hold for FeBLM
chemistry.*’¢ Loew and co-workers have studied the
energetics of O—0O heterolysis in cytochrome P450
through gradient-corrected DFT calculations and
have shown that the reaction is highly favorable.5*
Similar methods were used to study a wide range of
non-heme iron hydroperoxide intermediates and
BLM.57 The result shows that heterolytic O—0O bond
cleavage of ABLM is predicted to be unfavorable by
at least 40 kcal mol~1. This is more than 150 kcal
mol~! less likely than for cytochrome P450. Insight
into this large difference in driving force can be ob-
tained by analyzing the electronic structure differ-
ences between the BLM and cytochrome P450 ligand
sets. High-valent oxo—porphyrins are known to be
best described as Fe'V=0P** radical species (‘com-
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pound I').819-623 The calculations show that an analo-
gous situation exists in the hypothetical compound I
analogue of FeBLM. The total spin density in Figure
56B shows that the hole on the ligand is created on
the deprotonated amide and does not extend over the
pyrimidine ring. Thus, the compound | analogue of
FeBLM is best described as Fe'V=0BLM** with the
hole on the deprotonated amide. In the case of
cytochrome P450, the hole is delocalized over the
entire porphyrin moiety, while in BLM it is largely
localized. Therefore, the oxidation of the ligand is
energetically more costly in the case of BLM, and
consequently, the ligand is much more difficult to
oxidize. This is emphasized in Figure 56C which
shows schematic potential energy surfaces for het-
erolytic O—0O bond cleavage and demonstrates that
this is much less favorable in ABLM than for cyto-
chrome P450. This energetic difference is directly
reflected in the CT data. Low-spin Fe'" porphyrins
have LMCT bands in the near-infrared region (5000—
10000 cm™1) of the spectrum that are conveniently
detected by MCD spectroscopy (Figure 56D, bot-
tom109.625-629) " whereas the deprotonated amide to
iron CT occurs in the near-UV (~25 000 cm™?; Figure
56D, top) in Fe'"BLM.5 This discrepancy accounts
for ~54 kcal mol™! difference in heterolytic bond
cleavage energy. In addition to the presence of an
easy to create hole, the cytochrome P450 ligand set
provides a doubly negatively charged porphyrin ring
as well as an anionic axial thiolate that both help to
stabilize the high charge of the Fe—oxo unit. By
contrast, the only anionic ligand in the case of BLM
is the deprotonated amide. On the basis of the above
discussion it is considered unlikely that ABLM reacts
via a cytochrome P450 like heterolytic cleavage
mechanism with a formally Fe'V=0OBLM™** intermedi-
ate as an active species.

The alternative possibility (b) is also discarded on
the basis of (i) the cleavage leads to OH radicals that
are expected to show less selectivity than observed
with BLM47® and (ii) it has been speculated that the
homolytic cleavage of the O—O bond may have an
exceedingly high activation barrier.53° This has also
been observed in preliminary calculations.

This leaves possibility ¢ as a new working hypoth-
esis for BLM chemistry, namely, the direct reaction
of the hydroperoxide with DNA. This reaction is
predicted to be close to thermoneutral. Calculations
provide insight into the electronic structure contribu-
tions to this reaction (Figure 56E,F). The calculations
show that protonation of the peroxide greatly lowers
the energy of its antibonding o* orbital and there-
fore increases the electrophilicity of the peroxide.
This activates the peroxide for electrophilic attack
on the C—H bond (Figure 56E). CT from the C—H
o-bonding into the O,%>~ ¢* orbital leads to a weak-
ening of both the C—H and the O—0O bond (Figure
56F). This promotes H-atom transfer to form water,
Fe'V=0BLM, and a DNA radical.

In summary, the combination of spectroscopic anal-
yses and electronic structure calculations has led to
a new working hypothesis for the reactivity of ABLM,
to date the only well-characterized mononuclear non-
heme iron—oxygen intermediate. On the basis of this
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hypothesis, new experiments can be designed that
probe the possibility of the direct reaction between
coordinated hydroperoxide and C—H bonds. It is also
important to evaluate how this mechanism relates
to other non-heme Fe—hydroperoxo systems.

[ll. Binuclear Non-Heme Iron

Binuclear non-heme iron enzymes involved in O;
activation primarily exist in two oxidation states: the
fully reduced biferrous [Fe'], and the oxidized biferric
[Fe'", form. During turnover, higher valent interme-
diates are also generated, possessing novel core geo-
metric and electronic structures that can be probed
by a variety of spectroscopic and analytical methods.

A. Spectroscopic Methodology

1. [Fe',

While the electronic structures of the binuclear
ferric systems are built upon those of their component
monomer halves (section 11.A.2), their spectroscopic
and magnetic features can be quite distinct. In
particular, magnetic interactions among the two
metal centers through the bridging ligation give rise
to an exchange-coupled dimer ground state that is
typically diamagnetic at LT even though each Fe'"
monomer half formally possesses five unpaired elec-
trons (section 11.A.2).631

a. Magnetism within a Dimeric Unit. 1. Phe-
nomenological Description of Magnetic Exchange. In
biferric complexes, the ground state splits into six
total spin states, Sit = 0, 1, 2, 3, 4, and 5, obtained
from vector coupling of the individual spins, S =
|S;|_ + Sg|, |S;|_ + S, — 1|, vy |S;|_ - Sz|.632 These spin
states are split in energy and produce a spin ladder
that can be modeled by the Heisenberg—Dirac—Van
Vleck (HDVV) phenomenological Hamiltonian®33

H = —2JS,'S, (19)

with J the exchange coupling constant. The corre-
sponding eigenvalues

E(Sto0) = —I[Stoe(Stor + 1) — S4(S; + 1) —
Sy(S, + 1)] (20)

define a simple Landé pattern where J > 0 relates
to ferromagnetic coupling producing a 251+ S2) + 1 =111
ground state and J < 0 corresponds to antiferromag-
netic coupling resulting in a 2151 =S *1=1T ground
state (Figure 58). This exchange splitting of spin
states also applies to the electronic excited states. The
magnitude of the excited-state coupling need not be
the same as that of the ground state and may even
be of opposite sign (vide infra). Note that in general
the exchange splittings of excited states cannot be
described properly by the HDVV Hamiltonian (eq
19),634-636

The value of J can be obtained from a fit of
magnetic susceptibility data measured as a function
of temperature in a nonsaturating magnetic field.
The measured susceptibility comprises three terms:
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Figure 58. Ground-state spin ladder for ferromagnetically
(left) and antiferromagnetically (right) exchange-coupled
dimers consisting of two S = 5/2 monomer halves.

Kexp = Xpara(T) T Ydia T x11p-87 xpara(T) is the paramag-
netic (temperature-dependent) contribution, ygia is the
diamagnetic contribution that can be expressed in
terms of a sum of individual contributions from each
atom of the molecule, and ytp is the temperature-
independent paramagnetism, arising from mixing of
excited states into the ground state by the magnetic
field. yqia @and ytip are temperature independent and
are accounted for by a constant offset when fitting
experimental data. Typically J is determined from a
fit of the susceptibility data using Van Vleck'’s equa-
tion including only the first-order Zeeman effect®38

S
Msze—E(S)/kT
NAg"A? ZM;_S

kT

S
Z z e—E(S)/kT

MS:—S

x(T) = (21)

where Na is Avogadro’s number, g is the free electron
g-value, 2.0023, g is the Bohr magneton, k is the
Boltzmann constant, T is the temperature, and S
represents Si.. Evaluation of eq 21 for an exchange-
coupled high-spin biferric complex (S; = 5/2, S, = 5/2)
yields

_2NAgP°
e—ZJ/kT+5e—63/kT+148—123/kT+3Oe—203/kT+556—3OJ/kT

1+3e72J/kT+5e76J/kT_’_7e712J/kT+9e72OJ/kT+11e73OJ/kT
(22)

Representative simulations of y as a function of T
obtained with eq 22 for different J values are shown
in Figure 59.

2. Superexchange Pathways. Although J is a phe-
nomenological parameter, it can be related to the
extent of delocalization of electron density from one
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Figure 59. Susceptibility versus temperature plots for an
exchange-coupled (S; = 5/2, S, = 5/2) system calculated
using van Vleck's expression (eq 22) for a variety of
antiferromagnetic coupling strengths (from largest to
smallest susceptibility, J = 0, —5, —10, —25, —50, —75,
—100, —150 cm™1, respectively). In the 0 K temperature
limit, the susceptibility of coupled systems goes to zero
while uncoupled (J = 0 cm™!) systems saturate as all
electronic spins align. Inset: A xT versus T plot illustrates
the deviation from uncoupled (Curie) behavior, which
appears as a constant.

metal center of the dimer onto its partner through
the bridging ligand orbitals. This mechanism is called
superexchange and requires bridging ligand cova-
lency.5336% The ligand orbitals can be fully occupied
or unoccupied, corresponding to hole and ET super-
exchange mechanisms, respectively.%4%-641 For bifer-
rous and biferric complexes in which the two iron
centers Fel and Fe2 are linked by a diamagnetic
bridging ligand, four cases of superexchange interac-
tions can be distinguished, all of which require that
the metal orbitals on the two different centers overlap
with the same bridging ligand orbital: (i) half-
occupied orbitals on Fel and Fe2, (ii) a half-occupied
orbital on Fel and an unoccupied orbital on Fe2, (iii)
a fully occupied orbital on Fel and a half-occupied
orbital on Fe2, and (iv) a fully occupied orbital on
Fel and an empty orbital on Fe2.%%2 Case i always
produces an antiferromagnetic contribution to J
because delocalization of an unpaired electron from
one metal center into a half-occupied orbital on the
other metal requires the two electrons to be spin
paired (Pauli principle). Alternatively, case ii leads
to a ferromagnetic contribution because the interac-
tion of an electron delocalized onto the neighboring
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metal with the other unpaired electrons on that
center favors parallel spin alignment due to intra-
atomic exchange (Hund's rule). Cases iii and iv only
produce minor contributions to J and will not be
considered here.

In high-spin ferric dimers, the ground-state ex-
change coupling constant J has contributions from
the 25 different orbital pathways involving all pos-
sible combinations of the five half-occupied d-orbitals,
i and j, localized on adjacent irons:53°

I==5 3 (23)

Because all d-orbitals on the two Fe''' centers are
half-occupied in the ground state, only the antifer-
romagnetic case (i), above, applies to biferric com-
plexes. Yet it is important to note that antiferromag-
netic contributions to J arise only from superexchange
pathways involving d-orbitals of the two irons that
overlap with the same ligand orbital. Therefore, most
of the Jj; are negligibly small, their net contribution
to J being weakly ferromagnetic due to true two-
center two-electron exchange.®® Generally, a few key
pathways do have overlap with a given ligand orbital,
however, and these pathways are sufficiently effec-
tive in mediating an exchange interaction to produce
an antiferromagnetically coupled ground state in
most ferric dimers. The effectiveness of the dominant
antiferromagnetic superexchange pathways strongly
depends on the nature of the Fe—ligand bonding
interaction and, therefore, on the core geometry and
on the identities of the bridging ligands. This is key
to the large variation in J across the series of known
biferric complexes (Table 15).63°

b. The Bent Fe!'"-O—Fe'"" Unit: A Paradigm
of a Dimeric Structure. The bent Fe'''-O—Fe!"!
unit (the angle depends on the presence of additional
u-1,3-carboxylate bridges) occurs at the oxidized
active sites of most of the binuclear iron metallopro-
teins involved in reversible binding or activation of
O, (Table 2). A broad variety of spectroscopic methods
have been employed to probe the electronic structure
of this unit that has also been modeled in a remark-
able number of synthetic Fe,'"" complexes.®3! These
ferric oxo dimers are ideal systems in which to
explore the effects of the strong coupling of two Fe
centers together in a binuclear site.

1. Unique Spectral Features. Ground State. In the
ground state of ferric oxo dimers, strong antiferro-

Table 15. Magnetic and Vibrational Parameters for [Fe'''], Dimers with a Variety of Core Geometries and
Ligands (Adapted from refs 643—647 and references therein)

a

core structure Fe—O—Fe J(cm™Y) v Vas
Fe,(u-0), 92 — 94 =27 656, 676
Fe,(0O) 180 — 150 —90 — —155 380 — 425 795 — 885
Fe,(O)(OH) 98 — 106 —53 — —57 591 — 600 656 — 672
Fe2(0)(OAC), 119 — 128 —-120— —-122 525 — 540 725 — 751
Fe,(0)(0.CR), 129 — 138 —-101 — —-119 499 — 461 763 — 778
Fe,(OH), 103 — 105 -7—-11 680 900
Fe,(OH)(OR), 123—131 —15— —17
Fex(OR), 104 — 107 —-25——25
Fey(u-0), (111,1V) 94.1 >80 635 — 676

ays and v, are the symmetric and antisymmetric Fe—O—Fe stretch modes.




296 Chemical Reviews, 2000, Vol. 100, No. 1

Smt

— 5

— 4

6A, -6 3

CT excited state %",

\ '_‘: l

. 0 @/Osplitting 0

— 4

(‘Al —4r _ 3

LF excited state — 2

— I

S

; O —

ﬁAl_(Al

ground state 3

2

1

2 uncoupled 0
monomers coupled dimer

Figure 60. Schematic energy level diagram for the ground
state and a LF and a CT excited state of Fe!"! showing the
effects of the dimer formation.

magnetic exchange coupling between the two S = 5/2
monomers gives rise to the St = 0, 1, 2, 3, 4, 5 spin
ladder shown in the right bottom half of Figure 60.
The splitting can be modeled using the phenomeno-
logical spin Hamiltonian, eq 19, with J in the range
between —80 and —120 cm 1.%%! Thus, at 4 K only
the singlet component of the exchange-split dimer
ground state is thermally populated, whereas at 300
K the singlet, triplet, and quintet sublevels have
significant population. While the singlet state is EPR
silent, the higher spin states exhibit EPR signals that
grow in with increasing temperature. Recent single-
crystal EPR studies on enH[(FeHEDTA),O]-6H-0,
possessing a roughly linear Fe—O—Fe unit, O(Fe—
O—Fe) = 165°, have provided accurate spin Hamil-
tonian parameters, such as ZFS parameters for the
Sttt = 1, 2, and 3 states as well as the orientation of
the ZFS tensor relative to the dimer structure.54®
There is the potential for more information to be
obtained from single-crystal EPR studies on ferric oxo
dimers in the future by using high-field EPR spec-
troscopy.

In ferric oxo dimers, the ground-state exchange
coupling constant shows only a minor dependence on
O(Fe—O—Fe) (Table 15) because individual contribu-
tions to J (eq 23) maximize and minimize for different
Fe—O—Fe angles.5%%6% |n contrast to the case of oxo-
bridged [Mn"'], dimers where J exhibits a marked
angular dependence,®152 Jittle information on the
core geometries of structurally ill-defined oxo-bridged
biferric sites can be derived from J. An alternative
approach for the study of ferric oxo dimer core
structures has been developed®® from the observed
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Figure 61. Unpolarized 300 K (—) and 10 K (---)
absorption spectra of [Fe(111);0(OAc),(Mestacn),]** (O(Fe—
O—Fe) = 120°). Bands 1 and 2 correspond to the S = 2
and S = 1 components, respectively, of the 4A; LF excited
state, and band 3 is due to the singlet, in-plane & oxo-to-
Fe!"" CT transition. (Reprinted with permission from ref
639. Copyright 1995 American Chemical Society.)

Raman shift of the symmetric and antisymmetric
Fe—O—Fe stretching modes, vs and v,s, respectively,
which exhibit a roughly linear dependence on O(Fe—
O—Fe). As the core angle changes from 90° to 180°,
vs decreases from ~600 to 400 cm~! concomitant with
an increase of v,s from ~700 to ~900 cm~2. Correla-
tions such as this allow key structural features of
transient, nonisolable enzyme intermediates to be
identified, aiding determination of the mechanism in
binuclear non-heme iron enzymes.

Excited States. Unpolarized electronic absorption
spectra of [Fe"',O(OAc),(Mestacn),]>" (O(Fe—O—Fe)
= 120°) at 10 and 300 K are shown in Figure 61.5%°
The spectra are divided into three regions according
to band intensities and temperature effects. In region
I, two weak bands are observed with maxima at
~9500 and 13 500 cm™*. On the basis of the Tanabe—
Sugano diagram for octahedral d® ions (Figure 12),
these features were assigned to the 6A; — 4T;2 and
6A; — 4T,2 LF transitions. Strikingly, in ferric oxo
dimers these formally spin-forbidden LF transitions
are at least 1 order of magnitude more intense than
for roughly octahedral Fe'"" monomers and they are
almost exclusively polarized along the Fe---Fe vector.

Region Il in Figure 61 is dominated by at least four
overlapping bands that exhibit a remarkable tem-
perature dependence. Upon cooling to 10 K the most
intense feature at ~21 000 cm™! (band 3) almost
doubles in intensity, indicating that it arises from a
transition originating from the Sy = 0 component
of the dimer ground state (Figure 60, bottom). On the
basis of the high absorption intensity and rR excita-
tion profile data for the symmetric Fe—O—Fe stretch-
ing mode v, this feature was assigned to an oxo-to-
Fe CT transition. In ferric dimers, the CT excited
states are obtained by coupling the 8A; ground state
of one iron center with the T CT excited state of the
other iron.5%2 Since either of the two metal ions can
be excited, the proper dimer wave functions are given
by the symmetric and antisymmetric combinations
of the locally excited configurations and the corre-
sponding states are split in energy by Coulomb and
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exchange-mediated excitation transfer (Figure 60,
top).634636.654 The other features in region 11 virtually
disappear at LT, indicating that they arise from
transitions originating from the Sy = 1 and 2
ground-state components. The fact that the temper-
ature dependence of band 3 follows the expected
behavior for a pure singlet transition requires that
the other S components are significantly higher in
energy, indicating that the corresponding oxo-to-Fe
CT excited state is subject to a large antiferromag-
netic energy splitting. From their temperature de-
pendencies, bandwidths, and spectral positions, bands
1 and 2 in Figure 61 (region 1l) correspond to LF
transitions. These features are much sharper than
the LF bands in region I, which led to their assign-
ments as components of the LF-independent A; —
4A; spin flip transition.®3 The variable-temperature
behavior of bands 1 and 2 indicates that the S = 2
component is ~1350 cm~?* lower in energy than the
S = 1 component, consistent with ferromagnetic
coupling in the *A; excited state.

Region 111 of the absorption spectrum of [Fe'',0O-
(OAC)2(Mestacn),]?*" (Figure 61) consists of a series
of intense CT absorption features, the so-called “oxo
dimer bands”, that exhibit a moderate temperature
dependence (note that in linear ferric oxo dimers the
number of allowed oxo-to-Fe CT transitions is smaller
than in bent dimers; thus, the extent of band overlaps
in region 111 is greatly reduced in the former spec-
trum, which results in a far more dramatic temper-
ature dependence®®). From polarized single-crystal
specular reflectance data (not shown), the major
absorption bands below 30 000 cm™! are polarized
parallel to the Fe---Fe vector, which permitted their
assignments as oxo-to-Fe CT transitions.3° Signifi-
cantly, similar bands are not present in the absorp-
tion spectra of oxo-coordinated ferric monomers; e.g.,
the onset to the lowest-energy CT absorption in the
spectrum of Fe!"' doped into Al,Os is observed above
40 000 cm~1.6%5

In summary, the most remarkable features in the
electronic absorption spectrum of ferric oxo dimers
(Figure 61) are (i) the LF transitions are unusually
intense, (ii) the nature of the superexchange interac-
tion can change upon excitation, as is seen on going
from the antiferromagnetic ground state to the fer-
romagnetic *A; LF excited state, and (iii) several oxo-
to-Fe CT bands peak below 30 000 cm~* that exhibit
a strong temperature dependence and have no coun-
terparts in the spectra of monomeric analogues.
These bands are associated with the singlet compo-
nents of CT excited states that are stabilized in
energy due to large excited-state antiferrromag-
netism (ESAF).

2. Origin of Unique Spectral Features. Ferromag-
netism in the 4A; LF Excited State: Significance of
the Mixed n/oc Fe—O—Fe Superexchange Pathway.
The ground-state exchange coupling constant J of a
ferric oxo dimer is readily obtained from a fit of the
experimental susceptibility data using eq 22.%%! In
general the effectiveness of individual superexchange
pathways contributing to J (eq 23), however, are not
determined experimentally and must be inferred
from electronic structure calculations. [Fe'';O(OACc),-
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Figure 62. Boundary surface plot of the mixed Fe—O—
Fe z/o superexchange pathway that produces the dominant
contribution to the strong antiferromagnetic coupling in
the ground state of [Fe(111),O(OAc),(Mestacn),]?* (O(Fe—
O—Fe) = 120°).

(Mestacn)z]>" possessing a bent Fe—O—Fe unit, O(Fe—
O—Fe) = 120°, provides a rare example where the
dominant pathways were identified on the basis of
the electronic absorption spectrum (Figure 61). Ac-
cording to the Tanabe model for LF excited states of
dimers, 5A; — “A; excitation primarily reduces the
efficiency of the mixed Fe—O—Fe s/o superexchange
pathway illustrated in Figure 62. Thus, the observed
ferromagnetic exchange coupling in the “A; LF ex-
cited state (Figure 61, region Il, bands 1, 2) demon-
strates that this pathway produces the dominant
contribution to the ground state J in bent oxo-bridged
ferric dimers.%%° This model is consistent with ex-
perimental results obtained on Fe!''—O—Mn!! 656657
and Mn"'—O—Mn'" 658 dimers and supported by DFT
calculations.539.659.660 The significance of the mixed
Fe—O—Fe n/o superexchange pathway (Figure 62)
with respect to protein function is discussed in section
111.B.

Dimer Intensity Mechanisms for LF Transitions:
Importance of a Highly Covalent Fe—O Bond. There
are two dominant mechanisms that can be respon-
sible for a relative increase in intensity of LF transi-
tions in dimers (Figure 61, region 1).8%° The first
mechanism involves thermal population of higher
spin components of the exchange-split dimer ground
state, from which spin-allowed transitions exist to the
LF excited states.®%! This is illustrated in Figure 60
(center right). The LF excited states in ferric dimers
are obtained by coupling the 8A; ground state of one
Fe''' center with the “T excited states of its partner;
thus, each LF excited state generates the four total
spin levels St = 1, 2, 3, and 4 in the dimer (Figure
60, center right).553 Analogous to the CT excited
states (vide supra), the LF excited states are further
split by excitonic interactions,834636:65 yjelding a total
of eight spin-allowed transitions in the dimer for each
(spin-forbidden) monomer LF transition. While this
exchange model properly accounts for the increase
in intensity of the LF transitions with increasing
temperature (gradual population of the St = 1 and
2 components of the ground state), it fails to explain
the high absorption intensity observed at 10 K.

The second intensity mechanism involves single-
site SOC and leads to the spin selection rules AS =
0 and +1.%° The same mechanism is operative in
monomers, however, requiring that features unique
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to the ferric oxo dimers exist that greatly increase
the efficiency of SOC. The two terms contributing to
the intensity of formally spin-forbidden transitions
of Fe'"' complexes are (i) SO mixing of quartet LF
character (“T,) into the sextet ground state and (ii)
SO mixing of sextet CT character (°T;) into the
quartet LF excited states:%

A Mg|M,'TM{'6' 0=
ﬁAlMS|HSO|4T1MS”0"D]ﬂTlMS”0”|Mq|4FMS’9'D+
(ECT) — ECAY)
A Mg|M,[°T,Mg" 6" 5T, M 6" |Hgo | TM'6'0
(ECT) — E('D)

(24)

Ms, Ms'(6"), and Ms'"(6"") are the spin (and orbital)
components of the Ay, *T, and 6T, or *T; states. Hso
is the SO operator, and Mg (g = X, Y, z) is the electric
dipole operator in the g direction. Evaluation of the
first term in eq 24 indicates that this contribution,
which is usually dominant in monomers, is virtually
unchanged in dimers. In contrast, the contribution
from the second term increases dramatically in oxo-
bridged [Fe"'], dimers due to the close energetic
proximity of the “T LF and ®T, oxo-to-Fe CT excited
states and the high covalency of the Fe—oxo bond
(note that in the ionic limit the relevant SOC matrix
elements vanish).63°

Exchange Coupling in CT Excited States: Experi-
mental Probe of Superexchange Pathways. The “oxo
dimer bands” (Figure 61, region Il band 3 and region
I11) have no counterparts in the spectra of oxo-
coordinated Fe'' monomers, causing them to be
originally assigned as simultaneous pair excitations
(SPEs),%5! corresponding to one-photon excitations of
LF transitions on both Fe centers that become
allowed through exchange interactions.®%? More re-
cently these features were assigned as oxo-to-Fe CT
transitions whose low energies were explained in
terms of large antiferromagnetic energy splittings in
the corresponding excited states.®3%663 Formally, each
oxo-to-Fe CT excitation leaves an unpaired electron
in an oxo p orbital that has strong covalent overlap
and that directly couples with the unpaired electron
in one of the half-occupied d-orbitals on the second
iron (Scheme 20). Therefore, CT excited-state ex-
change coupling with direct orbital overlap is greatly
enhanced over ground-state exchange coupling that
is due to superexchange. This is the origin of large
ESAF that leads to a substantial stabilization of the
singlet oxo-to-Fe CT excited states and, therefore, to
the appearance of the ferric oxo dimer absorption
bands at low energy (region Il, band 3 and region
111, Figure 61).

Quantitative insight into the origin of the strong
CT ESAF in ferric oxo dimers was obtained by
employing the recently developed valence-bond con-
figuration interaction (VBCI) model of Tuczek and
Solomon.%% In the VBCI formalism, ground-state
antiferromagnetism (GSAF) arises from CI mixing
of metal-to-metal CT (MMCT) and double CT (DCT)
excited-state character into oxo-to-Fe CT excited
states, which in turn CI mix into the ground state.
Thus, in this formalism, superexchange is described
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Scheme 20. lllustration of Superexchange
(Ground State, Bottom) versus Direct Exchange
(oxo-to-Fe''' CT Excited State, top) for a Ferric
Oxo Dimer

Oxo-to-Fe(I1I) T\L T | \L

CT excited state

Fe Fe

Ground state T ﬂ - l

as involving an oxo-to-Fe(1) CT transition, followed
by either an Fe(2)-to-oxo CT transition (yielding an
MMCT excited state) or an oxo-to-Fe(2) CT transition
(corresponding to a DCT excited state). The relevant
configurations are illustrated in Figure 63 (left). The
MMCT and DCT excited states arise from coupling
of two S = 2 monomer units, yielding total spin
values ranging from S = 0 to 4. Significantly, there
are no Syt =5 MMCT and DCT states; thus, the S
= 5 components of the CT excited states are not
stabilized in energy, which is key to the large
observed ESAF in ferric oxo dimers. The effects of
Cl on the St = 0 and 5 states are schematically
illustrated in Figure 63 (right). Because GSAF de-
rives from CI mixing of the ground state with CT
excited states subject to ESAF, the ground-state J
value can be approximated by a sum of individual
contributions Ji°T from all CT excited states I'i°T as
follows:%65

—2J = z/lf(—zJiCT) (25)

The Ai's are the first-order mixing coefficients given
by

A = DA IHI'T CTIE(CA, ®°) — E(TT) (26)

where the Hamiltonian H comprises a sum of one-
electron operators and the electron—electron repul-
sion e?/r, and A reflects the covalent mixing into
the ground state of the CT excited states associated
with the bridging ligand. Because the mixing coef-
ficients (eq 26) are on the order of ~0.1, antiferro-
magnetic coupling in CT excited states can be 1-2
orders of magnitude larger than the ground-state
exchange coupling. Note from Figure 63 and eq 25
that the VBCI formalism correlates the efficiency of
a given superexchange pathway in mediating GSAF
with the extent of antiferromagnetic energy splitting
of the CT excited-state involved in that pathway.
Thus, analysis of the CT absorption spectrum can
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Figure 63. Schematic energy level diagram for a ferric
dimer showing the relevant Cls that give rise to antifer-
romagnetic coupling in the dimer ground state. In this
VBCI formalism, GSAF arises from Cl mixing of singlet
MMCT and DCT excited-state character into singlet oxo-
to-Fe CT excited states, which in turn Cl mix into the
singlet ground state.

provide unique insight into the specific superex-
change pathways associated with ground-state ex-
change coupling in dimers.

Application of the VBCI model to the [Fe'"';O(OAc),-
(Mestacn)s]?t complex permitted assignment of the
prominent feature at ~21 000 cm~t in region 11 (band
3) to the singlet, in-plane 7 oxo-to-Fe'"! CT transition,
with the corresponding out-of-plane & oxo-to-Fe'"' CT
transition being ~5000 cm™! higher in energy,63°:666
contrary to what is expected from Xa-DFT calcula-
tions that do not include dimer effects. This inverted
ordering scheme for the singlet CT transition indi-
cates that the ESAF splitting of the in-plane & oxo-
to-Fe!'' CT excited state is larger than that of the out-
of-plane 7 oxo-to-Fe'"! CT excited state. From eq 25
the contribution J°T from the in-plane = CT excited
state to the ground state J value is therefore signifi-
cant, consistent with the observation of ferromagnetic
coupling in the “A; LF excited states that requires
the existence of a dominant in-plane o/ superex-
change pathway (Figure 62). This superexchange
pathway plays a key role in ET through the oxo-
bridge (section 111.B).

3. Nature of the Fe!""-O—Fe!"' Bond. In addition to
defining superexchange pathways for ET, the oxo-
to-Fe!"' CT spectrum provides a sensitive probe of the
nature of the Fe'"-O bond. This CT spectrum
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Fo—O0—Fe

Figure 64. Contour plots of the relevant Fe—O—Fe
bonding orbitals in ferric oxo dimers: (A) linear and (B)
bent (O(Fe—O—Fe) = 120°) structures. (Adapted from ref
699.)

changes dramatically on going from a linear Fe—O—
Fe structure to the bent structure of [Fe'"',O(OAc),-
(Mestacn);]?t (O(Fe—O—Fe) = 120°), indicating that
the Fe—O bond is greatly affected by [0(Fe—O—Fe).63°
In the linear unit, the dominant bonding interactions
involve the oxygen p, orbital oriented along the Fe—
O—Fe vector and o-bonding to the Fe'" 3d, 4s, and
4p, orbitals (Figure 64, top left) and the oxygen py,
py orbitals that are s-bonding to iron dx (and Op,/py)
orbitals (Figure 64, bottom left). On going to the bent
structure, the o- and out-of-plane 7-bonding interac-
tions do not change significantly (Figure 64, top
right), whereas the in-plane z-bonding interaction
loses considerable Fe d character and becomes more
localized on the bridging oxide (Figure 64, bottom
right).5%” This localization increases the net electron
density on the oxo bridge, which would raise its pKa
value by stabilizing the protonated over the depro-
tonated form.53°

A key result from our studies on ferric oxo dimers
is that the Fe'"'-O bond is extremely covalent, as
reflected in the high intensities and low energies of
the oxo-to-Fe"'' CT transitions.53 This indicates that
the Fe—O—Fe unit is very stable, which has impor-
tant biological implications. In Hr an oxo bridge is
already present at the biferric, hydroperoxide-bound
oxyHr level (vide infra). This site is therefore stabi-
lized against further activation of peroxide. In con-
trast, such an oxo bridge is likely absent in the
biferric peroxo intermediates of MMO and R2. Con-
sequently, these species are activated for further
reduction of the peroxide, which leads to the forma-
tion of oxo-bridged sites in the corresponding high-
valent intermediates, as evidenced by EXAFS ex-
periments (vide infra). These results suggest that
binuclear non-heme iron proteins can limit the pos-
sible Fe oxidation states traversed during catalysis
through the formation of a highly covalent oxo bridge.

In summary, ferric oxo dimers have been ideal
systems to explore the effects of coupling two Fe
centers in a binuclear site. This is primarily due to
the high covalency of the Fe—oxo—Fe bond and the
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Table 16. Summary of Exchange Coupling Constant for Reduced Binuclear Non-Heme Iron Proteins and Model

Complexes
protein type of bridges J2a(cm™?) ref
deoxy Hr (u-hydroxo)bis(u-1,3-carboxylato) —14 4+ 2 660
deoxy N3~ Hr (u-aquo)bis(u-1,3-carboxylato) +2.2+0.4 668
reduced RR bis(u-1,3-carboxylato) -0.5 669
one azide bound reduced RR bis(u-1,3-carboxylato) -25+1.0 669
two azide bound reduced RR | u-1,3-carboxylato —2.0to +2.0 669
two azide bound reduced RR 11 bis(carboxylato) +1.0+ 0.5 669
reduced MMOH (u-1,1-carboxylato)(«-1,3-carboxylato) +0.3+0.1 670
reduced MMOH-MMOB (u#-1,1-carboxylato)(u-1,3-carboxylato) +0.4 + 0.1 670
reduced A°D bis(u-1,3-carboxylato) <-0.5 671
reduced stearoyl—ACP A°D bis(u-1,3-carboxylato) <-15 671
model complexes type of bridges J(cm™?) ref
[Fe2(OH)(OAC)2(MesTACN)2](CIO,) (u-hydroxo)bis(u-1,3-carboxylato) -13 672,673
[Fez(H20)(OAC)4(tmen);] (u-aquo)bis(u-1,3-carboxylato) <1.0 674
(Ety)2[Fe(salmp)2] bis(u-phenoxo) +7 675
[Fe2(OH)2(HB(3,5-'Przpz)s)2] bis(u-hydroxo) <0 676
[Fe2(0O.CC(CH3)3)a(Pyr)] 4-(u-1,3-carboxylato) —-25 677
[Fez(u-XDK)(u-OBz)(Im),(OBz)(MeOH)] tri(u-1,3-carboxylato) -1 677
[Fe2(O2CPh)4(Pyr)a] bis(u-1,3-carboxylato) +2 678
[Fe2(O2CH)4(BIPhMe),] (u-1,1-carboxylato)bis(u-1,3-carboxylato) ~0 678
aH = —2\]5182.

associated large antiferromagnetic energy splittings
in the ground and CT excited states, which can be
probed experimentally. The other known bridging
ligands occurring at binuclear non-heme iron active
sites involved in reversible binding or activation of
O, develop much weaker bonding interactions with
the Fe centers. Therefore, the electronic spectra of
sites lacking a bridging oxide (which includes the
hydroxo- and carboxylato-bridged diferric and all
diferrous sites) are essentially a superposition of two
monomer spectra, one for each iron of the dimer.
Nevertheless, exchange interactions between the two
Fe centers are typically sufficiently strong to produce
a magnetically coupled dimer whose electronic struc-
ture can be explored through magnetic susceptibility,
EPR, and MCD spectroscopic experiments.

2. [Fe'

Fully reduced binuclear non-heme iron sites con-
tain two exchange-coupled high-spin ferrous ions.
The geometric and electronic structure of each fer-
rous site can be determined through the excited-state
methodology described in the mononuclear non-heme
iron section (vide supra, section I11.A.1). Thus, the LT
MCD spectrum is the sum of contributions from each
iron, and the observation of more than two LF
transitions immediately indicates significantly dif-
ferent geometric and electronic structures for each
ferrous center.

The electronic structure of the ground state can be
described by the ZFS parameters of the individual
ferrous centers and the exchange-coupling interaction
between the two irons through bridging ligands.
From LF theory and experimental results, the largest
reasonable magnitude for the axial ZFS parameter
(D) of a mononuclear ferrous center should be ap-
proximately |15 cm~1. The exchange-coupling inter-
action (J) between the two ferrous ions is generally
much smaller than that for binuclear ferric systems
due to the fact that the bridging ligand interactions

with the iron atoms are less covalent, as they involve
mainly carboxylate and hydroxo ligands for the
relevant biological systems. Thus, the magnitudes of
J and D become comparable and have to be consid-
ered together in order to describe the electronic
structures of the ground states of fully reduced
binuclear non-heme iron sites. J values for binuclear
ferrous proteins and model complexes are sum-
marized in Table 16.

a. Electronic Structure. Equation 27 gives the
spin Hamiltonian for an exchange-coupled biferrous
system

H = —2JS,-S, + D,(S,,% — 1/3S(S + 1)) +
Ei(S,” — S,1%) + Dy(S,,” — 1/3S(S + 1)) +
EZ(SxZ2 - Sy22) + gzlﬁHzSzl + gxlﬂHxle +
gylﬁHySyl + gZZﬁHZSZZ + gxzﬁHxSXZ + gyZﬂHySyz (27)

where the subscripts denote the different ferrous
ions, J is the exchange-coupling constant, D and E
are the axial and rhombic ZFS parameters from each
ferrous ion, and H is the magnetic field strength. We
assume that the exchange coupling is isotropic and
small anisotropic terms can be combined with the
ZFS parameters.67°7%83 The single site gire2t can be
approximately related to the ZFS parameters using
LF theory as described by eq 28,12 where 1 is the Fe'
ground-state SOC constant (~100 cm™1) and k? is the
Stevens orbital reduction factor, which is <1 and
guantifies covalency effects.

-k
DFe2+ - T(nge2+ + OyFez+ — 2nge2+) (28a)
—K2A
Ereor = T(gyFe2+ — Oxrer) (28b)

This Hamiltonian is applied to an uncoupled basis
set |Si1, Sz, Ms,, Ms,[1 As described in section 11.A.1,
a high-spin ferrous ion with an S; = 2 and Mg, = 0,
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+1, +2 will split due to ZFS as defined by the
parameters D and E. In an exchange-coupled system,
the two ferrous centers can also interact through the
bridging ligands to give St = |S1 + S2|, |S1+ Sz —
1, ..., 1S1 — Szl =4, 3, 2,1, and 0 levels. These levels
are split in energy by the exchange coupling H =
—2JS:S; to generate (2Stt + 1) degenerate Ms levels,
which are further split in energy and mixed with
other (Swt, Ms) levels by ZFS. Application of eq 27 to
the uncoupled basis generates a 25 x 25 matrix.
Diagonalization of this matrix in zero magnetic field
gives the wave functions of the binuclear ferrous spin
states and their energies, which are dependent on
the relative magnitudes and signs of the exchange-
coupling and ZFS parameters and the relative ori-
entation of the D tensors. The magnitude of D is
constrained to be less than |15| cm™1; the maximum
|E/D| value is 1/3. Figure 65 shows a series of
representative energy-level diagrams generated from
different combinations of the sign and magnitude of
the exchange-coupling (J) and ZFS parameters (Dy,
D,, Ei;, and E;). Each combination gives unique
ground-state properties. Figure 65A shows the energy-
level diagram for systems with weak axial ligation,
thus negative ZFSs as a function of the sign and
magnitude of J. The center of the figure gives the
limiting case of two S; = 2 ions having large ZFS
(indicated by uncoupled basis functions (Ms,, Ms,))
but no exchange coupling. These states split in energy
when the two ferrous centers are allowed to couple
(13] > 0), resulting in dimer wave functions expressed
as (Swt, |Ms|). The left side of the figure gives
antiferromagnetic coupling (J < 0), which generates
two accidentally energetically degenerate (Siot, |Ms|)
= (0, 0)/(1, O) levels as the ground state and (4, 4) or
(1, 1) as the first excited state depending on the
magnitude of J. The right side gives the ferromag-
netic case (J > 0), producing an (Siwt, [Ms|) = (4, 4)
non-Kramers doublet ground state and different
excited states dependent on the magnitude of J.
Thus, when J < 0 and the ZFS is negative, the
ground state is a singlet and would not show MCD
intensity at LT and low magnetic field (vide infra).
For J > 0 with negative ZFS, the ground state will
be paramagnetic with Ms = +4, thus g, = 16.

Strong axial ligation and thus a positive ZFS
dramatically alters the energy-level diagram. Figure
65B presents the energy diagram with D; = D, = +10
cm~! and axial symmetry (E; = E, = 0) for a range
of J values from —5 to +5 cm™. The right side of the
diagram gives ferromagnetic coupling (J > 0) with
an (Set, [Ms|) = (4, 0) ground state and an (S, |Ms|)
= (4, 1) first excited state regardless of the magnitude
of J. The left side gives antiferromagnetic coupling
(J < 0) with an (S, |Ms|) = (0, 0) ground state and
(Swt, IMs|) = (1, 1) first excited state independent of
the magnitude of J. The Ms = 0 ground state is MCD-
inactive but can gain intensity by mixing with the
excited sublevels if the energy difference between the
ground and excited levels is small.

Systems with two significantly different ferrous
centers have unequal ZFSs. Figure 65C shows the
energy-level diagram generated for D; = —10 cm™,
D, = —-5cm™, and axial (E; = E, = 0) symmetry over
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a range of J values from —5 to +5 cm~*. As observed
for the symmetric case in Figure 65A, the ground
state remains (Swt, |Ms|) = (4, 4) for ferromagnetic
coupling (3 > 0) and (0, 0) for antiferromagnetic
coupling (J < 0). Alternatively, when the D values
associated with each ferrous site have opposite signs,
the energy-level diagram significantly changes. Fig-
ure 65D presents the energy-level diagram generated
for Dy = —-10cm™, D, = +5cm™, and axial (E; = E»
= 0) symmetry for a range of J values from —5 to +5
cm~t The right side of the figure corresponds to
ferromagnetic coupling (J > 0). This results in an
(Stot, IMs|) = (2, 2) ground state when J is small but
changes to (3, 3) when J > ~1 cm™%, with different
excited states dependent on the magnitude of J. The
left side gives the antiferromagnetic coupling case (J
< 0), which generates a different ground state as —J
increases: (Swt, [Ms|) = (2, 2), (1, 1), or (0, 0). Thus,
different VTVH MCD saturation behavior associated
with different g-values will be observed depending
on the magnitude of —J (vide infra).

Inclusion of a rhombic perturbation (to E = 1/3D,
vide supra) in the energy diagram removes all
degeneracy and produces mixed wave functions, as
shown in Figure 65E. The relative energy order of
the spin states, however, is not significantly affected.
The possibility of noncollinearity of the ZFS tensors
of the two ferrous centers also needs to considered.
Figure 65F presents the energy-level diagram for a
dihedral angle () of 45° of the z axis of each ferrous
center relative to the Fe—Fe axis while fixing all
other parameters as in Figure 65A. The order of the
sublevels within the energy range of interest (up to
~40 cm™1) does not change, but the energy differences
do vary.

The sublevels generated above split in energy and
interact upon the application of a magnetic field.
Figure 66 presents a series of representative calcula-
tions performed over a range of antiferromagnetic J
values for the axial (D; = D, = —10 cm™1) (Figure
65A, left) and rhombic (JE/D| = 1/3) (Figure 65E, left)
cases for the lowest energy sublevels of the ground
state in the presence of a magnetic field of upto 7 T.
When J is small relative to the ZFS (-3 =0.5cm™,
Figure 66A), a crossover of energy levels occurs at
low magnetic field. This changes the ground state
from [Ms| = 0 to 4. Turning on the rhombicity (Figure
66B) retains the energy order of the ground and
excited states at 0 T, but one Ms = 0 state and the
Ms = —4 state mix as the magnetic field is increased,
which gives the ground state Ms = —4 character.
Both cases result in a change of the VTVH MCD
saturation behavior as the magnetic field is increased
(vide supra).

From the above summary, different combinations
of the parameters J, D, and E with different magni-
tudes, extents of noncollinearity, and variation in
magnetic field give different energy splitting pat-
terns. Thus, each specific case has to be considered
separately to gain insight into its ground-state elec-
tronic structure.

b. Variable-Temperature, Variable-Field Mag-
netic Circular Dichroism. VTVH MCD can be used
to probe the exchange-coupled ground state of high-
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Figure 65. Correlation diagrams of the energy levels of the binuclear ferrous ground state including exchange coupling
and single-site ZFS. The exchange coupling (J) is varied from —5 to +5 cm~1. The central portion gives the pure ZFS limit
with states labeled with Mg; values for each uncoupled Fe'' (Ms;, Msy). The right side indicates a ferromagnetic interaction
(J > 0) between the ferrous atoms and the left an antiferromagnetic interaction (J < 0) with each state labeled as (S,
IMs|). The Ms is continuous from the left to right, while the St changes. The spin Hamiltonian used for calculating the
levels is given in eq 27, with (A) D; =D, = —-10cm™t,and E; =E,=0,(B) D; =D, =+10cmtand E; = E, =0, (C) D;
=-10,D,=-5cmt,andE; =E,=0,(D) D, =-10,D,=+5cm™!,and E; = E, =0, (E) D, = —10, D, = —10 cm~1, and
E = 13D|, and (F) D; = D, = =10 cm™%, E; = E; = 0, and 8 = 45°. H = 0 for all figures. (Adapted from ref 671.)

spin ferrous active sites to extract the parametersin with the high-temperature data offset from the LT
eq 27. As described in section 11.A.1, the saturation— data. Such behavior is associated with rhombic ZFS
magnetization curves for ferrous systems are nested of the ground state doublet and arises from nonlinear



Non-Heme Iron Enzymes

field-induced mixing between the partners of the non-
Kramers doublet. In addition, at LT and high field
where the non-Kramers doublet is saturated, the
MCD intensity still increases linearly with increasing
field. This behavior reflects the additional presence
of a B-term derived from mixing with higher energy
sublevels of the ground state (and with excited
states).

The MCD intensity expression for a non-Kramers
system, allowing for the effects of a linear B-term and
the presence of excited sublevels of the ground state,
is given in eq 291213.17.22.23

Ae=z

,C0s% 0 sin @

(Asat)i(j; TglliﬂHai do —

\/_MZ n,ZSinSH
2— [(""——0; fHo; dO| + BiHy;| (29)
M, T,

where

Ii= N/éi2 + (gyi8H cos 9)2 + (gmiBH sin 9)2

o (E-TU2/KT _ o ~(E+Ti2)/KT

o =

Z e~ (E-TY2KT | o —(E+Ty/2)/KT
]

o~ E—02)KT | o —(Eitoi2kT

Yi—
Zef(ErdeZ)/kT 1 o Eto2IKT
1

(Asat 1im)i» Bi, 0i, gii, and g are the C-term and B-term
MCD intensity, the rhombic ZFS, and the dimer
effective g-values of the ith doublet, respectively. E;
is the energy of the ith sublevel, and the factors «o;
and vy, are the Boltzmann populations for the C-term
and B-term, respectively. H is the applied magnetic
field, g is the Bohr magneton, k is the Boltzmann
constant, T is the absolute temperature, and M, and
M,y are the transition dipole moments for the direc-
tion indicated. Different combinations of these pa-
rameters lead to different VTVH behaviors. Thus,
VTVH MCD gives the polarization of the LF transi-
tion from which the VTVH MCD data are collected.
It also provides the electronic structure of the ground
state, in particular the energy splittings and g
parameters for the ground and excited sublevels.
These parameters often cannot be obtained from EPR
due to the large rhombicity of ferrous centers and the
exchange coupling.

Figure 67 shows representative VTVH MCD be-
haviors for the different ground states in Figures 65
and 66 which have different g, values, rhombicity (J),
and energy splittings. From eq 29, the polarization
ratio M,/M,y also affects these saturation magnetiza-
tion curves. Generally, large g, values of the ground
doublet result in more rapid saturation of the VTVH
MCD spectra. Figure 67A—C represent the VTVH
MCD behavior with ground sublevels having g, = 16,
8, and 4, respectively. These correspond to different
ground states: (A) gy = 16 (right of Figure 65A), |Ms|
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Figure 66. Energy splittings of the binuclear ferrous
ground and excited sublevels with negative ZFS in the
presence of a magnetic field along the z-axis. The axial ZFS
parameters on the two iron atoms are D; = D, = —10cm™1.
The rhombic ZFS (E) and the exchange coupling (J) are
(A)J=-05cm™L, |E/D|=0and (B)J=—-0.5cm™, |[E/D|
= 1/5. The ground and excited sublevels are labeled as (Stt,
+Ms). The spin Hamiltonian used for calculating the levels
is given in eq 27, with H, = Hy = 0 and H, varied from 0
to 7 T. (Reprinted with permission from ref 671. Copyright
1999 American Chemical Society.)

= 4; (B) g, = 8 (—J < 1 from the left of Figure 65D),
IMs| = 2; and (C) gy = 4 (—J > 1 from the left of
Figure 65D), [Ms| = 1. The magnitude of the nesting
behavior reflects the rhombic splitting (6) of the
ground state (Figure 67A, 6 < 1 cm™; Figure 67B—
F, 0 > 2 cm™1). However, when a low-lying excited
state is present, there can be a crossover of the
ground state in the presence of a magnetic field
(Figure 66) which will significantly modify the VTVH
MCD data. Figure 67D shows the VTVH MCD
behavior of a ground-state crossover of the [Ms| = 1
and 2 sublevels of Figure 65E, left with —J ~ 1.5
cm™%, and Figure 67E presents the ground-state
crossover of the |Ms| = 0 and 4 sublevels from Figure
65A, left, with —J < ~1 cm™1. From these cases one
observes a change of the slope in the LT saturation
curves corresponding to the change of ground state.

Thus, the results of the VTVH MCD data can be
correlated with the spin Hamiltonian analysis de-
scribed above to estimate the ground-state spin
Hamiltonian parameters. Figure 67A is associated
with a g, = 16 (Ms = £4) ground state which must
result from a combination of two ferrous sites with
negative ZFSs and ferromagnetic coupling (D; < 0,
D, < 0,J > 0). Figure 67B—D represents a g, = 8
(Ms = £2) or a gy = 4 (Ms = £1) ground state,
indicating that the ZFSs of the two ferrous sites must
have opposite signs and be antiferromagnetically
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Summary of the saturation magnetization parameters:
VTVH MCD parameters (A) (B) © D) (E) F)
ground state g, 16 4 4 0 4
first excited state g, - - 8 16 8
rhombic splitting § (cm™) <1 >2 >2 >2 >2 >2
first e.s. energy E,, (cm™) 8 8 1.5 10 1.5
polarization ratio M/M 0 0 0 0 >2
spin-Hamiltonian parameters (A) (B) (®) D) B F
J* (cm™) +0.5 -0.5 -2.5 -1.5 -1.0 -1.5
D, (cm™) -9 +4 +4 +5 -10 -10
D, (cm™ -4 -10 -13 -10 -10 +5
*H=-2J5S,

Figure 67. Representative saturation magnetization behaviors of MCD signals of exchange-coupled binuclear ferrous
systems. The MCD signal amplitude at fixed wavelength (symbol) for a range of magnetic fields (0—7.0 T) at a series of
fixed temperatures is plotted as a function of SH/2kT. The fit to the VTVH MCD data (—) was obtained using eq 29 with
the parameters presented in the table. (Adapted from refs 669—671.)

coupled (D; > 0, D, < 0,J < 0). Figure 67E shows a
ground-state crossover of [Ms| = 0 and 4 from the
spin Hamiltonian analysis in the presence of a
magnetic field (Figure 66). This indicates that the two
ferrous centers have negative ZFSs and are antifer-
romagnetically coupled (D; < 0, D, < 0,J < 0). It
should be noted that the magnitude of the exchange
coupling can thus be evaluated from the excited-state
energy obtained from the VTVH analysis.

Figure 67A—E presents the VTVH MCD behavior
for purely xy-polarized transitions (polarization ratio
M,/Myy = 0 in eq 29). A z-polarized transition is
affected by the Zeeman effect in the perpendicular
direction (i.e., go = 0), resulting in a dramatic change
in the VTVH MCD behavior. Figure 67F presents
data from the same ground-state parameters as in
Figure 67D but obtained from a different LF transi-
tion having a different polarization.

The above analysis using eq 29 includes an experi-
mentally fit B-term contribution to account for the
field-induced mixing between sublevels of the ground
state. The VTVH MCD intensity can alternatively be
calculated directly using the dimer wave functions
from eq 27 and the fact that the MCD intensity is
proportional to the spin-expectation values of the
single iron center (for which the LF transition is
being studied by MCD) projected on the dimer
states.%® This is given by eq 30

Ae %

E 4757070

T 27

> Ni(LB,6M,, " + 1,08, M, +
1
1,05,6M,,“Msin 6 d6 dg (30)

where A¢/E is the MCD intensity, I's are direction
cosines, 0 is the angle between the magnetic field and
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Summary of the saturation magnetization simulation parameters:
spin-Hamiltonian parameters (A) B) © D) () F
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°D, refers to the ferrous center associated with the ligand field transition from which the

saturation magnetization behavior is obtained.

Figure 68. Simulations using the complete spin—Hamiltonian in eq 27 for saturation magnetization behavior of the
MCD signal of exchange-coupled binuclear ferrous systems. The MCD signal amplitude at fixed wavelength (symbol) for
a range of magnetic fields (0—7.0 T) at a series of fixed temperatures is plotted as a function of SH/2kT. Parameters used
are listed in the inset table. Details of the simulation program are given in ref 65. (Adapted from ref 671.)

molecular z-axis, ¢ is the angle of the xy-projection
of the magnetic field with molecular y-axis, the M’s
are effective transition dipole moment products, and
[8i[S are the components of the spin-expectation value
of the ith ground-state sublevel localized on the
ferrous site for which the transition is studied. Figure
68A—F gives a series of fits to the data shown in
Figure 67A—F using eq 30 obtained by varying the
spin Hamiltonian parameters D;, D,, and J in eq 27.
The spin Hamiltonian parameters derived from both
methods are consistent with each other in sign and
their magnitudes are within their error ranges. The
combined VTVH MCD and spin Hamiltonian analy-
sis in eq 27 provide detailed ground-state electronic
structure insight for exchange-coupled biferrous sys-
tems.

c. Integer Spin Electronic Paramagnetic Reso-
nance. Exchange-coupled binuclear ferrous systems

[+4>
— (14> 149
P (82 + gBH?)172
217 [I+4> + I-4>]
|-4>

H—

Figure 69. Rhombic splitting of an Ms = +4 non-Kramers
doublet at zero magnetic field (left) and with increasing
applied field (right).

having St = 4, Ms = +4 non-Kramers doublets can
show an integer spin EPR signal if ¢ is less than ~0.3
cm~! (the microwave energy at X band, Figure 69)
or if ZFS strain results in some molecules with ¢ in
this range. This dimer doublet is split by the mono-
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Figure 70. Integer spin EPR spectra of fully reduced
methane monooxygenase taken with the microwave field
applied parallel (top) and perpendicular (bottom) to the
static field H. (Reprinted with permission from ref 684.
Copyright 1990 American Chemical Society.)

mer rhombic term E in eq 27 only in fourth order,
and thus, ¢ is small. The resonance between the Ms
= +4 and —4 sublevels generates a formally AMs =
8 transition, which is forbidden in the normal con-
figuration of EPR experiments. Equation 31 gives the
expression for EPR intensity.

I O |Mg'|gBH-SIMT? (31)

The normal (transverse mode) EPR experiment in-
volves the magnetic dipole selection rule AMs = +1.
For a transverse-mode experiment, the oscillating
magnetic field of the microwave radiation H is
perpendicular to the external magnetic field and thus
projects out the S, or Sy operator, where Sy = 1/2(S+
+S-)and Sy =1/2(S+ — S-). S+ and S_ operating on
Ms require that Ms' = Ms =+ 1 for the integral in eq
31 to be nonzero, i.e., AMs = £1. Alternatively, for a
longitudinal mode configuration, H is parallel to the
external magnetic field and thus projects out the S,
operator, where S; operating on Ms requires that Ms'
= Ms for the integral in eq 31 to be nonzero, i.e., AMg
= 0. For the coupled binuclear ferrous system with
—ZFS and +J, the Ms = +4 and —4 wave functions
are strongly mixed by the rhombic term in the spin—
Hamiltonian. This leads toa AMs =0,4 — 4 and —4
— —4, magnetic dipole allowed component in the
formally AMs = 8 transition, thus this transition
becomes allowed. Figure 70 shows the EPR spectra
for fully reduced methane monooxygenase®®* where
gy = 16 signals have been observed. It should be noted
that the observed resonance position in the EPR
spectrum is highly dependent on the value of ¢
(Figure 69). For systems with a large ¢, this rhom-
bicity leads to a decrease in the resonance frequency
which results in an apparent increase in the g, value.
Thus, the observed g, value may not directly reflect
the g, value of the ground state. Alternatively, VTVH
MCD data can provide detailed insight into both g;
and o as each has a different effect on the saturation
magnetization curves (vide supra).

B. Reversible O, Binding to Hemerythrin

Hemerythrin (Hr), which was the first character-
ized binuclear non-heme iron protein,®®5-687 belongs

Solomon et al.

to the class of metalloproteins capable of reversible
0O, binding that also includes hemoglobin® (possess-
ing a heme-iron active site) and hemocyanin®® (hav-
ing a binuclear Cu active site). The function of Hr as
a dioxygen carrier was first recognized in 1873.5% In
the past decades Hr has been the subject of extensive
biochemical, spectroscopic, and theoretical studies
that were aimed at obtaining molecular-level insight
into the mechanism of reversible O, binding. Because
recent excellent review articles®8-687 provide exten-
sive discussions of the chemistry and molecular
structure of Hr, this article will primarily focus on
electronic structure contributions to the reaction of
Hr with O,.

Biochemical Characterization. Hr is found in
four phyla of invertebrates and usually occurs as an
octamer of virtually identical subunits; however,
monomeric (myoHr) as well as dimeric, trimeric, and
tetrameric proteins have also been identified.585-687
The molecular weight of myoHTr is 13.9 kDa, similar
to that of the octamer subunit (13.5 kDa). The
sequences for a number of Hr species have been
determined. In addition to the iron ligands (vide
infra) there are other conserved residues that are also
believed to be of direct relevance for proper function-
ing of the protein.58” This hypothesis was tested in
the case of a conserved leucine residue (103 in the
T. zostericola myoHr sequence).51-6%2 The correspond-
ing side-chain methyl groups are in van der Waals
contact with bound O, suggesting that Leu103 might
play a role in stabilizing bound dioxygen with respect
to autoxidation. Two mutants of myoHr were pre-
pared, L103V and L103N. Neither mutant forms a
stable oxy adduct; instead, rapid autoxidation results
in formation of the met forms.

Early experiments on Hr indicated that two iron
centers are involved in binding one dioxygen mol-
ecule.®® By improving the purification and physical
characterization of the protein, Klotz et al.®®* were
able to identify the two physiologically relevant forms
of Hr as deoxyHr, containing a diferrous site, and
oxyHr, possessing a two-electron-reduced O, species
bound to an oxo-bridged diferric site. Using rR
spectroscopy, Loehr and Klotz et al.5%-6%7 were able
to show that the O, moiety in oxyHr is a hydroper-
oxide, terminally bound to one Fe center and exhibit-
ing a hydrogen-bond interaction with the bridging
oxide. A third form of Hr that has been extensively
studied is metHr, which is the most stable form of
the protein.585-687 Similar to oxyHr, this physiologi-
cally irrelevant form also contains a diferric site but
lacks the peroxide moiety.%8”

While allosteric effectors and cooperativity play a
major role in the process of O, binding to hemoglobin
and hemocyanin, the best characterized octameric Hr
species, i.e., those of the sipunculid phyla, are non-
cooperative in their reactivity toward dioxygen.698.:69°
In contrast, the octameric brachiopod proteins do
exhibit cooperative O, binding with a Hill coefficient
of ~2.69%869 This difference may relate to the fact that
the brachiopod proteins have two different types of
subunits (a4f4). Alternatively, there may be allosteric
effector sites in the sipunculids present only in vivo
that have yet to be identified.
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Figure 71. First coordination spheres of the diiron sites in deoxyHr (left) and oxyHr (right). (Reprinted with permission

from ref 660. Copyright 1999 American Chemical Society.)

Kinetics. Kinetic studies of dioxygen binding to
Hr have been performed in vitro by using tempera-
ture jump, stopped flow, and laser flash photolysis
techniques.68:700-702 |n the case of the octameric
sipunculid P. gouldii, the most studied Hr species in
vitro, the rate constants for O, binding and dissocia-
tion are kon = 7.4 x 106 M™? s and ke = 51 s71,
respectively (Keg = 1.5 x 10° M71), and are pH
independent.”® Upon replacement of H,O by D,0, kon
is unchanged whereas ks decreases by about 20%.7%?
These results were interpreted as indicating that the
proton of the hydroperoxide at the oxyHr site is
provided by the protein rather than the solvent and
that the PT in the process of O, binding and release
is not the rate-limiting step (vide infra).

In addition to O,, several other small molecules,
including N3~, F~, and OCN, bind to the active site
of deoxyHr.68%686 |n the corresponding adducts the
two Fe centers remain in the divalent oxidation state.
Alternatively, binding of NO causes a change in the
oxidation state of one iron, yielding an antiferromag-
netically coupled site consisting of an S = 3/2
{FeNQO}’ (formally Fe'"-NO") and an S = 2 Fe'"
center.”%® This deoxyHrNO complex has been pro-
posed to serve as an analogue to the putative “Y/-
metHr superoxide” mixed-valence intermediate in the
oxygenation of deoxyHr; however, the occurrence of
such an intermediate is not supported by electronic
structure studies of O, binding (vide infra). MetHr
also binds a number of monovalent anions, e.g., N3,
OCN~, SCN—, F~, CI7, Br, I, NO,7, CN~, and
OH~.585686 The rates of formation of the correspond-
ing adducts are of the same order as those for Fe'"
in aqueous solution, but the dissociation rates are
generally lower, so that the Hr complexes are more
stable than their simple Fe''' counterparts.

Mixed-valence /;metHr species can be prepared
upon one-electron reduction and oxidation of metHr
and deoxyHr, respectively.®®® The rapid reduction of
metHr leads to /,metHrg that is characterized by a
rhombic EPR spectrum.”®* Further reduction of /,-
metHrr is biphasic and slow, with the highest rates
at low and high pH and a minimum near pH 7.7%
Oxidation of deoxyHr results in the formation of /,-
metHro that exhibits an axial EPR spectrum.’®
Further oxidation of */;metHro to metHr is slow. In
contrast to the reduction of */;metHrg, however, this
reaction has a simple pH dependence; it is fastest at
high pH and slows down with decreasing pH.”%
Insight into the puzzling redox properties of Hr was
obtained from spectroscopic studies employing ab-

sorption, CD, MCD, and EPR techniques.”” A key
observation in these studies was that there is a 5C
Fe!' center present in deoxyHr (vide infra) and 1/,-
metHro which binds an OH™ ligand and becomes 6C
in Y/,metHrg. As a result, the redox potential of that
iron drops below the redox potential of its partner,
so that the “extra” electron of Fe'' is transferred to
the other center upon conversion of Y/>,metHro into
YometHrg. From these studies the reduction of
/,metHrg to deoxyHr is slow because this conversion
requires dissociation of the OH™ ligand. Conversely,
oxidation of Y/,metHro is slow as this transformation
proceeds through the slow initial binding of OH™ to
form /;metHrg, which is then rapidly oxidized to
metHr.

Structure. The three-dimensional molecular struc-
tures of myoHr and several octameric Hr species have
been determined by X-ray crystallography at 2 A
resolution.®®” The folding of the polypeptide chain in
the monomeric subunits is fairly simple, consisting
of four a-helices that pack roughly parallel to one
another. One characteristic of this packing is that
there is in fact only one small close-contact region,
and the helices slightly diverge from one another
away from the contact region. This produces a chan-
nel between the helices that can accommodate the
heme group in cytochromes and the binuclear iron
cluster in Hr. The interior of the channel is very
hydrophobic, providing a suitable binding environ-
ment for dioxygen.

The active site of Hr consists of two iron centers
separated by roughly 3.25—3.50 A. In deoxyHr (Fig-
ure 71, left), the ferrous ions are bridged by two
carboxylates and an exogenous hydroxide ligand.587.708
The coordination spheres of the two irons are com-
pleted by five His-N ligands, three binding to the 6C
Fel and two to the 5C Fe2, leaving an open coordina-
tion site on Fe2. In the reaction of deoxyHr with
dioxygen, one electron from each Fe'' center and the
proton from the bridging hydroxide are transferred
to O, binding to Fe2, yielding an oxo-bridged diferric
site possessing a terminal hydroperoxide in oxyHr
(Figure 71, right).%87.7% The two-electron reduction of
O, and deprotonation of the bridging hydroxide in
oxyHr are evidenced by a number of spectral features
discussed below.

Structural information on the active site has also
been obtained from EXAFS experiments.”® In gen-
eral there is a fairly good agreement between X-ray
crystallographic and EXAFS data.®®” The major dis-
crepancy concerns the Fe---Fe distance in deoxyHr
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Figure 72. LT absorption, CD, and MCD spectra of
deoxyHr. Dashed lines indicate peak positions. Note that
the CD and MCD spectra at LT are superimposable, indi-
cating that the two Fe'' centers are antiferromagnetically
coupled. Arrows indicate LF transitions of each iron.
(Adapted from ref 668.)

(where the value obtained from EXAFS is larger by
0.25 A).

Spectroscopy. In studies of deoxyHr employing
absorption, CD, and MCD spectroscopies,%8710 a total
of four LF transitions were identified in the near-IR
region (Figure 72), consistent with the presence of
one 6C, roughly octahedral Fe'' center (Fel) and one
5C, trigonal-bipyramidal Fe' center (Fe2) (section
I1.A.1). Interestingly, the difference in coordination
number between the two iron sites is not reflected
in the Mdssbauer spectrum, which exhibits only a
single quadrupole doublet with an isomeric shift
typical of high-spin ferrous iron (6 = 1.14 mm s71,
AEq = 2.76 mm s™1).71 Using variable-temperature
MCD?®8710 and 'H NMR spectroscopic methods,”*? the
two irons were found to be antiferromagnetically
coupled, —J = 12—38 and 10—20 cm™%, respectively.
These values were interpreted as indicating the
presence of a hydroxide bridge at the reduced site, a
model that has been subsequently supported by
crystallographically characterized hydroxo-bridged
model complexes®76713 and X-ray crystallographic
studies.®®”.7%8 Using SQUID magnetic susceptibility,
which permitted a more direct estimate of the ex-
change-coupling constant, a value of J = —14(2) cm™?
was obtained for deoxyHr.®®® Thus, at 300 K, the
entire manifold of ground-state spin sublevels is
thermally populated (i.e., the entire exchange split-
ting is 280 cm™?!) and can thus participate in the
reaction with O, a triplet.

Of particular interest with respect to the reaction
of deoxyHr with O, are the orientations of the redox-
active MOs containing the extra electron on each iron
relative to the dimer structure. This was explored
through density functional calculations on an approx-
imate model of the deoxyHr site with formates and
NH; groups replacing the carboxylates and histi-
dines, respectively.%° Evaluation of the computation-
al results on the basis of experimental data, which
is an absolute requirement to validate analysis of
electronic structure calculations, indicated that this
approximate model provides a reasonable description
of the deoxyHr active site. From Figure 73, the redox-
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Figure 73. Boundary surface plots of the redox-active
orbitals containing the “extra” electrons on Fel and Fe2,
obtained from a DFT calculation on deoxyHr. Also indicated
is the favorable orientation of the Fe2-centered orbital for
a s-bonding interaction with one of the z* orbitals of O,
approaching along the open coordination site of that center.
(Reprinted with permission from ref 660. Copyright 1999
American Chemical Society.)

active spin-down orbital localized on the 5C Fe''2 is
properly oriented for a 7-bonding interaction with one
of the two half-occupied z* orbitals of dioxygen
approaching along the open coordination site of that
center. The redox-active orbital on the 6C Fe''l is
oriented perpendicular to the Fel—O (hydroxide)
bond that might be anticipated to play a key role for
ET from Fel to O, via Fe2 (vide infra). The LUMO
of that iron is only ~390 cm~? higher in energy, how-
ever, and that orbital has a good orientation for a
s-bonding interaction with the hydroxide. Thus, re-
orientation of the redox-active MO on Fel for efficient
superexchange to Fe2 is energetically accessible.

For oxyHr, solution absorption and CD spectra,553
rR excitation profiles for the symmetric Fe—O—Fe,
the Fe—hydroperoxide, and the O—OH stretching
modes®®® (denoted v(Fe—0), v(Fe—0O,H), and »(O—
OH), respectively), along with polarized single-crystal
electronic absorption spectra’* are shown in Figure
74. Three dominant features denoted 1, A, and B are
observed in the absorption spectra. Band 1 peaking
at ~19 300 cm~! was assigned to a hydroperoxide-
to-Fe CT transition because it is primarily Elc
polarized (i.e., perpendicular to the Fe---Fe vector)
and greatly enhances the v(Fe—0O;H) and v(O—OH)
modes in the rR spectrum.®636%.714 Bands A and B
are predominantly Ellc polarized and were therefore
assigned to oxo-to-Fe CT transitions.653.714

Two features in the oxyHr absorption and rR data
(Figure 74) require further consideration: (i) both the
oxo-related v(Fe—0Q) and the hydroperoxide-related
v(Fe—O,H) modes are resonance enhanced under
band A and (ii) the corresponding rR excitation
profiles steadily decrease on approaching band B
despite the increase in absorption intensity. This
prompted an analysis of the spectroscopic data of
oxyHr within the framework of the time-dependent
Heller theory”™72715 (see section 11.A.2.a.2). Simulated
absorption and rR excitation profile data are plotted
on top of the experimental data in Figure 74.%5° The
simulation nicely reproduces the experimentally
observed decrease in the rR excitation profiles for v-
(Fe—0) and v(Fe—0,H) above 27 000 cm™1, indicating
that this behavior is due to interference effects among
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Figure 74. Experimental (300 K) and simulated absorp-
tion, CD, and rR excitation profile data for oxyHr. Top:
solution absorption and CD spectra (solid lines, adapted
from ref 663), band shape simulations for transitions 1, A,
and B (dotted lines), and nuclear distortions in the excited
state corresponding to band A (inset). Center: experimental
rR excitation profiles (symbols, adapted from ref 695) and
corresponding simulations (broken lines). Bottom: single-
crystal absorption spectra for the E vector of light polarized
parallel (dotted line) and perpendicular (solid line) to the
Fe---Fe vector (adapted from ref 663). Parallel polarization
has a large projection along Fe—O—Fe, and perpendicular
polarization has a large projection along the Fe—O,H bond.
(Reprinted with permission from ref 660. Copyright 1999
American Chemical Society.)

the oxo-to-Fe CT excited states assigned to bands A
and B.” The CT excited state corresponding to band
A was further characterized through an excited-state
distortion analysis (section 11.A.2.a.2).7*> The nuclear
distortions of the HO,—Fe—O—Fe unit (Figure 74,
inset) indicate that the corresponding excited state
has predominantly oxo-to-Fe CT character. The strong
enhancement of »(Fe—O,H) in that region (® in
Figure 74) actually arises from significant mechanical
coupling between the Fe—0(ox0) and Fe—O,H stretch
motions.

On the basis of the large body of spectroscopic data
on oxyHr, an experimentally calibrated bonding
description of the oxidized site could be generated.56°
The calculated electronic structure of Fel indicates
that the LF felt by this iron is dominated by the
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Figure 75. Boundary surface plots of the unoccupied Fe2
d-based orbitals involved in o- and #-bonding interactions
with the hydroperoxide z* orbitals, obtained from a DFT
calculation on oxyHr. Note that the corresponding peroxide-
based occupied MOs are bonding with respect to the Fe—
peroxide bond.(Reprinted with permission from ref 782.
Copyright 1997 American Chemical Society.)

bonding interactions with the bridging oxide, which
is typical for Fe"'' in oxo-bridged dimers®® (section
I11.A.1.b). Alternatively, Fe2 is involved in additional
strong bonding interactions with the hydroperoxide
(Figure 75). While the o-donor interaction of the
hydroperoxide with Fe2 is mitigated by the proton
that stabilizes the peroxide z* orbital oriented in the
Fe—O,H plane (Figure 75, left), the w-donor strength
even exceeds that of the bridging oxide (Figure 75,
right). The net result of three strong z-bonding
interactions of Fe2, i.e., one with the hydroperoxide
and two with the bridging oxide, is a fairly sym-
metrical electronic surrounding for that iron. This
model of distinct LF environments of the two Fe'"
centers in oxyHr is consistent with Mdéssbauer data.
Typically, the strong axial LF component associated
with the bridging oxide in oxo-bridged diferric sites
gives rise to a large quadrupole splitting, AEq = 1.5—
2.0 mm s71.77 In oxyHr, the quadrupole splitting of
one iron is also large, AEq ~ 2.0 mm s~1, whereas
the second iron exhibits an unusually small AEq
value of ~1.0 mm s, reflecting a less distorted
electronic surroundings of that iron.”!

The presence of an oxo bridge at the active site of
oxyHr gives rise to strong antiferromagnetic coupling
between the two ferric centers, J = —77 cm~1.7%8
Compared to other oxo-bridged diferric sites, how-
ever, the coupling strength is weaker.®®! Also, the
vibrational frequency of the symmetric Fe—O—Fe
stretching mode v(Fe—0) is lower in oxyHr than in
oxo-bridged diferric model complexes and metHr
derivatives.54> These results were interpreted as
indicating a perturbed Fe—oxo bonding interaction
in oxyHr, ascribed to the strong hydrogen bond
between the hydroperoxide and the bridging oxide
that was identified by Loehr et al.%%>"%° using rR
spectroscopy (Figure 71, right). Alternatively, DFT
calculations suggest that the relatively weak ex-
change coupling in oxyHr is due primarily to the
strong donor interaction of the hydroperoxide with
Fe2 that localizes this center and reduces the Fel —
Fe2 electron delocalization. The fairly strong hydro-
gen bond appears to be of minor importance with
respect to the reduced exchange coupling; however,
it produces a substantial reduction in the total oxo
— Fe charge donation, which is reflected in the low
v(Fe—0) frequency.5%
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Figure 76. (A) Schematic illustration of the relevant steps for O, binding to deoxyHr. Pathways for the two ETs and the
PT are indicated by curved dotted and solid arrows, respectively (PCET, concerted proton-coupled ET). (B) Proton PES as
a function of the Ob—H distance (with r(Fe2—0a) = 2.95 A) Energies and wave functions of the protonic states are shown
by solid lines (even states) and broken lines (odd states). (Reprinted with permission from ref 660. Copyright 1999 American

Chemical Society.)
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Molecular Mechanism. In an effort to obtain
molecular-level insight into proton-coupled two-ET
process associated with the interconversion of de-
oxyHr and oxyHr, the corresponding reaction coor-
dinate was explored through DFT calculations evalu-
ated and calibrated by the experimental data described
above.”? A schematic representation of the resulting
model for O, binding to deoxyHr is shown in Figure
76A. The dioxygen molecule approaches along the
open coordination position of the 5C Fe2 center of de-
oxyHr (1). With decreasing Fe2—0Oa distance, a weak
bonding interaction develops between the redox-
active orbital on Fe2 and one x* orbital of O, (desig-
nated 7,* since it x bonds to Fe2). As a consequence,
some charge is transferred from this iron to the O,
and the pK, of the bridging hydroxide decreases while
that of the partially reduced dioxygen increases and,
eventually, a situation is found (r(Fe2—0,) = 2.95 A)
in which the two proton positions are isoenergetic and
the proton can tunnel”?! from the bridging hydroxide
(structure 2) to the O, species (structure 4). In the
course of this event, the redox-active orbital of Fel
rotates to maximize the z-bonding interaction with
the bridging oxide (whose orbitals shift to higher
energy upon deprotonation) and the extra electron
of Fel gradually transfers to the second z* orbital of
the O, moiety (denoted x,* since it o bonds to Fe2)
through the Fel—O—Fe2 mixed m/o superexchange
pathway (structure 3). This process corresponds to a
concerted proton-coupled ET (PCET)7?%72% where the
distortion along the proton coordinate drives the oxi-
dation of Fel' (structure 2) to Fel'"" (structure 4). It
is distinct from an hydrogen-atom transfer in which
case the electron would transfer along with the pro-
ton. Significantly, the ET pathway in the PCET pro-
cess affords a large electronic coupling matrix ele-
ment between the z,* orbital of O, binding to Fe2
and the low-lying (i.e., m-antibonding) redox-active
orbital on Fel. In linear dimers a similar mixed z/o
superexchange pathway is eliminated by symme-
try,53° emphasizing the importance of a multiply
bridged active site in Hr to produce the bent Fe—O—
Fe unit (O = 125°).%87.708 As considered in section
I11.A.1.b, this n/o pathway is the most efficient for
mediation of exchange coupling in bent Fe—O—Fe
dimers with these studies directly coupling the an-
tiferromagnetic interaction with the superexchange
pathway for ET.

To quantify the tunneling rate for the PT process
2 — 4, the proton potential energy surface (PES) was
estimated through DFT calculations for r(Fe2—0a)
= 2.95 A (the bond length for structures 2—4 in Fig-
ure 76A) and modeled by a quartic potential, which
is plotted in Figure 76B along with the corresponding
vibrational energy levels and wave functions.”? From
the splitting between the v =0 and 1 levels, AE. =
11 cm™1, a tunneling rate constant of ket = 6.9 x 10!
s was obtained. The PT step is therefore not
expected to make a significant contribution to the
rate constants for O; binding and release (7.4 x 108
M~ st and 51 s, respectively’®) consistent with
the small KIE observed (1.0 and 1.2, respectively).”%?

In the final step of the O, binding process (4 — 5),
a further decrease in the Fe2—Oa distance to the
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equilibrium value of ~2.0 A formally completes the
second ET, from Fe2 to the x,* orbital of O.H,
yielding the terminal hydroperoxide at the oxo-
bridged diferric site of oxyHr (5). The thermodynamic
driving force for O, binding to deoxyHr (1 — 5) is
high,7% largely because of the formation of the very
stable u-oxo [Fe"'], unit83 (section I11.A.1.h.3) and
the associated increase in antiferromagnetic coupling
with progress along the reaction coordinate, which
leads to a net stabilization of the singlet ground state
in oxyHr by |30J| (Figure 58).720.724

C. O, Activation
1. Methane Monooxygenase

Biochemical Characterization. Methane mono-
oxygenase (MMO) catalyzes NADH-dependent dioxy-
gen activation and the insertion of an oxygen atom
into the exceptionally stable C-H bond of methane
(bond dissociation energy = 104 kcal mol™t) to form
methanol.643’725~726

CH, + 0, + NAD(P)H + H" —
CH;OH + H,0 + NAD(P)" (32)

This reaction is the first and energetically most
difficult step in the methane oxidation pathway.
Subsequently, methanol is converted to formaldehyde
by methanol dehydrogenase. Continued oxidation of
formaldehyde to formate is catalyzed by formalde-
hyde dehydrogenase in concert with NAD* reduction.
Finally, formate is oxidized to CO; by formate dehy-
drogenase, which also utilizes NAD™ as an oxidant.
This pathway allows the methanotroph to grow on
methane as the sole source of carbon and en-
ergy_725,727,728

Methanotrophs are classified into type I, II, or X
according to the metabolic pathway utilized, their
morphology, and types of MMO expressed.’?":728
Types | and X methanotrophs utilize a ribulose
bisphosphate pathway in which ribulose 5-phosphate
is condensed with formaldehyde, whereas type Il
methanotrophs utilize a serine pathway in which
glycine is condensed with formaldehyde to initiate
carbon assimilation. Type | methanotrophs possess
only a particulate, membrane-bound form of MMO.
In types Il and X methanotrophs, either a particulate
(PMMO) or a soluble (sMMO) form of the enzyme is
expressed depending on growth conditions.?25727.728
When the growth media contains a high concentra-
tion of copper and a low concentration of iron, the
particulate form is exclusively expressed.”?%730 Less
is known about pMMOs because of difficulties in
purification of active enzyme.”31~73¢ However, there
has been some recent progress toward the more
detailed characterization of pMMO chemistry.”37-745
Alternatively, the soluble form is exclusively ex-
pressed when the growth media contains a low
concentration of copper and a high concentration of
iron. Much is known about sMMOs based on studies
on two systems: Methylosinus trichosporium (OB3b)
from type Il and Methylococcus capsulatus (Bath)
from type x'643,726,728,746,747

In addition to methane oxidation, the soluble MMO
catalyzes reactions with a broad range of substrates
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Scheme 21
FADH
NAD(P)H l: [2Fe-28]2+
MMOR
NAD(P)* |: FADH;
[2Fe-2S]+

including saturated, unsaturated, linear, branched,
aromatic, cyclic, and halogenated hydrocarbons.”#8-75!
The products of these reactions yield alcohols, ep-
oxides, and phenols. These adventitious substrates
do not support bacterial growth. However, this broad
reactivity allows the use of different substrates for
mechanistic studies as well as industrial applications
such as in xenobiotic biosynthesis or environmental
pollution biodegradation.

sMMO is comprised of three protein components:
a hydroxylase component (MMOH), a regulatory
component termed B (MMOB), and a reductase
component (MMOR). The molecular mass of MMOH
is 245 kDa for its (08y)2 quaternary structure.”5?-756
MMOH contains the active site where methane
oxygenation occurs. Metal analysis, Méssbauer spec-
troscopy, and X-ray crystallography show that there
are two carboxylate- and hydroxo-bridged binuclear
ferric clusters per a,82y. molecule. The binuclear iron
clusters in MMOH can be stabilized in three redox
states: the oxidized [Fe''"Fe'''], the mixed-valence
[Fe'""Fe''], and the fully reduced [Fe''Fe''] states.

The MMOR component is a 40 kDa monomer that
contains one FAD and one [Fe,S;] cluster per mol-
ecule. MMOR functions to couple oxidation of NADH
to reduction of MMOH using the ET chain shown in
Scheme 21.757-761 Many other multicomponent oxy-
genase enzymes are also known to utilize similar
reductase components.”®> Green and Dalton have
proposed that the two electrons required for the
hydroxylation reaction are provided by the FADH/
FADH; and [2Fe—2S]?*/[2Fe—2S]** redox couples of
the reductase based on stopped-flow studies.”®® A
detailed study of the electron transfer process from
MMOR to MMOH has recently appeared.’®* On the
basis of stopped-flow experiments, Lippard and co-
workers proposed that three NADH molecules are
used to fully reduce the MMOH—-MMOR complex via
formation of intermediates that include semiquinone
MMOR and mixed-valence MMOH.

MMOB is a 16 kDa monomer with no associated
metal ions or organic cofactors. Steady-state kinetic
experiments indicate that MMOB can both activate
and inactivate catalysis.”® 7% During a titration with
component B, the turnover rate of MMOH with a
fixed amount of MMOR increases to a maximum at
approximately a 2:1 B/H ratio then decreases. This
observation suggests that distinct complexes between
components are formed as an essential part of ef-
ficient catalysis by the reconstituted enzyme system
coupled to NADH.”®> At a low concentration of
MMOB, kinetic modeling predicts increased forma-
tion of this ternary complex resulting in increased
turnover rate. However, at a high concentration of
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MMOB, the effective concentration of this ternary
complex decreases due to formation of inhibitory
complexes such as MMOH complexed to two MMOB
per active site and a nonproductive MMOR—MMOB
complex. Some of these predicted complexes have
been demonstrated using chemical cross-linking tech-
niques.’® Complexes have also been detected and
their Kp values measured using fluorescence spec-
troscopy.’®® These measurements on SMMO from M.
trichosporium (OB3b) show the components have
very high affinities for each other in the nanomolar
range. Alternatively, studies on sSsMMO isolated from
M. capsulatus (Bath) showed no evidence for MMOR—
MMOB complexation. Instead, MMOR and MMOB
interact noncompetitively with MMOH.”® MMOB
alters the regioselectivity of MMOH-catalyzed reac-
tions.”®® It is possible that MMOB modulates SMMO
catalysis by altering the oxidation—reduction poten-
tial of MMOH or the accessibility of reductants and/
or substrates to the active site.

Indeed, addition of a stoichiometric amount of
MMOB alters the redox potential of MMOH isolated
from M. trichosporium;’¢7.768 the redox potentials for
MMOH (E;* = +76 mV, E,* = +21 mV, SHE) shift
negatively (E;* = —52 mV, E;* = —115 mV, SHE).
Thus, the MMOH—-MMOB complex becomes more
difficult to reduce. However, in the presence of
MMOR, the changes in the MMOH redox potentials
are reversed (E;* = +76 mV, E;* = +125 mV,
SHE).”8 This switches the potentials such that the
system favors the two-electron reduction process.
Addition of substrate to this system does not signifi-
cantly perturb the redox potentials.”¢:7%® Thus, the
effect of MMOR is to poise the correct potentials for
two-ET into MMOH. MMOH isolated from M. cap-
sulatus shows somewhat different results.”®®~771 The
redox potential values for MMOH (E;* = +100 mV,
E.® = —100 mV, NHE) also shift more negatively
when MMOB is added (E;* = +50 mV, E;* = —170
mV, NHE). The potentials for the MMOH—-MMOB—
MMOR complex were reported to be too low to
measure. However, when substrate was added to the
MMOH-MMOR—-MMOB complex, the system po-
tential changed to E;* < +100 mV and E,* =~ 100
mV, indicating that substrate must bind in order for
electron transport to occur.

Kinetics. Classical steady-state kinetic modeling
of MMO is difficult to address because of the com-
plexity of the three-component system as well as
involvement of three substrates (NADH, methane,
and O,). However, transient Kinetic modeling of
MMO reactions was developed using a single turn-
over reaction.”®772=775 |_ipscomb and co-workers have
established that the stoichiometrically reduced hy-
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Figure 77. The catalytic cycle of methane monooxygenase

intermediates described in text. (Adapted from refs 728 and
643.)

droxylase (2 but not 1 e”) alone would catalyze the
oxygenation of all known types of MMO substrates.
In this manner, a number of transient intermediates
in the MMO catalytic cycle were trapped in high
yields. Valuable structural information thus became
obtainable through spectroscopic characterizations of
these intermediates. Figure 77 illustrates a current
proposal of the MMO catalytic cycle in which either
the enzymatically reduced or chemically reduced
diiron cluster of MMOH is exposed to dioxygen in the
presence of MMOB.”7¢ Note that MMOB is required
for the generation of the observed intermediates in
high yields.

Upon reaction of fully reduced diiron cluster with
dioxygen, a Michaelis—Menten-type complex, inter-
mediate O, is proposed to form.””® This proposal was
based on the observation that the g = 16 EPR signal,
which has been shown to originate from the ferro-
magnetically coupled diferrous state (section 111.A.2.c
and vide infra), disappears at a rate independent of
the dioxygen concentration. This is compatible with
formation of a species such as an enzyme—dioxygen
complex that precedes the oxidation of diferrous
cluster since intermediate O retains the g = 16 EPR
signal. Intermediate O decays at 22—26 st at 4 °C
independent of pH to an intermediate designated as
P*.775 This transient species was required by the
observation that the decay of the diferrous EPR
signal g = 16 is faster than the formation rate of the
first optically detected intermediate designated as
intermediate P, a diferric peroxy intermediate. Direct
optical detection of intermediate P* has not been
successful, perhaps due to its short lifetime or lack
of a visible chromophore.””® Intermediate P (also has
been referred to as intermediate L or Hperoxo in the
Bath system””7~779) is formed (~4.6 s, 4 °C, pH 7.7)
upon decay of intermediate P*. It has a broad
absorption band around 700 nm.”7578 Further decay
of intermediate P at 1 s™* (pH 7.7) produces inter-
mediate Q, a brightly colored species with absorption
features at 330 and 430 nm.772775777.778 On the basis
of spectroscopic analysis (vide infra), intermediate Q
is proposed to be a high-valent oxo-bridged interme-
diate.”’878L782 Intermediate Q reacts with substrate
in an apparent bimolecular fashion.””2774780 The
linear relationship between intermediate Q decay
rates and substrate concentration indicates that
initial substrate reaction is a collisional event.

Substrate activation by intermediate Q is thought
to involve the C—H bond cleavage in which case a
substantial KIE is expected. However, in steady-state
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turnover experiments using methane (CH,4 versus
CDy4), sMMO from M. trichosporium showed very
little KIE on Vimax (Vm,app.i/Vmapp,o = 1.7) but large
effects on Kn (VIK)u/(VIK)p = 8.4 or Knn/Kmp =
0.2).78 Similar experiments using MMO from M.
capsulatus showed a small isotope effect on Vmax
(Vm,app,n/Vmapp,0 = 1.75) and an inverse isotope effect
on Kn (Knn/Kmp = 0.88).7%* These experiments
showed that steps other than C—H bond cleavage are
rate limiting in the overall enzymatic reactions.
When decay of intermediate Q is monitored directly
in a single turnover experiment, a very large deute-
rium KIE (kn/kp ~ 50—100) is observed indicating
that the complete C—H bond breaking occurs in the
transition state.”’* Decay of intermediate Q is the
only step showing a deuterium KIE during methane
turnover. Because of the very large KIE, exceeding
the classical limit, the presence of tunneling of the
hydrogen atom during the abstraction process was
invoked. Similar experiments using sSMMO from M.
capsulatus also revealed a large KIE of ~28.780

Using alternate substrates such as nitroben-
zene,’%6.772778 an enzyme—product complex has been
identified and designated as intermediate T in M.
trichosporium.””? Formation of product followed by
a slow dissociation from the active site in a rate-
limiting step was confirmed by chemically quenching
the single turnover reaction. Less is known about the
structure of intermediate T. It is a chromophoric
intermediate with an absorption band at 325 nm and
a shoulder at 395 nm, which appears to arise from
the product (nitrophenol) bound in the active site.

One of the most prominent effects of MMOB was
found to be gating of dioxygen reactivity with the
fully reduced hydroxylase component.””® Although
very slow, MMOH is capable of catalyzing all alter-
native substrates in the absence of MMOB when
reducing equivalents are supplied by MMOR/NADH"
or H,O; in a so-called peroxide shunt reaction.”786
However, when MMOB is added to the NADH-
coupled system, the initial O binding is dramatically
accelerated by approximately 1000-fold.”68773 In ad-
dition, the formation rate of intermediate Q is
increased by about 40-fold.”s Upon addition of MMOB,
the product yield also increases from roughly 40% to
80%, indicating that some uncoupled pathway is
present which is decreased by MMOB.66.768 Recently,
it has been found that MMOR also plays some role
in reducing the rate of the uncoupled pathway.”%® One
possible candidate for the uncoupled pathway is the
loss of H,O, before the formation of intermediate Q.

Structure. X-ray crystal structures of MMOH
have been reported for both the M. trichosporium?é’
and M. capsulatus enzymes.”88-7%0 The crystal struc-
tures of MMOH from both sources show that it is
almost exclusively helical (60%), consisting of 19
helices in the o subunit, 12 helices in the 8 subunit,
and 8 helices in the y subunit. Only 1% of the total
residues is found in three short  strands. The overall
structure resembles a heart-shaped dimer with a
wide cleft running along the interface of the two
protomers, toward the interior of the enzyme. The a
and j subunits of MMOH form the inner walls of this
cleft.
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Figure 78. Representation of the crystallographically determined binuclear active sites of MMOH. (A) Diferric MMOH
with (IMTY, right) and without (1IMMO, left) acetate bound from M. capsulatus. (B) Diferric MMOH (LMHY and 1MHZ)
from M. trichosporium. (C) Diferrous MMOH from M. capsulatus. (The oxidized structures were generated using the
crystallographic coordinates from the indicated PDB files. The reduced structure was adapted from ref 789.)

The active site of MMOH is situated in immediate
proximity to the cleft in the a subunit of MMOH.
Each active site containing one diiron cluster is
situated between four long a-helices (aB, aC, oE, and
oF) which align next to each other in the structure.
This structural motif has been found or implicated
as a common feature of all of the diiron-containing
proteins’®~795 with the exception of an a/f sandwich
structure found in purple acid phosphatase.”® Helices
B and C contribute ligands to Fel and helices E and
F contribute ligands to the Fe2 site. Two conserved
segments of Glu—X—X—His are found.”” The iron—
iron axis in MMO is oriented parallel to the long axis
of the four-helix bundle.

Adjacent to the diiron cluster toward the interior
of protein, a hydrophobic cavity has been identified.
This pocket is lined by mostly non-hydrogen-bonding
residues and is proposed to be the site of substrate
approach.’87.789.7%0 However, no obvious channel for
the passage of substrate from the medium to this
cavity is identified in resting MMOH. Xe binding to
a remote hydrophobic pocket, which is separated from
the active-site pocket by LeullO, has been ob-
served.”® It is speculated that component interac-
tions and/or redox-state changes of the diiron cluster
may alter the protein structure such that it may form
such a channel for methane and/or dioxygen entry.”88

Two distinct core structures have been reported for
the oxidized MMOH isolated from M. capsulatus
(Figure 78A) depending on the temperature at which
the data were recorded, 4 °C (2.2 A resolution) and
—160 °C (1.7 A resolution).” In the 4 °C structure,
the two iron atoms are triply bridged by one hydroxo,
one u-1,3-endogenous carboxylate bridge (Glul44),
and a second carboxylate bridge from an exogenous

acetate ion presumed to derive from the crystalliza-
tion buffer. The Fe—Fe distance of this structure was
reported to be ~3.4 A. In the —160 °C structure, an
aquo bridge has been assigned in place of the acetate
bridge resulting in a u-OH or u-OH, structure with
a shorter Fe—Fe distance of ~3.1 A. The terminal
ligands are His147 and Glu114 (monodentate) for Fel
and His246, Glu209 (monodentate), and Glu243
(monodentate) for Fe2. For MMOH from M. tricho-
sporium OB3b, two different oxidized crystalline
forms have been solved to 2.0 and 2.7 A resolutions.”’
Only the shorter Fe—Fe distance of 3.0 A was
observed for both crystalline forms consistent with
the presence of either two hydroxo bridges or one
aquo and one hydroxo bridge (Figure 78B). These
various crystal structures are perhaps indicative of
the flexibility of the MMOH core structure, and this
characteristic has been postulated as an important
factor for the proper functioning of the enzyme.”8°
The reduced structure of MMOH (Figure 78C) from
M. capsulatus has also been reported.”®® MMOH
crystals that contained the resting state diferric
cluster were soaked with dithionite and redox media-
tor under anaerobic conditions. One protomer of the
resulting structure was found to be different from the
resting state.”® In this structure, the two hydroxo/
aquo ligands have moved out of the bridging positions
and Glu-243 has shifted to form a monodentate
bridge between the two metals as well as coordinat-
ing to Fe2 in a bidentate fashion. Consequently, the
two iron atoms are changed from 6C to 5C. The two
vacant coordination sites are located adjacent to one
another on the two irons, suggesting that they may
form a bridged binding site for O, intermediates. In
accord with the crystal structure, earlier CD and
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MCD spectroscopic studies®7%7%8 of MMO showed that
the fully reduced state of MMOH contains two 5C
ferrous centers with different geometries (vide in-
fra).”s°

Since the crystal structures of MMO-component
complexes are not yet available, the actual locations
and structural effects of component interactions
remain to be determined. However, the interactions
between MMOH and MMOB and MMOR have been
postulated to occur in the cleft that runs along the
MMOH interior.”® Covalent cross-linking experi-
ments showed that MMOB interacts with the o
subunit of MMOH and MMOR interacts with the g
subunit.”® Another potential MMOR binding site to
the o subunit was proposed in the Bath system based
on modeling the binding of a small peptide segment
of MMOR to MMOH.® Modeling of the MMOH—
MMOB complex also has been attempted based on
the recently reported solution structures of MMOB
from M. trichosporium’® and M. capsulatus.8° High-
resolution heteronuclear NMR spectroscopy of MMOB
from two organisms revealed homologous secondary
structures with very compact a/f folds devoid of
cofactors. On the basis of preliminary studies, elec-
trostatic interaction between MMOH and MMOB is
proposed to be important in the case of M. trichos-
porium”® whereas mostly hydrophobic interactions
are thought to be important in the case of M.
capsulatus.890891 It was also found for M. trichospo-
rium that substrate addition to MMOB does not
significantly alter chemical shifts, thus excluding a
role for a MMOB—substrate complex in the catalytic
cycle.”®

Spectroscopy. Earlier spectroscopic studies on
oxidized MMOH played a vital role in determining
the nature of the bridging ligand. Oxidized MMOH
as isolated exhibits no distinct absorption features
below 33 000cm™* (above 300 nm) in energy (preclud-
ing rR experiments), as expected for protonated
(or substituted) oxo-bridged diiron-containing pro-
teins. %6892 Each cluster of MMOH contains two high-
spin Fe(l11) (S = 5/2) that are antiferromagnetically
coupled to give an Syt = 0 spin system. Zero-field
Mossbauer spectra of the oxidized MMOH from M.
trichosporium indicate two slightly inequivalent high-
spin iron sites (AEq; = 0.87 mm s~ with 6; = 0.51
mm st and AEq; = 1.16 mm st with 6, = 0.5 mm
s™1) in a roughly 50:50 mixture.”®1803 The small
quadrupole splitting also suggested the presence of
a protonated (or substituted) oxo bridge. Similar zero-
field Mossbauer analysis on the oxidized MMOH from
M. capsulatus shows an unresolved single-quadru-
pole doublet with apparent AEq = 1.05 mm s™! and
0 = 0.5 mm s71.89%2 A high-field Mdssbauer analysis
of MMOH from M. trichosporium suggested that the
J value is substantially smaller than that of known
oxo-bridged diiron proteins, again consistent with the
bridging ligand being protonated or substituted. The
exact J value could not be extracted from the Mdss-
bauer spectra because of broadening of the magnetic
hyperfine splitting at higher temperature.’®® This
derived from the presence of a small paramagnetic
admixture in the ground state with applied magnetic
fields and was explained in terms of the ZFS in the
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presence of substantial antisymmetric exchange.8%
Because of the small exchange coupling, an EPR
signal from a presumably S = 2 excited state has
been detected.’8* Parallel-mode EPR revealed a small
but sharp resonance at g = 8.0, which maximized in
intensity around 30 K. The temperature dependency
of this signal gives a J value of —=7.5 cm™ (Hex =
—2JS;-S;). The small exchange-coupling constant,
combined with crystallographic data, indicate a u-hy-
droxo instead of an oxo bridge is present in the
MMOH oxidized state. Further, the lack of short
Fe—O or Fe—Fe distances that are fingerprints for
oxo-bridged diiron clusters is apparent from the Fe
K-edge EXAFS of MMOQH.802.805-807 EXAFS analysis
showed two Fe—Fe distances, 3 and 3.4 A in the case
of MMOH from M. trichosporium,®” and a single Fe—
Fe distance of 3.42 A in the case of MMOH from M.
capsulatus.802.805

Partial reduction of MMOH to the mixed-valence
Fe!''Fe' state results in a paramagnetic coupled iron
cluster. The EPR spectrum of this state exhibits
resonances at g = 1.94, 1.86, and 1.75 (Jave = 1.85)
arising from antiferromagnetically coupled S; = 2
and S, = 5/2 to give an S = 1/2 system.802.803,808
Mossbauer spectra showed that the two iron clusters
are in a trapped valence state with an exchange
coupling, J, of =30 cm™! (Hex = —2JS:°S5). A more
complete picture of the mixed-valence state of MMOH
was developed through advanced EPR studies. Pro-
ton ENDOR?761.809810 35 well as pulsed EPR (ESEEM
and Davies ENDOR) studies®81? jdentified three
classes of proton resonances associated with the
diiron cluster of MMOH. Resonances with small
hyperfine coupling values below 5 MHz are nonex-
changeable with buffer D,O and primarily associated
with the protons of the endogenous ligands. The other
two resonances exhibit unusually large hyperfine
coupling constants of ~8 and ~13 MHz. The protons
associated with these resonances exchange with D,O
only after 15—25 h of incubation at 4 °C.811812 This
indicates that the diiron site is sequestered from the
solvent. The 8 MHz resonance is nearly isotropic (i.e.,
the resonance position does not change at different
g-values). Alternately, the 13 MHz resonance exhibits
a large anisotropy with Amax ~ 30 MHz at g,. On the
basis of the comparison of the isotropic hyperfine
constant with that of known /;metHr, the 8 MHz
resonance was attributed to a terminal hydroxide
ligand. Similarly, the magnitude and anisotropy of
the 13 MHz resonance is attributable to a proton on
the oxygen bridge. The presence of a protonated
bridge (u-OH) in the mixed-valence state strongly
suggested that the same protonated bridge is also
present in the oxidized state.”61,809-813

Combined CD and MCD data for reduced MMOH
in Figure 79A revealed three bands at 7500, 9100,
and 9900 cm™! assigned as d — d transitions origi-
nating from two inequivalent 5C ferrous ions.6"°
VTVH MCD data in Figure 79B show saturation—
magnetization behavior dramatically different from
that of other known binuclear ferrous sites such as
deoxyHr (vide supra). The system behaves as having
a paramagnetic ground state with the rapid satura-
tion magnetization giving a g, = 14.7, which is
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Figure 79. CD and LT MCD spectra of the reduced MMOH without and with MMOB bound. (A) CD (——) and LT MCD
(—) spectra and the fit for the MCD spectra (- - -) of the reduced MMOH, recorded at 5 °C and 5 K and 7 T, respectively.
(B) Saturation magnetization behavior of the MCD signal in the LF region for the reduced MMOH at 7500 cm~1. The
signal intensity (symbols) for a range of magnetic fields (0—7.0 T) at a series of fixed temperatures is plotted as a function
of BH/2KT. The fit to the VTVH MCD data (—) was obtained using eq 29 giving the energy level diagram in inset. (C) The
CD (— —) and LT MCD (—) spectra and the fit for the MCD spectra (- - -) spectra of the reduced MMOH—-MMOB complex,
recorded at 5 °C and 5 K and 7 T, respectively. (D) Saturation magnetization behavior of the MCD signal in the LF region
for the reduced MMOH—-MMOB complex at 7500 cm~1. The signal intensity (symbols) for a range of magnetic fields (0—
7.0 T) at a series of fixed temperatures is plotted as a function of SH/2kT. The fit to the VTVH MCD data (—) was obtained
using eq 29 giving the energy level diagram in inset. (Adapted from ref 670.)

consistent with an Sy = 4 and Mg = +4 ground state.
From Figure 65A, this represents a ferromagnetically
coupled site (J ~ 0.3—0.5 cm™1) with two negative
ZFS parameters (D; = —4.0 cm™* and D, = —9.0
cm™1). This required that the u-OH bridge present
in the oxidized and mixed-valence forms is lost in the
fully reduced site. Correlation to the crystal struc-
ture’® and model complexes®4815 suggests that fer-
romagnetic coupling is associated with the u-1,1-
oxygen bridge of carboxylate.

An intense integer-spin EPR signal is observed at
g = 16 (Figure 70), which is also consistent with
ferromagnetic coupling between two high-spin fer-
rous ions.%8* The Mossbauer spectrum of the reduced
MMOH from M. trichosporium exhibits two quadru-
pole doublets typical of high-spin Fe': AEq; = 3.1
mm s~ with 6; = 1.3 mm st and AEq, = 2.4-3.0
mm s ! with 6, = 1.3 mm st in roughly 50:50
mixture.”®® The Mossbauer spectrum of reduced
MMOH from M. capsulatus only revealed a single
species with AEq = 3.01 mm s ! and 6 = 1.3 mm
s71.892 The lack of any Fe—Fe interactions probed by
EXAFS spectroscopy indicates an increased Debye—
Waller factor due to uncorrelated vibrations of the
metal atoms, consistent with the loss of a hydroxo
bridge upon complete reduction of the cluster.

Addition of MMOB significantly changes the CD
and MCD spectra with a new band detectable at 6260
cm~! as well as bands at 7700, 8800, and 9800 cm™*
as shown in Figure 79C.570798 Further VTVH MCD
indicates that the ferrous centers are still ferromag-
netically coupled with J ~ 0.4 cm~! but one of the
ferrous ions is altered (g, = 16.2, D; = —6.0 cm™,
and D, = —6.0 cm1).670.7%8 These results clearly show
that the active site of the reduced MMOH changes

when component B is present. This correlates with
the observed increase in O, reactivity and suggests
that the active site of reduced MMOH from the
crystallography (Figure 78C) changes upon going to
the highly reactive form of the enzyme. Addition of
substrate to MMOH—-MMOB complex results in
marked changes in the CD spectrum. However,
addition of substrate to MMOH alone does not
perturb the CD spectrum, indicating that a confor-
mational change of the active site occurs upon addi-
tion of substrate only in the presence of MMOB.7%8
Intermediate P is characterized by a broad absorp-
tion band at 700 nm (e = 2500 M~ cm™%) for M.
trichosporium?® or 725 nm (¢ = 1800 M~ cm™1) for
M. capsulatus.’78780816 The band is proposed to arise
from the peroxo-to-iron(l11) CT transition, based on
the comparison to a number of structurally charac-
terized peroxo model complexes (refs 643, 815, and
659 and references therein). This intermediate is thus
far only characterized by Mossbauer spectroscopy,’’782
which showed that both iron atoms are in the high-
spin ferric state with a sharp quadrupole doublet
(AEqg =151 mm s tand d=0.66 mm s!) similar to
end-on peroxo-bridged biferric model complexes.
Intermediate Q is characterized by intense absorp-
tion bands at 330 and 430 nm (e = 7500 M~ cm™1),
features likely to arise from oxo-to-Fe(IV) CT transi-
tion bands.”’8779.781 From section 11.A.2.a.2, rR data
would be expected to provide valuable information
about the nature of these transitions; however,
despite concerted efforts in several laboratories, it has
not yet been possible to obtain reproducible Raman
data of intermediate Q. The zero-field Mdssbauer
spectrum of intermediate Q exhibits one well-defined
doublet with 6 = 0.17 mm s™! and AEq = 0.53 mm
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s™%. The 6 value of intermediate Q is substantially
smaller than that for the diferric species, indicating
both iron atoms possess mostly ferryl character.
Moreover, the Mdssbauer spectra of intermediate Q
in applied magnetic fields up to 8.0 T show that
the Fe'V centers are diamagnetic with —J3 > 30 cm™?
(H = —ZJS]_'Sz).

The EXAFS spectrum of intermediate Q shows two
new features, a short Fe—Fe distance of 2.46 A and
one short Fe—O distance of 1.77 A consistent with a
proposed Fe,(1-0), diamond core structure.”® These
novel features are not present in reduced and oxi-
dized MMOH control samples. A crystallographically
characterized synthetic model complex Fe(l111)2(u-O),-
(6-Me3-TPA)](ClO,), exhibits a similar Fe,(u-O), dia-
mond core structure with a short Fe—Fe distance of
2.7 A and Fe—O distances of 1.84 and 1.92 A (vide
infra).®46817 From the XAS experiments at the Fe
K-edge on rapid freeze—quench samples,’® the area
of the preedge 1s — 3d feature of Q is large,
indicating that the Fe'Y centers have highly distorted
surroundings and are likely to have coordination
numbers no greater than 5.

Molecular Mechanism. The initial phase of the
sMMO mechanism involves dioxygen activation by
a binuclear ferrous site in the presence of MMOB but
independent of the substrate.”’2774780 The reaction
with dioxygen leads to formation of a peroxo inter-
mediate (thought to have a wu-1,2-peroxo-bridged
structure), which then spontaneously converts to a
high-valent ferryl intermediate, intermediate Q.
Once this reactive species is formed, methane enters
the reaction cycle and oxygenation of the substrate
occurs. There has been a general consensus regarding
the formation of intermediate Q from intermediate
P.776:818819 The two favored mechanisms, Scheme 22,
invoke either the heterolytic cleavage of the O—0O
bond assisted by asymmetric double protonation of
an end-on bridging peroxide®®® or the homolytic
cleavage of the O—O bond through rearrangement
to a side-on bridged structure, reminiscent of bis-u-
oxo formation in dicopper compounds (section 111.D).

Support for the heterolytic cleavage of the O—0O
bond is available from Kkinetic studies of SMMO from
M. trichosporium.””® The MMO reaction (eq 32) re-
quires that a proton is supplied from the medium for
each oxygenation reaction. Studies of the effect of pH
and of proton inventory show that two protons are
required in the O, reaction in the absence of sub-
strate, one in the formation of intermediate P and a
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second for the intermediate P to intermediate Q con-
version.””® Lipscomb and co-workers have proposed
that a water molecule dissociates at this point as the
O—0 bond of intermediate P is heterolytically cleaved
in forming intermediate Q_643,728,749,756,766,772,773,775,785,820
Support for the homolytic mechanism largely comes
from theoretical modeling of the conversion of inter-
mediate P to intermediate Q (see section I11.D for
discussion). While there are different proposed struc-
tures for intermediate P in the different calculations
(u-n?m?-peroxo by Shteinman,®?1822 an end-on cis-u-
1,2-peroxo or a side-on u-n%n?-peroxo by Yoshizawa
and Hoffmann,823-825 and a distorted cis-u-1,2-peroxo
(with an additional weak bonding interaction be-
tween the peroxo ligand and one iron) by Siegbahn
and Crabtree®26:827) all lead to a bis-u-oxo [Fe'VFe'V]
species for intermediate Q, consistent with the
diamond core observed experimentally in model
studies (see section 111.D).

The immediate product of the intermediate Q
reaction with substrate cannot be trapped; thus,
spectroscopic characterization of the substrate acti-
vation steps has not been possible. Instead, a number
of different reactivity approaches have been applied
to discern the various mechanistic steps proposed for
the hydroxylation of hydrocarbons in MMO. Activa-
tion of the stable C—H bond of methane is thought
to occur via either a radical rebound mechanism or

a concerted insertion of an oxygen atom (Scheme
23)_776,818,819,828,829

Arguments for the radical rebound mechanism
initially proposed by Lipscomb and co-workers have
been presented by a number of research groups. Frey,
Donnelly, and co-workers83° used 1,1-dimethylcyclo-
propane as a radical clock in sSMMO from M. tricho-
sporium and observed formation of both a ring-
opened product (3-methyl-3-butene-1-ol, 6%) and a
ring-expansion product (1-methylcyclobutanol, 13%)
in addition to a nonrearranged product ((1-methyl-
cyclopropyl)methanol, 81%). The ring-opened product
was proposed to form from a substrate radical
intermediate, while the ring-expansion product was
proposed to arise from a second oxidation of the
radical to form a carbocation. Lipscomb, Floss, and
co-workers®3! applied a chiral ethane to detect rear-
rangements during catalysis in sMMO from M.
trichosporium. This small substrate closely resembles
methane compared to other bulky radical clock
molecules and is expected to be unconstrained in the
MMO active site. The product analysis showed 35%
inversion of configuration, indicating that a radical
intermediate is formed such that it can rotate in the
active site before the completion of oxygen insertion.
When this technique was applied by Lippard, Floss,
and co-workers to SMMO from M. capsulatus, similar
results (28% inversion) were obtained with chiral
ethane.®? Lipscomb and co-workers® also applied
methylcubane as a radical clock to SMMO from M.
trichosporium and identified rearranged products,
suggesting the mechanism of MMO involves hydro-
gen abstraction via a radical mechanism.

Arguments for the concerted mechanism were
presented by Lippard, Newcomb, and co-workers834835
studying sSMMO from M. capsulatus applying meth-
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ylcubane as a radical clock. Only the methyl position
was hydroxylated (0.5% total yield) with no rear-
rangement product.®3* The lack of reactivity at the
cubyl C—H position was taken to indicate that a
conventional hydrogen abstraction to form a sub-
strate radical intermediate was not involved. They
have also applied the ultrafast radical clock sub-
strate, trans-1-methyl-2-phenyl-cyclopropane, to the
MMO system from M. capsulatus and found no
rearranged products.®3 Lippard, Newcomb, and co-
workers computed the expected lifetime of the puta-
tive radical intermediate indicated by the partial
rearrangement product distribution observed in the
chiral ethane turnover experiments. Using the esti-
mated rate constant for the C—C bond rotation and
considering the ratio of rearranged products, a life-
time of roughly 150 fs was obtained for the putative
radical intermediate.®3483 This extremely short life-
time argues against formation of discrete radical
species. Instead, a nonsynchronous concerted mech-
anism with partial radical character was proposed
to explain observed rearrangements. In this process,
C—H bond breaking and C—0 bond formation are
almost concerted but not synchronized.

Siegbahn and Crabtree proposed a radical rebound
mechanism based on theoretical studies®’ and sub-
sequent refinement.826 Their model predicts further
activation of intermediate Q to an asymmetric [Fe''!-
Fe'V]—oxyl radical species. This species undergoes an
H-atom abstraction reaction with CH, to form a
transient methyl radical species bound to an [Fe''-
Fe'V]—hydroxyl. This step is followed by a rapid
recombination of *CH; with the Fe'V center to form a
weak FeV—CHj; bond. The recombination of free
methyl radical with Fe'Y to form an Fe—C bond is
found to be very exothermic with no barrier. Basch,
Mogi, Musaev, and Morokuma also recently pub-
lished DFT calculations in support of H-atom ab-
straction.8% However, in their studies, the H-atom
abstraction occurs at the edge of the bridging oxygen
atom of the high-valent bis-u-oxo species instead of
the terminal oxyl radical. The resulting hydroxide
bridge in the [Fe''"Fe!V] mixed-valence state interacts
weakly with the methyl radical. In their model,
recombination of methyl radical with the hydroxy

intermediate occurs without first forming an Fe—C
bond. Alternatively, a number of theoretical studies
have supported the concerted oxygen insertion mech-
anism. In line with an earlier proposal by Shestakov
and Shilov®7 and by Shteinman,8?1-822 Yoshizawa and
Hoffmann used the extended Hiickel method to argue
against an oxygen rebound mechanism that invokes
formation of a discrete radical species.®?48% Instead,
they propose initial coordination of methane to Fe'v
forming a pentacovalent carbon center followed by
two-step concerted hydrogen and methyl shifts to
generate methanol. To explain partial inversion of
the chiral ethane during turnover, pseudorotation of
Fe—CH, was proposed. A summary of the proposed
mechanisms are listed in Scheme 24.

In recent years, much progress has been made
toward understanding the mechanism of dioxygen
and methane activation by MMO. In particular,
spectroscopic characterization of reactive intermedi-
ates in MMO has significantly contributed to our
current understanding. Further spectroscopic char-
acterization of the peroxo biferric species, intermedi-
ate P, and the high-valent intermediate, intermediate
Q are required for fundamental insight into the
dioxygen activation processes. In addition, more
experimental data describing the conversion of in-
termediate P to intermediate Q are needed to evalu-
ate possible mechanisms.

2. Ribonucleotide Reductase

Biochemical Characterization. The enzymatic
reduction of ribonucleotides catalyzed by ribonucle-
otide reductase (RR, EC 1.17.4.1) generates deoxyri-
bonucleotides, which are essential for DNA synthe-
sis.8%87840 This involves reduction of the hydroxyl
group on the 2'-carbon of the ribose moiety of nucleo-
side diphosphates and triphosphates.®4842 There are
at least four classes of RR.842843 Each class has its
unique composition and cofactor requirement, but all
contain a metal site and involve radical chemis-
try 842783 Class | has an a5, quaternary structure
with a total molecular weight of 258 kDa.845846 Homo-
dimers o, and 3, are usually referred as R1 and R2.
Each R1 contains one substrate-binding site and two
separate allosteric sites, and each R2 contains a binu-
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clear non-heme iron active site with a stable tyrosyl
radical essential for enzymatic reactivity.838845-850
This class of RR requires dioxygen to generate the
binuclear active site and the radical and thus does
not function under anaerobic conditions.®!83 They
are found in all eukaryotes and some microorgan-
isms, with RR from E. coli being the most character-
ized.®>* Class Il RR has an o or a, homodimer
structure and a molecular weight of 82 kDa. The
radical required for reactivity is generated by adeno-
syl cobalamin.8%58% This class of RR functions both
aerobically and anaerobically and is found in some
microoganisms but not in higher organisms. The
most characterized enzyme is from Lactobacillus
leichmannii.t®” Class Il RR is also found in E. coli
and only functions anaerobically.84?:858-860 Thjs class
of enzymes are iron—sulfur proteins with a glycyl
radical and have an a3, quaternary structure with
a molecular weight of 160 kDa.8862 The o subunits
contain the active site including the substrate-bind-
ing site, the allosteric sites, and the glycyl radical,
while the peptides of 3 subunits are held by a 4Fe—
4S iron—sulfur center.861862 Class IV RR was discov-
ered in coryneform bacteria.?3864 This class of en-
zymes contain a putative binuclear manganese cluster
and a tyrosyl radical.®%® The structure and function
of the Class | RR from E. coli will be considered below
unless noted, and information on other classes can
be obtained from recent reviews,?94843,844,854,866-870
As described above, Class | RR has a tetrameric
structure composed of the R1 and R2 homodi-
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mers.845846 The stable tyrosyl (Tyr122) radical in R2
is located in the interior of the protein surrounded
by a tightly packed, hydrophobic environment and
is shielded from electron-donor groups that are not
part of the ET chain.?4>871-873 This radical is stable
for several weeks at 4 °C. It has been identified as
an oxidized deprotonated Tyrl122* radical, which
stores an equivalent for subsequent turnover at a
remote catalytic site on R1.8727873 Tyr122* along with
the binuclear non-heme iron center are about 35 A
away from the active site of R1.8%® Thus, a long-range
ET chain is required, and the terminal group of the
ET chain involved in catalysis has been identified
from mutagenesis studies to be a radical on Cys439
at the R1 substrate-binding site 838845874

Dioxygen is required for the formation of the
tyrosyl radical along with oxidation of a binuclear
ferrous center to an oxo-bridged binuclear ferric site
which is thought to stabilize the tyrosyl radical
(vide infra).852875-88 Prigr to the formation of the
Tyrl22:, two intermediates U and X in the WT en-
zyme876-878.882.883 gand one peroxo intermediate in the
R2—-D84E and R2—W48F/D84E mutants®4885 have
been observed. The oxidized [Fe'""Fe'"'], mixed-valent
[Fe''Fe""], and reduced [Fe''Fe"] forms from E. coli
and other systems have also been characterized. The
structure and function of these sites are discussed
below.

Kinetics. The reaction of R2 involved in formation
of the Tyr122* and the oxo-bridged binuclear ferric
non-heme site is shown in eq 33. R2-apo refers to the
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subunit without bound iron atoms, and R2—(Fe!''—
O—Fe'") is the oxidized active site.

R2-apo + Tyr122—OH + 2Fe'' + "+ 0, + H" —
R2—(Fe"'-0—Fe'") + Tyr122—0" + H,0O (33)

The binding of Fe'' by the apo protein has been
investigated using Mdssbauer spectroscopy with dif-
ferent amounts of *Fe and 5Fe.%¢ The results show
that the two metal-binding sites have different af-
finities for ferrous ions. By correlating the Mossbauer
parameters of the two sites to their geometric struc-
tures,®’8 it has been suggested that the metal-binding
site farther from the Tyr122* is preferentially oc-
cupied at a low Fe''/R2 ratio (<1.7). This is in accord
with the X-ray crystallography studies on mouse R2
(vide infra).887

As noted above, intermediates U and X have been
observed in WT RR during the reaction shown in eq
33. Reaction of R2-apo, reductant ascorbate, and
limited Fe'' (Fe''/R2-apo = 2.0—2.4) with O, leads to
the accumulation of intermediate U with an absorp-
tion maximum at 560 nm and a formation constant
of k =5—10 s 1.87" This decays to intermediate X with
a rate of 3.4—5.5 s71. Decay of intermediate X with a
rate constant of 0.8 s™! is associated with the one-
electron oxidation of Tyr122 and leads to the forma-
tion of a stable radical and oxo-bridged binuclear
ferric active site. Reaction of R2-apo, reductant
ascorbate, excess Fe'' (Fe!'/R2-apo = 5), or limited Fe'"
and excess ascorbate with O, leads to the formation
of intermediate X with a rate constant of 5—10 s~1.876
Intermediate U is not observed under these condi-
tions and is thought to decay to intermediate X too
rapidly to accumulate (k > 20 s™%). The formation
constants (5—10 s 1) of both intermediates U and X
are not affected by the concentration of Fe", O,, and
R2-apo. Combined with the fact that reaction of Fe''-
preloaded R2 (reduced R2) and excess reductant with
O, increases the formation constant of intermediate
X to k = 60—80 s, these results suggest that the
rate constant of 5—10 s™! reflects a conformational
reorganization required for the binding of Fe!' by the
apo protein.88

The formation of intermediate X is 2 times slower
for the R2—Y122F mutant.®® In this mutant Tyr122
is replaced by a phenylalanine which is more difficult
to oxidize. Reaction of R2—Y122F with dioxygen
generates intermediate X, which is spectroscopically
indistinguishable from but has longer lifetime than
intermediate X observed in WT R2. Decay of this
intermediate leads to a normal binuclear ferric center
as observed for WT, along with generation of at least
six paramagnetic species.8%08% At least two of these
are tryptophan radicals, and another is proposed to
be Tyr356°, which is part of the long-range ET chain
and is conserved in all R2s. These results suggest
that when Try122* is eliminated, other residues from
the ET chain can supply the electron associated with
the formation of the free radical essential for cataly-
sis. It should be noted that the Y122F mutant has
an altered midpoint potential relative to the native
protein (from —115 to —178 mV), indicating that
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Tyr122 does affect the environment of the binuclear
center 892

In contrast to MMOH and A®° desaturase (A°D), a
peroxo-level intermediate is not observed for WT R2.
However, it can be trapped from both the R2—D84E
and R2—W48F/D84E mutants.88488 The Asp84 ligand
is replaced with a glutamate to correct the only
difference in ligation among the four carboxylates
and two histidines bound to the active site of E. coli
R2 relative to MMOH (vide supra), and the Trp48
residue was substituted with phenylanaline to block
ET to the binuclear non-heme iron center during O,
activation to increase the lifetime of the intermediate.
In the WT form, the peroxo intermediate either does
not form or decays very rapidly (k > 150 s* at 5
°C).885 The D84E mutation stabilizes the peroxo
intermediate with a decay rate constant of k = 0.9—
1.2 s71, and the W48F/D84E mutation further in-
creases its lifetime (k = 0.24—0.28 s71).884885 How-
ever, it should be noted that in contrast to A°D
(section 111.C.3),”® reaction of the reduced binuclear
non-heme iron of R2 with 80, results in incorpora-
tion of 180 into the u-oxo bridge of the biferric active
site, requiring that O, must be coordinated to the
binuclear center during O—0 bond cleavage.?®*

It should also be noted that the reaction of another
mutant, R2—F208Y, with O; leads to a partitioning
between the production of Tyrl22 radical and the
hydroxylation of Tyr208.8%3-8% The former dominates
in the presence of high concentration of reductant
and undergoes a one-electron oxidation, while the
latter leads to a two-electron oxidation to generate a
catechol that is bidentate bound to one of the ferric
ions, which gives an intense absorption band centered
near 675 nm. The oxygen atom inserted into Tyr208,
however, was shown to originate from a water
molecule and not from dioxygen.®% This is in contrast
to the results for similar experiments on the R2—
WA48F/D84E mutant.8% As described above, the W48F
mutation shuts down the transfer of the extra
electron to prevent the formation of Tyr122 radical.
Resonance Raman studies show that the final prod-
uct is an Fe'""—phenolate species with the inserted
oxygen derived from dioxygen. These results should
ultimately lead to insight into the structural basis
for protein modulation of dioxygen reactivity among
the O, activating enzymes.

Structure. Structures of R2 proteins in different
oxidation states and from various sources have been
determined by X-ray crystallography.845:846,887,897-902
The overall structure of the R2 homodimer is heart-
shaped with the two equivalent binuclear non-heme
iron centers about 25 A apart. The structure contains
more than 70% o helix, which forms an 8-stranded
barrel in a similar arrangement to that of MMOH.°%3
The active site also exhibits the conserved EXXH
motif that is found in MMOH and A°D.°03.904

The apo form of R2 from E. coli RR contains Asp84,
His118, Glul15, Glu238, His241, and Glu204 in the
metal-binding pocket.2%” Compared to the iron-bound
forms (vide infra), these amino acids move in slightly
to occupy the space vacated by the iron atoms. Four
of them, His118, Glull5, Glu238, and His 241, are
protonated to maintain the overall charge neutrality,
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Figure 80. Representation of the crystallographically
determined binuclear active sites of the R2 subunit of
ribonucleotide reductase. (A) Binuclear oxidized [Fe!''Fe!'']
active site from E. coli (1RIB), (B) binuclear reduced [Fe''-
Fe'] active site from E. coli (1XIK), and (C) binuclear [Mn!"-
Mn'"] active site from E. coli (LMRR). (The structures were
generated using the crystallographic coordinates from the
indicated PDB files.)

which also keeps these side chains and Tyrl122
connected via hydrogen bonds. The metal-binding
sites can be occupied with two iron or manganese
atoms, with the site farther from the tyrosine residue
labeled Fel (Mn1l) and the other Fe2 (Mn2).

The oxidized R2 structure was determined to a
resolution of 2.2 A (Figure 80A, PDB ID: 1RIB).84
The active site contains two ferric ions separated by
about 3.3 A (Fe—Fe distance = 3.2 A from EXAFS
studies,®® vide infra). Fel is bound with His241,
Glu204, and Glu238, all monodentate. Fe2 is bound
with His118 and bidentate with Asp84. Between the
two iron atoms is one u-1,3-carboxylate bridge from
Glul1l5 and a u-oxo bridge. Both iron atoms have
additional solvent-derived ligation resulting in two
6C centers. The Tyr122 is buried inside the protein
about 10 A from the surface and is about 3.2 A to
Asp84 on Fe2.

Reduced R2 (Figure 80B, PDB ID: 1XIK)88 exhib-
its a similar ligand environment to that of the oxi-
dized form at the binuclear active site with confor-
mational changes in three of the carboxylate ligands.
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The crystal structure for the protein reduced by X
irradiation at 110 K (resolution of 1.7 A) is very
similar to the one obtained from chemical reduction
at room temperature (resolution of 2.1 A). Fel is
bound to His241 and Glu204 monodentate. Fe2 is
bound to H118 and Asp 84 monodentate. Glu238 and
Glul15 bridge between the two iron atoms in a u-1,3
configuration. There is no u-O(H) or other solvent-
derived ligand detected. Both iron atoms can be
described as distorted tetrahedral. The distance
between the two iron atoms has increased to 3.9 A,
in agreement with the absence of a u-O(H) bridge.
The distance between the Tyr122 and Asp84 is also
shortened to 2.7 A, which may facilitate ET between
these two moieties in the formation of the active site.
It should be noted that this active-site structure does
not completely agree with the one observed in solu-
tion from MCD studies (vide infra).®6° This may relate
to (1) disorder on Glu204 which could be bidentate,
(2) the possibility of an unobserved solvent-derived
ligand bound to Fel (similar to Mn—R2, vide infra),*®
or (3) the different conditions used to obtain the
crystal structure relative to those used for the MCD
studies.

The structure of the R2—D84E mutant was deter-
mined to a resolution of 2.2 A% The oxidized
binuclear active site closely resembles that in WT R2
except that Glu84 is monodentate bound to Fe2 and
hydrogen-bonded to the neighboring solvent-derived
ligand bound to the same iron atom. The two iron
atoms are 5C and 6C, and the distance between them
is 3.3 A. This mutant was chemically reduced to the
biferrous form, and the structure was determined
crystallographically at 1.98 A resolution. Comparison
to the reduced form of WT R2 reveals three signifi-
cant differences: (1) Glu84 is bidentate bound to Fe2
(Asp84 is monodentate in reduced WT), (2) the con-
formation of Glu204 has changed considerably with
the unbound oxygen farther away from Fel, and (3)
Glu238 bridges the iron atoms in a x-1,1 configura-
tion with its second oxygen atom also bound to Fel,
which decreases the distance between the two iron
atoms from 3.9 to 3.5 A. Both iron atoms are 5C in
R2—D84E. The reduced binuclear active site of this
D84E mutant has a structure very similar to that of
MMOH.

The structure of the azide-bound reduced form of
the R2—F208A/Y122F mutant of E. coli RR has been
determined at a resolution of 2.0 A.8%° Azide binds
terminally to Fel with a change of the bridging
Glu238 to a u-1,1 configuration. The second oxygen
atom of Glu238 also binds to Fel, resulting in the
two iron atoms being 6C and 4C with an Fe—Fe
distance of 3.4 A.

The binuclear active-site structure of manganese-
substituted E. coli (Figure 80C, PDB ID: 1MRR)%%°
was determined at 2.5 A resolution. The overall R2
structure of this Mn-substituted form is very similar
to the Fe-occupied form, with a distance between the
two Mn atoms of 3.6 A. The binuclear active-site
structure is different from that of the oxidized site86
but similar to the reduced Fe site.?® The Glu238
bound to Fe2 of the biferric form shifts in the Mnl
of Mn—R2 to bridge both manganese ions in a u-1,3
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configuration with Glu115 serving as the second x-1,3
bridge. The Mnl is bound with Glu204 and His241
along with one water ligand. The Mn2 is bound with
His118 and Asp84 monodentate. There is no u-oxo
bridge and no solvent-derived ligand bound on Mn2.
The two Mn atoms are 5C and 4C.

The structure of oxidized R2 from mammalian
(mouse) RR was determined at pH 4.7 (resolution of
2.3 A).887 The overall 0,8, structure of mouse RR is
very similar to that of E. coli RR, except that mouse
R2 is mainly composed of S-strands. Both the oxidized
and reduced forms contain only one iron atom bound
at the active site. This iron atom is in the metal-
binding site farther from the tyrosine residue and is
bound with Glul70, Glu233, Glu267, and His270
with Glu267 bound bidentate, which results in a 5C
distorted trigonal-bipyramidal geometry. The struc-
ture also reveals that the iron-radical site is more
accessible and has less hydrogen bonds than in E.
coli R2, which may contribute to the low stability of
the iron center of mouse R2.%%

Spectroscopy. The oxidized form of the binuclear
non-heme iron center of R2 contains two ferric ions
in the active site separated by 3.22 A, from EXAFS.905
Mossbauer spectroscopy demonstrates that the sites
have two high-spin ferric ions which are antiferro-
magnetically coupled.8”> The magnitude of the ex-
change coupling is estimated from magnetic suscep-
tibility and saturation—recovery EPR studies to be
—90 to —108 cm™1.852907908 Thjs strong coupling
originates from the presence of the oxo bridge be-
tween the two iron atoms. A short Fe—O distance of
1.78 A, from EXAFS, is consistent with the presence
of a u-oxo bridge.®® The intense CD®® and absorp-
tion®? transitions at 325 and 370 nm are oxo to ferric
CT transitions (see section 11.A.2), and the rR fre-
guencies at 493 and 756 cm™! arise from the sym-
metric and asymmetric stretching vibrations of the
Fe—O—Fe core. 90911

The nature of the Tyr122* has been studied with a
variety of spectroscopic methods. UV—vis absorption
shows the narrow, characteristic band at 412 nm for
the tyrosyl radical.85 The EPR spectrum shows no
signal for the antiferromagnetically coupled binuclear
non-heme iron center but does exhibits a g = 2.0047,
S = 1/2 signal associated with the Tyr122- 81912913
ENDOR studies show that the Tyrl22* is un-
charged.® It lacks interaction with hydrogen-bond-
ing protons and shows a strong hyperfine coupling
with the g-methylene proton. CD studies show in-
tense features around 410 and 800 nm for the
Tyr122* with the former associated with the absorp-
tion feature at 410 nm.®%° rR spectra obtained with
excitation close to this 410-nm band further show a
strongly enhanced mode at about 1500 cm~1.872914
This high frequency for a C—0O stretch indicates that
Tyr122: is not protonated, in accord with the ENDOR
results. The interaction between the radical and the
binuclear non-heme iron center is very weak. The
magnitude of the exchange coupling estimated from
saturation—recovery EPR is about |0.0047 + 0.0003
cm™!|, which may arise from a hydrogen-bonding
interaction between these centers.%!®
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One-electron reduction of oxidized R2 with X-ray
irradiation at LT produces the mixed-valent form,
which gives three EPR signals at g = 14.0, 6.6, and
5.4 arising from a ferromagnetically coupled [Fe'-
Fe'''] center with an S = 9/2 Kramers doublet ground
state.'6°17 The mixed-valent form of R2 can also be
obtained with low yield (5%) through chemical reduc-
tion with diimide, generating EPR signals at g =
1.93, 1.85, 1.83, and 1.64.%'8 These figures result from
an antiferromagnetically coupled [Fe''Fe'"'] center
with an Sy = 1/2 Kramers doublet ground state as
observed for mixed-valent Hr,’®* MMOH,8%2810 and
PAP,%9-921 gyggesting that there is a wu-hydroxo
bridge between the two iron atoms. Measurement of
the magnitude of the exchange coupling is in accord
with the presence a protonated bridge (J ~ —17
cm™1).97 The mixed-valent forms from mouse and
herpes simplex virus upon mild chemical reduction
are also observed and stable at room tempera-
ture.??2923 This parallels the u-hydroxo bridge ob-
served for the mixed-valent form of MMOH.802810
However, oxidized RR has a u-oxo bridge®* while
oxidized MMOH retains the u-hydroxo bridge.”° (vide
supra, section I11.C.1). It is of great importance to
understand how the different electronic structures
resulting from different bridging environments affect
different catalytic functions.

The [Fe"Fe'"] reduced form is colorless, thus only
showing an absorption maximum at 282 nm deriving
from the protein residues.®?* The two iron atoms are
high-spin ferrous ions based on Méssbauer studies.®”
Magnetic susceptibility and NMR data suggest that
the exchange-coupling interaction between the two
iron atoms is weak.%%7:924 EPR studies show a very
weak integer spin signal at g = 14.4, which is
considered to derive from a small fraction of mol-
ecules having ferromagnetically coupled sites.®?> CD
and MCD studies show three transitions in the near-
IR region (Figures 81A and 78) with one at high
energy (9000 cm™1) and two at low energy (5500 and
7500 cm~1).8%° This demonstrates that the active site
contains one 5C and one 4C high-spin ferrous ion.
VTVH MCD data (Figure 81B) show a paramagnetic
center with a saturation behavior similar to that of
a mononuclear ferrous center, indicating that the two
exchange-coupled iron centers have a ground state
with Ms = £2.569 A spin Hamiltonian analysis of the
saturation magnetization behavior indicates that the
two iron atoms are weakly antiferromagnetically
coupled with a magnitude of the exchange coupling
of 3 ~ —0.5 cm™%, and two sites have unequal ZFS
parameters with opposite signs (vide supra, Figure
65D). This is consistent with the fact that the two
iron atoms are 5C and 4C, which further indicates
that there is an open coordination position on each
ferrous center leading to the possibility of dioxygen
bridging. It should be noted that the binuclear active-
site structure obtained from crystallography contains
two approximately equivalent 4C iron centers,8%8
which is not in agreement with the presence of three
LF transitions in the near-IR region of the CD and
MCD spectra.

Small-molecule binding to the reduced site is of
importance for understanding the dioxygen reactivity
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Figure 81. CD and LT MCD spectra of the reduced R2 without and with azide bound. (A) CD (—) and LT MCD (— —)
spectra and the fit for the CD spectra (- - -) of the reduced R2, recorded at 5 °C and 5 K and 7 T, respectively. (B) Saturation
magnetization behavior of the MCD signal in the LF region for the reduced R2 at 7700 cm~*. The signal intensity (symbols)
for a range of magnetic fields (0—7.0 T) at a series of fixed temperatures is plotted as a function of SH/2kT. The fit to the
VTVH MCD data (—) was obtained using eq 29 giving the energy level diagram in inset. (C) CD (—) and LT MCD (— —)
spectra and the fit for the CD spectra (- - -) of the azide-bound reduced R2, recorded at 5 °C and 5 K and 7 T, respectively.
(D) Saturation magnetization behavior of the MCD signal in the LF region for the azide-bound reduced R2 at 7700 cm~1.
The signal intensity (symbols) for a range of magnetic fields (0—7.0 T) at a series of fixed temperatures is plotted as a
function of SH/2kT. The fit to the VTVH MCD data (—) was obtained using eq 29 giving the energy level diagram in inset.

(Adapted from ref 669.)

of the active site. CD and MCD studies show that
with low-molar excess of azide, one azide binds to the
5C iron atom of the reduced site to convert it to 6C
(Figure 81C).%%° VTVH MCD data and analysis show
that the ground state of this exchange-coupled center
is altered to Ms = +1 (Figure 81D).%%° The two iron
atoms remain weakly antiferromagnetically coupled
(J ~ —2.5 cm™), indicating that the bridging envi-
ronment is not significantly perturbed. Compared to
the crystal structure of the azide-bound R2—F208A/
Y122F mutant, both studies are in agreement that
the two ferrous centers are 4C and 6C, while the
crystallographic results indicate that there is a
carboxylate shift for one of the bridging ligands to a
u-1,1 bridging mode. CD and MCD studies also show
that addition of high-molar excess of azide leads to
two distinct two-azide-bound active sites.®®°® The one
that can be spectroscopically defined contains one 5C
and one 6C iron with the two iron atoms weakly
ferromagnetically coupled, indicating that each iron
atom is bound with one azide and the bridging
interaction is perturbed. VTVH analysis shows that
the ground state of this species is |[Ms| = +4, which
is consistent with the presence of a g = 17.0 signal
in the EPR spectrum.®?® The above results demon-
strate that the binuclear ferrous active site has open
coordination positions on both ferrous centers capable
of small-molecule (i.e., dioxygen) binding in a bridg-
ing mode. This is in accord with the data available
for peroxo-level intermediates that have been trapped
for the mutants of R2 (vide infra).884885

The first intermediate (U) observed in the reaction
of the reduced R2 site with dioxygen shows an

absorption maximum around 560 nm.8”” Mdssbauer
studies show that the active site remains binuclear
ferrous, indicating that this species is not a peroxo
biferric intermediate. The lack of the 412 nm absorp-
tion band further suggests that it does not contain
the Tyrl122:. The 560 nm absorption feature is,
however, eliminated when a tryptophan near the
surface of R2 (W48) is mutated to phenylalanine.%?¢
Intermediate U is thought to be a protonated tryp-
tophan radical, in accord with the presence of an EPR
feature with a g =~ 2 signal at an early phase of the
reconstitution process.

The second intermediate (X) has an absorption
maximum at 360 nm.876882 The lack of the 412 nm
band indicates that it does not contain the Tyrl122-.
Freeze—quench studies show an S = 1/2 isotropic
EPR signal at g = 2.00 which is different from that
observed for the Tyr122° based on spectral line shape
and time dependence of formation.878882 The signal
shows hyperfine broadening with 7O, or H,O
labeling and with a 5Fe incorporation, indicating
that the spin is coupled to both the binuclear non-
heme iron active site and oxygen from H,O and
dioxygen.®?” Q-band EPR studies show significant
anisotropy of this g = 2 signal.%?” From the results
from rapid freeze—quench Q-band 5"Fe ENDOR, the
oxidation state of X is thought to be [Fe"'Fe'V]. This
is based on the anisotropy of the 5’Fe hyperfine tensor
of one of the iron sites and is consistent with the
Mdssbauer data, indicating a significantly smaller
isomer shift (0 = 0.26 mm s™1) in accord with an Fe!v
oxidation state.®?” Thus, intermediate X can be best
described as a spin-coupled [Fe'""Fe'!V] center with
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significant spin delocalization onto oxygen ligands.

Numerous ENDOR studies have been performed
to characterize the active-site structure of intermedi-
ate X.92679%2 CW and pulsed Q-band ?H-ENDOR
studies performed with H,O and D,O show the
presence of terminal aqua ligand bound to Fe''!.9%8
Q-band 0O, and H,"O-ENDOR and S-band EPR
studies reveal the two oxygen atoms initially derived
from O;: one is present as a u-oxo bridge and the
second as the terminal aqua ligand.®3! The latter is
exchangeable with solvent, and no second u-0xo
bridge is observed. Along with the unusually short
distances of Fe—Fe (2.5 A) and Fe—O (1.8 A) observed
from EXAFS studies,®®? these results suggest that the
intermediate X contains a single oxo bridge and one
or two additional mono-oxo bridges provided by the
carboxylate ligands. Parallel studies on model com-
plexes have also provided insight into intermediate
X and will be discussed in section 111.D.2.

The peroxo intermediate present in R2—D84E and
R2—-W48F/D84E mutants exhibits a broad absorption
band at 700 nm and diamagnetic ferric Mdssbauer
features, 485 which are the characteristics of a
peroxo—biferric core and are very similar to what
has been observed for the peroxo intermediates of
MMOH, 770782816 A9D 933 and several u-peroxo—biferric
model complexes.559934 Resonance Raman studies for
the R2—WA48F/D84E mutant show three peaks at
458, 499, and 870 cm™! assigned as the vs(Fe—0,),
vas(Fe—0,), and v(O—O0) vibrational modes, respec-
tively.®5 A similar frequency of vo—o (890 cm~1) has
also been observed for the R2—D84E mutant.®® The
high frequency of vo—o along with the isotope shifts
from 170,, 180,, and 080 labeling experiments for
the R2—W48F/D84E mutant demonstrate that the
peroxo is bound to the biferric center in a 4-1,2 mode.
Decay of the peroxo intermediate in the R2—D84E
mutant leads to the appearance of absorption maxima
at about 409, 325, and 365 nm, suggesting the
formation of the Tyr122* and the oxidized [Fe'"'-O—
Fe'""l center.88 It should be noted that intermediate
X does not accumulate after the decay of the peroxo
intermediate for the R2—D84E mutant, which may
result from the change in the rate constants for the
constituent steps. A detailed electronic structure
description of the peroxo intermediate will be pre-
sented in section 111.D.1.

Molecular Mechanism. On the basis of the
extensive information available from crystallography
and spectroscopy on wild-type and mutant RRs,
several key steps of the reaction of the binuclear
ferrous site with dioxygen to generate the stable

tyrosyl radical have been derived (Scheme 25). Fe'
binding to the apo protein to form the reduced site
requires a conformational rearrangement.88¢ The
active-site geometric and electronic structure of the
reduced form is best described as one 4C and one 5C
ferrous center with two u-1,3-carboxylate bridges
between the two iron atoms, resulting in a weak
antiferromagnetic coupling.®® This reduced form can
rapidly react with dioxygen as the substrate (Tyr122)
is a residue already present at the site, which is
dramatically different from the lack of reactivity
observed for MMOH and A°D (see sections I11.C.1
and I11.C.3). Reaction of the reduced site in WT R2
with dioxygen either leads to intermediate U with
limited amount of Fe"' 87 or directly generates inter-
mediate X with excess of Fe!' or reductant.t® Inter-
mediate U is a protonated tryptophan radical which
can shuttle the extra electron into the binuclear
active site to generate intermediate X.877 Reaction of
the reduced R2—D84E and R2—D84E/W48F mutants
with dioxygen generates the peroxo intermediate, in
which dioxygen bridges the two ferric centers in a
cis-u-1,2 configuration.88+88 For the R2—D84E/W48F
mutants, decay of the peroxo intermediate leads to
intermediate X, with the extra electron provided
either by excess Fe'' or reductant or by protein
residues (see section 111.D.2). Intermediate X contains
an oxo-bridged [Fe"'Fe'V] binuclear center, and its
decay generates an oxidized oxo-bridged binuclear
ferric center along with a stable unprotonated Tyr122-.

The fact that the two metal-binding sites have
different affinity allows one to further distinguish
that the site with Asp84 binds weaker and is the Fe'"
in intermediate X while the site away from the
Tyr122: binds stronger and has partial Fe'V character
in X.886 Thus, the more oxidized iron atom is farther
from Tyrl122, and formation of Tyrl122* by decay of
intermediate X likely occurs by proton-coupled ET
rather than direct hydrogen-atom abstraction. The
electron is transferred to the Fe'V center (Fel), and
the proton could be associated with formation of a
solvent-derived ligand bound to Fe2 in the resulting
binuclear ferric form. The stable tyrosyl radical
generated is then stored and can be transferred
through the long-range ET chain to the R1 subunit
to generate a thiyl radical which then generates a
reactive substrate radical essential for catalysis.8*3

3. A® Desaturase

Biochemical Characterization. The acyl-bound
acyl carrier protein (acyl-ACP) desaturases activate
dioxygen in a desaturation reaction involving the
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Scheme 26. Electron Transfer Chain for Stearoyl-ACP A° Desaturase
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insertion of a cis (or Z) double bond. Desaturation is
an essential step in fatty acid biosynthesis. In eu-
karyotes, desaturation is a postsynthetic modification
catalyzed by NADPH- and dioxygen-dependent bi-
nuclear non-heme iron enzymes. Both membrane-
bound and soluble enzymes have been identified, and
a large variety of isoforms that vary in substrate
specificity and regiospecificity are known.?36-938 The
number and position of double bonds in fatty acids
profoundly affects their physical and, therefore,
physiological properties.?3°~942 Free fatty acids are not
desaturated in vivo but must be attached by a
phosphopantetheine thioester linkage to ACP for the
soluble desaturases,®* to coenzyme A (CoA) for some
membrane-bound desaturases,®%°7 or to sugar or
phospholipid moieties for other membrane-bound
enzymes.®3%97 Up to eight histidine residues are
found to be conserved and are essential for catalytic
activity for non-heme integral-membrane desatu-
rases, hydroxylases, and monooxygenases.®** Some
of these histidine residues have been demonstrated
to be ligands for the iron atoms in their active
sites.®*%7 The similar histidine-rich motifs have also
been found for integral-membrane enzymes perform-
ing other catalytic functions, including oxidases, de-
carbonylases, acetylenases, and epoxygenases. 946:948-950
Site-directed mutagenesis studies for higher plants
demonstrated that as few as four amino acid substi-
tutions can convert an integral-membrane desaturase
to an integral-membrane hydroxylase, and as few as
six can convert a hydroxylase to a desaturase.®s!
There is no significant sequence identity between the
soluble and membrane-bound classes of enzymes.%52-955
However, the soluble and membrane desaturases do
have several important similarities: (1) the presence
of the binuclear non-heme active site is required for
catalysis;%® (2) inhibition by metal chelators;%’ (3)
stereospecificity of the substrate;**® and (4) large
KIEs for C—H bond cleavage.®®® Thus, it is believed
that there is a partitioning among these different
catalytic reaction pathways after the first hydrogen-
atom abstraction from the substrates.

Stearoyl—acyl carrier protein A° desaturase (A°D)
isolated from Ricinus communis (castor) seeds is the
most well-characterized desaturase (EC 1.14.99.6).
A®D is also the only soluble desaturase identified to
date, as the others are integral membrane enzymes.
This enzyme inserts the cis double bond between the
9 and 10 position of stearoyl—ACP to form oleoyl—
ACP using the ET chain shown in Scheme 26.956:960-962
A°D is a homodimer with each subunit having one
binuclear iron site and a molecular weight of about
84 kDa.?%%:962 Both the oxidized [Fe'''"Fe''"] and fully
reduced [Fe"Fe'"] forms along with a peroxo inter-

E-FADH , 2[Fe'Fe' 2Fell Stearoyl-ACP
X X )
E-FAD 2[Fe"Fe") oFell Oleoyl-ACP
[2Fe-2S]
Ferredoxin

+2H,0
Desaturase

mediate have been characterized, and their spectro-
scopic features will be discussed below.

Kinetics. A°D is isolated in a binuclear ferric state,
which can be reduced to the catalytically active
biferrous form either chemically or biologically.%3
Steady-state kinetic experiments’®3.93 show that the
rate of autoxidation of chemically reduced A®D in a
single turnover is slow (<0.002 min~1) but is signifi-
cantly increased in the presence of substrate (stea-
royl-ACP) to k ~ 0.027 min~!, which is 103-fold
slower than the rate determined for biologically
reduced A°D with k ~ 20—30 min~*. It should be
noted that the slow autoxidation rate (<0.002 min~1)
is not affected by addition of pantotheinate coenzyme
A, methyl stearate, apo-ACP (lacking the functionally
essential phosphopantetheine group), or holo-ACP
(lacking the stearoyl chain attached to the phospho-
pantethiene sulfhydryl group),®®® which is in accord
with observations from CD and MCD studies (vide
infra).6”* It has been found that during the autoxi-
dation of chemically reduced A°D in the presence of
stearoyl—ACP, a peroxo-level intermediate can be
trapped with a formation rate of k =46 st at 6 °C.%*
Decay of the intermediate leads to the resting biferric
state with a rate of 0.004 min~1.%64 Alternatively, the
absence of desaturation product, 18:1 oleoyl—ACP,
suggests that this chemically reduced form undergoes
oxidase chemistry.®3® Catalytic oxidation of biologi-
cally reduced A°D using ferredoxin reductase and
[2Fe—2S] ferredoxin produces desaturation product,
but no intermediate has yet been trapped.®® The
different reactivity between these two forms remains
to be understood. It should also be noted that in
contrast to RR,??4 180 is not detected in the oxo bridge
(vide infra) after a single turnover of chemically
reduced A°D with 80,.793

Several other Kinetic experiments have also been
performed to investigate the nature of substrate-
binding specificity.®5¢ Kinetic deuterium isotope
experiments for the yeast A° CoA desaturase show
that the maximum isotope effects occur at the 9-posi-
tion of the substrates (ku/kp = 7.1 £ 0.2) with no
detectable effect at the 10-position (kn/kp = 1.03 +
0.09), and similar experiments for the plant oleate
A'? desaturase also show that the maximum isotope
effects occur at the 12-position of the substrates (ku/
ko = 7.3 £ 0.4) with a negligible effect at the
13-position (knp/kp = 1.05 + 0.04). These results
provides insight into the mechanism and will be
discussed. Recent steady-state Kinetic studies give an
estimate of kea/Ky for different acyl chain lengths.%”
The results show that the substrate-binding pocket
can accommodate at least one more methylene group
than the natural substrate and that the hydrophobic
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Figure 82. Representation of the crystallographically
determined binuclear Fe''Fe!! active site of stearoyl—acyl
carrier protein A® desaturase from caster seed (1AFR). (The
structures were generated using the crystallographic co-
ordinates from the indicated PDB files.)

binding energy increases upon increase in chain
length.

Structure. The three-dimensional structure of
reduced A°D from castor seeds has been determined
by X-ray crystallography to a resolution of 2.4 A (PDB
ID 1AFR).°%¢ The form studied was obtained by
photochemical reduction of the metal center by X-ray
radiation. The active-site structure (Figure 82) shows
that the two Fe'' atoms are bound in a highly
symmetric environment: one iron is coordinated by
Glu196 and His232, while the other iron is coordi-
nated by Glul05 and His146, with both Glu196 and
Glul105 binding in a bidentate mode. The two irons
are u-1,3-bridged by two carboxylate ligands (Glu229
and Glu143). The long distance between the irons (4.2
A) indicates that a u-O(H) bridge is not present,
which is consistent with the lack of electron density
in this region of the structure. The orientation of the
iron ligands is maintained by side-chain hydrogen
bonds. The solvent molecule bound in the vicinity of
the iron center is also suggested to be located in a
small hydrophobic pocket which is part of the sub-
strate-binding channel, and a similar cavity has been
found in MMO 78 A deep hydrophobic channel, which
possibly binds the fatty acid, extends from the surface
into the interior of the enzyme. Molecular modeling
of the substrate, stearic acid, in this channel places
its A® carbon close to one of the iron atoms with a
distance of about 5.5 A.

Spectroscopy. The oxidized [Fe'"'Fe!""] form of A°D
has a u-oxo bridge between the two ferric ions based
on (1) the presence of oxo to ferric CT transitions in
the UV—vis absorption spectrum between 300 and
500 nm with ¢ = 8000 M~ cm™17% and (2) the
observation of Fe—O—Fe symmetric and asymmetric
vibrational modes in the resonance Raman spectrum
at v¢ = 519 cm™! and v,s = 747 cm~1.7% In H,®0,
these vibrations shift by —18 and —34 cm?, respec-
tively, indicating that the bridging ligand is exchange-
able with solvent (ty2 = 7 min).”® Mdssbauer spec-
troscopy indicates that the two ferric ions are strongly
antiferromagnetically coupled with —J3 > 30 cm™! (H
= —2JS,S,),%8 providing further evidence for the
existence of u-oxo ligation. The isomer shifts of the
quadrupole doublets also suggest that the iron atoms
have an oxygen-rich coordination environment. It
should be noted that there is another minor quad-
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rupole doublet detected, which may be associated
with a binuclear ferric center containing a u-hydroxo
bridge.?®® This is in accord with X-ray absorption
studies of the oxidized A°D,%° which show two
distinct binuclear centers that have Fe—Fe distances
of 3.12 and 3.41 A. The species having a short Fe—O
bond of 1.8 A shows an Fe—Fe distance of 3.12 A,
which is consistent with the presence of one u-oxo
bridge in the active site (72%). The species having
the 3.41 A Fe—Fe distance has no short Fe—O feature
and is thought to contain a u-hydroxo bridge (21%).
The distribution of the two conformations is inde-
pendent of pH between 6 and 10 and solvents,®®
which indicates that other protein structural factors
maintain this conformational change. A similar con-
formational distribution has also been observed for
oxidized MMOH 8%

The azide adduct of the oxidized A°D active site
shows a large change with pH.*° At pH higher than
7.8, rR spectroscopy shows a dominant *N3;~ asym-
metric stretch v,s = 2073 cm™! resolved into two
bands with ®*N4N,; thus, it is proposed to arise from
an n*-terminal azide adduct. Alternatively, when the
pH is decreased to <7, the dominant “N3~ feature
of vas = 2100 cm™! shifted as a single band with
N¥“N,~ and is suggested to arise from the u-1,3
bridging azide adduct. Both species show an Fe—Nj3
stretching mode but lack the Fe—O—Fe stretching
mode indicating protonation or loss of the wu-oxo
bridge. Thus, the high-pH form contains a #?-
terminal azide with a u-hydroxo bridge, while the
low-pH form has a u-1,3-azide bridge. The ability to
form a u-1,3-azide bridge suggests that dioxygen can
bind to the active site in a u-1,2 configuration to form
a peroxo-level intermediate in the A°D catalytic cycle.

Reduced, [Fe''Fe''], A°D contains two high-spin
ferrous ions bound with oxygen and nitrogen ligands
based on the Mdssbauer studies.®®® No EPR signal is
observed. CD and MCD spectroscopies®’* (Figure
83A) show only two LF transitions in the near-IR
region which are split by more than 2000 cm™,
demonstrating that the active site contains two
approximately equivalent 5C ferrous ions. The two
LF transitions are separated by 3000 cm~! compared
to the generally observed splitting of larger than 5000
cm™! for a 5C site (section I1.A.1). A LF calculation
using the crystal structure coordinates®’* shows that
the two irons have a distorted square-pyramidal
geometry with a weak axial interaction and a large
two-in—two-out distortion in the equatorial plane due
to the small bite angle of the terminal bidentate
glutamate residue that leads to the usually small
excited-state splitting. Analysis of VTVH MCD data®”*
(Figure 83B) gives an Ms = 0 ground state and |Msg|
= 4 excited substate at ~10 cm~! above the ground
state in the absence of a magnetic field. The iron
centers are rhombic such that application of a
magnetic field results in an energy splitting of the
IMs| = 4 doublet and its strong interaction with the
Ms = 0 ground state (see Figure 67B). This is
consistent with the lack of an EPR signal. Spin
Hamiltonian analysis®”* shows that the two iron
atoms are weakly antiferromagnetically coupled with
—J = < ~1 cm™?! and both irons have similar —ZFS
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Figure 83. CD and LT MCD spectra of the reduced A°D without and with substrate bound. (A) CD (—) and LT MCD
(— —) spectra and the fit for the CD spectra (- - -) of the reduced A®D, recorded at 5 °C and 5 K and 7 T, respectively. (B)
Saturation-magnetization behavior of the MCD signal in the LF region for the reduced A°D at 10 000 cm~*. The signal
intensity (symbols) for a range of magnetic fields (0—7.0 T) at a series of fixed temperatures is plotted as a function of
BHI2KT. The fit to the VTVH MCD data (—) was obtained using eq 29, giving the energy level diagram in inset. (C) CD (—)
and LT MCD (— —) spectra and the fit for the CD spectra (- - -) of the substrate-bound reduced A°D, recorded at 5 °C and
5 K and 7 T, respectively. (D) Saturation magnetization behavior of the MCD signal in the LF region for the substrate-
bound reduced A®D at 5700 cm~1. The signal intensity (symbols) for a range of magnetic fields (0—7.0 T) at a series of fixed
temperatures is plotted as a function of SH/2kT. The fit to the VTVH MCD data (—) was obtained using eq 29, giving the

energy level diagram in inset. (Adapted from ref 671.)

with D; ~ D, ~ —10 & 5 cm™1, further demonstrating
that the two ferrous centers are approximately
equivalent with a weak axial square-pyramidal ge-
ometry. It should be noted that the magnitude of
the observed exchange-coupling constant is consistent
with the presence of two u-1,3-carboxylate bridges.
The CD/MCD data above are consistent with the
reduced A°D crystal structure and are distinct
from the CD/MCD data for reduced MMOQS70.7% and
RR_669

The combination of CD/MCD/VTVH MCD studies
further provided the first evidence that the substrate
(stearoyl—ACP) binding strongly perturbs the active
site.5”* From Figure 83C in which the substrate is
bound to the active-site pocket, three LF transitions
are observed in the CD/MCD spectra with one in the
high-energy region (9500 cm™1) and two in the low-
energy region (7500 and 5500 cm™1). The presence
of more than two transitions indicates that upon the
substrate binding, the two irons become inequivalent.
One iron atom remains 5C but is distorted toward a
trigonal-bipyramidal structure, while the other iron
atom changes to 4C. VTVH MCD data (Figure 83D)
also show a dramatic change upon substrate binding.
The inverse saturation behavior is observed, which
is associated with a change of the ground state from
a lower |Ms| value to a higher one with increase in
the magnetic field (see section I11.A.2). Thus, this
behavior shows that the substrate bound form has a
ground state of |Ms| = 1 which changes to an |Ms| =
2 at high field due to a crossover of these two
sublevels indicating that the energy difference be-
tween them is very small. Spin Hamiltonian analy-
sis®” further demonstrates that the two iron centers

have ZFSs differing in sign and magnitude. The 5C
iron center is associated with a —ZFS while the 4C
iron center has a +ZFS (Figure 65D, left). The two
iron atoms remain antiferromagnetically coupled, but
the exchange-coupling increases to —J < ~2.5cm™1,
which is still within the range observed for two x-1,3-
carboxylate bridges. Thus, the substrate binding
greatly alters both the geometric and electronic
structure of the active site. The presence of the 4C
site results in an additional open coordination posi-
tion on one iron center for dioxygen binding and can
alter the redox-active ground-state orbital to an
orientation having better overlap with dioxygen,
which would enhance ET from the binuclear iron
center, increasing the dioxygen reactivity. It should
be noted that there is no spectral change upon the
addition of apo-ACP or holo-ACP, which is in accord
with the observations from steady-state kinetic stud-
ies (vide supra).®33

The peroxo intermediate that was trapped upon
exposure of chemically reduced A°D to stearoyl—ACP
and 1 atm O, shows a broad absorption band at 700
nm.®* rR excitation into this band shows vibrational
modes at vs(Fe—0,) = 442 cm™, vos(Fe—0,) = 490
cm™1, and »(O—0) = 898 cm™?, which undergo mass-
dependent isotope shifts for 600 and 80,.%%3 Each
Fe—0O, vibration exhibits one peak of intermediate
frequency with 18080. Along with the Mdssbauer
data®* and the high »(O—0), these results indicate
that the peroxo is bridged symmetrically between the
two ferric ions in a cis-u-1,2 configuration.

Molecular Mechanism. Several key steps of the
reaction of the binuclear ferrous site of A°D with the
substrate and dioxygen can be derived based on the
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extensive information available from crystallography
and spectroscopy (Scheme 27). The active-site geo-
metric and electronic structure of reduced A°D have
been well-defined by both spectroscopy®’'98 and
crystallography.®®* The dramatic perturbation on the
active site upon substrate binding observed from CD/
MCD studies indicated the presence of an additional
open coordination position at one of the ferrous cen-
ters. On the basis of kinetic studies, these two forms
have different dioxygen reactivity.”®3933 MCD studies
demonstrate that substrate binding greatly perturbs
the LF of the active site in a manner which can con-
trol orbital overlap with dioxygen, resulting in en-
hanced reactivity.6* Reaction of dioxygen with chemi-
cally reduced A°D leads to a peroxo intermediate.®33

A similar peroxo intermediate has also been ob-
tained for the D84E and W48F/D84E mutants of
ribonucleotide reductase,®485 suggesting that the
catalytic cycles of the oxygen-activating binuclear
non-heme iron enzymes including MMO, RR, and
A°D may be closely related. This is consistent with
their similar protein folds, ligation environments, and
hydrophobic active sites. Thus, a high-valent inter-
mediate may be formed in A°D after decay of the
peroxo intermediate. Alternatively, the failure to
detect any incorporation of label in the u-oxo bridge
position of A°D, which is in contrast to the RR results,
also suggests differences in certain aspects of their
dioxygen reactivities.

The deuterium KIE®65%6 ohserved for yeast A°D
and plant oleate A'?D suggest the possibility that the
intermediate catalyzes hydrogen-atom abstraction
from substrate to form a substrate radical intermedi-
ate. This mechanism could be shared among the
range of soluble, membrane-bound desaturases, hy-
droxylases, and other enzymes related to fatty acid
chemistry. These enzymes have a high specificity for
the appropriate substrate for efficient catalysis. After
the formation of the substrate radical intermediate,
subtle differences in active-site or substrate struc-
tures can lead to different catalytic reactions and
thus different products, which is supported by the
interconversion between the desaturase and hy-
droxylase functions for the integral-membrane en-
zymes.%! While it has been generally believed that
a nitrogen-rich environment as in Hr may not donate
sufficient charge to cleave the O—0O bond compared
to a carboxylate-rich environment for MMOH, RR,
and A®D, the discovery of the integral-membrane O,-
activating enzymes with nitrogen-rich environment
lead to a new perspective on this important issue.

4. General Strategy

Figure 84A summarizes the structural information
available for the reduced sites of the three binuclear
non-heme iron dioxygen-activating enzymes. While
all generate peroxy intermediates with apparently
similar spectral and structural features, these re-
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Figure 84. (A) Schematic structural comparison of the reduced sites of the three binuclear non-heme iron dioxygen
activating enzymes. (B) Structural changes of the reduced A°D active site upon substrate binding.
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duced sites have different geometric structures: meth-
ane monooxygenase has two 5C irons with x-1,1- and
u-1,3-carboxylate bridges; ribonucleotide reductase
has two u-1,3-carboxylate bridges and two 4C irons
from crystallography, while spectroscopy indicates
one iron is 5C in solution; A® desaturase has similar
5C irons with two u-1,3-carboxylate bridges. How-
ever, it is important to emphasize that the only
resting reduced active-site structure that rapidly
reacts with dioxygen is that of ribonucleotide reduc-
tase. In MMO, interaction with the coupling protein,
component B, is required for a rapid O, reaction and
spectroscopy indicates that the resting MMO active-
site structure in Figure 84A changes when compo-
nent B is present. The nature of this structural
change must still be elucidated. For A® desaturase,
substrate (i.e., stearoyl—ACP) must be bound for a
rapid reaction with dioxygen. From the spectroscopy
presented in section 111.C.3, the reduced A° desatu-
rase active-site geometric and electronic structures
dramatically change upon substrate binding, Figure
84B. This behavior parallels the general strategy
utilized by many of the mononuclear non-heme
ferrous enzymes summarized in section 11.C.6. Sub-
strate binding results in an additional open coordina-
tion position at the active-site iron, allowing the
direct reaction with dioxygen. Further, the spectral
features of the A° desaturase—substrate complex
indicate that this reactive site is very similar to that
of the resting reduced active site of ribonucleotide
reductase (Figure 85). The presence of the 4C site
results in a new ligand field, thus an orientation of
the redox-active orbital that provides better overlap
a bridged dioxygen. This defines a similar reactive-
site geometric and electronic structure for both
dioxygen-activating enzymes and is consistent with
the fact that for ribonucleotide reductase the sub-
strate is a Tyr residue already present at the active
site. Small-molecule binding studies of reduced ri-
bonucleotide reductase further show that there are
open coordination positions at both irons. This allows
O, to react in a bridged structure and thus undergo
two-electron reduction by the two Fe(ll) without the
need for the additional oxo bridge present in Hr
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where O, reacts at a single Fe center. The lack of an
additional highly covalent oxo bridge in the biferric—
peroxy intermediates would destabilize this oxidation
state relative to oxyHr toward the further reductive
cleavage of the O—O bond to form oxo-bridged high-
valent intermediates as considered below.

D. O, Intermediates

As presented above, an increasing number of
intermediates in the reaction of the reduced diferrous
sites with O, have recently been identified that could
be studied spectroscopically by using stopped-flow
and freeze—quench techniques. In this section the
geometric and electronic structures of key intermedi-
ates in the O, activation process are considered and
correlated with corresponding data on relevant model
complexes. On the basis of these results, possible
reaction coordinates for O, activation by binuclear
non-heme iron enzymes are considered.

1. Peroxo Intermediates

In contrast to deoxyHr (section I111.B), the reduced
sites of O,-activating enzymes react with dioxygen
in an irreversible process forming peroxide interme-
diates that have been trapped and studied spectro-
scopically for a number of proteins. From Table 17,
the peroxide intermediates of the binuclear non-heme
iron oxygen-activating enzymes appear to be very
similar.%”* Their electronic absorption spectra exhibit
an intense broad band centered around 600—750 nm
(e = 1500—2500 M~* cm™1), assigned to a peroxide-
to-Fe!"! CT transition on the basis of rR data and by
reference to a similar feature in the spectra of
peroxo—[Fe'"], model complexes (vide infra). Moss-
bauer data show that both irons are ferric and
suggest that peroxide binds to the two Fe''' centers
in a bridging mode. This was further explored
through rR experiments on isotopically labeled per-
oxo intermediates obtained upon reaction of the
reduced sites with 60%0. An asymmetric end-on
u-1,1 bridging mode will give rise to a set of two
features in the region of the O—O stretch, one band
for 150—180—[Fe'"], and another for 8 0—10—[Fe'""]..
Alternatively, a symmetric end-on u-1,2 or side-on
u-n?n? binding mode would be characterized by a
single rR feature in the corresponding region. Thus
far, all but one of the peroxo intermediates prepared
with 16080 exhibit a single peak in the O—0 stretch
region, consistent with a symmetric bridging mode
of the peroxide moiety. In contrast, the 1080 peroxo
species of the R2—W48F/D84E double mutant stud-
ied by Loehr and Bollinger et al.®5 shows two bands
in that region, initially suggesting that the peroxide
is bound in a u-1,1 bridging mode. In samples
prepared with 'O, the same two features are
observed, however, indicating that the peroxide actu-
ally also binds in a symmetric bridging mode and that
the appearance of two bands in the O—O stretch
region is due to Fermi resonance arising from an
accidental near-degeneracy of the O—O stretch and
an underlying mode not normally resonance en-
hanced.88

Significant effort has been undertaken to prepare
synthetic non-heme diiron(l1) model complexes that
can bind O, as peroxide and thus mimic the reactions
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Table 17. Spectroscopic and Kinetic Properties of Protein Peroxo Biferric Intermediates and the
Crystallographically Characterized Bis-u-1,3-phenylacetato cis-u-1,2-Peroxo Fe(lll), Dimer

cis-u-1,2-peroxo

MMO (OB3b) MMO (Bath) R2 R2—-D84E R2-DB84E/WA48F A°D? Fe(l11), dimer

optical, refs b d f i k | n

Amax (NM) 700 725 700 700 700 700 694

€max (M~ cm™2) 2500 1800 1500 1200 2650
Mdossbauer, refs c e g i m n

o0 (mms™) 0.67 0.66 0.66 0.63 0.68/0.64 0.66

AEg (mm s™?) 151 151 1.51 1.58 1.90/1.06 1.40
Raman, refs g j k | |

v(Fe—0) (cm™) 458 442 415

»(0O—0) (cm™2) 890 870 898 888
kinetics, refs e h i k | n

Korm (57%) 8 22 5.4—10 2 >1

Kdecay (57%) 2.4 0.5 >130 0.59-0.93 0.26 0.027 min™*

2 Obtained upon reaction of fully (i.e., 4 e7) reduced protein with O,. ® Reference 775. ¢ References 643 and 782. 4 Reference
780. ¢ Reference 778. f Footnote 8 in ref 884. 9 Footnote 12 in ref 888. " Footnote 5 in ref 885. | Reference 884. | Reference 935.

k Reference 885. ' Reference 933. ™ Reference 964. " Reference 972.

of binuclear non-heme iron enzymes with dioxygen.
A large number of proposed u-1,2-peroxide-bridged
[Fe''"]. dimers have been characterized in solution,
which all exhibit an intense absorption band peaking
at ~600—700 nm and a high O—0O stretching fre-
quency in the 850—900 cm™! range,®* similar to the
protein intermediates (Table 17). Recently, the crys-
tal structures of three binuclear peroxo [Fe'"'], com-
plexes have been obtained.®’?7°7* In these dimers
peroxide binds in a cis-u-1,2 bridging mode, with Fe—
O—O-—Fe dihedral angles ranging from 0° to 53°.
Strikingly, the Fe—O—0O bond angles of 120—129°
are significantly larger than the metal—-O—0 angles
in related u-1,2-peroxo [Cu']l, and [Co'"], dimers
(~110°).588.975 From Table 17, absorption, rR, and
Mossbauer data of the crystallographically defined
cis-u-1,2-peroxo [Fe''"], complex of Lippard et al.®"
closely match the protein data, which led to the
proposal that in the protein intermediates the per-
oxide also binds in an end-on u-1,2 rather than a side-
on u-n?%n? bridging mode. To validate and refine this
model, electronic structure studies were undertaken
on the benzoate analogue of the structurally charac-
terized bis-u-1,3-phenylacetato cis-u-1,2-peroxo [Fe'-
n], dimer and on the side-on #? peroxo Fe!"-EDTA
monomer (see section 11.A.2). Figure 86 compares the
absorption and rR excitation profile data for the R2—
W48F/D84E peroxo species®’® (a representative pro-
tein peroxo intermediate) and the cis-u-1,2-[Fe''"],
dimer. While the rR excitation profiles for the protein
and the cis-u-1,2-[Fe""], dimer are almost superim-
posable, they are very distinct from that of the side-
on 7?>—Fe'"" monomer® (see section I11.A.2). Signifi-
cantly, this difference can be directly correlated with
the different electronic structures associated with the
different binding modes of peroxide in the cis-u-1,2-
[Fe'"", dimer and the side-on 72-Fe!"! monomer. Thus,
the spectroscopic data in Figure 86 provide further
support for a u-1,2 binding mode of the peroxide
moiety in the protein intermediates and indicate that
the cis-u-1,2-[Fe'""], dimer is a reasonable geometric
and electronic structural model for these species.
Results obtained on the electronic structure of cis-u-
1,2-[Fe'"'], dimers summarized below can therefore
have important implications for O, activation by non-
heme iron enzymes.5%°
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Figure 86. Absorption and rR excitation profile data for
the O—0O and symmetric Fe—O stretching modes of the
R2—-W48F/D84E peroxo intermediate (top) and the cis-u-
1,2-peroxo [Fe'"'], dimer (bottom). Note the dominant x
versus o intensity, which is characteristic of end-on per-
oxide—Fe'"" bonding. Insets show the rR spectra taken at
676 nm. (Adapted from ref 976.)

Despite the small ground-state exchange-coupling
constant for the cis-u-1,2-[Fe'], dimer, J = —-33cm™,
the temperature dependence of the absorption bands
is weak. This precludes large antiferromagnetic
energy splittings in the excited states, which is
distinct from the large observed ESAF splittings in
oxo-bridged analogues®3®® and consistent with the
VBCI model introduced in section I111.A.1.b.2. These
differences can be ascribed to the lower covalency of
the Fe—O (peroxide) bond as well as intraperoxide
bonding that opposes reorientation of the oxygen
p-orbitals for better overlap with the Fe d-orbitals.
From a combined analysis of absorption, MCD, and
rR excitation profile data, all peroxide-to-iron CT
transitions could be resolved that contribute to the
absorption spectrum of the cis-u-1,2-[Fe''], dimer in
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peroxide
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Fe(III) Cu(l)

Figure 87. Contour plots for end-on peroxide—Fe'!"" bond-
ing (left) and peroxide—Cu'" bonding (right), showing the
dominant z- and o-donor interactions, respectively, of
peroxide. (Plot for peroxide—Cu'" bonding is adapted from
ref 608.)

the <30 000 cm™? region. Identifying the donor and
acceptor orbitals involved in each transition permit-
ted separation of the & and o contributions to the
total peroxide — Fe charge donation. Significantly,
the high 7 versus o peroxide-to-Fe'"' CT absorption
intensity and the strong rR enhancement of the
Fe—O stretch in the visible region (Figure 86) indi-
cate that the z-donor interaction of peroxide in this
dimer is dominant, which is very distinct from
the situation found in related u-1,2-[Cu'],%%® and
-[C0"M1,%"" dimers where the o-donor interaction
makes the dominant contribution (Figure 87). This
unique peroxide—metal bonding interaction in the
cis-u-1,2-[Fe"'], dimer has important implications. It
allows for a larger metal-O—0O bond angle (120—
130° 9727974 yersus ~110° in Cu and Co peroxide
complexes),58975 which was found from a NCA to
result in significant mechanical coupling between the
Fe—0O and O—O0 stretch motions. It is this coupling
rather than a strong O—O bond that leads to the high
0O-0 stretching frequency, »(O—0) ~ 850—900 cm™1,
generally observed for wu-1,2-peroxo [Fe''], com-
plexes.®* In fact, the O—O force constants for the cis-
u-1,2-[Fe'""], dimer, »(O—0) = 876 cm™%, and a well-
studied trans-u-1,2-[Cu"], dimer,*”® »(O—0) = 832
cm™i, are practically identical, although »(O—O0)
differs by 44 cm™. This is consistent with the
comparable donor strengths of the peroxide in these
dimers as charge is primarily removed from the
peroxide s* orbitals that are antibonding with respect
to the O—0 bond. Given the relatively basic character
of the bridging peroxide in the [Cu"], dimer,®” these
results suggest that the peroxide in the u-1,2-[Fe'"'],
dimer and, by analogy, in the protein intermediates
(Table 17) is activated for nucleophilic attack.5%®

2. High-Valent Intermediates

In comparison with the peroxide species (Table 17),
little is known about the geometric and electronic
structures of high-valent [Fe'V], and Fe!"'Fe!V inter-
mediates that have thus far been identified in MMO
(intermediate Q) and R2 (intermediate X), respec-
tively (Table 18).543 This is primarily due to the fact
that there are only a few Fe''"Fe'V and no [Fe'V],
model complexes known to date because the Fe'v
oxidation state is rather difficult to stabilize using
biologically relevant ligands.

The major experimental insight presently available
into the geometric and electronic structures of inter-
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Table 18. Spectroscopic and Kinetic Properties of the
High-Valent [Fe'V], and Fe'"Fe!V Intermediates of
MMO (Intermediate Q) and R2 (Intermediate X),
Respectively

MMO Q MMO Q
(OB3b) (Bath) R2 X2
optical, refs c d e
Amax (NM) 330,430 350, 420 365
Mdossbauer, refs f g h
0 (mm s™), Fel 0.17 0.21 (0.14)° 0.26
AEq (mms™1), Fel 0.53 0.68 (—0.6)° -0.6
o (mm s™), Fe2 0.17 0.14 (0.48)° 0.56
AEqg (mms™t), Fe2  0.53 0.55 (—0.9)° -0.9
—=J (cm™) >60
EXAFS, refs i j
Fe---O (A 1.77 1.8
Fe:--Fe (A) 2.46 25
kinetics, refs k | m
Korm (571) 2.4 0.5 8
Kdecay (571) 0.04 0.07 1

2 EPR and ENDOR parameters for X are given in section
111.C.2. ® Obtained upon y-irradiation of Q (ref 980). ¢ Refer-
ences 772 and 781. 9 Reference 778. ¢ References 877, 878, and
981. f References 772 and 781. 9 Reference 778. " Reference
927. i Reference 782.J Reference 932. k Reference 775. ' Ref-
erence 778. ™ References 877, 878, and 981.

mediate Q derives from EXAFS and Madssbauer
data.643.772779.781 These show that intermediate Q is
best described as a strongly exchange-coupled Fe!v
dimer with an Fe—Fe distance of 2.46 A and both
short and long Fe—O bonds of 1.77 and 2.0 A.772781
This would be consistent with the (u-O),[Fe'V], core,
referred to as a diamond core, which has been
structurally defined in a (4-O),Fe'VFe"' model com-
plex (vide infra). Since EXAFS data only reflect the
presence of at least two single-atom oxygen bridges,
structures that utilize monodentate carboxylates as
bridges (as proposed for X, below) are also possible.
Representative core structures for Q that are con-
sistent with currently available experimental data
are shown in Figure 88 (top). Using LT radiolytic
reduction,®? a fraction of Q could be converted into
a paramagnetic Fe'''"Fe'V species. The Madssbauer
parameters obtained for that species are very similar
to those of R2 intermediate X. This, combined with
the similar EXAFS results for X and Q, support the
proposal that the diiron centers in MMO and R2
share a similar mechanism for O, activation.982-9%4
Intermediate X has a paramagnetic S = 1/2 ground
state, permitting spectroscopic studies employing
EPR and ENDOR methods (section 111.C.2), which
allow the fate of O, during the formation of this high-
valent species in the reaction of a diferrous center
with dioxygen to be determined.®77878.981 These stud-
ies show that X contains a single oxo bridge from O,
(the second atom from dioxygen is coordinated ter-
minally as H,O to the Fe'"") and one or two additional
mono-oxo bridges provided by carboxylate oxygens
(structure d in Figure 88).9%8 The bis-u-0xo diamond
core structure was strongly disfavored.®3!

From a theoretical perspective, structures consid-
ered for intermediates X and Q are given in the
bottom of Figure 88. Generally, the bis-u-oxo [Fe'V],
core (f) is favored for Q and its one-electron-reduced
form with one oxo bridge protonated for charge
neutrality (g) has been considered for X.824-828836 |¢
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Figure 88. EXAFS-derived (top) and DFT-generated
(bottom) active-site models for intermediates Q ([Fe'V],) and
X (Fe'"'Fe!V). ENDOR data®}! suggest that d is the best
model at present for X.

should be noted that the presence of a proton on the
bridge is not consistent with ENDOR data. The Fe—
Fe bond length for structure f can successfully
reproduce the EXAFS data on Q; it is found to be
dependent on the number of bridging carboxylates
and the ground spin state employed (the optimized
antiferromagnetic structure has a 0.2 A shorter bond
length than the ferromagnetic structure).®?6 Note that
the preedge XAS data support an iron coordination
number of five or less. An interesting finding in
Siegbahn’s study is that geometry optimization of a
structure with a single oxo and two monodentate
carboxylate bridges (d), as is proposed for X on the
basis of EXAFS and ENDOR data, does not afford a
short Fe---Fe distance; rather, the bridging oxygen
becomes terminal and the Fe---Fe distance increases
to a final value of 3.12 A (h), which is inconsistent
with the EXAFS data.826.827

Definitive descriptions of the transient intermedi-
ates Q and X will be greatly aided by comparison to
the spectroscopic signatures of relevant model com-
plexes. Both Que et al. and Caradonna et al. have
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synthesized oxo-bridged high-valent iron dimers which
are able to partially replicate the oxidation reactions
of mono-oxygenases, fatty acid desaturases, and
ribonucleotide reductases.817957988 The Que et al.
complexes possess Fe'''"Fe'V bis-u-oxo cores with a
tetradentate exogenous ligand, TPA (tris(2-pyridyl-
methyl)amine), which coordinates via one tertiary
amine and three pyridine nitrogens. The substitution
of methyl or ethyl groups onto each of the pyridine
rings at the 5- or 6-positions greatly affects the
magnetic properties of the core. The unsubstituted
complex, [Fe,0.(TPA).J**, the 5-methyl derivative,
[Fe.0.(5-MesTPA),]3", and the 5-ethyl species, [Fe,O»-
(5-Et3TPA),J*", all have a valence-delocalized S = 3/2
ground state which is generated by a strong interac-
tion between the ty set of d-orbitals in two low-spin
irons with nine valence electrons. The crystal struc-
ture of the 5-ethyl derivative identifies an Fe—Fe
distance of 2.683 A and Fe—O length of 1.805 A 87
This would be consistent with EXAFS data on
intermediate X of R2 (short Fe---Fe separation of 2.5
A and Fe—0 distance of 1.8 A) and intermediate Q
of MMO (2.46 and 1.77 A for Fe:-Fe and Fe—O,
respectively). The delocalized S = 3/2 ground spin
state is not consistent with the S = 1/2 nature of X.
However, the 6-methylated derivative [Fe,O,(6-
MesTPA),J**, whose structure has not yet been de-
termined, has a valence-localized S = 1/2 ground
state due to antiferromagnetic coupling of high-spin
Fe'" and Fe'V ions. The spectral features of this S =
1/2 complex compares favorably with intermediate
X; it exhibits an isotropic g = 2 EPR spectrum and
the ENDOR signal of Fe'V in an anisotropic environ-
ment. This model is believed to have a ~0.40 A longer
Fe—Fe separation than X (inferred from EXAFS
data for the [Fe'"Fe'V(0)(5-MesTPA),J*+ 46 and
[Fe'"'Fe'''(0),(6-MesTPA),]>" complexes®®) and also a
larger Mossbauer isomer shift (0.26 in the protein
versus 0.08 mm s™! ). These differences may be
attributed to the different exogenous ligands (pyri-
dine and amine nitrogens in the model versus car-
boxylate and imidazole coordination in the protein)
or the presence of a different core structure.

The Caradonna et al. complex has a quite different
coordination environment, with the tridentate Hs-
bamb (2,3-bis(2-hydroxylbenzamido)-2,3-dimethylbu-
tane) and imidazole ligands forming a doubly bridged
dimer in the structurally characterized biferrous
form.%8 The irons have square-pyramidal coordina-
tion with imidazole normal to the plane of the
diferrous Fe,O, core and phenoxyl oxygens forming
the bridges. This complex is capable of catalyzing the
oxidation of a wide range of organic substrates
including alkanes, alkenes, and sulfides using an
oxygen-atom donor such as OIPh. The high-valent
intermediate thought to be involved in catalysis has
not been definitively characterized but is believed to
be a ferryl [Fe*'=0] species based upon parallels
between product distributions of the complex and
those of iron porphyrin catalysts.

Detailed spectroscopic studies on these model
systems parallel to those described above on peroxo-
bridged biferric complexes are now required to define
the electronic structure of the high-valent Fe—oxo
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bond and its contribution to the reactivity of the
binuclear non-heme iron active site.

3. Conversion of Peroxo Intermediates into High-Valent
Fe—Oxo—Fe Species

In recent years, significant research effort in bio-
inorganic chemistry has focused on the molecular
mechanism of O, activation by binuclear non-heme
iron sites. Though the spectroscopic characterization
of the metastable key intermediates, i.e., the peroxo
species, Q, and X, has afforded extremely valuable
information for evaluating possible reaction coordi-
nates, the mechanism by which the O—O is cleaved
remains a topic of current debate. While the forma-
tion of the high-valent oxo species Q and X has
generally been interpreted as indicating reductive
O—0 bond cleavage, it has not yet been established
whether this bond is homolytically or heterolytically
cleaved. Also, it is puzzling that available experi-
mental data on MMO and R2 (WT protein and
mutants) strongly suggest that the peroxo intermedi-
ates may be similar (Table 17) yet the binuclear iron
clusters of intermediates Q (MMO) and X (R2) have
different oxidation states. This difference raises two
important questions: (i) where is the “extra” electron
coming from in R2 and (ii) at what stage is it
transferred to the binuclear iron site. From stopped-
flow experiments on the WT R2 protein under condi-
tions of limiting Fe'", a transient absorption develops
at 560 nm that decays concomitant with the forma-
tion of X. On the basis of a similar absorption band
in the electronic spectrum of Trp radicals, Bollinger
et al.83 were able to assign this feature to a W48*
radical species, which strongly implies that the
“extra” electron in R2 is provided by W48. Support
for this model is provided by recent studies on the
phenylalanine, which is more difficult to oxidize)
which does not develop the 560 nm feature during
O, activation.®® In an effort to elucidate when the
“extra” electron is transferred to the diiron cluster
in the oxygen activation process, a number of R2
mutants have been studied. Of particular significance
are the results obtained on the D84E single mu-
tant,®8 in which one of the aspartate ligands on Fe
is replaced by a glutamate (which formally converts
the R2 site into the MMO site) and the D84E/W48F
double mutant.®5 Upon reaction of the reduced sites
with dioxygen, peroxo intermediates are observed for
both the single and double mutants that appear to
be very similar based on spectroscopic studies. Sig-
nificantly, the rate constant for the decay of the R2—
D84E peroxo species is 4 times greater than that of
the R2—D84E/W48F analogue,®® which might sug-
gest that transfer of the “extra” electron to the [Fe'"],
cluster is the rate-determining step in the formation
of X. Thus, conversion of the peroxo species into X
could occur without prior formation of an [Fe'V], spe-
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cies, consistent with the fact that (i) the peroxo inter-
mediate of WT R2 decays at least an order of magni-
tude faster than the peroxo species of MMO?®® and
(ii) an [Fe'V], intermediate has not yet been observed
for R2. Further studies on both WT protein and
mutants of R2 should elucidate the sequence in which
the O—0 bond cleavage and the ET events occur.

In the case of MMO, two fundamentally different
mechanisms are currently considered as the most
likely pathways for the conversion of the peroxo
species (designated P) into Q: (i) formation of a side-
on biferric species followed by homolytic O—0O bond
cleavage, yielding a bis-u-oxo [Fe'V], “diamond” core
and (ii) 2-fold protonation of the same oxygen atom
of the peroxide species followed by heterolytic O—0O
bond cleavage and formation of a mono-oxo-bridged
[Fe'V], species in concert with release of a water
molecule. These two mechanisms are considered
below. Note that these are limiting descriptions with
a number of possible intermediate structures within
each class.

a. The Side-On — Bis-u-Oxo Pathway: Ho-
molytic O—O Bond Cleavage. The side-on [Fe'"],
— bis-u-oxo [Fe'V], pathway (Scheme 28) is analogous
to the mechanism of O, activation for binuclear
copper enzymes where the facile interconversion
between side-on peroxo [Cu'], and bis-u-o0xo [Cu'"],
species has been experimentally observed.®®® The key
guestion thus becomes whether it is justified to use
a model derived for copper complexes as the basis to
support a similar O—O bond cleavage mechanism for
iron dimers. A striking spectral feature of side-on
peroxo [Cu"], species is their inherently low O—0O
stretching frequency, typically in the 740—760 cm™?
range. From a NCA, this low value reflects an
unusually weak O—0O bond; i.e., the corresponding
force constant is only k(O—O) =2.4 mdyn A-182
Insight into the origin of the weak O—O bond was
obtained from Xa DFT calculations that showed
significant z-back-bonding from Cu'"' into the perox-
ide o* orbital.5%® This bonding interaction is unique
to side-on peroxo [Cu''l, complexes; it is neither
observed experimentally nor computationally for end-
on u-1,2-peroxo [Cu'], complexes.t%8978 |t is this back-
bonding into o* that permits facile conversion of the
side-on peroxo [Cu'], dimers into bis-u-oxo [Cu''],
species.?!

A direct comparison between binuclear copper and
iron complexes is complicated by the fact that a side-
on peroxo [Fe''"], dimer has not yet been reported.
However, a reasonable model for this structure is
provided by the side-on 7?-Fe'""'-EDTA monomer (see
section 11.A.2).50 Significantly, the O—O stretch of this
species peaks at 816 cm™*, which has been shown by
a NCA to reflect a high O—O force constant of k(O—
0O) = 3.1 mydn Al Consistent with a relatively
strong O—0 bond, studies on the electronic structure

Scheme 28. Side-On — Bis-p-oxo Pathway (Adapted from ref 976.)
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c* :
Figure 89. Contour plots for u-525? side-on peroxide—
[Fe''", bonding (top) and peroxide—[Cu'"], bonding (bot-
tom), illustrating the large differences in metal d —
peroxide o* back-bonding in biferric and bicupric com-
plexes. (Adapted from refs 976 and 608.)

of the side-on Fe'"" monomer indicate that there is
virtually no back-bonding from the occupied Fe!"
d-orbitals into the peroxide o* orbital.®® Starting from
this experimentally defined reference electronic struc-
ture, the effects of dimerization upon the electronic
structure of the side-on peroxide—Fe'"' bond were
explored. In contrast to copper complexes where
dimerization significantly affects the nature of the
side-on peroxo—Cu'" bond,% our calculations suggest
that these effects are minor in Fe!'' complexes; rather,
the two ferric centers are fairly uncoupled from one
another and the Fe'''—peroxide bonding interactions
are virtually unchanged by binding the second iron.%"
A key result from these studies is that the side-on
peroxo—Fe'"" bond is almost purely ¢ in character,
which is grossly different from the dominant sz-donor
interaction of the peroxide with Fe'"" in the cis-u-1,2-
[Fe""]. dimer.®%° Thus, while most attention in evalu-
ating the side-on — bis-u-oxo pathway for iron dimers
has been given to the actual O—0 bond-cleavage step
analyzed below, it should be recognized that the
preceding step, corresponding to the rearrangement
from an end-on u-1,2 to a side-on peroxo [Fe''"], dimer,
presuming that intermediate P in MMO has an end-
on structure from its limited spectral characteriza-
tion, involves complex electronic structure changes.
Unlike [Cu"], dimers where o-bonding is dominant
in either case,®® interconversion between the two
binding modes of peroxide in [Fe'"'], dimers would
involve a i to 0 bond change and thus be expected to
be associated with a large barrier.976

From Figure 89, the extent of back-bonding into
the unoccupied peroxide o* orbital in the side-on u-7?:
n?-[Fe", dimer is considerably lower than that in a
similar [Cu"], complex. Two dominant factors have
been identified as being responsible for the differ-
ences in side-on peroxide—Cu" versus side-on per-
oxide—Fe!"! bonding: (i) the effective nuclear charge
of Fe''l is greater than that of Cu", giving rise to a
relative stabilization of the metal d-orbitals in the
former case; and (ii) in high-spin d® Fe"'' complexes
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the occupied majority spin d-orbitals are significantly
stabilized in energy by single-site exchange relative
to their unoccupied minority spin counterparts, which
is referred to as spin polarization.®?°76 Both factors
contribute to a larger energy separation from the
peroxide o* orbital of the Fe!"' d-orbitals than the Cu"
d-orbitals, which virtually eliminates Fe!"' — peroxide
o*-back-bonding (Figure 89). These results strongly
suggest that conclusions reached from studies on
copper complexes are not necessarily transferable to
structurally related iron complexes. Indeed, DFT
calculations for the conversion of side-on peroxo
[Cu"], into bis-u-oxo [Cu'"], species yield a substan-
tial enthalpic driving force,®?>-%% whereas analogous
calculations on diiron sites suggest that wu-n%n?
peroxo [Fe''"], species are more stable than their bis-
u-oxo [Fe'V], analogues.26:827.976 presumably by in-
troducing certain geometric constraints upon the
active-site model employed, the peroxo species can
be sufficiently destabilized in energy that the forma-
tion of a bis-u-oxo diiron'"V diamond core becomes
energetically favorable. Under these conditions, the
peroxo structures obtained may exhibit significant
side-on character, however, which would not appear
to be compatible with the present experimental data
on the protein intermediates (see section 111.B).1011

In summary, both experimental and computational
studies on copper and iron complexes indicate that
the two metals develop distinct bonding interactions
with peroxide. In copper dimers, conversion of a side-
on peroxo [Cu''l, into a bis-u-oxo [Cu""], species is
energetically accessible because Cu'' d — peroxide o*-
back-bonding is substantial. Alternatively, in ferric
dimers Fe''' d — peroxide o*-back-bonding is insig-
nificant and the conversion of a side-on peroxo [Fe!''],
into a bis-u-oxo [Fe!V], species becomes energetically
less favorable. Though available experimental results
are insufficient to rule out this mechanism, alternate
pathways also need to be considered for the trans-
formation of P into Q.

b. The Proton-Triggered Pathway: Hetero-
lytic O—O Bond Cleavage. A key result from
studies on the end-on u-1,2-[Fe""], model complex is
that the peroxo species is activated for nucleophilic
attack (vide supra).®®° Given that the peroxide moiety
in the protein intermediates appears to bind in a
similar x-1,2 bridging mode,®® a mechanism can be
devised for the conversion of P into Q that parallels
that proposed for cytochrome P450, in which proto-
nation of the peroxide species leads to heterolytic
O—0 bond cleavage concomitant with release of a
water molecule (Scheme 29).622.99% Starting from the
experimentally calibrated bonding description for the
cis-u-1,2-peroxo [Fe'"'], model complex, this pathway
has been evaluated through DFT calculations.®’®
Substitution of the nitrogen ligation in the synthetic
complex by oxygen ligands to properly model the
protein active site®*? leads to only minor changes in
electronic structure, consistent with the similar
spectroscopy of the cis-u-1,2-peroxo [Fe'"'], model and
the protein intermediates (Table 17).

In the first step of this possible pathway, protona-
tion and reorientation of the peroxide results in the
formation of a wu-1,1-hydroperoxo [Fe'''l, species,
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Scheme 29. Proton-Triggered Pathway Proposed for Cytochrome P450 (top) and MMO (bottom) (Adapted

from ref 976.)

P450

paralleling the mechanism of peroxide activation
observed for peroxo [Co'"], complexes.®7~10% Consis-
tent with our results obtained from an experimental
study of a u-1,1-hydroperoxo [Cu''], species,'®! pro-
tonation of the O, species in the [Fe'"'], dimer gives
rise to a large stabilization of the peroxide orbitals
including the unoccupied o* orbital, indicating that
the hydroperoxide is activated for further reduction.
There are interesting differences in hydroperoxide—
Fe''' bonding between the u-1,1-hydroperoxo species
(Scheme 29) and oxyHr, possessing a terminal hy-
droperoxide (see section I11.B). Both vibrational and
computational data indicate that the O—O bond in
oxyHr is strong, which can be ascribed to a partial
disruption of the intraperoxide z-bonding and sz-an-
tibonding interactions that results from protonation
of one oxygen. Alternatively, in the geometry-
optimized u-1,1-hydroperoxo species (Scheme 29), the
O—0 bond appears to be weak given the long O—0O
distance of 1.59 A, compared to 1.41 A in oxyHr.
Factors are being evaluated that might contribute to
this difference in O—O0 bond strength, including the
presence of an oxo bridge at the oxyHr site that
greatly stabilizes the two Fe"' ions toward further
oxidation.®396%0 In the u-1,1-hydroperoxo species,
further oxidation of the ferric centers upon reductive
O—0 bond cleavage would allow the formation of a
stable Fe'V—O—Fe!v unit in a high-valent species
(vide infra). It is interesting to note that a small but
significant shift of charge density from the occupied
Fe'"' d-orbitals into the hydroperoxide o* orbital is
observed in the u-1,1-hydroperoxo dimer but not in
oxyHr.°78

In the next step, transfer of a second proton yields
a transient u-1,1-dihydroperoxo [Fe'''], species that
spontaneously converts into a mono-oxo-bridged [Fe'V].
species by heterolytic O—0O bond cleavage and release
of a water molecule. In this reaction scheme, the
second iron center of the binuclear active site fulfills
the role of the porphyrin in cytochrome P450 by
supplying the second electron. It serves the further
role of providing a second coordination site for the
O, species and thus permits formation of a u-oxo
bridge at the active site of the high-valent intermedi-
ate. Formation of this stable Fe'V—0O—Fe'V unit, along
with the formation of a water molecule, would

produce a substantial thermodynamic driving force
for the two-electron reduction of the peroxo species
that is required to overcome the large Franck—
Condon barrier associated with reductive cleavage of
the O—0 bond!%? (section 11.D). Calculation of the
energy profile for this proton-triggered reaction path-
way (Scheme 29) is complicated by the fact that the
relative energies of the singly and doubly protonated
intermediates strongly depend on the proton source
used. Given the requirement of two protons in this
mechanism, amino acid residues in the second coor-
dination sphere, defining the active-site cavity, might
also play an important role in the process of O,
activation.”’>78 Thr213, in particular, has been
implicated as a critical amino acid residue because
it is highly conserved among the O,-activating en-
zymes in both the heme P450 and the binuclear non-
heme iron MMOs.”"®

An important feature of the model presented in
Scheme 29 relates to the fact that one O atom of
dioxygen forms the single oxo bridge in the high-
valent intermediate and the second oxygen is incor-
porated into water, which would be consistent with
Stubbe and Hoffman et al. ENDOR results on X (vide
supra).®®! Thus, if Q and X have similar core struc-
tures as suggested by Mdssbauer data on y-irradiated
Q,%8° the proton-triggered heterolytic cleavage path-
way (Scheme 29) would be favored over the side-on
— bis-u-oxo pathway (Scheme 28). Further support
for the former mechanistic scheme is provided by
studies of the solvent pH and deuteration effects on
the rates of formation and decay of intermediates P
and Q performed by Lee and Lipscomb.””> From their
studies it is rather unlikely that the O—O bond is
cleaved without prior protonation of the O, species.

In summary, the proton-triggered pathway, which
is based upon the observation that the peroxide in
the cis-u-1,2-peroxo [Fe"'], dimer and presumably in
the protein intermediates is activated for nucleophilic
attack, bears striking similarities to the mechanism
of O, activation implicated for cytochrome P450 (see
Scheme 29, top and bottom). In this scenario the
second iron would serve the role of the porphyrin in
providing the second electron for reductive O—O bond
cleavage. In addition to serving as an electron donor,
however, this iron would also permit formation of a
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stable Fe'V—O—Fe'VY unit in a high-valent species,
which will produce a substantial thermodynamic
driving force for the two-electron reduction of the
peroxo species that is required to overcome the large
Franck—Condon barrier associated with reductive
O—0 bond cleavage. Ongoing investigations in a
number of laboratories seek to distinguish between
possible mechanisms, including those in Schemes 28
and 29, for the conversion of P into Q.

IV. Concluding Comments

In the past few years there have been huge
advances in the field of non-heme iron enzymes.
Crystal structures are now available for most mem-
bers of this class, spectroscopic methodologies have
been developed which allow these to be studied in
detail with maximum electronic structure insight,
hybrid DFT programs are available for complemen-
tary insight, a range of intermediates has been
trapped for the key steps in a number of the catalytic
reactions, and highly relevant model systems have
been developed by several groups that are now
becoming structurally defined. In the mononuclear
enzymes, it is becoming clear that a major difference
relative to the heme enzymes is that the non-heme
ligand environment is much more difficult to oxidize,
making compound | equivalents less likely in a non-
heme environment. This insight has come from
spectroscopy on the hydroperoxy-intermediate, acti-
vated bleomycin; it is now important to have similar
insight into the molecular mechanisms of the non-
heme iron enzymes through the generation and study
of their oxygen intermediates and analogues. VTVH
MCD spectroscopy has elucidated the general mecha-
nistic strategy for the coupled hydroxylation of
substrate(s) where substrate binding results in an
open coordination position for the dioxygen reaction.
It is now important to develop insight into the
molecular mechanisms of uncoupled reactions and of
functional differences (oxygenation, oxidation, and
desaturation) for apparently similar active sites. The
electronic mechanisms of substrate and site activa-
tion and of selectivity in the intra- and extradiol
dioxygenases still need to be understood as well. The
electronic structure of oxy— and deoxy—hemerythrin
are understood and have defined the mechanism and
ET pathway for the coupled proton plus two-electron
transfer to dioxygen binding at one Fe of an oxo-
bridged binuclear center. For the binuclear non-heme
iron enzymes, the second iron serves the role of the
porphyrin and makes the two-electron reductive
cleavage of the peroxide O—O bond favorable. Whether
this involves homolytic or proton-triggered heterolytic
cleavage still needs to be determined experimentally,
and it is now important to define the electronic
structures of the resultant high-valent oxo-bridged
intermediates to understand their reactivity with
substrates. Electronic structure changes associated
with substrate activation of the biferrous site in A°
desaturase and component B activation in methane
monooxygenase must still be determined, and mo-
lecular-level insight is required for understanding the
differences in reactivity of apparently similar oxygen
intermediates in the binuclear enzymes. Major ad-
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vances have been made, but much still needs to be
achieved at the beginning of the new millennium.

V. Abbreviations

[2Fe—2S] two iron—two sulfur cluster

1,2-CCD chlorocatechol 1,2-dioxygenase, EC 1.13.11.1

1,2-CTD catechol 1,2-dioxygenase, EC 1.13.11.1

1,2-DHBD  2,3-dihydroxybiphenyl 1,2-dioxygenase, EC
1.13.11.39

1,2-DHPPD 2,3-dihydroxyphenylpropionate 1,2-dioxyge-
nase

1,2-GTD gentisate 1,2-dioxygenase, EC 1.13.11.4

1,2-HGTD homogentisate 1,2-dioxygenase, EC 1.13.11.5

1,2-HQD hydroquinol 1,2-dioxygenase, EC 1.13.11.37

2,3-CTD catechol 2,3-dioxygenase, EC 1.13.11.2

2,4-D 2,4-dichlorophenoxyacetic acid

3,4-PCD protocatechuate 3,4-dioxygenase, EC1.13.11.3

3-HAO 3-hydroxyanthranilate 3,4-dioxygenase, EC
1.13.11.6

4C four-coordinate

4,5-PCD protocatechuate 4,5-dioxygenase, EC 1.13.11.8

5C five-coordinate

6MPH, 6-methyltetrahydropterin

6C six-coordinate

7,8-BH, 7,8-dihydrobiopterin

a-KG o-ketoglutarate or 2-oxoglutarate

ABLM activated bleomycin

ACC 1-amino-1-cyclopropane carboxylic acid

ACCO 1-amino-1-cyclopropane carboxylic acid oxi-
dase

ACP acyl carrier protein

ACV 0-(L-o-aminoadipoyl)-L-cysteinyl-p-valine

apo (protein) protein with metal removed
benzene dioxygenase, EC 1.14.12.3

BH, tetrahydrobiopterin
BLM bleomycin
CAT catechol
CC coupled cluster
Cl configuration interaction
CS2 clavaminate synthase 2
CT charge transfer
A°D stearoyl—acyl carrier protein A° desaturase
A axial splitting of the d,y and d,,, toq orbitals
AEqg Mdossbauer quadrupole splitting
splitting of the Ms = +2 non-Kramers dou-
blet
OFe Madssbauer isomer shift
DAOCS deacetoxycephalosporin C synthase
DBC 3,4-di-tert-butylcatecholate
DCT double charge transfer
DFT density functional theory
DGPC deoxyguanidinoproclavaminic acid
DHB dihydroxylbiphenyl
DHPP dihydroxyphenylpropionate

DP—PEPLM depyruvamide—PEPLM, without the S-ami-
noalanine moiety

E° reduction potential

E.~ formal potential value for first electron
transfer

E,* formal potential value for second electron
transfer

Eip half wave reduction potential

EFE ethylene-forming-enzyme

Enomo energy of the highest occupied molecular
orbital

ENDOR electron nuclear double resonance

EPR electron paramagnetic resonance

ES enzyme—substrate complex

ESAF excited-state antiferromagnetic coupling

ESEEM electron spin—echo envelope modulation
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ESO;

ESO,*
ET
EXAFS
FADH

FADH,

FHB
g

Jeff
GSAF

HDVV

HF
HLO
HOMO
HPCA
HPOD

Hr
IHB
INDO
INO
IPNS
iso-PEPLM
J

k2

KIE
Km

A
L-Dopa
LF
LMCT
LO

LT
LUMO
Uz
MCD
MLCT
MMCT
MMO
MMOB

MMOH
MMOR
NAD(P)H

NAD*
NCA
NDO
NNO

PES
phenSQ
PKU
pMMO

enzyme—substrate—dioxygen ternary com-
plex; first intermediate for 3,4-PCD +
PCA + O,

second intermediate for 3,4-PCD—PCA + O,

electron transfer

extended X-ray absorption fine structure

one-electron-reduced flavin adenine dinucle-
otide

two-electron-reduced flavin adenine dinucle-
otide

3-fluoro, 4-hydroxybenzoate

effective g-value

effective g-value

ground-state antiferromagnetism

Heisenberg—Dirac—Van Vleck (Hamilto-
nian)

Hartree—Fock

human lipoxygenase

highest occupied molecular orbital

homoprotocatechuate

13-(S)-hydroperoxy-9,11-(E,Z)-octadecadie-
noic acid

hemerythrin

3-iodo, 4-hydroxybenzoate

intermediate neglect of differential overlap

2-hydroxyisonicotinic acid N-oxide

isopenicillin N-synthase

PEPLM with 2-O-carbamoyl (versus 3-O)

exchange coupling constant

Stevens orbital reduction factor

kinetic isotope effect

Michaelis constant

spin—orbit coupling constant

3,4-dihydroxyphenylalanine

ligand field

ligand-to-metal charge transfer

lipoxygenase, EC 1.13.11.12

low temperature

lowest unoccupied molecular orbital

Zeeman operator, uz = L, + 2S;

magnetic circular dichroism

metal-to-ligand charge transfer

metal-to-metal charge transfer

methane monooxygenase

methane monooxygenase “protein B” com-
ponent

methane monooxygenase hydroxylase com-
ponent

methane monooxygenase reductase compo-
nent

reduced nicotinamide adenine dinucleotide
(phosphate)

nicotinamide adenine dinucleotide

normal coordinate analysis

naphthalene 1,2-dioxygenase, EC 1.14.12.12

6-hydroxynicotinic acid N-oxide

in-plane phenolate oxygen valence orbital

out-of-plane phenolate oxygen valence or-
bital

phenylalanine hydroxylase, EC 1.14.16.1

proclavaminic acid

protocatechuate

polychlorinated biphenyls

proton-coupled electron transfer

phthalate dioxygenase

peplomycin (pepleomycin), BLM derivative
with altered tail

potential energy surface

9,10-phenanthrene semiquinone

phenylketonuria

particulate form of methane monooxygenase
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PT proton transfer

g-BH, quinonoid dihydrobiopterin

R1 large subunit of ribonucleotide reductase

R2 iron-containing subunit of ribonucleotide
reductase

RLO rabbit lipoxygenase

rR resonance Raman spectroscopy

RR ribonucleotide reductase

SLO soybean lipoxygenase

sMMO soluble form of methane monooxygenase

SO spin—orbit

SOC spin—orbit coupling

SPE simultaneous pair excitation

TACN triazacyclononane

TfdA 2,4-dichlorophenoxyacetic acid/a-KG dioxy-
genase

TPA tris(2-pyridylmethyl)amine

triphos MeC(CH,PPh,);

TrpH tryptophan hydroxylase, EC 1.14.16.4

TyrH tyrosine hydroxylase, EC 1.14.16.2

\Y rhombic splitting of the d, and dy, tyg orbit-
als

Vmax maximum enzyme velocity

VBCI valence-bond configuration interaction

VTVH variable-temperature, variable-field

WT wild-type

XAS X-ray absorption spectroscopy

ZFS zero-field splitting
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