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Abstract

Protonated ferryl (or iron(IV)hydroxide) intermediates have been characterized in several thiolate-
ligated heme proteins that are known to catalyze C-H bond activation. The basicity of the ferryl
intermediates in these species has been proposed to play a critical role in facilitating this
chemistry, allowing hydrogen abstraction at reduction potentials below those that would otherwise
lead to oxidative degradation of the enzyme. In this contribution, we discuss the events that led to
the assignment and characterization of the unusual iron(1VV)hydroxide species, highlighting
experiments that provided a quantitative measure of the ferryl basicity, the iron(IV)hydroxide pKa.
We then turn to the importance of the iron(I\V)hydroxide state, presenting a new way of looking at
the role of thiolate ligation in these systems.

Introduction

This article examines the factors that govern the reactivity of ferryl centers in heme
enzymes. Special emphasis is placed on understanding the role of the ligand bound trans to
the ferryl oxygen. Evidence suggests that an electron donating ligand bound at this position
can tune the reactivity of the ferryl moiety, making it more reactive towards C-H bonds.1
This concept of axial ligand tuning has its origins in a simple observation: Only thiolate-
ligated heme proteins, such as cytochrome P450, are known to activate C-H bonds.?
Histidine-ligated peroxidases, which function through sequential one-electron oxidations,
typically do not perform the two-electron chemistry required for C-H bond activation.®
Interestingly, there are peroxidases that are known to cleave C-H bonds, but these
peroxidases also possess an axial thiolate ligand.”"11 Thus, there appears to be a real
connection between axial thiolate ligation and C-H bond activation. We will explore this
connection.

Interest in P450s stems not only from their biological importance but also from a desire to
harness their synthetic potential. P450s utilize molecular oxygen and the formal equivalents
of dihydrogen (2H+ + 2e-) to catalyze the controlled activation of inert C-H bonds (Figure
1).12-14 The principal oxidant in these demanding transformations is thought to be a short-
lived, highly reactive ferryl radical species, called compound 1.15-17

Ferryl species were first observed in heme peroxidases in the 1930s,18:19 but they were not
fully characterized (structurally and electronically) until the 1980s.6:20-26 By the end of the
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last century, however, it was well understood that the reactive intermediates found in heme
peroxidases—known as compound I and compound Il—were best described as iron(IV)oxo
porphyrin-radical and iron(1V)oxo porphyrin complexes, respectively.2” The S=1 ferryl
moiety at the center of these intermediates has two unpaired electrons in orthogonal FeO n*
orbitals.?8 This electronic configuration results in a double bond with a distance of ~1.65 A
between the iron and oxygen atoms.

Since P450s could be turned over with hydrogen peroxide (via the peroxide shunt pathway,
Fig. 1),2930 jt was assumed that similar iron(IV)oxo species existed in P450s. However, due
to their highly reactive nature, early insights into these intermediates had to be obtained
from calculations and experiments on model systems.28:31-43 Density functional calculations
revealed a significant trans-influence between the thiolate and oxo ligands.3® The thiolate
ligand is a good rt donor, and it can donate electron density into Fe-O orbitals that are > in
character.28 Thus Fe-S bonding is gained at the expense of Fe-O bonding and vice versa. It
was speculated that this trans-influence could play an important role in dictating the
chemistry of P450s.

To investigate this hypothesis, experiments were performed on chloroperoxidase (CPO).35
CPO is a thiolate-ligated heme peroxidase that is known to cleave activated C-H bonds.11
CPO-I does not perform the more difficult reactions displayed by P450, but, importantly at
that time, both CPO compounds | and 11 could be readily prepared using standard rapid
mixing and freezing procedures.444°

The iron(IV)hydroxide complex

To characterize the extent of the trans-influence in thiolate-ligated ferryl species, x-ray
absorption (XAS) measurements were performed to determine metal-ligand bond metrics in
CPO-11.35 These experiments revealed an Fe-O bond distance of 1.82 A, a distance too long
to be associated with an iron(IV)oxo species. This result was puzzling, as it was clear from
the XAS measurements that the iron center was in a oxidation state that was higher than that
of ferric enzyme (Figure 2).

The long Fe-O bond distance observed for CPO-II suggested that its ferryl center was
protonated. Protonation of the ferryl moiety to yield an iron(IV)hydroxide state would
decrease the Fe-O formal bond order from 2 to 1.5, lengthening the Fe-O bond distance from
~1.65 A to the 1.82 A measured for CPO-II. The driving force for protonation of the ferryl
species could be rationalized by a reduction in the strong trans influence between the oxo
and thiolate ligands. When the Fe-O bond lengthens upon protonation, the Fe-S bond
shortens, strengthening the interaction between iron and sulfur. Additionally, density
functional calculations on a thiolate-ligated iron(IV)hydroxide porphyrin complex yielded
an Fe-O distance of 1.81 A, in good agreement with the XAS measurements.3°

It was also known that efforts to locate and measure an Fe=O stretching frequency in CPO-II
using resonance Raman spectroscopy had been unsuccessful, 6 even though the ferryl

stretching frequency of the more reactive CPO-I could be readily observed.#6-48 The lack of
a signal in CPO-I1 led researchers to conclude that the Fe-O stretch was not enhanced in this
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system, presumably due to the unique electronic structure of the thiolate-ligated ferryl
intermediate.*6 However, the lack of a ferryl stretching frequency was clearly consistent
with the EXAFS results. As the Fe-O bond lengthened from 1.65 A to 1.82A upon
protonation, the Fe-O stretching frequency would shift outside the range observed for ferryl
species ~700-850 nm, making it a challenge to locate if one were focused on locating an
iron(1V)oxo species.

Thus, the available data seemed to point to a protonated compound 1. However, it must be
remembered that protons cannot be “seen” in X-ray absorption measurements, and there was
a lack of signal in the resonance Raman experiments. The existence of the
iron(1V)hydroxide state could only be inferred from the points outlined above.

The assignment of the iron(IV)hydroxide state in CPO-11 was not without controversy. At
the time, there were no synthetic or mineral iron-hydroxide complexes known above the
ferric state. Even today, a definitive characterization of a synthetic iron(I\VV)hydroxide
complex remains elusive.*2-0 Ferryl species are typically electrophilic in nature, and the
report of a nucleophilic/basic iron(IV)oxo in CPO-II was somewhat unexpected. There were
some suggestions that the CPO-Il sample may have been photoreduced in the synchrotron x-
ray beam, and that the long 1.82 A Fe-O bond obtained from XAS measurements was
representative of ferric enzyme in an unusual coordination environment.

To complicate the matter, a number of histidine-ligated compound Il intermediates were
suggested to be protonated as well.>! Crystallographic studies reported Fe-O bond distances
of 1.84, 1.92, and 1.87 A for horseradish peroxidase compound Il (HRP-I1), myoglobin
compound Il (Mb-11), and cytochrome ¢ peroxidase compound | (CCP-I, also called
compound ES, which is like compound 11, as it contains a ferryl center with a distant
tryptophan radical).51-54 However, the distances obtained from crystallography were at odds
with the results from spectroscopic measurements. Resonance Raman experiments at
varying pH yielded Fe-O stretching frequencies between 753-805 cm™1 for these
intermediates, indicating they were authentic iron(IV)oxo species.?>-28 XAS measurements
on these intermediates yielded Fe-O bond distance of ~1.65 A, in agreement with the
resonance Raman measurements.22:59.60

It is important to recall that the opposite was true for CPO-I1. Spectroscopic measurements
suggested that CPO-11 was not an iron(I\VV)oxo species: a ferryl stretch could not be observed
and XAS measurement indicated a long Fe-O bond. Thus, there seemed to be something
different about the thiolate-ligated system. However, questions about the photoreduction of
CPO-II in the synchrotron X-ray beam as well as the assignment of the long Fe-O bonds
obtained from crystallographic studies of peroxidases were confounding the issue. To clarify
things, two lines of investigation were employed. The first involved the use of Mdsshauer
spectroscopy to simultaneously determine the oxidation and protonation states of the iron
center in compound II samples.8? The second focused on establishing an empirical
relationship, known as Badger’s rule, between Fe-O bond distance and stretching frequency
for a series of heme and non-heme complexes.62:63
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57Fe Mésshauer spectroscopy is a nuclear resonance technique that can be used to assign the
oxidation and spin states of iron-containing samples. The technique is particularly suited for
investigating the protonation state of the compound I1 species. Ferryl porphyrins have two
unpaired electrons that couple together to yield an S=1 ground state. Integer spin systems,
such as this, have distinctive Mdssbauer spectra called quadrupole doublets. These spectra
consist of two sharp lines separated by a quantity known as the quadrupole splitting. This
splitting is known to range from ~ 1.2-1.5 mm/s for ferryl porphyrins. Density functional
calculations predicted that protonation of the ferryl moiety would increase the quadrupole
splitting to over 2.0 mm/s.%1 To test this prediction, cryogenic reduction and annealing
techniques were used to generate CPO-II in its iron(IV)oxo and iron(IV)hydroxide forms.61
CPO-I was radiolytically reduced at 77K to produce CPO-II in its unprotonated form. The
sample was then annealed at 180K (the lowest temperature at which protons were found to
move) allowing protonation of the ferryl moiety. Mdssbauer measurements taken before and
after annealing were consistent with the theoretical predictions. The quadrupole splitting of
the ferryl moiety increased from 1.41 to 2.08 mm/s upon protonation. These experiments
seemed to confirm the XAS assignment of the iron(IV)hydroxide center in CPO-II.
However, it is important to remember that, just like with XAS, protons cannot be seen with
Massbauer spectroscopy, and the iron(IV)hydroxide state could only be inferred from the
changes observed upon annealing of the cryoreduced CPO-1 sample and the agreement with
the results obtained from DFT calculations. To obtain direct evidence for the existence of the
iron(IV)hydroxide state, the Fe-OH stretching frequency would need to be located.

In an effort to locate the Fe-OH vibration in CPO-11 and make sense of the structural and
vibrational data available for the peroxidase and globin intermediates, researchers turned to
Badger’s rule.52 The hope was that this empirical relationship could provide insight into
discrepancies in the bond distances obtained from crystallography and spectroscopy, while
predicting a location for the hydroxide stretch in CPO-I1. Using density functional theory
(DFT), the applicability of Badger’s rule to Fe-O bonds in heme and non-heme systems was
examined for over 30 compounds. The bond distances and stretching frequencies obtained
from DFT calculations were found to be in good agreement with Badger’s rule (R% = 0.991).
Plotting the Fe-O distances and stretching frequencies obtained from experiments revealed
an interesting trend. The values obtained from spectroscopy were consistent with Badger’s
rule, while the distances obtained from crystallography were not (Figure 3A). The Badger’s
rule analysis revealed that the long Fe-O distances obtained from the peroxidase structures
were the hallmarks of ferric/ferrous enzyme (Figure 3B). That is, the peroxidase compound
Il crystals had been reduced in the synchrotron beam. Importantly, Badger’s rule predicted
that the Fe-OH stretch of the iron(IVV)hydroxide center in CPO-11 would be located at 563
cm~1, well outside the region were iron(1\V)oxo vibrations are found. Using resonance
Raman spectroscopy in conjunction with 180 isotopic labeling, the Fe-OH stretch in CPO-II
was identified at 565 cm™1 (Figure 3C).54 This vibrational frequency was found to downshift
12 em~1 in D,,0, in excellent agreement with the value predicted for an Fe-OH diatomic
harmonic oscillator (where the OH is treated as a single atom).54 These resonance Raman
experiments provided the first direct evidence for the existence of an iron(IV)hydroxide
species in any system.
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The Badger’s rule analysis outlined above inspired follow up investigations of the
peroxidase and globin systems. In a dosage-dependent crystallographic study, it was found
that the Fe-O bond length in CCP-1 correlated well with x-ray exposure time.% At very low
doses it was found that CCP-I did indeed contain an authentic iron(IV)oxo center, but as the
exposure increased the ferryl species was reduced and the Fe-O bond lengthened. This result
was confirmed by a neutron diffraction study of CCP-1.56 Neutron diffraction does not suffer
from photoreduction and perhaps more importantly the technique can see protons. Neutron
diffraction of CCP-I revealed that this system is not protonated. It contains an authentic
iron(1V)oxo species, consistent with the results of the Badger’s rule analysis. More recently
a study which used a combination of EXAFS, Mdssbauer, and resonance Raman
spectroscopies found that Mb-I1 was also not protonated.6” Méssbauer measurements
suggested that the iron(IV)hydroxide state of Mb-I1I has a pKa < 3. To date, there has been
no evidence to suggest that an iron(l1\VV)hydroxide state can be stabilized in any histidine-
ligated heme protein. In contrast, the iron(IVV)hydroxide state has been characterized in a
number of thiolate-ligated heme proteins,3°:51.68.69

The Iron(IV)hydroxide pKa

The importance of the iron(IV)hydroxide state lies in its connection to P450 chemistry.
P450s function through the controlled activation of C-H bonds. In the generally accepted
“rebound mechanism”, Compound | abstracts hydrogen from the substrate to produce an
iron(IV)hydroxide species and a substrate radical, which rapidly recombine to yield
hydroxylated product.12:13 This reaction, as shown in Fig. 1 (species 7-9), involves H-atom
abstraction by a metal-oxo complex. There is considerable evidence that reactions of this
type are controlled by ground state thermodynamics.”%71 That is, the reactivity (or rate of
reaction) is related to the driving force, which is given by the difference between the
iron(1V)hydroxide D(O-H) and the substrate D(C-H) bond strengths. For unactivated
hydrocarbons, D(C-H) is typically around 100 kcal/mol, while the iron(IV)hydroxide bond
strength can be determined from Eq. 1.571.72 This equation shows that D(O-H) depends
upon the one-electron reduction potential of compound I and the pKa of the
iron(IV)hydroxide complex (i.e. compound II). These thermodynamic parameters hold the
key to understanding C-H bond activation in these systems. To date, only the
iron(1V)hydroxide pKa has been measured.9

D(O—H)=23.06 * E°, +1.37 + pKa, +57.6 £ 2kcal/mol  gq 1

As one might imagine, the measurement of thermodynamic quantities can be quite
challenging for short-lived reactive species. And, for measurements of the compound Il pKa,
there is the additional complication of pH stability. Investigations of CPO-II, for example,
were hindered not so much by the lifetime of CPO-I11 but by the enzyme’s pH stability. CPO
undergoes an irreversible structural rearrangement above pH 7 that renders the enzyme
inactive.” As a result, only a lower limit (pKa=8) could be obtained for the
iron(1V)hydroxide state in this system.3® Investigations with P450capm and P450gp3 showed
that the compound 11 forms of these enzymes were also iron(IV)hydroxides at pH 7.74
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Reactions with these P450s could be pushed to pH 8, but there was a significant reduction in
the already low yields of compound Il, making these systems unsuitable for determining the
iron(IV)hydroxide pKa. Thus, while various spectroscopic measurements could confirm the
basic nature of thiolate ligated ferryls in these systems, low yields and the inability to
prepare the intermediates at high pH precluded efforts to determine the pKa of these
iron(IV)hydroxide species.

A breakthrough came in the form of CYP158, a P450 with a large solvent exposed active
site from the soil bacterium S. coelicolor8%75 During efforts to characterize high-valent
intermediates in this system, it was found that meta-chloroperbenzoic acid (/7-CPBA) could
be used to prepare compound Il in high yield. Importantly, CYP158 showed excellent pH
stability on short (100ms) timescales, and the enzyme could be taken to high pH and
returned to neutral (or slightly basic) conditions without degradation. As a result, rapid
mixing techniques could be used to prepare CYP158-11 over a wide pH range. Mdssbauer,
UV/Visible, and EXAFS spectroscopies on these samples revealed an iron(IV)hydroxide
center with pKa=12. This is a remarkable value. It indicates that the thiolate-ligated ferryl in
CYP158-11 is at least 9 orders of magnitude more basic than the ferryl center in Mb-11.87

It is reasonable to question how much of this increase in basicity can be attributed to
differences in the active site environment versus change in axial ligation. It is known, for
example, that the alkaline transition of HRP, which converts the water-bound ferric high-spin
form of HRP to the hydroxide-bound low-spin form of the enzyme, is isozyme-dependent.
HRP isozymes A and C have pKas of 9.2 and 10.7, respectively, indicating that differences
in proximal and distal environments can play a role in modulating ligand basicity.”®
However, it seems clear that the lion’s share of the increase in basicity must originate from
the difference in axial ligation. An iron(I\V)hydroxide has yet to be characterized in a
histidine-ligated compound I1, while all of the thiolate-ligated species are known to be
iron(IV)hydroxides. To investigate variations in the thiolate-ligated systems, efforts were
made to measure the compound Il pKa in another P450, one with a very different substrate
and active site. Key to these efforts were insights gained from CYP158, particularly the
understanding of the mechanism by which compound 11 was generated in such high yield.

The use of m-CPBA, a two-electron oxidant, to prepare CYP158-I1, which is only one
equivalent above the ferric state, may seem surprising, but it is typical for P450s. For
example, the P450cam-11 and P450gp3-11 species discussed above were prepared with
peracetic acid. The reaction of ferric enzyme with these oxidants produces compound I, and,
in the absence of substrate, this highly reactive intermediate can strip an electron from the
protein framework to yield compound Il and a protein-based radical (resulting in a species
similar to CCP-I). The oxidation of tyrosine and tryptophan residues in this manner has
proven to be a major obstacle in efforts to isolate P450-I for characterization.””:"8 In
CYP158, however, this feature of P450 chemistry proved to be advantageous for the
preparation of compound II.

In the generation of CYP158-11 from CYP158-I, the protein-derived reducing equivalent
comes from a solvent-exposed tyrosine adjacent to the axial cysteine ligand (Fig. 4). This
tyrosine is well-coupled to the active site, allowing for the efficient and rapid reduction of
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compound I to compound Il. As a result, very high yields of CYP158-I1 can be obtained.
The tyrosine was confirmed to be the origin of the reducing equivalent through site-directed
mutagenesis. Replacing the tyrosine with a phenylalanine resulted in a CYP158 variant that
allowed for the preparation of P450-1 in high yield (~80%).69

Using this insight, the iron(IV)hydroxide pKa of a second P450 was determined. CYP119 is
a P450 that is known to react with 7-CPBA to produce compound I in high yield.1®
CYP119-I decays rapidly to ferric enzyme, but compound Il does not accumulate in the wild
type enzyme. The incorporation of a tyrosine residue adjacent to the axial cysteine of
CYP119 results in a variant that produces compound 11 in high yield (Fig. 5).89 Similar pH
jump experiments indicate that the iron(I\V)hydroxide center of CYP119-11 has a pKa=12.
Fig. 6 shows the results from these experiments.

More recently an iron(IV)hydroxide pKa was measured for the thiolate-ligated aromatic
peroxygenase (APO) from Agrocybe aegerita. APO is also a potent catalyst, with a high
activity for hydrocarbon oxidations. APO-II was generated from APO-I using nitroxyl
radicals, and stopped-flow UV/Visible measurements were used to obtain a pKa=10 for the
iron(1V)hydroxide state of this system.8

The Role of the Thiolate

We now return to the importance of the iron(1\V)hydroxide pKa and its connection to C-H
bond activation. It has been proposed that P450°’s axial thiolate ligand facilitates C-H bond
activation at biologically viable compound I potentials, promoting substrate oxidation, while
minimizing off pathway oxidations of the protein superstructure.3%:69 To understand this
proposal, it is helpful to consider the relative free energy for the productive and non-
productive pathways illustrated in Figure 7.

In the productive pathway compound | abstracts hydrogen from substrate to form an
iron(IV)hydroxide and a substrate radical. These species subsequently recombine to yield
the hydroxylated product. In the non-productive pathway compound | oxidizes a tyrosine (or
tryptophan) residue generating an unprotonated compound Il species and a protein based
radical.

The free energy change for the productive pathway, AGy, is the difference between the
iron(IV)hydroxide O-H bond strength, D(O-H), and the substrate C-H bond strength, D(C-
H) (Fig. 7, Eq. 3), while AGy,, for the non-productive pathway is determined by the
reduction potentials of compound | and the oxidized tyrosine residue (Fig. 7, Eq. 4).

Using Eg. 1 for D(O-H), AGp, can be written as Eq. 5 in Fig. 7, allowing the relative free
energy, AGyg|, to be expressed as Eq. 6 in Fig. 7. This latter equation has some interesting
features. First, notice the D(O-H) terms cancel, making AG,,j independent of D(O-H).
Second, for a given substrate and tyrosine environment, AG is a line with a slope of -1.37
with respect to the iron(IV)hydroxide pKa. Thus, for each pKa unit, the relative free energy
shifts towards the productive pathway by 1.37 kcal/mol.
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Consider the implications for the role of the axial thiolate ligand in P450. Experiments
indicate that the difference in pKa between a histidine and thiolate ligated iron(I\VV)hydroxide
species is > 9 units. This means that the thiolate ligand shifts AG,¢| toward the productive
pathway by > 12 kcal/mol relative to a histidine ligated system.

It has been argued that an elevated iron(IV)hydroxide pKa affects not only the
thermodynamics of the system but also the kinetics.® For a given AGp, a 12 kcal/mol shift
of AG,¢ towards the productive pathway corresponds to a drop of > 0.5 V in the compound |
reduction potential. This drop in the potential attenuates the rate constants for non-
productive oxidations, biasing the system towards C-H bond activation.

The ideas expressed in the preceding paragraphs were originally developed in Yosca et al.,%°
and we direct the interested reader there for the full mathematical details. What we would
like to present here is a new graphical way of thinking about these ideas, one that makes use
of concepts from freshman chemistry (like Hess’s law and the sign of AG) that we have
found to be effective when discussing the importance of the iron(IV)hydroxide pKa with a
general audience.

Eg. 8 in Fig. 8 shows the productive reaction. Again, compound | abstracts an H-atom from
the substrate, leaving the iron(IV)hydroxide and the substrate radical. The non-productive
reaction is illustrated in Eq. 9 of Fig. 8. Compound | oxidizes a tyrosine residue by one
electron, generating a ferryl species, a tyrosine radical, and releasing a proton. Subtracting
Eq. 9 from Eq. 8 yields AG,|, Which is given by Eg. 10. It is interesting to note that
compound | does not appear in the AG, reaction.

To keep the system on the productive pathway, we would like to push this reaction to the
right, finding conditions to minimize AG,. Here it helps to use Hess’s law to break AGg|
into two new reactions, Eq. 11. The first of these is shown in Eq. 12 of Fig. 8. In this
reaction a tyrosine radical abstracts hydrogen from the substrate to yield a tyrosine and a
substrate radical. It is clear that this reaction will be unfavorable. The C-H bond is much
stronger than the O-H bond. So, the driving force for this reaction, AG1, is positive and, for a
given substrate and tyrosine environment, a constant. Therefore, to minimize AG¢), we must
rely upon the second equation (Eg. 13 in Fig. 8). This equation involves the protonation of a
ferryl species to make an iron(IV)hydroxide complex. With increasing pKa, AG, decreases,
and it is only by this mechanism that we can push AG,¢ towards the productive pathway.

We can use a similar analysis to understand how the thiolate ligand attenuates the rate
constants for non-productive oxidations (Fig. 9). Here we want to maximize AGpp, pushing
the reaction towards the left. Again it helps to uses Hess’s law to generate two new
equations. The first of these reactions is the oxidation of tyrosine by compound | (Eq. 14 in
Fig. 9). The driving force for this reaction, AGg, is clearly negative. In the absence of
substrate, compound | readily oxidizes tyrosine residues. Again we turn to the second
reaction to achieve our goal. Eq. 15 in Fig. 9 is the deprotonation of the iron(I1\VV)hydroxide
state. With increasing pKa, AG4 increases, maximizing AGp, and minimizing the driving
force for non-productive oxidations.
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Conclusion

In closing, we thought it would be of interest to briefly touch upon some of the questions
that remain concerning the role of the thiolate ligand in C-H bond activation and its effect
upon compound | and the iron(IV)hydroxide state. We have discussed a role for the thiolate
ligand in promoting C-H bond activation by minimizing off pathway chemistry. But it is
possible that strong electron donation from the axial thiolate ligand also makes compound |
more reactive with respect to C-H bond activation. Work on synthetic model systems has
shown that reactivity with respect to oxygen atom transfer and C-H bond activation increases
with electron donation trans to the oxo ligand.1=3 However, this connection has proven
difficult to test in P450s, and to date a direct link between electron donation and reactivity
has yet to be established.

The ability to prepare compound I in high yields in CPO and P450 has allowed for detailed
comparisons of the electronic and geometric structures of these intermediates. EXAFS
measurements revealed a significantly shorter (0.1 A) Fe-S bond in P450-1 than in CPO-I.
The shorter Fe-S bond in P450-1 suggests increased electron donation in P450, consistent
with its greater reactivity towards C-H bonds. But, if electron donation does increase the
reactivity of compound I with respect to C-H bond activation, how does it do it? Does it
weaken the Fe-O bond of compound I, priming the ferryl oxygen for H atom abstraction?’?
Does it increase the D(O-H) bond strength of the iron(1\V)hydroxide state?8? Density
functional calculations suggest that the oxidation of unactivated hydrocarbons by compound
| is about ~6 kcal/mol uphill 81 Is this correct?

With respect to the characterization of P450 compound I, some high value targets remain
that could provide considerable insight into the role of the axial thiolate ligand. Principal
among these is the reduction potential of compound 1. Obtaining this quantity for an enzyme
intermediate with a half-life of ~100 ms is obviously a challenging prospect. However, the
determination of this parameter would yield D(O-H), Eq.1, allowing insight into the
protective role of the thiolate and the importance of ground state thermodynamics in this
system. Hopefully future investigations will be able to address this issue as well as the
questions outlined above, providing further insight into fundamental aspects of C-H bond
activation in this important class of enzymes.
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The Catalytic Cycle of Cytochrome P450

(1

Substrate

Figure 1. General paradigm for P450-catalyzed hydroxylations
The first step involves the binding of substrate to the resting low-spin ferric enzyme (1). This

binding induces structural changes, which often, but not always, manifest themselves in the
dissociation of the distally coordinated water and the conversion of the heme from low to
high spin (2). These substrate-induced structural changes facilitate reduction of the ferric
enzyme, allowing delivery of the first electron to generate the ferrous substrate-bound form
of the enzyme (3). Dioxygen then binds to the ferrous heme, forming a species that is best
described as a ferric superoxide complex (4). The subsequent reduction of this species forms
a ferric peroxo species (5), which is protonated at the distal oxygen to generate a ferric
hydroperoxo complex (6). The delivery of an additional proton to the distal oxygen cleaves
the O-0 bond, yielding compound | (7) and a water molecule. Compound | then abstracts
hydrogen from substrate to yield compound Il (8) and a substrate radical, which rapidly
recombine to yield hydroxylated product and ferric enzyme (9). Hydroxylated product then
dissociates, and water coordinates to the heme to regenerate the resting ferric enzyme (1).
This figure and caption first appeared in J. Biol. Chem. 2013, 288, 17074-17081.
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Figure2.
XAS experiments on chloroperoxidase compound Il. EXAFS data for CPO-11 (left). X-ray

absorption edges for ferric CPO and CPO-II, showing that the CPO-1I sample is in a higher
oxidation state than ferric (right). Model of iron(IV)hydroxide center showing metal-ligand
bond distances obtained from EXAFS data (center). Samples were prepared and data were

analyzed as described in Science 2004, 304, 1653—-1656.
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Figure 3.

Badger’s rule analysis and resonance Raman data. A) Fe-O bond length versus 1/ vgeo?3.
Yellow and blue circles represent calculated bond distances and frequencies. Best-fit line to
theoretical data is given by Badger’s rule. Diamonds represent experimental data. Yellow
diamonds are from resonance Raman and EXAFS experiments. Black diamonds are from
resonance Raman and X-ray crystallography. This figure first appeared in J. Am. Chem. Soc.
2006, 128, 1902-1906. B) Bottom axis is Fe-O bond distance. Top axis is vibrational
frequency obtained by applying Badger’s rule as parametrized in A. Black diamonds
represent theoretical results obtained from calculations on a series of compounds. The top
and bottom rows contain the results of experimental investigations. Open diamonds
represent the experimental vibrational frequencies obtained from resonance Raman
measurements. Blue and red diamonds represent the bond distances obtained from EXAFS
measurements and X-ray crystallography, respectively. Experimental systems are (A) HRP-
Il, (B) CCP-I, (C) Mb-Il, (D) CAT-II, and (E) the ferryl form of TauD. The ellipse highlights
the agreement between theory and EXAFS and resonance Raman experiments. This figure
first appeared in J. Am. Chem. Soc. 2006, 128, 1902-1906. C) Low-frequency-resonance
Raman data of CPO-I1. (Upper) Overlay of CPO-I1 spectra: 160H (blue), 160D (black),

and 180H (red). (Lower) Difference spectra reveal changes in VFe(IV)-OH Upon deuterium
(black) and 180 (red) substitutions. This figure first appeared in PNAS, 2006, 103, 12307—
12310.
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Figure 4.
CYP158 crystal structure. (PDB accession code: 1S1F) The arrow on the left designates the

positions of tyrosine 352 which is adjacent to the axial cysteine and ~ 10 A away from the
heme iron atom. Tyrosine 352 was changed to a phenyalanine in the CYP158 variant that
generates compound I. This figure was adapted from the supporting information of Science,
2013, 342, 825-829.
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400
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The reaction of 7-CPBA with wild type CYP119 generates compound I in high yield (left).
The L316Y CYP119 variant incorporates a tyrosine at the same position as Y352 in
CYP158. The reaction of this variant with 7-CPBA generates compound Il in high yield
(right). Samples were prepared and analyzed as described in Science, 2013, 342, 825-829.
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Figure 6.
The pKa of the L316Y CYP119-l1 variant. Relative concentrations of oxo and hydroxo

species obtained from UV/Visible and Mdssbauer experiments at varying pH. Mossbauer
and UV/Visible measurements both yield a pKa=12 (left). Mossbauer spectra of CYP119-I1
at pH 8.0 (A), pH 11.8 (B), and pH 13.6 (C). As the pH increases the iron(IV)hydroxide
state transitions to the oxo species which has a smaller quadrupole splitting. These figures
first appeared in the supporting information of Science, 2013, 342, 825-829.

J Biol Inorg Chem. Author manuscript; available in PMC 2018 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Yosca et al.

Page 19

Productive
C-H Bond Activation

k)

basic residue
or solvent

E°~09V Non-Productive Oxidation

of the Superstructure

AG,,=AG, - AG,, Eq. 2
AG, = [D(C-H) - D(O-H)] Eq. 3

.

AG,, =-23.06* (E°,, - E°

comp-| - tyr)

Eq. 4
AG, = (-D(O-H) + 1.37* pKa + 57.6) + 23.06 Ef’:yr Eq. 5
AG_, = [D(C-H) - D(O-H)] - [-D(O-H) + 1.37* pKa + 57.6 + 23.06 * Eot’y,J Eq. 6

AG _, = [Constant - 1.37* pKa] Eq.7

Figure 7.
Comparison of the productive and non-productive pathways for compound | decay.

Equations show how the relative free energy for these pathways is calculated. See text for
discussion.
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Figure8.

Understanding the role of the thiolate ligand in shifting the relative free energy of the
productive and non-productive pathways. Eq. 8 represents the productive pathway. It
involves the oxidation of substrate by compound I. Eq. 9 represents the non-productive
pathway. It involves the oxidation of tyrosine residue by compound I. Subtracting Eq. 9 from
Eq. 8 gives Eq. 10 for AG,,. To keep the system on the productive pathway, we would like
to push this equation to the right, minimizing AG,j. Using Hess’s law Eq. 10 can be split
into two new reactions (Egs. 12 and 13). The C-H bond of the substrate is stronger than the
O-H bond of the tyrosine. Thus, AG; is positive. To minimize AGye|, we must rely on AG».
With increasing pKa, AG, decreases, pushing the system towards the productive pathway.
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Figure9.

Understanding the role of the thiolate ligand in attenuating non-productive rate constants.
Eq. 9 represents the non-productive pathway. Using Marcus theory the rate constants for the
non-productive oxidations can be related to the driving force for these processes. To
attenuate the rate constant for non-productive oxidations we would like maximize AGpy,.
Using Hess’s law, AGp,, can be split into two new reactions (Eqs. 14 and 15). The first of
these involves the oxidation of a tyrosine by compound | to yield and iron(1\VV)hydroxide and
a tyrosine radical. AGg is clearly negative. In the absence of substrate compound I readily
oxidizes tyrosine and tryptophan residues. Again we must rely on the second equation to
accomplish our goal. Increasing the pKa increases AG4, pushing Eqg. 9 to the left and
minimizing the non-productive rate constants.
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