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ABSTRACT Bymeans of quantummechanics/molecularmechanics calculations,
we show that binding of dioxygen to the FeIII enzyme catalase-peroxidase (KatG),
responsible for activating the antitubercular drug isoniazid, is possible in the
absence of an external reducing agent, thanks to the unique electronic properties
of the active site Met-Tyr-Trp adduct. The calculations give support to recent
experimental observations suggesting that KatG activates molecular oxygen and
suggest that dioxygen activation may be achieved in other enzymes by inserting a
residue with low ionization potential near the active site.

SECTION Biophysical Chemistry

S elective oxidation reactions using dioxygen (O2) as the
oxidant are of enormous interest because of their
economic and environmental impact.1 Metalloenzy-

mes are the natural catalysts of these reactions,2 and exten-
sive research in this area, particularly in the chemistry of
heme3 and nonheme iron enzymes,4,5 has provided crucial
mechanistic insights leading to the development of artificial
catalysts.

Scheme 1 shows the main steps of dioxygen activation in
heme enzymes, inwhich O2 progresses, concomitant with an
increase in the formal iron oxidation state, through the super-
oxoferric T oxyferrous (Por-FeIII-O2

- T Por-FeII-O2, A),
peroxoferric (FeIII-OOHþ, B), and oxoferryl states (Porþ•-
FeIVdO, compound I, C, and Por-FeIVdO, compund II, D) in a
series of electron (and proton)-transfer steps.4 Diverse classes
of heme enzymes differ in the nature of the reactive form (A,
B or C, D) and in the type of reactivity that they exhibit.
Obviously, a precondition for oxygen activation is that the
active site be capable of binding oxygen. This is only possible
in the FeII state. Therefore, enzymes which are FeIII in their
resting state (e.g., heme oxygenases such as cytochromes
P450) require a one-electron reduction (first step in Scheme1)
by an electron donor (e.g., NADPH) to start the catalytic cycle.

An important class of heme enzymes are heme perox-
idases, which enter Scheme 1 at B following reaction with
hydrogen peroxide (H2O2=O2þ 2e-þ 2Hþ), but they may
also form the ferric superoxo species (A) following reaction of
the ferric enzyme with a strong reducing agent under con-
trolled conditions.6 This leads to the question of whether or
not peroxidases can activate oxygen under mild conditions.
The direct reaction with oxygen would expand the reactive
diversity of peroxidases, which normally oxidize substrates
via one-electron abstraction rather than via oxygen atom
transfer as in monooxygenases. Here, we demonstrate that
catalase-peroxidases, a class of the peroxidase family, are

indeed capable of O2 activation and that this occurs in the
absence of an external reducing agent.

Catalase-peroxidases (KatG's) are bifunctional enzymes in
which catalase activity has been introduced within a perox-
idase-like active site. X-ray crystallography revealed a unique
triad of covalently linked side chains of distal side residues,
Trp111, Tyr238, and Met264 (Burkhoderia pseudomallei KatG
numbering throughout), the M-Y-W adduct, whose pre-
sence is required for catalase activity.7 In Mycobacterium
tuberculosis, KatG is responsible for the conversion of the
pro-drug isoniazid into the active antitubercular agent
isonicotinoyl-NAD.7 The mechanism by which KatG acti-
vates INH has been the subject of several studies over the
past decade. These studies revealed that (at least) two path-
ways are operative. The first goes through the peroxidatic
activity of the protein. The second is a dioxygen-depen-
dent pathway in which superoxide is produced.8,9 This
latter pathway is inhibited by cyanide,10 an FeIII ligand,
suggesting that oxygen is activated via interaction with the
heme. Further experimental evidence for O2 activation by
KatG comes from the crystal structures of KatG and its
Ser324Thr variant, where a perhydroxy modification on
the indole nitrogen of the distal Trp11111-13 forms rapidly
after shifting the crystal to a buffer with pH g 6.5 and at
lower pHs for the isoniazide-resistant Ser324Thr variant.
One hypothesis for the origin of this modification is that a
reactive dioxygen species is formed in the heme cavity of
KatG[FeIII].12

In previous work14 on the electronic structure of KatG
compound I (C in Scheme 1), we showed that the M-Y-W
adductmayserve as an electrondonor to theporphyrin cation

Received Date: November 23, 2010
Accepted Date: January 4, 2011



rXXXX American Chemical Society 197 DOI: 10.1021/jz1015795 |J. Phys. Chem. Lett. 2011, 2, 196–200

pubs.acs.org/JPCL

radical, resulting in the formation of an oxoferryl/protein radi-
cal. The high electron-donor ability of the M-Y-W adduct
suggests that it could also assist oxygen activation by donat-
ing one electron to the iron/oxygen moiety upon reaction of
O2 with the native enzyme (reaction 1).

Por-FeIII 3 3 3O2 þM-Y-W f Por-FeIII-O2
-

þM-Y-Wþ• ð1Þ
As a first approximation to this reaction (and to rationalize

the subsequent results), we computed gas-phase ionization
potentials (IPs) for the isolated fragments (Table 1) by means
of density functional theory (see Supporting Information (SI)
for full details). The IP of the adduct in its deprotonated form
[MþY(O-)W] (132 kcal/mol) is lower than those of the in-
dividual tyrosine or tryptophan components and,14 most
importantly, is also lower than the IP of Por-FeIII 3 3 3O2

- (136
kcal/mol). Consequently, this simple gas-phase model pre-
dicts that electron transfer from Mþ-Y(O-)-W to Por-
FeIII 3 3 3O2 is favorable by a few kcal/mol. The presence in
the adduct of the unprotonated tyrosine is strongly supported,
even below pH 7, by the geometry of its interaction with
Arg426.15 The side chain of this arginine can occupy twoalter-
native conformations depending on conditions, which was
interpreted as a molecular switch to modulate the catalytic
activity. As discussed in previous work,14 the lower pKa of the
adduct tyrosine compared to a standard Tyr is due to the
extended π system and the positively charged Met.

To improve the above description, hybrid quantum me-
chanics/molecular mechanics (QM/MM) calculations were
performed to characterize the interaction of dioxygen with
iron.We considered a large QM (DFT)16 representation of the
active site (∼190 atoms, depending on the model) and a MM

(AMBER) description of the protein and solvent environment
(see SI for full details). The initial structures were taken from
our previousworkonKatG compound I, inwhich the structure

Scheme 1. Main Steps for O2 Activation by Heme Enzymes

Table 1. Gas-Phase Ionization Energiesa

system IP (kcal/mol)

Por-FeIII-O2
- 136

Por-FeII-O2
- 37

MþY(O-)W 132

MþY(OH)W 218

Yb 181

Wc 167
aEntries for Tyr and Trp are included for comparison. bModeled by

p-methylphenol. cModeled by 3-methylindole.

Figure 1. KatG[FeIII-O2
-, MþY(O•)W] structure and electronic

configuration. Structure obtained from QM/MM calculations of
dioxygen bound to the ferric enzyme (KatG[FeIII]þO2, Table 2, left
column). The QM region is shown in sticks together with the spin
density isosurfaces at 0.005 (orange) and -0.005 (green) e Å-3.
The protein frame, solvent, and counterions are not shown for
clarity.

Table 2. QM/MM Optimized Structures and Spin Densities

KatG[FeIII] þ O2 KatG[FeIII] þ O2 þ 1e-

Distances (Å)

Fe-O 1.91 1.92

O-O 1.35 1.30

ground state doublet singlet

Spin Distribution

Fe -1.00 -1.01

O2 0.94 0.95

M-Y-W 0.52 0.01

porphyrin 0.27 0.04

Trp330 0.25 0.00
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of KatG compound I was equilibrated with the AMBER force
field and optimized within the QM/MM approximation. Five
different scenarios were considered, (1) KatG[FeIII] with
bound O2, (2) KatG[FeIII] with unbound O2, (3) KatG[FeIII]
with bound O2 and deprotonated Trp111, (4) KatG[FeIII] with
boundO2,with theadditionofone electron, and (5)KatG[Fe

III]
with no O2 in the distal pocket (i.e., the resting state). The
tyrosine of the M-Y-W adduct was considered as deproto-
nated in all cases. Structure optimization was performed by
simulated annealing Car-Parrinello molecular dynamics
using the QM/MM coupling scheme developed by Laio,
VandeVondele, and R€othlisberger and the BP86 functional.17

A short ab initioMD simulation (∼1 ps)was performed for the
oxygen-bound enzyme to check that the structure corres-
ponded to a stable state. To investigate all relevant spin states,
we reoptimized the structure using the QM(B3LYP)/MM-
(AMBER) implementation of NWCHEM.18 The ground state of
all systemswas found tobe in agreementwith theexperimental
information available on KatG and similar heme proteins.19

The calculations reveal (Figure 1 and Table 2, left column)
that O2 does bind to the FeIII, leading to a local electronic
configuration around the iron atom that corresponds to an
open-shell singlet, best described as a ferric superoxo (FeIII-
O2

-) species.20,21 The formation of this species requires the
input of an electron which is supplied mainly by the adduct,
with contributions from the proximal Trp330 and the por-
phyrin (Table 2, left column) leading to the species KatG-
[FeIII-O2

-, (MþY(O•)W)]. This process is depicted in Scheme2
(first step). As a control calculation, no spin density on the
M-Y-Wadduct is observed when a water molecule replaces
O2 at the iron site (see Figure S2 of the SI).

The calculations thus show that the FeIII-O2
- species can

be formed thanks to the electron-donor properties of the
M-Y-Wadduct. An estimate of the oxygen binding energy
was obtained as the energy difference between the O2-bound
and the O2-unbound situations (see Figure S2 of the SI for the
O2-unbound optimized structure, in which a water molecule
occupies the sixth coordinationposition). Thebinding ofO2 in
KatG turns out to be11kcal/mol. Excluding the distalM-Y-W

adduct and the proximal W330 from the QM region22 such
that no electron transfer from surrounding residues is possi-
ble, oxygen binding requires >60 kcal/mol. While still un-
favorable, the energy required for binding O2 to KatG[FeIII] is
within reach of thermal fluctuations. Therefore, O2 binding at
the FeIII center is possible due to the peculiar electronic
properties of the active site, that is, the low ionizationpotential
of the MY(O-)Wadduct.

The above results reveal that KatG[FeIII-O2
-, MþY(O•)W]

corresponds to a stable minimum on the potential energy
surface, which nevertheless is higher in energy than the
unbound state and thus less populated at ambient conditions.
This is consistent with EPR experiments that show that the
five-coordinated high-spin ferric state is the most abundant
species at pH 7.12 However, being thermally accessible, the
occurrence of KatG[FeIII-O2

-, MþY(O•)W] may explain pre-
viously reported experimental observations. First, the KatG-
[FeIII-O2

-, MþY(O•)W] species contains two radicals in close
proximity that are obvious precursors of the perhydroxy
modification on the indole nitrogen of Trp111 (TrpN-OOH,
Scheme 2 upper path) that forms at pHg 6.5.11-13 As shown
in Figure S3 (SI), deprotonation of the TrpNH displaces the
adduct spin density toward Trp111 ([FeIII-O2

-, MþY(O-)W-
(N•)], favoring coupling. Second, the KatG[FeIII-O2

-, MþY-
(O•)W] species could act as a one-electronacceptor. Gas-phase
calculations indicate that, of the two radical sites in the heme
cavity (the adduct and the ferric superoxo moiety), MþY(O•)-
W f MþY(O-)W reduction is favored over Por-FeIII-O2

- f
Por-FeII-O2

- reduction (-132 versus -37 kcal/mol; see
Table 1). Indeed, QM/MM calculations show that addition of
an electron to KatG[FeIII-O2

-, MþY(O•)W] leads to the for-
mation of KatG[FeIII-O2

-, MþY(O-)W], that is, the adduct
radical is quenched (Table 2, right column, and Scheme 2,
lower path). The resultingKatG[FeIII-O2

-] species is expected
todecay, giving rise to superoxide,23 and superoxideproduction
is indeed observed when electron donors (e.g., isoniazid or
NADH) are present.10,24,25

Recent spectroscopic measurements on KatG during cata-
latic turnover showed signals for an oxyferrous species and a

Scheme 2. Proposed Mechanism for O2 Activation by KatG
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protein-based radical, which was assigned to the M-Y-W
adduct.26,27 These features were interpreted as due to the
formation of a KatG[FeIII-O2

-, MþY(O•)W] species.26 The
present calculations support the interpretation. However, we
cannot say whether this species is directly involved in the last
step of the catalatic reaction (Cpd IþH2O2f Por-FeIIIþO2þ
H2O)

27 or forms during the catalatic turnover28 as a result of
the interaction of the newly formed O2 and the heme iron
(given that the exothermicity of reaction 1, KatG[FeIII-O2

-,
MþY(O•)W] may form to the level of being detectable).

In conclusion, we show that, thanks to the unique electro-
nic properties of the M-Y-Wadduct, KatG's are capable of
binding O2 in the absence of an external reducing agent. Our
calculationsprovide amechanismofdioxygen activation that,
to the best of our knowledge, is new to heme peroxidase
chemistry, although analogies may be found in the mode of
action of other heme enzymes (e.g., cytochromes P450, cyt C
oxidase).29 The results support the interpretation of recent
spectroscopic data,26,27,30 offer an explanation for some
crystallographic observations,11-13 and provide mechanistic
insight into the mode of activation of isoniazid.8,9,30 Further-
more, the calculations suggest that dioxygen activation may
be achieved in other enzymes by inserting a residue with low
ionization potential near the active site. In the case of KatG's,
one such structure, the Met-Tyr-Trp adduct, forms autocataly-
tically from standard aminoacids.

SUPPORTING INFORMATION AVAILABLE Computational
details. Structures and spin density distributions for all species
investigated. This material is available free of charge via the Inter-
net at http://pubs.acs.org.
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