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l Arg426
ABSTRACT: Catalase peroxidases (KatG’s) are bifunc- out \a
tional heme proteins that can disproportionate hydrogen Hist12
peroxide (catalatic reaction) despite their structural
dissimilarity with monofunctional catalases. Using X-ray Arg108
crystallography and QM/MM calculations, we demon- \ /V’
strate that the catalatic reaction of KatG’s involves "\X:"\\/\SN “
deprotonation of the active-site Trp, which plays a role a 7
similar to that of the distal His in monofunctional - § ¢§ S /\’\
catalases. The interaction of a nearby mobile arginine ' \\.‘T F\z
with the distal Met-Tyr-Trp essential adduct (in/out) acts N 1
as an electronic switch, triggering deprotonation of the HIsZIS™  f/ Tre330
adduct Trp. L A

Asp389) ="

Figure 1. Heme cavity of KatG (IMWYV). The two conformations of the

atalase peroxidases (KatG's) are heme proteins capable of mobile arginine (Arg426, BpKatG numbering is used) are highlighted.

fascinating diversity of reactions, most notably the
conversion of the widely used anti-tubercular pro-drug
isonicotinic acid hydrazide (isoniazid or INH) to its active

form, isonicotinyl-NAD.' KatG’s are characterized as broad heme iron), but its mutation reduces catalase activity by >95%.%*
substrate range peroxidases with also a high catalase (catalatic) Due to the mobility of the arginine, the adduct Tyr exhibits a pK,
activity (2H,0, — 2H,0 + O,).” The heme-containing reaction significantly lower (~6.5)%'* than that of a normal tyrosine,
center of KatG> closely resembles that of peroxidases such as being found as either protonated (Y-OH) or unprotonated (Y-
cytochrome ¢ peroxidase (CCP) and ascorbate peroxidase O7) at neutral pH. In the Y-OH state, the mobile Arg exhibits the
(APX).* However, while the catalatic activity of peroxidases is out conformation, while in the unprotonated Y-O~ state, the Arg
very low (or totally absent),® the catalatic activity in KatG’s is adopts the in conformation, forming an ionic Y-O7---Arg
~2—3 orders of magnitude higher than its peroxidatic activity.>*° interaction (Figure 1).%*''™'> Obviously, a molecular model of
Rationalizing this unusual behavior remains a most intriguing the reaction mechanism of KatG must explain the roles of all
question in peroxidase chemistry.sa’7 these actors.

Despite the active center similarities between KatG and Figure S1 (Supporting Information) summarizes the overall
peroxidases, there are a few features that are specific to KatG. The reaction cycle of KatG, with special emphasis on the protonation
most conspicuous is a covalent adduct (M-W-Y) between a state of the adduct Tyr and Arg conformation. The first stage in
methionine, a tyrosine and a tryptophan stacked 3.4 A above the both the catalase and peroxidase reactions involves heme
heme (Figure 1). This tryptophan often displays a perhydroxy oxidation by one molecule of H,0, to form Compound I
modification on the indole (W-OOH, Figure 1),® attributed to (Cpd 1), with the heme iron oxidized to the Fe'" state and a
reaction of KatG with oxygen.9 The importance of the M-Y-W second oxidizing equivalent stored as a porphyrin radical
adduct is evident in mutations, causing a complete loss of catalase (reaction 1). The mobile argliilgne is known to fully adopt the
activity.m Near this unique adduct, a mobile arginine alternates in out conformation in Cpd L.°"" Thus, formation of Cpd I is
and out of an interaction with the adduct Tyr (Figure 1).**'" The
role of this arginine is particularly enigmatic because it is not in Received: March 25, 2014
direct contact with the heme (the C, is about 20 A away from the Published: May 2, 2014
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concomitant with swinging of the arginine from the in to the out
conformation for the Y-O~ state (Figure S1, top).

Enzyme[PorFe™]* (Argi"/om) + H,0,
- deI[Por'FeW:O]Jr(Argm) + H,0

(1)

It has been shown that the porphyrin radical of KatG Cpd I'is
rather unstable'> and rapidly migrates either to the MYW adduct
forming MYW*" (reaction 2), or to a distant protein residue’*
(reaction 3). (We use the standard notation Cpd I/Cpd I* to
indicate whether the radical is on the porphyrin or on a protein
amino acid, respectively.)

Cpd I[Por"Fe"'=0]" (Arg®™) — Cpd I*[PorFe™=0]{MYW**}(Arg*")
@)
Cpd I[Por"Fe"V=0]" (Arg®™) — Cpd I*[PorFe™=0]{aa""}(Arg™)
©)

In the first case (reaction 2), the adduct Tyr must be
unprotonated, as this is the only KatG state in which the adduct
radical is stable.'” As previously demonstrated, the ionization
potential of the adduct tyrosine decreases considerably when Tyr
is unprotonated and Arg does not interact with it (Arg®"). This
triggers fast electron transfer to the porphyrin, stabilizing the
radical adduct.'” This type of Cpd I* (reaction 2 and Frgure S1,
c), predicted on the basis of QM/ MM calculations,"* was
recently characterized experimentally."> Notably, closely related
monofunctional peroxidases, such as CCP, with a structurally
equivalent distal tryptophan but lacking both the covalent adduct
and the mobrle arginine, do not form a radical on any distal
residue.'® Thus, it is reasonable to assume that the formation of
this unique form of Cpd I*[PorFe"=0]J{MYW** }(Arg*") is what
imparts catalase activity to KatG’s; thus, it can be termed “catalatic
Cpd I'*".

To complete the catalase reaction, Cpd I* must be reduced by
a second molecule of H,0, (Figure S1, catalase pathway):

Cpd I*[PorFe™ =0]{MYW**}(Arg™) + H,0,
— Enzyme[PorFe™]* (Argin/out) + H,0 + O,

4)

It is in this second stage where the major difference between
KatG and peroxidases emerges, as only KatG is able to reduce
Cpd I efliciently. In this regard, it is useful to recall the recently
elucidated mechanism of monofunctional catalases.> Here,
Cpd I reduction by H,0, starts by the abstraction of a peroxide
hydrogen atom (Figure 2), followed by proton transfer mediated

HN-o N HN-.,
%-Q_-N “H~o % N ---H~g %-&_—N -H-- E%N /9
\ \ o}
/O .'O "'O -
’.'H H' /H’ e H, H
o o’ o) o
+.JI v I v I v Ll

Fe = Fe —Fe—

Cpd I [Por-Fe'V=0]" + H,0, Enzyme [Por Fe'] + H,0 + O,

Figure 2. Reduction of Cpd I in monofunctional catalases.'

by the distal histidine. How can KatG, with its peroxidase-like
active site, undergo a mechanism that emulates the efficiency of
monofunctional catalases?

In KatG, the distal His (His112 in Figure 1) lies perpendicular
to the heme (Figure 1); thus, it is not well oriented to act as an
acid/base residue in this step of the reaction. In contrast, the
adduct Trp (Trplll in Figure 1), with its indole N-H group
pointing in toward the upper face of the heme, is in a good
position to play this role (Figures 1 and 3a). This naturally leads
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to the question, can the adduct Trp play an active role in the
catalatic reaction in KatG similar to the role played by the distal
histidine in catalases? The high pK, of its indole proton (~16)
makes it very unlikely. However, the adduct Trp exhibits radical
character in catalatic Cpd I*[PorFe’V=0]{ MYW"*(Arg®"),
which is expected to lower its pK, considerably.'” In fact, an
extreme drop in pK,, up to ~4, has been observed for radical
tryptophans.'® Moreover, a high reactivity of the adduct Trp can
be inferred from KatG X-ray structures, often displaying a W-
OOH modification (Figure 1)."! Thus, a mechanism with the
adduct Trp playing a role similar to that of the distal histidine in
catalases becomes plausible.

The possible participation of the adduct Trp in Cpd I
reduction was tested by Car—Parrinello QM/MM calculations,19
based on Density Functional Theory (DFT), plus structure
optimizations to scan the proton-transfer coordinate (Figure 3
and SI). First, a molecule of H,O, was placed in the active site of
KatG Cpd I, and its orientation was explored by QM/MM
molecular dynamics (MD). The most favored structure of the
Cpd I*+-H,0, complex (Figure 3a) is one in which the peroxide
forms hydrogen bonds with both the distal His and the oxoferryl
oxygen of Cpd I. In this orientation, there is a very short O---O
distance (2.65 A) between the oxoferryl oxygen and one peroxide
oxygen atom. This is indicative of a facile hydrogen atom
transfer,'>?° involving an energy barrier <S5 kcal/mol. The
optimized structure and spin distribution after hydrogen atom
transfer (Figure 3b and Table S2) confirm the presence of a
peroxyl radical (HO,") and an Fe'"—OH species, together with
an adduct radical. The increase of the Fe—O distance on going
from an Fe=O to an Fe—OH bond (A—B) brings the
hydroxoferryl oxygen closer to the Trp indole hydrogen (the
Nrp,-H-O distance decreases from 2.33 to 2.01 A). This
facilitates the subsequent transfer of the Trp indole proton, a
process that generates one water molecule (Figure 3c). The low
energy barrier observed (12.5 kcal/ mol), similar to that obtained
for monofunctional catalases,* indicates that proton transfer via
Trp in KatG is feasible.

The two radicals (HO,® and the adduct {MYW**}, Figure 3c)
in close proximity (~3 A) in the active site of KatG can readily
couple, forming the perhydroxy modification of the MYW adduct
(W-OOH). To prove that the W-OOH modification is indeed
part of the catalytic cycle of KatG’s, a 1.8 A data set was collected
from a crystal of BpKatG soaked in a 25 mM H, O, solution until
oxygen evolution from the crystal was evident. Significantly, the
heme cavity is dominated by the MYW adduct modification W-
OOH (Figure 4a, Table S1), whereas a control crystal soaked
with peracetic acid lacks the modification. Thus, we conclude
that the Trp perhydroxy modification is present as a discrete
species in catalatically active crystals.

Intriguingly, W-OOH is observed in two conformations
(Figure 1), depending on whether the perhydroxy group
interacts with the distal His imidazole and the heme iron. The
first conformation is the dominant one in active crystals soaked
with H,0, (Figure 4a, Table S1). Instead, the second
conformation is the only one found in the inactive variant
D141A (Figures 4b and S1), suggesting that the conformation of
the Trp perhydroxy modification is important for the reaction to
proceed.

The structural and QM/MM results presented here, together
with the available experimental and theoretical information,
allow us to formulate a novel molecular mechanism for the
catalatic reaction in KatG that explains for the first time the roles
of the mobile Arg and the MYW adduct. Specifically, the catalase
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Figure 3. Formation of a water molecule during the catalatic reduction of Cpd I in KatG. Calculations were performed at the QM(B3LYP)/MM level of
theory (see SI for details). The QM subsystem is shown in licorice and ball-and-stick representation. Water molecules and H atoms are omitted for

clarity, except those of H,0,, H,0, and the N—H bonds of Trp and His.
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Figure 4. Electron density maps of (A) a catalatically active crystal,
soaked for 30 s in 25 mM H,0,, at pH ~6.0 and (B) a crystal of D141A
at pH 6.2 (Table S1). The F, — F. omit electron density maps drawn at 6
= 5.0 in blue were calculated without the side chains of Trp111, Tyr238,
Met264, Arg426, or the W-OOH modification.

branch of the KatG catalytic cycle (Figure S1) involves the
following steps (see Figure S):

(1) Formation of Cpd I[Por® Fe""=0]" (species b) by reaction
of the Fe_heme with one molecule of H,O,.

(2) Formation of Cpd I*[PorFe"=OJ{MYW*'} by one-
electron transfer from the MYW adduct to the heme. The
interaction between Tyr-O~ and the mobﬂe Arg is repulsive
when the MYW adduct holds a radical;*? thus, formation of
{MYW?**} is concomitant with switching of the Arg from in to out
(a—c in Figure S). In other words, conformation out stabilizes
the radical adduct, whereas conformation in precludes formation
of the adduct radical.

(3) Binding of a second molecule of H,0, (d in Figure S). As
observed in the QM/MM calculations, the MYW adduct remains
in its radical state upon H,0, binding.

(4) Hydrogen atom transfer from H,0, to Cpd I'*. Similarly to
monofunctional catalases,"” a hydrogen atom is transferred from
H,0, to the oxoferryl oxygen, forming a peroxyl radical (HO,").
In monofunctional catalases, because of the presence of a
porphyrin radical, this leads to the formation of a Por FeV-OH
species. In KatG, since the electron equivalent is stored in the

MYW adduct, such a H-transfer process leads to the formation of
a ferric species, [Por Fe_"OH]{MYW**} (e in Figure 5).

(S) Proton transfer from the adduct Trp to the hydroxoferryl
oxygen (e—f), resulting in the formation of one water molecule
(Figure 3c).

(6) Radical coupling. The two radicals, MYW** and HO,",
readily couple, forming the W-OOH modification. At this stage
(g in Figure S), one of the oxygen atoms of the —OOH group
interacts with the heme iron while maintaining its interaction
with the distal His (Figure 4a). This is consistent with such a
conformation being observed in catalytically active crystals,
whereas the reaction cannot proceed in mutants exhibiting the
alternative conformation (Figure 4b). After formation of the W-
OOH modification, the MYW adduct no longer holds a radical.
Thus, the mobile Arg swings to the in conformation (g).

(7) Formation of an Fe™-O,"~ species. Breaking of the N(Trp)—
OOH bond leads to the formation of a ferric superoxo species
(Fe"™-0,°7) and an adduct radical (h in Figure 5). This is the
reverse of the previously investigated oxygen activation process
of KatG. Interestingly, oxygen binding was found to be an
endothermic process; thus, it is favored in the h—a direction.
This is also consistent with the recent spectroscopic detection of
a species described as compound IIT (Cpd 11, with formula Fe'-
0,°", or its isoelectronic Fe'-O, form) in active KatG’s.">7>>!
The fact that a high H,0, concentration had to be used -
suggests that h is a transient species.

(8) Oxygen generation. Previous work” showed that molecular
oxygen may coordinate to Fe upon electron transfer from the
MYW adduct. Invoking microreversibility, electron transfer from
Fe0,*” to the MYW adduct radical leads to the resting state of
the enzyme. It is evident from Figure 5 that the two oxygen atoms
of the released oxygen molecule originate from the second H,O,
molecule (step 3), consistent with the outcome of isotope-
labeling experiments.**

Steps (5)—(8) involve the MYW adduct and thus are
completely unique to KatG. In monofunctional catalase, the
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Figure S. Intermediate steps in the catalase reaction of KatG (right-hand side of Figure S1). All species (a—h) were characterized by either X-ray

crystallography or QM/MM calculations.
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second H atom of H,O, transfers to the hydroxoferryl heme
oxygen. In KatG, it is easier for the hydroxoferryl heme oxygen to
capture a proton from the acidic tryptophanyl cation radical,
which later reprotonates.

The swinging motion of the mobile Arg in the catalytic
reaction of KatG deserves particular attention. The movement of
the arginine from the in to the out conformation frees the
negative charge on the oxygen of the adduct Tyr, making the
MYW adduct such a good electron donor'? that it delivers an
electron to the heme, forming {MYW**} (e.g, c in Figure ).
Formation of such a radical adduct is the key feature of the KatG
catalytic cycle. In contrast, when the arginine moves in, the
adduct radical disappears (e.g, h—a in Figure S), and the Tyr
charge localizes on its oxygen atom. Without the arginine, the
pK, of the adduct Tyr would be so high that Tyr would remain
protonated at neutral pH. As a consequence, the MYW adduct
radical would not be formed, and KatG’s would neither bind
oxygen” nor reduce Cpd I with H,0,. Thus, it is the interplay of
the arginine with the MYW adduct that imparts catalatic activity
to KatG’s.

In conclusion, the mechanism presented provides a consistent
interpretation for all the relevant experimental and computa-
tional results available for the catalatic activity of KatG’s. Catalase
activity within the peroxidase framework of KatG’s is possible
thanks to the versatile properties of the MYW adduct in its
interplay with the mobile arginine, acting as an electronic switch.
This unique electronic device allows a pH-dependent control of
the localization of a radical in the MYW adduct, and
consequently also of the reactivity of the adduct tryptophan
indole that can then be actively involved in catalysis.
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