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ABSTRACT: Activation of manganese-dependent class Ib ribonu-
cleotide reductase by hydrogen peroxide was modeled using
B3LYP* hybrid density functional theory. Class Ib ribonucleotide
reductase R2 subunit (R2F) does not react with molecular oxygen.
Instead R2F is proposed to react with H,0, or HO,™, provided by
the unusual flavodoxin protein Nrdl, to generate the observed
manganese (III) manganese(III) tyrosyl-radical state. On the basis of
the calculations, an energetically feasible reaction mechanism is
suggested for activation by H,0,, which proceeds through two
reductive half-reactions. In the first reductive half-reaction, H,O, is
cleaved with a barrier of 13.1 kcal mol™ [Mn(Il)Mn(Il) —
Mn(III)Mn(II)], and in the second reductive half-reaction, H,0, is
cleaved with a barrier of 17.0 kcal mol™ [Mn(III)Mn(III) —
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Mn(IV)Mn(IV)]. Tyrosyl-radical formation from both the Mn(IV)Mn(IV) state and a Mn(III)Mn(IV) state, where an electron
and proton have been taken up, is both kinetically and thermodynamically accessible. Hence, chemically, H,O, is a possible
oxidant for the manganese-dependent R2F. The selectivity between the second reductive half-reaction and a competing oxidative
reaction, as in manganese catalase, may be the time scale for the availability of H,0O,. The role of Nrdl may be to provide H,0O,

on the correct time scale.

1. INTRODUCTION

Ribonucleotide reductase (RNR) catalyzes the reduction of
ribonucleotides, the building blocks for RNA, to deoxyribonu-
cleotides, the building blocks for DNA. There are three classes
of RNR, depending on their redox cofactors. Class I RNR
consists of two subunits: R1, the catalytic subunit that contains
the active site for substrate reduction, and R2, the subunit that
contains the metal cofactor that generates, stores, and delivers a
radical essential for the substrate reduction. Class I is further
divided into three different subclasses, class Ia, Ib, and I,
depending on the metal cofactor.'™®

The metal cofactor of class Ia R2 has a diiron center and is
oxidized by reductive cleavage of dioxygen (O,; Scheme 1). An
electron is taken up from a neighboring tryptophan during or
just after oxygen cleavage. The product is an Fe(III)Fe(IV)
state known as compound X. Compound X is responsible for
formation of a radical at a neighboring tyrosine. The radical is
transferred to the catalytic subunit R1, where the substrate
reduction is catalyzed, and is thereafter transferred back to the
tyrosine in R2, where it is stored for the next substrate
reduction cycle.

Class Ic R2 (R2c) lacks the radical-bearing tyrosine that is
crucial for activity in class Ia and Ib RNRs.”'? Instead, the R2c
active cofactor contains a Mn(IV)Fe(III) metal center.''* The
active state is generated by reductive oxygen cleavage at the
metal site (Scheme 1). The product is a Mn(IV)Fe(IV) state.'®
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The Mn(IV)Fe(IV) state is thereafter reduced to the active
Mn(IV)Fe(III) state by uptake of an electron, from a tyrosine
near the surface, via a neighboring tryptophan.'* The
Mn(IV)Fe(III) active state is responsible for delivering the
radical for the substrate reduction in R1. The role of the metal
center is to provide the correct redox potential to enable
reversible radical transfer. In the absence of the tyrosyl radical,
an equally strong oxidant is needed. In earlier work, the
Mn(IV)Fe(III) active state in R2c was shown to have the same
redox potential as that of the tyrosyl radical in class la R2."> A
diiron state with Fe(III)Fe(IV) has a too high redox potential
and would lead to an inactive R2c.

The nature of the metal center of class Ib R2 (R2F) has been
under debate. The situation is summarized in three recent
reviews.”*'¢ The native RNR from Corynebacterium ammonia-
genes was earlier proposed to use manganese instead of iron for
enzymatic function.”’~° This contrasted with the observation
of an active R2F with a diiron site when the gene was expressed
in Escherichia coli, which led to the proposal that the C.
ammoniagenes RNR is a class Ib RNR with a diiron
metalloradical cofactor.”*>* Recently, the consensus was
reached that the manganese form of class Ib R2F is relevant
in vivo for most organisms”® (Scheme 1). This is supported by
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Scheme 1. Schematic View of Differences and Similarities of the Activation and Role of the Metal Center in Classes Ia R2a, Ic
R2¢, and Ib R2F and MnCat”
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“The activation mechanism of R2F is hypothetical.”®

numbering for R2F.
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A

Figure 1. Comparison of the active site structures of class Ib RNR and MnCat. (A) Structure of oxidized manganese-dependent R2F from C.
ammoniagenes, PDB id 3MJO.? (B) Structure of reduced manganese-dependent R2F from E. coli, PDB id 3N37.%' (C) Structure of oxidized MnCat
from Lactobacillus plantarum, PDB id 1JKU.*®

several observations, for example, the observation of E. coli R2F investigated by density functional theory (DFT).” Oxygen
with a dimanganese center and a tyrosyl radical in vitro” and in cleavage was found to be governed by two factors: the redox
vivo,?*** the crystal structure and electron paramagnetic potentials of the metals and the relative stability of the different
resonance measurements of C. ammoniagenes R2F showing peroxides. Mn(IV) has a lower redox potential than Fe(IV), or,
that the in vivo metalloradical cofactor contains a dimanganese equivalently, Mn(III) is easier to oxidize than Fe(III), and the
center and a tyrosyl radical (Figure 1A),%*® an active native barrier is therefore lower with a mixed-metal center than with a
R2F from Corynebacterium §lutamicum with a dimanganese diiron center. With a dimanganese center, an end-on
center and a tyrosyl radical,”® an active dimanganese center asymmetric peroxide is more stable than a symmetric peroxide,
with a tyrosyl radical in R2F natively expressed in Bacillus and the barrier for oxygen cleavage therefore becomes too high,
subtilis”” and the fact that the manganese forms of R2Fs from providing a rationalization for the inability of the dimanganese
Bacillus anthracis,”® E. coli” and B. subtilis’” were 10-fold more R2F to activate oxygen.29
active than the iron forms. Instead, R2F is proposed to react with hydrogen peroxide
Class Ib RNR in E. coli is expressed under oxidative stress (H,0,) or HO,™ to generate the tyrosyl radical.” This is
and iron starvation, giving a rationalization to the manganese supported by the activity dependence on the flavodoxin
dependence. The dimanganese E. coli, C. ammoniagenes, and Nrdl”***° and the crystal structure of E. coli R2F, where the
Salmonella typhimurium R2Fs do not react with molecular NrdI cofactor is docked with immediate access through a
oxygen.”?> In a previous article, oxygen cleavage with the iron channel to the active dimanganese center.’" NrdI is an unusual
and manganese R2 homodimers and heterodimer was flavodoxin protein that is encoded in the same operon as NrdE
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Figure 2. Chemical model of the active site of class Ib R2F, based on the crystal structure of C. ammoniagenes RNR subunit II, PDB id 3MJO.®

Atoms marked with red empty circles are fixed in the calculations.

and NrdF, the two components of the class Ib RNR.3*7** The
role of NrdI in metalloradical cofactor biosynthesis is proposed
to be to provide oxidizing equivalents, derived from O,, such as
H,0,, HO,™, or O,°7, to the reduced manganese complex. It
has been argued that the oxidant is HO,™, based on the in vitro
observations that neither H,O, nor O, activates the cofactor
assembly without NrdI”** and that the level of O,*~ production
by reaction of NrdI with O, is not sufficient to account for the
amount of Tyr* generated.7 The addition of H,0, to the
reduced dimanganese C. ammoniagenes R2F, without Nrdl,
leads to oxidation of the cluster but no tyrosyl-radical
formation.”” After quenching of the tyrosyl radical by
hydroxyurea, the tyrosyl radical can be regenerated in the
absence of NrdI by the addition of H,0, in conjunction with
methylviologen as a mediator.® It has also been argued that
NrdI might affect the structure or redox properties of NrdF and
that H,0, could therefore still be the oxidant.® In addition, the
MnFe heterodimer in class Ic R2c can be efficiently activated by
H,0,.*® The reaction of the reduced Mn(II)Fe(II) state with
H,0, proceeds in three resolved steps: first oxidation to
Mn(III)Fe(III), followed by oxidation to Mn(IV)Fe(IV), and
finally electron uptake and decay to the Mn(IV)Fe(IIl) active
state.

A similar mechanistic pathway for activation of the
dimanganese R2F that involves two discrete oxidation steps
using H,0,/HO,” is proposed.”® The first reductive half-
reaction is similar to the dismutation reaction in manganese
catalase (MnCat)®****” (Scheme 1). MnCat is a four-helix
bundle carboxylate protein with a dimanganese center, similar
to R2F (Figure 1C).>® MnCat catalyzes the disproportionation
of H,0, into water (H,0) and O,. The metal cofactor cycles
between a reduced Mn(II)Mn(II) state and an oxidized
Mn(II)Mn(III) state during turnover. The reaction starts
from a Mn(II)Mn(II) state. In the first reductive half-reaction,
one H,0, is reduced, forming H,O and a u-OH,-bridged
Mn(TI1)Mn(III) state, similar to the suggestion for R2F.”® In
the second oxidative half-reaction, a second H,0, is oxidized,
forming H,0, O,, and a Mn(II)Mn(II) state. Hence, the
second half-reaction is distinctly different in MnCat (oxidative)
and R2F (reductive) (Scheme 1). Insights into specificity can
be gained by studying the activation of R2F with H,O, and
comparing it with MnCat.

In the present work, H,O, reduction and tyrosyl-radical
formation in class Ib R2F are modeled with DFT, and a feasible
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reaction mechanism is suggested. Comparisons with MnCat are
made.

2. COMPUTATIONAL METHODS

The calculations were performed in three steps, using Jaguar 7.6>° and
unrestricted DFT with the B3LYP* hybrid exchange-correlation
functional, where 15% Hartree—Fock exchange is used instead of
20% as in B3LYP.*>*" An accuracy of 3—5 kcal mol™ can be expected
for computed relative energies of transition-metal-containing systems,
based on tests of the B3LYP functional** With the B3LYP*
functional, the good accuracy of B3LYP on standard benchmarks is
maintained, and the performance on metal complexes in weak ligand
fields is improved.*

In the first step, the geometries were optimized using B3LYP and a
standard double-¢ basis set (LACVP*) with an effective core potential
on the metals.** In the second step, accurate energies in the optimized
structures were calculated, using B3LYP* with a triple-{ basis set
[ccpVTZ(£)].*™* A triple-{ basis set with diffuse functions
(LACV3P+) was used to treat the metals. The electrostatic solvation
effects from the surrounding protein were calculated in the third step,
using a standard Poisson—Boltzmann solver,** with a dielectric
constant of 4.0 in line with previous modeling of enzymes.*’

Transition state optimizations were performed using Gaussian 03,
with the LACVP* basis set imported from Jaguar.>' The transition
states were considered optimized when the root-mean-square (rms)
force was less than 3 X 107* hartree/(bohr, radian). By visualization,
the largest imaginary frequency was concluded to correspond to the
correct reaction coordinate. In order to account for the strain from the
surrounding protein on the amino acids included, three atoms on each
amino acid were fixed: the a-carbon and two hydrogen atoms along
the backbone. Because fixed coordinates were used, there were more
than one imaginary frequency in the optimized transition states,
however smaller and clearly corresponding to each fixed group of
atoms.

The second derivatives were calculated for all optimized structures
to obtain zero-point corrections. Because some coordinates are being
held fixed, entropy contributions cannot be calculated. In the reaction
steps involving the addition or removal of a small molecule (H,O,
H,0,, and O,), where the relative entropy contributions are
substantial, an empirical correction term is included to account for
the experimental solvation free energy of the small molecule in
solution and the entropy loss upon binding to the protein. For O,
removal, an entropy gain of 10.8 kcal mol™! was included,
corresponding to the calculated translational entropy of O, in the
gas phase. The calculated translational entropy in the gas phase is 10.9
kecal mol™ for H,0, and 10.3 kcal mol™" for H,O, and the aqueous
solvation free energy is 8.6 kcal mol™ for H,0, and 6.3 kcal mol™ for
H,0.%>% On the basis of an empirical experience, a correction term of
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Scheme 2. Proposed Reaction Scheme for the First Reductive Half-Reaction®
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14.0 kcal mol™ was used for H,O addition, corresponding to the up either before or after formation of the radical. A comparison
. . -1 . . .
assumption that a H,O molecule keeps approximately 2.6 kcal mol of the second reductive half-reaction and the corresponding

of the translational entropy in the protein.** Assuming the same value

—1 . . .
lcziaZI.?n l((jﬂ mol™ for H,0,, the corresponding correction term is 16.9 part of the section.

o . . In all intermediates calculated, the metals are high-spin
The inability to describe long-range electron correlations that are B B
responsible for van der Waals forces is a general drawback of hybrid Mn(II) (S = */,), Mn(III) (S = 2), and Mn(IV) (S = °/,) and

oxidative half-reaction in MnCat will be discussed in the last

DFT.>® Dispersion corrections were calculated through the empirical antiferr Omagnetically COUPled- The energy differences between
formula of Grimme and applied on top of the energies calculated with the broken-symmetry states and the Corresponding ferromag-
B3LYP*.>® The energy values presented throughout the manuscript netic states are between 0 and 1.2 kcal mol™". In the weak
include solvation effects, zero-point corrections, empirical entropy coupling regime, DFT often cannot correctly reproduce the

effects, and dispersion corrections. The states with antiferromagneti-
cally coupled metals may be corrected for the broken-symmetry state,
using Noodleman’s protocol.’® However, the corrections were found
to be so small (see below) that they were not included.

2.1. Models. The quantum-chemical calculations were performed

sign of the exchange couphng The correction for the broken
symmetry is even smaller.”® The broken-symmetry energies are
therefore used throughout the rest of the present study.

3.1. First Reductive Half-Reaction. 3.1.1. Reduced

on a chemical model of the protein consisting of the active site Mn(I)Mn(ll) State. The first reductive half-reaction starts
complex. A model of the active site was constructed from the from a reduced Mn(II)Mn(II) state. A possible reduced state is
coordinates of the X-ray crystal structure of C. ammoniagenes R2F similar to the X-ray crystal structure of the reduced
(PDB id 3MJO; Figure 2).® The metals, first-shell ligands, and tyrosine dimanganese C. ammoniagenes R2F.>' The addition of H,O,
were included in the model. Calculations were made on two models, a to this reduced state to form intermediate I3 is exergonic with

neutral structure (Figure 2) and a positively charged one, where the
aspartate D77 is protonated

This type of cluster model has previously been employed to
successfully study a large number of enzymatic systems.”” There have

7.7 keal mol™". Another possible reduced state is similar to the
recently published X-ray crystal structure of the reduced
dimanganese E. coli R2F, in which the glutamate E168 (C.

been several studies of the convergence of the cluster model, showing ammoniagenes numbering when nothing else is stated) binds in

that at a certain size of the model the results are no longer dependent an unusual bridging position between the two manganese

on the surrounding continuum solvation model.>*~ ¢! Studies showing atoms, trans to the two histidine ligands (Figure IB).31 The

a lack of convergence for the cluster model all have in common that backbone position of E168 in the Crystal structure of the
62,63

the geometry was not optimized.”" The size of the cluster model in reduced E. coli R2F Mn(II)Mn(II) state is slightly different

the present work may not be fully converged, and there may therefore from the one in the crystal structure of the oxidized C.

be effects from the surrounding pl.rotein outside of the model; however, ammoniagenes ROF Mn(I)Mn(III) state (Figure 1A), which is

they are not expected to be significant. . . A Py X R
used to make a model of the active site (Figure 2).° To simplify

energetic comparisons, the same crystal backbone structure was

3. RESULTS AND DISCUSSION used throughout the present study. The exact position of E168

The reaction mechanism investigated is based on the found in the crystal structure of reduced E. coli Mn(II)Mn(II)
suggestion in refs 7 and 8. In the first reductive half-reaction, cannot be reached with the backbone position of E168 taken
one H,0, is reduced and the metal center is oxidized, forming a from the oxidized structure because of strain. E168 was
Mn(III)Mn(III) state and H,O. In the second reductive half- therefore released, the backbone carbon atom was allowed to
reaction, a second H,O, is reduced and the metal center is move, and the structure found in the X-ray crystal structure of

oxidized, forming a Mn(IV)Mn(IV) state and H,O. The the reduced E. coli R2F could be reached (11 in Figure 1 in the
Mn(IV)Mn(IV) state may be responsible for forming the Supporting Information). The position of the released E168 in
radical on the neighboring tyrosine. The tyrosyl radical the structure of the Mn(II)Mn(II) state with bound H,0, (14
observed is coupled to a ferromagnetically coupled Mn(III)- in Scheme 2 and Figure 1 in the Supporting Information) is
Mn(III) state, indicating that an extra electron should be taken similar to the position in the X-ray crystal structure of C.
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ammoniagenes R2F Mn(III)Mn(III). The slightly different
possible reduced structures should not affect the conclusions
drawn about the suggested mechanism because the subsequent
addition of H,0, is exergonic both from a state resembling the
reduced E. coli crystal structure, with both the fixed backbone
position of E168 and released E168 (Figure 1 in the Supporting
Information), and from a state that is similar to the crystal
structure of the reduced C. ammoniagenes R2F.

3.1.2. Binding of H,0,. In the first step of the reaction, a
H,0 molecule is released and H,0O, binds to the metal center
(Scheme 2). Binding of H,0, to the manganese in site 2 (Mn2
in Figure 2) is proposed based on the crystal structures of ions
bound to MnCat.*® Reorganization of the H,0, ligand to the
most stable binding mode will occur, which is with one of the
oxygen atoms in a bridging position between the metals. The
glutamate E202 is binding in a bridging position in the reduced
state but opens up when H,O, is added and binds monodentate
to Mn2. The second oxygen atom of E202 accepts a hydrogen
bond from the terminal H,O on the manganese in site 1 (Mn1
in Figure 2). The binding of H,O, is stabilized by one hydrogen
bond to E168 and one hydrogen bond to E202 (I3) (Scheme
2). H,0, is exergonically bound to the metal center (Figure 3
and Figure 1 in the Supporting Information). Without
including dispersion, H,O, is unbound (Figure 2 in the
Supporting Information).
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Figure 3. Energy profile for the first reductive half-reaction with a
neutral model (black line) and a model in which D77 is protonated
(red line). All values include solvation effects, zero-point corrections,
empirical entropy corrections, and dispersion corrections. C.
ammoniagenes numbering.
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3.1.3. Deprotonation of H,0O, Both E202 and E168 are
possible bases for the reaction. In the present mechanism, the
bridging H,O, protonates E202 (I4) and the hydrogen bond is
changed from the bridging oxygen atom to the nonbridging
oxygen atom (Scheme 2). From here, there can be an
interchange of base, with a reprotonation of the substrate
from E202 and then a protonation of E168 (IS). The energy
difference between a protonated E202 and a protonated E168 is
small, 1.7 kecal mol™’, with E202 being the slightly better base
(Figure 3). In the positively charged model where the aspartate
D77 is protonated, as suggested in ref 8, E168 is instead the
slightly better base with 3.1 kcal mol™" (Figure 3).

3.1.4. Cleavage of H,0,. In the first transition state (TS1),
the O—OH bond is cleaved homolytically at a distance of 1.93
A (Figure 4). One electron is transferred from the manganese
in site 1 (Mnl in Figure 2) to the oxo bridge, and the metal is
oxidized from Mn(II) to Mn(III). In the transition state, there
is a concerted proton transfer from the base to the nonbridging
oxygen atom. The reaction proceeds through an unstable
Mn(III)Mn(1I) state with an OH radical and the proton
halfway between the base E168 and OH®. The positive charge
of the proton attracts an electron from the oxo bridge. An
electron transfer from the manganese in site 1 (Mn1 in Figure
2) to the oxo bridge occurs without a barrier, and the product is
a Mn(II)Mn(III) state with a H,O molecule (I6). The
calculated barrier for the cleavage is 13.1 kcal mol™ (13.5 kcal
mol™ in the protonated model), and the reaction is highly
exergonic (Figure 3). The Mn(III)Mn(III) state with the oxo
bridge on the same side as the histidines and the H,O molecule
directly coordinating to the metals (I7) is considerably lower
than the corresponding state with the oxo bridge trans to the
histidines and the H,O molecule only hydrogen bonding to the
carboxylates (16). A mechanism where the O—OH bond is
instead cleaved between the metals, in a bis(u-oxo) structure,
was examined in the protonated model and was found to have a
higher barrier, 16.1 kcal mol ™.

The rate constants for the reactions of the Mn(II)Mn(II)
and Mn(III)Mn(III) forms of R2F with H,0, are unknown.
For comparison, the oxidation of R2c Mn(II)Fe(Il) to
Mn(II)Fe(1lI) by H,0, has a second-order rate constant of
1.7 £ 0.3 mM™! s7! at 5 °C.>* The barrier for H,0, cleavage
should be lower than 13 kcal mol™’, corresponding to the
apparent first-order rate constant at the highest measured
concentration of H,O, of 150 mM. In the transition state, only
one metal is redox-active, in R2F being oxidized from Mn(II)
to Mn(III). In the corresponding transition state for the mixed
MnFe center in R2c, the redox-active metal could be either
manganese Or iron.

3.2. Second Reductive Half-Reaction. 3.2.1. Binding of
H,0,. The second reductive half-reaction starts from the
Mn(IT)Mn(111) state (I7) (Scheme 3). The H,0 molecule in a
bridging position is replaced by a second H,0O,. H,O, binds
with approximately equal strength to the complex as the H,O
molecule (Figure S). H,O, is bound to the metal center by 7.2
kcal mol™ (unbound by 0.8 kcal mol™" without dispersion).

3.2.2. Deprotonation and Cleavage of H,0, H,0,
protonates E202 (19), and the hydrogen-bonding network is
changed (110), in the same manner as that in the first half-
reaction (Scheme 3). In the second reductive half-reaction, the
O—O0H, bond is cleaved homolytically at a distance of 1.81 A
(TS2; Figure 4). The proton transfer from the base to the
nonbridging oxygen atom occurs before the transition state.
The manganese in site 1 (Mnl in Figure 2) is redox-active,

dx.doi.org/10.1021/ic3008427 | Inorg. Chem. 2013, 52, 4173—-4184
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Bond length (A) Bond length (A)
Mn1-Mn2 327 0-O 193 Mn1-Mn2 290 0-0  1.83
Mn1-Oa 179 Mn2-Oa 2.06 Mni-Oa 1.79 Mn2-Oa 1.82

Mn1-Ob 1.92 Mn2-Ob 2.18

Figure 4. Structures and spin populations above 0.1 of the transition states for the first and second H,O, reduction. Typical spin populations
calculated with B3LYP in the metal dimers investigated are 4.8, 3.8, and 2.9 e for Mn(II), Mn(III), and Mn(IV), respectively.

Scheme 3. Proposed Reaction Scheme for the Second Reductive Half-Reaction®
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being oxidized from Mn(III) to Mn(IV), and the electron is (II) in the first half-reaction and Mn(II)Mn(III) —
transferred to the bridging oxygen atom of O—OH,. The Mn(IV)Mn(IV) in the second half-reaction, and the number
reaction proceeds through an unstable Mn(IV)Mn(IIl) state of bridging oxo species.
with a H,O cation radical. Because of the positive charge, an 3.2.3. Mn(IV)Mn(IV) Product. In the Mn(IV)Mn(IV) state,
electron is attracted from the closest oxo bridge, and the radical the H,0O molecule formed is slightly unbound by 0.4 kcal mol™
is shared between H,O and the bridge. The second electron (by 5.4 kcal mol ™ without dispersion) and is released (Figure
transfer from the manganese in site 2 (Mn2 in Figure 2) is S). The bis(u-oxo) Mn(IV)Mn(IV) product state is 3.9 kcal
exergonic and without barrier, forming the product Mn(IV)- mol™' more stable when the glutamate E168 rotates to the
Mn(IV) state with a H,O molecule (I11) (Figure S). position that is found in the X-ray crystal structure of oxidized
The barrier is 17.0 kcal mol™ (182 kcal mol™ with the manganese-dependent R2F from C. ammoniagenes (I13)
protonated model; Figure S). The second-order rate constant (Figure 1). In the protonated model, proton transfer from
for oxidation of R2c Mn(III)Fe(III) to Mn(IV)Fe(IV) by H,0, D77 to one of the oxo bridges is favorable (I13p, to 113p)
is 8 £ 1 M~ s7' at 5 °C.*® The barrier for H,0, cleavage (Figure S).
should be lower than 16 kcal mol™, corresponding to the 3.3. Formation of the Tyrosyl Radical. From the
apparent first-order rate constant at the highest measured Mn(IV)Mn(IV) state, formation of a tyrosyl radical is exergonic
concentration of H,O, of 150 mM. In R2c, the redox-active with 2.3 kcal mol™" (Figure 6A). The product is a Mn(III)-
metal in the transition state is most probably manganese Mn(IV) state with a tyrosyl radical (I17) (Scheme 4). The state

because Mn(IV) has a lower redox potential than Fe(IV), or with Mn(III) in site 1 and Mn(IV) in site 2 (Mn1 and Mn2 in

equivalently Mn(III) is easier to oxidize than Fe(III).">?’ Figure 2) has a 2.9 kcal mol™" lower calculated energy than the

The barrier for O—OH cleavage, when the reprotonation opposite assignment. The experimentally observed tyrosyl
occurs after the transition state, is higher, 19.5 kcal mol ™. The radical in manganese-dependent R2F from C. ammoniagenes is
second reduction of H,0, is less exergonic than the first coupled to a ferromagnetically coupled Mn(III)Mn(I1I) state,®
reduction of H,0, (Figure 3). The difference is due to the hence reduced by one more electron. The extra electron is in E.
oxidation state of the metals, Mn(II)Mn(II) — Mn(III)Mn- coli class Ia R2 provided by a neighboring tryptophan.éz}’65 A
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tryptophan residue has been identified in R2F from C.
ammoniagenes in a similar structural position.8 Formation of
the tyrosyl radical from a Mn(III)Mn(IV) state, where one
electron and one proton have been added, is thermoneutral,
+0.6 kcal mol™" (Figure 6B). The corresponding ferromagnetic

state with a tyrosyl radical has a 0.7 kcal mol™ lower energy
and can easily be formed from the antiferromagnetic state.
Hence, both the Mn(IV)Mn(IV) and Mn(III)Mn(IV) states
are of sufficient potential to oxidize the tyrosine. The calculated
proton-coupled redox potential of the Mn(IV)Mn(IV) state is
slightly higher than that for the Mn(III)Mn(IV)-Y* state with
2.9 kcal mol™!, suggesting that an extra electron might be
transferred from the tryptophan before tyrosyl-radical for-
mation. However, the energy difference is not high enough to
exclude an electron transfer after tyrosyl-radical formation. The
extra electron may also be transferred from the tryptophan
already before or during the second cleavage of H,0,, in which
case the Mn(IV)Mn(IV) state would never be formed. This
slightly different reaction mechanism could be investigated
further in the future.

The proton-coupled electron transfer from the tyrosine to
the metal center can be mediated by D77. However, the first
intermediate in the radical formation, with a tyrosyl radical and
protonated D77, is energetically highly unfavorable, when the
metals are in both a Mn(III)Mn(IV) state [radical formation
from Mn(IV)Mn(IV)] and a Mn(III)Mn(III) state [radical
formation from Mn(II[)Mn(IV)]. If instead there is first proton
transfer mediated by E202 from the terminal H,O bound to the
manganese in site 2 (Mn2 in Figure 2) to one oxo bridge,
proton transfer from the tyrosine to the metal center is faster
(Scheme 4). The highest intermediate along this reaction
pathway is 13.0 kcal mol™ from Mn(IV)Mn(IV) (116) and
17.0 keal mol™" from Mn(II[)Mn(IV) (I16ep) (Figure 6A,B).

In the protonated model, formation of Tyr® from a positively
charged Mn(IV)Mn(IV) state (I13p) is exergonic with 4.9 kcal
mol ™!, and there are no high-lying intermediates. The same
positively charged Mn(IV)Mn(IV) state could also be formed if
a proton and no electron is added to the neutral Mn(IV)Mn-
(IV) state (I13). Hence, the protonated Mn(IV)Mn(IV) state
is of sufficient potential to oxidize the tyrosine. However, the
cost of adding the proton, either to the neutral Mn(IV)Mn(IV)

AG (keal mol™)

A
16.0 L

A

140 4

13.0

12.0 4

10.0 4

8.0

AG (kcal mol™")

B

16.0 4+
14.0 1L
12.0 4+
10.0 1+

80 1+

6.0 -
4.0 4
2.0

0.0 1

\ 17
H-v-y*

6.0 +

40+

201

0.0+

M7ep
n-m-y*

113ep
4 ooV

Figure 6. Energy profile for tyrosyl-radical formation from the (A) Mn(IV)Mn(IV) and (B) Mn(III)Mn(IV) states. All values include solvation
effects, zero-point corrections, empirical entropy corrections, and dispersion corrections.
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Scheme 4. Proposed Reaction Scheme for Tyrosyl-Radical Formation®
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state or upon formation of the model with protonated D77, has
to be taken into account for a complete picture.

If HO,™ is the oxidant, the product after the second reductive
half-reaction could be a negatively charged Mn(IV)Mn(IV)
state with one less proton. However, in this case, formation of
Tyr® is endergonic with 7.9 kcal mol™". Hence, if HO,™ is the
oxidant, the reaction should be coupled to proton uptake. From
a negative Mn(III)Mn(IV) state, where only one electron and
no proton has been taken up, formation of the tyrosyl radical is
endergonic with 3.4 kcal mol™". Hence, electron uptake from
the tryptophan should be coupled to proton uptake in order for
tyrosyl-radical formation to be favorable.

3.4. Comparison with MnCat. Instead of the proposed
second reductive half-reaction in R2F, in MnCat there is an
oxidative half-reaction, where H,0, is oxidized, forming oxygen
(Scheme S). It has been suggested that the dismutation
reaction is avoided in R2F because E202 is opened up from a
bridging binding mode in the Mn(II)Mn(II) reduced state to a
monodentate mode in the Mn(III)Mn(III) state. In the
monodentate mode, E202 is suggested to be too far from the
peroxide, and therefore no longer a possible base.® However, as
shown in the present work, a monodentate E202 can still reach
the peroxide and act as a base in the reductive reaction.

4180

The reason why R2F does not catalyze the dismutation
reaction must be another one. The dismutation reaction in R2F
has been modeled. The pathway for an oxidative reaction might
be kinetically possible (Figure 7). However, the most stable
product Mn(I[)Mn(II) state (Iox12) has almost the same
energy as that of the reactant Mn(III)Mn(III) state with bound
H,0, (I8). The reaction is thus thermoneutral and should be
reversible. The competing reductive reaction where H,O, is
reduced is highly exergonic with 21.5 kcal mol™" and hence
irreversible (Figure 7). So, even though oxidation of the second
H,0, is possible, in the absence of additional H,O,, the
reaction should be reversible, and eventually the reaction will
proceed along the energy profile of the reduction, forming the
oxidized Mn(IV)Mn(IV) state (113) (Figure 7). If however,
additional H,0O, is added fast enough to the product after the
oxidative reaction, the reaction can proceed along the energy
profile of the first reductive half-reaction, which is exergonic
and irreversible (Iox12 to I3 to 17 in Figures 7 and 3).

The barrier for the second reductive half-reaction of 17.0 kcal
mol™! corresponds to a rate constant of about 1 s™' from
transition state theory (the expected accuracy of 3—S kcal
mol™ for computed relative energies corresponds to 2—3
orders of magnitude for the reaction rate constant). Hence, the

dx.doi.org/10.1021/ic3008427 | Inorg. Chem. 2013, 52, 4173—-4184
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calculations suggest that if additional H,O, is available at a rate less proton compared to the R2F model. From the MnCat
faster than 1 s, there should be dismutation, while if model Mn(III)Mn(III) state with added H,0, (Imcl), the
additional H,O, is available at a rate slower than 1 s, the oxidative reaction is exergonic with 7.8 kcal mol™', forming a
reaction should instead proceed along the second reductive Mn(II)Mn(II) state and O, (ImcS) (Figure 7).
half-reaction, forming the Mn(IV)Mn(IV) state and sub- The reductive reaction is still highly exergonic (23.3 kcal
sequently the tyrosyl radical. mol™"), forming a Mn(IV)Mn(IV) state. The barrier for the

In this context, one of the most important differences reductive H,O, cleavage should be of the same size as that in
between MnCat and R2F is the number of coordinating R2F, hence 17 kcal mol™" or higher because H,0, no longer
carboxylates. In R2F, glutamate E202 is coordinating to the binds in a bridging position and the hydrogen bond from E168
manganese in site 2 (Mn2 in Figure 2). In MnCat from L. is no longer present to stabilize the transition state. The total
plantarum, the corresponding glutamate E178 is not coordinat- barrier from the oxidative reaction Mn(I[)Mn(II) product
ing to the metal site, and in MnCat from T. thermophilus, there (ImcS) to the reductive reaction Mn(IV)Mn(IV) product (I13)
is no corresponding glutamate (Figure 1).** should then be at least 24 kcal mol™' (Figure 7). Hence, in

A simple model of MnCat was constructed by removing the MnCat, a more stable Mn(II)Mn(II) product state may ensure
glutamate E202 and adding a hydroxo bridge to the that the dismutation reaction occurs independently of the time
Mn(II)Mn(I1I) state (Imcl) (Scheme 6). With the hydroxo scale of available H,O,. Because the Mn(III)Mn(III) state is
bridge that is present in MnCat, the neutral charge of the active observed and not the Mn(II)Mn(II) state, there must also be
center is retained when the negatively charged glutamate is other differences between MnCat and R2F that affect the
removed. One extra hydroxo bridge can be considered as one reactivity. However, the calculated stabilization of the Mn(II)-
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Mn(II) state in the simple MnCat model compared to that in
R2F is one factor that may affect the selectivity between the
dismutation reaction in MnCat and tyrosyl-radical formation in
R2F.

The calculated higher exergonicity of the oxidative reaction
in the MnCat model compared to the R2F model can be
rationalized by the amount of available protons in the active
site. In the oxidative reaction, two bases are needed to make O,
from H,0,. In both the R2F and MnCat model, the oxo bridge
can accept one proton, forming a hydroxo bridge. In the MnCat
model, the additional hydroxo bridge can accept the second
proton, forming H,O (ImcS) (Scheme 6). In the R2F model,
there is no additional hydroxo bridge, and glutamate E202 is
instead accepting the second proton (Iox12) (Scheme 5). E202
in the R2F model is not as good a base as the additional
hydroxo bridge in the MnCat model. The oxidative reaction
may therefore be more exergonic in the MnCat model
compared to the R2F model.

In R2F, destabilization of the Mn(II)Mn(II) state enables the
possibility that the dismutation reaction may be avoided by
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slow uptake of H,O,. Speculatively, the role of NrdI may be to
provide H,O, oxidants in a controlled manner on the correct
time scale. The observed inability of R2F to form the tyrosyl
radical with the addition of H,0, in the absence of Nrdl**
could then be due to too fast uptake of H,O,, leading to a
dismutation reaction and hence catalase activity. This
hypothesis should be possible to test experimentally.

The scenario described above is under the assumption that
O, release in the oxidative reaction is faster than 1 s7!,
corresponding to the barrier for the second reductive half-
reaction of 17 kcal mol™. If O, release is slower than 157/, the
reaction would proceed to Mn(IV)Mn(IV) regardless of the
rate of H,O, addition. Because R2F is not activated by H,0, in
the absence of Nrdl, another possibility is that NrdI is affecting
the release of O,, making it slower.

3.5. Observable Intermediates. From the calculated
energy profile detailed in the previous sections, the scenario
described below can be deduced. As a reminder, the expected
accuracy of 3—5 kcal mol™ for computed relative energies
corresponds to 2—3 orders of magnitudes for the reaction rate

dx.doi.org/10.1021/ic3008427 | Inorg. Chem. 2013, 52, 4173—-4184
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constant. In the calculated energy profile for the whole
activation reaction in R2F, there are three barriers: H,0,
cleavage in the first reductive half-reaction of 13.1 kcal mol™,
H,O0, cleavage in the second reductive half-reaction of 17.0 kcal
mol ™, and formation of the tyrosyl radical from the oxidized
state of 13.0 kcal mol™ from Mn(IV)Mn(IV) or 17.0 kcal
mol™! from Mn(III)Mn(IV), where the second reductive half-
reaction or radical formation from the Mn(III)Mn(IV) state
should be the rate-limiting (Figure 8). The rate-limiting step
could also be the addition of H,0, from NrdL

If H,0, is delivered at a slower rate than 1 s~
(corresponding to a barrier of 17.0 kcal mol™'), either the
rate-limiting step would be H,0O, addition, in which case the I1
Mn(I)Mn(II) and 17 Mn(III)Mn(II) intermediates should be
possible to observe, or the rate-limiting step would be
formation of the tyrosyl radical, in which case the I13ep
Mn(III)Mn(IV) intermediate should be possible to observe.

If H,0, is delivered at a faster rate than 1 s™, the
dismutation reaction will occur. If H,0O, is delivered at a faster
rate than 1 ms™, corresponding to the barrier for the first
reductive half-reaction of 13.1 kcal mol™}, the observed state in
equilibrium would be I3 Mn(II)Mn(1I).

If, on the other hand, H,O, is delivered at a slower rate than
1 ms™, the observed states could be I7 Mn(III)Mn(III) and I8
Mn(II)Mn(II) or Iox12 Mn(II)Mn(II). If IoxI2 is a few
kilocalories per mole higher in energy, the only observed states
(17 and 18) would be Mn(III)Mn(III), in line with the observed
oxidation of the cluster upon the addition of H,O, to the
reduced dimanganese C. ammoniagenes R2F, without NrdlL.**

1

4. CONCLUSIONS

An energetically feasible reaction mechanism for activation of
class Ib R2F by H,0, has been suggested. The reaction
proceeds through two reductive half-reactions. In the first half-
reaction, H,0O, is cleaved with a barrier of 13.1 kcal mol™, and
the dimanganese center is oxidized from Mn(I[)Mn(Il) to
Mn(II)Mn(II1). In the second half-reaction, the metal center is
further oxidized from Mn (III)Mn(III) to Mn(IV)Mn(IV) and a
second H,0, is cleaved with a barrier of 17.0 kcal mol™". From
an oxidized Mn(IV)Mn(IV) state, an electron can be taken up
in combination with a proton, forming a Mn(II[)Mn(IV) state.
Tyrosyl-radical formation from both the Mn(IV)Mn(IV) and
Mn(III)Mn(IV) states is both kinetically and thermodynami-
cally accessible. Hence, chemically, H,O, should be a possible
oxidant for the manganese-dependent R2F. The reason why
R2F cannot be activated by H,O, without Nrdl must be
another one. (For example, changes in the structure leading to
the inability of H,O, to bind to the metal site, inability of H,O,
to enter into the active site, or competing reactions.) If HO, ™ is
instead the oxidant, the reaction should be coupled to proton
uptake in order for tyrosyl-radical formation to be favorable,
resulting in the same product as if H,O, is the oxidant. A model
with protonated D77 as a starting point is from a kinetically
perspective viable, but the possibility of formation of this state
should depend on the pK, of D77.

The selectivity between the second reductive half-reaction
and a competing oxidative reaction, as in MnCat, may be the
time scale of the available H,0,. If H,0, is available at a faster
time scale than 1 s7}, corresponding to the rate-limiting barrier
for the second reductive half-reaction, dismutation will occur. If
H,0, is available on a slower time scale than 1 s™', the second
reductive half-reaction will occur, and the Mn(IV)Mn(IV) state
and, subsequently, the tyrosyl radical will be formed. The role
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of Nrdl may be to provide H,O, on the correct time scale. In
the absence of Nrdl and in the presence of excess H,0,, the
uptake may be too fast, leading to the dismutation reaction, and
no tyrosyl-radical formation, as observed experimentally. This
hypothesis could be investigated experimentally. In a model
mimicking MnCat, the Mn(II)Mn(II) product of the
dismutation reaction is stabilized. The more stable Mn(II)Mn-
(II) product state may ensure that the dismutation reaction
occurs independent of the time scale of available H,O,. The
more exergonic calculated oxidative reaction in the MnCat
model compared to the R2F model can be rationalized by the
additional hydroxo bridge in MnCat, which is a better base than
the missing glutamate.
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