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ABSTRACT: According to the current paradigm, the metal−
hydroxo bond in a six-coordinate porphyrin complex is believed to
be significantly less reactive in ligand substitution than the
analogous metal−aqua bond, due to a much higher strength of
the former bond. Here, we report kinetic studies for nitric oxide
(NO) binding to a heme-protein model, acetylated micro-
peroxidase-11 (AcMP-11), that challenge this paradigm. In the
studied pH range 7.4−12.6, ferric AcMP-11 exists in three acid−
base forms, assigned in the literature as [(AcMP-11)FeIII(H2O)-
(HisH)] (1), [(AcMP-11)FeIII(OH)(HisH)] (2), and [(AcMP-
11)FeIII(OH)(His−)] (3). From the pH dependence of the
second-order rate constant for NO binding (kon), we determined
individual rate constants characterizing forms 1−3, revealing only a
ca. 10-fold decrease in the NO binding rate on going from 1 (kon

(1) = 3.8 × 106 M−1 s−1) to 2 (kon
(2) = 4.0 × 105 M−1 s−1) and the

inertness of 3. These findings lead to the abandonment of the dissociatively activated mechanism, in which the reaction rate can be
directly correlated with the Fe−OH bond energy, as the mechanistic explanation for the process with regard to 2. The reactivity of 2
is accounted for through the existence of a tautomeric equilibrium between the major [(AcMP-11)FeIII(OH)(HisH)] (2a) and
minor [(AcMP-11)FeIII(H2O)(His

−)] (2b) species, of which the second one is assigned as the NO binding target due to its labile
Fe−OH2 bond. The proposed mechanism is further substantiated by quantum-chemical calculations, which confirmed both the
significant labilization of the Fe−OH2 bond in the [(AcMP-11)FeIII(H2O)(His

−)] tautomer and the feasibility of the tautomer
formation, especially after introducing empirical corrections to the computed relative acidities of the H2O and HisH ligands based on
the experimental pKa values. It is shown that the “effective lability” of the axial ligand (OH−/H2O) in 2 may be comparable to the
lability of the H2O ligand in 1.

■ INTRODUCTION

Nitric oxide (NO), due to its involvement in numerous
physiological and environmental processes, has been of interest
to scientists from various fields of life sciences over the past
decades.1−3 One of the crucial signal transduction pathways of
NO occurs via binding to the iron center in heme proteins,
making it unsurprising that much attention in the literature was
devoted to interactions of this type.4−6 Studies on the
reactivity of NO toward numerous artificial FeIII/FeII

porphyrins provided key information on the mechanisms and
factors that govern the reactivity of heme centers,7−9 whereas
quantum-chemical calculations on model systems brought
insight into the electronic structure of the resulting metal-
nitrosyl complexes.10,11 In this context, our experimental
groups at the Jagiellonian University in Krakow and the
University of Erlangen−Nuremberg, involved in a long-term
collaboration, contributed a number of studies on NO
reactivity with model iron porphyrins and heme proteins,

which aimed to unravel the mechanisms of NO activation by
its coordination to a metal center.12−19

The general mechanistic picture which emerged from the
numerous kinetic and spectroscopic studies on iron porphyrin
complexes in aqueous solution indicated that despite its radical
nature, nitric oxide behaves as a typical nucleophile in ligand-
substitution reactions, and thus its reversible binding to the
metal center is mainly controlled by the lability of the replaced
ligand.12,20−23 However, in much more catalytically complex
biological or environmental systems, numerous other factors
such as steric hindrance around the metal center, the type of
reaction medium, the chemical nature of the substituted ligand,
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the electronic and structural properties of other coligands play
an important role in controlling the dynamics of the reversible
binding of NO.24

The overwhelming majority of research, conducted by both
us and others, aiming to mimic the interaction of NO with
heme proteins, was conducted using artificial porphyrins. Such
an approach, through a comparison of the results with the ones
obtained for proteins, allows conclusions to be drawn about
the degree to which the process is controlled by the metal
center, as well as determination of the influence of the protein
architecture on the properties of the prosthetic group. Artificial
ferric porphyrin (Por) models, which under aqueous
conditions exist as diaqua complexes, (Por)Fe(H2O)2, are
very valuable due to the possibility of introducing a variety of
modifications to the porphyrin ring periphery. However, they
do not fully reproduce the iron coordination center in heme
proteins that possesses an amino acid ligand in the fifth-
coordination site. Numerous attempts have been made to
obtain monoamino acid or amino acid mimics (e.g.,
imidazole), substituted forms of Fe(III) porphyrins, with
varying success,15,25−27 due to issues of complex stability or
thermodynamics of strong field ligand binding (such as
imidazole), which result in coordination to both axial sites
leading to monosubstituted species to be seldom observed.
Alternatively to synthetic porphyrins, valuable models of the

heme protein active center can be obtained by proteolytic
digestion of proteins. One of these groups is the family of
microperoxidases (MPs), heme-containing peptides with
different lengths of the polypeptide chain, obtained from
cytochrome c. Microperoxidases consist of a ferric proto-
porphyrin IX covalently attached to a peptide chain, and the
fifth coordination position of the iron center is occupied by an
imidazole group of histidine. The most commonly used
microperoxidases are MP-11 and MP-8, possessing 11- and 8-
amino acid peptide chains, respectively. In neutral pH, the
sixth-coordination position is occupied by a labile water
molecule, which can be easily substituted by various substrates.
Microperoxidases are heme enzyme models, which are devoid
of distal stabilization mechanisms and kinetic barriers
characterizing the structure of the protein. This feature allows
assessment of the impact of amino acid residues located on the
proximal side of the heme ring on the studied reaction
mechanism. MP-11 has been employed in numerous studies
devoted to the development of heterogeneous biocatalysts/
bioelectrocatalysts and spectroelectrochemical and bioelec-
tronic sensors and devices.28−33 Furthermore, MPs were the
subject of intensive studies on their pH-dependent behavior in
aqueous solution,34−36 reactivity in catalytic oxidation of
various substrates,37−40 and substitution reactions with various
ligands.41−44 However, there are only a few reports available in
the literature regarding the pH-dependent reactivity of MPs
under alkaline conditions, where successive ionizations of H2O
and HisH ligands result in the accumulation of [FeIII(OH)-
(HisH)] and [FeIII(OH)(His−)] species, respectively.45,46

Systematic pH-dependent kinetic studies on cyanide binding
to MP-8 were reported by Marques et al.45 Their conclusions
concerning the MP-8 reactivity under alkaline conditions were
used to assign the [(MP-8)FeIII(OH)(HisH)] species as inert
and the [(MP-8)FeIII(OH)(His−)] species as labile due to the
labilization of the Fe−OH bond by deprotonated histidine in
the trans position.45 Recently, Ascenzi et al.,46 in a study
devoted to reductive nitrosylation occurring under basic
conditions for nonacetylated MP-11, reported rate constants

for reversible NO binding. The authors did not observe any
clear trend in both rate constants for NO binding (kon) and
release (koff) with increasing pH (7.0−9.2) and concluded that
these reactions are essentially pH independent. The lack of a
pH dependence of kon is per se interesting in view of the
paradigmatic inertness of the [(MP-11)FeIII(OH)(HisH)]
form, but this aspect was not discussed in ref 46.
In order to better understand at the molecular level how the

proximal site of the heme center influences the reactivity with
NO, we decided to undertake detailed kinetic and mechanistic
studies on NO binding with the application of acetylated MP-
11 (AcMP-11). N-acetylation prevents the pronounced
aggregation of this heme enzyme model.47 To answer the
question of how the ionization of coordinated water and
histidine affects the properties of the heme center toward NO
binding, the kinetic studies were performed over a wide pH
range, 7.4−12.6 (Figure 1), which was crucial to obtaining
more mechanistic details governing the reactivity of various
MP-11 forms.

As will be discussed in detail below, the determined pH-
dependent kinetic profile reveals a surprisingly high reactivity
of the [(AcMP-11)FeIII(OH)(HisH)] form and inertness of
the [(AcMP-11)FeIII(OH)(His−)] form, previously thought to
be much more reactive than the [(AcMP-11)FeIII(OH)-
(HisH)] one. According to the current paradigm, six-
coordinate porphyrin complexes of the [(AcMP-11)FeIII(OH)-
(HisH)] form are expected to be inert, and their reactivity
should be limited by the dissociation of the OH− ligand. This
picture is challenged by the presently observed second-order
rate constant for the alkaline species [(AcMP-11)FeIII(OH)-
(HisH)], which is only 10 times smaller than the one
measured for the labile [(AcMP-11)FeIII(H2O)(HisH)] form.
In order to interpret this intriguing behavior, experimental
studies were supported by quantum-chemical calculations. The
obtained results lead to the proposition of a new mechanism
that governs the reactivity of six-coordinate heme centers

Figure 1. General concept of this study. Values of pKa for AcMP-11
were taken from the work by Marques et al.35
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containing two protic ligands: H2O/OH
− and HisH/His−. In

this mechanism, the [(AcMP-11)FeIII(OH)(HisH)] species
remains in equilibrium with its less stable but kinetically labile
tautomer [(AcMP-11)FeIII(H2O)(His

−)], which is responsible
for the facile ligand-exchange reactivity. The feasibility of the
presence of the [(AcMP-11)FeIII(H2O)(His−)] tautomer
fraction is supported by theoretical calculations. The
contribution of the tautomer fraction provides a logical
explanation for the experimentally observed pH-dependent
reactivity profile of AcMP-11. In the context of quantum-
chemical calculations, which will be reported here, we notice
that, despite the abundance of theoretical studies for
porphyrins and models of enzymatic active sites, there have
been so far only a few quantum-chemical studies directly
referring to the properties of MPs.48−51 Moreover, there exist
substantial challenges with reliable computational description
of the spin-state energetics for the ferric site in MP, the relative
acidities of the axial ligands bound to it, and the solvation
effects on the electronic structure and ligand binding
properties. These issues will be, therefore, addressed below,
including detailed comparison of the computed properties with
the experimental data.

■ EXPERIMENTAL AND COMPUTATIONAL DETAILS
Materials. All chemicals used in this study were of analytical

reagent grade. Microperoxidase-11 (>85%; MP11), 3-(cyclohexyla-
mino)-1-propanesulfonic acid (CAPS), 2-amino-2-hydroxymethylpro-
pane-1,3-diol (TRIS), potassium phosphate monobasic, and NaClO4
were purchased from Sigma-Aldrich and used as received. K[Ru-
(edta)Cl]·2H2O was synthesized according to the published
procedure.52 NO gas was purchased from Linde Gaz Polska sp. z.
o. o., bubbled through a concentrated KOH solution to remove higher
nitrogen oxides (N2O3, NO2), and then passed through an Ascarite II
column (NaOH on silica gel, Sigma-Aldrich).
Solution Preparation. Microperoxidase-11 (MP-11) was acety-

lated according to a published procedure in order to prevent
aggregation in an aqueous solution.34 After acetylation, AcMP-11 was
purified by dialysis using a Pur-A-Lyser Dialysis Kit, MWCO 1 kDa
(Sigma-Aldrich). HPLC analysis of the reaction mixture revealed the
conversion of MP-11 to AcMP-11 to be close to 100% (Figure S1,
Supporting Information). The HPLC analysis was performed using a
PerkinElmer HPLC Chromera system equipped with a diode-array
detector. Separation was performed on a Brownlee Bio C18
PerkinElmer (5 μm, 150 mm × 4.6 mm) column. Samples were
eluted with a gradient method: CH3CN SuperGradient + 0.05%
TFA/H2O + 0.05% TFA − 10/90, gradient to 40/60 for 20 min with
a flow rate of 1 mL/min. Samples of AcMP-11 were prepared at pH
7.4 using TRIS or phosphate buffers and at pH 10.0−11.5 using
CAPS buffer solutions (0.05 M). pH measurements were performed
on an Elmetron pH meter (CP-401) calibrated with certified,
HANNA standard buffer solutions. In experiments at higher pH
(pH > 11.5), an appropriate concentration of NaOH was used. The
ionic strength of the buffer solutions was adjusted with NaClO4 to
0.15 M. For temperature dependent kinetic studies, the temperature
dependence of the pKa of the applied buffer was taken into
consideration, and the buffer pH was set for each temperature
individually. Argon and gastight glassware were used for preparation
and handling of deoxygenated solutions. Deionized water was used for
the preparation of all solutions. Spectrophotometric analyses were
performed on Lambda 950 and Lambda 35 PerkinElmer spectropho-
tometers.
Laser Flash Photolysis Measurements. The laser flash

photolysis technique was applied for the kinetic studies at a pH of
7.4. The experiments were carried out with the use of the LKS.60
Applied Photophysics spectrometer and a Nd:YAG laser (SURLITE
I-10 Continuum). Excitation was at 355 nm (the third harmonic of
the laser). Absorbance changes were monitored at 415 nm using a

xenon arc lamp, a monochromator, and a photomultiplier tube (PMT-
1P22). The absorbance reading was balanced to zero before the flash,
and data were recorded on a digital storage oscilloscope, DSO HP
54522A, and then transferred to a computer for analysis. Reported
rate constants are the average of several kinetic traces. High-pressure
laser flash experiments were performed in the pressure range of 5−
150 MPa.19 Gastight quartz cuvettes and a pillbox cell combined with
high-pressure equipment53 were used at ambient and under high
pressure, respectively.

Stopped-Flow Measurements. Ambient-pressure stopped-flow
measurements were performed on a thermostated (±0.1 °C) Applied
Photophysics stopped-flow SX20 instrument. The reaction kinetics
were studied under pseudo-first-order conditions applying at least a
10-fold excess of [NO] over AcMP-11. The kinetics of the reaction
were monitored at 415 nm. The rates of NO release (koff) were
determined by an NO-trapping method. As reductive nitrosylation
occurs under basic conditions for the AcMP-11 nitrosyl derivative,
reactions of [(AcMP-11)FeII(NO+)(His)] with [RuIII(edta)]− under
basic conditions were performed on the stopped-flow apparatus
equipped with a sequential mixing mode (Applied Photophysics
SX20). This involved rapid mixing of the AcMP-11 complex with NO
solutions in the first mixing drive. After a defined delay period (5 s),
the aged solution was mixed with the [RuIII(edta)]− solution in the
second mixing drive, and the reaction was followed spectrophoto-
metrically. The kinetics of NO release was followed at 415 nm. The
pH-dependent spectra for the nitrosylated form of microperoxidase
were also registered with the application of the stopped-flow
apparatus in combination with a diode-array detector. It was used
because it is impossible to perform a direct spectrophotometric
titration of [(AcMP-11)FeII(NO+)(His)] due to the instability of the
nitrosyl complex toward subsequent reductive nitrosylation. Spectra at
various pH values were registered by mixing aqueous solutions of
nitrosyl species with buffer solutions of a set pH value. Experimental
data were fitted to the sigmoidal equation (OriginPro 2019: Category,
Growth/Sigmoidal; Function, DoseResp; Iteration Algorithm, Leven-
berg−Marquardt) to evaluate the pKa according to the equation:

y A
A A

1 10 x x pmin
max min

(log )0
= +

−
+ − *

where y is the absorbance at the selected wavelength registered at a
particular pH, Amin and Amax represent the corresponding minimum
and maximum absorbance, log x0 = pKa represents the center of the
Hill slope, and p is the Hill coefficient of the slope obtained from the
plot measured at the inflection point. High-pressure stopped-flow
experiments were performed in the pressure range of 10−130 MPa on
a custom-built apparatus.54,55 OLIS KINFIT software (Bogart, GA,
1989) was used for the analysis of the kinetic traces.

Computational Methods and Models. The ferric site of AcMP-
11 was modeled at three levels of structural complexity (Figure 2). In
the simplest model, model #1, the heme group was reduced to FeIII

porphin (unsubstituted ring) with appropriate axial ligands: imidazole
(ImH/Im−) and H2O (species 1, 2b)/OH− (2a, 3)/NO (X, Y)/
nothing (A, B). The molecular species 1, 2a, 2b, 3, X, and Y are
defined in Scheme 1, whereas A and B are five-coordinate species with
either HisH or His− ligand. Model #2 adds explicit water (solvent)
molecules hydrogen-bonded to the axial ligands: one to ImH/Im−

and two to H2O/OH
−. Depending on the protonation state of the

axial ligand, the added waters are either donors or acceptors of the
hydrogen bond. For the computation of the H2O dissociation energy,
the released H2O molecule was explicitly solvated in the same way
(Figure S2, Supporting Information) to preserve the pattern of
hydrogen bonding. The most extensive model, model #3, was
obtained by extending model #2 with a part of the peptide backbone
(Cys14-Ala15-Gln16-Cys17-His18) and side substituents of the
heme. Starting coordinates for geometry optimization were obtained
from the crystal structure of the parent cytochrome c (PDB code:
3NBS). By experimentation, we found that explicit solvation must be
introduced also for heme propionates (four waters) and the carbonyl
group of Cys17 (one water, interacting also with the water bound to
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the His-18 ligand) in order to avoid artifacts during the geometry
optimization. The same peptide conformation and hydrogen-bonding
pattern were preserved in all modeled structures and spin states. All
optimized structures can be found in the Supporting Information.
As shown in the literature, side substituents of the ring56 and

hydrogen bonding with the axial ligands57−59 can considerably
influence the electronic properties of iron porphyrins. Indeed, we
observed (Table S1, Supporting Information) that the explicit
solvation introduced in model #2 strongly influences water
dissociation energies from complexes 1 and 2b (by 30 kJ/mol) and
the tautomerization energy of 2a into 2b (by 10 kJ/mol), which are
the key energetic properties for the mechanistic considerations given
below. The hydrogen bonding also influences relative spin-state
energetics of iron (Table S1), although the effect is smaller than in
other cases reported in the literature.59,60 Switching from model #2 to
#3 alters the mentioned properties by only a few kilojoules per mole,
suggesting that the results are approaching convergence with respect
to the model size.
All calculations at the DFT or DFT-D3 level (D3 with Becke-

Johnson damping61) were performed using Gaussian 09.62 Unless
stated otherwise, the calculations were performed within the
polarizable continuum model of water (IEF-PCM with the UFF
atomic radii).63 The calculations were spin-unrestricted, but without
significant spin contamination. Geometries were optimized at the
B3LYP-D3/def2-TZVP level for structural models #1 and #2, but at
the B3LYP-D3/def2-SV(P) level for the larger model #3 (∼150
atoms), in all cases using FineGrid. Subsequent single-point
calculations for model #2 were carried out using four DFT methods
(B3LYP-D3, B3LYP*-D3, TPSSh-D3, and M06L) with a larger ma-
TZVPP basis set and UltraFine grid. The energies obtained in such a
way from each DFT method (Emodel#2

method/ma‑TZVPP) were additively
corrected for scalar-relativistic effects (ΔErel) as well as for “peptide
matrix” and substituent effects introduced in model #3 (ΔEpeptide):

E E E Efinal
method

model 2
method/ma TZVPP

rel peptide= + Δ + Δ#
‐

(1)

where the ΔErel term is the difference between the B3LYP/cc-pVTZ-
DK (DKH relativistic) and B3LYP/cc-pVTZ (nonrelativistic) single-
point energies for the B3LYP-D3/def2-TZVP geometry of model #2;
the ΔEpeptide term is the difference between the B3LYP-D3/def2-
TZVP//B3LYP-D3/def2-SV(P) energies for model #3 and model #2.
Additional results corresponding to the SMD solvation model64 were
obtained by correcting energies of eq 1 for a difference between the
SMD and PCM single-point B3LYP/def2-TZVP energies for model
#2. Total energies can be found in the Supporting Information.

Electronic energies resulting from eq 1 were corrected by adding
either vibrational zero-point energy (ZPE) or suitable thermochem-
ical correction (enthalpy H or Gibbs free energy G) based on the
B3LYP-D3/def2-TZVP harmonic frequency calculations for model
#1, a temperature of 298 K, and a pressure of 1 atm. For ΔG
computation, the quasi-harmonic approximation with the 50 cm−1

cutoff was used to correct the vibrational partition function for
artifacts related to low-frequency modes, whose entropies are ill-
described by the harmonic approximation. Moreover, in order to
obtain realistic ΔG values for the ligand-removal reactions in water,
the translational and rotational entropy contributions to ΔG were
scaled down to 50% of their gas-phase values (the Wertz
correction).65−67 This approach automatically accounts for66 the
change of standard state from ideal gas (internally used in Gaussian)
to a 1 M solution (used for all ΔG values reported here).

To accurately describe spin-state energetics, we propose here the
DFT+ΔCC approach, which is based on our previous computational
work with heme-related models using coupled cluster methods.68,69

The DFT+ΔCC are obtained from DFT energies of eq 1 by adding a
correction term to reduce the error in predicted spin-state energetics:

E E E E( )final
method CC

final
method

model 0
UCCSD(T ) F12a

model 0
method/ma TZVPP= + −+Δ

#
* ‐

#
‐

(2)

The correction term is obtained by comparison of the energy
predicted by a given DFT method with the energy from explicitly
correlated UCCSD(T*)-F12a70 method for simplified model #0.
Models #0 were obtained from respective models #1 by replacing the
ImH/Im− ligand with NH3, and resulting geometries were optimized
at the B3LYP-D3/def2-TZVP level under the Cs point group (Figure
S3, Supporting Information). All calculations for models #0 were
performed in a vacuum. The UCCSD(T*)-F12 calculations were
performed with Molpro71 based on the ROHF reference and
employing the basis sets defined in Table S2 of the Supporting
Information.

For DFT calculation of the reaction energies, we initially assumed
the HS state for all ferric species to minimize the DFT-related errors
on spin conversions. Such HS channel DFT results (Table S3,
Supporting Information) were subsequently corrected for the actual
spin-state energetics based on the DFT+ΔCC results. This was done
by correcting (separately for each reactant or product, i) the
thermochemical functions of the pure HS state (Gi

HS, Hi
HS) into

spin-unresolved functions (Gi, Hi) corresponding to the ensemble of
all spin states at T = 298 K:

G G RT plni i i
HS HS= + (3)

H H H H p H H p( ) ( )i i i i i i i i
HS LS HS LS IS HS IS= + − + − (4)

where pi
s, the equilibrium population of a spin state s for species i,

p
G RT

G RT
exp( / )

exp( / )i
s i

s

s i
s=

−
∑ −′

′
(5)

is based on reliable DFT+ΔCC spin-state energetics. As might be
expected, the resulting corrections (Table S4, Supporting Informa-
tion) are small for ferric species which are predominantly HS under
the experimental conditions (1, 2b, A, B), but become important for
2a and 3. In the latter case, the “ensemble corrections” simply serve to
correct for the enthalpy/free energy difference between the HS state
and the actual (LS) ground state of 3.

Figure 2. Molecular models #1 (a), #2 (b), and #3 (c) for the
example of complex 1, i.e., [FeIII(H2O)(HisH)], in the sextet state.
Colors of atoms: Fe, orange; C, yellow; O, red; N, blue; H, white; S,
green.
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The pKa values were computed both directly72,73 (from the ΔG of
deprotonation, assuming the literature value of −1138.8 kJ/mol for
the free energy of the solvated proton72) and using the proton
exchange (PE) method72 with a suitable reference, namely, H2O/
OH− (for deprotonation of the aqua ligand) or ImH/Im− (for
deprotonation of the histidine ligand):

K K K Kp p (p p )a,HA/A
PE

a,HA/A
direct

a,HRef/Ref
exptl

a,HRef/Ref
direct= + −− − − − (6)

where HA/A− is the acid/base pair of interest, HRef/Ref− is the
reference, and superscript “exptl” denotes the experimental value. The
references for pKa computation were explicitly solvated by three
(H2O/OH

−) or two (ImH/Im−) waters (Figure S4, Supporting
Information) to maintain similarity with the environments of these
ligands in our models for microperoxidase.

■ RESULTS AND DISCUSSION
Kinetic Studies as Function of pH. Kinetic studies on the

pH dependent reactivity of AcMP-11 toward NO were
performed in the pH range from 7.4 to 12.6. Marques et al.
reported that, in this pH range, AcMP-11 exists in three acid/
base forms (1−3), related to successive deprotonations of
coordinated water and HisH (Scheme 1).35 Form 1 has been

characterized as [(AcMP-11)FeIII(H2O)(HisH)] and the
doubly deprotonated form 3 as [(AcMP-11)FeIII(OH)(His−)]
species. The singly deprotonated form 2 has been charac-
terized as [(AcMP-11)FeIII(OH)(HisH)] (2a). However, our
mechanistic considerations below will reveal the crucial role of
the minor species [(AcMP-11)FeIII(H2O)(His

−)] (2b), which
is in tautomeric equilibrium with the major species 2a. It is
crucial to emphasize that the equilibrium between tautomers
2a and 2b coexisting in form 2 of microperoxidase is pH-
independent; therefore, the experimental kinetic data as a
function of pH can be used only to characterize the reactivity
of form 2 (i.e., the mixture of the two tautomers), not
individual reactivities of the two tautomers.

Reversible binding of NO to AcMP-11 at pH 7.4 leads to the
formation of a six-coordinate complex, which can be formally
represented as [(AcMP-11)FeII(NO+)(HisH)]. The product
has Soret and Q bands at 415, 530, and 560 nm, respectively
(Figure S5). When AcMP-11 reacts with NO in the pH range
9−10, where a significant fraction of 2 is present, no changes in
the positions of the Soret and Q bands were observed for the
nitrosylation product when compared to the product obtained
at pH 7.4. This indicates that NO substitutes H2O/OH

− on
coordinating to the iron center, forming [(AcMP-11)-
FeII(NO+)(HisH)] (Scheme 1). A noticeable shift toward
longer wavelengths in the Soret band was observed only at pH
> 10. The electronic absorption spectra registered at pH > 10
were the same regardless of the procedure applied for the
product formation: (i) after the reaction of buffered solutions
of AcMP-11 and NO or (ii) in the pH-jump experiment,
collected immediately after mixing the unbuffered solution of
[(AcMP-11)FeII(NO+)(HisH)] with the CAPS buffer (e.g.,
pH 11.0) (Figure S6). The pKa value of 11.2, estimated from
UV−vis spectral changes registered for nitrosylated AcMP-11,
was assigned to the deprotonation of HisH (Figure 3, Scheme

1). It is important to note that, under alkaline conditions, the
formation of FeII−NO+ species is followed by a reductive
nitrosylation step, occurring on a much longer time scale and
corresponding to the blue-shift of the Soret band maxima (407
nm) as well as absorbance collapse (Figure S7).
At pH 7.4, kinetic studies under pseudo-first-order

conditions (applying at least 10 times excess of [NO] over
[AcMP-11]) were performed with the stopped-flow technique
and laser-flash photolysis (7).Kinetic traces recorded with both

techniques exhibited a single exponential behavior and the
observed rate constants showed a linear dependence on [NO]
(kobs = kon[NO] + koff) (Figure 4). The rate constant kon =

Scheme 1. Reactivity Pattern for AcMP-11 with NO;
Molecular Identities of Forms 1−3 and pKa1,2 Values
According to ref 35, pKa(NO) Value Determined in This
Work

Figure 3. pH dependent UV−vis spectral changes for the nitrosyl
complex of AcMP-11 in buffer solutions. Inset: plot of absorbance
changes at 415 nm vs pH. Experimental conditions: [AcMP-11] = 5 ×
10−6 M (Inset - [AcMP-11] = 2.5 × 10−6 M), [NO] = 2.8 × 10−4 M;
buffers used, pH 7.4−9 Tris 0.05 M, pH 9.5−11.5 CAPS 0.05 M, pH
12.0−12.6 NaOH; I = 0.15 M (NaClO4); 20 °C.
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(3.77 ± 0.03) × 106 M−1 s−1 determined from the stopped-
flow measurements at 20 °C is in good agreement with the
value obtained from flash-photolysis measurements, viz., kon =
(3.31 ± 0.04) × 106 M−1 s−1. The obtained values are higher
than the kon = 1.1 × 106 M−1 s−1 value reported by Sharma et
al.74 and kon = 7.8 × 105 M−1 s−1 recently reported by Ascenzi
et al.46 Both authors performed the NO binding studies using
nonacetylated MP-11, which most probably is the reason for
the discrepancies. Analogous measurements of kobs conducted
at higher pH, using only the stopped-flow technique, revealed
that, in the pH range of 8.5 to 11.5, kinetic traces exhibited a
double exponential character with a very fast NO-concen-
tration-dependent first reaction step and a much slower NO-
concentration-independent second reaction step (Figure 4b,
inset).
The double exponential character of the kinetic traces was

assigned to the presence of a small fraction of aggregates
formed under alkaline conditions that participate in reactions
with NO alongside the monomer. It is important to stress that
under the applied AcMP-11 concentration used for the studies
of NO binding, contribution of the second [NO] independent
reaction step is very small, thus the fraction of aggregates

formed is estimated to constitute only up to a few percent of
the AcMP population (for further details, see section Behavior
of AcMP-11 in Alkaline Solution). A double-exponential
function was applied to fit the kinetic traces in the pH range
8.5−11.5, which allowed determination of the kobs value
corresponding to monomer reactivity and the kobs′ value
corresponding to the reactivity of the aggregates. Measure-
ments of kobs vs [NO] at selected pH values showed a linear
dependence and allowed the determination of the second-
order rate constant (kon) for the first, fast reaction step,
corresponding to the reactivity of monomer AcMP-11, as a
function of pH (Figure 5 and Table S5, Supporting
Information).

The NO dissociation rates (koff) were measured with a NO-
trapping method with the application of [RuIII(edta)Cl]2− as a
NO scavenger. Such an approach allowed more accurate data
to be obtained (Table S5), since koff values determined from
the intercept of the fitted linear regression are susceptible to
extrapolation errors. In aqueous solution, the [RuIII(edta)Cl]2−

complex rapidly aquates and produces [RuIII(edta)(H2O)/
(OH)]−/2−, which in turn rapidly traps NO, such that NO
release from [(AcMP-11)FeII(NO+)(HisH)/(His−)] becomes
the rate-limiting step (kobs = koff; Scheme 2).75

Figure 4. Plots of kobs versus [NO] for the reaction of AcMP-11 with
nitric oxide. (a) Dependence obtained with laser flash photolysis
technique at pH 7.4, inset: example of registered kinetic trace.
Experimental conditions: [AcMP-11] = 5 × 10−6 M, I = 0.15 M
(NaClO4), pH 7.4 (phosphate buffer 0.05 M), λex= 355 nm, λabs= 415
nm, 20 °C. (b) Dependence obtained with stopped-flow technique at
pH 10.4, inset: example of registered double-exponential kinetic trace.
Experimental conditions: [AcMP-11] = 2.5 × 10−6 M, I = 0.15 M
(NaClO4), pH 10.4 (CAPS 0.05 M), 20 °C.

Figure 5. (a) Dependence of kon on pH for the fast reaction step of
NO binding to AcMP-11. The line shown was obtained by fitting to
the experimental data, the function defined by eqs 8 and 9 with the
kon
(i) ≥ 0 constraint, pKa1 being a parameter, pKa2 being constant 12.4
(ref 35); the resulting kon

(i) and pKa1 values are annotated. Other
attempts to fit this pH dependence (see Figure S9 Supporting
Information) lead to similar values for kon

(i). (b) Molar fraction of forms
1, 2, and 3 as a function of pH, calculated from eq 8 assuming a pKa1
of 9.87 and a pKa2 of 12.4. Experimental conditions: pH 7.4−9.0 TRIS
buffer, 9.5−11.5 CAPS buffer, buffer concentration 0.05 M, I = 0.15
M set with NaClO4, [AcMP-11] = 2.5 × 10−6 M, T = 20 °C.
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NO Binding Rate Constant (kon). A monotonic decrease of
the kon value with pH is evident, and the shape of this
dependence is consistent with the occurrence of two pH-
dependent transformations of AcMP-11 in the pH range of 7−
13, which is inferred from the pH-titration experiments, for
both the results of Marques and Perry35 and our own in Figure
S8 (Supporting Information).
A quantitative interpretation of the dependence of kon on pH

in Figure 5 is complicated by the closeness of the pKa1 and
pKa2 values. In general, the kon value determined at a given pH
includes contributions from all three pH-dependent AcMP-11
forms weighted by their molar fractions:

k k x k x kx1
1

2
2

3
3

on on
( )

on
( )

on
( )= + + (8)

In eq 8, the molar fractions xi are known functions of the pH
expressed by eqs 9a−9c), whereas kon

(i) (i = 1, 2, 3), the
individual rate constants characterizing a given form of AcMP-
11, are the pH-independent unknown parameters to be
determined by fitting the above model to the experimental
data.

x (1 10 10 )K K K
1

pH p 2 pH p p 11 1 2a a a= + +− · − − −
(9a)

x x10 K
2 1

pH p 1a= ×−
(9b)

x x10 K K
3 1

2 pH p p1 2a a= ×· − −
(9c)

The experimental data (black dots, Figure 5a) were fitted with
various approaches (see also Figure S9, Supporting Informa-
tion). Initially, fixed values of pKa1 and pKa2 from the pH-
titration reported by Marques and Perry35 (which are also in
good agreement with our own pH-titration measurements, see
section Behavior of AcMP-11 in Alkaline Solution) were taken,
and the function was fitted only with respect to the kon

(1), kon
(2),

and kon
(3) parameters with the constraint that all of them must be

non-negative. However, such an approach resulted in a poor fit
quality (Figure S9). The quality of the fit can be considerably
improved by adjusting the pKa1 value, leading to the fitting
results shown in Figure 5a. Attempts to similarly adjust the
pKa2 value did not significantly improve the quality of the fit,
and the results obtained in such a way showed signs of
overfitting problems (Figure S9) due to the limited number of
data points at very high pH.
The value of pKa1 = 9.89 determined by fitting the kinetic

data is higher by 0.3 units than the value determined from the
spectrophotometric pH-titration (9.56 from ref 35 and 9.53
from a two-step transition model reported here Behavior of
AcMP-11 in Alkaline Solution). The discrepancy is most
probably the result of an aggregation process of AcMP-11
observed under alkaline conditions (see section Behavior of
AcMP-11 in Alkaline Solution). The aggregation has a
significant influence on the pKa1 value obtained from a pH-
dependent titration but does not affect the value determined

from kinetic studies, since by fitting a double-exponential
function to the recorded kinetic traces (see above), our
method of analysis separates the kinetic behavior of the
monomers and aggregates. Concerning the pKa2 value, the pH
dependence of the kinetic data in Figure 5a is in satisfactory
agreement with the value determined from the spectrophoto-
metric pH-titrations to within the uncertainties (12.4 from ref
35, 12.56 reported in this work). This is consistent with less
pronounced aggregation at more alkaline pH values (see
below).
Strikingly, the fitted results shown in Figure 5a, indicate that

kon
(3) is zero (with a relatively large statistical error bar). We
checked that identical kon

(1) and kon
(2) values are obtained by fixing

kon
(3) = 0 and fitting only kon

(1) and kon
(2) (and optionally also pKa1;

see Figure S9). Attempts to fit all three kon
(i) values without the

constraint of their non-negativity resulted in a slightly negative
(therefore nonphysical) value of kon

(3), again with a relatively
large statistical uncertainty. Taken together, these results are
indicative of kon

(3) being zero to within the experimental
uncertainty. In other words, our kinetic data reported in Figure
5 are consistent with the model defined in eq 8 in which only
forms 1 and 2 actively contribute to the NO binding kinetics
observed in the studied pH range (kon

(1), kon
(2) > 0), whereas form 3 is

kinetically inert (kon
(3)∼ 0; specifically, kon

(3) ≪ kon
(2)).

The values of kon
(1) and kon

(2) resulting from fitting eq 8 to the
experimental data in Figure 5a are considerably independent of
the way of treating the kon

(3) term (i.e., constrained to be non-
negative, not constrained, or fixed to zero; see Figure S9). In all
cases, the obtained value of kon

(1) is comparable to analogous
values for ferric porphyrins with labile aqua ligands.9,12,22 As
could be expected, the kon

(2) is smaller than kon
(1), but remarkably,

it is smaller by only 1 order of magnitude (i.e., kon
(1)/kon

(2) ∼
10:1). Such a high ligand-exchange reactivity is unexpected for
2, which was so far characterized as a six-coordinate metal−
hydroxo complex. Taken together with the apparent inertness
of form 3, these findings are surprising enough to deserve a
more detailed discussion in the context of the proposed
reaction mechanism (see below).

NO Dissociation Rate Constant (koff). In contrast to kon, the
determined values of koff remained constant up to pH 11.5.
The slight decrease of koff was observed only above pH 11.5.
Obtained results indicate no significant change in the rate
constant for NO release on going from [(AcMP-11)-
FeII(NO+)(HisH)] to [(AcMP-11)FeII(NO+)(His−)], Figure
6. Previously, for numerous porphyrin systems, a decrease in
the rate constant for NO binding (kon) to [(Por)FeIII(H2O)2]
in comparison to [(Por)FeIII(H2O)(OH)] or [(Por)-
FeIII(OH)] and a significant decrease in the rate constant for
the release of NO (koff) were also observed.14,18,76,77 This
observation led to the conclusion that the lability of the iron
center, which should be increased by a coordinated hydroxo
group, does not control the complexity of the observed

Scheme 2
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reactivity. The pH-dependent decrease in the rate was assigned
to a much higher activation barrier resulting from the overall
spin state change and structural reorganization on NO binding
to the aqua vs hydroxo form and, analogously, NO release from
[(Por)FeII(NO+)(H2O)] and [(Por)FeII(NO+)(OH)], respec-
tively.18

Therefore, the lack of a meaningful influence of pH in the
range up to 11.5 on the koff value for denitrosylation of AcMP-
11, suggests that no significant difference in spin and structure
reorganization occurs for NO release from these two species
[(AcMP-11)FeII(NO+)(HisH)] vs [(AcMP-11)FeII(NO+)-
(His−)]. Knowing that the koff value represents the trans-
formation of the six-coordinate nitrosyl species [(AcMP-
11)FeII(NO+)(HisH)]/[(AcMP-11)FeII(NO+)(His−)] to a
five-coordinate intermediate [(AcMP-11)FeIII(HisH)]/
[(AcMP-11)FeIII(His−)] (both species having the same high
spin state), a lack of the influence of histidine deprotonation
on the koff value is understandable (see further discussion
based on theoretical calculations).
Activation Parameters. To take a closer look at the

mechanism of NO binding by AcMP-11, the kon and koff values
were determined as a function of temperature and hydrostatic
pressure at selected pH values. The resulting activation
parameters are presented in Table 1, whereas Eyring plots of
ln(kon/T) vs 1/T at pH 7.4 and 11.0, as well as plots of ln(kon)
and ln(koff) vs pressure, are presented in Figure 7a and b.
Unfortunately, we were only able to determine the ΔV‡ at pH

7.4. Measurements of kon and koff as a function of pressure
under alkaline conditions were impossible due to the
occurrence of reductive nitrosylation, which prevented high
pressure laser flash photolysis measurements for kon (reaction
was too fast to apply high-pressure stopped flow) and
application of the NO-trapping method for koff, since they
require preparation of nitrosylated AcMP-11, which is unstable
under alkaline conditions.

Figure 6. Dependence of koff on pH for the fast reaction step of NO
binding to AcMP-11. Experimental conditions: pH 7.4−8.0 phosphate
buffer, 8.5−9.0 CHES buffer, 9.5−11.5 CAPS buffer, 12.0−12.4
NaOH, buffer concentration 0.025 M, I = 0.15 set with NaClO4,
[Ru(edta)Cl]2− = 0.5 mM, [AcMP-11] = 2 × 10−6 M, [NO] = 1.5 ×
10−5 M, T = 20 °C.

Table 1. Rate Constants and Activation Parameters for Reversible Binding of NO to AcMP-11 at Selected pH Values
Determined by Laser Flash Photolysis,a Stopped-Flow, and NO-Trapping Method (koff)

NO binding NO release

pH 7.4 9.5 10.0 11.0 7.4 11.0

k at 20 °C 3.3 × 106b,c 3.8 × 106b 2.8 × 106b 1.7 × 106b 0.6 × 106b 3.4c 3.5c

ΔH‡ (kJ/mol) 49 ± 2a 50 ± 2 47 ± 2 44 ± 2 46 ± 2 94 ± 1 87 ± 5
ΔS‡ (J/mol K) +48 ± 3a +48 ± 4 +41 ± 8 +27 ± 7 +24 ± 7 +85 ± 3 +62 ± 17
ΔV‡ (cm3/mol) +8.6 ± 0.4a +15.4 ± 0.4

aFrom laser flash photolysis. bkon in M−1 s−1. ckoff in s−1.

Figure 7. (a) Example of Eyring plots of ln(kon/T) vs 1/T at pH 7.4
and 11.0. (b) Example of plots of ln(kon) and ln(koff) vs pressure.
Experimental conditions: (a) [AcMP-11] = 2 × 10−6 M, [NO] = 5 ×
10−5 M, pH 7.4, 0.05 M phosphate buffer; pH 11, 0.05 M CAPS
buffer, I = 0.15 M (NaClO4). (b) kon: [AcMP-11] = 5 × 10−6 M,
[NO] = 7.5 × 10−4 M, pH 7.4, 0.05 M Tris buffer, I = 0.15 M
(NaClO4), T = 20 °C. koff: [AcMP-11] = 2 × 10−6 M, [NO] = 1.5 ×
10−5 M, [Ru(edta)Cl]2− = 0.5 mM, 0.05 M Tris buffer, I = 0.15 M
(NaClO4), T = 25 °C.
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As can be seen from the obtained data, positive values of
ΔS‡ under neutral and alkaline conditions, as well as a more
diagnostic positive value of ΔV‡ obtained at pH 7.4, point
toward a dissociative ligand substitution mechanism over the
whole studied pH range. This is in agreement with earlier
mechanistic studies on NO binding to six-coordinate diaqua
ligated iron(III) porphyrins, which show that the rate of NO
binding in (Por)FeIII(H2O)2 species is controlled by a rate-
limiting water dissociation.20,21 Positive values of ΔS‡ obtained
at pH 9.5−11.0 support the six-coordinate nature of form 2 of
AcMP-11.
Reaction Mechanism. Controversies. The above dis-

cussion of the pH-dependent reactivity of AcMP-11 toward
NO (Figure 5) puts to the test our current understanding of
ligand-exchange mechanisms in metalloporphyrins. In partic-
ular, the finding that form 2, characterized in the literature as
six-coordinate hydroxo complex 2a,35 binds NO only ∼10
times slower than form 1, characterized as a six-coordinate
aqua complex, is surprising in view of the expectation that the
Fe−OH bond in 2a should be inert due to its much higher
bond energy when compared with the Fe−OH2 bond in 1,
leading to a pronounced decrease in the kon value. One can
obtain a rough idea of how much the Fe−OH bond (in 2a) is
stronger than the Fe−OH2 bond (in 1) from a simple
thermochemical cycle (Figure S10, Supporting Information)
that considers the dissociation of both bonds and the acid−
base equilibria between 1 and 2a and between H2O and OH−.
This leads to the following estimate of the difference between
the Gibbs free energies of breaking the Fe−OH bond in 2a and
the Fe−OH2 bond in 1

G G

K K RT

(Fe OH) (Fe OH )

(p p ) ln 10

35 kJ/mol

2

H O/OH a12

Δ − − Δ −

= − ×

≈

−

(10)

where pKa1 = 9.6 and pKaH2O/OH
− = 15.7 are the negative

logarithms of the acidity constants of AcMP-11 (1 ⇔ 2) and
water, respectively. The use of pKa1 value 9.9 determined from
the kinetic analysis (see above, Figure 5) leads to an estimate
of 33 kJ/mol. If the above estimated difference between the
Fe−OH2/OH bond strengths (33−35 kJ/mol) governed the
rates of NO binding to forms 1 and 2, one would obtain a 105-
to 106-fold decrease of the rate constant for form 2 compared
to form 1, rather than the actually observed decrease by a
factor of only 10.
The expectation that the metal−hydroxo bond should be

inert in ligand substitution reactions is strongly supported by
the available kinetic studies of six-coordinate metalloporphyr-
ins whose pH-dependent forms have (H2O)2, (H2O)(OH),
and (OH)2 as axial ligands; of these, only the first two forms,
which have labile metal−OH2 bonds, contribute to the
observed ligand substitution rates.78−80 Within a broader
context of coordination chemistry, it is possible to find only
rare reports of metal−hydroxyl bonds being comparably
reactive in ligand substitution as metal−aqua bonds, such as
in the reaction of [Mo(O)(OH)(CN)4]

3− with 1,10-
phenanthroline81 and for some other reactions of cyanido
complexes mentioned in ref 81. However, later re-examination
of the same tetracyanomolybdate reacting with the related
bidentate ligand (2,2′-bipyridine) revealed that, in accord with
chemical intuition, the aqua form [Mo(O)(OH2)(CN)4]

2− is
“practically the only reactive species,”82 and the same regular

behavior was observed in the reactivity of the analogous
tetracyanotungstate complex with the 2-pyridinecarboxylate
ligand.83 These cyanido-based complexes for which anom-
alously high OH− exchange rates were suggested could react
under an associative mechanism, such that cleavage of a strong
metal−OH bond is no longer the rate-limiting step. However,
the analogous mechanism is improbable in the case of six-
coordinate porphyrin complexes, and actually for the present
case of AcMP-11, it can be ruled out by the measured
activation parametersindicative of the usual dissociative
mechanism over the whole pH range studied (see above).
The second unexpected observation of our findings is the

inertness of the hydroxo complex with deprotonated histidine
(form 3). Marques et al.,45 in one of their articles concerned
with kinetic studies on the MP-8 reactivity with CN−,
concluded that the microperoxidase OH− form is inert,
whereas ionization of HisH, related with the increase in charge
density on this ligand present in the trans position to the OH−

group, results in the labilization of the Fe−OH bond in form
3.36 We certainly agree that the mentioned trans effect operates
here, i.e., deprotonation of HisH elongates the Fe−OH bond
trans to it and reduces the bond energy (see DFT geometries
and bond energies compared in Figure S11, Supporting
Information). However, the Fe−OH bond remains very strong
compared with the corresponding Fe−OH2 bond (Figure
S11), conforming to the present experimental observations
that this labilization of OH− by the His− ligand in the trans
position has no “positive” effect on the reactivity of form 3 in
comparison to form 2; in fact, exactly the opposite is observed.
As a side remark, we noticed that the binding of HCN/CN−

to MP-8 studied in ref 45 is noticeably more complicated than
the presently studied binding of NO to AcMP-11, and these
complications may influence the validity of the conclusions
obtained in that study. The main complication (which is not
present in our system) is the protonation of CN− occurring
with pKa(HCN) = 9.9 that is close to the pKa1 = 8.9 value of MP-
8 (1 ⇔ 2 transformation) and to the pKa2 = 10.5 (2 ⇔ 3).
(Note that for MP-8, these pKa values are different than for the
presently studied AcMP-11). Thus, for the reaction of HCN/
CN− with MP-8 considered in ref 45, there are three
deprotonations that occur in the relatively narrow pH range
of 9−11. Another complication might be a higher tendency of
(unacetylated) MP-8 to aggregate compared to the present
case of (N-acetylated) AcMP-11. In fact, even for AcMP-11 in
the micromolar concentration range, we found the dimeriza-
tion process to be relevant in the alkaline pH near pKa1 and
accounted for this in our analysis of kinetic data (see above) by
separating the reactivity of the monomer from the slow
component related to the reactivity of the dimer. Finally, we
would like to point out that the conclusions reached in the
kinetic study of CN− binding to MP-8 in ref 10 appear to be
problematic in view of our presented data. This concerns the
notion that form 2 of MP-8 does not contribute to the overall
reactivity. The only assumption made in eq 8 is that there are
three acid−base forms of AcMP-11 coexisting in the studied
pH range that all contribute to the experimental kon value,
proportionally to their molar fractions and their acid−base
equilibria, which control the molar fractions, to settle fast
enough not to be rate-limiting steps. Similar assumptions are
also made in the kinetic model of ref 45. The common
assumption that acid−base equilibria settle fast enough not to
be rate-limiting steps is a result of the buffer being present in a
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large excess to stabilize the pH, and at the same time, it acts as
a potent reservoir and acceptor of protons.
Thus, our observation that labilization of the OH− by

deprotonation of the trans histidine does not make form 3 of
AcMP-11 active toward ligand binding, taken together with the
fact that form 2 of AcMP-11 binds the ligand unexpectedly
fast, proves that other processes rather than rate-limiting OH−

dissociation govern the reactivity of the alkaline forms 2 and 3
of AcMP-11 toward NO binding. At first sight, the high
reactivity of form 2 observed by us may seem to be consistent
with the proposal of van Wart and co-workers that form 2 of
microperoxidase is mainly a five-coordinate complex with
deprotonated histidine,84 rather than a six-coordinate complex
2a (as assumed so far). However, the positive values of ΔS‡
obtained at pH 9.5−11.0 (see above) support the six-
coordinate nature of form 2 of AcMP-11 and hence the
dissociative mechanism. Moreover, the detailed analyses of
UV−vis spectra of various microperoxidases, including AcMP-
11, performed in the Marques group,35,36 provide compelling
evidence that form 2 must be dominated by a six-coordinate
complex.
Below, we present a mechanism that can account for all the

observed effects. By performing quantum-chemical calcula-
tions, we show it to be qualitatively in good agreement with the
experimental data. The mechanism is still dissociative in
nature, but it accounts for the surprising high reactivity of form
2 by introducing the possibility of a tautomerization reaction
which was not considered up to now in mechanistic studies of
microperoxidases. The five-coordinate complex proposed by
van Wart and co-workers84 is important to account for the
unexpected high reactivity of AcMP-11, although our
calculations confirm that it is not the main molecular species
present under alkaline conditions.
Proposed Reaction Mechanism. As discussed above, three

acid/base forms of microperoxidase (1, 2, 3) are relevant in the
studied pH range. The reactivity of form 1, the [(AcMP-
11)FeIII(H2O)(HisH)] complex, is ascribed to the dissociation
of its H2O axial ligand, leading to the transient formation of a
five-coordinate complex (A), which is the NO binding target
(Scheme 3). This is the standard dissociative mechanism, well
established for analogous water-ligated ferric porphyrins.9,20,22

Under the steady-state approximation with respect to
transient A, with the realistic assumption that k−1[H2O] ≫
kA[NO], because under the experimental conditions [H2O] ≫

[NO], the effective second-order rate constant of NO binding
to form 1 of microperoxidase reads22

k
k k

k
K

k
H O H O

1
on
( ) 1 A

1 2

1

2
A=

[ ]
=

[ ]− (11)

where K1 = k1/k−1 is the equilibrium constant for water
dissociation from 1.
In the singly deprotonated form of microperoxidase (2), the

main molecular species is the six-coordinate complex [(AcMP-
11)FeIII(OH)(HisH)] (2a). As was discussed above, the Fe−
OH bond is expected to be inert, which is in contrast to the
relatively fast kinetics of the reaction of 2 with NO observed
experimentally (see above). In order to explain this paradox,
we propose that there exists a tautomeric equilibrium between
[(AcMP-11)FeIII(OH)(HisH)] (2a) and [(AcMP-11)-
FeIII(H2O)(His

−)] (2b), as illustrated in Scheme 4. Although

tautomer 2b is less stable than 2a (see further results), it has a
labile Fe−OH2 bond and hence can release the H2O ligand to
produce the five-coordinate complex (B), which is the NO
binding target. The initially formed nitrosyl product will thus
be [(AcMP-11)FeII(NO+)(His−)] (Y); depending on the pH,
it may subsequently protonate to [(AcMP-11)FeII(NO+)-
(HisH)] (X). Note that the experimental pKa(NO) value of the
[(AcMP-11)FeII(NO+)(HisH/His−)] pair is larger by more
than one unit than that of the [(AcMP-11)FeIII(H2O/
OH)(HisH)] pair (Scheme 1). The proposed mechanism is
shown in Scheme 4.
Analogously as derived above for species 1 (again, assuming

k−2[H2O] ≫ k−B[NO] and also that the tautomeric
equilibrium and acid base equilibrium settle fast), the effective
second-order rate constant for NO binding to form 2 of
microperoxidase reads

k
K K

K
k

K K
k

H O (1 ) H O
2

on
( ) 2

2

t

t
B

2 t

2
B=

[ ] +
≈

[ ] (12)

where Kt is the tautomerization equilibrium constant and K2 =
k2/k−2 is the equilibrium constant for water dissociation from
2b. The factor Kt/(1 + Kt) accounts for the fraction of reactive
tautomer 2b in form 2 being the mixture of both tautomers.
The second form of eq 12 is valid if Kt ≪ 1.
Finally, form 3 of microperoxidase (doubly deprotonated

with respect to 1) is the six-coordinate complex [(AcMP-
11)FeIII(OH)(His−)], which has an inert Fe−OH bond, and

Scheme 3. Dissociative Mechanism of NO Reaction with
Form 1 of Microperoxidase

Scheme 4. Dissociative Mechanism (with Tautomerization)
Proposed for the Reaction of NO with Form 2 of
Microperoxidase
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by contrast with 2a, it cannot tautomerize to labile Fe−OH2
species because the histidine (and any other viable proton
source in this molecule) is deprotonated. Therefore, complex 3
is inert under the dissociative mechanism, which is exactly
what the experimental data show: kon

(3) ≈ 0 within the data
uncertainty (see above).
Computational Evaluation of Proposed Mechanism.

The mechanism proposed in the previous section automatically
explains the experimental observation that form 3 is practically
inert toward the reaction with NO. Whether or not this
mechanism can also account for the observed relatively fast
kinetics of the NO reaction with form 2 as compared to form 1
depends on actual values of the thermodynamic (K1, K2, Kt)
and kinetic (kA, kB) quantities underlying kon

(1) and kon
(2). Based

on eqs 11 and 12, the ratio of the two effective rate constants
for NO binding may be viewed as a product of two factors [eq
13]

k

k

k
k

K K
K

2

1
on
( )

on
( )

B

A

t 2

1
= ×

(13)

The first factor is the ratio of the elementary rate constants for
NO binding to transient, five-coordinate species A and B. The
second factor is the ratio of the equilibrium constants, which
measures the relative lability of the axial ligand in 1 and 2: it
compares the free energy required for converting hydroxo
complex 2a (predominant tautomer of 2) into aqua complex
2b, and then into reactive B (by water dissociation), with the
free energy required for directly converting aqua complex 1
into reactive A. It is convenient to operate with the negative
logarithm of this relative lability factor, i.e. the ΔpK quantity
defined as

K
K K

K
K K Kp log p p pt 2

1
t 2 1Δ ≡ − = + −

i
k
jjjjj

y
{
zzzzz (14)

We performed quantum chemical calculations to determine the
pKi values in eq 14 from the standard Gibbs free energies of
the respective reactions (water dissociations from 1 and 2b in
the case of pK1,2; tautomerization of 2a into 2b in the case of
pKt) and making use of the fact that

K K Gp logi i iγ≡ − = Δ (15)

where γ = (RT ln 10)−1, i = 1, 2, t.
All further considerations in this section rely on having

established accurate spin-state energetics with the aid of the
DFT+ΔCC approach, which is detailed below in the section
Spin-State Energetics of AcMP-11. The thermochemical
functions (ΔG, ΔH) and resulting pK values reported below
are spin-unresolved ones, based on DFT reaction energies
computed assuming fixed HS state for all FeIII complexes (to
minimize DFT-related errors) and later corrected, based on
reliable DFT+ΔCC spin-state energetics, to reflect thermal
equilibria between all three spin states [see Computational
Methods and Models, eqs 3−5). We found this approach
necessary in order to obtain physically reasonable values, in
particular, to avoid artifactsrelated to incorrect prediction of
the lowest spin state or unbalanced energies for reactions
involving the change of spin state (even when the correct spin
states are assumed)which would appear otherwise at the
uncorrected DFT level. This approach also significantly
reduces the sensitivity of the obtained results to the choice
of DFT functional. Below, only results obtained with B3LYP-

D3 and M06L functionals are shown (in combination with the
PCM and SMD solvation), whereas additional B3LYP*-D3
and TPSSh-D3 results can be found in the Supporting
Information.

Water Dissociation Constants. Table 2 reports the
computed enthalpies (ΔH1, ΔH2), free energies (ΔG1, ΔG2),

and the corresponding pK values (pK1, pK2) describing the
dissociations of the water ligand from aqua complexes 1 and
2b. It can be seen that the SMD solvation model predicts
much lower ΔH and ΔG values than the PCM model, and
there is also some small variation of these values with the
choice of DFT method (see full set of results in Table S6,
Supporting Information). However, both solvation models and
all four tested DFT methods agree that the Fe−OH2 binding
strength is reduced (in terms of ΔG) by about 5−9 kJ/mol in
2b with respect to 1, corresponding to the reduction in the pK
values by 1−1.5 log units. This is a manifestation of the trans
labilizing effect of the His− ligand.
Interestingly, the Fe−OH2 bond enthalpy of complex 1

(ΔH1 of 42−49 kJ mol−1) obtained with the PCM model and
the corresponding entropy change (ΔS1 of 39−48 J K−1 mol−1,
calculated from ΔH1 and ΔG1) appear to be in reasonably
good agreement with the experimental activation parameters at
pH 7.4 (where species 1 is predominant): ΔH‡ of about 50 kJ
mol−1 and ΔS‡ of 48 J K−1 mol−1 (Table 1). Obviously, one
should not expect the computed bond breaking parameters
(ΔH1, ΔS1) to exactly reproduce the experimental activation
parameters (ΔH‡, ΔS‡) becauseeven for a purely
dissociative mechanismthe latter quantities, especially ΔS‡,
should also contain some information on the spin-forbidden
NO binding step to A (Scheme 3), which is not explicitly
modeled here. The other reason is the lack of full separation
between the enthalpy and free energy when using an implicit
solvation model, like PCM. Nonetheless, a reasonably good
match between the calculated Fe−OH2 bond breaking
parameters of 1 and the experimental activation parameters
at pH 7.4 shows that the former values are realistically
described by our computational protocol.

Tautomerization Constant and Acidity Constants. Table 3
reports the computed enthalpy (ΔHt), free energy (ΔGt), and
the corresponding pKt values that describe the tautomerization
of hydroxo complex 2a into aqua complex 2b. The calculated
values have some dependence on the choice of DFT method
and solvation model (see also full set of results in Table S7,

Table 2. Computed Enthalpies, Gibbs Free Energies, and
pK Values of Water Dissociation from Species 1 and 2ba,b

PCM model SMD model

B3LYP-D3
(+ΔCC)

M06L
(+ΔCC)

B3LYP-D3
(+ΔCC)

M06L
(+ΔCC)

ΔH1 42.5 49.4 18.5 21.4
ΔH2 32.0 44.3 10.8 13.3
ΔG1 30.8 34.8 6.9 11.4
ΔG2 22.7 27.0 1.6 5.2
pK1 5.4 5.8 1.2 2.0
pK2 4.0 4.4 0.3 0.9

aΔHi and ΔGi values in kJ/mol, pKi dimensionless. bThermochemical
functions were obtained by combining the DFT results in the HS
channel (Table S3) with the “ensemble corrections” at the DFT
+ΔCC level (Table S4); see Supporting Information.
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Supporting Information), but all of them confirm that
tautomerization of 2a into 2b is endothermic and endergonic.
The directly computed pKt ≈ 3 would be indicative of only

one 2b molecule for 1000 molecules of 2a. However, the
reliability of the directly computed tautomerization constant
relies on the ability of the computational protocol to correctly
reproduce relative acidities of the H2O/OH

− and HisH/His−

ligands in ferric AcMP-11. We thus calculated and compared
with the experimental values the pKa values describing
deprotonation of form 1 into 2 (pKa1), form 2 into 3 (pKa2),
and nitrosyl species X into Y. Because form 2 is not pure 2a,
but also contains tautomer 2b, in principle, one should
distinguish between the macroscopic (pKa1, pKa2) and
microscopic (pKa1/2a, pKa2a/3) acidity constants,72 leading to
the following exact relationships:

K Kp p log(1 10 )K
2aa1 a1/

p t= − + −
(16a)

K Kp p log(1 10 )K
2a 3a2 a /

p t= + + −
(16b)

In practice, the approximations pKa1 ≈ pKa1/2a and pKa2 ≈
pKa2a/3 are justified when comparing the calculated values with
experimental ones (the resulting error is within 0.1 log unit if
pKt > 0.6 and even for the extreme case of pKt = 0, it will be a
tolerable 0.3 log unit). Table 4 reports the pKa values

computed using the direct approach and proton exchange (PE)
method, based on experimental pKa’s of free water (H2O/
OH−) and imidazole (ImH/Im−). Only the B3LYP-D3-
(+ΔCC) results are shown here (in combination with PCM
and SMD solvation models), whereas the full set of results can
be found in Table S8, Supporting Information.

All applied methods (see also Table S8) qualitatively recover
the experimental trend that pKa1/2a< pKaX/Y < pKa2a/3, i.e., the
H2O ligand in 1 deprotonates more easily than the HisH
ligand in species X, and the latter one still more easily than the
HisH ligand in species 2. In quantitative terms, however, the
calculated pKa values are not perfect, and in particular they
reveal the following important shortcoming: the difference
between any of the pKa’s related to deprotonation of HisH
(pKa2a/3 and pKaX /Y) and that related to deprotonation of H2O
(pKa1/2a) is signif icantly overestimated with respect to the
experiment, particularly by the direct method (by up to 3.3
log units) and slightly less by the PE method (usually by not
more than 2 log units). The appearance of such errors in DFT-
computed pKa’s is not unusual,

86−88 especially with regard to
computationally challenging acidities of ligands in transition
metal complexes89−95 and when comparing the computed
pKa’s for protic groups with considerably different chemical
character (like here, H2O vs HisH).
It is vital to recognize that these imperfections of the

computational protocol (most likely related to the solvation
description), which lead to the error in relative pKa values of
H2O and HisH ligands, translate into a systematic error of the
directly computed tautomerization constant. Such a notion
should be clear already by chemical intuition but can be put on
firm ground with the aid of the thermochemical cycles shown
in Scheme 5, allowing the derivation of the following two

(equivalent) expressions which relate the pKt to the micro-
scopic pKa’s of which one (pKa1/2a or pKa2b/3) describes
deprotonation of the H2O; the other (pKa1/2b or pKa2a/3)
describes deprotonation of the HisH ligand:

K K Kp p p1 2b 1 2at a / a /= − (17a)

K K Kp p p2a 3 2b 3t a / a /= − (17b)

Although one of the microscopic acidity constants (pKa1/2b
or pKa2b/3) appearing in any one of the two relations given in
eqs 17a, 17b) is not measurable in the experiment, the above
experience with the measurable pKa values suggests that the
directly computed pKa’s related to deprotonation of H2O are
too low compared to those related to deprotonation of HisH,
which results in the occurrence of a systematic error in the
directly computed tautomerization constant (pKt

direct): the
H2O ligand is predicted to deprotonate too easily compared to
the HisH ligand! The systematic error in the directly computed
tautomerization constant can be reduced by the PE scheme in
which experimental pKa’s are used as the reference for
describing the microscopic pKa’s in eq 17. One possibility is
to refer to the experimental pKa’s of free ligands: ImH for the
pKa1/2b and pKa2a/3 and H2O for the pKa1/2a and pKa2b/3. This
results in the following PE-corrected estimate of the pKt:

Table 3. Computed Enthalpy, Gibbs Free Energy, and
Directly Computed Tautomerization Constant (pKt)

a,b

PCM model SMD model

B3LYP-D3
(+ΔCC)

M06L
(+ΔCC)

B3LYP-D3
(+ΔCC)

M06L
(+ΔCC)

ΔHt 39.0 24.7 24.0 20.7
ΔGt 21.0 16.3 18.2 14.2
pKt

c 3.7 2.8 3.2 2.5
aΔHt and ΔGt values in kJ/mol, pKt dimensionless. bThermochem-
ical functions were obtained by combining the DFT results in the HS
channel (Table S3) with the “ensemble corrections” at the DFT
+ΔCC level (Table S4); see Supporting Information. cDirectly
calculated from ΔGt using eq 15.

Table 4. Calculated and Experimental pKa Values

calcd B3LYP-D3(+ΔCC)

PCM,
directa

SMD,
directa

PCM,
PEb

SMD,
PEb exptl

pKa1/2a 7.5 9.4 9.1 11.6 9.6c

pKa2a/3 13.6 14.4 14.0 14.8 12.4c

pKaX/Y 11.8 13.2 12.2 13.6 11.2d

pKa H2O/OH
− 14.1 13.5 e e 15.7

pKa ImH/Im
− 14.0 14.0 e e 14.4f

aDirect method. bProton exchange (PE) method taking H2O/OH
− as

the reference for 1/2a and ImH/Im− as the reference for 2a/3 and X/
Y. cRef 35 (pKa1 and pKa2 in Scheme 1). dThis work (pKa(NO) in
Scheme 1). eIn the PE method these values are by construction
equalized to experimental ones. fRef 85.

Scheme 5. Relations between Microscopic Acidity
Constants and Tautomerization Constant [Red (Blue)
Arrows: Deprotonations of the H2O (HisH) Ligand]
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where pKt
direct is the directly computed value (in Table 3).

However, due to limited similarity of the free ligands (ImH/
Im− and H2O/OH

−) to the ligands bound to FeIII AcMP-11,
this approach is not expected to fully compensate for the
mentioned systematic error (for the same reason it does not
work perfectly for the pKa values of AcMP-11; cf Tables 4 and
S8). We thus propose to use the PE scheme with an
appropriately chosen “internal reference” that can best describe
the acidic properties of H2O and HisH ligands in AcMP-11,
namely, to pick the “experimental” pKa1/2a as the reference for
computing the pKa2b/3 (both are related to deprotonation of
the H2O ligand) and the “experimental” pKa2a/3 as the
reference for computing the pKa1/2b (both are related to
deprotonation of the HisH ligand). The reference values for
the microscopic acidities pKa1/2a and pKa2a/3 are close enough
in practice to the experimental pKa1 and pKa2 values (see
above). This PE scheme with the “internal reference” (int-PE)
leads to the following corrected estimate of the tautomeriza-
tion constant (the equation is derived in the Supporting
Information):

K K K K

K K
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direct

a2
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a1
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a /
direct

a 1/2
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= + −

− −

‐

(19)

Since the correction terms introduced in eqs 18 and 19 are on
the order of 1−3 log units (Tables 4 and S8) and are usually
negative, the resulting corrected pKt values will be smaller than
the directly computed ones (i.e., the tautomerization of 2a into
2b is more facile than it would seem to be from the raw
computed data in Table 3). The implications of these
considerations for our understanding of the reactivity of
microperoxidase are discussed below.
Relative Lability of Axial Ligand in Forms 1 and 2. We are

now in a good position to discuss the relative lability of axial
ligands in forms 1 and 2 of microperoxidasein the sense of
the ΔpK quantity defined earlier in eq 14. There are two
contributions to the ΔpK value: (1) the pK2 − pK1 term
describing the difference in water binding strengths between
the aqua complexes (2b vs 1) and (2) the pKt term related to
the free energy required for the tautomerization (2a into 2b).
Whereas the first term benefits from error cancelation and thus
its current computational estimates are expected to be reliable,
the second term suffers from systematic errors in the computed
relative acidities of H2O and HisH ligands in AcMP-11 (see
above). To overcome this problem, we introduced, above, two
empirically corrected estimates of the pKt term, which are
based on the PE (proton-exchange) method with the reference
experimental pKa values of either free H2O and ImH ligands
(pKt

PE) or these ligands in ferric AcMP-11 (pKt
int‑PE). Table 5

reports all three estimates of the pKt term (pKt
direct, pKt

PE,
pKt

int‑PE) and the resulting estimates of the ΔpK quantity
(ΔpKdirect, ΔpKPE, and ΔpKint‑PE; depending on how the
problematic pKt term is treated).
As discussed above, the directly computed pKt values (2.7−

3.7) are overestimated and hence point to the ΔpKdirect values
that are too large (1.5−2.4) to explain the experimentally
observed 10-fold decrease in the NO binding rate between
forms 2 and 1. However, this is a consequence of the above
diagnosed imperfection in the present computational protocol,

resulting in the overestimation of the acidity of the H2O ligand
relative to the HisH ligand, in turn resulting in the pKt

direct

values being too large, i.e., predicting the tautomerization being
more endergonic than it actually is. The empirically corrected
pKt values (pKt

PE and pKt
int‑PE) go qualitatively in the correct

direction to compensate for this error. Specifically, they point
(especially the int-PE estimates) to much lower pKt values
(larger amount of 2b in phase 2) and accordingly to the ΔpK
quantity being much lower than that directly computed.
Due to the limited accuracy of the computed quantities and

approximate character of the empirical corrections applied to
the pKt term, we do not have full confidence in the exact
numeric values presented in Table 5. However, the following
conclusions seem to be justified:
(1) The water ligand is labilized, by at least 1 order of

magnitude, in tautomer 2b as compared to the aqua complex 1.
This is due to the trans effect of His−, as discussed before.
(2) Form 2 of AcMP-11 contains a molar fraction of

tautomer 2b, which is definitely larger than that predicted by
the direct free energy computation (within the present
computational protocol). It is currently impossible to
determine this molar fraction exactly due to the uncertainty
in the pKt term. For instance, the int-PE estimates of the pKt
fluctuate between 1.2 (indicative of ∼5% of 2b) and 0.3
(indicative of ∼30% of 2b). All of these results are consistent
with 2a still being the predominant molecular species of form 2
(in other words, the tautomerization is confirmed to be
endergonic), but the fraction of the minor species 2b can be
rather significant.
(3) The ΔpK values describing the relative lability of the

axial ligand in forms 1 and 2 are affected by the uncertainty of
the pKt term. The empirically corrected values (ΔpKint‑PE)
suggest that the effective lability of the axial ligand in form 2
may be slightly smaller than that in form 1 (ΔpK ≈ 1),
comparable to it (ΔpK ≈ 0) or even 10-fold larger (ΔpK ≈
−1). The latter result may seem paradoxical because form 2 is
still dominated (≥70%) by the inert hydroxo complex 2a.
However, the unusual effective lability of the axial ligand in this
phase is caused by the minor species 2b, in which the axial

Table 5. Computed difference in Fe−OH2 Binding
Strengths Between 2b and 1 (pK2 − pK1), Estimates of
Tautomerization Constant (pKt

direct, pKt
PE, pKt

int‑PE) and
Corresponding Estimates of ΔpK Quantitya

PCM model SMD model

B3LYP-D3
(+ΔCC)

M06L
(+ΔCC)

B3LYP-D3
(+ΔCC)

M06L
(+ΔCC)

pK2 − pK1
b −1.4 −1.4 −0.9 −1.1

pKt
directc 3.7 2.8 3.2 2.5

pKt
PEd 2.5 3.4 1.4 2.5

pKt
int‑PEe 0.4 0.4 1.0 1.2

ΔpKdirectf 2.3 1.5 2.2 1.4
ΔpKPEf 1.1 2.0 0.5 1.4
ΔpKint‑PEf −1.0 −1.0 0.1 0.1
aFor full set of results, see Table S9, Supporting Information. bData
from Table 2. cData from Table 3. dCorrected using the PE method
based on experimental and computed pKa’s of H2O/OH

− and ImH/
Im− (eq 18, data from Table 4). eCorrected using the PE method with
internal reference (int-PE), i.e., based on experimental and computed
pKa’s of AcMP-11 (eq 19, data from Table 4). fFrom eq 14, using
either the direct, the PE, or the int-PE estimate of the pKt term.
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ligand (having the protonated form) is even more labile than in
the labile aqua complex 1.
Rates of NO Binding. In order to fully interpret the relative

kon values determined from the kinetic studies, one also needs
to take into account the kinetic factor in eq 13, namely, the
relative rates (kB/kA) of NO recombination with coordinatively
unsaturated complexes A and B, produced in both forms of
AcMP-11 by dissociation of the axial ligand. Based on the fact
that both A and B are predominantly high-spin under the
experimental conditions (see next section), whereas the
nitrosyl species are low-spin, the formation of the Fe−NO
bond is (in both cases) a spin-forbidden reaction, and hence
the rate constants kA and kB may be below the diffusion limit,
as is the case for CO binding to five-coordinate FeII in deoxy-
heme96 or NO binding to [FeIII(OH)(TMPS)].18 The
electronic structural reorganization that accompanies the Fe−
NO bond formation is even more significant than that in the
case of Fe−CO bond formation, because the nitrosyl groups in
the products have (at least formal) FeII−NO+ character,
whereas the dissociated fragments are FeIII and NO. and bond
formation proceeds through a metastable weakly bound adduct
with FeIII−NO. character.10,97 In this work, we did not attempt
to quantitatively describe the kB/kA factornot only due to
the challenge in reliable modeling of the reaction rates for such
spin-forbidden processes (see, for instance, the recent
computational study by Harvey and co-workers96) but also
in view of the considerable uncertainty caused already by the
second factor in eq 13 (relative lability of the axial ligands,

10−ΔpK), thus rendering detailed computation of the kB/kA
factor of limited practical value.
Given that complexes A and B are similar to each other

they have identical Fe oxidation and spin states (see below)
and coordination geometrythe kA and kB values may be
expected to be comparable. However, deprotonation of the
histidine ligand in B may influence the rate of ligand binding.
In kinetic studies of CO binding to five-coordinate FeII

porphyrins with ImH and Im− axial ligands,98,99 Hoffman
and co-workers demonstrated that deprotonation of imidazole
slows down the CO binding by roughly 2 orders of magnitude.
This effect is presumably caused by a stronger Fe−N(imidazole)
bond in the five-coordinate complex with deprotonated
imidazole, resulting in a larger displacement of the Fe atom
out of the porphyrin plane in this complex, and thus a higher
energy barrier associated with bond formation (because the Fe
needs to be restored toward the porphyrin plane in the six-
coordinate product). Assuming that similar factors determine
the relative rates of NO recombination with complexes A and
B, it can be assumed that the kB value is smaller than kA,
perhaps by 1 or 2 orders of magnitude, i.e., kB/kA ∼ 10−2 to
10−1. Such a crude estimate, taken together with the above
estimate of the relative lability factor, 10−ΔpK, as roughly 100 to
101 (based on the int-PE empirically corrected estimate of the
tautomerization constant), seems to fall in a qualitatively good
agreement with the experimental observation that form 2 binds
NO by about 1 order of magnitude slower than form 1.

Spin State Energetics of AcMP-11. Ferric heme
complexes of relevance to the proposed reaction mechanism

Figure 8. Relative spin-state energetics of complex 1, i.e., [FeIII(H2O)(HisH)]: (a) zero-point corrected electronic energies (ΔEe+ZPE) and (b)
Gibbs free energies (ΔG for T = 298 K) calculated with four DFT methods: B3LYP-D3, B3LYP*-D3, TPSSh-D3, and M06L, with the PCM
solvation model; (c,d) the same quantities at the DFT+ΔCC level. Underlying electronic energies are final estimates obtained from eq 1 or 2.
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(1, 2a, 2b, 3, A, B) may adopt either low-spin (LS; doublet, S
= 1/2), intermediate-spin (IS; quartet, S = 3/2), or high-spin
(HS; sextet, S = 5/2) states, the relative energies of which are
challenging to reliably calculate by DFT methods,68,100−103

causing problems both with the correct determination of the
ground state and with the energy balance for reactions where
the ground state changes at the DFT level. A crucial ingredient
of our computational studies was to solve this issue by means
of the DFT+ΔCC approach, where the error of a given DFT
method on the spin-state energetics is approximately corrected
for by comparison with reliable coupled cluster results for a
simplified model (see Computational Methods and Models).
This approach may be viewed as a practical approximation to
CCSD(T) calculations for a realistic heme model (too
expensive) in which the DFT method is used to describe the
difference between the simplified and realistic model, the latter
one including not only full ligands but also important hydrogen
bonds in the second coordination sphere,58,59 and the effect of
substituents56 and peptide backbone. The CCSD(T) method,
here used in its explicitly correlated formulation to efficiently
reach the basis set limit, not only has a reputation of the “gold
standard” of computational thermochemistry, including
transition metals,68,69,104−106 but also its accuracy for spin-
state energetics has been quantitatively confirmed by
comparison with the experimental data.107,108

Figure 8 shows bare DFT results and the corresponding
DFT+ΔCC results for the spin-state energetics of complex 1.
The energy levels correspond to either zero-point corrected
electronic energies (ΔEe + ZPE; for panels a and c) or the
corresponding Gibbs free energies (ΔG at T = 298 K; for
panels b and d), both of them relative to the HS state. As is
well-known,103 the difference between the ΔEe + ZPE and ΔG
is mainly caused by the vibrational entropy contribution
favoring a higher-spin state with increasing temperature.
A first glance at the bare DFT results in Figure 8a,b already

confirms the problem with the strong dependence of the DFT
results on the choice of exchange-correlation functional. Four
typical DFT methods used here (B3LYP-D3, B3LYP*-D3,
TPSSh-D3, M06L) disagree by as much as 70 kJ/mol on the
LS−HS relative (free) energy. Moreover, with the exception of
M06L, all tested DFT methods predict the IS state to be 20−
30 kJ/mol below the HS state; in fact, the B3LYP-D3 and
B3LYP*-D3 even point to the IS ground state. Such results are
contradictory with the experimental reports for 1 having the
HS ground state47 or predominantly HS state in thermal
equilibrium with the LS ground state.35,36,109 Similar issues
with overstabilization of the IS state by many DFT methods
(here except M06L) were also observed for other heme-related
models.68

All of these issues are alleviated at the DFT+ΔCC level
(Figure 8c,d): not only do the results become practically
insensitive to the choice of exchange-correlation functional but
also the predicted closeness of the LS and HS states for 1 is in
accord with the interpretations of the EPR and UV−vis
spectroscopic data.35,36 Moreover, in contrast to bare DFT
results (even M06L, the only one which captures the ordering
of HS and IS states qualitatively correct), the DFT+ΔCC
results show that the IS state of 1 is only slightly above the HS
state (within 10 kJ/mol). The HS−IS gap being so small is
consistent with an admixture of the IS state with the
predominant HS state (due to the spin−orbit coupling, not
included in our calculations), a feature inferred from the
experimental EPR spectra.36

Spin-state energetics for the remaining complexes (2a, 2b, 3,
A, and B) are analogously reported in Figures S12−S16,
Supporting Information. Based on the ΔG values calculated at
the B3LYP-D3+ΔCC level, Figure 9 shows the percentage

populations of the LS, IS, and HS states for all considered
ferric complexes calculated using eq 5. Comparison with
B3LYP*-D3+ΔCC, TPSSh-D3+ΔCC, and M06L+ΔCC re-
sults can be found in Figures S17−S22, Supporting
Information. The majority of our complexes are predicted to
be predominantly HS at room temperature, with the notable
exception of alkaline species 3 (LS) and 2a (significant
populations of both LS and HS states). The increased
stabilization of the LS state for these alkaline species, as
compared to 1, is qualitatively in agreement with the
interpretations of the experimental data.36 Species A and B
of microperoxidase are not experimentally characterized, but
five-coordinate monoimidazole complexes analogous to A,
either synthetic or from cytochromes c′, exhibit extremely
labile spin states,27 suggesting that their HS and IS states are
lying close in energy, so that the actual ground state observed
in the experiment can be determined by small perturbations of
the molecular environment. The closeness of the HS and IS
states for species A is qualitatively well reproduced by our DFT
+ΔCC results (Figure S15, Supporting Information), showing
that both states are indeed tightly spaced in energy (within 3
kJ/mol).
Clearly, the accuracy of computed spin-state energetics

(even with the CCSD(T) method, here approximated as DFT
+ΔCC) is still not high enough107,108 to permit quantitative
comparison with the experimental data regarding the LS−HS
thermal equilibrium or the spin−orbit admixture of the IS to
the HS state. However, the present DFT+ΔCC results appear
to be a far more reasonable starting point than bare DFT
results to at least qualitatively understand the occurrence of
these two phenomena.
As a side remark, we would like to note that the

experimental data of spin-state energetics for microperoxidases
are not far from controversies and therefore may be worth
further reinvestigations. For instance, conflicting EPR spectra

Figure 9. Percentage populations of spin states at 298 K predicted for
relevant species of microperoxidase based on the calculated free
energies (B3LYP-D3+ΔCC, PCM).
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of species 1 of AcMP-11 were reported by different groups,35,47

and these discrepancies are not accounted for properly.
Moreover, all of the currently available EPR spectra were
obtained for concentrations which are too high to assume that
microperoxidase is monomeric. For instance, the spectra of
AcMP-11 were recorded at concentrations ranging from 5.45 ×
10−4 M47 to 2.1 × 10−2 M,35 although AcMP-11 shows signs of
aggregation, possibly due to the formation of μ-oxo bridged
structures, already at the concentration of 6.0 × 10−5 M (pH
7.0, room temperature).47 Under alkaline conditions the
aggregation is even more facile, possibly due to formation of
other types of dimers (see next section). Low temperature
conditions in EPR spectroscopy, in addition, favor this
undesired aggregation. The aggregation may also be respon-
sible for the very complicated thermal dependence of the
magnetization.109 The UV−vis and Raman spectra can be
recorded at very low concentrationsthus avoiding the
aggregation problembut these spectroscopies provide only
indirect information on the microperoxidase spin-state
energetics, which is based on literature information on how
the Fe(III) spin state in similar systems affects the Soret and Q
bands and selected vibrations (see refs 34 and 35 and refs
therein).
Behavior of AcMP-11 in Alkaline Solution. Although

the behavior of AcMP-11 in a wide range of pH was previously
studied35,36 (see the Introduction), we decidedin view of the
unexpected pH-dependent reactivity and registration of doubly
exponential kinetic traces for NO binding at alkaline pHto
repeat some of the spectrophotometric titrations and to look
closer at the solution behavior of AcMP-11. The studies were
performed for 1.5 × 10−5 M and 2.8 × 10−6 M concentrations
of AcMP-11. At a first glance, the absorbance changes at a
single wavelength of 396 nm coincide with the outcome
reported by Marques and result in the determination of two
pKa values, 9.55 and 12.73, similar to the published ones
(Figure S8a).35 However, a more detailed analysis of the
overall spectral changes, in particular, the finding that attempts
at determining the pKa values for different wavelengths
resulted in widely differing results (Figure S8b), prompted us
to apply global fit analysis (Figure S23). The detailed
description of the applied approach can be found in the
Supporting Information together with the determined pKa
values (Table S10). The general conclusion, drawn from our
efforts to analyze the pH-dependent spectral changes using the
global fit approach, is that under alkaline pH, where the
combination of form 1 and 2 coexists, aggregates are formed at
relatively low AcMP-11 concentrations, which is not the case at
neutral pH, where only form 1 is present. Additional studies
provided further evidence supporting this hypothesis. One of
these was a very simple AcMP-11 dilution experiment. Various
concentrations of AcMP-11 solutions at pH 11.0 were diluted
with a buffer using the stopped-flow technique, and the
absorbance change at 396 nm was followed after mixing.
AcMP-11 dilution initiated a time dependent absorbance
increase in approximately one second. Registered kinetic traces
revealed a concentration dependent absorbance change
occurring just after dilution, assigned to aggregate decom-
position (Figure S24). No such behavior was observed in
analogous studies performed at pH 7.4, as well as after mixing
equally concentrated solutions at alkaline pH. The commonly
used test for aggregate formation is to check whether deviation
from Beer’s Law occurs. So far the aggregation propensity of
AcMP-11 via assessing deviation from Beer’s Law has been

tested only at pH 6.5, and under such pH conditions no
deviation from Beer’s Law was observed at least up to 2 × 10−5

M.35 Analogous studies performed at pH 9.6 revealed that,
under alkaline conditions, AcMP-11 aggregates form at
concentrations lower than 2 × 10−5 M (Figure S25). Another
confirmation for aggregate formation at alkaline pH comes
from kinetic studies of NO binding. As mentioned before, a
double-exponential function was necessary to properly analyze
the registered kinetic traces in the pH range 8.5−11.5. UV−vis
spectral changes for slow step did not indicate the formation of
a different nitrosylated product than the one obtained in the
main/fast reaction step corresponding to monomer reactivity.
The percentage fraction of the absorbance change (ΔAbs) for
the slow reaction step, with respect to the total absorbance
change calculated for both nitrosylation processes (fast and
slow) increases with increasing [AcMP-11], which is in
agreement with the proposed aggregate formation (Figure
S26). Interestingly, pH dependent analysis of the percentage
fraction of the ΔAbs for the slow reaction exhibits a pH
dependence. Namely, starting from pH 8.5 where kinetic traces
have a poorly developed double-exponential character, ΔAbs
increases when the pH approaches 10 and then decreases,
which corresponds to the fact that, at pH 11.5, the double
exponential character of the kinetic traces is barely observable
(Figure S27). The described observations point to a certain pH
range where the formation of aggregates is favorable, which
correlates with the coexistence of forms 1 and 2. Taking this
into account, we postulate that aggregate formation can be
associated with the trans effect of OH− in 2a, the main
molecular species of form 2, resulting in weakening of the Fe−
HisH bond (cf. DFT geometries and bond energies in Figure
S11, Supporting Information). As a consequence, HisH has the
potential to dissociate from the iron center. The “dangling”
HisH can replace the labile H2O ligand in form 1 resulting in
the formation of a dimer, having two HisH residues
coordinated to one heme (see mechanism proposed in Figure
S28, Supporting Information). Such a dimerization mechanism
can explain the observation that the preferable pH for
aggregate accumulation is around 10, very close to pKa1. At
higher pH (>11), where form 2 starts to dominate and form 1
becomes a minor species, the tendency for aggregation is
reduced, since one of the crucial reaction partners runs out.
Furthermore, accumulation of form 3 with a much stronger
Fe−His− bond (Figure S11) prevents exchanging the
“dangling” HisH between two molecules. Our observation
concerning the formation of the dimers under alkaline pH are
in line with the results reported by van Wart et al., who
proposed that, in the same pH range, AcMP-8 forms dimers via
His exchange between two microperoxidase molecules.84 In
such a dimer, one AcMP-8 heme center is five-coordinate with
hydroxo ligand, whereas the second one is six-coordinate with
two-His as axial ligands (Figure S28).84 We postulate a similar
structure for the aggregates that could be the source of
complications observed during pH-dependent studies on the
reactivity of NO with AcMP-11. However, it cannot be
excluded that, under higher AcMP-11 concentrations, μ-oxo-
bridged structures can also be formed.
The awareness of dimer formation even at relatively low

micromolar concentrations of AcMP-11 is important for
realizing that precise determination of pKa values for ionization
of coordinated H2O could be affected. As confirmed during
kinetic studies with NO, traces of aggregates can be observed

Inorganic Chemistry pubs.acs.org/IC Forum Article

https://doi.org/10.1021/acs.inorgchem.1c00933
Inorg. Chem. 2021, 60, 15948−15967

15963

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00933/suppl_file/ic1c00933_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00933/suppl_file/ic1c00933_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00933/suppl_file/ic1c00933_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00933/suppl_file/ic1c00933_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00933/suppl_file/ic1c00933_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00933/suppl_file/ic1c00933_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00933/suppl_file/ic1c00933_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00933/suppl_file/ic1c00933_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00933/suppl_file/ic1c00933_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00933/suppl_file/ic1c00933_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00933/suppl_file/ic1c00933_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00933/suppl_file/ic1c00933_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00933/suppl_file/ic1c00933_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00933/suppl_file/ic1c00933_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00933/suppl_file/ic1c00933_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00933/suppl_file/ic1c00933_si_001.pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


even at AcMP-11 concentrations as low as 2.5 × 10−6 M in the
pH range 8.5−11.5.

■ CONCLUSIONS
The reported pH dependence of the second-order rate
constant for NO binding to ferric microperoxidase-11
(AcMP-11) drew our attention to the untypical kinetic profile
for the reactivity of its three acid−base related forms (1, 2, and
3). Individual rate constants for nitrosylation of each form have
been determined, showing that doubly deprotonated form 3,
[(AcMP-11)FeIII(OH)(His−)], is practically inert, whereas
singly deprotonated form 2 binds NO by only 1 order of
magnitude slower than labile form 1, [(AcMP-11)FeIII(H2O)-
(HisH)]. Form 2 was so far described as pure [(AcMP-
11)FeIII(OH)(HisH)] species, but the inertness of the Fe−OH
bond expected for such a six-coordinate porphyrin center
(based on the literature and calculated bond energies) does
not correspond with the relatively high reaction rate herein
determined for 2. Moreover, the decrease in rate constant on
going from 2 to 3, although the latter one has a weaker Fe−
OH bond due to the trans His− effect, shows that the rates of
ligand exchange in these alkaline forms of AcMP-11 cannot be
accounted for by their Fe−OH bond strengths.
To explain the peculiar reactivity profile, we proposed that

for the singly deprotonated form 2, the dominant molecular
species [(AcMP-11)FeIII(OH)(HisH)] (2a) coexists with the
minor species [(AcMP-11)FeIII(H2O)(His

−)] (2b), being its
tautomeric form. The feasibility of the tautomer formation was
confirmed by quantum-chemical calculations, although precise
determination of the tautomerization constant was not possible
due to the challenge in reliably computing relative acidities of
the H2O and HisH ligands. The computational estimates based
on the proton exchange scheme suggested that the tautomeric
form may be relatively abundant (from a few % up to as much
as 30%) in the macroscopic pH-dependent phase 2. According
to that, the reactivity observed under alkaline conditions,
where form 2 dominates, is assigned to the NO binding to the
tautomeric [(AcMP-11)FeIII(H2O)(His−)] species, whose
H2O ligand is even more labile than that in form 1 due to
the activating trans effect of His−. The proposed mechanism
not only accounts for the unexpectedly high reactivity of form
2 but also explains the inertness of form 3 by the lack of any
proton source in it, preventing its tautomerization to labile
Fe−OH2 species.
The present study for the first time points out that the

reactivity of a six-coordinate heme center possessing two protic
ligands may be influenced by the tautomerization equilibrium
in such a way that, although one of these ligands deprotonates
preferentially, the minor tautomer with the alternative ligand
deprotonation can govern the reactivity. To describe such a
situation, the concept of “effective lability” of the axial ligand
was coined, taking into account both the excess free energy of
the tautomer (inversely related to its equilibrium concen-
tration) and the propensity of the tautomer to dissociatively
exchange the ligand. Our results hence suggest that the
“effective lability” of the oxygen-based axial ligand in form 2 of
AcMP-11 is very high, comparable to the lability of the H2O
ligand in form 1, although the axial ligand has OH− character
in the majority of molecules belonging to form 2.
The present study reports a rare example of a well-

characterized system where the tautomerism is shown to play
a crucial role in the reactivity. Therefore, the reported
mechanistic explanations, although established in the specific

case study of MP-11, may be of relevance for understanding
pH-dependent reaction mechanisms for six-coordinate por-
phyrins and other transition metal complexes having more than
one type of protic ligands. Reported studies may be of interest
also for the broader scientific community due to possible
catalytic, electrocatalytic, and biomedical applications of this
heme peptide.
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