
DOI: 10.1002/chem.200600748

Protonated Heme

Barbara Chiavarino,[a] Maria Elisa Crestoni,[a] Simonetta Fornarini,*[a] and
Carme Rovira*[b]

Introduction

The prosthetic group constituted of an ironACHTUNGTRENNUNG(II/III)–protopor-
phyrin IX complex is the core of heme proteins, a vast
family of metalloproteins promoting such diverse functions
as dioxygen transport and storage, electron transfer, oxida-

tion of organic compounds, and hydrogen peroxide dispro-
portion.[1,2] The versatile functions presented by heme
groups in biological and synthetic systems has also made
these units an interesting choice for incorporation in mono-
layers on solid supports, for the development of sensing de-
vices towards simple inorganic molecules, and for the design
of building blocks to construct solids with specific proper-
ties.[3] In heme proteins, it is well established that the protein
matrix controls the reactivity of the prosthetic group both
affecting the coordination environment and directing long-
range interactions.[4] For this reason the protein composition
and structural organization are important factors in regulat-
ing the heme–protein activity. Sustained efforts are aimed at
dissecting the relative weight of the various factors contribu-
ting to the properties of the heme protein, some of which
utilize artificial model systems.[5–8] It is conceivable, howev-
er, that the intrinsic features of the heme group may be best
ascertained in the gas phase, in the lack of both a protein
matrix and a solvation medium. When considered in an iso-
lated state, theoretical approaches to the structure and func-

Abstract: The ions formally corre-
sponding to protonated heme [FeII–
hemeH]+ have been obtained by colli-
sion-induced dissociation from the
electrospray ionization of microperoxi-
dase (MP11) and their gas-phase
chemistry has been studied by FTICR
mass spectrometry. H/D-exchange re-
actions, used as a tool to gain informa-
tion on the protonation sites in poly-
functional molecules, show that labile
hydrogens pertain to the propionyl sub-
stituents at the periphery of the proto-
porphyrin IX. Several conceivable iso-
mers for protonated heme have been
evaluated by density functional theory.
The most stable among the species in-
vestigated is the one corresponding to
protonation at the b carbon atom of a

vinyl group, yielding a proton affinity
(PA) value for [FeII–heme] of
1220 kJmol�1. This high PA is consis-
tent with the inertness of the hydrogen
atoms at the protonation site towards
H/D exchange with ND3 and
CD3CO2D. Peculiar features of this
[FeII–hemeH]+ isomer emerge by anal-
ysis of its electronic structure, showing
that the vinyl group undergoing formal
protonation has gained significant radi-
cal character due to electron transfer
from the metal center. As a conse-

quence, the iron atom acquires partial
iron ACHTUNGTRENNUNG(III) character and none of the two
formal descriptions [FeII–hemeH+] and
[FeIII–hemeHC]+ alone may adequately
illustrate the protonated heme ion. In
agreement with this description, the re-
activity of protonated heme presents
dual facets, resembling ironACHTUNGTRENNUNG(III) in
some aspects and iron(II) in others. On
the one hand, protonated heme be-
haves like [FeIII–heme]+ ions in H/D-
exchange reactions. On the other, it
shows markedly decreased reactivity
towards the addition of ligands with
the notable exception of NO, in line
with the high affinity shown by iron(II)
complexes towards this molecule, NO,
of key biological role.

Keywords: density functional calcu-
lations · FTICR mass spectrometry ·
ion-molecule reactions · iron ·
molecular dynamics

[a] Dr. B. Chiavarino, Prof. M. E. Crestoni, Prof. S. Fornarini
Dipartimento Studi di Chimica e Tecnologia delle Sostanze
Biologicamente Attive, Universit= di Roma “La Sapienza”
P.le A. Moro 5, 00185 Roma (Italy)
Fax: (+39)06-4991-3602
E-mail : simonetta.fornarini@uniroma1.it

[b] Dr. C. Rovira
Centre de Recerca en QuFmica TeGrica
Parc CientFfic de Barcelona, Josep Samitier 1–5
08028 Barcelona (Spain)
Fax: (+34)93-403-7225
E-mail : crovira@pcb.ub.es

Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.

J 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 776 – 785776



tion of heme-type groups may be applied in a straightfor-
ward way,[7,9] without any need to account for a protein/sol-
vent environment.[10] The structural features and the elec-
tronic properties of the heme group or of heme models have
been the topic of innumerable studies based on various com-
putational approaches.[11] Significant contributions to the un-
derstanding of heme-group chemistry have been a result of
theoretical investigations of the iron–porphyrin complexes
with diatomic molecules, such as O2, CO, and NO by using
density-functional-based calculations.[11a,12] The FeP complex
(in which P is the dianion of porphine) has been frequently
used as a simplified model of the heme group, relying on
the fact that porphyrin substituents have been shown not to
significantly affect the electronic structure of iron–porphyrin
complexes,[13] whereas the axial ligands are confirmed to
play a role in the biological activity of the heme unit.[14] Sim-
ilar theoretical approaches have also been used to study the
process of ligand binding and the effect of porphine sub-
stituents on the ligand binding properties.[15]

The iron(II)–protoporphyrin IX complex [FeII–heme] is
itself neutral and gas-phase studies using MS techniques nor-
mally handle charged species. A few charged iron–porphyrin
complexes have been produced by various means.[16] Iron
porphyrin ions may be synthesized in the gas phase by the
metallation reaction of porphyrins with Fe+ ions obtained
by laser ablation.[17] The metallation of the porphyrin ring
system has been extensively studied both in solution and in
biological systems and its mechanism has been recently ex-
amined theoretically.[18] Alternatively, electrospray ioniza-
tion (ESI) affords a convenient source of iron–porphyrin
ions, which have been investigated for their binding proper-
ties to ligands coordinating to the vacant axial sites.[19] The
selected ligands include nitric oxide,[19a] nitrogen bases,[19b]

and various neutrals possessing functionalities that are pres-
ent in a protein backbone.[19c] Both kinetic and thermody-
namic parameters for the iron–porphyrin ion association re-
action in the gas phase have been reported. ESIMS has also
been used to gain information on the complexes formed in
solution between iron–porphyrin ions and ligands, including
antimalarial drugs.[20] However, an important issue affecting
the properties of iron–porphyrin species, namely the oxida-
tion state of iron, has not been specifically addressed. For
example, only [FeIII–heme]+ ions have been examined to es-
tablish a relative (and absolute) scale of free energies of as-
sociation to a series of model compounds.[19c] One problem
regarding gaseous [FeII–heme] is the lack of net charge. A
positive charge may be imparted on FeII–porphyrin com-
plexes by protonation of basic substituents on the tetrapyr-
role ring, as obtained by ESI of iron tetrapyridylporphyrin
chloride.[19a] The present study is aimed at characterizing the
[FeII–hemeH]+ ion, formally corresponding to protonated
[FeII–heme], in which the naked prosthetic group is pertur-
bed only by the presence of an additional proton. [FeII–
hemeH]+ has been obtained by ESI of appropriate precur-
sors and its ion chemistry has been investigated by FTICR
mass spectrometry. The association reactions with exemplary
neutrals and H/D-exchange reactivity have been investigat-

ed, thus allowing a comparative assay of [FeII–hemeH]+ and
[FeIII–heme]+ ions. At the same time, a theoretical study by
using density functional theory (DFT) has provided an in-
sight into the equilibrium geometries and electronic struc-
ture of formal [FeII–hemeH]+ ions.

Results

Gas-phase ion chemistry : [FeIII–heme]+ ions are obtained
directly by submitting to ESI a hemin chloride [FeIII–heme+

Cl�] solution so that the whole process implies the transfer
of ions from solution to the gas phase with concomitant des-
olvation.[19c] A different entry is, however, needed to pro-
duce gaseous [FeII–hemeH]+ ions. These species are report-
ed to be the collision-induced dissociation (CID) products
of ionized cytochrome c, a heme protein containing a cova-
lently bound FeIII–heme group.[21] In a study of the dissocia-
tion reactions of cytochrome c ions, the formation of a frag-
ment ion in the reduced state has been ascribed to an elec-
trochemical reduction of the protein occurring in a nanoe-
lectrospray capillary.[22] However, the infrared multiphoton
dissociation, a particularly “soft” activation technique, of cy-
tochrome c ions is also found to release [FeII–hemeH]+ ions,
showing that the iron center of the heme group formally
gains one electron during dissociation.[23] If cytochrome c is
a useful source of [FeII–hemeH]+ ions, it is possible that a
peptide fragment of the protein may display the same be-
havior. Indeed abundant [FeII–hemeH]+ ions are obtained
when microperoxidase (MP11, the heme undecapeptide de-
rived from enzymatic cleavage of cytochrome c) is submit-
ted to ESI. A high capillary to skimmer potential difference
is applied to promote CID. In this way, the problem of ob-
taining [FeII–hemeH]+ ions by protonation of [FeII–heme] is
circumvented, a neutral that would not be easy to handle in
our apparatus. In forming [FeII–hemeH]+ ions by either
route, the question rises as to where the site is on which the
additional hydrogen is attached. This problem has been ad-
dressed both by experiment and by theoretical calculations.

H/D exchange : H/D-exchange reactions are a useful probe
of ionic structures and provide a valuable tool for the study
of both positively and negatively charged species.[24] The ef-
ficiencies for the isotope-exchange reaction are found to
correlate with the energetics of formation of the association
complex between the ion and the exchange reagent, at least
within a wide range of relatively simple species.[25] Renewed
interest in H/D-exchange reactions is due to their use as a
tool to provide information on highly complex species, such
as protonated peptides and proteins.[26,27] The reactivity of
[FeII–hemeH]+ ions towards H/D-exchange has been as-
sayed and compared with the reactivity behavior of [FeIII–
heme]+ ions. D2O, CD3CO2D, and ND3 have been used as
H/D-exchange reagents, by introduction to the FTICR cell
at constant pressure and enabling the ESI-formed ions to
react for variable delay times as long as few hundred sec-
onds. The results outlined in Table 1, show that D2O is not
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effective, at least in the present experimental setup. D2O,
with a proton affinity (PA) of 691 kJmol�1,[28] is the least
basic among the selected neutrals and this is a detrimental
factor for activating D-atom incorporation within weakly
acidic ions. In fact, for a large range of protonated simple
compounds and exchange reagents the H/D-exchange rate is
known to increase as the PA difference between the pair de-
creases, with a DPA limit of approximately 80 kJmol�1, in-
hibiting the exchange process.[25] In the case of protonated
species that are increasingly complex, this limit is shifted to
higher values, reaching approximately 250 kJmol�1 for gly-
cine oligomers, for example.[29] Adopting this same limit, the
present result would suggest a PA value for [FeII–heme]
greater than 941 kJmol�1. As shown by the data reported in
Table 1, both CD3CO2D (PA=783.7 kJmol�1)[28] and ND3

(PA=853.6 kJmol�1)[28] can activate the exchange of up to
two hydrogen atoms. However, the ion abundance profiles
(Figure 1) show that the D-incorporation reaction of [FeII–
hemeH]+ ions in the presence of CD3CO2D does not go to
completion.

The relative ion abundances reach constant ratios result-
ing from the incomplete deuteration of the exchange re-
agent. In fact, in spite of a preliminary thorough equilibra-
tion of cell and inlets with D2O, some residual source of ex-
changeable protons is probably responsible for the depleted
D content (approximately 64%) in CD3CO2D with respect
to the stated composition. The end ion abundances for the

d0, d1, and d2 species in Figure 1 (16, 45, and 39%, respec-
tively) reflect the statistical distribution (13, 46, and 41%)
expected for the exhaustive exchange of two labile hydrogen
atoms. The incomplete deuteration of the reagent makes the
H/D-exchange reaction reversible to a certain extent and
therefore responding to Equation (1). The kinetics of the
first exchange have been evaluated from the initial rates ob-
tained from the semilogarithmic plots of the [FeII–hemeH]+

ion (d0) abundance versus time. The so-obtained rate con-
stant, kexp, and corresponding reaction efficiency (F) are
given in Table 1. The time-dependence of the ion abundance
of [FeII–hemeH]+ (d0) and the product ions incorporating
one (d1) or two (d2) D atoms can also be analyzed by a ki-
netics fitting program[31] to yield the rate constants for the
sequential H/D exchanges. The second-order rate constants
k1 and k2 are given in parentheses in Table 1.

d0 Ð
k1

d1 Ð
k2

d2
ð1Þ

The exchange reactivity with CD3CO2D displayed by
[FeIII–heme]+ is similar to the one shown by [FeII–hemeH]+ ,
both for the number of labile hydrogens and for the rate
constant values, differing by less than a factor of two. The
two ions behave similarly also with respect to ND3 as the ex-
change reagent, both reacting distinctly faster, as expected
based on the higher PA of ND3. As shown by the time de-
pendence of ion abundances for the [FeII–hemeH]+ ions re-
action with ND3 displayed in Figure 2, the d2 ion is by far
the prevailing species, once a quasi-stationary state is
reached.

As seen in the CD3CO2D reaction, the relative distribu-
tion of deuterated ions is in agreement with the D content
of the exchange reagent, determined by internal ionization
of the neutral inside the cell. In spite of the higher exchange
rates, ND3 also fails to deliver more than two D atoms. In a
further effort to drive the ions towards a more extensive H/
D exchange, both [FeIII–heme]+ and [FeII–hemeH]+ have
been produced by ESI using deuterated methanol as the sol-

Table 1. H/D-exchange rates for heme cations with gaseous reagents.

Reactant ion Exchange
reagent

kexp
[a] F[b] Observed number of

incorporated D atoms

[FeII–hemeH]+ D2O – – 0
[FeIII–heme]+ D2O – – 0
[FeII–hemeH]+ CD3CO2D 0.73 (1.2,

0.62) (1.8,
1.9)

6.2 2

[FeIII–heme]+ CD3CO2D 1.42 (1.9, 1.1)
(2.9, 3.3)

12.0 2

[FeIII–heme-
ACHTUNGTRENNUNG(OCH3)]

+

CD3CO2D 0.92 8.0 1

[FeII–hemeH]+ ND3 5.81 (11.5,
8.9) (13.4,
14.8)

37.3 2

[FeIII–heme]+ ND3 9.57 (10.1,
8.4) (11.8,
14.0)

61.3 2

[FeII–
hemeH]+ [c]

ND3 n.a. n.a. 2

[FeIII–heme]+ [c] ND3 n.a. n.a. 2

[a] Phenomenological rate constant for the incorporation of the first D
atom, in units of 10�10 cm3 molecule�1 s�1, at the temperature of the
FTICR cell of 300 K. Values for the rate constants of the two sequential
exchange steps as obtained by the KinFit program are given in parenthe-
ses. When these values are corrected by statistical factors accounting for
the number of H and D atoms involved in each elementary step (see
text), the rate constant values are given in italics. [b] F=kexp/kcoll P100.
kcoll is evaluated by using the parameterized trajectory theory.[30] [c] The
reactant ion in these experiments is a d2 ion, as obtained by ESI of a so-
lution in deuterated solvents. n.a. stands for “not applicable” because H/
D incorporation does not proceed beyond the incorporation of two deu-
terium atoms that are already present in the reactant ion.

Figure 1. H/D-exchange kinetics for [FeII–hemeH]+ ions reacting with
CD3CO2D (1.7P10�7 mbar). The notation dn refers to the number (n) of
deuterium atoms incorporated into each species.
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vent. Under these conditions, both ions are formed as d2

species. However, they both fail to show any further D in-
corporation when they are exposed to ND3 in the FTICR
cell for several hundred seconds.

To gain information on the exchange site, the monometh-
yl ester derivative of [FeIII–heme]+ ([FeIII–heme ACHTUNGTRENNUNG(OCH3)

+])
has been tested and found to undergo just one H/D ex-
change when reacted with CD3CO2D (Table 1).

Ligand association reactions : The reaction of [FeIII–heme]+

with ND3 and CD3CO2D leads not only to H/D-exchange
products, but also to adduct ions. Ligand-addition reactions
to [FeIII–heme]+ have been described[19] and the kinetic and
thermodynamic features for the association of NH3 have
been reported for a series of model ligands.[19c] The ligand
addition reactions to [FeIII–heme]+ studied in FTICR were
found to obey second-order kinetics, first order in the re-
agent ion and first order in the neutral ligand. This finding
was interpreted as evidence for a prevailing radiative mech-
anism for the stabilization of the adduct ion, primarily
formed with excess internal energy due to the exothermicity
of the association process.[19c] The free-energy change for
NH3 binding to [FeIII–heme]+ is equal to 69 kJmol�1 and
also carbonyl compounds, such as acetone and methyl ace-
tate behave as effective ligands. Thus, it is not unexpected
that acetic acid also displays ligand-binding behavior to-
wards [FeIII–heme]+ [Eq. (2), L=CD3CO2D] with a second-
order rate constant of 7P10�12 cm3 molecule�1 s�1, corre-
sponding to a reaction efficiency of 0.6%. The rate of H/D
exchange is approximately 20 times higher than that of the
association reaction. The corresponding ratio is approxi-
mately 30 for the competing H/D exchange and association
reactions of [FeIII–heme]+ with ND3.

½FeIII � heme�þ þ L ! ½FeIII � hemeðLÞ�þ ð2Þ

In contrast with the ligand-association reactivity of [FeIII–
heme]+ , [FeII–hemeH]+ ions do not add to CD3CO2D nor
to ND3. Because the efficiency towards association to [FeIII–
heme]+ correlates with the gas-phase basicity of the li-

gand,[19c] a strong base,[28] such as (C2H5O)3P has been react-
ed with [FeII–hemeH]+ and found to undergo a fast associa-
tion process [Eq. (3), L= (C2H5O)3P], though not as fast as
the reaction with [FeIII–heme]+ .

½FeII � hemeH�þ þ L ! ½FeII � hemeHðLÞ�þ ð3Þ

Finally, given the central role that the heme group plays
in NO binding and regulation, the reaction of NO with
[FeII–hemeH]+ is reported and evaluated against the re-
markably high association efficiency displayed by [FeIII–
heme]+ . Table 2 summarizes the kinetic data for the associa-
tion reactions.

The reactivity of [FeII–hemeH]+ has been examined to-
wards neutrals, such as dimethyldisulfide, that are known to
behave as radical traps and have been used to characterize a
free radical site in gaseous ions.[32] However, [FeII–hemeH]+

failed to show any reactivity either with dimethyldisulfide or
with potential donors of a hydrogen atom, such as tetrahy-
drofuran or 2-methoxypropene.

Computed structures for protonated [FeII–heme]: The Car–
Parrinello (CP) method, based on combining DFT with mo-
lecular dynamics (CPMD) provides a powerful approach in
the study of biomolecular systems.[33] Besides the various
heme models that have been successfully analyzed by
CPMD,[11a,14b] the prototypical [FeII–heme] complex has
been examined by complete structural relaxation in three
different spin states, with the triplet state found to have the
lowest energy.[13] The comparison with the simplified FeP
model has shown that the presence of vinyl, methyl, and
propionate substituents on the porphyrin ring does not have
any significant influence on the D4h iron–porphyrin core of
FeP, in terms of both structural and electronic features.[11a]

In the lack of an X-ray structure of synthetic [FeII–heme],
its CPMD-optimized structure was used in the computation-
al study of [FeII–hemeH]+ . Several isomers can be obtained
in which a proton is formally placed on one of the distinct
sites available. Figure 3 illustrates the numbering of carbon
and oxygen atoms on the porphyrin ligand.

Figure 2. H/D-exchange kinetics for [FeII–hemeH]+ ions reacting with
ND3 (3.0P10

�8 mbar).

Table 2. Ligand (L) association reactions of heme cations.

Reactant ion L kexp
[a] F[b]

[FeIII–heme]+ CD3CO2D 0.07 0.6
[FeIII–heme]+ ND3 0.34 2.0
[FeIII–heme]+ NO 0.22[c] 3.0[c]

[FeIII–heme]+ ACHTUNGTRENNUNG(C2H5O)3P 13.0[c] 98[c]

[FeII–hemeH]+ CD3CO2D – –
[FeII–hemeH]+ ND3 – –
[FeII–hemeH]+ NO 0.33 4.4
[FeII–hemeH]+ ACHTUNGTRENNUNG(C2H5O)3P 4.0 34

[a] Phenomenological rate constant for the ligand addition reaction, in
units of 10�10 cm3 molecule�1 s�1, at the temperature of the FTICR cell of
300 K. [b] F=kexp/kcoll P100. [c] See reference [19c].
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Henceforth, the convention is adopted that atom(no)H+

will represent [FeII–heme] with an added H atom on

atom(no) and an overall positive charge. For example,
O1H+ stands for the species that is formally obtained by
protonation of [FeII–heme] on the carbonyl oxygen that is
labeled O1 in Figure 3. The relative energies of the various
isomers depicted in Figure 4 are summarized in Table 3,
while the list of structural parameters is provided in
Table S1 of the Supporting Information.

The selected isomers do not include all possible species
that can be obtained by protonating [FeII–heme] at the sev-
eral nonequivalent protonation sites. The species listed in
Table 3 and illustrated in Figure 4 are rather selected repre-
sentatives of the structures that can be formed. For example
C7H+ has a counterpart in C7’H+ , both obtained by proto-
nation at the b carbon atom of a vinyl group, O1H+ is a
close relative of O1’H+ , both being carbonyl-protonated
species. The C7H+ isomer, representative species formally
derived from protonation at the b carbon atom of the vinyl
group, is remarkably more stable than the one formed by
protonation at the a carbon atom of the vinyl group, C6H+ .
This finding is in agreement with the proton acceptor behav-
ior of styrene, in which b protonation of the vinyl group
yields a carbenium ion stabilized by electron release from
the adjacent phenyl ring. The relative energy of C7H+

yields a PA value of 1220 kJmol�1 for neutral [FeII–heme].
The C2H+ and C1H+ isomers are formally obtained by pro-
tonation at the b and a carbon atoms of a pyrrole ring, re-
spectively, and the former is significantly more stable. In
free neutral pyrrole, the preferred protonation site is the a

carbon atom, although favored by only a few kJmol�1 with
respect to the b carbon atom.[34] Obviously, the inclusion of
the pyrrole unit in the anionic porphyrinato ligand causes
profound changes in the electronic features and chemical
properties of this moiety. The Fe-protonated species, FeH+ ,
is endowed with similar stability to C2H+ and C5H+ , their

relative energies differing by less than 5 kJmol�1. It may be
interesting to compare FeH+ with protonated ferrocene, in
which the comparable energy of the metal-protonated spe-
cies and of an agostic structure with an additional interac-
tion of the proton with one of the cyclopentadienyl rings is
thought to account for the mobility of the proton.[35] Howev-
er, in the present system, the iron site is quite remote from
the C2 and C5 carbon atoms, which in turn are parted by

Figure 3. Atom-numbering convention used to define the position of the
added hydrogen and the geometrical parameters of the computed [FeII–
hemeH]+ isomers.

Figure 4. Optimized structures for [FeII–hemeH]+ ions. The asterisk
marks the site of the additional proton.

Table 3. Relative energies of optimized structures of [FeII–hemeH]+ iso-
mers.

Species Erel
[a] Species Erel

[a]

C7H+ 0.0 N1H+ 86.9
C2H+ 57.7 C1H+ 103.7
FeH+ 61.9 O1H+ 142.1
C5H+ 63.5 C6H+ 160.1

[a] Relative energies (in kJmol�1) obtained by DFT calculations.
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the a carbon atom of a pyrrole ring so that [FeII–hemeH]+

should not be expected to undergo any rapid hydrogen mi-
gration or exhibit any fluxional behavior. The nitrogen-pro-
tonated species N1H+ is markedly less stable than the ther-
modynamically favored isomer C7H+ , although its energy is
comparable with that of the other next closely lying species,
C2H+ , FeH+ , C5H+ , and C1H+ . Indeed, a nitrogen-proton-
ated porphyrin intermediate has been suggested to play a
role in cytochrome P450 chemistry by means of a hydrogen
shuttle mechanism accounting for benzene hydroxylation.[9c]

Finally, O1H+ is the species formed if the proton is attached
to the propionyl group. Protonation involves the carbonyl
oxygen, known to be the favored protonation site in carbox-
ylic acids.

The computational data can be further analyzed with re-
spect to the spin-density distribution. Indeed, although spec-
troscopic methods for studies of paramagnetic molecules,
such as electron spin resonance (ESR) and nuclear magnetic
resonance (NMR) spectroscopy can provide information on
the spin-density distributions for hemes, the most accurate
means of gaining information about the spin delocalization
appears to rely on quantum chemical calculations.[36]

Figure 5 depicts the spin-density distribution in the most
stable species, C7H+ , in few other low lying isomers, C2H+ ,
FeH+ , C5H+, and in relatively higher energy species, N1H+,
O1H+ . Excess a spin density is represented in blue regions,
whereas excess b spin is found in yellow areas.

As illustrated in Figure 5, the spin density distribution in
C7H+ , the most stable isomer, shows an excess of a spin at
the central iron atom. However, a peculiar feature in C7H+

is the presence of a significant excess of b spin on the por-
phyrin frame. In particular, excess b spin is located on C6 so
that the former vinyl group in protoporphyrin IX (P-IX) has
acquired significant ethyl radical character. The situation
can be described as arising from the transfer of an electron
from FeII to the protonated porphyrin system as depicted in
the inset of Figure 5. Integration of the spin density on the
porphyrin gives a total of 0.55 electrons for the net-charge
transfer from the iron to the porphyrin, which corresponds
to an intermediate situation between [FeII–HemeH+] and
[FeIII–hemeHC]+ . Therefore, a comprehensive view of C7H+ ,
representing the most stable isomer of protonated heme,
should include a contribution with iron ACHTUNGTRENNUNG(III) character at the
metal center and radical character in proximity of the added
hydrogen.

A certain contribution of an electronic structure corre-
sponding to [FeIII–hemeHC]+ is clearly manifest also in the
other isomers examined (as shown by the spin-density distri-
butions depicted in Figure 5). A noticeable exception,
namely a species lacking any significant porphyrin-based
radical character, is presented by the Fe-protonated, N-pro-
tonated, and O-protonated isomers, FeH+ , N1H+ , and
O1H+ , respectively. In the first two cases (FeH+ and N1H+),
there are two unpaired electrons mainly localized on the
iron atom, as in neutral [FeII–heme]. In the last case (O1H+),
there is partial electron transfer from the iron to the proton-
ated carboxyl moiety.

Discussion

The [FeII–hemeH]+ species, hitherto named protonated
heme, poses several interesting questions in spite of its ap-

Figure 5. Side and top view of the spin distribution in exemplary isomers
of [FeII–hemeH]+ ions. Blue regions denote excess a and yellow areas
excess b density.
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parent simplicity. The first question regards the site of
proton attachment. In the present case, the ions centered at
m/z : 617, formally corresponding to [FeII–hemeH]+ , are not
the product of a simple proton-transfer reaction to free
heme, rather being formed by a dissociation process from a
precursor owning a covalently bound heme group. A useful
tool to obtain an insight into the site of protonation, the
number of labile hydrogens, and the possible mobility of hy-
drogen over multiple sites is based on H/D-exchange reac-
tions. When [FeII–hemeH]+ ions are exposed to a gaseous
exchange reagent, such as CD3CO2D, one observes incorpo-
ration of D atoms, their number never exceeding two. The
incorporation of these two D atoms reaches an equilibrium
in which the isotopic ion abundances reflect the effective D
content of the exchange reagent in the reaction cell. The
same extent of D incorporation is observed when ND3 is
used, namely in the presence of a reagent of higher basicity
and higher number of exchangeable D atoms, besides higher
D isotope content in the conditions of the experiments. This
constant number of two H/D exchanges is also verified for
[FeIII–heme]+ ions. Moreover, when both [FeII–hemeH]+

and [FeIII–heme]+ ions are obtained from a CH3OD solution
of their neutral precursors, hemin chloride and microperoxi-
dase, respectively, their mass analysis reveals once again
that only two D atoms are incorporated from the solvent
and the so-obtained deuterated species are further unreac-
tive with ND3 in the FTICR cell. The combined evidence
speaks in favor of an exchange process involving the hydrox-
yl groups of the propionyl substituents, known to be ex-
changeable sites in solution. At the same time, the possibili-
ty may be discarded that the carboxyl groups are the stable
protonation sites. In this case, the hydrogen atoms expected
to undergo exchange should include the former two hydrox-
yl hydrogens of neutral heme and the added proton, making
a total of three. Thus, it is inferred that the H/D-exchange
process involves the neutral propionyl groups at the periph-
ery of the positively charged heme-type ions. This conclu-
sion is confirmed by the single D-atom incorporation when
one of the propionyl groups is turned into a methyl ester.
The two likely mechanisms by which the H/D-exchange pro-
cess may occur in the present system are described in the
landmark paper by Campbell et al. ,[29a] with betaine
((HO)CO�CH2�N ACHTUNGTRENNUNG(CH3)3

+) as the model system. In the first
mechanism, an intermediate zwitterion is formed (as in the
so-called salt bridge mechanism), as depicted in Equa-
tion (4) in which the carboxyl group undergoing H/D ex-
change is shown. The CO2H group is bound to the remain-
ing portion (R+) of [FeII–hemeH]+ or [FeIII–heme]+ .

RþCO2HþND3 ! ½RþCO2H ND3� ! ½RþCO2
�ND3H

þ�
! ½RþCO2D ND2H� ! RþCO2DþND2H

ð4Þ

In the second mechanism a “flip-flop” exchange is operat-
ing; this is depicted in Equation 5, which shows CD3CO2D
as the exchange reagent. Acetic acid is in fact known to be

prone to undergoing a multicenter exchange in the hydrogen
bonded dimer.[29a]

The experimental data available do not enable us to dis-
criminate between these two pathways, which is beyond the
scope of the present study. However, the distinctly higher
reactivity of the stronger base ND3 suggests a mechanism
for this molecule involving a net proton transfer event
within the collision complex [Eq. (4)]. In either mechanism
the H/D exchange is activated by the energy released in the
ion neutral complex by electrostatic and hydrogen-bond in-
teractions. The conclusion common to both [FeII–hemeH]+

and [FeIII–heme]+ ions is then that the H atoms undergoing
exchange belong to the propionyl functionalities and are
therefore relatively far apart in the molecular frame. A
question may rise as to whether the exchange reagent may
sample both sites within the same ion neutral complex. As-
suming that this condition holds, the rate constants for the
stepwise exchanges that were obtained by a kinetic fitting
program have been statistically corrected yielding the values
reported in italics in Table 1. The corrected k1 and k2 values
turn out to be very close, as expected for the reaction of two
equivalent sites undergoing H/D equilibration with the ex-
change reagent in a relatively long-lived complex. It is inter-
esting to note that the remaining portion (R+) of [FeII–
hemeH]+ or [FeIII–heme]+ , differing for the formal oxida-
tion state of iron and for the presence of an additional H
atom, does affect to some extent the kinetics of H/D ex-
change. Their rates are consistently faster for [FeIII–heme]+

by a factor of approximately two.

The site of H attachment in [FeII–hemeH]+ : Given the scant
information provided by H/D-exchange reactions on the site
of H attachment in [FeII–hemeH]+ , which are found to
occur on the neutral carboxylic groups, one may resort to
the results of DFT calculations performed on a number of
isomers exemplifying various species that may be obtained
by protonation of neutral heme. The thermodynamically fa-
vored isomer among the investigated structures is the one
formally obtained by protonation at the b carbon atom of a
vinyl group (C7H+ in Figure 4). In the resulting species, the
p-electron framework of the porphyrin ligand is relatively
unperturbed and in a suitable geometrical arrangement for
orbital interaction with the formally vacant p orbital devel-
oping on C6. As already noted, this isomer is characterized
by a peculiar spin-density distribution (Figure 5, top). In
fact, this most stable isomer of [FeII–hemeH]+ displays elec-
tronic features that may be ascribed in part to [FeIII–
hemeHC]+ , showing that protonation of the porphyrinato
ligand at C7 is accompanied by substantial electronic reor-
ganization, producing an iron atom with partial character of
iron ACHTUNGTRENNUNG(III) and partial radical character at the former vinyl
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substituent. The electron affinity of the porphyrin p system
and the relative stability of ironACHTUNGTRENNUNG(III) may account for these
features. In such a case, the ligand behaves as noninnocent,
lacking a definite closed-shell configuration.[37] It can be
argued that given the origin of these ions, produced by colli-
sion-induced dissociation accompanying ESI of microperoxi-
dase, it is conceivable to obtain heme-type ions with iron-
ACHTUNGTRENNUNG(III), namely iron in the same oxidation state as in the mi-
croperoxidase precursor. It is obvious, however, that the
electronic properties of the optimized structure obtained
from the calculation do not depend on the specific forma-
tion pathway of protonated heme.

Regarding the gas-phase ion chemistry of [FeII–hemeH]+ ,
in reactions other than H/D exchange, the porphyrinato
ligand is apparently not directly involved. As expected con-
sidering the high PA of [FeII–heme], none of the bases in-
vestigated were found to be able to abstract a proton.
Indeed, if the neutral carboxyl substituents partake in H/D
exchange with ammonia by a reversible H+/D+ transfer
mechanism within the collision complex, it is reasonable to
envisage these groups as the most acidic sites. In ligand ad-
dition reactions involving the metal center, [FeII–hemeH]+

shows a reactivity different to some extent from that of
[FeIII–heme]+ . Lewis bases, such as CD3CO2D, ND3 and
(C2H5O)3P show less, if any, reactivity with [FeII–hemeH]+ .
(C2H5O)3P is the least disfavored ligand in the comparative
assay, in agreement with its soft character which provides
enhanced affinity for iron(II) with respect to ironACHTUNGTRENNUNG(III). How-
ever, it is only with NO that the relative reactivity order
shows an inversion in favor of [FeII–hemeH]+ . This finding
provides circumstantial evidence for an iron with iron(II)
character. The reactivity of NO for ironACHTUNGTRENNUNG(III) is in fact gener-
ally found to be lower than that for iron(II). For example, in
water solution the ferrous complex [FeII–TPPS] (TPPS=
tetra(4-sulfonato-phenyl)porphinato) reacts with NO about
103 times faster than does the ferric analogue.[38] Interesting-
ly, however, the reactivity of the ferric complex, which is
present in the form [FeIII–TPPSACHTUNGTRENNUNG(H2O)2], conforms to a sub-
stitution mechanism dominated by the dissociation of an
axial water ligand, so that metal–NO bond formation re-
quires prior ligand displacement. High spin ferroheme pro-
tein complexes are often five coordinated and their typically
higher reactivity than the ferriheme analogues towards
ligand association has been suggested to derive from the
free coordination site. In this respect, the present gas-phase
reactivity data provide a measure of the intrinsic reactivity
towards NO association. Both [FeIII–heme]+ and [FeII–
hemeH]+ ions are four-coordinate and their kinetics of
ligand association are obviously unaffected by any axial
ligand.

Conclusion

Establishing the features of naked protonated heme was the
primary goal of the present work combining both an experi-
mental study and theoretical calculations. Though seemingly

straightforward, the survey of protonated heme presents un-
expected facets. The calculated most stable species corre-
sponding to [FeII–hemeH]+ is found to hold the additional
H atom on the b carbon atom of a vinyl group. The relative
stability of this species accounts for a PA value of
1220 kJmol�1 for [FeII–heme]. In agreement with this high
PA, the three b hydrogens of the protonated vinyl group do
not partake in H/D-exchange processes, a reaction that
occurs rather on the neutral carboxylic groups, displaying re-
activity features resembling those exhibited by [FeIII–
heme]+ . Indeed, in both ions the exchange reaction affects
the same uncharged groups at the periphery of the porphy-
rin ring. Representative isomers formally corresponding to
protonated heme, [FeII–hemeH]+ , have been investigated by
DFT computations and the analysis of the spin-density dis-
tribution in the most stable C7H+ isomer of [FeII–hemeH]+

shows substantial radical character on the a carbon atom of
the former vinyl group. This finding implies that a complete
description of protonated heme should include a contribu-
tion of [FeIII–hemeHC]+ . The reactivity of [FeII–hemeH]+

and [FeIII–heme]+ ions towards ligand association, however,
is quite distinct, as expected for a metal-directed reaction.
The addition reaction with NO deserves special mention.
[FeII–hemeH]+ and [FeIII–heme]+ ions show a comparable
efficiency reacting as naked ions in the gas phase, in contrast
with the enhanced reactivity of iron(II) complexes in solu-
tion when compared with ironACHTUNGTRENNUNG(III) counterparts. This result
may be ascribed to the [FeIII–hemeHC]+ character of proton-
ated heme but may also be a consequence of the free axial
sites available in both complexes in the gas phase.

Interestingly, the metal-ion oxidation state in the multi-
charged ions of heme proteins has been related to its H-
atom content, implying that each additional hydrogen,
added as a proton, will contribute to the overall charge,
adding up to the positive charge of +2/+3 associated with
iron ACHTUNGTRENNUNG(II/III).[39] The present study of the simple species for-
mally corresponding to protonated [FeII–heme] spells a
word of caution on this generalization.

Experimental Section

FTICR mass spectrometry : Experiments were performed with a FTICR
Bruker Spectrospin 47e mass spectrometer upgraded to BioApex with an
Analytica of Branford Electrospray Ionization (ESI) source. Ions formed
in the ESI source are transferred by an ion guide into a cylindrical “infin-
ity” cell placed in the high-field region of a 4.7 T superconducting
magnet. Needle valves enable neutral compounds to be admitted into the
cell at a constant pressure in the range of 0.5–12P10�8 mbar. The pres-
sure readings, obtained from a cold cathode sensor (IKR Pfeiffer Balzers
S.p.A., Milan, Italy), were calibrated by using the rate constant k=1.1P
10�9 cm3 s�1 for the reference reaction CH4

+ C+CH4!CH5
+ +CH3C and

corrected by utilizing individual response factors.[40] Uncertainties in pres-
sure measurements, estimated to be 	30%, are the major source of
error in the reported rate constants. Because the inlets and the cell of the
spectrometer are typically contaminated by traces of water, care was
taken to avoid depletion of the deuterium content of the deuterated re-
agents used. Prior to using them, the inlet system and the cell are primed
overnight with D2O (approximately 10�6 mbar) to allow for the complete
exchange of all surfaces. D2O is then thoroughly pumped away. The iso-
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topic content of the deuterating agents admitted at constant pressure in
the FTICR cell is checked from their mass spectrum obtained by electron
ionization using the internal filament. Although the reagent compounds
have a stated high isotopic purity (=99 atom%) the percent deuterium
in the cell is not as high.

Sample 10 mm solutions are prepared containing either hemin chloride in
methanol or microperoxidase (MP11) in 1:1 aqueous methanol with 2%
acetic acid. The solutions are continuously sprayed at a 2 mlmin�1 flow
rate by a syringe pump. A countercurrent flow of heated dry gas (nitro-
gen at 130 8C) is used to desolvate the ions. After an accumulation inter-
val of 0.5 s in a rf-only hexapole, the ion population is pulsed into the
ICR cell at room temperature (300 K). ESI of hemin chloride yields gas-
eous [FeIII–heme]+ ions at nominal m/z : 616, whereas [FeII–hemeH]+

ions (m/z : 617) are obtained by collision-induced dissociation of MP11
ions applying a high capillary to skimmer potential difference.

Ion ejection procedures are routinely adopted in FTICR mass spectrome-
try to select ions at a single m/z ratio and observe their ion chemistry
with the neutral admitted into the cell. However, to avoid unintended
off-resonance excitation[41] of the reactant ion, it was decided to restrict
the use of radio frequency ejection techniques, selecting the whole iso-
topic cluster corresponding to the heme-type ion and allowing it to un-
dergo reaction. In the study of H/D-exchange reactions, data analysis
faces the problem of deconvoluting the isotopic natural abundance distri-
bution in the mass spectra of variously deuterated species.[26] In the H/D-
exchange experiments, the relative amounts of ions with varying D con-
tent were calculated in each mass spectrum by subtracting all isotopic
contributions from the raw data according to their natural abundances.
The so-obtained relative abundances were analyzed as a function of reac-
tion time to extract kinetic information. Similarly, ligand addition reac-
tions were studied by recording the time dependence of the relative ion
abundances for both the reagent ion and the association product. In the
case of both H/D exchange and ligand addition reactions, the slope of
the semilogarithmic plot of the reagent ion abundance versus reaction
time yields a pseudo-first-order rate constant (kobs), which is divided by
the concentration of the neutral reagent to afford the second-order rate
constant (kexp) for the bimolecular exchange reaction. Alternatively, rate
constants were obtained by fitting the time dependence of the reagent
and product ion abundances using the program KinFit.[31]

The products D2O (99.9 atom% deuterium), CD3CO2D (99.5 atom%
deuterium), ND3 (99.0 atom% deuterium), CH3OD (99.5 atom% deute-
rium), methanol, NO, (C2H5O)3P, hemin chloride, and microperoxidase
(MP11) are from commercial sources (Sigma Aldrich, Italy; Matheson
Gas) and were used as received.

Computational details : The initial structures for the calculation of [FeIII–
hemeH]+ were taken from the optimized structure of [FeIII–heme], ob-
tained in our previous work.[13] Extra hydrogen atoms were attached to
several putative heme protonation sites corresponding to different types
of carbon atoms: alpha pyrrole (C1), beta pyrrole (C2), alpha vinyl (C6),
beta vinyl (C7), and meso carbon atom (C5) (Figure 3). Protonation at
one pyrrole nitrogen (N1), at one carboxyl oxygen (O1), and at the iron
was also considered.

The calculations were carried out by using the Car–Parrinello molecular
dynamics method,[33a] as implemented in the CPMD code.[33b–d] The
Kohn–Sham orbitals are expanded in a plane wave (PW) basis set with
the kinetic energy cutoff of 70Ry. Earlier calculations on iron–porphyrin
models[11a,12a–b] showed that this cutoff is sufficient for achieving a good
convergence of energies and structural properties. The systems were en-
closed in an orthorombic supercell of size 18P18P13 R3 periodically re-
peated in space. Ab initio pseudopotentials, generated within the Troulli-
er–Martins scheme,[42] including the nonlinear core correction[43] for the
iron atom were employed. Calculations were made by using the general-
ized gradient-corrected approximation of the spin-dependent density
functional theory (DFT-LSD), following the method of Becke and
Perdew.[44] Structure optimizations on the triplet ground state were per-
formed by means of molecular dynamics with annealing of the atomic ve-
locities, by using a time step of 0.072 fs and a value of 700 a.u. for the fic-
titious electronic mass of the Car–Parrinello Lagrangian. The proton affi-
nitiy of the heme group was computed from the differential energy be-

tween the protonated and unprotonated form, each one in its own mini-
mum energy structure. Previous work has demonstrated the reliability of
this computational setup in the description of structural, energetic, and
dynamical properties of heme-based systems.[11a,12a–b] In particular, the
structure and spin states of an iron–porphyrin were found to be in agree-
ment with previous all-electron calculations[45] as well as with more
recent studies.[46] The performance of different exchange and correlation
functionals in the modeling of heme systems was analyzed by Scherlis
et al.[47] Structure analysis was performed with the variational density
matrix method (VMD).[48]
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