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Abstract. Photo-induced reaction of [Fe(IIT)-protoporphyrin]™ (hemin™) ions solvated with dimethylsul-
foxide (DMSO) is investigated by using a tandem mass spectrometer with electrospray ionization. We
measure the photodissociation yields of mass-selected hemin™ (DMSO),, clusters for n = 0—3. The mass
spectra of the fragment ions show the (-cleavage of carboxymethyl groups in addition to the evaporation
of solvent molecules. Yield of the (-cleavage reaction is found to depend strongly on the excitation en-
ergy and the number of solvent molecules. We also examine photo-induced reactions of multiply-charged
cytochrome c ions, (M + nH)"" (n = 9—17). Photoionization is found to be the dominant process for the
lower charged states (n = 9—12) and its yield decreases rapidly with increasing the charge. The photoion-
ization is ascribed to the emission of electron by multiphoton excitation of heme under the influence of
Coulomb attractive potential arising from the charges in the polypeptide chain. Model calculations of the
Coulomb potential suggest that the structure of the polypeptide chain is completely elongated.

PACS. 36.40.-c Atomic and molecular clusters — 71.22.-f Electronic structure of nanoscale materials:

clusters, nanoparticles, nanotubes, and nanocrystals

1 Introduction

Clusters bridge the gap between the gas phase and the
condensed phase. Structures and reactions of gas-phase
clusters have been studied extensively using various spec-
troscopic methods [1]. For examples, the electronic struc-
tures of the clusters such as metal atoms and/or ions
solvated with polar molecules have been investigated for
modeling microscopic solvation [2-4]. Recent advances in
electrospray ionization (ESI) allow us to produce various
kinds of nonvolatile molecules in the gas phase without
destruction [5]. Several groups have applied ESI to the
spectroscopic studies of the gas-phase cluster ions [6-8].
Metalloporphyrins are active sites of numerous pro-
teins whose functions range from oxygen transport and
storage to electron transport and energy conversion [9].
The chemical reactivity and reaction dynamics of metal-
loporphyrins and heme proteins in condensed phase are
strongly influenced by the surrounding solvent environ-
ments. In order to investigate the microscopic solvation
and the dynamics of reaction, they are introduced into
the gas phase as ions. The gas phase is an unusual envi-
ronment for the investigation of these biological molecules.
However, the gas-phase studies are expected to provide a
deeper understanding of the intramolecular interactions
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as well as solvation interactions that determine the struc-
tures and reactions. Several different techniques have been
employed to obtain information on the structures and re-
actions of biological molecules in the gas phase [10-13].

In the present work, the photo-induced reaction of
dimethylsulfoxide (DMSO) clusters containing [Fe(III)-
protoporphyrin|™ (hemin™) ions are investigated in or-
der to clarify the mechanism of the (-cleavage reaction.
Because the dipole moment of DMSO (2.54 Debye) is
much larger than that of water, DMSO strongly inter-
acts with ionic species in the gas phase as well as in the
solution. Therefore, an extensive solvation effect would be
expected for the reactions of DMSO clusters containing
hemin®t ion. The photodissociation yields at 28200 and
18800 cm ™! for mass-selected hemin*(DMSO),, clusters
(n = 0—3) are examined. In order to understand the mi-
croscopic interactions of heme with polypeptide chains in
the gas phase, we also study the photo-induced reactions
of multiply-charged cytochrome c ions. Cytochrome c is a
relatively small protein and has an iron-containing heme
group covalently bound to two cysteines in a polypeptide
chain of ~100 residues. We measure the photoionization
yields at 28200 and 18800 cm ! for the charge-selected cy-
tochrome c ions, (M +nH)"" (n = 9—17). Based on these
results, we discuss the mechanisms of the photoionization
and photodissociation of heme in relation to the protein
conformations.
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2 Experimental

Details of the experimental apparatus used in the present
study have been described elsewhere [14,15]. Briefly,
the system consists of an ESI source and a tan-
dem mass spectrometer with octapole ion beam guides.
Hemin™ (DMSO),, ions are produced by ESI of a dilute
solution of Fe(III)-protoporphyrin chloride in methanol-
dichloromethane (1:1 v/v) mixture including dimethylsul-
foxide (DMSO) (1.0%). Multiply-charged protein ions are
produced by ESI of a dilute solution of cytochrome c in
methanol-water (1:1 v/v) mixture including acetic acid
(2.0%). The electrospray needle is biased at 4.5—5.0 kV
with respect to a platinum aperture of 0.1 mm in diame-
ter. A flow of 10—800 ml/s of dry nitrogen is maintained
through the atmospheric pressure ion source. Ions formed
in the ESI source are admitted into the first vacuum
chamber. The ion beam is then pass through a stainless-
steel skimmer, and is focused by electrostatic lenses into
the first octapole-ion-beam guide (OPIG1). The OPIG1
is connected directly to the first quadrupole mass spec-
trometer (QMASS1) in the second chamber. The mass-
selected ions emerging from the QMASS1 are deflected
90° by a first quadrupole ion deflector, and are admitted
into the second octapole-ion-beam guide (OPIG2) in the
third chamber. High transmission efficiency for slow ions is
accomplished by applying a radio frequency (RF) field to
the OPIGs. After passing through OPIG2, the parent and
product ions are deflected 90° by the second quadrupole
ion deflector, and are admitted into the second quadrupole
mass spectrometer (QMASS2). The ions are detected by
a channeltron electron multiplier equipped with a con-
version dynode. Signals from the detector are fed into a
current amplifier and are averaged by a digital storage
oscilloscope. Depletion yield of the parent cluster ions in
OPIG2 is measured with irradiating a photolysis laser.
The laser beam is introduced into the guide collinearly
and counterpropergatedly with the ion beams. We use the
second (18800 cm™1) or third (28200 cm™!) harmonic of
a YAG laser as the photolysis laser.

3 Results and discussion
3.1 Photoreactions of hemin™(DMSO),

Figure 1 shows the mass distributions of the fragment
ions produced by the photolysis of hemin™(DMSO),
(n = 0-3) clusters with the 2nd (18800 cm~!) and 3rd
harmonic (28200 cm™!) of the YAG laser. Porphyrinic
compounds show several absorption bands of moderate
intensity in visible region, which are called as a  band.
In addition to these bands, an extremely strong absorp-
tion band is observed at ~25000 cm ™!, which is called as a
Soret band [16]. In porphyrins, highest-occupied molecular
orbital (HOMO) and lowest-unoccupied molecular orbital
(LUMO) are 7-type orbitals; HOMO (1ay,,), next-HOMO
(3aszy), and degenerated LUMO (4eg) are called as “four
orbitals” and are well separated from the other orbitals.
The @Q and Soret bands are ascribed to the promotion
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Fig. 1. Branching fractions of fragment ions produced by irra-
diation at 28200 cm ™! of hemin™ (DMSO)., (n = 0 (a) to 3 (d)),
and at 18800 cm ™" (n = 0 (e) to 3 (h)) are plotted as filled bars,
respectively. Cluster ions, hemint(DMSO),, (0 < m < n),
and fragments of hemin™ are observed as the product ions.
Fragments of hemin™, [hemin-CH>COOH]" (558 amu) and
[hemin-2(CH2COOH)]™ (499 amu), are indicated by symbols,
—CM and —2CM, respectively.

of the electrons from the lai, and 3as, orbitals to the
4e, orbital, respectively: the Q and Soret bands corre-
spond to the transitions to the 1F, and 2F, states, re-
spectively [16]. The irradiations at 18800 and 28200 cm™*
correspond to the excitations of the 1FE, and 2E,, states,
respectively. As shown in the figure, the fragment ions
generated through the decomposition of hemint ion are
observed at 558 and 499 amu in addition to the evapo-
ration products such as hemint (DMSO),, (0 < m < n).
The product ions at 558 and 499 amu are assigned to
the fragments, which loss one and/or two carboxymethyl
groups, -CH,COOH (59 amu), by the S-cleavage reaction,
respectively. In Figure 1, the fragment ions with loss of
one and two —-CHsCOOH groups are designated as —CM
and —2CM, respectively. With increasing the excitation en-
ergy from 18800 to 28200 cm ™!, the evaporation of DMSO
and (-cleavage reaction are enhanced. Since we observe
no indication of the reaction via an excited-state channel,
the product ions are considered to be generated through
the higher vibrational levels in the ground state repopu-
lated wvia a fast internal conversion as follows; photoexci-
tation and repopulation of the higher vibrational levels of
hemin™ cluster ions in the ground state (Eq. (1)), subse-
quent sequential evaporation (Eq. (2)), and decomposition
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of hemin™ (Egs. (3, 4));

hemin™ (DMSO), + hv — [hemin® (DMSO), ]*
— [hemin™(DMSO), ¥ (1)

[hemin*(DMSO), ] — hemin™ (DMSO),,

+ (n —m)DMSO — ... — hemin®™ + nDMSO (m < n)

(2)

[hemin*(DMSO), J* —
[hemin ™ —CH,COOH](DMSO),, + «CH,COOH

[hemin™ —CH,COOH](DMSO),, — ... —
hemin™ —CH,COOH + nDMSO  (3)

[hemint —CH,COOH](DMSO),, —
[hemin® —2(CH,COOH)](DMSO),, + «CH,COOH

[hemin™ —2(CH,COOH)](DMSO),, — ... —
hemin™ —2(CH,COOH) +nDMSO  (4)

where [hemin® (DMSO),,]* and [hemin*(DMSO),]* rep-
resent the clusters in the initially excited state and the
higher vibrational state on the ground-state surface, re-
spectively. In the present study, solvated product ions such
as [hemin™-k(CHyCOOH)] (DMSO),,, (k =1o0r2,m < n)
are not observed. This result seems to indicate that both
the evaporation and (-cleavage reaction may take place
competitively from the higher vibrational levels of the
electronic ground state.

3.2 Photoionization of cytochrome c ions

Multiply-charged cytochrome c ions, (M + nH)"* (n =9
to 17), are produced by ESI. The photo-induced reactions
of the charge-state selected cytochrome c ions are inves-
tigated at 18800 and 28200 cm~!. All charge states ex-
amined exhibit relatively strong photodepletion in both
excitations. The absorption bands in visible and UV re-
gions of cytochrome c in solution are ascribed to the wn*
transition of heme. The photo-induced reactions of the
ions are examined by the excitation of these transitions
in heme. The product ions are considered to be generated
through the following processes; photoexcitation of heme
in the protein ions, subsequent photoionization to produce
(M +nH)"+D+  or photodissociation. In this scheme, the
photoionization competes with the dissociation. A num-
ber of fragments have been observed wia the cleavage of
polypeptide chains in the collision-induced dissociation
(CID) of protein ions [18]. We would also expect to ob-
serve the similar fragmentation process for the photolysis
of protein ions. In contradiction with this expectation, the
fragment ions are not detected with sufficient intensity ex-
cept for the multiply-charged ions, (M 4 nH)"+1+,
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Fig. 2. Branching fractions for the photoionization of
multiply-charged cytochrome c ions plotted as a function of
charge. Open triangles and filled squares show the branching
fractions at 18800 cm ™! and 28200 cm ™!, respectively.

In order to analyze the photodissociation process, we
examine the branching fraction for the ionization, R;on,
which is defined as

Rion = Tyro [(M A nE) " DF] /T, [(M 4+ nE)™ ] (5)

where I,,[(M + nH)"*D+] is the ion intensity of the
product ion, (M 4+ nH)™ D+ whereas I4e,[(M + nH)" ]
is the depletion ratio of the parent ion. Figure 2 shows
the branching fractions of the photoionization process
plotted as a function of charge, n. Open triangles and
filled squares indicate the branching fractions deter-
mined at 18800 (47 mJcm~2pulse™!) and 28200 cm~!
(7.8 mJ cm~2 pulse™!), respectively. As shown in the fig-
ure, the branching fractions in both excitations decrease
monotonously with increasing the charge up to n = 16.
The branching fractions are not dependent on the laser flu-
ence in both excitations. The laser fluence dependence on
the photodepletion yield is examined at 28200 cm~!. The
depletion yield increases in proportion to the 2.2 power
of the laser fluence; the reactions proceed via two-photon
excitation. The photodepletion yield at 18800 cm™! also
increases in proportion to the 2~3 power of the laser flu-
ence. The ionization cross sections from the 7n7* excited
states are assumed to be the same as that for the transition
from the ground state. The rate constants for the ioniza-
tion from the excited states are estimated as 3.0 x 10! s~*
and 2.0 x 101 s71 at 28200 cm~! and 18800 cm ™!, respec-
tively. Lifetime of the m7* excited state of iron porphyrins
in solution has been reported as 25—50 ps [19]. The rate
constants of the ionization are nearly the same order as
that of the decay process. Therefore, the observed pho-
toionization of cytochrome c ions is ascribed to the mul-
tiphoton excitation of heme.

As mentioned previously, the photoionization at
28200 cm~! proceeds wia two-photon excitation of heme
for n < 16. In order to clarify the origin of the size-
dependence of the photoionization yield, we carry out the
model calculations. Since the polypeptide in cytochrome c
ions has positive charges, the photo-ejection of an electron
(ionization) from heme takes place under the influence of
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Fig. 3. Coulomb attractive potentials at heme, which arise
from the charges on the linear polypeptide chain, are plot-
ted with filled circles. The Coulomb potentials arisen from the
charges on the surface of the sphere, are also plotted with open
squares. The solid line indicates the excess energy, Fe,, of two-

photon ionization at 28200 cm™!.

Coulombic attractive potential. In a crude approximation,
the upper limit of the excess energy, F.,, in the photoion-
ization can be defined as

Eep =2hv — IPheme (6)

where hv and IPpeme are the photon energy and the ioniza-
tion potential (IP) of heme in cytochrome c ions. The pho-
toionization may occur if the attractive potential becomes
less than F.;. Ionization potential of the gas-phase iron-
porphyrins has been determined to be 6.06—6.09 eV [20,
21]. Thus, E., in the two-photon ionization at 28200 cm ™!
(6.99 eV) is estimated to be ~0.9 eV.

In the first scheme, the Coulomb attractive potential is
estimated by assuming that the shapes of the protein ions
are spheres. It is also assumed that the charges are dis-
tributed uniformly over the surface of the sphere. Jarrold
and coworkers have examined the cross-sections of cy-
tochrome c ions in the gas phase as a function of charge
by ion mobility measurements [12,13]. Using these values,
the Coulomb potential energy on the surface of the sphere
is calculated. The values are plotted in Figure 3 as open
squares as a function of n. The value is calculated to be
5.2 eV for n = 16, which is larger than E.,. This result
suggests that the Coulomb potential energy is overesti-
mated with this model. Therefore, the arguments suggest
that the conformation is quite different from sphere.

The molecular dynamics simulations for cytochrome c
ions have predicted that cytochrome c ions in the present
experiments (n = 9—17) are completely unfolded [12,13].
Heme is covalently bound to two cysteines. In native con-
formation, heme iron is bound to histidine and methio-
nine. When cytochrome c unfolds, these ligands would
dissociate from the iron. Thus, in the second model, the
Coulomb attractive potential is estimated by assuming
that the polypeptide chain in the protein ions is a lin-
ear string, and that the charges are distributed uniformly
over the polypeptide chain. The calculated Coulomb po-
tentials are plotted in Figure 3 as filled circles. The value
for n = 16 is given as 0.89 eV and is almost equal to the
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excess energy, F.,. For n < 16, the Coulomb potentials
become lower than F., and the ionization is expected to
occur. These results are consistent with the present exper-
imental findings; the critical number of charge, n, for the
ionization is 16. Therefore, the calculations indicate that
the shapes of the protein ions are similar to the linear
string. Although the present calculations use the oversim-
plified models, the results are consistent with the observed
behaviors for the photoionization of cytochrome c ion.
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