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Abstract

The mechanism of electron-transfer from aluminium tetrasulfonated phthalocyanine triplet state to cytochrome ¢ was investigated in this work.
This reaction successfully quenches the dye triplet state due to the formation of complexes between the solute and the protein at the active site. The
electron-transfer rate constant is around 3 x 107 s~ !, and is in accordance with previous results for the singlet excited state quenching [C.A.T. Laia,
S.M.B. Costa, D. Phillips, A. Beeby. Electron-transfer kinetics in sulfonated aluminum phthalocyanines/cytochrome ¢ complexes, J. Phys. Chem.
B 108 (2004) 7506—7514.] in the framework of the Marcus theory, with a reorganization energy equal to 0.94 eV. The complex formation is
diffusion controlled, but heterogeneities of the protein surface charge distribution lead to quenching rate constants smaller than predicted on a
hard-spheres model with electrostatic interactions. Also the binding equilibrium constant is strongly affected by this phenomenon. Ionic strength
plays an important role on the complex formation, but its effect on the unimolecular electron-transfer rate constant is negligible within

experimental error.
© 2006 Published by Elsevier B.V.
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1. Introduction

The mechanisms underlying the interactions between
proteins and substrates are an important step in order to
understand biochemical reactions. Such interactions reveal a
strong affinity and specificity, showing the importance of the
solute architecture to induce the docking at the protein active
site. This specific binding can be disrupted if other molecules
appear with an even stronger affinity towards the active site.
The design of highly functionalised molecules that can disrupt
protein—ligand interactions has lead to a new insight towards the
details of protein binding sites and to the inhibition of protein
activity [1]. Much work has been carried out with cytochrome ¢
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(Cyt ¢), a protein that exists inside the mitochondria and plays
major roles in respiration and apoptosis [2,3]. Cyt ¢ is well
known as an electron carrier in the mitochondria, from
cytochrome b5 to cytochrome ¢ oxidase, undergoing electron-
transfer reactions both as acceptor and donor depending on its
oxidative state. Its structure is well known [4] and the active site
that enables the interaction of Cyt ¢ with proteins like
Cytochrome ¢ Oxidase and Caspases (in apoptosis) has a posi-
tively charged surface constituted by lysine residues [1,4—6].
Negatively charged synthetic solutes could therefore interact
strongly with the Cyt ¢ active site due to the strong electrostatic
interactions that take place even in aqueous solutions [1,7-29].
The binding to synthetic solutes can even disrupt interactions
with cytochrome ¢ oxidase, modulate the protein function and
induce the protein unfolding [1,15-26]. Such specific interac-
tion is driven by electrostatic and hydrophobic interactions as
well, and it leads to an efficient electron-transfer from the ligand
to the Cyt ¢ [8-10,12—14,27-29].

Recently it was shown that porphyrin derivatives could
reduce the temperature at which the Cyt ¢ unfolding occurs by
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as much as 20 °C [18,19,21]. Other negatively charged solutes
like calixarenes, [25] SDS micelles [30] and sulfonated
polystyrene polymers [26] induce major changes on the
conformation of Cyt ¢, although they may not reflect a complete
loss of ability to undergo electron-transfer reactions [25]. It is
also known that, in the mitochondria, Cyt ¢ binds to the
membrane where the electron-transfer reactions occur, [31] but
membranes can induce conformational changes as well [32].
Cyt ¢ electron-transfer properties depend a lot on the native
Met80—Fe(III) axial bond, [33] which can be reconstituted even
if the protein is separated into two peptide fragments [34]. Thus
a direct link between conformational change and loss of activity
in these processes is not straightforward, and the way these
aspects may interplay in the electron-transfer process is not
completely known.

The dye tetrasulfonated aluminium phthalocyanine (AlPcS,)
is a synthetic organic molecule with 4-charges, well known due
to its photodynamic therapy applications in cancer treatment
[35]. Due to its suitable chemical structure AIPcS, indeed forms
complexes with Cyt ¢, leading to a strong quenching of the
singlet excited state via an electron-transfer reaction [28,29].
The binding constant in water is quite high (3x10° M "), and
the fluorescent complexes could be studied by time-resolved
fluorescence kinetics. The electron-transfer reaction between
the AlPcS, singlet excited state and Cyt c¢ is fast, with the rate
constant reaching as much as 10° s~ '. This effect is not only
observed in aqueous solutions, [28] but also on micelles and
reversed micelles with non-ionic surfactants, in environments
which are quite apolar [29]. In ionic micelles such as those from
SDS this process is lost because the electrostatic interactions
that lead to the formation of the complex are disrupted, an effect
also observed when the ionic strength is increased.

In this work we explore the interactions between the AlPcS,
triplet state and Cyt ¢ using Laser Flash Photolysis techniques.
The ionic strength effect was studied with greater detail,
because electron-transfer from the AIPcS, triplet state to Cyt ¢ is
much slower, allowing a study of the bimolecular reaction of the
isolated species (on the singlet excited state quenching, only the
unimolecular reaction on the complex was studied). The
conditions where AlPcS, can change the conformational state
of Cyt ¢ were studied through Circular Dichroism spectroscopy.
This technique is able to probe the chirality of the Cyt ¢ heme
group [36] and the protein secondary structure. It is observed
that for AIPcS, concentrations around 10> M, Cyt ¢ structure is
changed but a complete unfolding does not occur.

2. Experimental

AlPcS; was purchased from Porphyrin Products (99%
purity) and used as received. The phthalocyanine reagent is a
mixture of 3 regioisomers. Previous work with disulfonated
phthalocyanines showed that the photophysical properties
remain unchanged in all isomers [35]. Cyt ¢ was purchased
from Aldrich (97% purity) and used without further purification
as well. Bidistilled water was used in all experiments.

Absorption spectra were recorded at room temperature with a
JASCO V-560 UV/VIS absorption spectrophotometer.

The triplet decay kinetics was recorded using a laser flash
photolysis equipment using the second harmonic (532 nm,
65 ml], 8 ns) of a Nd-YAG laser (Spectra-Physics, System
Quanta-Ray GCR-3) as an excitation source to pump a
rhodamine 6G dye laser (Spectra-Physics, System Quanta-Ray
PDL-2) tuned at 570 nm with laser pulses of ~ 6 ns. The kinetic
spectrophotometer (10 ns resolution) included an averaging
system consisting of a Tektronix 2430A digital oscilloscope
coupled with a personal computer (IBM compatible) [37]. Kine-
tic curves were averaged over at least 16 laser pulses. The rate
constants were obtained by global analysis of the decays at
several wavelengths with first order (mono-exponential) kinetics.

Transient-Absorption Spectra were obtained in another laser
flash photolysis equipment, with the third or fourth harmonics
ofa Nd:YAG laser (355 and 266 nm, ca. 6 ns FWHM, 10-30 mJ
pulse ') from B. M. Industries (Thomson-CSF Saga 12-10), in
the transmission mode. The light was collected by a collimating
beam probe coupled to an optical fibre (fused silica) and
detected by a gated intensified charge-coupled device (Andor
ICCD detector, based on the Hamamatsu S5769-0907). The
ICCD was coupled to a fixed imaging compact spectrograph
(Oriel FICS 77441). The system can be used either by capturing
all the light emitted by the sample or in a time-resolved mode by
using a delay box (Stanford Research Systems D6535). The
ICCD has high speed gating electronics (2.2 ns) and intensifier
and covers the 200—900 nm wavelength range. Time-resolved
absorption and emission spectra are available in the nanosecond
to second time range [38].

CD spectra were obtained with a Jasco spectropolarimeter J-
720 (Hachioji City, Tokyo) [39]. The protein spectra were
measured using 10 mm (for the Soret band) and 2 mm (for far
UV measurements) quartz cells. The CD signal (in mdeg) was
converted to molar ellipticity [0] (deg cm® dmol '), defined as
[0]=0,15(10-c- 1) " where 0 is the experimental ellipticity, ¢
the protein concentration (mol dm™*) and / the cell path length
(cm). The protein concentrations ranged between 5x 10~ ¢ and
1x10"° M, depending on the experiment.

3. Results and data analysis
3.1. Circular dichroism spectra

The Cyt ¢ structural changes can be probed using the
Circular Dichroism (C.D.) spectroscopy. This technique allows
the study of the seme group and of the secondary protein
structure (namely the presence of a helixes and B sheets) by
selecting suitable wavelength ranges [32,36,39—42]. The Soret
band can be studied in detail in order to check (among other
things) if there are axial bonds between the iron and another
amino acid [40]. In the ultraviolet region the secondary structure
is highlighted, disappearing when complete unfolding occurs.
The unfolding can be usually induced by temperature increase
and/or the addition of guanidinium chloride [43]. The presence
of certain additives like synthetic receptors, micelles or
polymers induces changes in these structures, which show
that the presence of solutes has indeed a strong impact on the
protein structure [18,19,21,26,30].
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Fig. 1. Cyt ¢ CD spectra for different [AlIPcS,] in aqueous solution without salt
([AIPcS4]=0 pM (1), 4.5 pM (2), 9.2 uM (3), 13 uM (4), 23 uM (5), 33 uM (6)
and 53 pM (7)). Curve 8 was made with guanidinium chloride (7 M) and
corresponds to denatured Cyt c. Insert shows dependence of [0] vs. [AlPcS,] for
A=417 nm. [Cyt c]=10 pM.

AlPcS, does not show any optical activity within the spectral
range 200 to 700 nm. The absorption spectrum of this molecule
is characterized by a strong absorption at around 680 nm (the Q
band) and 350 nm (the Soret band). But even in the presence of
Cyt ¢ no optical activity is observed at 680 nm, showing that
although the active center has chirality, the protein does not
have any effect on the molecular electronic spectra of the
complexed dye. The Cyt ¢ solutions without AIPcS, show the
typical heme band in the region between 380 and 450 nm
(Fig. 1). The CD spectra present two peaks, one negative and
another positive, which have been assigned on account of the
axial bond between Fe*" and the histidine residue. By addition
of AlPcS,, at first no changes are found. At high concentrations,
however, the negative feature disappears gradually and for the
higher [AIPcS,] the spectra are positive. It approaches a shape
close to that found in unfolded Cyt ¢, but nevertheless such limit
is far from being reached. It is possible that for even higher dye
concentrations a complete Cyt ¢ unfolded state is reached,
because a plateau was not observed. However higher [AIPcS,]
means more absorption, which would lead to a saturation of the
signal (for concentrations above 50 uM, Abs>5 for a cell with
1 cm thickness).

The evolution of the CD signal at 416 nm with [AlPcS,]
shows that for [AIPcS4]<20 pM with [Cyt ¢]=10 pM no
significant changes are observed, meaning that Cyt ¢ is not
affected by the presence of the additive. At first sight, it seems
from Fig. 1 that at least a (AlPcS,4),Cyt ¢ complex is required to
unfold the protein. Inspecting the ultraviolet region (Fig. 2), the
presence of a helixes is observed until [AlPcS4]<20 puM. For
higher concentrations the secondary structure disappears
gradually, as it was observed in the Soret region, however the
shape of the spectra remains the same. Therefore AlPcS,
induces the unfolding of the a helixes, but a complete unfolded
state is not reached. The link between the a helixes unfolding
and the break of the heme-histidine axial bond is evident,
showing that for [AIPcS,4]>20 pM large changes of the
cytochrome ¢ structure are induced.
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Fig. 2. Far-UV CD spectroscopy of Cyt ¢ in aqueous solution without salt
([AIPcS4]=0 uM (1), 10 uM (2), 25 uM (3) and 40 uM (4)).

The changes that Cyt ¢ undergoes are slow, taking more than
one hour to attain the final stable conformation (Fig. 3). A
plateau is reached which depends on the composition, meaning
that a complete conversion from the native species toward other
states is not obtained and a dynamic equilibrium is reached. The
kinetics exhibits single-exponential for low AlIPcS, concentra-
tion, but at high concentrations the kinetics is clearly
biexponential, although the timescale of the conformational
change remains the same.

Finally for our purposes (to study the interactions between
the AlPcS, triplet excited state with the protein, [AlPcS,]=
10 uM) it is safe to say that Cyt ¢ retains its structure. Hence
their redox properties are unchanged and electron-transfer
reactions can occur.

3.2. Triplet decays

Laser flash photolysis decays showed single-exponential
kinetics at all [Cyt c] used (see Fig. 4) for [AIPcS4]=10 uM. A
wide range of absorption wavelengths from 350 to 700 nm was
studied, but the decays at all wavelengths could be fitted
globally with single-exponential kinetics. The transient
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Fig. 3. Kinetics of the Cyt ¢ unfolding with [Cyt ¢]=5 uM and [AIPcS,;]=20 pM
(lower curve) and 40 pM (upper curve). Fits with exponential functions are also
depicted. A=416 nm.
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absorption spectra had the same shape with or without Cyt ¢,
and no indication of reduced Cyt ¢ or oxidised AlPcS, was
obtained within these experiments. The same applies to the
situation in which phosphate buffer is added; the kinetics
continues to be single-exponential within the range of
concentrations explored on the present study. However, the
effect of adding Cyt ¢ is much smaller and both the triplet
lifetime and triplet quantum yield are less affected in phosphate
buffer solutions.

The triplet quantum yields ¢t were obtained from the initial
absorbance change recorded in the flash photolysis kinetic
traces. It decreases with [Cyt c¢], in a way similar to that
previously found in fluorescence experiments (see Fig. 5), and it
can be described by the expression [28]:

¢ _ ¢$1Pc54 _i_d)%omp]ebe[cyt C]
T 1+ K, [Cyt ¢]

(1)

This equation can be used without taking into account the
diffusion quenching of the singlet excited state because on the
nanosecond timescale (when intersystem crossing occurs) such
quenching is negligible [28]. Hence, the complex formation
affects strongly the production of AlPcS, triplets, which from
extrapolation seems to indicate a ¢t for the complex equal to
0.09. Previously it was found that the fluorescence quantum
yield of the same complex is equal to 0.065. Under a simple
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Fig. 4. Laser Flash Photolysis decays of AIPcS, in aqueous and phosphate buffer
solutions. a) Curves were obtained in aqueous solution ([Cyt ¢]=0 pM (1),
0.9 uM (2), 2.3 pM (3), 5 pM (4) and 60 uM (5)) and b) curves in buffer
solutions (ionic strength equal to 170 mM, [Cyt ¢]=0 pM (1), 8 uM (2), 32 uM
(3), 64 uM (4)). Excitation wavelength was 570 nm and absorption wavelength
500 nm. [AlIPcS4]=10 pM.
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Fig. 5. Triplet quantum yields of AIPcS, in aqueous solutions (O) and buffer
solutions (ionic strength equal to 17 mM ([J) and 170 mM (A)).

kinetic scheme, within the complex between AlPcS, and Cyt c,
both quantum yields can be described by the following
equations:

complex ‘{f‘
qﬁ ! = - 2)
f Lf i s i complex (
k'
It 1
complex sc ( 3)

= k/ n kisc + kE%mpleX

where ky is the radiative rate constant, ki is the intersystem
crossing rate constant and A$3™P'®* is the electron-transfer rate
constant from the singlet excited state AlPcS, to Cyt ¢. With
approximate values of k; and ki, known from measurements
without the presence of Cyt ¢, similar values of AS™P'* are
obtained if we calculate the rate constant from either ¢y°™'™*
[28] or ¢$™P'* The value obtained is around 1x10° s ',
which is in close agreement with the result obtained from time-
resolved fluorescence measurements [28]. From these measure-
ments, K, in buffer solutions was also measured and a good
agreement with previous fluorescence measurements was
reached [28]. It decreases sharply when salt is added, reaching
a plateau afterwards. This ionic strength effect leads to the
dissociation of the complex, which leads to the observed
increase of the triplet quantum yields (Table 1).

The AlPcS, triplet lifetimes depend on [Cyt ¢] and on the
ionic strength. Any interpretation of these data must be aware of
the mono-exponential decays observed experimentally. The
lack of detection of other components indicates that the radicals
cannot be seen in these experimental constraints. Still the
complex should be observed if the electron-transfer rate
constant kg from >AlPcS, to Cyt ¢ was low enough. The fact

Table 1

AlPcS,4/Cyt ¢ binding constants for different ionic strengths

Tonic strength (1)/mM Kyx1073M !
0.3 320

17 19

170 10
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Scheme 1.

that such species are undetectable shows that they should also
be short lived, with a lifetime below the detection limit of this
experimental setup. Therefore both kgt and kggrare high (above
107 s7 "), and a standard quenching of *AlPcS, by Cyt ¢ is
observed.

Under these assumptions, the Stern—Volmer equation should
describe the experimental results [44]:

1 1
I 4
T, T [Cyt c] (4)

where the quenching rate constant k, is approximately given by:

b — k;omp + kgt
T kgiss + k2™ + kgt

kaiee (5)

if Scheme 1 applies.

If kgt > kqiss, k7777, then we obtain kq=/kqis, the so-called
diffusion controlled quenching reaction limit. Otherwise, if
kdiss > ke, k7, Eq. (5) becomes:

ks
kq _ diff

ket = Kpker (6)
diss

The complex formation in the ground state is playing an
important role, when [Cyt c¢] is smaller than [AlPcS,], and
therefore much of the Cyt ¢ is already complexed with AIPcS,.
Thus not all the Cyt ¢ is available to interact with > AIPcS,, and
only the protein without the dye should be taken into account,
because there is no large excess of the protein. The simplicity of
Eq. (1) is a consequence of considering a large excess of Cyt c.
However the Cyt ¢ native form (Cyt cy, which is not complexed

Table 2

Results from the Stern—Volmer analysis

Tonic strength (W)/mM /10 %s  ASP/10° M ' s k§H/10O M s
0.3 295 17.6 44

17 100 2.1 16.3

170 94 0.3 9.0

with AIPcS,) concentration is lower than the Cyt ¢ analytical
concentration. The equation that enables the calculation of
[Cyt en] s given by:
Kp[Cyt c]—-1
2K,
\/K2([AIPCS,|~[Cyt ])” + 2K ([AIPeS,] + [Cyt d]) + 1
+ 2K},

[Cyt en] =

()
The concentration of free phthalocyanine (AIPcS{*®) and
complex (Pc—Cyt ¢) can then be easily calculated:

AlPcS,]

Alpesy] = — (AIPeSa] 8
[ 4 ] 1 4+ Kp[Cyt x| (8)
[Pc — Cyt ] = K, [AIPcSE*] [Cyt ex] (9)

because K}, is already known from previous measurements. If 1/t
is plotted vs. [Cyt cn], a linear relationship is obtained (see
Fig. 6). Experimental values of k4 are then obtained for the three
different buffer concentrations (see Table 2).

The value obtained for k, is large, but not as large as that
observed for the quenching of the AlPcS, singlet excited state
(which is 240x 10° M~ s~ ') [28]. These large values are above
the hard-spheres diffusion limit [44] (around 8x10° M~ ' s™ 1)
and can be explained by a non-homogeneous distribution of the
solutes around the protein, due to the strong electrostatic
interactions that are established between them. This is a rather
complex phenomenon that cannot be easily addressed without
several assumptions. So the electron-transfer rate constant
should not be obtained by Eq. (6) without addressing this effect
carefully. Rather than that, a direct measurement of the electron-
transfer rate constant should be obtained in order to fully
understand the behaviour observed in this system.
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Fig. 6. Stern—Volmer plots. Straight lines represent the calculations obtained from the different models used. Curves 1 were obtained with diffusional model assuming
Scheme 1 mechanism (rcy; =13 A). Curves 2 were obtained with the model derived from Scheme 2. Curve 3 is the same as curve 2, but assuming k> kgr.
a) Aqueous solution, b) buffer solution, ionic strength equal to 17 mM, and c¢) buffer solution, ionic strength equal to 170 mM.
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Fig. 7. a) AlPcS, transient absorption spectra at different time delays in aqueous
solution ([AIPcS4]=15 pM, [Cyt ¢]=100 pM). b) Kinetic data at A,ps=680 nm,
fitted with a double exponential.

The Laser Flash Photolysis equipment used has a limitation
to bear in mind: it does not allow to probe events that occur
below the 500 ns timescale. Any species existing at times
shorter than that would not be observed and so the mono-
exponential decays may be misleading. Thus Transient
Absorption measurements were performed in order to get
evidence of the existence of triplet excited state AIPcSy
complexed with Cyt c. Also the appearance of AIPcS, radicals
could be detected because the equipment used is sensitive to
wavelengths around 800 nm.
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Fig. 9. a) *AlPcS, decay kinetics at different absorption wavelengths on buffer
solution ([AIPcS4]=15 pM, [Cyt ¢]=100 uM). b) Same as a), but with the data
for Zaps=592 nm amplified. Fits were done with biexponential functions.

3.3. Transient absorption spectroscopy

At [AIPcS4]=15 uM, the transient spectra have the shape
expected from previous measurements on the Laser Flash
Photolysis equipment. The triplet transient absorption spectra
peak at 500 nm and a strong bleaching is observed at 680 nm.
The decay of the spectra is single-exponential with a lifetime of
250 ps, in accordance with the results obtained in the Laser
Flash Photolysis experiments. When a large excess of Cyt ¢ is
added (100 pM) a strong quenching is evident (Fig. 7). The
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Fig. 8. AlPcS, transient absorption spectra at different time delays on buffer solution ([AIPcS4]=15 pM, [Cyt ¢]=100 uM). a) Time delays 0 to 1000 ns and b) from

10 ps to 1 ms.
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triplet formation is greatly reduced and the triplet decay kinetics
is much faster. A second component appears on the triplet decay
with a lifetime of about 30 ns, and therefore biexponential
kinetics appears. This component is too short to be observed
with Laser Flash Photolysis experiments.

In buffer solutions (ionic strength equal to 170 mM) the
signal obtained is 3 times stronger, because of the ¢ increase
(see Fig. 5). The transient spectra of the shorter component get
swamped by this increase, and therefore the complex is not so
easily observed. However two distinct isosbestic points are
indeed observed depending on the timescales studied (Fig. 8).

The kinetics of the shortest component appears without the
influence of the long component at the second isosbestic point
(Aabs =592 nm). At this wavelength, a weak transient absorption
is detected at shorter time delays and a lifetime for the triplet
state complex may be obtained by fitting (about 30 ns, see
Fig. 9). This is very similar to the result obtained in aqueous
solution (see Fig. 7).

4. Discussion
4.1. Cytochrome c stability in the presence of AIPcS,

Cyt ¢ conformation remains almost the same at AlPcS,
concentrations which give a ratio [AIPcS,]/[Cyt ¢] below 2. The
CD spectra at the heme group absorption band and at the UV
region do not display any significant difference as AlPcS, is
added into the solution. Therefore the axial bonds between the
iron and the histidine and the methionine residues are not
broken. This means that the Cyt ¢ redox potential remains
unchanged and therefore for the range of concentrations studied
on the AlPcS, triplet quenching experiments (in which Cyt c is
in excess) the protein is in the native state.

The kinetics reveals the presence of several conformational
states when Cyt c interacts with AIPcS,4. A complete description
of the system requires more than one conformational substrate,
and therefore those intermediates are only partially unfolded.
Such long kinetics implies a complex mechanism, in which not
only the diffusion of dye molecules towards the solute is
required, but also it must allow time enough in order to have a
rearrangement of the protein that involves the breaking of many
hydrogen bonds and electrostatic interactions. For the lower
AlIPcS, concentration (2.26x 107> M), the kinetics appears to
be single-exponential, with a rate constant equal to about
6.6x10"* s!'. When the concentration increases to
4.4x107° M, the rate of this process remains around
8.5x10"*s !, but the kinetics is no longer single-exponential
and a faster component with a rate constant faster than 0.04 s~ '
appears. Therefore by changing the AIPcS, by a factor of 2 not
only more non-native species appear, but also a much faster
component appears.

A complete unfolded state is, however, not reached, not only
because the UV C.D. spectrum still shows the presence of o
helixes, but also because there is a significant amount of Cyt ¢
with the axial bond unchanged. It may be that a molten globule
state, intermediate between the native and unfolded states [30],
may appear for these concentrations.

4.2. *4IPcS,; quenching by Cyt ¢

4.2.1. Diffusion model

The *AlPcS, quenching by Cyt ¢ is characterized by kq
values above 10" M ™" s™!. Going into the roots to explain the
increase of ky above the diffusion limit of hard spheres, the
presence of electrostatic interactions between them is incorpo-
rated in the Debye—Smoluchowski treatment, in which the
diffusion rate constant is given by [45,46]:

2kBTN< N s 1
4= il

~ 30001 P Z) a [’ r2expw(r, u)/ksT)

where kg is the Boltzmann constant, NV is the Avogrado number,
7 is the liquid viscosity, 75 and rg are the radii of the reactants,
a=ra+trg, ris the distance separating the two reactants and w(r,
) is the potential between the interacting reactants which
according to the Debye—Hiickel theory is given by [45]:

(10)

ZaZpé?

w(r, 1) = e
exp(foa/it) | exp(fos/i) B
o (TR SR exp( i)
(11)
where
8 Ne? 12

p= (IOOOSkBT) (12)

Zx and Zp are the ionic charges of the reactants, ¢ is the static
dielectric constant of the solvent, e is the electron charge, o,
and op are the radii of the reactant plus that of the dominant
counterion in the ionic atmosphere and u is the ionic strength.
One important limit of Eq. (10) can be made. If w(r, 1)=0 (no
interactions between the reactants), Eq. (10) gives:

2kBTN A 142}
kg = PR 13
a 3000;7< +rB+rA) (13)

The dissociation rate constant k_; can be calculated from the
Eigen treatment of the diffusion separation of encounter pairs
[45]:

BT 1\ explw(a)/keT]
“ T 2w (rA rB> a [ r2explw(r, u)/ksT] (14)

Finally the binding constant K}, is given by the well-known
Fuoss equation [47]:

kg 4nNa?

K:—_
T4 3000

exp[-w(a, u)/ksT] (15)

This set of equations provides a framework on which
diffusion rate constants may be calculated. However there are
some severe limitations in this framework. The most important
is that it relies on the assumption that we are dealing with hard
spheres that interact with each other through electrostatic
interactions. Although this may be a very good approximation



150 C.A.T. Laia et al. / Biophysical Chemistry 122 (2006) 143—155

for small solutes, it is clearly a too rough approximation when
proteins with an unsymmetrical charge distribution are present
in the reaction. However the framework was tested in order to
check how far is the present system from the assumptions of the
model.

The calculation of &, k—; and K, was carried out with
ra=13 A (Cyt ¢ radius), r5=7 A (AIPcS, radius), &,=80.2
(water relative dielectric constant) and #=1.02 cP, and the
dominant counterion was taken to be Cl  (radius equal to
1.67 A) for Cyt ¢ and Na* (radius equal to 1.13 A) for AIPcS,.
The ionic strength changes slightly within the range of [Cyt ]
used, but it is enough to change significantly the electrostatic
interactions and hence the diffusion processes. Therefore the
solutions without phosphate buffer are not really with ionic
strength equal to zero. The addition of relatively large amounts
of salt keeps these changes negligible, and that is precisely what
happens in the phosphate buffer solutions, but for the solutions
without buffer it is important to take into account this variation.

4.2.2. Unimolecular electron-transfer in the AIPcS,;/Cyt ¢
complex

There are two ways from which izt may be calculated. One
that is widely used is, from Stern—Volmer plots, to calculate &,
and then from Eq. (6) kg is readily calculated if the equilibrium
constants for the complex formation are known. This procedure
relies on a very important assumption: k_;>> kgt. Unless radical
formation is detected and k_, directly obtained, it is not possible
to be completely certain of the k_, value. If no radicals are
observed (which is the present case), then there is a strong
possibility that in fact k_; << kg1, which is exactly the opposite
of the assumption needed to apply Eq. (6) to calculate kgt So
one should be very careful when an attempt to obtain kgt from
Stern—Volmer plots is made.

The alternatives are to calculate theoretically the expected
rate from Marcus theory [48] or try to obtain experimentally the
rate from decay of the excited state complex. For this reason the
measurements with nanosecond time-resolution, in order to
detect this complex, were crucial. The results obtained with and
without buffer pointed out to a triplet state complex lifetime of
about 30 ns, which means a kgt around 3x 107 s~ '. This data
along with those obtained previously found in the literature are
shown on Fig. 10.

There are many literature reports of electron-transfer
measurements involving Cyt ¢ with several electron donors,
which have been successfully analysed within the framework of
Marcus theory for electron-transfer reactions. According to the
theory, kgt is given by Eq. (16) [48]:

| 4 (AG® + )
= {| 5 Haexp(- el 1
ket Wk T oexp( ﬁr)exp( 4keT (16)

where A is the reorganization energy, /4 is the Planck constant, kg
is the Boltzmann constant, T is the temperature, AG® is the
reaction driving force, H, is the electronic coupling for close-
contact distance between donor and acceptor, f is the distance
decay constant of the electronic coupling and r is the encounter
distance between the reactants. Langen et al. studied the

two porphyrins
ref. 13-15

log(ket /s™)

0 T T T
0 50 100 150

-AG® /kJ.mol

Fig. 10. Marcus plot of the electron-transfer rate constants obtained for Cyt ¢
electron-transfer complexes. Dark symbols were taken from measurements of
singlet excited state quenching (porphyrins [13—15] and a fullerene derivative
(triangle) [27]). The arrow shows the result of the AlPcS, singlet excited state
quenching [28] and in the circle are the triplet states quenching results. The open
symbols are taken from Stern—Volmer analysis, using Eq. (6) [8,9]. Parabolas
are fits with Marcus theory (Eq. (16)), except the bold, which were calculated
from temperature dependent experiments obtained by Larsen et al. [13—15], also
using Marcus theory. Dashed parabola is a fit of the dark symbols with Marcus
theory, which gives reorganization energy equal to 0.93 eV.

electron-transfer between donors covalently linked to the Cyt ¢
that allowed knowledge of Hj, and S across the protein [49]. The
reorganization energy was also experimentally obtained, and
was shown to be around 0.8 eV, where the contribution from the
protein reorganization dominates the other contributions from
the solvent and from the donors [50].

The reaction driving force turns out to be relatively simple to
calculate, by the equation:
AG* =E -E +C (17)
where E2, and E%4 are the redox potentials of AIPcS, triplet
state and Cyt ¢, and C is the work necessary to bring together the
ions:

C= wp(anu)iwr(anu) (18)

where wy(a, u) and w(a, u) are the work terms of the products
and reactants respectively. So it will depend on the ionic
strength as well.

The comparison with other complexes of the same type (i.e.
—4 charged solutes that dock at the Cyt ¢ active site) on Fig. 10
can be made because large variations of the donor-acceptor
distance are not expected [28,29]. Larsen and co-workers have
studied the kg1 temperature dependence for selected porphyrins
in the singlet excited state [13—15], which AG° lies within the
Marcus inverted region. They applied Marcus theory and
calculated, among other values, the reorganization energy. The
value they obtained was between 0.89 and 1.00 eV, and the



C.A.T. Laia et al. / Biophysical Chemistry 122 (2006) 143—155 151

1000000

10000

100+

Kp lyM-?!

0.014

0.0001 T
-10 -5 0

Solute electric charge

Fig. 11. Influence of the solute charge on K. Binding constants of water-soluble
porphyrins (data taken from: Ref. [16] O, Refs. [12,13] [ and Ref. [11] A) and
sulfonated phthalocyanines (Ref. [28] @®). Dashed line is the trend of
experimental results, normal line is obtained with diffusion model according
to Scheme 1, bold line is obtained with diffusion model according to Scheme 2
(see text for details).

curves plotted on Fig. 10 were calculated from their data. It
turns out AlPcS, excited states electron-transfer to Cyt ¢ is in
very good agreement with their results. In fact with the five
points available it is possible to do a new fit with Eq. (16),
giving a reorganization energy equal to 0.94 eV, lying on the
interval range of the data by Larsen et al.

Lack of agreement is however found when a comparison is
made with kgt values obtained by Eq. (6). These data [8,9,50]
are 3 orders of magnitude lower than our experimental values.
To check out this procedure, a calculation of kgt with Eq. (6)
with the Stern—Volmer plots shown here on Fig. 6 was made,
and a good agreement with this set of data was obtained. It
would be comfortable to remain with this analysis, but it is in
complete disagreement with the triplet state complex lifetime
and it ignores diffusion processes that should play an important
role since kq higher than 10" M~ ! 57! are observed. Also the
assumption k_;>> kgt might be completely erroneous. There-
fore it is concluded that the use of Eq. (6) gives rise to erroneous
kgt that underestimate it by as much as 3 orders of magnitude. If
this was true, fluorescence quenching should never occur, but it
does occur as it was shown previously that kg is around 10° s,
instead of the predicted 10° s~ ' from those data.

The electronic coupling that one obtains with Fig. 10 (and
that was also observed by Larsen et al.) is high, indicating that
AlPcS, and the heme group are very close, less than 11 A away.
This also assures that the organic solute is indeed at the protein
active site.

4.2.3. AIPcS,/Cyt ¢ complex formation: how does it occur?

With kgr=3x107 s ! it is possible to test the diffusion
model described before, where other data values, like Cyt ¢
radius, were listed. This framework provides estimates of the
triplet quenching that are clearly above the experimental data
(Fig. 6). The numerical failure of the model could be either on
the calculation of k; or k_,.

A decrease of k,; would produce this result. The framework is
based on the assumption that the electric charge is homoge-

neously distributed on the protein surface, but it is expected that
the heterogeneous charge distribution on the surface of the Cyt ¢
and van der Waals interactions play an important role.
Comparison with other charged synthetic receptors showed a
dependence of K, with the synthetic receptor electric charge
[28], similar to the Fuoss equation. However such dependence
is only acceptable if high values of @ and Z¢, . are introduced
(14 nm and +20 respectively). For Z¢y, .=+8, Zg=—4 and
a=20.5 A, K, is closed to the experimental values of AlPcS,
and other synthetic receptors, but for Zg>—4 and Zg<—4
important deviations are observed (see Fig. 11). The experi-
mental K, for AlPcS; (Zz=—1) is two orders of magnitude
higher than expected, while for porphyrins with Zg=8, K,
values are two orders of magnitude lower than expected from
the Fuoss equation. Because K, is not dependent on the kgt
value, this shows definitely that there is something wrong with
the framework to calculate K,,. At a fixed Zg there are two orders
of magnitude variations of experimental values of K,,. Still the
difference of slope must have an electrostatic nature in order to
explain the dependence with the solute electric charge. The
heterogeneous charge distribution on the protein surface is the
best explanation for such effect, because it definitely changes
the interaction potential given on Eq. (11). More important,
previous experiments on the AIPcS, singlet excited state [28]
showed that the docking site is indeed the Cyt ¢ active site
where the docking with other proteins is achieved. Therefore the
values of k_, and k; were not calculated by an appropriate
model, which should include this effect in order to explain the
variation of K with Zg.

Koppenol and Margoliash studied the asymmetric charge
distribution on the surface of Cyt ¢ [5]. It was found that only
for a radius higher than 35-40 A the electric potential field can
be approximated to a spherical surface. As the solute
approaches the protein at a shorter distance, the asymmetrical
distribution becomes important, and Cyt ¢ appears as a large
dipole. So the model described is only applicable to a cavity of
about 40 A size. At shorter distances the electrostatic interaction
can be either repulsive (if the molecule approaches the negative
part of the dipole) or attractive (if the molecule approaches the
positive region of the protein surface) in such a way that the
molecules will go into the active site of the protein. The scheme
for such view would be (Scheme 2).

In this scheme, AlPcS, firstly diffuses until it reaches a
distance from the Cyt c¢ of about 35 A (the AIPcS,...Cyt ¢
encounter pair), and will rest within that cavity without

Kq k
SAIPCS, + Cyt c==—=="AIPcS,...Cyt c=+3AIPcS4-Cyt c
k-d k.

kET
kr kr' AIPcS,*-Cyt ¢

kBEI'\\\
Ka K;
=—— AIPcS,...Cyt ¢ AIPcS,-Cyt ¢

chomp

AlPcS, + Cyt ¢

Scheme 2.
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undergoing electron-transfer because it is still too far away from
the heme group. Eventually, due to the electrostatic interaction,
some molecules will meet the active site (a region with a high
positive charge due to lysine residues) where they will rest long
enough to undergo the electron-transfer process. Only in the
active site the solute-heme distance is short enough in order to
have an electron-transfer process in the triplet state, and
therefore the K, obtained previously is in fact:

[AIPcS;—Cyt ]

K, =K, K=t 2
b= Relet X R = TATPeS,] - [Cyt ]

(19)

Calculations of K,jecr, £y and k_; can be carried out using the
model outlined previously, with r¢y =35 A. But at a shorter
distance there are no analytical models of w(r, i) available to
carry out the calculations.

Fig. 11 shows how K compares with the experimental
results and with the previously calculated values of K. The
greatest difference is that it is much smaller than the previously
calculated values, and now there is a convergence for solute
electric charge equal to —8. The remainder can therefore be
connected with K. If the Scheme 2 is applicable, K; decreases
with the solute electric charge, which means that the Cyt ¢
dipole can repel the solute from the proximity of the protein,
possibly due to the presence of some negative charges on the
protein surface. So the binding of the solute to the Cyt ¢ will
depend on the direction in which the solute approaches the
protein. This K; will also include other interactions of the van
der Waals type, which have a much shorter range and will be
important only when the solute is already almost in contact with
the protein surface.

Scheme 2 can be translated in a tri-exponential decay for the
triplets, which is not in accordance with experimental results.
However it is possible that k7~ k7, or at least pretty close to, and
ket may be sufficiently large to make the third exponential not
observed because it is too fast to be detected. The fact that
kgt > kg kg, k7™ makes possible some assumptions when the
kinetic scheme is resolved. The equations to take into account
are:

 d[AIPes,] alCyt

dr
+ kT) [AlPCS4]*k_d [AIPCS4. .Cyt C] (20)

AIPcS;...Cyt
_dAIPSa-Cytel _ 4k, 4 kA[AIPGS,.. Cyt o

de
—kq[Cyt c][AIPcS4]—k-[AlPcS4—Cyt ]
(1)
AlPcS4—Cyt
—W = (k- + ket + k7 ") [AIPcS4—Cyt (]
—k [AIPcS,.. Cyt ] (22)

Under the steady-state approximation for AIPcS,...Cyt ¢ and
AlPcS4—Cyt ¢, an expression for the triplet lifetime may be
derived. With the assumption that k7 and k7™ are negligibly

small compared with other rate constants (k7 is around 10% s~
while k_, and kg are around 10°s™ "), the following expression
is obtained to fit the Stern—Volmer plots:

kaker

1
_:kT_|_

[Cyt c] (23A)
T k- (1% + ’jf—j) + ket
with:
K = ']‘;i (23B)

Egs. (23A) and (23B) is obviously similar to Eq. (5), but can
yield different results due to the more detailed description of the
physical phenomena. The steady-state approximation seems
also to be plausible, since the triplet decays are single-
exponential under this timescale.

The biggest problem, however, is that some parameters have
to be adjusted unless k- > kgr. K; can be obtained from
experimental results of K, and the value calculated for Kjec
through Eq. (15). Fig. 12 shows the data obtained from these
experiments and calculations. It can be seen that K; is fairly
independent from the ionic strength, at least when compared
with the variations of K}, (the experimental results) and of Kjec,
which change some orders of magnitude while K; remains
between 20 and 50 M~ '. This parameter gives an insight as to
what happens within the 40 A shell that surrounds the protein,
which is very likely much more saturated of ions than the bulk
solution. So any salt concentration change within this region is
smoothed by the intrinsic salt concentration in the shell even at
low ionic strengths.

If k->kgr, K; is the only extra parameter required to
calculate 7q/7. All other parameters are calculated as before. The
solution with low ionic strength (no salt buffer added) is the one
in which this approximation gets closer to the experimental
results. Still it is relatively far from experiment, but it shows that
the calculations give rise to data closer to experimental results if
the electron-transfer rate constant is much smaller than £_.
However in the presence of salt these calculations fail
completely to explain the experimental data. It seems that for
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Fig. 12. Influence of the ionic strength on K. Bold line was calculated with a
diffusion model based on Scheme 1 and normal line was based on Scheme 2.
The squares are K; values calculated through Eq. (19).
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Fig. 13. Influence of the ionic strength on the calculated rate constants from
Stern—Volmer plots, according to the model showed on Scheme 2.

low ionic strength k_ is small, but as the salt concentration
increases the solute can exit from the active site much faster,
while the electron-transfer process rate constant almost does not
change. So unless there are means to estimate &, and k_, this
model cannot explain the experimental results without fitting
ket/ky. The fitting is straightforward, with one adjustable
parameter. Fig. 13 shows the results of such fitting.

Both k&, and k£ are within the s and ms timescale, and change
in similar way with the increase of the ionic strength. The
equilibria prior electron-transfer are, therefore, rather slow,
which could be an indication that the steady-state approximation
is not satisfactory. On the other hand, Scheme 1 is just an
approximation to get rid of an explicit non-spherical electrostatic
potential of the Cyt ¢ dipole when this type of analysis is
performed. So in fact there is no difference between an AIPcS, in
the bulk water or close to the protein: as long as there is no
electron-transfer, the triplet decay will be similar. £, is still to a
great extent part of the diffusion process, the difference is that the
Cyt c dipolar character only manifests when the distance is close
enough (see Fig. 14). At close enough distances, a so-called
“close-encounter complex” may be formed, which is different in
nature from that depicted on Scheme 1. Within this framework, a
“dynamic complex” is formed (see Fig. 15) [28,29], but not all
the possible configurations undergo the electron-transfer
reaction and therefore the reaction mechanism is gated [51,52].

Such reaction mechanism may have an impact on the
electron-transfer itself, because small changes of conformation

+kT/e

Fig. 14. Different paths a solute can undertake before a complex is formed.

can result in great changes in the electronic coupling. If these
configuration changes occur on a suitable timescale, a
distribution of relaxation times for the electron-transfer process
appears [13,14,28,29]. This was evident on the previously
published singlet-state quenching results, in which a non-
exponential decay was observed. However it seems that these
fluctuations occur on the nanosecond timescale (~10° s~ '),
which is a much larger rate than the 10° s~ calculated here for
k. and k_. Therefore it seems that k, and k_ are unaffected by
such phenomenon.

4.2.4. Formation of radicals

Transient-absorption spectra definitely showed that radicals
are not produced, at least in significant amounts. The most
plausible reason for this behaviour is the existence of a very fast
back electron-transfer. Indeed the AG® for this reaction is

Fig. 15. Model showing Cyt ¢ (with dark residues representing positively
charged lysines on the protein surface) and AlPcS, at the docking site.
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—0.92 eV, which, according to the Marcus theory, would yield
an kggr as high as 10° s7' (see Fig. 10). The reason is that
AG°~ 1, so it will be a process controlled mainly by the
electronic coupling (hence by the distance) between donor and
acceptor. This rate is far much higher than the predicted values
for k_4, which could be at most around 10® s~ ' for higher ionic
strength, but even at high buffer concentration radicals were not
observed.

5. Final comments

The *AlIPcS, quenching by Cyt ¢ gives rise to several
interesting features, which are influenced in different ways by
the medium. A *AlPcS,—Cyt ¢ complex could be observed on
time-resolved spectroscopic measurements, which allowed the
measurement of the unimolecular electron-transfer rate constant
(3x107 s™"). Also the quenching of *AlPcS, isolated by Cyt ¢
could be studied with the Stern—Volmer equation, giving
interesting insights about the mechanism of the complex
formation. Heterogeneities on the charge distribution at the
protein surface play an important role for the docking of the two
molecules. This process is strongly influenced by the solution
ionic strength, while the unimolecular electron-transfer within
the complex is not influenced by such property within the
experimental error. Circular Dichroism measurements, on the
other hand, showed that AlPcS, can have an important impact
on the Cyt ¢ structure, but on 1:1 complexes the protein still
remains with the native structure, hence with the same redox
properties. Nevertheless, it is interesting this dual effect: for
small *AlPcS, concentrations electron-transfer might occur
normally, but for higher concentrations Cyt ¢ can unfold and
loose its oxidative property. Finally, no radicals could be
observed within the experimental conditions used. Such failure
is nevertheless expected due to the large exothermic back
electron-transfer reaction of this complex, which on the grounds
of the Marcus theory leads us to expect an kgt~ 10°. With
such a competitive rate constant, the separation of the radicals
does not occur and hence they cannot be observed.
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