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It is a common believe that intra-protein electron transfer (ET) involving reactants and products that are overall
electroneutral are not influenced by the ions of the surrounding solution. The results presented here show an
electrostatic coupling between the ionic atmosphere surrounding a membrane protein (the reaction center
(RC) from the photosynthetic bacterium Rhodobacter sphaeroides) and two very different intra-protein ET
processes taking place within it. Specifically we have studied the effect of salt concentration on: i) the kinetics
of the charge recombination between the reduced primary quinone acceptor QA

− and the primary photoxidized
donor P+; ii) the thermodynamic equilibrium (QA

− ↔ QB
−) for the ET between QA

− and the secondary quinone
acceptor QB. A distinctive point of this investigation is that reactants and products are overall electroneutral.
The protein electrostatics has been described adopting the lowest level of complexity sufficient to grasp the
experimental phenomenology and the impact of salt on the relative free energy level of reactants and products
has been evaluated according to suitable thermodynamic cycles. The ionic strength effect was found to be inde-
pendent on the ion nature for P+QA

− charge recombination where the leading electrostatic term was the dipole
moment. In the case of the QA

−↔ QB
− equilibrium, the relative stability of QA

− and QB
−was found to depend on the

salt concentration in a fashion that is different for chaotropic and kosmotropic ions. In such a case both dipole
moment and quadrupole moments of the RC must be considered.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The presence in solution of an inert electrolyte is known to screen
the electrostatic interactions between charged molecules. Such a
screening is effective for distances above the screening length that is
defined as the reciprocal of the Debye-Hückel (D-H) parameter κ that
depends on the valence Zi and concentration Ci of all the ions in solution
according to: [1,2]

κ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e2
X

i
Z2
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DkbT
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ð1Þ
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where T is the absolute temperature, kb the Boltzmann's constant, D the
solvent dielectric constant, and e the elementary charge. According to
Eq. (1), κ is proportional to the square root of the ionic strength.

Accordingly, in the case of bimolecular reactions, the presence of
added salt slows-down reactions involving oppositely charged
reactants and speeds-up reactions involving molecules of the same
charge (the “kinetic salt effect”). Such a behaviour can be described
within the formalism of the transition state assuming that the presence
of electrolytes changes the activity coefficients of the reactants and of
the activated complex [3].

For ions obeying the Debye-Hückel (D-H) theory, the activity
coefficient of the i-th ion (γi) depends on κ according to:

lnγi ¼ −
Z2
i e

2

2DkbT
κ

1þ κRi
ð2Þ

Where Ri is the radius of the i-th ion. Eq. (2) was the foundation of
most the models rationalizing the dependence of the rate of electron
transfer on ionic strength. The simplest model dates back to 1922 and
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is the Brønsted-Debye-Hückel equation often reported in the chemical
kinetics textbooks to explain the “kinetic salt effect”. Such a model has
been subsequently refined to handle complex reactants such as proteins
[4–6].

A slightly different approach was proposed by Wherland & Gray
that incorporated in the Marcus theory of electron transfer (ET) the
electrostatic energy of the charged reactants within the activated com-
plex [7].

It must be emphasized that in case of zwitterions or proteins in a
charge separated state, the overall charge is null (Zi = 0) and the
above reviewedmodels foretell that the reaction rate must be indepen-
dent on the ionic strength.

Several improvements have been proposed to take into account,
beside the interactions among net excess charges (monopoles) also in-
teractions involving dipole moments of the proteins (see for example
the references [4–6]).

The leading contribution in these models is the monopole term and
the contribution of dipole moments influences mainly the reactant
mutual orientation within the activated complex.

Such models have been extensively used to study electron transfer
reactions between proteins and between proteins and small ligands
and the study of bimolecular reaction rates as a function the ionic
strength has been proposed as a tool to disentangle electrostatic and
non-electrostatic contribution to the activation free energy [3]. A non-
exhaustive list of examples are the electron transfer reactions between
the following pairs: cytochrome c and inorganic complexes [7], self-
exchange between oxidized and reduced cytochrome b5, [8]
Cytochrome c2 and Cytochrome bc1, [9] Cytochrome c and Cytochrome
c Oxidase, [10] Photosystem 1 and Plastocyanin, [11] Plastocyanine and
Cytochrome c, [12]. Also studied was the influence of ionic strength on
the electron transfer from Cytochrome c2 to the photosynthetic Reac-
tion Center [13,14].

The subject of the latter study, the Reaction Center (RC) is the
membrane-bound protein responsible, in the photosynthetic bacteria,
for the initial light-induced electron transfer reaction in photosynthesis
[15–17].

In the RC, photon absorption promotes electron transfer from a bac-
teriochlorophyll dimer pair (P) acting as the primary electron donor to
the primary acceptor, QA, a ubiquinone molecule bound at a site close
to the opposite side of the complex. This primary charge separation is
stabilized by electron transfer from QA

− to a second ubiquinone
molecule, bound at the QB site of the RC, which is located symmetrically
to the QA site on the same cytoplasmic side of the membrane. In vivo,
the photoxidized donor, P+, is rapidly re-reduced by a soluble cyto-
chrome c2, so that a second charge separation can take place across
the RC, leading to the double reduction and protonation of QB, which
leaves the RC in its quinol state, QH2 [15,16].

The RC is yet the testing ground for the understanding of biological
electron transfer because, beside the abovementioned electron transfer
to cytochrome c2, it is the chief-actor of several intra-protein electron
transfer reactions [16–18]. It should be noted that both the photo-
induced forward charge separation (hν + PQ → P+Q−) and the dark
charge recombination (P+Q− → PQ) that take place under some condi-
tions cannot be described by the models developed for bimolecular
electron transfer. Indeed, these are monomolecular ET reactions taking
place among fixed redox centers within the same protein. The single
reactant/product is overall neutral although it can contain separated
charges.

Accordingly, the possible influence of ionic strength on these intra-
protein charge recombination has been one of the few aspects of the
RC functioning that was not investigated in detail. Only few non-
systematic investigations, by Maroti et al., somehow addressed this
point almost two decades ago [19–21].

In general, the impact of the surrounding on monomolecular intra-
protein ET is an hot topic and a couplingmediated through themechan-
ical or dielectric response of the milieu [22–26], the chemical nature of
the detergents [27] or through the solvent activity [28] was proven in
the case of RC.

The purpose of the present investigation is to explore the electrostat-
ic coupling between the ionic atmosphere surrounding the protein RC
and the charge recombination processes taking place inside it. This has
been tackled by studying the rate of charge recombination as a function
of the ionic strength using as added salt the chlorides of the alkalimetals
(first group in the Periodic Table). The use of different salts is required in
order to discriminate between the orthodox electrostatic effects implicit
in the standard D-H treatment where the only difference among ions
with the same valence is their size and the so called ion-specific effects
[29,30]. A specific influence of the non-electrostatic nature of ions is
presently assessed for several aspects of protein functionality and the
effectiveness of different ions can be ordered according to the series
first described by Franz Hofmeister, in the last decades of XIX century,
that classified salts on the basis of their ability to solubilise or precipitate
a water soluble protein [31]. The impact of ion nature on ion-specific ef-
fects depends on their degree of hydration. A traditional classification
divides the ions into two families: ions with a high degree of hydration
are called kosmotropic ions while those with a low degree of hydration
are said chaotropic ions [29].

2. Experimental

RCs from Rhodobacter sphaeroideswere isolated and purified accord-
ing to Gray et al. [32]. In all preparations, the ratio of the absorption at
280 and 800 nm was between 1.2 and 1.3. This isolation procedure
provides RCs with a QB content of about 60%.

RC was suspended in 10 mM Tris-HCl buffer at pH = 8.00, Lauryl-
Dimethyl-Amino-Oxide (LDAO) 0.025% (w/v), hereafter TL buffer.

For each salt studied, two RC buffered mother solutions have
been prepared; namely, one at the maximum salt concentration (see
further) and one with buffer only, both at the same RC concentration
(1.0 ≤ [RC] ≤ 1.7 μM, depending on RC batch of purification). These
two solutions represent the extremes of the concentration interval ex-
plored, the intermediate solutions being prepared by properly mixing
the two. This strategy not only allowed the minimization of RC concen-
tration differences among samples but also ensured the reproducibility
of the sample preparations. The RC concentration in each sample has
been checked by Vis spectroscopy being known its molar extinction co-
efficient at 802nm(ε802 nm=0.288 μM−1 cm−1), a bandnot influenced
by the RC redox state. For the fluorescence measurements, samples
were diluted to have a [RC] ≅ 0.1 μM in order to minimize self screening
effects.

Chloride salts of alkali metals have been used in order to cover
a wide range in kosmotropic and chaotropic ions within the
Hofmeister series. The reduced KCl solubility in the presence of LDAO
(4.59M inpurewater; 3.20M in TL) constrains itsmaximumconcentra-
tion at 3.20 M for all the other salts the maximum concentration was
4.00 M.

After the measurements, the samples at [salt] = 1.00 M, were
dialyzed (3 kDa cut-off dialysis membrane) against TL buffer for
about 24 h with two changes of buffer (in any case the volume
ratio was 1:100) to check the reversibility of any ions' effect on the
protein. The efficiency of the dialysis procedure was checked by
measuring the conductivity of the dialysis buffer. The buffer after the
second dialysis showed in any case conductivity values typical of the
TL buffer alone.

The activity of water (aW) of the different salts' solutions were
measured at 25 °C by means of a water activity meter (PAwkit, Decagon
Devices Inc.) previously calibratedwith suitable standards (tolerance±
0.02 aW).

UV–Vis-Near IR spectra have been acquired with a Varian Cary-1
spectrophotometer.

Light induced redox changes of the primary donor of RC were
monitored by a home-built kinetic single beam spectrophotometer



Scheme 2. Photo-induced charge separation and charge recombination from QA.
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realized with an orthogonal geometry between the measuring
(870 nm) and exciting (532 nm) laser beams. Details on this instrumen-
tation have been given elsewhere [33,34]. Care has been paid to keep
the measuring beam intensity as low as possible in order to minimize
the excitation of the sample by the measuring light itself [35]. Temper-
ature was controlled (25.0 ± 0.2 °C) by a water circulating bath.

Details on the steady-state and time resolved fluorescence experi-
ments are reported in the Supporting Information.

3. Results

The functionality of the RC in presence of excess salt has been tested
by studying the light-induced charge separation and the subsequent
recombination reactions in single-turnover experiments. Following a
flash of light, an electron is delivered in about 200 ps from the primary
donor P to the primary quinone acceptor QA, forming the charge
separated state P+QA

−. When a second quinone molecule is bound at
the secondary acceptor site QB, in about 100 μs it receives the electron
from QA

−, yielding the P+QB
− state. In the absence of electron donors to

P+, the electron on QB (or QA) recombines with the hole on the primary
donor, as shown by the following scheme [15–17].

Under physiological conditions, the rate of the P+QA
− recombination

(kf ≈ 10 s−1) is slower than the rate of protein conformational changes
and the non-ergodicity effects that dominate the fast charge separation
[36] are absent and the reactionsdescribed in the Scheme 1 can be treat-
ed classically. In addition, the ET between the two quinones is much
faster than the P+QA

− recombination and the concentration of the spe-
cies P+QA

−QB and P+QAQB
− is governed by the equilibrium constant

LAB [37]. Charge recombination of the P+QAQB
− state occurs essentially

by thermal repopulation of P+QA
−QB state with an observable overall

rate constant ks ≈ 1 s−1, which is determined by the values of kf and
LAB [37,38].

Upon purification, a certain amount of quinone at the QB site is lost.
In RC depleted of quinone at QB site, P+ decays faster according to
Scheme 2:

As a consequence, the decay of P+ following a short photoexcitation
includes in general two kinetic components, a fast and a slow one,
ascribed to RC subpopulations which undergo P+QA

− and P+QAQB
− re-

combination respectively. According to the schemes above, kinetic
analysis of charge recombination yields information on P+QA

− recombi-
nation as well as on electron transfer from QA

− to QB.
Since the P and P+ have different extinction coefficients at 870 nm,

the transient flash-induced formation of P+ and its subsequent decay
by charge recombination can be monitored at this wavelengths. Repre-
sentative time courses of absorption changes after the laser pulse are
shown in Fig. 1 for RCs in presence of increasing amounts of NaCl. A
deceleration of the slow exponential phase of the charge recombination
process upon increasing the salt concentration is clearly visible (in the
semi-log representation of Fig. 1, the slope of the long-time linear region
decreases). This behaviour is qualitatively shared by RCs dissolved in
KCl, CsCl, RbCl. A notable exception is represented by LiCl where, as
shown in Fig. 2, the overall P+ decay is faster at [LiCl] = 4 M than at
[LiCl] = 1 M. In addition, the long-time decay deviates markedly from
the single exponential.

Often, the slowphase kinetics are not accounted for by a single value
of the relevant kinetic constant rather by a spread of values that reflects
heterogeneity in the nature of the QB site.

Several models have been proposed to account for the distributed
kinetic phases of charge recombination [22,23,39,40].
Scheme 1. Photo-induced charge separation and charge recombination from QB.
Here we have found that the whole charge recombination process is
adequately accounted for, in terms of both χ2 and residuals, by the sum
of an exponential decay (fast phase) and of a power law (slow phase):
[23,40]

ΔAbs870 nm tð Þ
ΔAbs870 nm 0ð Þ ¼ X f e

−k f t þ 1−X f

1þ φstð Þns ð3Þ

where the subscripts f and s identify, respectively, the fast and the slow
phase of the whole charge recombination process and Xf is the fraction
of RC with the QB site empty. With respect to the slow process, φs and
ns are parameters describing the spread of the slow kinetics. In

particular, φs and ns are related to the average (ks) and to the variance
σ2 of the rate constants via the relationships ks ¼ φs � ns , and σ2=
φs
2ns [26].
Accordingly, the experimental decays have been fitted to Eq. (3) and

the best fit parameters are listed in Table 1 (RCs in TL) and Table 2(RCs
in presence of added salts).

In order to better understand the RC kinetic behaviour upon
varying the salts' nature and concentration, the data will be analyzed
and discussed separately for the P+QA

− charge recombination (fast com-
ponent) and for the P+QA

−QB ⇄ P+QAQB
− ET (linked to the slow

component).

3.1. P+QA
− charge recombination process

In Fig. 3 is shown the logarithm of the rate constant kf, associated
with the fast component of the charge recombination (P+QA

−→PQA)
as a function of the D-H parameter κ (defined by the Eq. (1)) that is
proportional to the square root of the salt concentration.

Upon increasing κ, kf shows an increase in its value; this behaviour
being shared by all the cations studied. For Na+, K+, Rb+ and Cs+, this
leads to mutually close values of the rate constant. In the case of Li+,
the qualitative behaviour is the same though the increase in kf is more
pronounced.

The ET process from the charge separated state P+QA
− to PQA takes

place through direct tunnelling, and changes in its rate can be ascribed
to modification in the energetics or in the protein and/or cofactor
distance and reciprocal orientation. If the latter would be the case, fluo-
rescence measurements, should probe such variations as modifications
in the spectra and/or in the fluorescence lifetimes. In particular, the
emission of the bacteriopheophytin centred around 762 nm strongly
Scheme 3. Thermodynamic cycle to account for the P+QA
- charge recombination in salt

solution.



Scheme 4. Thermodynamic cycle to account for the P+QA
- QB → P+QAQB

-ET in salt solution.

Fig. 2. Kinetics of charge recombination of RC after a laser pulse fired at t = 0 at different
LiCl concentrations. Conditions: T= 25.0± 0.2 °C; time resolution 0.1ms. Also shown are
the fits of the data to Eq. (3).
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overlaps the absorption band of themonomeric bacteriochlorophyll and
any change in the relative distance/orientation between these pigments
should change the fluorescence intensity and lifetime. As it is shown in
the Supporting Information, such alterations in the fluorescence param-
eters were not observed even in the case of high (4.00 M) salts
concentrations.

Having ruled out changes in the geometry of the donor-acceptor
pair, the rationale of the salt-induced acceleration of the charge recom-
bination effect must be due to an influence of the ionic atmosphere on
the energetics of the process.

The charge separated species involved in the P+QA
− → PQA process

hold no net charge (monopole) and as such cannot be treated using
the orthodox formalism developed for reaction between ions.

Species like P+QA
− could be described instead as transient

zwitterions. In 1934 Kirkwood solved, in closed form, the electrical
contribution to the chemical potential of a zwitterion. Strictly the
Kirkwood's approach is quite general and takes into account the
presence of electrical monopoles, dipoles and higher order multipoles
(details are given in the SI) giving the chemical potential of a particle
containing an arbitrary distribution of charges within a spherical
domain of low dielectric constant immersed in a solvent at high
dielectric constant.

He calculated the free energy change associated to the particle
transfer from a solution at null ionic strength (κ = 0) to a solution of
salt characterized by a D-H parameter κ. Applying such a model to the
RC thought as a large zwitterion that has not net charge but only an
Fig. 1. Kinetics of charge recombination of RC after a laser pulse fired at t = 0 at different
NaCl concentrations. Conditions: T=25.0±0.2 °C; time resolution 0.1ms. Also shown are
the fits of the data to Eq. (3).
electrical dipole moment, the free energy associated to the transfer
from pure water (κ = 0) to salt solution (κ) is

w a; P; κð Þ ¼ −
κ2

2D
3P2

4a 1þ κaþ κað Þ2
2

 !
2
66664

3
77775 ð4Þ

Where a is the radius of the low dielectric constant domain inacces-
sible to the ions (roughly the protein radius) and P is the overall dipole
moment.

The Kirkwood's transfer free energy can be used to rationalize the
dependence on ionic strength of kf considering the thermodynamic
cycle shown in Scheme 3.

The P+QA
−→ PQA process taking place in the salt solution at D-H pa-

rameter κ is described by three intermediate step. In the first the charge
separated P+QA

− protein is removed from the salt solution and placed in
pure water (κ=0)with a free energy cost equal to−wcs. The ET is per-
formed in pure water with a free energy change ΔG°(0) and finally the
neutral PQA protein is transferred back from the pure water to the salt
solution with an energy change wn. Therefore the driving force for the
charge recombination in salt solution isΔG°(κ)=ΔG°(0)−wcs+wn=
ΔG°(0)− Δw.

This is related to the observed rate constant kf according to the

Marcus ET theory that foretells that kf ¼ 2π
ℏ jV j2 exp½−ðΔG�þλÞ2

4λkbT
� where λ

is the reorganization energy, and |V|2 is the electronic exchange matrix
element that, depending only on the donor-acceptor distance, is
independent on the ionic strength [41,42]. Accordingly, the rate
constant in salt solution is:

kf κð Þ ¼ 2π
ℏ

Vj j2 exp − ΔG� 0ð Þ−Δwþ λð Þ2
4λkbT

" #
ð5Þ

Experimentally, the rate of the ET from QA
−to P+ reaches the highest

value at high ionic strength (Fig. 3) reaching a value kfmax≈ 10.8 s−1 for
all the salts but LiCl for which it is slightly larger (kfmax = 12.0 s−1).

According to Eq. (5), the maximum rate (kf
max ¼ 2π

ℏ jV j2) is observed
when the reaction driving force matches the reorganization energy
of the electron transfer (ΔG°(0) − Δwmax = −λ). On the other



Table 1
Characteristic parameters of RCs charge recombination in TL buffer
in absence of added salt.

Ionic strength/M 0.005

κ/nm−1 0.23
kf/s−1 8.79 ± 0.01

ks/s−1 0.76 ± 0.01

σ2/s−2 0.064 ± 0.001
Xf 0.42 ± 0.02
LAB 10.6 ± 0.1
ΔABG°/kT −2.36 ± 0.1
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hand, at low ionic strengthΔw≈ 0 and the rate constant is kf
� ¼ 2π

ℏ jV j2

exp½−ðΔG�ð0ÞþλÞ2
4λkbT

�. According to the relations holding at low and high ionic

strength one can describes the term ΔG°(0) + λ= Δwmax as a function
of the rate constants at zero and at high ionic strength:

ΔG� 0ð Þ þ λ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4λkbTln

kmax
f

k0f

 !vuut ð6Þ

Combining Eqs. (5) and (6) yields

lnkf κð Þ ¼ lnk� f− ln
kmax
f

k0f

 !
Δwffiffiffiffiffiffiffiffiffiffiffi
λkbT

p −
Δw2

4λkbT
ð7Þ
Table 2
Characteristic parameters of RCs charge recombination in TL buffer in presence of added salt.

[salt]/M 0.01 0.1 0.5

Ionic strength/M 0.015 0.105 0.005

κ/nm−1 0.40 1.06 2.34

LiCl
kf/s−1 9.30 ± 0.02 9.50 ± 0.02 10.40 ±

ks/s−1 0.74 ± 0.01 0.62 ± 0.01 0.52 ±

σ2/s−2 0.044 ± 0.001 0.034 ± 0.001 0.026 ±
Xf 0.35 ± 0.01 0.30 ± 0.01 0.30 ±
LAB 11.5 ± 0.2 14.3 ± 0.1 18.9 ±
ΔABG°/kT −2.44 ± 0.01 −2.66 ± 0.01 −2.94 ±

NaCl
kf/s−1 8.87 ± 0.02 9.51 ± 0.01 9.97 ±

ks/s−1 0.76 ± 0.01 0.79 ± 0.01 0.70 ±
σ/s−1 0.25 ± 0.01 0.26 ± 0.01 0.22 ±
Xf 0.335 ± 0.003 0.290 ± 0.003 0.300 ±
LAB 10.7 ± 0.1 11.0 ± 0.1 13.2 ±
ΔABG°/kT −2.36 ± 0.01 −2.40 ± 0.01 −2.58 ±

KCl
kf/s−1 8.93 ± 0.01 9.50 ± 0.01 10.00 ±

ks/s−1 0.801 ± 0.01 0.85 ± 0.01 0.81 ±
σ/s−1 0.26 ± 0.01 0.28 ± 0.01 0.26 ±
Xf 0.344 ± 0.003 0.285 ± 0.003 0.88 ±
LAB 10.1 ± 0.1 10.2 ± 0.1 11.3 ±
ΔABG°/kT −2.31 ± 0.01 −2.32 ± 0.01 −2.43 ±

RbCl
kf/s−1 8.91 ± 0.01 9.36 ± 0.01 9.91 ±

ks/s−1 0.78 ± 0.01 0.82 ± 0.01 0.8 ±
σ/s−1 0.24 ± 0.01 0.23 ± 0.01 0.23 ±
Xf 0.37 ± 0.01 0.31 ± 0.01 0.31 ±
LAB 10.4 ± 0.1 10.4 ± 0.2 11.4 ±
ΔABG°/kT −2.34 ± 0.01 −2.34 ± 0.01 −2.4

CsCl
kf/s−1 8.98 ± 0.01 9.53 ± 0.01 10.11 ±

ks/s−1 0.82 ± 0.01 0.88 ± 0.01 0.85 ±
σ/s−1 0.27 ± 0.02 0.28 ± 0.02 0.29 ±
Xf 0.36 ± 0.01 0.32 ± 0.01 0.32 ±
LAB 9.9 ± 0.1 9.8 ± 0.1 10.9 ±
ΔABG°/kT −2.29 ± 0.01 −2.30 ± 0.01 −2.39 ±
Assuming that both wcs and wn are described by Eq. (4) and consid-
ering that the size a of the RC remains constant the term Δw can be
rewritten as

Δw ¼ −
κ2

2D
3ΔP2

4a 1þ κaþ κað Þ2
2

 !
2
66664

3
77775 ð8Þ

Where ΔP2 is the difference between the square of the dipole
moments of P+QA

− and PQA states.
The data of Fig. 3 have been therefore fitted to Eqs. (7) and (8),

leaving as adjustable parameters only the protein radius a and ΔP2.
The following parameters where used in the best-fit: kf° = 8.8 s−1

and λ = 0.5 eV [42] for all the salts; kfmax = 12.0 s−1 was used for LiCl
and kf

max = 10.8 s−1 for all the remaining salts.
The best fit parameters are listed in Table 3 for the different salts.
Inspection of Table 3 reveals that either the size of the low dielectric

domain a or the dipole moment are independent on the nature of the
salt.

The average size of the low dielectric domain a is 0.86 nm with a
standard deviation of 0.3 nm. This is smaller than the RC size at least
by a factor 5. Such an incongruity cannot be related to the numerical
value of λ used because it has negligible effect on the best-fit parameter
a while it impacts strongly on the ΔP2-parameter. We retain that the
1.0 3.2 4.0

1.005 3.205 4.005

3.30 5.89 6.58

0.02 10.81 ± 0.02 – 11.9 ± 0.1
0.05 0.54 ± 0.05 – 0.82 ± 0.01

0.001 0.026 ± 0.001 – 0.52 ± 0.01
0.01 0.28 ± 0.01 – 0.33 ± 0.01
0.2 18.9 ± 0.2 – 13.5 ± 0.2
0.01 −2.94 ± 0.01 – −2.60 ± 0.01

0.01 10.37 ± 0.01 10.72 ± 0.01
0.01 0.61 ± 0.01 0.39 ± 0.01
0.01 0.20 ± 0.01 0.16 ± 0.01
0.003 0.300 ± 0.003 0.355 ± 0.003
0.1 16.0 ± 0.2 26.5 ± 0.3
0.01 −2.77 ± 0.01 −3.28 ± 0.01

0.01 10.11 ± 0.01 10.66 ± 0.01 –
0.01 0.76 ± 0.01 0.55 ± 0.01
0.01 0.23 ± 0.01 0.20 ± 0.01
0.003 0.298 ± 0.003 ±0.003
0.1 12.3 ± 0.1 18.4 ± 0.2
0.01 −2.51 ± 0.01 −2.91 ± 0.01

0.02 10.22 ± 0.02 – 10.92 ± 0.02
0.01 0.76 ± 0.01 0.54 ± 0.01
0.01 0.23 ± 0.01 0.16 ± 0.01
0.01 0.32 ± 0.01 – 0.35 ± 0.01
0.2 12.4 ± 0.2 19.2 ± 0.3

−2.52 ± 0.01 −2.96 ± 0.02

0.01 10.23 ± 0.01 10.60 ± 0.01
0.01 0.78 ± 0.01 0.53 ± 0.01
0.02 0.26 ± 0.02 0.20 ± 0.02
0.01 0.32 ± 0.01 0.35 ± 0.01
0.1 12.1 ± 0.1 18.9 ± 0.2
0.01 −2.49 ± 0.01 −2.94 ± 0.01



Fig. 3. Dependence of the rate constant of P+QA− charge recombination kf on the Debye-
Hückel parameter κ defined in Eq. (1). Lines are the best fit of data for LiCl (dashed) and
NaCl (solid) to Eqs. (7) and (8); the fits for the other salts are indistinguishable from the
NaCl case. The best-fit values are listed in Table 2. In the case of NaCl the fixed
parameters are kf° = 8.8 s−1, kfmax = 10.8 s−1, λ = 0.5 eV. In the case of LiCl the fixed
parameters are kf° = 8.8 s−1, kfmax = 12.0 s−1, λ = 0.5 eV.
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low values of the a parameter are likely related to the approximation on
the value of the protein internal dielectric constant implicit in the
Kirkwood's treatment. The numerical prefactors of a in Eq. (4) have
been evaluated under the assumption of a dielectric constant that is
homogenous within the protein and assuming that the ratio between
the dielectric constant of the protein and of the solvent is negligible.
These assumptions are a poor description of the local dielectric proper-
ties of the RC in which the relative dielectric constant is believed to be a
function of the position and can reach values around 25–40 [18].

According to Table 3, the ΔP2 is always positive meaning that the
dipole on P+QA

− is larger than that on PQA as it is expected. In the
reasonable case the dipole on P+QA

− is much larger than that on PQA,
we can neglect this latter and (ΔP2)1/2 equals the overall dipolemoment
of the RC in the charge separated state. The center-to-center distance
between P+ and QA

− is 28 Å [43] and this means that the photoinduced
P+QA

− charge separation contributes to the dipole moment with
≈+134 debyes. The (ΔP2)1/2 values, ranging from +65 debye to
150 debye (see Table 3), are thus in perfect agreement with such an
estimate (the mean value is 103 debye with a standard deviation of
36 debye).

3.2. P+QAQB
− charge recombination process

In the case of the rate constant of the slow kinetic phase (ks), the
effect of the salt concentration is strongly dependent on the nature of
the cation. For Na+, K+, Rb+, Cs+ up to 0.10 M, ks slightly grows upon
salt loading (Tables 1 and 2) but such an increase remains below 15%.
However, for further increase in the salt content from 1.0 M to 4.0 M,
the ks value significantly drops.

Inspection of Tables 1 and 2, indicates that the presence K+, Rb+ and
Cs+, roughly induces the same decrease in ks at a given salt concentra-
tion. In the case of sodium cation the decrease in ks is more pronounced.
For Li+, the situation is completely different and, even at the lowest
Table 3
Best Fit a and ΔP2 values obtained from the dependence of the P+QA

− charge recombina-
tion rate on the ionic strength.

Salt a/nm ΔP2/debye2
ffiffiffiffiffiffiffiffiffi
ΔP2

p
/debye

LiCl 0.6 ± 0.2 (5 ± 4) × 103 70 ± 30
NaCl 0.9 ± 0.2 (12 ± 4) × 103 110 ± 20
KCl 1.0 ± 0.2 (15 ± 5) × 103 120 ± 20
RbCl 0.6 ± 0.1 (4 ± 2) × 103 65 ± 15
CsCl 1.2 ± 0.1 (24 ± 5) × 103 150 ± 15
concentration, strong deviations from the behaviour of the other
alkaline cations were observed, with a steep decrease of ks that,
after reaching its minimum value at [Li+] = 0.50 M, steeply recovers
its typical value in TL buffer for [Li+] = 4.0 M. It is interesting to
point out that the spread of the slow kinetic phase for Li+ is always
higher than that observed for the other cations (see Table 2) and the
standard deviation σ of the slow phase reaches the same order of
magnitude of ks value itself at [Li+] = 4.0 M (see Table 2). Such a
huge value of σ suggests the presence of multiple adsorption sites for
Li+ resulting in a high heterogeneity in the electric charge distribution
as has been already observed in RC incorporated in the cationic polymer
poly(dimethyldiallylammonium) chloride (PDDA) matrices [44].

To check the reversibility of the ion-induced effects on RC, all the
samples at [salt] = 1.00 M have been extensively dialyzed against the
buffer. For all the salts studied but for LiCl, after the dialysis the kinetic
parameters revert back to the values assumed in TL buffer. At variance,
in the case of LiCl evenprolonged dialysis (N48h andwith several buffer
changes) fails to recover the initial value of rate constant. Therefore,
instead of a mere electrostatic adsorption on the RC surface, in the
case of lithium ions it seems that there is the presence of a strong bind-
ing of the Li+ to the protein.

A recent study using Nanoparticle Enhanced Laser-Induced Break-
down Spectroscopy (NE-LIBS), [45] revealed the presence of a large
amount of cations in extensively dialyzed RC samples only in the case
of Li+.

According to Scheme 1, the rate of the P+QAQB
− charge recombina-

tion depends on the P+QA
−QB ↔ P+QAQB

− thermodynamic equilibrium.
Accordingly, the equilibrium constant LAB can be evaluated using the kf
and ks values of Tables 1 and 2 as [37,38]

LAB ¼ kf

ks
−1 ð9Þ

The corresponding free energy for the P+QA
−QB⇄ P+QAQB

− electron
transfer is easily calculated for each salt concentration according to

ΔABG� κð Þ
kbT

¼ − ln LABð Þ ð10Þ

The numerical values of LAB andΔABG° are also listed in Tables 1 and 2.
The exposure to increasing concentrations of salts affects both kf and

ks in a complex fashion and will therefore reflect also on ΔABG°. The
dependence of ΔABG° on the D-H parameter is graphically shown in
Fig. 4. It can be seen that, for the “chaotropic” ions Rb+, Cs+, and K+

the increase in ionic strength first makes ΔABG° slightly less negative
and then for concentration larger than 0.1 M the free energy decreases.
Therefore, the overall trend has a maximum at κ = 1 nm−1.

Turning to sodium cation, the maximum at low concentration
vanishes and only a strong decrease in free energy is observed, reaching
a stabilization of the P+QAQB

− species of 0.9 kbT compared with the salt
free solution.

In the case of Li+, the stabilization of the P+QAQB
− is very efficient

already at low concentration but starts to decrease (ΔABG° becomes
less negative) for concentrations above 1 M (κ = 3.3 nm−1).

The P+QA
−QB↔ P+QAQB

− equilibrium can be treatedwith the help of
the thermodynamic cycle shown in Scheme 4.

The ET between QA
− and QB

− in a salt solution at D-H parameter κ, is
described by three intermediate steps: i) P+QA

−QB is removed from the
salt solution and placed in pure water (κ = 0) with a free energy cost
equal to –W(QA

−); ii) The ET is performed in pure water with a free
energy change ΔABG°(o); iii) P+QAQB

− is transferred back from the
pure water to the salt solution with an energy change W(QB

−).
Therefore the free energy change for the interquinone ET in salt

solution is ΔABG°(κ) = ΔABG°(o) − W(QA
−) + W(QB

−) =
ΔABG°(o) + ΔABW.



Fig. 4.Dependenceof the free energy change for the reaction P+QA
−QB⇄ P+QAQB

− (ΔABG°)
on the Debye-Hückel parameter κ defined in Eq. (1). Lines are the best fit to Eq. (12) with
the fixed parameters ΔABG°(0) = −2.36 kbT, a = 0.86 nm.

Table 4
Best Fit ΔP2 and ΔQ2 values obtained from the dependence of the ΔABG°(κ) on the ionic
strength keeping constant a = 0.86 nm.

Salt ΔP2/debye2 ΔQ2/10−74 m4C2

LiCl (+10 ± 0.9) × 103 −8 ± 1
NaCl (−2.8 ± 0.3) × 103 +5.6 ± 0.4
KCl (−4.0 ± 0.6) × 103 +5.6 ± 0.6
RbCl (−3.6 ± 0.6) × 103 +5.2 ± 0.4
CsCl (−4.8 ± 0.4) × 103 +6.0 ± 0.4
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The effect of ionic strength on this thermodynamic equilibrium is
less easy to grasp than that on the kinetic rate of charge recombination
previously described (Section 3.1). Here there is not a dipole that van-
ishes but instead a change in the orientation of the charges and, due
to themirror symmetry of the cofactors in the RC, the distance between
P+ and the negative charge doesn't change when the electron passes
from QA

− to QB
−. In spite of this consideration, ΔABG° is strongly depen-

dent on κ. A further striking evidence is that ΔABG° clearly depends on
κ differently in the case of chaotropic and kosmotropic ions. A possibility
to reconcile such an experimental evidence with the Kirkwood's treat-
ment that doesn't contain any parameter that explicitly depends on
the nature of the ions, is that different ions adsorb differently on the
RC and thus they contribute differently to the multipole moments of
P+QA

−QB and P+QAQB
−. Our hypothesis is that the non-electrostatic

ion-specific interactions rule the ion binding and thus tune the charge
distribution within the protein while the electrostatics determines
how the ionic atmosphere screens these charges.

Any attempt to describe this behaviour in terms of dipole contribu-
tion only (i.e. by fitting the data of Fig. 4 to Eq. (8)) cannot reproduce
the minimum observed in the case of Li+ and the shallow maximum
found for Rb+, Cs+, K+ because in Eq. (8) the energy can only change
monotonically with κ. To describe the phenomenology shown in Fig. 4
we have to describe the electrostatics of the RC including also the quad-
rupole terms. The Kirkwood formula including the quadrupole contri-
butions is recalled in the SI, and here we use directly the final result.
In this case, the free energy associated to the transfer of a generic pro-
tein from κ = 0 to κ is

W ¼ w a; P;κð Þ þ Q2 f a;κð Þ ð11Þ

The dipole contribution to the energy w(a, P, κ) is given by Eq. (4)
and the contribution of the quadrupolar terms is given by the product
between the function f(a, κ) (that depends on the size of the low dielec-
tric domain a and on κ) and the square of the quadrupole moment Q.

In the process P+QA
−QB → P+QAQB

− the a-parameter is expected to
be constant. Therefore it is possible to write

ΔABG� κð Þ ¼ ΔABG� 0ð Þ− κ2

2D
3ΔP2

4a 1þ κaþ κað Þ2
2

 !
2
66664

3
77775þ ΔQ2 f a;κð Þ ð12Þ

Where ΔQ2 is the difference in the squares of the quadrupole mo-
ment for P+QA

−QB and P+QAQB
− and the analytical form of f(a, κ) is

given in the SI.
The data of Fig. 3 have been first fitted to Eq. (12) leaving three
adjustable parameters, namely: a, ΔP2, and ΔQ2; ΔABG°(0) was fixed
to the value found in absence of added salt (Table 1). The description
in terms of charge screening on the dipole and quadrupole moments
successfully describes the large variety of dependence of ΔABG° on κ in-
cluding the minimum observed for Li+ and the maximum observed for
Cs+, Rb+, and K+ (see fits in Fig. S9 SI). The a, ΔP2, and ΔQ2 best-fit pa-
rameters are listed in Table S1 in the SI. It turned out that the values of
the parameter a coincide within the error with those obtained in the
analysis of the P+QA

− charge recombination kinetics (Table 3). With re-
spect to the changes in the dipole and quadrupole moments, Na+, K+,
Rb+ and Cs+ have negative ΔP2 and positive ΔQ2 values although the
large uncertainties associated to a fit with three adjustable parameters
overcast any differences due to the nature of the ions. A notable excep-
tion is represented again by the case Li+ where positive ΔP2 and nega-
tive ΔQ2 values are observed.

To reduce the uncertainty in the best-fit parameter we have there-
fore fixed the parameter a to the average value found in the indepen-
dent analysis of the rate of P+QA

− → PQA (a = 0.86 nm) and the data
have been fitted to Eq. (12)with onlyΔP2 andΔQ2 as adjustable param-
eters. The resulting fits are shown in Fig. 4 and the best fit parameters
listed in Table 4.

This strategy considerably reduced the uncertainties on the best-fit
parameters that can be properly compared. With the exception of LiCl,
thenature of the salt doesn't impact on thedifference on thequadrupole
moment between P+QAQB

− and P+QA
−QB. The chaotropic ions K+, Rb+

and Cs+ share also the same difference in the dipole moment. For
these ions ΔP2 = (−4 ± 0.6) × 103 debye2 indicating that the dipole
moment on P+QAQB

− is smaller than that on P+QA
−QB. Passing to the

sodium ionΔP2 becomes 30% less negative. In presence of Li+ the charge
distribution within the RC changes drastically with a dipole moment on
P+QAQB

− that is larger than that on P+QA
−QB (ΔP2=+10×103 debye2)

while the opposite holds for the quadrupole moment (ΔQ2 b 0).

4. Discussion

The belief that themain effect of the ionic strength on chemical reac-
tivity is its impact on bimolecular reactions between charged pairs has
overshadowed any influence on intra-protein ET. Also in the few papers
(focused only on the P+QA− charge recombination) where an effect of
the ionic atmosphere was assessed, this has been discussed in terms of
binding and screening of protonatable groups (i.e. changes in the local
pH and/or pKa) as dominantmodes of electrostatic interaction between
protein and salt [19–21].

To our best knowledge, this is the first study proving an electrostatic
influence of the ionic strength on the kinetics and thermodynamics of
ET processes involving opposite charges deeply buried within the
same protein.

The above described experimental results unambiguously show a
marked influence of the ionic atmosphere on two very different intra-
protein ET processes taking place inside of the RC: i) the kinetics of the
charge recombination from P+QA

−; ii) the thermodynamic equilibrium
between P+QA

−QB and P+QAQB
−.

A distinctive point of the present investigation is that reactants and
products of the reactions do not carry net charges and thus the leading
interactions involve dipole moments that have been accounted for by
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the Kirkwood's equations. Such an approach furnishes a consistent
description of the effect of the ionic strength on two completely differ-
ent ET processes. It is worth noting that, although the two key parame-
ters investigated are different in nature (one is the kinetic rate constant
kf the other the equilibrium free energy changes ΔABG°) and for this
reason they depend on the ionic strength according to relations that
are formally different (Eqs. (7) and (12)), they are accounted for by
the same a-parameter. The analysis of the rate of P+QA

− charge recom-
bination furnishes as best-fit parameter, averaged over all the salts,
a=0.86± 0.25 nmwhile the dependence of ΔABG° on the salt concen-
tration gives a=0.6± 0.1 nm (value averaged over all the salts; for the
individual values see Table 1S in the SI).

The rate of the P+QA
− charge recombination is known to be unaffect-

ed by the surrounding solution osmotic pressure and viscosity [28] and
is only slightly affected by the temperature [46] (above 273 k). Also
incorporation of RCs in solid glasses affects it only when the surround-
ing solid matrix becomes extremely rigid [22,24]. Therefore themarked
effect of ionic strength (Fig. 3) on the ET from QA

− to P+ is unexpected.
The Eqs. (7)–(8) ascribe the acceleration in the ET rate upon increas-

ing the ionic strength to the negative value of the Δw(κ). Due to the
larger dipole moment associated to P+QA

− compared to PQA, the
presence of salt stabilizes the charge separated state more than
the ground state thus decreasing the free energy gap between
reactants and products. In other words, upon salt loading, the ΔG°(κ)
approaches the reorganization energy (λ) from the side of the Marcus
“inverted region” [41]. Overall, this is a small effect (≈75 meV) but
could play a role in vivo since the ionic strength of the intracellular ma-
trix is not negligible. Remarkably, such a rationalization involves only
the pure electrostatic screening of the photo-induced P+QA

− dipole
and doesn't require any salt-induced change in the protonation state
of the protein.

Since, for the P+QA
− charge recombination, either the size of the low

dielectric domain (a) or the dipole moment are independent on the
nature of the salt (Table 2), the influence of the ionic strength on this
process must be classified as an electrostatic effect that is not ion-
specific.

On the contrary, the thermodynamic equilibrium between P+QA
−QB

and P+QAQB
− depends on the salt concentration in a fashion that is

different for chaotropic and kosmotropic ions. It should be stressed
that the high concentration of salts here used have only a moderate
effect on the water activity that never goes below 0.86 (minimum
value measured for aW in the case of the LiCl 4.00 M solution). This is
important because the rate of charge recombination from P+QAQB

−,
although associated to the release of water molecules, slows-down
only when the water activity drops below 0.80 [28]. The high value of
water activity in the present study rules out such an osmotic contribu-
tion to the observed stabilization of the P+QAQB

− state.
According to Table 4, the chaotropic ions K+, Rb+, and Cs+

stabilize the P+QA
−QB → P+QAQB

− ET in the same way. The analysis of
the κ-dependence of ΔABG°(κ) indicates that, for the chlorides of these
cations, the ET from QA

− to QB is associated to the same decrease of the
dipole moment and to the same increase of the quadrupole moment.
This indicates that, for the chaotropic cations, the effect of the added
salt is essentially a non-specific electrostatic stabilization of the charge
distribution within the protein. Since the P+QA

−QB → P+QAQB
− ET is

known to be conformationally gated [47] (i.e. is governed by a protein
rearrangement) the changes in the dipole and the quadrupolemoments
reflect the rearrangement of the protein conformation and possibly the
small proton uptakewhich is known to stabilize the charge on QB as the
electron passes from QA

− to QB [18].
Passing to the kosmotropic side of the alkali series, we observe

that loading with Na+ leaves unchanged the ΔQ2 but reduces
the change in the dipole moment. Eventually, exposure of the RCs to
lithium ions changes drastically the inner charge distribution; thedipole
moment on P+QAQB

− is now larger than that on P+QA
−QB (ΔP2 N 0)

while the opposite holds for the quadrupole moment (ΔQ2 b 0). The
non-reversibility of the effect of Li+ upon dialysis indicates that lithium
ions effectively bind the RC already at low concentration.

In this respect it is interesting to compare our results with the
affinity of alkali cations for polypeptides and block-copolymers. In a
recent investigation, Cremer and co-workers have examined the affinity
of anions [48] and cations [49] for the carboxylate side chains of an
elastin-like polypeptide. The authors have found the same affinity for
the polypeptide in the case of chaotropic cations Cs+, Rb+ and K+.
The affinity between cations and the carboxylate side chains becomes
stronger passing to Na+ and reaches its maximum in the case of Li+.

In another recent study, Zhang and co-workers have investigated
the binding of alkali cations to a triblock copolymer (poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide)) that is uncharged
but contains several dipoles due to etheric bonds. [50] In such case only
Li+ was found to bind the polymer.

The above reported studies indicate an affinity for dipolar and
carboxylate side chains that is quite low (and mutually close) for the
chaotropic cations (Cs+, Rb+, K+) and very strong for lithium with the
Na+ somehow between such extremes.

Such an affinity scale rationalizes the evidence that the inner charge
distribution of P+QA

−QB and P+QAQB
− in CsCl, RbCl and KCl are the same

but are radically different from that found for LiCl solutions if we assume
that lithium ion binds efficiently to the RC. The presence of bound Li+

changes the constellation of charges within the RC also because it likely
impacts the protonation state of some acidic residues.

It should be noticed that while specific (Hofmeister) ion effects are
ubiquitous phenomena, the effects of anions are, usually, stronger
than those of cations and this is plausibly the reason that left the cationic
Hofmeister's series less investigated. Of course specific roles of some
divalent cations such as Ca++ and Mg++ in enzymatic catalysis and
Cd++ and Zn++ on the QA

− → QB
− ET within the RC [51,52] are well

known but a ion-specificity along the alkali cations was seldom
reported.

5. Conclusions

We have demonstrated that the solution ionic strength strongly
influences the rate of the ET between donor and acceptor buried within
the RC. This holds both for the ET from QA

− to P+ and for the ET from
P+QA

−QB to P+QAQB
−.

Notably both the reagents and the products of these reactions are
overall electroneutral. The impact of the external ionic atmosphere on
the monomolecular ET between cofactors within the protein can be
understood as a consequence of the long range nature of the Coulomb
interactions that are determined also by the nature of the medium sur-
rounding the charges and not only between them [53]. Accordingly,
exploiting suitable thermodynamic cycles, we have accounted for the
experimental evidences considering the effect of ionic strength on the
chemical potential of RC thought as a neutral protein with an internal
distribution of charges.

In doing this, the protein electrostatics was described according to
the lowest level of complexity sufficient to understand the impact of
the ionic strength on the electrical multipoles. Strikingly, such a
“spherical cow in vacuum” approach was enough to describe the
observed phenomenology and to understand the electrostatic coupling
between the protein multipoles and ionic atmosphere.

In the case of the thermodynamic equilibrium between P+QA
−QB

and P+QAQB
−, both dipole moment and quadrupole moments of the

RC must be considered to reproduce the experimental behaviour.
In the case of P+QA

− charge recombination, the leading termwas the
electrical dipolemoment and the salt-dependent free energy of reaction
has been inserted into the classicalMarcus equation for the ET rate. Such
rationalizations successfully explains the experimental results.

In principle, the thermodynamic treatment can be performed
exploiting the extraordinary progress made during the last decades in
the explicit modeling of the electrostatic effects in the proteins. Such
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an approach will surely furnish deeper insights in the ions-RC relation-
ships in a more punctual way starting, however, from the evidences
acquired to a broader level.

On an experimental ground, this study has demonstrated that it is
possible to tune the ET driving force simply by changing the salt concen-
tration also in the case of intra-protein ET monomolecular processes.
Such an approach is an appealing alternative to the customary strategies
used to study the intra-protein ET reactions that require the modifica-
tion of the protein sequence (bymutagenesis) or the chemicalmodifica-
tion of the cofactor in order to change the free energy gap.
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