Photochemical &
Photobiological
Sciences

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Photobiological
Scie

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

» . t L r—

[{ RO~YAL SOCIETY
OF CHEMISTRY WWW.ISC.Org/pps


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 35

Photochemical & Photobiological Sciences

Dehydration affects the electronic structure of the primary electron donor in bacterial
photosynthetic reaction centers: evidence from visible-NIR and light-induced difference FTIR

spectroscopy

Marco Malferrari', Paola Turina’, Francesco Francia', Alberto Mezzetti**, Winfried Leibl?,

. . .1.5.%
Giovanni Venturoli ™

'Dipartimento di Farmacia e Biotecnologie, FaBiT, Universita di Bologna, Bologna, Italy

*Dipartimento di Scienze Biologiche, Geologiche e Ambientali, BiGeA, Universita di Bologna,
Bologna, Italy

3 LASIR, UMR 8516, Université Lille 1, Cité Scientifique, 59655 Villeneuve d’Ascq, France

* Service de Bioénergétique, Biologie Structurale et Mécanismes UMR 8221, IBITeC-S, Bat 532,
CEA-Saclay, 91191 Gif-sur-Yvette, France

> Consorzio Nazionale Interuniversitario per le Scienze Fisiche della Materia (CNISM), ¢/o

Dipartimento di Fisica e Astronomia, DIFA, Universita di Bologna, Bologna, Italy.

*Corresponding author:

e-mail: giovanni.venturoli@unibo.it; Tel. +39 051-2091288; Fax: +39 051 242576

Abbreviations: BChl, bacteriochlorophyll; Bphe, bacteriopheophytin; CTAB, cetyl-trimethyl-
ammonium bromide; ENDOR, electron nuclear double resonance; EPR, electron paramagnetic
resonance; FTIR, Fourier transform infrared; HOMO, highest occupied molecular orbital; LDAO,
lauryldimethylamine N-oxide; MO, molecular orbital; NIR, near infrared; P, primary donor; Qa s,
quinones in the RC; Qy, optical transition in BChls; Rb., Rhodobacter; RC, reaction center;;

TRIPLE, electron-nuclear-nuclear triple resonance.



Photochemical & Photobiological Sciences

Abstract

The photosynthetic reaction center (RC) is a membrane pigment-protein complex that catalyzes the
initial charge separation reactions of photosynthesis. Following photoexcitation, the RC undergoes
conformational relaxations which stabilize the charge-separated state. Dehydration of the complex
inhibits its conformational dynamics, providing a useful tool to get insights into the relaxational
processes. We analyzed the effects of dehydration on the electronic structure of the primary electron
donor P, as probed by visible-NIR and light-induced FTIR difference spectroscopy, in RC films
equilibrated at different relative humidities r. Previous FTIR and ENDOR spectroscopic studies
revealed that P, an excitonically coupled dimer of bacteriochlorophylls, can be switched between
two conformations, Pges and Pgsg, which differ in the extent of delocalization of the unpaired
electron between the two bacteriochlorophyll moieties (P. and Py;) of the photoxidized radical P".
We found that dehydration (at r = 11%) shifts the optical Qy band of P from 866 to 850-845 nm, a
large part of the effect occurring already at r = 76%. Such a dehydration weakens light-induced
difference FTIR marker bands, which probe the delocalization of charge distribution within the P*
dimer (the electronic band of P* at 2700 cm™, and the associated phase-phonon vibrational modes at
around 1300, 1480, and 1550 cm'l). From the analysis of the P'keto C=0 bands at 1703 and 1713-
15 cm™, we inferred that dehydration induces a stronger localization of the unpaired electron on
P.". The observed charge redistribution is discussed in relation with the dielectric relaxation of the

photoexcited RC on a long (107 s) time scale.
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1. Introduction

The reaction center (RC) of purple photosynthetic bacteria has become a model system in the
study of dynamics/function relationships in proteins which catalyze light-induced electron transfer
processes. This integral membrane pigment-protein complex promotes the early photochemical
events in the conversion of solar excitation energy into chemical free energy'. Two protein subunits,
L and M, spanning the photosynthetic membrane and related by an approximate C, symmetry, form
the scaffold to bind the cofactors, which, in the RC from Rhodobacter (Rb.) sphaeroides, studied in
the present work, are: four bacteriochlorophylls (BChl) a, two bacteriopheophytins (BPhe) a, two
quinones (Qa and Qg), a carotenoid, and a non-heme iron. Although also the BChl, BPhe and
quinone pigments are arranged in two pseudo-symmetrical branches, associated to the L and M
subunits and sharing their approximate C, symmetry axis, the initial electron transfer proceeds
along the L-branch only. Following photoexcitation, a dimer P of BChl a molecules (called P, and
Pum according to their coordination by a histidine residue of either the L or M subunits), acts as the
primary donor by delivering an electron, via an intermediate BPhe cofactor, to the primary quinone
acceptor Q4. Since P and Qa are located close to the periplasmic and cytoplasmic sides of the
complex, respectively, this sequential electron transfer leads ( within ~ 200 ps) to electric charge
separation across the protein dielectric. Formation of the primary charge separated state P'Q,’ is
followed by electron transfer to the secondary quinone acceptor Qg on the 100-us time scale'™.

During the last three decades, a large body of experimental studies, based on biochemical’,
crystallographic™ ¢ and spectroscopic approaches’>, has demonstrated that light-induced electron
transfer processes are associated to RC conformational rearrangements, which affect the stability of
the charge separated state. These conformational relaxations from dark- to light-adapted RC states
involve most likely different processes, which influence selectively specific electron transfer steps
and encompass a large time scale (from 10 to 10” s), as indicated by studies in which the RC was
photoexcited by short laser pulses™ '° or by continuous prolonged illumination''®,

Despite extensive efforts, a clear, complete picture of the structural changes associated to the
photo-activity of the RC is still lacking. Different conformational events, localized in different
protein domains, have been proposed to participate in the RC response to charge separation: (a)
small- and large-scale protein structural changes on the quinone acceptor side of the RC™ ?; (b)
dielectric relaxation of water molecules weakly bound to the RC in proximity of Q4> 1617 (¢)
proton uptake and fast protonation of aspartate or glutamate residues on the cytoplasmic RC side'®;
(d) rearrangements involving groups of the primary donor P'’, as well as amino acid residues and

bound water molecules near P'> "> '°; (e) redistribution of the electric charge density, within the P*

dimer, between the two BChl molecules (PL and Pyy) which form the primary electron donor'®?°,
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In a series of papers

, we have shown that a useful approach in the study of the
conformational protein dynamics associated with RC photo-activity consists in varying the
hydration state of the RC. In fact, dehydration of the RC, both in the absence® and in the presence

21, 22, 24-26, 28

of a sugar or polymeric® solid matrix, inhibits progressively and selectively the RC

dynamics, and affects specific electron transfer steps. It came out that several effects of inhibition of

protein dynamics on electron transfer, observed at cryogenic temperatures in hydrated RCs* '°, are

mimicked in dehydrated RCs at room temperature*' 2.

In an attempt to better characterize the structural rearrangements which stabilize the charge-
separated P'Q," state, this dehydration approach has been combined with light-minus-dark
difference FTIR spectrroscopy'®, a method which proved to be very powerful in identifying light-
induced structural changes involving cofactors, protein residues, and solvent molecules interacting
with the RC” '%17-393% In this previous study'® we focused on the comparison between moderately
and strongly dehydrated RC-films, equilibrated at relative humidity r = 76% or r = 11%. Several
changes, induced by RC dehydration in the light-minus-dark difference FTIR spectra, could be
identified, and attributed to water molecules hydrogen-bonded to the RC in the vicinity of Qa, to
NH or OH stretching modes of amino acid residues, as well as to the 9-keto C=0 stretching modes
of the two BChls of P'®. The latter finding pointed to a possible role of structural rearrangements
occurring on P (and in its local environment) in the stabilization of the charge separated P'Q," state
upon prolonged illumination.

Dehydration-induced reorganizations in the dimeric structure of P are also suggested by the

blue shift observed upon RC dehydration®"” **

in the position of the absorption band peaking at 866
nm in RC suspensions at pH = 8. This NIR band of the RC is identified as the low energy exciton
component of the Qy transition of the BChls of the P dimer®>>", Upon dehydration of RC
incorporated into polyvinyl alcohol (PVA) films®, or embedded into glassy trehalose matrices®, the
band maximum shifts from 866 nm to 850 nm. Such an effect has been observed as a result of a
number of different perturbations of the P environment, including e.g. changes in the detergent type

3840 as well as single point mutations in the proximity of P*'. Investigations on

and concentration
the electronic structure of the radical cation P* by electron paramagnetic resonance spectroscopy
and related multiple resonance techniques (ENDOR/TRIPLE) showed that the ~16 nm blue shift of
the Q, band of P is systematically associated with a significant change in the spin density
distribution of P* within the dimer, which becomes more asymmetric when the Qy band is blue
shifted® ** *»* It has been inferred that two distinct conformations of the primary electron donor

exist, called Pggs and Pgso from the position of the Q, band, and differing in the extent of

delocalization of the unpaired electron over the Py, and Py halves of the P" dimer %.
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The symmetry/asymmetry of the charge distribution within the P* dimer is consistently
probed by the intensity of a broad absorption band of the light-minus-dark P'Q7/PQ FTIR difference
spectrum, appearing in the mid-IR near 2700 cm™ in Rb. sphaeroides RCs™. This band has been
shown to correspond to an electronic transition of the photoxidized primary donor and to reflect the
magnitude of the resonance interaction between the two BChls Py and Py of the P™ dimer’™ *.
Additionally, three difference IR marker bands, observed at = 1550, 1480, and 1300 cm’!, have been
proved to be mostly related to the BChl dimeric nature of P* *!**. The presence and intensity of
these so called phase-phonon*™ *® bands appear to be systematically correlated with those of the

2700 cm’! transitions!® 47°

, i.e. with the delocalization of the charge on the P* dimer.

In the present paper, we have studied the effect of RC dehydration on the electronic structure
of the P dimer, by examining RC-films equilibrated at different relative humidities. In order to get
information on charge localization within the Bchl P" dimer, we have analyzed, as a function of the
relative humidity, the shift of the Q, band of P and selected regions of the light-minus-dark
difference FTIR spectrum, which include the electronic band of P* at 2700 cm™ and the three
phase-phonon bands in the 1600-1200 cm™ range. We have found that dehydration results in a
more localized charge distribution as compared to RC in solution, and that the transition from the
Pses to the Pgso conformation occurs over a large part of the RC population already under
moderately dehydrated conditions (at r = 76%). From the response to dehydration of the spectral
contributions attributed to the 9-keto C=0 modes of Py and Py, we concluded that dehydration

leads to an increased charge density on the Pp BChl moiety of P".

2. Experimental
2.1 RC purification and sample preparations

RCs were isolated from Rb. sphaeroides wt 2.4.1 strain and purified as described previously’’,
using lauryldimethylamine-N-oxide (LDAQ) as a detergent. The ratio of the absorption at 280 and
800 nm was 1.3. RC-LDAO films were prepared on CaF, windows following essentially the
procedure described in detail in ref.”. Briefly, 40-60 uL (in the case of RC films for light-induced
difference FTIR measurements) or 160 pL drops (for visible-NIR measurements) of a solution
containing 60 pM RC, 10 mM TRIS HCI buffer at pH = 8.0, 0.025% LDAO and 10 mM o-
phenanthroline were laid on the CaF, window and dried for about 4 hours under N, flow at room
temperature. The inhibitor o-phenanthroline was used to block light-induced electron transfer from
the primary photoreduced Q4” to the secondary Qg quinone acceptor, in order to obtain pure P'Qx
/PQa light-induced FTIR spectra. Visible-NIR measurements were also performed in RC-films

prepared in the absence of o-phenanthroline.



Photochemical & Photobiological Sciences

The control of the hydration state of the RC-LDAO films was achieved by an isopiestic
method”, which consists in equilibrating the sample with hydrating saturated salt solutions,
providing defined values of relative humidity r. Equilibration was obtained by placing the window
on which the RC film had been formed into a sample holder equipped with a second CaF, window,
to form a small volume, gas-tight cavity, which also contained the hydrating solution. Visible-NIR
and difference FTIR measurements have been performed at temperatures of 295K and 281K,
respectively. This difference in temperature has a small effect (see values in brackets below) on the
relative humidity corresponding to a given saturated hydrating solution®>. The following solutions
have been used in visible-NIR measurements to obtain the desired r values (indicated in brackets,
for T = 295K): KNOs (94%), KCI (84%), NaCl (75%), NH4NOs (63%), Mg(NO3), (54%), K,COs
(43%), MgCl, (33%), LiCl (11%). Light-minus-dark FTIR measurements have been performed at T
= 281K in fully hydrated samples (solution RCs), in the presence of KNO; (r = 96%), of NaCl (r =
76%), and of LiCl (r = 11%) saturated solutions. By this method, when the relative humidity inside
the holders was varied over the explored range (11% < r < 96%), a steady hydration level could be
reached in a few hours, as shown by previous measurements®’, in which the content of residual
water was monitored by following the evolution of the NIR water combination band around 5155
cm™. RC-LDAO films, equilibrated at r = 96% and r = 76% with D,O, were obtained following a
sequence of dehydration/re-hydration equilibria, as described in detail by Malferrari and

coworkers™, which yields an efficiency of DO replacement larger than 95%.

2.2 Visible-NIR and difference FTIR spectroscopic measurements

Visible-NIR absorption spectra of solution RCs and RC films were recorded on a Jasco V-550
spectrophotometer. Light-minus-dark FTIR difference spectra were recorded essentially as
described by Breton and coworkers®, using a MCT-A detector. The sample was placed in a
nitrogen cryostat (Oxford Instruments) to keep the temperature stable within £ 1 °C during the
measurements. The mirror speed was set to 2,531 cm s, and the interferograms were collected in
the double-sided forward-backward mode. Interferograms in the 4000-1000 cm™ range were
acquired at 281K, before and during continuous illumination (lasting 20 s). Continuous
photoexcitation was provided by a 250 W tungsten halogen lamp collimated by an optical
condenser, and filtered by a 8 c¢m thick layer of thermostated water, a 50 % transmittance neutral
density filter, and two coloured glass filters, resulting in a transmitted band centered at 760 nm,
with 0.01 transmittance for A<700 nm and A>850 nm. The duration of the photoexcitation cycles
was controlled by a Uniblitz electro-programmable shutter system (Vincent Associates, Rochester,

NY) with opening/closing times ~ 3 ms. Photoexcitation cycles were separated by appropriate dark
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periods (80 s or 140 s for RC equilibrated at r = 11% or r = 76% and 96%) to allow a complete
recovery of the RC neutral state (PQ,) from the charge-separated P'Q," state induced by the 20 s
period of continuous illumination. P'QA/PQa FTIR difference spectra in H,O were obtained by
averaging 2.280.000, 1.300.000, 118.800, and 108.000 interferograms at r = 11%, r = 76%, r = 96%
and in fully hydrated conditions, respectively. Spectra in D,O were obtained by averaging 396.000
atr=76 %, and 120.000 interferograms at r = 96%.

3. Results
3.1 Effects of dehydration on the Q, absorption band of the primary donor P

Figure 1 shows the NIR absorption spectra recorded between 650 and 900 nm in solution RC
and in a RC film equilibrated at different values of relative humidity r by using the isopiestic
method described in the Experimental section. Samples were prepared in the absence of o-
phenanthroline. The bands centered at around 760 nm and 800 nm are principally assigned to the Qy
transitions of the two BPhes and of the two monomeric BChls, respectively, while the band at 866
nm in solution RC, as mentioned in the Introduction, is ascribed to the low energy exciton
component of the Qy transition of the BChl dimer P, which acts as the primary electron donor. The
assignment of the fourth small band, centered at ~ 670 nm, is uncertain®’. The main spectral change
induced by dehydration is a blue shift of the Q, band of the P dimer. A small shift is already
detectable in the largely hydrated RC films, equilibrated at r = 94%. Further dehydration results in a
progressive shift down to 856 nm at r = 75% and to 851 nm at r = 11%. The shift reverts totally
upon re-suspension of the most dehydrated (r = 11%) RC film (not shown). A direct comparison of
the spectra recorded in the RC film (without normalization to the amplitude of the 804 nm band)
does not reveal any significant decrease in the oscillator strength of the 804 nm band (not shown).
Also the intensity of the Q, band of the dimer is not significantly altered upon dehydration (see
Figure 1), except for a small decrease when reducing the hydration level from r = 76% to r = 11%.
The amplitude of the band around 750 nm is somewhat increased upon formation of the RC film
(independently of the relative humidity), possibly reflecting a very limited release of BChls from
the RC*".

The dependence of Ama for the Qy transition of the dimer upon the relative humidity r is
presented in Figure 2 for two RC films, prepared in the absence and in the presence of o-
phenanthroline, respectively. The effect of dehydration on the position of the Q, band of P has been
studied also in the presence of o-phenanthroline to allow a comparison with light-minus-dark
difference FTIR spectra, which have been recorded in the presence of the inhibitor (see

Experimental and section 3.2 and 3.3), in order to block electron transfer from the photoreduced
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primary acceptor Q4" to the secondary acceptor Qg. In this way, upon photo-excitation, pure P"Qx”
/PQ, difference FTIR spectra have been obtained, free of any spectral contributions of the P'Qp’
state, which, in the absence of the inhibitor, could come from the RC sub-population retaining the
secondary quinone acceptor after purification. We have chosen to examine pure P'QA/PQa
difference spectra because most of the FTIR studies of the primary donor available in the literature
have been performed at low temperature (100 K), i.e. under conditions in which the electron is no
longer transferred from QA to Qg (see Discussion). Furthermore, the effects of dehydration on
P+QA'/PQA spectra can be discussed in relation with the dielectric relaxation of the photo-excited
RC, which has also been studied in the P"Q,4 state in the presence of o—phenanthrolinelé.

Both in the absence and in the presence of the inhibitor, the large part of the blue shift of Apax
for the Qy transition of the dimer is observed following a decrease in the RC hydration level from
solution to r ~ 60%. A smaller blue shift smoothly occurs when RC films are further dehydrated
down to r = 11%. The blue shift appears to be systematically larger in the samples supplemented
with o-phenanthroline. The additional blue shift in An,x measured in the presence of the inhibitor (3
nm at =94%) seems to increase with dehydration (6 nm at r = 11%). The blue shift observed under
both conditions points to an effect of dehydration on the geometry and electronic structure of the P
BChl dimer, indicating that a transition from the Pggg to the Pgso RC conformation takes place™, and
suggesting that partial dehydration of RC promotes a redistribution of the electric charge within the
BChl dimer of the photoxidized primary donor, reducing the charge delocalization over the two Pp

and Py moieties (see Introduction).

3.2. The response to dehydration of the electronic P band at 2700 cm™ and of the phase-phonon
bands in the 1600-1200 cm™ region of the light-minus-dark difference FTIR spectrum

In view of the results presented in the previous section, we have examined the response to
dehydration of light-induced difference FTIR bands which provide information on the charge
delocalization and the extent of coupling within the two BChl molecules constituting the oxidized
primary electron donor. These bands include the broad band, centered around 2700 cm™, due to an
electronic transition of P* **, which dominates the 4000-1000 cm region, as well as three bands,
centered at ~ 1550, ~1480, and ~1300 cm™ (see Figure 3). The latter bands have been attributed to
phase-phonon vibrational modes that, being formally forbidden in monomeric BChl molecules, are
allowed by coupling to the electronic transition of P**%,

In a previous study16, by comparing difference FTIR spectra measured in moderately and
strongly dehydrated RC-films (at r = 76% and r = 11%, respectively), it was observed that the

amplitude of the electronic band of P" was decreased in the more dehydrated sample. The smaller
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amplitude of the light-induced band, observed at the lower water content, reflected mostly the
decreased extent of P steadily oxidized by continuous photoexcitation, as shown by time resolved
optical assessment of P photoxidation under the same illumination regime used in the difference
FTIR measurments'®. As a consequence, to compare correctly the light-minus-dark FTIR difference
spectra measured at different hydration levels, we have normalized them to the extent of photo-
induced P’, estimated from the amplitude of the differential bands at 1749/1739 cm'l, which have
been attributed to the 10a-ester C=O mode of the BChls of the P dimer. The adequacy of this
procedure is discussed extensively by Malferrari and coworkers'®.

Figure 3 (panel A) compares the normalized light-minus-dark FTIR difference spectra in the
4000-1000 cm™ range recorded at 281 K in solution RCs and in RC films at different hydration
levels, i.e. equilibrated at r = 96%, 76%, and 11%. We focused on this range of hydration levels,
because a large part of the blue shift observed in the position of the Q, optical band of P occurs
when the relative humidity at which the RC film is incubated is decreased to r = 76%, with a more
limited additional shift observed at lower r values, down to r = 11% (see Figure 2).

As shown in Figure 3A, the amplitude of the normalized electronic band of P"in RC films
equilibrated at r = 96% is significantly lower than that recorded in solution RCs. Upon further
dehydration, the band amplitude is further reduced. Most of the effect occurs however between full
hydration (solution) and r = 76%. Only a slight additional weakening of the band takes place when r
is decreased from 76% to 11%, in agreement with previous observations'®.

The large noise between 3600 and 3200 cm’™ in the spectrum recorded in solution RCs and in
hydrated (r = 96%) RC films is due to the background absorption of water in this spectral region (cf.
e.g. ref.'”). The noise is consistently much lower in the spectra recorded in the two dehydrated
samples (r = 76%, r = 11% in Figure 3A) and following D,O substitution even at r = 96% (Figure
3B), see below. The possibility that the stretching band of water, positioned between 3600 and 3200
cm™, can distort the difference electronic band of P* around 2700 cm™, affecting in particular its
amplitude, is rather remote. However, to exclude such an eventuality, we measured, as a control,
light-minus-dark difference spectra of RC films after D,O substitution at r = 96% and r = 76%
(Figure 3 B). The attenuation caused by D,O replacement at both hydration levels on the bands on
the top and on the lower wavenumber ridge of the electronic band in the 2700-2200 cm™, has been
already observed (at r = 76 %) and discussed in detail by Malferrari and coworkers'®. Apart from
these changes, the spectra in Figure 3B show that, also in D,0 replaced RC films, dehydration
results in a significant decrease of the P" electronic band.

Therefore, from the results presented in Figure 3 we infer that dehydration affects the electric

charge distribution within the photoinduced cation radical P', since the attenuation of the P°
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electronic band is diagnostic of an increased localization of the spin density on one of the two BChl
moieties of P* (either P’ or PM+)19’ 30,31,43,44,47, 49,50

This conclusion is fully supported by the response to dehydration of the three positive phase-
phonon bands observed in the light-minus-dark spectrum between 1600 and 1200 cm™ (see Figure
4). As mentioned above, the presence of these bands highly correlates with the electronic transition
of P"at 2700 cm'l, and their intensity is considered a sensitive probe of resonance interaction within
the P* dimer'® ***7-*-3°_Figure 4 shows that the bands centered around 1300, 1480 and 1550 cm™
are progressively weakened upon dehydration of the RC. The intensity of all the three phase-
phonon bands recorded in RC films at r = 96% appears to be significantly decreased when
compared to solution RCs. An additional reduction is observed upon dehydration to r = 76%, while
a very limited attenuation occurs when the hydration level is further decreased to r = 11 %,
particularly in the bands at ~1300 and 1480 cm™. The attenuation of the phase-phonon bands occurs
therefore in parallel with the decrease in intensity of the 2700 cm™ electronic band of P

Following dehydration, also the intensity of the two positive bands centered at 1250 and 1234
cm” is decreased. These bands are absent, together with the three phase-phonon bands, in the
spectra of the two heterodimer mutants in which His M200 or His L173 is replaced by Leu*’, and
their intensity is affected similarly to the intensity of the 1300, 1480 and 1550 cm™ bands by
mutations which introduce hydrogen bonds to the keto carbonyls of P*. This strongly suggests that
also the bands at 1250 and 1234 cm™ are related to the dimeric nature of P*. Similar considerations
apply to the band centered at ~1570 cm™, which is progressively weakened by dehydration, in
parallel with the band at 1550 cm™.

Besides the overall attenuation of the bands described above, significant changes occur in the
profile of the phase-phonon band at ~ 1300 cm™. When the hydration level is decreased from
solution RCs to RC films at r = 76 %, the peak of the phase-phonon band shifts from 1297 cm™ to
1309 cm™ (or the shoulder around 1309 cm™, already observable at r = 96%, increases becoming
the band maximum at r = 76%, as suggested by the band profile at an intermediate hydration value,
r = 96%). It is noteworthy that a comparable shift of the 1295 cm™ band to 1309 cm™ has been
observed in the H-bond mutant LH(M160)*, which was shown to be characterized by a much larger
localization of the spin density on the L-half of the P dimer, as compared to the wild type.”
Extensive drying (from r = 76% to r = 11%) appears to further affect the profile of the bands at
~1300 and ~1480 cm™, as previously observed'®. Also the large band on the high-energy side of the
phase-phonon region at ~1570 cm™, weakened by dehydration, shifts to higher wavenumbers, from

1566 cm™ in solution to 1572 cm™ at r = 76%.
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The changes observed at strong dehydration in several spectral features of the attenuated
bands in the 1600-1200 cm™ region suggest modifications in the structure of the P dimer, affecting

48, 56

most likely C-C and/or C-N and/or C-H porphyrin ring modes

3.3. Effects of dehydration on the light-minus-dark difference spectrum in the 1800-1600 cm’”
region

The results presented so far clearly indicate that dehydration perturbs the electronic structure
of the BChl P dimer, favouring a markedly asymmetric charge distribution within the two BChls of
the P* dimer. Some of the alterations induced by dehydration in the light-minus-dark FTIR
spectrum are similar to changes produced by single-site mutations which shift the charge density
of P* to the L-half of the dimer. However, it has to be noticed that the most prominent spectral
effects of RC dehydration, i.e. the shift of the Qy transition of P from 866 nm in solution to 850-845
nm in RC films at r = 11%, as well as the attenuation of the electronic band of P at ~2700 cm™ and
of the associated phase-phonon bands, are compatible with a large localization either on the L- or
on the M-half of the P’ dimer. For instance, the electronic band of P* is absent in both the
heterodimer mutants HL(M202) and HL(L173) of Rb. sphaeroides™, for which the unpaired
electron is localized on the BChl moiety, i.e. on P." and Py respectively™.

The analysis of the difference spectrum in the 1800-1600 cm’! region can in principle help to
discriminate between asymmetric charge re-distribution in favour of P." or Py'. This region
includes in fact two positive peaks, positioned at 1713-1715 and 1703 cm™, which are due to the 9-
keto C=O0 stretching modes of the P. and Py BChl molecules, respectively.3 148 A re-distribution of
the spin density leading to a higher localization of the unpaired electron on either the P." or the Py~
BChl moiety is therefore expected to result in a change of the relative intensity of the two sub-
bands.

Figure 5 compares light-induced P"Q,/PQa spectra recorded over this region in solution RCs
and in RC films equilibrated at r = 96%, r = 76%, and r = 11%. In solution RCs, the sub-band at
1703 cm™ is more intense than the one centered at 1714 cm™, in agreement with previous
observations'” *' in hydrated films of Rb. sphaeroides RCs at 100K (which, when cooled in the
dark'®, exhibit sub-band peaks at 1713 and 1703 cm'l). Upon dehydration, in RC films at r = 96%,
the amplitude of the lower-energy peak decreases, and the intensity of the two sub-bands becomes
essentially equal. When RC films are equilibrated at a lower relative humidity, r = 76%, a further
reduction of the sub-band attributed to Py is observed, so that the amplitude of the higher-energy
sub-band is now prevailing. Further dehydration does not cause additional changes in the relative

intensity of the sub-bands, but only a very small decrease in the amplitude of both of them.
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We take the above described reversion in the relative amplitude of the 9-keto C=0 sub-bands
as a strong evidence that dehydration leads to a substantial increase in the charge density on the P
half of the P* dimer . The dehydration-induced reversion of the relative amplitude of the two sub-
bands is accompanied by a slight but significant increase in their splitting. The sub-band attributed
to Py is in fact shifted to 1702 and 1701 cm™ at r = 96% and r = 76%. Conversely, the P peak (at
1714 cm™ in solution RCs) moves to higher wavenumbers, i.e. 1716 cm™ at r = 76%. Under
extensively dehydrated conditions (r = 11%), the position of the Py peak remains essentially
unchanged (1716-1717 cm™), while the Py peak appears to revert towards 1703 cm™. We notice
that a similar increase in the splitting of the 9-keto C=O sub-bands, paralleled by a relative
strengthening of the Py sub-band, has been observed in a mutant of Rb. sphaeroides, RE(L135),
specifically designed to stabilize, through long-range electrostatic interactions, P."". Indeed, 'H
special TRIPLE spectra showed that the ratio of the net spin densities on Py and Py , pu/pm,
increases from 2.1 in wild-type RC to 3.1 in the RE(L135) mutant'’.

Besides the changes in the 9-keto C=0O modes described above, the only other significant
alterations in response to RC dehydration over the 1800-1600 cm™ spectral range occur in the
amide I region. In this region the amplitudes of the negative signal at ~1669 cm™ and of its positive
counterpart at ~ 1658 cm™ are similar in solution RCs and in RC films at r = 96%, but undergo a
significant reduction at r = 76 %. This band has been tentatively attributed to a peptide C=0 from a
transmembrane helix in the environment of the P dimer’'. Under extensive dehydration (at r =
11%), the negative signal shifts from 1669 cm™ to 1666 cm™, and increases in amplitude, while the
positive signal is further weakened. The sensitivity of the 1669(-)/1658(+) signals to the RC
hydration level is also consistent with the notion that the hydration state of the RC affects the local

environment of the primary donor P.

4. Discussion
4.1 Effects of dehydration on the electronic structure of the primary donor P

In the present study we investigated the effects of RC dehydration on the electronic structure
of the primary electron donor P, as probed by: 1) the position of the Qy optical transition of the BChl
dimer P; ii) the light-minus-dark FTIR difference band around 2700 cm™ and the related phonon-
like bands between 1200 and 1600 cm™ ; iii) the light-induced difference bands attributed to 9-keto
C=0 stretching modes of P and Py.. These markers of the dimeric nature of P showed that the RC
hydration influences the coupling between P, and Py; and the charge localization within the BChl

dimer of the photoinduced cation radical P".
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RC dehydration induced a progressive blue shift in the peak of the Q, band of P, from 866 nm
in solution RCs down to 851 nm and 845 nm, in the absence and presence of o-phenanthroline,
respectively, in agreement with previous non-systematic data obtained upon dehydration of RCs
incorporated into PVA films®™ or into glassy trehalose matrices’. Such an effect has been
previously observed under a variety of circumstances which perturb the P environment. Positively
charged detergents such as cetyl-trimethyl-ammonium bromide (CTAB) induce a blue shift of the
Qy band in LDAO solubilized RC from Rb. sphaeroides, which is reverted on the subsequent
addition of the anionic surfactant deoxycholate.”” ** When RC is solubilized by zwitterionic
surfactants (sulfobetaine), the position of the Qy band is tuned by the detergent/RC ratio®® ¥, A
comparative study in RC purified from different species of purple bacteria, related by a strong
structural and photochemical similarity, showed the existence of two classes of RC, characterized
by Qy transitions at 865 and 850 nm, respectively”®. Furthermore, in the two mutants of Rb.
sphaeroides, in which the histidine residues coordinating the central Mg®" ions of the two BChls of
P (His-L173 and His-M202) have been changed to leucine, obtaining BChl/Bphe heterodimers, the
Q, band is shifted to 850 nm.*>*!

For all cases mentioned above, analysis of the electronic structure of P* by ENDOR/TRIPLE
spectroscopy showed that the shift of the Qy transition of P was systematically associated with an
increased asymmetry of the spin density distribution within the P* dimer ** ** **. This body of
results led to the notion, originally proposed by Miih and coworkers®, of two distinct
conformations of the primary electron donor, corresponding to the two values of Amax of the Qy
transition (A;=866 nm, A,=850 nm), which differ in the extent of delocalization of the unpaired spin
density on P*. Noteworthy, Miih and coworkers™ showed that there exist only two conformations of
P" and that the perturbations responsible for the shift of the spin density in favour of P." or Py
affect the distribution of the RC population between the two conformers. This means that the
observed progressive shift in Amqex of the Qy transition between A, and A, reflects a change in the
relative amplitude of two large, not-resolvable, optical bands positioned at A; and A,. Transitions
between the two P™ conformations are also induced in site-directed mutants with altered H-bond
interactions™ or by replacement of ionizable residues near P, only capable of long-range
electrostatic interactions with the dimer'”.

In the light of the data summarized above, we interpret the shift in An. of the Qy band
observed in response to dehydration as reflecting the transition from the native conformation,
characterized by a moderately asymmetric spin density distribution (pr/pm = 2 both in LDAO RC
solutions and in intact membranes*?), to a conformation in which the charge on P is strongly

localized on one of the two BChl moieties of the dimer.
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The shift in the spin density between the dimer halves Py and Py has been rationalized on the
basis of MO-models, which consider the interaction of the frontier orbitals of the two BChl moieties
of the dimer, and allow to trace spin density asymmetries back to structural and/or environmental
parameters.44’ >7 Essentially, these models assume a difference Aa between the Coulomb energies of
the highest occupied molecular orbitals (HOMOs) of the two dimer halves Pp and Py, due to
different interactions with the protein environment. The interaction of the two HOMOs, described
by the resonance integral 3, gives rise to two supermolecular orbitals, separated in energy by

AE = \[Aa? + 42 (1)

In the cation radical P", the unpaired electron resides in the upper orbital of the dimer. Hiickel
MO calculations, performed on a simplified model of the P dimer with four m centers (ethylene
dimer), show that, for Aa>0, i.e. for a higher Coulomb energy of the P HOMO, the ratio of the
spin density pi/pu is a monotonically increasing function of (Aa/B)’’. An increased localization of
the spin density on P can therefore result from an increase in Aa. and/or a decrease in 3. The
Coulomb energies, and therefore Aa, can be altered by several factors, including : (i) the H-bonding
pattern with the 2-acetyl and 9-keto groups of the BChl molecules; (ii) a rotation of the 2-acetyl
group with respect to the macrocycle plane’” *%; (iii) the introduction of electric charges in the
vicinity of the macrocycle®. A change in the distance and/or in the angle between the two
macrocycles can affect the resonance integral 3. This simple model accounts for the shifts in the
spin density of the dimer observed in response to the many different perturbations summarized
above. In particular, two-orbital models, extended to include electron-phonon coupling*® ¢,
provided a reasonable interpretation of p/py changes induced by site-directed mutations near P°'.

By adopting the described MO model, it is conceivable that RC dehydration induces the
transition from the Pges to the Pgsp conformation by altering Ao and/or [ through different
mechanisms. Dehydration might lead to structural rearrangements of the RC-detergent complex
which result in reorientation of polar side chains, interacting asymmetrically with the dimer, and/or
of the protein backbone, thus affecting Aa. This parameter could also be changed due to
dehydration-induced alterations of long-range electrostatic interactions with amino acid residues
belonging to the hydrophilic periplasmic side of the RC that act differently on P and Py;. Changes
in the dimer geometry (distance and angle between the two macrocycles), affecting 3, cannot
however be excluded.

We do not have a specific interpretation for the slightly more pronounced shift observed in the
presence of o-phenanthroline, particularly at low hydration levels. The binding of o-phenanthroline

at the Qp site could in principle distort the structure of the cofactor binding pocket, and it cannot be
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excluded that such a structural perturbation propagates over a long distance, affecting the protein
environment of the primary donor. Unfortunately no crystallographic structure of the RC is
available with o-phenanthroline bound at the Qg site. However, a comparison of the structures of
the RC with the Qg site occupied by ubiquinone-10 (PDB accession code 2GNU) or by terbutryn
(PDB accession code 2BNP) does not reveal significant structural alterations in either the Qg or P
binding pockets. Since terbutryn and o-phenanthroline bind at the same site, as reported by
crystallographic data in the RC from the related species Rps. viridis®, it seems reasonable to
assume that also the binding of o-phenanthroline does not cause structural perturbations at the
resolution of crystallographic studies. An alternative possibility to explain the small difference
induced by o-phenanthroline in the dehydration-induced shift of the Q, band is that this
hydrophobic molecule, present at a concentration comparable to that of the detergent, perturbs the
structure of the LDAO belt surrounding the RC, and/or its interaction with the protein, in turn
affecting to some extent the configuration of the P dimer.

It has to be mentioned that a shift of the Q, band of P from 866 to 846 nm has been also
observed upon detergent depletion from a RC-LDAO suspension, causing RC aggregation®”. This
suggests that also protein-protein interactions could play a role in tuning the Am.x value of the
transition. A shift of Ay.x from 866 to 850 nm also occurs following ionization of the LDAO
detergent at pH < 7.0, which causes a reversible emulsification of the RC-detergent complex® ®*. In
the latter case, however, the RC conformational change probed by the Am.x shift was shown to
always precede droplet formation®, excluding that protein-protein interactions determine the
spectral shift, and rather indicating that the P environment perturbation is due to the electrostatic
interaction between the RC and the LDAO, cationic at acidic pHs. Since dehydration leads to an
amorphous matrix in which RC-LDAO complexes are packed closely together, it could be argued
that direct interactions between RC-detergent complexes might be responsible for the transition
from the Pggs to the Pgso conformation. However this possibility can be reasonably discarded,
because a comparable shift of the Q, band has been also observed upon dehydration of RC in
PVA® and trehalose? amorphous matrices, in which, due to the large volume excess of the
embedding medium and homogeneity® of the matrix, contacts between RC-detergent complexes
are unlikely. We rather believe that the observed effects are mainly due to a reduction in the
complement of water molecules interacting with the RC-LDAO complex.

The light-minus-dark FTIR difference spectrum of bacterial RCs offers marker bands of the
dimeric character of the primary electron donor P, highly sensitive to alterations in the charge
distribution between P." and Py within the dimer. They include primarily the broad absorption

band in the mid-IR at ~ 2700 cm™ in Rb. sphaeroides and the associated phase-phonon bands in the
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1200-1600 cm™ region. The band at ~ 2700 cm™ was interpreted by Breton and coworkers™ as an
electronic transition of P*, in terms of a MO-model of the dimer with energetically different BChl
halves, i.e. involving the two supermolecular orbitals, separated in energy by AE (see eq.1 above).
Therefore the band can be used to probe the degree of delocalization of the unpaired electron within
the P" dimer. This is firmly established by a large number of experimental studies, in which the
electronic band of P was examined in parallel with ENDOR and TRIPLE resonance spectra of the
photo-induced radical P*, allowing to determine the ratio (pr/pm) of the spin densities on Py and
Py % 3% 45479855 1 all these studies, the intensity of the electronic band of P* was always found
proportional to the extent of charge delocalization within P*, decreasing under conditions which
induced a larger localization on the P, " or Py halves of the dimer. Variations in the amplitude of
the three phase-phonon bands (at ~1560, ~1480, and ~1295 cm™), reflecting porphyrin modes

45, 46

enhanced by the resonance between the two macrocycles of the oxidized dimer™ ™, are highly

correlated with changes in the amplitude of the 2700 cm™ band under a variety of conditions
affecting the delocalization of the charge density on P*'% 4447450

The indication that RC dehydration results in a charge distribution more localized on one of
the two BChls of the P* dimer is supported by the response of these more specific probes of charge
delocalization. Following dehydration, in fact, the amplitudes of the 2700 cm™ band (Figure 3) and
of the phonon-like bands (Figure 4) decrease, being halved in RC films equilibrated at r = 76% as
compared to RC in solution. Artifacts due to interference of the 2700 cm™ band with the stretching
band of water between 3600 and 3200 cm™, are excluded by D, replacement (Figure 3B).

Among the three phase-phonon bands, the one at ~1300 cm™ better reports on the dimeric
character of P, since the other two might also contain minor contributions from the BChl cation
C-C modes (the band at ~ 1550 cm™) and the quinone anion C-O and C-C modes (the band at
~1480 cm™)’'. The peak of this lowest energy phase-phonon band appears to be shifted from 1297
cm™ in solution RCs (and at r = 96%) to 1309 cm™ at r = 76%. A similar shift (of larger extent) has
been reported in LH(M160) mutant chromatophores in parallel with an attenuation of the 1295 cm™
band®®. In this mutant, the introduction of a hydrogen bond to the 9-keto carbonyl of Py induces a
strong localization of the P* spin density on P. (pr/pm = 4.94 in purified RCs isolated from
LH(M160) as compared to pr/pm = 2.09 in wild type)’’, suggesting a similar dehydration-induced
charge displacement toward Py.

The latter suggestion is confirmed by the spectral alterations caused by dehydration in the
differential band at 1715-1703(+)/1683(-) cm™, ascribed to light-induced changes in the 9-keto C=0
stretching modes of the P dimer’'. The positive component is resolved in two sub-bands, exhibiting

maxima at 1715-1713 and 1703 cm™, attributed to the contribution of P and Py respectively’" **.
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The relative amplitude of the two sub-bands is modulated by the hydration level: the sub-band at
1703, which is more intense than the one at 1714 cm™ in solution RCs, is weakened following
dehydration, so that the sub-band at 1714 cm™, corresponding to the P_" contribution, prevails in
RC films at r = 76%. Such a reversion in the relative amplitude of the Py and Py bands indicates
that dehydration increases significantly the spin density asymmetry already present within the P*
dimer of hydrated RCs (p/pm = 2.1' %), leading to a strong charge localization on Pr. This
conclusion is also consistent with the slight increase in the sub-bands splitting induced by
dehydration. A similar increase in the splitting has been observed in fact in a mutant, RE(L135), in
which PL" is more stabilized relative to Py;", as compared to wild type RCs.

An evaluation of the extent by which dehydration increases the charge localization on the P
moiety of P* can be attempted by comparing the effects induced by dehydration with those
observed in the RE(L135) mutant. The dehydration-induced alterations in the relative amplitudes of
the PL and Py sub-bands are significantly larger than those observed in the mutant: in the latter the
attenuation of the 1700 ¢cm™' band results in equal amplitudes of the two PL and Py sub-bands, while
dehydration at r = 76% causes a reversion in the relative amplitude of the two spectral components,
suggesting a larger displacement of the charge on the P; moiety of the P dimer. This is consistent
with the weakening of the P" electronic band and of the phase-phonon bands detected in the mutant
relative to wild type RCs, as compared to the more prominent decrease induced by dehydration.
Notably, a closer comparison of the profiles of the 1300 cm’”’ bands recorded in the wild type and in
the RE(L135) mutant by Johnson and coworkers'” (see their Figure 3, upper panel) reveals an
impressive similarity between the changes induced by mutation and by dehydration. The weak
shoulder present at ~1309 cm™ in the wild type band increases, becoming a resolvable peak in the
mutant. The resulting band profile is very similar to that recorded by us in moderately dehydrated
RCs, at r = 96% (see Figure 4). Further dehydration induces a further increase of this component,
which at r = 76% becomes the dominating peak of the band. This again suggests that dehydration
causes a larger shift of the charge distribution towards Pr, as compared to that observed in the
RE(L135) mutant. Since a spin density ratio py/py = 3.1 £ 0.1 has been determined in the
RE(L135) mutant, as compared to pr/pm = 2.1 + 0.1', this can be taken as a lower limit for the
increase in Py charge localization caused by dehydration.

Most of the large attenuation of the IR marker bands of the P* dimer discussed above occurs
upon dehydration of RC films at r = 76%, further dehydration causing only a very limited
weakening.  This behaviour has significant implications in the light of a previous work, in which the
residual water content of RC films equilibrated over the same range of relative humidity was

determined, obtaining water sorption isotherms for the RC-detergent system™. Two main
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populations of water molecules adsorbed to the RC-detergent complex could be characterized: one
tightly bound at primary hydration sites and one weakly bound to the complex. When r is decreased
from 94% to 76% the complement of residual water in the RC films decreases from ~30'10° H,0
molecules per RC to ~510° H,O/RC. A further decrease to r = 11% reduces the hydration by a
lesser extent (~1'10° H,O/RC). Notably at r > 76% the tightly bound water molecules are still
present and start to be partially removed only when r is decreased below about 40%. Therefore it is
clear that the transition from the Pgg6 to the Pgso RC conformation, observed in the present work, is
associated with depletion of weakly bound water molecules. It has been shown” that, over this
range of dehydration, only modest alterations are observed in the intramolecular combination
(around 5155 cm™) and intermolecular association (around 2130 cm™) water bands. At variance,
relevant changes in the structure of the combination and association bands occur at r < 40%, i.e.
when the population of water molecules tightly bound to the RC-detergent complex starts to be
depleted (see ref.*’ for more details). This evolution of the system appears consistent with the
observation that dehydration from r = 76 % to r =11 % leads to clear alterations in the structure of
the two phase-phonon bands at ~ 1480 and ~1300 cm™, with, however, only a negligible additional
attenuation of the bands. The latter observation is in agreement with the very limited additional
weakening of the P* electronic band at 2700 cm™, as well as with the negligible changes in the
relative amplitude of the 9-keto C=0 bands of Py and Py. It appears therefore that, if structural
changes take place in the dimer as very dehydrated conditions (r = 11%) are approached, they do
not further affect the distribution of charge within the P* dimer, which has been already altered
under less dehydrated conditions.

On the basis of the MO-model of the dimer summarized above, the shift of the spin density
towards P can be plausibly accounted for by different structural and/or energetic perturbations of
the dimer. Since the effect takes place upon the removal of weakly bound water molecules, most of
which interacts with the detergent belt*, dehydration of the micelle surrounding the RC could affect
the steric constraints imposed on the RC by the detergent, influencing the relative stability of the
Pges and Pgsg conformations. Changes in the dimer environment could be equally caused by the
removal of water molecules weakly bound to the protein at the water exposed periplasmic surface
of the RC. The high resolution crystallographic structure determined by Koepke and coworkers®
reveals a large number of water molecules, at the RC-water interface, in the proximity of the dimer.
Although these crystallographic water molecules likely belong to the tightly bound population, the
removal of more disordered water molecules weakly bound to this primary hydration shell could
well affect the dimer environment: dielectric data in the terahertz frequency domain suggest that

water-protein interactions extend to a distance of approximately 10-20 A into the bulk®”®*. The RC
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structure also reveals a few cavities, not far from the binding pocket of the dimer, which could
accommodate weakly bound water molecules. Depletion of weakly bound water molecules could
affect the asymmetry of the P environment by producing a rearrangement of polar side chains or,
more indirectly, by tuning their electrostatic interaction with the dimer due to changes in the local

dielectric constant.

4.2 Implications for the stability of the primary charge separated state

The question has been posed whether the spatial distribution of the unpaired electron on P*
affects the stability of the primary charge separated state, i.e. the lifetime tap of P'Qu’
recombination following a short photoexcitation™ ** *- #* %> By considering the whole body of
studies in which the charge distribution on P* was perturbed by different factors in vitro and in vivo
no unambiguous correlation emerges between tap and the spin density ratio pr/pym. For instance, Tap
is decreased in both heterodimer mutants, in spite of the fact that the electron is confined to Py or to
Py respectively in the two mutants*">*. Also, site-directed mutations which increase pi/pm decrease
Tap, but the opposite effect is observed upon increasing the concentration of zwitterionic detergents,
which also increases pL/pM40. From these and other observations it has been concluded that the
charge distribution within the P* dimer does not play a significant role in the stability of P'Q,™ .
This conclusion is corroborated by the results of the present paper, when considered in conjunction
with those of a previous study®’, in which the P'Q,” recombination kinetics in RC films have been
examined systematically over a large range of relative humidities (3% < r < 94%). No effect was
observed on the kinetic parameters of P'Q, after a short (ns) laser pulse when the hydration of the
RC film was reduced by decreasing r from 94% down to 40%. Since the transition from the Pgsc to
the Pgso conformation occurs essentially over this range of relative humidities, we infer that the
increased charge localization on PL does not influence the stability of the P'Q4” state generated by
a short photoexcitation pulse. At lower hydration levels (when r is decreased from ~40% to ~9%),
the kinetics accelerate progressively becoming strongly distributed. This effect has been
interpreted®” as due to a dehydration-induced inhibition of the conformational RC relaxation from
the dark-adapted to the light-adapted conformation® '°.

The conclusion that the kinetics of P'Q,” recombination after a short (ns) light pulse are not
affected by the asymmetry of charge distribution within the P" dimer does not exclude, however,
that this parameter may influence the conformational RC rearrangements occurring upon
continuous illumination on the second to minute time scale, and resulting in a dramatic stabilization
of the charge separated state of the RC'"*'*'>%7 We have recently observed'® that the response to

dehydration of the P"Q," recombination kinetics after a prolonged illumination (20 s) is markedly
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different from that observed after a short photoexcitation'® .

In particular, we found that in RC
films dehydrated at r = 76%, continuous photoexcitation resulted in the appearance of an extremely
slow phase of P'Q4” recombination, with a lifetime Tap ~ 8 s, accounting for about 50% of the
decay'®. This kinetic component is absent in solution RCs, where, following a 20 s continuous
photoexcitation, P'Q,” recombines with a lifetime tap ~ 85-125 ms, i.e. by the same kinetics
observed after a pulsed photoexcitation (M. Malferrari, F. Francia, G. Venturoli, unpublished
results, and ref.**). The slow phase, reflecting a strong stabilization of the charge separated state,
appears at the same dehydration levels which induce the redistribution of the P" dimer charge in
favour of P.". In the more dehydrated system (r = 11%), P'Qa" recombination after continuous
photoexcitation is again accelerated (tap = 100 ms), probably reflecting the impairment of the
overall RC dynamics (both on short and long time scales)'®. It is important to notice that the light-
minus-dark difference FTIR spectra, which probe the shift of the charge density to P.", have been
measured in the present work using the same photoexcitation regime (20 s continuous illumination)
employed in the P'Q,” recombination measurements. In view of the above considerations it is
tempting to speculate that the dehydration-induced RC conformational changes associated with
redistribution of the charge on the P* dimer are related to the structural rearrangements which occur
upon illumination on the longer time scale and give rise to a strong stabilization of the primary
charge separated state in moderately dehydrated RC (r = 76%). In this respect, it may be relevant
that the comparison between difference IR marker bands of the dimeric nature of P*, recorded in
RCs cooled at 100K in the dark and in the light, has suggested that the relaxed, light-adapted state is
associated with an increased stabilization of the charge on P.” relative to Py™'”. The degree of
delocalization of the electron hole on P has been already proposed, among other structural factors,
as playing a role in the stabilization of P*Q,” following photoexcitation in the minute time scale’’.
The notion that reorganization of the protein around P" plays a role in stabilizing charge separation
on the long time scale is also in line with recent studies performed in mutant RCs, characterized by
different H-bonding patterns of the P dimer. Interestingly, evidence of a light-induced change of the
local dielectric constant in the vicinity of the P dimer has been provided'?, and proton release by
one or more amino acid residues, mainly involving water molecules near P, has been proposed as

the relaxation event which stabilizes the charge separated state on a long time scale'’.

5. Conclusions
The reported results show that partial dehydration of the RC affects the electronic structure of
the primary electron donor P, stabilizing the unpaired electron of the photoinduced radical on the

P." half of the dimer. This charge redistribution is consistently indicated by the response to
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dehydration of different spectroscopic markers. The transitions between the two conformations
differing in P" charge localization is caused by the removal of weakly bound water molecules,
pointing to subtle structural rearrangement in the P environment and/or changes of the local
dielectric constant around the dimer.

The dehydration-induced displacement of the charge density in favour of the L-moiety of P*
does not correspond to any alteration of the stability of the primary charge separated state (P"Q,")
induced by short (ns) photoexcitation pulses, suggesting that delocalization of the unpaired electron
within the P" dimer does not play a role in the fast RC relaxation which follows charge separation.
However, the changes induced by dehydration on the electronic structure of P take place at
dehydration levels which strongly affect the stability of P'Qa” following a prolonged (tens of
seconds) continuous illumination. We propose that the extent of charge delocalization may be
related to the dielectric relaxations responsible for the stabilization of charge separation under

continuous illumination.
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Figure captions

Figure 1.

Visible-NIR absorption spectra recorded at 295K in the Qy absorption region of bacteriochlorins for
RC in solution (black) and in a RC-film equilibrated at different values of relative humidity: r =
94% (green), r = 75% (red), r = 11% (blue). The inhibitor o-phenanthroline was not added to the
samples. Spectra have been normalized to the amplitude of the bacteriochlorophyll peak at 804 nm

in solution.

Figure 2.

The dependence of the position (Amax) of the Qy transition of the P dimer upon the hydration level of
RC-films equilibrated at different relative humidities. Data have been acquired in two RC-films,
prepared in the absence (open circles) and in the presence (filled circles) of o-phenanthroline,
respectively. The dashed horizontal line corresponds to the An.x value measured in solution, both in
the absence and in the presence of the inhibitor. A 1 nm experimental error is estimated in Apax

determinations.

Figure 3.

Light-induced FTIR difference spectra at 281 K in the 4000-1000 cm™ range of RCs at different
hydration levels. Vertical bars mark the position of the three phase-phonon bands. Samples have
been prepared in the presence of o-phenanthroline. Panel A compares the spectra recorded in
solution RCs (black) and in RC films hydrated with H,O at relative humidity r = 96% (green), 76%,
(red), and 11% (blue). Panel B shows the effect of D,O substitution in RC films equilibrated at r =
96 % (green) and r= 76 % (red). The spectra have been normalized on the basis of the differential
bands at 1749/1739 cm™ attributed to the 10a-ester C=O mode of P (see text for further details).

The increment between major ticks of the y-axis corresponds to 2.6 x 10™* absorbance units.

Figure 4.

Light-induced P'QA/PQ, FTIR difference spectra in the 1600-1200 cm™ range, dominated by the
phase-phonon bands, acquired in solution RCs (black) and in RC films hydrated with H,O at
relative humidity r = 96% (green), 76%, (red), and 11% (blue). Samples have been prepared in the
presence of o-phenanthroline. The spectra have been normalized to the differential bands at
1749/1739 cm™ attributed to the 10a-ester C=O mode of P. The increment between major ticks of

the y-axis corresponds to 1.3 x 10™ absorbance units.
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Figure 5.

Light-induced FTIR difference spectra in the 1800-1600 cm™ range of solution RCs (black) and of
RC films hydrated with H,O at relative humidity r = 96% (green), 76%, (red), and 11% (blue).
Samples have been prepared in the presence of o-phenanthroline.The spectra have been normalized
to the differential bands at 1749/1739 cm™ attributed to the 10a-ester C=0 mode of P. The

increment between major ticks of the y-axis corresponds to 2.6 x 10™* absorbance units.
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Visible-NIR and light-induced difference FTIR spectroscopy provide evidence that dehydration of
bacterial photosynthetic reaction centers alters the electronic structure of the primary electron

donor. Implications for photocatalytic activity are discussed.



