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Presentation

This book of abstracts includes the program of the Workshop of the Nanoscience Institute of the
National Research Council (Cnr Nano), the University of Aquila (Univaq), and the University
of Southern California that takes place in Modena on July 3-5, 2023. It also lists the participants
to the workshop, the abstract of the oral presentations and offers a list of the organizing
committee.

The program brings together leading experts in the experimental and theoretical investigation of
photoactive proteins that find application in the field of optogenetics.

The workshop emphasizes new results and point out new directions, challenges, and
opportunities in the following fields:

    • Charge transfer processes in light-sensitive proteins,

    • Excited state properties of biological matter,

    • Photoreceptor thermodynamics and photocycle kinetics,

    • Interplay between photoexcitation and protein conformations.

4



Program

5



6



Scientific Committee

Isabella Daidone | University of L’Aquila | Isabella.daidoneni@univaq.it
Rosa Di Felice | University of Southern California and Cnr Nano Modena |
rosa.difelice@nano.cnr.it
Marcus Elstner | Karlsruhe Institute of Technology | marcus.elstner@kit.edu
Anna Krylov | University of Southern California | krylov@usc.edu
Laura Zanetti Polzi | Cnr Nano Modena | laura.zanettipolzi@nano.cnr.it

Organizing Committee | ct4opto@nano.cnr.it

Maria Bartolacelli | Cnr Nano Modena
Susanna Cavicchioli | Cnr Nano Modena
Laura Zanetti Polzi | Cnr Nano Modena

7

mailto:ct4opto@nano.cnr.it


Abstract | Oral presentations

8



FROM PHOTON TO NEURON: THE MOLECULAR MECHANISM
OF THE PRIMARY EVENT IN VISION

Massimo Olivucci1,2,*, Xuchun Yang2, Madushanka Manathunga2, Samer Gozem3, Jérémie
Léonard4, Tadeusz Andruniów5

1Università di Siena, Siena, Italy
2Bowling Green State University, Bowling Green, OH, USA.

3Georgia State University, Atlanta, GA, USA.
4Université de Strasbourg, CNRS, Strasbourg, France. 5Wroclaw University of Science

and Technology, Wroclaw, Poland.
(*)olivucci@unisi.it

The activation of rhodopsin, the light-sensitive G-protein coupled receptor responsible for
dim-light vision in vertebrates, is driven by an ultrafast excited state double-bond
isomerization with a quantum efficiency (Φcis-trans) of almost 70%. The origin of such a high
light sensitivity, ultimately allowing the human eye to detect even single photons, is not
understood. A key unanswered question is whether and how the level of synchronization
between different receptor vibrational modes controls the Φcis-trans value. Here, we employ
hundreds of quantum-classical trajectories to show that, 15 femtoseconds after photon
absorption the excited state population of rhodopsin split into subpopulations reacting with
different velocities and leading to distinct contributions to Φcis-trans. We find that each
subpopulation and Φcis-trans contribution, is associated with a different phase relationship
between specific critical vibrational modes. We also show that the population splitting is
modulated by the protein electrostatics, thus linking amino acid sequence variations to
Φcis-trans modulation.
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Valentini, A.; Schapiro, I.; Olivucci, M.; Kukura, P.; Mathies, R. A. Nat. Chem. 2018, 10, 449-455.
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6432.
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ACTIVE SITE STRUCTURE AND ABSORPTION SPECTRUM OF THE
CHANNELRHODOPSIN CHRIMSON – WILD TYPE AND MUTANTS

Katharina Spies1,2,∗, Natacha Gillet2, Beatrix Bold1, Marcus Elstner1,3

1Institute of Physical Chemistry, Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany
2Univ Lyon, ENS de Lyon, CNRS UMR 5182, Laboratoire de Chimie, F69342 Lyon, France

3Institute of Biological Interfaces, Karlsruhe Institute of Technology, Karlsruhe, Germany (∗)
katharina.spies@kit.edu

Due to its red-light activation and the associated low phototoxicity for cells, the
channelrhodopsin Chrim son is widely used in optogenetic studies, e.g. for vision and hearing
restoration. With our computational study based on the Chrimson crystal structure (PDB-ID:
5ZIH) [1], we aim to identify residues and structural conformations responsible for Chrimson’s
color tuning. We are specially interested in the structure of the active site, which includes the
chromophore retinal with a positively charged Schiff base in the ground state structure and its
counterions, the glutamate E165 and the aspartate D295.
We performed quantum mechanics/molecular mechanics (QM/MM) simulations of the Chrimson
wild type and various mutants using the computationally favorable density functional tight
binding method (DFTB3) as the QM method [2, 3]. In addition, we calculated the excitation
energies of a large ensemble of QM/MM trajectory snapshots to compare the absorption
spectrum to other rhodopsins, such as channelrhodopsin 2 and bacteriorhodopsin. To obtain a
valid computational model, we simulated multiple models with different protonation states of the
counterions in the active site and the glutamates in the putative ion pathway, and compared the
structural and spectroscopic properties in detail.
We confirm the experimental studies [1, 4, 5] that the counterion E165 is protonated in
Chrimson, which is an unique configuration among channelrhodopsins, and we also identify the
protonation states of the glutamates in the central and outer gates of Chrimson. Our computed
excitation energies are qualitatively in the correct range and the absorption spectra of structures
with mutated residues in and near the active site also agree well with the experimental results. At
least two stable configurations have been observed in the active site: the distance between the
counterions is very small and the proton of the counterion E165 is shared by both, or the distance
increases and a water molecule is present between the counterions. Furthermore, the orientation
of the residues in the active site is highly interdependent, changing the hydrogen bonding
network towards the retinal Schiff base and the counterion configuration. We were able to
correlate the excitation energies with the structural motifs, and the absorption of Chrimson is
shifted to red light when the shared proton motif is present in the active site.

References
[1] Kazumasa Oda et al. Nat. Commun 9. Pp. 1–11 (2018)
[2] Michael Gaus, Qiang Cui, and Marcus Elstner. J. Chem. Theory Comput. 7. Pp. 931–948
(2011) [3] Beatrix M Bold et al. Phys. Chem. Chem. Phys. 22. Pp. 10500–10518 (2020)
[4] David Urmann et al. J. Photochem. Photobiol. 93. Pp. 782–795 (2017)
[5] Johannes Vierock et al. Sci. Rep. 7. Pp. 1–15 (2017)
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ISOMERIC SWITCHING NEAR THE CONICAL INTERSECTION IN
BESTRHODOPSIN, AN UNUSUAL RED-ABSORBING MICROBIAL

RHODOPSIN

Spyridon Kaliannis1,,Matthias Broser2, Ivo H.M. van Stokkum3, Jakub Dostal1, Wayne Busse2,
Cesar Bernardo1, Miroslav Kloz1, Peter Hegemann2, John T.M. Kennis3*

1ELI-Beamlines, Institute of Physics, Na Slovance 2, 182 21 Praha 8,
Czech Republic

2Institut für Biologie, Experimentelle Biophysik, Humboldt Universität zu Berlin, Invalidenstrasse
42, D-10115 Berlin, Germany

3Biophysics Section, Department of Physics and Astronomy, Vrije Universiteit Amsterdam,
Amsterdam 1081 HV, De Boelelaan 1081, The Netherlands

(*) j.t.m.kennis@vu.nl

Bestrhodopsins are a newly discovered class of light-regulated ion channels that consist of two
rhodopsins in tandem fused with a bestrophin ion channel domain. Bestrhodopsin of the marina alga
Phaeocystis antarctica binds all-trans retinal Schiff-base (RSB) that absorbs at 660 nm, conveying
excellent potential for optogenetic applications. Red light illumination of the tandem domain results
in a metastable green-absorbing state P540, which corresponds to an unusual 11-cis RSB isomer
rather than the canonical 13-cis isomer. Transient absorption (TA) spectroscopy showed that a
primary photoproduct P690 is formed 1 ps at about 10% quantum yield, which evolves to a
secondary product P670 in 550 ps. Next, P670 establishes an equilibrium with P590 in 1 μs after
which it evolves to the metastable P540 species in 42 μs. Femtosecond stimulated Raman
spectroscopy (FSRS) showed that P690 corresponds to a mixture of 11-cis and 13-cis RSB isomers,
directly formed from the excited state. Strikingly, upon evolution from P690 to P670 in 550 ps, the
fraction of 11-cis species converts to 13-cis, indicating that P670 fully corresponds to the 13-cis
species. In contrast, P590, which exists in equilibrium with P670 in 1 μs again corresponds to 11-cis
RSB, which is finally stabilized in the P540 species in 42 μs. Hence, extensive isomeric switching
on the ground state potential energy surface occurs on the sub-ns to microsecond time scale before
bestrhodopsin finally settles on a stable 11-cis photoproduct. FSRS further indicates that P690 and
P670 correspond to unusually highly distorted polyene backbones of RSB, while P590 and P540 are
more relaxed. We propose that the observed phenomenology relates to trapping of the early
photoproducts P690 and P670 high up the ground-state potential energy surface (PES) after passing
through the conical intersections that result in 11-cis and 13-cis RSB, caused by steric clashes with
amino acid side chains. Co-rotation of C11=C12 and C13=C14 double bonds and adjacent single
bonds upon passing through the CIs and subsequent trapping results in a constricted conformational
landscape on the ground state PES that allows thermal switching between 11-cis and 13-cis species
of highly strained RSB chromophores. On the microsecond timescale, protein relaxation may take
place that releases the strain on the RSB chromophore allowing it to finally evolve to a stable 11-cis
isomeric configuration. Hence, we have observed structural intermediates close to the conical
intersection in a microbial rhodopsin.
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PHOTOINDUCED CHARGE TRANSFER NON-EQUILIBRIUM
PROCESSES: THEORY ANDMODELING STRATEGIES

Nadia Rega1,2,*, Alessio Petrone1, Federico Coppola2, Fulvio Perrella2, Raoul Carfora2, Luigi
Crisci1, Gabriele Iuzzolino2, Edoardo Buttarazzi2

1Department of Chemical Sciences, University of Napoli Federico II, Complesso Universitario
di M.S. Angelo, 80126 Napoli, Italy

2Scuola Superiore Meridionale, Largo San Marcellino 10, 80138 Napoli, Italy
(*) nadia.rega@unina.it, n.rega@ssmeridionale.it

A wide range of photoinduced reactions and far from equilibrium processes are based on intra-
and inter-molecular charge transfer. To date, modern vibrational and optical spectroscopies
(such as Femtosecond Stimulated Raman, Transient spectroscopy, 2D techniques) [1] provide
a plethora of data on ultrafast time scales (fs/ps) relating molecular motion and electronic
density relaxation, although a detailed interpretation in terms of dynamics can be still difficult.
In this context, the atomistic-level description, combining semiclassical theory, ab-initio
dynamics, hybrid quantum/molecular mechanics potentials and accurate solvation methods,
[2,3] can be mandatory for a reliable theoretical analysis of experimental insights. In this
contribution, we investigate the electronic density and the nuclear reorganization following the
photoexcitation, thanks to an accurate molecular modeling of the molecular dynamics. This
protocol is critical to understand how nuclear motion can mediate the photo-dynamics of
several photo-active systems, such as light-driven rotary molecular motors [4] and p-stacked
charge transfer complexes [5] in solution. The relaxation channels of the photoexcited systems
are unveiled thanks to a detailed time-resolved analysis of key activated vibrational modes
[6,7]. The retention of temporal resolution of the analyzed modes is obtained via
multiresolution Wavelet Transform. We are able in this way to disentangle the molecular
deactivation pathways, characterizing the excited state vibrational relaxation also including the
quantification of anharmonic couplings. The acquired knowledge about the photo
chemical/physical features in excited electronic states can be employed to guide and modulate
the rational design of photosensitive materials. Examples of applications will be discussed
regarding charge transfer complexes, molecular rotors, photoacids in solution and
protein-DNA photoinduced crosslinking models. Perspectives will be given as conclusions.
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MECHANISM OF THE LIGHT-INDUCEDWATER OXIDATION
REACTION OCCURRING IN THE NATURAL OXYGENIC

PHOTOSYNTHESIS

Daniele Narzi1,*, Matteo Capone1, Leonardo Guidoni1

1University of L’Aquila, L’Aquila, Italy
(*) daniele.narzi@univaq.it

A key step in natural photosynthesis is the water-splitting reaction into molecular oxygen,
electrons, and hydrogen equivalents. Understanding the molecular mechanisms behind this
photoreaction will unravel the secrets of solar energy conversion in biochemistry and may
inspire the design of artificial bio-mimetic materials for green energy production.
Photosynthetic water oxidation occurs in the Mn4Ca core of the Photosystem II complex where,
through five subsequent steps of the catalytic cycle, four electrons are sequentially removed
until the oxidation of two water molecules. Here, using multiscale atomistic calculations, we
investigated the molecular mechanism of the O2 formation and release in Photosystem II. Our
results, over the last ten years, provided a clear structural and energetic description of the
different steps of the catalytic cycle,[1-5] finally identifying the slowest step in photosynthetic O2
evolution consisting of a reactive oxygen radical formation occurring in a single-electron
multi-proton transfer event.
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Capone, M.; Bovi, D.; Guidoni, L. Chem – Eur. J. 24, 10820 (2018) [3]
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MULTISCALE MODELING OF GENETIC VARIANTS
OF PHOTOSYSTEM II

Sinjini Bhattacharjee1,*, Dimitrios A. Pantazis1

1 Max-Planck-Institut für Kohlenforschung, Mülheim an der Ruhr, Germany
*bhattacharjee@kofo.mpg.de

Photosystem II (PSII) is a protein-pigment complex that utilizes sunlight to catalyze water oxidation
and plastoquinone reduction, thereby initiating the electron transfer chain in photosynthesis. Among
the 17 transmembrane subunits in PSII, D1 and D2 are most important because they bind all the
redox active components involved in primary charge separation and electron transfer, especially the
Reaction Center (RC) and the Oxygen Evolving Complex (OEC).[1] Under high-light conditions, the
abundance of molecular O2 makes the D1 protein most prone to oxidative photodamage, and the
repair cycle likely involves regulation at the genetic level. In the thermophilic cyanobacterium
T. elongatus, the D1 protein is encoded by the psbA gene family (psbA1–3). Interestingly, the psbA
genes encode three different D1 isoforms which are expressed depending upon environmental
conditions. [2-3] From a molecular perspective, a large number of these differences in D1 isoforms
are present in close proximity to the active-branch RC pigments PD1, PD2, ChlD1 and PheoD1 (Figure
1). It is well established that excitonic asymmetry and light-induced charge separation in the RC
arises exclusively due to local protein electrostatics and pigment-pigment interactions.[4] However,
an atomistic description of how specific protein mutations might influence primary charge
separation and electron transfer processes in the RC, remains incomplete. Towards this goal, we
combine large- scale MD simulations with QM/MM calculations on the membrane-bound PSII
monomer of each psbA variant (psbA1–3).[5] We compare the optical properties (local and
charge-transfer excitations) of RC pigments using TDDFT methods and identify which variable
amino acid residues are responsible for specific effects on distinct pigments and pigment groups.
This work provides the first atomistic description of how regulation at the genetic level can
modulate protein electrostatics and influence primary electron transfer processes in photosynthetic
reaction centers.

Figure 1. (a) The D1 protein in PSII with associated RC pigments. (b) Comparison of PsbA1, PsbA2 and
PsbA3 amino acid sequences from T. elongatus.

References
[1] J.-R. Shen, Annu. Rev. Plant Biol., 66, 23-48 (2015).
[2] M. Sugiura et al., Biochim. Biophys. Acta Bioenerg., 1797, 1491-1499 (2010).
[3] P. Mulo et al., Biochim. Biophys. Acta Bioenerg., 1817, 247-257 (2012).
[4] A. Sirohiwal et al., J. Am. Chem. Soc., 142, 18174-18190 (2020).
[5] Y. Nakajima et al., J. Biol. Chem., 298, 102668 (2022).
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TRIPLET ENERGY TRANSFER IN THE FENNA-MATTHEWS-OLSON
(FMO) PIGMENT-PROTEIN COMPLEX

Lyudmila V. Slipchenko1,*, Yongbin Kim1, Zach Mitchell2, Jack Lawrence1, Sergei Savikhin2

1 Department of Chemistry, Purdue University, West Lafayette, IN 47907 USA
2 Department of Physics and Astronomy, Purdue University, West Lafayette, IN 47907 USA

(*) lslipchenko@purdue.edu

This talk will discuss new experimental data and multiscale molecular modeling revealing the
dynamics of the triplet energy transfer and dissipation in the Fenna-Matthews-Olson (FMO)
pigment-protein complex. Triplet states generated in photosynthetic complexes present a hazard as
they can readily generate highly-reactive singlet oxygen. Nature has developed mechanisms to
safely dissipate triplet-state energy, such as incorporating carotenoids into photosynthetic
complexes. However, the photoprotection mechanism in FMO that lacks carotenoids is still
unknown. Our modeling shows that a possible photoprotection mechanism could be a lowering of
the triplet state energy of BChl a pigments in FMO below the energy of singlet oxygen. An
additional benefit of studying the triplet state dynamics lies in the fact that this allows us to mimic
knock-out mutations without actually removing BChl a from the system. A pigment in the triplet
state is effectively excluded from excitonically interacting pools of pigments. We have measured
triplet state dynamics by time-resolved absorption/CD spectroscopy and used these data in
conjunction with computational modeling to reveal the detailed excitonic structure of this protein
and its mutants. The developed methodology provides structure-function relations for energy
transfer in FMO and is generalizable to other photosynthetic complexes.

Figure 1. Schematic modeling of the excitonic absorption spectrum of the FMO complex when one of the
BChl a pigments is in the triplet state.
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THEORETICAL STUDY OF VIBRATIONAL-MEDIATED
INTERLAYER CHARGE TRANSFER IN A COBALT

PHTHALOCYANINE-GRAPHENE HETEROJUNCTION

P. Rukin*, C.A. Rozzi, D. Prezzi

CNR – Istituto Nanoscienze, Via Campi 213A, I-41125 Modena, Italy
(*) pavel.rukin@nano.cnr.it

We employed time-dependent density functional theory to characterize the nature of the charge
transfer (CT) process at the donor-acceptor interface between a localized thin layer of cobalt
phthalocyanine (CoPc) and a graphene flake (Gr), placed onto an insulating Si 3 N 4 substrate (see
Figure 1). By employing optimally tuned range-separated hybrid functional (OT-RSH) [1] we
described excited energy levels of the CoPc - Gr which has complex open-shell nature. Two types of
the states were found to be relevant: a low oscillator strength bright state (LB) that shows a marked
π-π coupling with the substrate, and a CT state that has mostly intra-molecular character (involving
electron density transfer to the Co atom). By using per-mode reorganization energy analysis [2,3] of
the excited states, we shed light on the role of specific vibrational modes in dynamically coupling the
molecule to the substrate. In particular we identified a set of molecular vibrations mainly responsible
for driving the charge transfer at the interface.

Figure 1. Pictorial representation of the CoPc-Gr sample. The molecules are localized in the central
region, while the electrodes are in contact with the graphene layer, from which the signal is collected.
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Currents of Bacterial Life Probed by Molecular Simulation and Pump-probe
Spectroscopy

Jochen Blumberger1*

1Department of Physics and Astronomy and Thomas Young Centre, University College
London, Gower Street, London WC1E 6BT, UK

(*) j.blumberger@ucl.ac.uk

Nature has evolved remarkable biological structures that shuttle electrons over length scales of
more than 10 micrometers. An intriguing example are multiheme cytochromes (MHCs) which
arrange a large number of densely spaced redox-active c-type Fe-heme groups in wire-like
chains within their protein frame. Experimental determination of heme-heme ET rates in these
proteins has been a great challenge for many years because of the identical chemical nature of
the cofactors. In my talk I will first review extensive molecular dynamics and DFT
calculations that our group has carried out to predict electron transfer rates and electron fluxes
through these intriguing structures.[1] I will then explain in detail recent pump-probe transient
absorption measurements that our collaborators have carried out to determine ET kinetics
experimentally [2,3]. In these experiments the protein was photosensitised by site-selective
labeling with a Ru (II)(bipyridine)3 dye and the dynamics of light-driven electron transfer
reported by a spectrally unique His/Met reporter heme. Both simulation and experiments show
that heme-to-heme electron transfer rates in these proteins can reach magnitudes of up to 109 s−1

(4 Angstrom edge-edge distance). These rates are among the highest reported for ground-state
electron transfer in biology. Yet, some fall 2 to 3 orders of magnitude below the Moser–Dutton
ruler because electron transfer at these short heme-heme distances is through space and
therefore associated with a higher tunneling barrier than the through-protein tunneling scenario
that is usual at longer distances. We also find that
His/Met-ligated hemes create an electron sink that stabilizes the charge separated state
(oxidized dye/reduced protein) on the 100-μs time scale. This feature could be exploited in
future designs of multiheme cytochromes as components of versatile photosynthetic biohybrid
assemblies.
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NONEQUILIBRIUM EXCITED STATE DYNAMICS OF
PROTON-COUPLED ELECTRON TRANSFER IN

BLUF PHOTORECEPTOR PROTEINS

Sharon Hammes-Schiffer1,*

1Yale University, New Haven, CT, SA
(*) sharon.hammes-schiffer@yale.edu

Blue light using flavin (BLUF) photoreceptor proteins are critical for the light regulation of many
physiologically important processes. Photoexcitation of the flavin chromophore induces
proton-coupled electron transfer (PCET), as well as conformational changes that propagate and
drive distal chemical or physical changes. In the Slr1694 BLUF photoreceptor, photoexcitation to a
locally excited state within the flavin instigates electron transfer from a tyrosine to the flavin,
followed by proton transfer from this tyrosine to the flavin and then a reverse PCET that produces
the light-adapted signaling state. Excited state quantum mechanical/molecular mechanical
(QM/MM) molecular dynamics simulations using time-dependent density functional theory
elucidate the complete photocycle and the roles of protein dynamics, conformational changes, and
electrostatics. After initial photoexcitation, protein reorganization drives electron transfer from the
tyrosine to the flavin [1], followed by sequential double proton transfer from tyrosine to the flavin
via the intervening glutamine [2]. The imidic acid tautomer of the glutamine generated by this
forward PCET rotates to allow a reverse PCET that retains this tautomeric form. In the resulting
purported light-adapted state, the glutamine tautomer forms a hydrogen bond with the flavin
carbonyl group [3]. Ensemble-averaged QM/MM calculations of the dark-adapted and purported
light-adapted states demonstrate that the light-adapted state with the imidic acid glutamine tautomer
reproduces the experimentally observed red shifts in the flavin electronic absorption and carbonyl
stretch infrared spectra for the light-adapted state [4]. These simulations provide insights into the
nonequilibrium dynamics of photoinduced PCET in the BLUF photocycle as well as the nature of
the elusive light-adapted state.
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HOW THE PH CONTROLS PHOTOPROTECTION IN
THE LIGHT-HARVESTING COMPLEX OF MOSSES

Laura Pedraza-González1,*, Edoardo Cignoni1, Jacopo D’Ascenzi1, Lorenzo
Cupellini1, Benedetta Mennucci1

1Dipartimento di Chimica e Chimica Industriale, Università di Pisa, Pisa, Italy
(*) laura.pedraza@dcci.unipi.it

In response to varying light conditions, light-harvesting complexes (LHCs) switch from a
light-harvesting state to a quenched state to protect the photosynthetic organism from excessive
light irradiation in a strategy known as nonphotochemical quenching (NPQ). NPQ is activated by
an acidification of the thylakoid lumen, which is sensed directly or indirectly by the LHC, resulting
in a conformational change of the complex that leads to the quenched state. The conformational
changes responsible for NPQ activation and their connection to specific quenching mechanisms are
still unknown. Here we present a multistep computational protocol to investigate the pH-triggered
conformational changes in the light-harvesting complex stress-related (LHCSR) of mosses[1]. By
combining constant-pH molecular dynamics and enhanced sampling techniques, we find that the
pH sensitivity of the complex is driven by the coupled protonation of three key residues (i.e., E114,
E227 and E233) modulating the conformation of the short amphipathic helix placed at the lumen
side of the embedding membrane. Combining these results with quantum mechanics/molecular
mechanics calculations, we show that the quenching mechanism sensitive to the pH goes through a
charge-transfer (CT) between a carotenoid (L1-Lut) and an excited chlorophyll (aChl 612), which is
controlled by the protein conformation (Figure 1).

Figure 1. pH-dependent “soft switch” for increasing/decreasing the amount of quenching in LHCSR1.
(left) Conformations are explored at low pH (orange cartoons) that are not accessible at neutral pH (cyan
cartoons), suggesting that a pH drop can exert a profound influence on the conformation. (right) A CT-based
quenching mechanism may be tuned through conformational changes (low pH) located near helix D inducing
a displacement of lutein in the site L1 toward the stroma.
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OPTOGENETIC TOOLS TO CONTROL CHARGE TRANSFER
WITHIN BACTERIA
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Many bacterial species are naturally capable of transferring electrons to external surfaces,
leading to long-distance electron transport and the formation of electrically conductive films
of cells on solid substrates. Shewanella oneidensis is one such exoelectrogenic organism,
which uses a network of multiheme c-type cytochromes to transfer electrons from the cellular
interior to electrodes, metals, or even adjacent cells. Our work has implemented the tools of
optogenetics to control such electron transfer within bacteria. Strategies for light-induced
gene expression were adapted for use in Shewanella oneidensis, resulting in optical control of
current generation within cell biofilms. Light was used to pattern cells grown on top of
electronic devices, improving the interface between biological and inorganic components and
leading to fundamental insights into bacterial electron transfer pathways. Our group has also
utilized such electron transfer pathways for the biogenic synthesis of inorganic
nanomaterials, including photoactive quantum dots. Engineering live cells to produce
quantum dots enables new approaches for light-induced charge transfer in living systems, as
excited electrons could be directed towards electron transfer pathways and enzymatic
reactions.
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LIGHT INDUCED CHARGE TRANSFER FOR ENHANCED
PHOTODYNAMIC THERAPY ACTION

Gloria Mazzone
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The medical techniques based on the use of light for activating the drug are occupying a
prominent place in the cancer treatment due to their selectivity that contributes to reduce
undesirable side effects of conventional chemotherapy. Among these therapeutic treatments,
photodynamic therapy (PDT) and photoactivated chemotherapy (PACT) are emerging as
complementary approaches for selective destruction of neoplastic tissue through direct cellular
damage. Both techniques rely on the employment of a molecule, photosensitizer PS, able to
absorb within the so-called therapeutic window. Thus, the exposure to light of otherwise inert
molecules promotes the population of excited states of the drug, that in PDT are able to
produce the cytotoxic species, such as 1O2 and other ROS, in PACT are deputed to the active
species release or formation. Many photosensitizers were proposed and explored as anticancer
agents for applications in different medical approaches in order to improve their chemical,
biological and photophysical properties, including organic molecules as well as metal
complexes particularly important for PACT application [1]. In this field, also cofactors like
riboflavin, essential for numerous reactions catalysed by flavoproteins, including activation
reactions of other vitamins, could play a crucial role, as it could able to promote the
photoactivation of well-designed molecules to be inert until they reach the target [2].
Depending on the chemical structure, beside the photogeneration of cytotoxic species, the
action as anticancer drugs of the photosensitizers can include reversible DNA interactions by
intercalation. The establishment of non-covalent π-π stacking interactions between the drug and
two base pairs in the DNA major and minor groove can alter the cellular functions ultimately
lead to cell death. DNA intercalative interactions of aromatic moieties are usually associated
with both bathochromism and hypochromism of the absorption bands thanks to the charge
transfer from DNA to the drug [3-5], leading to a possible shift of the drug absorption band
within the therapeutic window, thus enhancing PDT efficacy. In this field, several crucial
characteristics of candidate PSs can be accurately predicted from first principle [3-7],
contributing to the understanding of the entire photochemical pathways involved that can help
in improving the efficiency of PS.

References

[1] E. Dabbish, G. Mazzone, N. Russo, E. Sicilia. Inorg. Chem. Front. 7, 2759 (2020). [2] X. Yang, L.
Ma, H. Shao, Z. Zhou, X. Ling, M. Yao, G. Luo, S. Scoditti, E. Sicilia, G. Mazzone, M. Gao, B. Zhong
Tang. J. Med. Chem. 65, 15738 (2022).
[3] S. Scoditti, S. Bruno, E. Sicilia, G. Mazzone. Applied Sciences 12, 1095 (2022). [4] S. Scoditti, E.
Dabbish, N. Russo, G. Mazzone, E. Sicilia. Inorg. Chem. 60, 10350 (2021). [5] F. Ponte, S. Scoditti, P.
Barretta, G. Mazzone. Inorg. Chem. DOI: 10.1021/acs.inorgchem.3c00592 (2023). [6] P. Barretta, F.
Ponte, S. Scoditti, V. Vigna, G. Mazzone, E. Sicilia. J. Phys Chem. A 126, 7159 (2022). [7] F. Ponte, G.
Mazzone, N. Russo, E. Sicilia. Chem. - A Eur. J. 28, e202104083 (2022).

28



29



MODELLING PLEXCITONIC STATES WITH SINGLE-MOLECULE
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Plexcitons are light-matter states that can originate from the hybridization of plasmon and molecular
excitations, in presence of an efficient interaction that couples the individual subsystems [1,2].
Besides the strength of interaction, a key factor is represented by the energy difference between the
states that are to be coupled. The formation of plexcitonic states give rise to characteristic optical
responses, such as a Rabi splitting in the linear absorption spectrum of the overall system.
In a previous work, a supramolecular plexcitonic system has been prepared and characterized,
showing two Rabi-splitted absorption bands, which can be related to the hybridization of the plasmon
resonance with the J-type excitonic state of a molecular aggregate and with a single-molecule
transition [3]. The latter evidence appears particularly interesting, as aggregates usually appear to be
best suited in achieving an efficient coupling with the plasmon, due to their larger dipole moment.
Therefore, we decided to investigate further this peculiar signature of plexcitonic coupling. Besides
improving our understanding of the experimental results, we also wanted to address the fundamental
question of the local contribution of each individual excitation to the resulting delocalized hybrid
states. We tried to keep the highest possible detail within the molecular subsystem, by explicitly
taking into account all plasmon-molecule and molecule-molecule interactions.
Our results clearly showed that differences in the position of molecules around the nanostructures,
and therefore in the alignment with the energetically closer plasmon mode, are reflected in the
different local contributions to the delocalized plexcitonic hybrids. In other words, the molecular
character of the letters is not uniformly distributed over a blurred, structureless entity. Moreover, since
some extent of plasmon hybridization through nanoparticle association is required to approach
resonance with the molecular transitions, nano-sized gaps are confirmed as the most relevant sites [4].
Finally, we demonstrated that even highly detuned molecular excitations can be combined in the
resulting plexcitonic states: this means that, through coupling with a common plasmon mode,
different molecular levels can be effectively coupled in a common photophysical dynamics.
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PREDICTIVE METHODS FOR SIMULATING CHARGE TRANSFER
AND REDOX PROCESSES IN PROTEINS

Ksenia Bravaya
Boston University, Boston, USA

bravaya@bu.edu

Simulating charge transfer and redox processes in proteins is a challenging task as multiple factors,
such protein structural fluctuations, specific short-range and long-range electrostatic interactions,
should be reliably taken into account. Moreover, advanced computational studies require initial
mechanistic input to identify the most electronically important part of the system that directly
participates in the process and should be treated quantum-mechanically. In this talk I will discuss
the models and software that allow for (i) identification of the efficient electron transfer pathways in
proteins based on their crystal structure, and, thus, can serve as input for more advanced
simulations; and (ii) qualitative description of observables such as redox potentials or charge
transfer rate constants. I will introduce eMap software (https:emap.bu.edu) that predicts efficient
electron transfer pathways in proteins using their crystal structure as an input [1]. Once the key
players of redox or electron transfer processes are identified the next step is qualitative evaluation
of observables that can be directly compared to the experimental observables such as redox
potentials or electron transfer rates. I will show that the environment polarization can be crucial for
the accurate evaluation of the energies of charge-transfer states and vertical ionization/attachment
energies needed to compute redox potentials. By considering a plant cryptochrome protein I will
show that the QM/polarizable MM based protocol is capable of accurate characterization of redox
[2] and charge transfer processes in proteins.
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UNCOVERING A CAROTENOID QUENCHER STATE IN THE
CP29 LIGHT-HARVESTING COMPLEX OF PLANTS
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Light-harvesting complexes (LHCs) of oxygenic photosynthetic organisms, such as plants and
algae, are pigment-protein assemblies serving a dual function in photosynthesis. Specifically, under
low-light conditions LHCs absorb sunlight and transfer the excitation energy to the reaction center,
whereas in high-light situations they switch to a quenched state, dissipating the excess of the
absorbed energy as heat to avoid photodamage. While the processes underlying their light-
harvesting function are now rather well understood, the quenching mechanisms of LHCs are still
under debate. In CP29, a minor LHC of plants (Figure 1), spectroscopic investigations have
recently proposed that quenching mainly occurs via excitation energy transfer from specific
chlorophylls to a carotenoid S* state [1,2]. Although S* was attributed to a specific carotenoid [1],
namely lutein, the detailed nature of this state is still unclear.
To uncover the carotenoid quencher state S*, we performed simulations of the nonadiabatic excited-
state dynamics for lutein in CP29. In these calculations, we used a semiempirical quantum
mechanics/molecular mechanics (QM/MM) scheme and the surface hopping method [3]. Our
simulations indicated that one carotenoid conformation (s-trans) has the characteristics of the
spectroscopic S* state: (i) a shorter excited-state lifetime, and (ii) a blue-shifted excited-state
absorption peak, compared to the dominant carotenoid conformer (s-cis). These findings allow us to
better understand the nature of the quencher state S* in CP29 and to associate it with a specific
carotenoid conformation.

Figure 1: Side-view of the CP29 light-harvesting complex.
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The ability of riboflavin (Rf) and its derivatives to photocatalyze 1e- and 2e- organic redox reactions
is well acknowledged in the literature.[1] The oxidative triplet excited state of Rf can promote
efficient electron transfer from substrates and electron donors to ultimately afford oxidation and
reduction products. Recently, Salassa and co-workers have demonstrated that flavins (FL), like
riboflavin, and flavoproteins are able to catalyse the reduction of PtIV complexes under light
irradiation, releasing clinically-approved cisplatin and carboplatin.[2] In comparison with metal
catalysts, biogenic organic photocatalysts are more attractive for in vivo applications with excellent
biocompatibility.
With the use of density functional theory (DFT), the flavin-catalyzed reduction mechanism has been
investigated. Firstly, the hydride-transfer mechanism between NADH and riboflavin in both dark
and under light irradiation has been investigated. Next, the reduction mechanism of Pt(IV)
complexes with the reduced Rf has been studied and the reaction has been compared with other
reducing agents such NADH and ascorbate in order to establish the conversion efficiency respect to
the use of classic bioreductants.

Figure 1: Mechanism of photocatalytic activation of Pt(IV) prodrugs by flavins
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INSIGHT INTO THE PHOTOCHEMISTRY OF

CYANOBACTERIOCHROMES BY QM/MM SIMULATIONS
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Cyanobacteriochromes (CBCRs) are recently discovered light-sensitive proteins which are
members of the phytochrome superfamily.[1] Like phytochromes they bind a linear tetrapyrrole as
a chromophore but in contrast to their complex protein architecture, CBCRs require only the GAF
domain for their function. There are at least four subfamilies known in CBCRs that are distinct by
their photochemical reactivity and the color of the absorbed light. In this contribution, I will
address the red/green CBCRs, which have a red-absorbing reactant and a green-absorbing
photoproduct state. Two aspects of their photochemistry will be covered.

The first part, I will address the origin of the spectral tuning from red to green. Using QM/MM
simulation of the spectra and subsequent analysis of the results a ring twist was identified that is
shortening the conjugation length of the chromophore in the green absorbing state.[2]

In the second part, I will address the photoisomerization mechanism, which occurs upon light
illumination. The chromophore in the red/green CBCR undergoes a reversible photoisomerization
around the C15=C16 double bond with a concomitant rotation of the D-ring. However, we found
that the structure of the protein is heterogeneous.[3] Therefore, various products are formed with
different structural characteristics. Further, we have studied the photoisomerization mechanism in
chromophore models which are limited to two pyrrole rings. This truncation allowed us to apply
XMS-CASPT2 level of theory to optimize each point of the relaxed scan to derive the mechanism
of the double bond isomerization.
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TRANSIENT INTERMEDIATES IN A BACTERIOPHYTOCHROME
PHOTOCYCLE REVEALED BY MULTISCALE SIMULATIONS
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Phytochromes are photoreceptors responsible for sensing red and far-red light in plants, fungi, and
bacteria[1,2]. They can switch between the resting state (Pr) and the biologically active state (Pfr),
which differ in both chromophore stereochemistry and protein structure (Figure 1). Their
photoactivation is initiated by the photoisomerization of an embedded chromophore, which triggers
large conformational changes in the entire protein[3]. Despite decades of studies[4-7], a
comprehensive understanding of the photoactivation mechanism of phytochromes is still far from
being achieved.
In previous computational work[7], we obtained atomistic details on the photoactivation mechanism
of Deinococcus radiodurans bacteriophytochrome through an integrated multiscale approach of
nonadiabatic and adiabatic molecular dynamics and IR spectroscopy simulation. In particular, we
showed the ps-timescale mechanism of chromophore photoisomerization and how a histidine
residue can control the kinetics of the process. The initial photoproduct evolves rapidly into an early
intermediate (early Lumi-R) that relaxes on the ns-to-μs scale to a late intermediate (late Lumi-R),
characterized by a more disordered binding pocket (Figure 1).
The transition to the Meta-R intermediate occurs on a timescale of tens of microseconds[5,6].
Therefore, we relied on enhanced-sampling methods to investigate such a mechanism and the role
of the environment. Our simulations show how the stability of our putative Meta-R is strongly
influenced by the interactions between the chromophore and the nearby residues.

early Lumi-R late Lumi-R Meta-R

Pr Pfr

Figure 1 Representation of the Pr and Pfr photoproducts, with a zoom on the chromophore. The structures of
the chromophore and the nearby residues for the early and late Lumi-R intermediates are reported (top panels).
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