


Chapter 4 4.3. Final remarks about the fluorescence screening protocol

“bottleneck” when all the systems are analyzed in parallel.
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Chapter 5

Applications: Modeling ground- and excited-state
properties

Although in any show (i.e., theater play, tv serial, movie) the actors are the ones who take
all the credit for their performance in front of the public, we must not forget that behind
the stage there are all the ingenious people who make such show possible. This can be seen
as a metaphor for what actually happens in the case of development of computational tools,
where the people wearing big glasses (like in my case) and doing theoretical developments
and computational implementations are behind the scenes (or the computer screen) making
applications possible. During my doctoral studies, I was fortunate to be on both sides of the
stage. More specifically, in this Thesis I present not only the methodological/computational
development reviewed in previous chapters, but also many applications that require a pho-
tochemical interpretation more in line with my background in theoretical and computational
chemistry. Let’s see the protagonist of our story, the rhodopsins, in action!

Initial personal remarks

In Chapter 3, I have described the main features of both the command-line and Web-interface
versions of the a-ARM rhodopsin model building protocol. Furthermore, I proposed two
ARM-based protocols for specific QM/MM analysis of the produced Ground-state ARM QM/MM

models and, thus, the study of absorption properties. Likewise, in Chapter 4 I proposed
a protocol for modeling excited-states structures that allows the analysis of emission and
photodynamics properties. In this Chapter, I will, instead, show that the ground-state and
excited-state ARM QM/MM models and properties generated with these protocols, are suitable
for diverse applications, yielding results that are, in principle, relevant for the development
of optogenetics tools. On the other hand, as a final remark, I would like to express my belief
that the presented work has created a new automated computational infrastructure that will
facilitate the further refinement and accuracy enhancement of ARM models. Accordingly,
I believe the presented work constitutes a further step towards the design of an automated
computational tool applicable to biologically or technologically important photoresponsive
proteins.
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In this Chapter, I will report on the performance of the four ARM-based protocols
proposed in this Thesis (see Chapters 3 and 4), highlighting both their methodological and
scientific capabilities as well as their current limitations. To do so, I and my collaborators
have constructed and employed a benchmark set of about 150 wild-type and mutant
rhodopsins, as well as carried out selected applications, directed to the prediction of trends
in light-induced properties, including absorption and emission spectra, as well as excited-
state molecular dynamics. Such trends unveil different mechanistic aspects of color tuning
and fluorescence emission, as well as, more in perspective, the systematic prediction of
photoisomerization quantum yields. As it will be specified, during the execution of such
research works, I acted as the main researcher, co-supervisor, or collaborator. In this regard,
I would like to stress that not all presented results come from the original work done for
my doctoral research. However, I mention such works since i) they are a consequence of
the development of a-ARM and ii) during their execution I brought either scientific or
technical support. In order to distinguish between my work and the work performed by my
collaborators, I will use a different color label in the “color boxes” to specify my role, as
follows:

� Research carried out as original work of this PhD Thesis (main researcher)
� Research work carried out as either original work and part of a Master Thesis

(co-supervisor)

� Research work carried out as part of a Master Thesis (collaborator)

� Research work carried out by another researcher (collaborator)

The content of the Chapter is divided into three sections, where the different studies
are classified into the following categories: i) mutants generation and color tuning anal-
ysis (section 5.1), ii) absorption bands and photodynamics simulations (section 5.2) and
iii) emission properties simulation and engineering of fluorescent rhodopsins (section 5.3).
These three areas represent applications of the a-ARM protocol for i) producing reliable
QM/MM models, ii) using such models as starting point for ground state populations and
subsequent photodynamics, and iii) as starting points for excited states potential energy
surfaces exploration, respectively.
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5.1 Mutants generation and color tuning analysis

The possibility of performing fast and parallel screenings of large arrays of rhodopsin variants
offered by the a-ARM protocol, allows different applications of the generated Ground-state
ARM QM/MM models, including the systematic comparative study of absorption properties.
This, in turn, allows to perform rational analysis of the color tuning mechanisms. In the
following, I will present the most recent research on color tuning performed in the LCPP,
where I and my collaborators have used WT QM/MM models, that reproduce experimental
trends in λamax, for the further in silico generation of mutants (see Section 3.1.4) and the
posterior analysis of color tuning mechanism (see Section 3.1.3).

5.1.1 Screening Mouse Melanopsin Color-Tuning mutations

Thesis 4

This section presents the main findings of the Master’s Thesis carried out by the
student Filippo Sacchetta, under the supervision of Professor Massimo Olivucci and
co-supervision of Dr. María del Carmen Marín. (2018).

Contribution: I produced the ARM QM/MM models for the WT variants and provided
the a-ARM technology for the generation of the mutants. In addition, I contributed
with technical/scientific support during the realization of the project and the discus-
sion of the results.

Recent studies have revealed that Rods and Cones are not the only two types of pho-
toreceptor cells in mammalian retina.[132–134] Indeed, a third type was identified, called
intrinsically photosensitive retinal ganglion cells (ipRGCs). These cells express an opsin-
like protein called Melanopsin, and provide input to regulate circadian activity. Among
various functions, Melanopsins control growth processes and support visual functions of
the eye by sensing radiance levels (e.g., pupil constriction) and recognizing contrast and
brightness.[132–134, 134–136] Therefore, the study of such opsins would allow, e.g., to gain
further insights into the understanding of how the endogenous body clock is regulated by
light. In fact, experimental investigations support that these biological functions, exhibited
by melanopsins, have an impact on optogenetics applications.[137–139]

Accordingly, the research work performed in the master’s Thesis of Sacchetta attempted
at the QM/MM modeling of Mouse melanopsin (mMeOp) variants. More specifically, the
study consisted in the in silico searching of mutants featuring “blue-shifted” absorption
properties, that are widely desired for the development of optogenetic tools. I would like
to remark the fact that, chronologically, this was the first actual application of the a-ARM
rhodopsin model building, proposed in this doctoral Thesis (see Section 3.1.1). In the
following, I will summarize the main achievements of the study.
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toreceptors. Accordingly, as a perspective, future research will be devoted to the fast and
systematic searching of blue-shifted variants for both mMeOp and hMeOp. Notice that, cur-
rently, such objective can be easily achieved with the use of the automatic tools implemented
in the ARM package. This is, certainly, an achievement of the methodological/computational
advancements of my doctoral Thesis.

5.1.2 Towards a Comparative Computational Photobiology: Invertebrate
Rhodopsin Pigments

Thesis 5

This section presents the main findings of the Master’s Thesis carried out by the
student Laleh Allahkaram, under the supervision of Professor Massimo Olivucci and
co-supervision of Professor Luca De Vico and Dr. María del Carmen Marín.

Contribution: I contributed to the development of the Web-ARM technology em-
ployed for the generation of the QM/MM models. In addition, I provided techni-
cal/scientific support during the realization of the project and the discussion of the
results.

Animals sense light across a broad range of wavelengths, from ultraviolet (UV) to far-
red, using visual pigments rhodopsins and related photosentitive proteins[140, 141]. These
systems, referred to as G-protein-coupled receptor (GPCR) in Section 1.1.3, act as signal
transducer converting external stimuli into cellular responses in either visual and non-visual
processes.[142] It is well-known that the the main counterion (MC), a negatively charged
amino acid residue that stabilizes a positive charge on the rPSB (see Figure 2.1), has an
essential structural and electronic role on the primary process of absorption of visible light
and, consequently, in the light-induced photoisomerization. Therefore, a thoughtful analysis
of the structural differences (e.g., type of amino acid and position) of such counterion in
sets of phylogenetical diverse Type-II (e.g., vertebrate and invertebrate) rhodopsins, would
provide insights into the molecular evolution of the rhodopsin family.

The work performed in the master’s Thesis of Allahkaram consisted on a comparative
study of seven phylogenetically diverse WT animal (type II) rhodopsins, selected on the
basis of the following three criteria: i) belong to a variety of organisms, ii) feature diverse
protein function, and iii) have available experimental λamax, in a wide range of 473 to 535
nm. Thus, the set was composed of the vertebrate Bovine rhodopsin from Bos taurus (Rh)
and Human melanopsin (hMeOp), and the invertebrate Scallop 1 (Scop1) and 2 (Scop2),
Squid rhodopsin (SqRh), Box Jellyfish (JellyOp) and Jumping spider rhodopsin-1 (JSR1).
Such a comparison is expected to provide information on the differences in spectral and
functional properties of these evolutionary distant pigments.

In the first part of the work, the corresponding ARM QM/MM models were constructed
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tion of the retinal chromophore. However, direct and indirect electrostatic components (see
Section 3.1.3) dominate over the steric one.

On the other hand, in order to simulate the excited state dynamics and roughly estimate
the Excited state lifetime (ESL) for each rhodopsin, quantum-classical Franck-Condon tra-
jectories (see Section 4.1.2) were performed over the S0 structures. Interestingly, as shown
in Figure 5.2, it was found a relationship between the λamax and the ESL, where the most
blue-shifted variant (hMeOp) exhibits the lowest ESL. As a perspective work, these prelim-
inary results should be verified by the generation of a series of initial conditions to study
the population dynamics of each rhodopsin and, thus, obtain a more reliable estimation of
the ESL. Although when Allahkaram’s Thesis was written such objective was technically
difficult to achieve (i.e., manually handled), currently we have available the protocol for
the automatic analysis of photodynamics population, implemented in the master’s The-
sis of Bonfrate. As we will see in Section 5.2.1, such recently implemented computational
tool allows the production of the initial conditions and the computation of QY, featuring a
one-click architecture.

This work represents another example of why the level of automatization achieved in
my doctoral Thesis is relevant for producing standard and congruous studies that rely on
QM/MM modeling of rhodopsins.

5.1.3 «Paper [V]» Role of Pro219 as an Electrostatic Color Determinant
in the Light-driven Sodium Pump KR2: Combined spectroscopic
and QM/MM modelling studies

Submitted 6

The content of this section is an overview of the main findings reported in paper [V].
(Manuscript submitted)

Contribution: This is an original result of the research work carried out in this
doctoral Thesis. Since this research is a combined spectroscopic and computational
study, I remark that my contribution consisted in the design and execution of the
computational experiments. More specifically, I carried out i) the methodological
development and code implementation of the employed computational protocols (see
Sections 3.1.1, 3.1.4, 3.1.3), ii) the corresponding calculations for the QM/MM mod-
eling of WT and mutant variants, and iii) the analysis of the produced results.

In this work, produced as original material of this doctoral Thesis, I and my collaborators
have reported on a combined spectroscopic and computational study that consists of an ex-
haustive investigation of the color tuning induced by point mutations at the P219 position
in the light-driven sodium pump Krokinobacter rhodopsin 2 from Krokinobacter eikastus
(KR2)[21, 78, 143, 144] (see Figure 5.3 (left)). This study was carried out in collabora-
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that the 219 position induces color changes through, essentially, electrostatic effects, while
steric effects only partially contribute to the single, largely blue-shifting P219R mutant.
The analysis of the model shows that the set fully support the color tuning theory revised
above and support the hypothesis of the existence of an electrostatically-driven proline-based
switch.

In conclusion, the computational analysis of the experimental results via QM/MM mod-
eling suggests that in KR2 the P219X switch operates by inducing variations in the electro-
static interactions between chromophore and environment, while the geometrical distortion
of the chromophore caused by the corresponding point mutation does not appear to play a
major role. It has also been shown that both direct (the change in the electrostatic field due
to the residue replacement at position 219) and indirect effects (the changes due to all other
cavity reorganization induced by the replacement and including chromophore reorientation,
side-chain and water relocations and the modification of the hydrogen bond network) seem
to contribute to such electrostatic determinant of the color tuning.

As a perspective work, similar color tuning analysis over specific amino acids surrounding
the rPSB, would allow to the in silico identification of different color switches determin-
ing the color on KR2 and, in turn, useful in optogenetics. A preliminary investigation,
consisted in the a-ARM QM/MM modeling for a set of 53 KR2 variants (including the 19
analyzed above), following the same computational strategy reported above for the P219X
variants. In such application, I have selected variants of six positions (i.e., G153, P219,
Y218, D251, D116, D254) with available experimental λamax.[29] The preliminary results,
illustrated in Figure 5.6, show that the a-ARMdefault is able to reproduce the experimental
trend of about of 80% of the cases, whereas the resting 20% are successfully corrected by
using the a-ARMcustomization, my modulating either the protonation states or the side-chain
conformation of the mutated residue. In future works, such QM/MM models will be used
for the analysis of the color tuning mechanism on alternative positions.

5.2 Absorption bands and photodynamics simulations

Another application of the ground-state ARM QM/MM models is the possibility of predicting
the absorption bands associated with the One-Photon Absorption and Two-Photon Absorp-
tion phenomena described in Section 1.1.3. In the following, I will introduce an automatic
protocol for the production of OPA spectra and the generation of the initial conditions for
the simulation of photodynamics, that allows the estimation of photoisomerization quantum
yield. Then, I will show three studies in which the OPA is computed for a representative
member of animal, microbials and heliorhodopsin types, respectively. Furthermore, I will
present a study where the TPA spectra of bovine rhodopsin is computed.
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of 200 snapshots extracted from a MD of 20 ns. Then, the protocol was applied to the
microbial rhodopsin WT-KR2, introduced in Section 5.1.3. As shown in the right-middle
panel of Figure 5.7, the calculated OPA is in good agreement with the experimental one
reported by Tahara et al.. Most importantly, as shown in the right-bottom panel, the
simulation of the photoisomerization Photoisomerization quantum yield (QY), considering
300 excited-state trajectories, yielded a value of 0.23, which is in good agreement with
experimental data reported by Tahara et al. as 0.20-0.22.[143]

In conclusion, the inclusion of this protocol in the ARM package is an important achieve-
ment of this doctoral Thesis, since it represents a computational tool for the systematic and
automatic study of both absorption bands and photodynamic properties, without human
intervention.

As a perspective, this tool will allow to perform complex comparative studies of the
photodynamical properties for arrays of rhodopsins, as the one required in Section 5.1.2.

5.2.2 «Paper [IV]» Multi-State Multi-Configuration Quantum Chemi-
cal Computation of the Two-Photon Absorption Spectra of Bovine
Rhodopsin.

Published 8

Most of the content of this Section is reproduced/adapted with permission from
«Gholami et al., J. Phys. Chem. Lett. 2019, 10, 20, 6293-6300». Copyright 2019
American Chemical Society.

Contribution: I provided the ARM QM/MM model for bovine rhodopsin (Rh) and the
computed λamax. In addition, I contributed to the discussion of the results.

In this work we show that the ground-state a-ARM models, as those presented in the
benchmark set in Section 3.1.1, can be successfully employed for the further computation
of Two-Photon Absorption (TPA) spectra. The interest in achieving a computational tool
for the prediction of TPA relies in the fact that, similar to red light absorption, degen-
erate two-photon absorption[145] provide a way to photoexcite a rhodopsin with infrared
(IR) light, leading to an improved light penetration with respect to one-photon absorption
with visible light and, possibly, maximizing the use of, for instance, bistable rhodopsin as
optogenetics tools.[146] As previously discussed in Section 1.1.3 and illustrated in Figure
1.3, photoexcitation to the S1 state can be achieved also by simultaneous absorption of two
photons featuring the same energy ∆ETPAS1−S0 and corresponding to half the energy necessary
for One-Photon Absorption.

A complete description of this study is provided in paper [IV] and a further analy-
sis is shown in Section 4.3 of paper [III]. Briefly, we employed the a-ARMdefault model
to compute the TPA cross-section (σTPA) of wild-type bovine rhodopsin (WT-Rh). To
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